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Abstract A low‐viscosity crustal layer (LVCL) due to partial melt and/or hydration has been detected
within the continental crust (e.g., in South China block), but its role in the development of hyperextended
margins is still not entirely understood. Using 2‐D thermomechanical modeling, we simulate the
lithospheric extension with a LVCL embedded within the continental crust. Results show that the ductile
layer determines the width of highly thinned crust and the crustal thermal distribution. Detailed effects are
found by varying the initial effective viscosity and thickness of the layer: (1) a rheologically weaker
and/or thicker LVCL accommodates more deformation and thus results in a slow and distributed crustal
thinning and (2) preferential removal of the lithospheric mantle places the crust in direct contact with the
hot upwelling asthenosphere, promoting the development of highly thinned and hot continental crust. Both
the widths of highly thinned crust and the thermal values increase when the rheology of the ductile layer
decreases or the thickness increases. Furthermore, we obtain the crustal thickness and geothermal
characteristics of the northern South China Sea (SCS) margin using reprocessed geophysical data and newly
complied heat flow data. A detailed comparison of our modeling results with the northern SCS margin
suggests that variation in the LVCL thickness may be a possible mechanism for the differential width of
highly thinned crust and high heat flow zone along strike of the northern SCS margin.

1. Introduction

Rifted margins form through lithospheric stretching, thinning, and eventual breakup. As rifting proceeds,
various crustal architectures are developed and may be influenced by several parameters. For example,
based on wide‐angle seismic data and Ocean Drilling Program drilling results from the West Iberia margin,
Dean et al. (2000) concluded that the ocean‐continent transition zone is dominantly composed of either
exposed upper mantle or serpentinized peridotite. Similar serpentinized mantle also has been found in the
southeastern Canadian margin (Lau et al., 2018) and Porcupine Basin (Prada et al., 2017). Upper mantle
exhumes when the crust ruptures before the lower lithosphere during rifting (Huismans & Beaumont,
2014), and the serpentinized peridotite is considered to be affected by extension velocity and lower crustal
strength that control onset of melting and serpentinization (Pérez‐Gussinyé et al., 2006; Ros et al., 2017).

The rifted margin also exhibits a broad zone of highly extended continental crust that varies in widths
(Contrucci et al., 2004; Lau et al., 2006). It is generally accepted that the initial effective lithospheric strength
(particularly the lower crustal rheology) and divergent rate determine the width and duration of continental
rifting (e.g., Brune et al., 2017; Burov & Watts, 2006; Chen et al., 2017; Gueydan & Précigout, 2014; Liao &
Gerya, 2015; Pérez‐Gussinyé et al., 2003). By performing three‐dimensional numerical simulations, Le
Pourhiet et al. (2018) have further suggested that oceanic propagators play an equal or even greater role
in the width of the rifted margin. In addition, crustal thickness and lithospheric thermal structure also deter-
mine the width of highly extended continental crust (e.g., Svartman Dias et al., 2015; Tetreault & Buiter,
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2017). Another important feature of the highly extended crust is large‐scale crustal asymmetry in the
conjugate margins (e.g., Gerlings et al., 2012). One of the best studied asymmetric rifted margins is the
Iberian‐Newfoundland, where the continental crust thinning to less than 10 km occurs over distances of
100–200 km at the Iberian distal margin, whereas its conjugate Newfoundland margin has an abrupt
crustal thinning over a distance of ~50 km (Hopper et al., 2007; Peron‐Pinvidic et al., 2013; Whitmarsh
et al., 2001). In order to explain the asymmetry in the conjugate margins, sequential faulting model and
rift migration model have been proposed and well compared with the natural examples (Brune et al.,
2014; Ranero & Pérez‐Gussinyé, 2010).

Recently, a low‐viscosity crustal layer (LVCL) lying within the continental crust has been detected by both geo-
physical and geochemical studies in the south Chinese continent. For example, a layer of lower velocity (~5.5–
6.0 km/s) has been recognized in the South China continent's interior (Figure 1b; Liao et al., 1988; Deng et al.,
2011, and reference therein). The low‐velocity layer is typically 3–6 km thick within the crust and probably
results from partial melting during Triassic‐Jurassic orogeny in the South China block (Deng et al., 2011; Li
et al., 2007). In the Triassic‐Jurassic collision zone, material sourced from the subducting plate melts partially
and flows toward the lower‐elevation via middle crustal flow (Li et al., 2007). As a result, gneissic granites that
derived from partial melting are commonly outcropped in the South China before the onset of continental
extension (Li et al., 2007). Additionally, resistivity model inverted from themagnetotelluric data images a zone
of low resistivity (~10Ωm) atmidcrustal depths of the continent (Hu et al., 2017; Figure 1c). Assuming that low
resistivity ismainly caused by partial melting, the zone ofminimal resistivity of 10Ωm implies the presence of a
rheologically LVCL (Unsworth et al., 2005). Such LVCLs with similar geophysical characteristics but different
evolutionary histories also have been found beneath western New Zealand (Klepeis et al., 2007), the Central
Range of Taiwan (Kuo‐Chen et al., 2012), and the Pamir (Mechie et al., 2012). They are composed of quartz‐rich

Figure 1. Geological and geophysical characteristics of the low‐viscosity crustal layer in South China continent's interior. Rocks in Figure 1b are the gneissic gran-
ites sampled from the Zengcheng city during our field trip (the book used for scale is 25 cm high and 15 cm wide). These rocks derived from the partial melting of
middle crust before the onset of continental extension (Li et al., 2007). Seismic profile (Figure 1c) and resistivity model (Figure 1d) reveal the presence of low‐
velocity and low‐resistivity zone at middle crustal depths (Deng et al., 2011; Hu et al., 2017; Liao et al., 1988; Zhang &Wang, 2007). The locations of the profile and
outcrop site are shown in Figure 1a. SCS = South China Sea.
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rocks and characterized by a lower viscosity than its bounding layers, showing geophysical characteristics of
low VP/VS ratios, compressional seismic wave speed, and high electrical conductivity (e.g., Kendall et al.,
2003; Lavier & Manatschal, 2006; Li, Sun, & Zhang, 2018).

Previous studies have investigated the influence of ductile lower crust on the evolution of rifted margins. It
may control the level of mechanical coupling between crust and mantle, initially leads to the formation of
detachment surface and delays rift propagation during extension (e.g., Allken et al., 2012; Burov & Watts,
2006; Lavier & Manatschal, 2006; Pérez‐Gussinyé et al., 2003). However, a heterogeneous crustal structure
that a ductile layer embeds in the crust has not been taken into account and, thereby, its roles on the devel-
opment of hyperextended margin are still unclear (e.g., on the width of highly thinned crust and the crustal
thermal distribution).

To address the above‐mentioned question, we set up a series of numerical models with and without LVCL
embedded within the crust. For convenience, we refer to the model without LVCL as “two‐layer‐crust model,”
and the model with LVCL as “three‐layer‐crust model.” To differentiate the evolution of the two‐extensional
end‐members, we compare the major characteristics of these models. Parameter sensitivity analysis also has
been performed to investigate how the rheological strength, the thickness of LVCL, and the extension velocity
affect the development of rifted margins. In addition, we obtain the crustal thickness and geothermal charac-
teristics of the northern South China Sea (SCS) margin by reprocessing the geophysical data and then compare
the numerical results with the northern SCS to explore the dynamics of differential stretching characteristics.

2. Data and Methods
2.1. Geophysical Data Acquisition and Processing
2.1.1. Gravity Modeling and Data Sources
Three‐dimensional gravity modeling constrained by refraction data is applied to get a newMoho depth map
in the northern SCS area. The gravimetric solutions are based on the forward algorithm given by Parker
(1973). The forward algorithm calculates the Fourier transform of the gravitational anomaly as the sum of
the Fourier transforms of the powers of the perturbing topography. Oldenburg (1974) further rearranged
Parker's expression to calculate the geometry of the density interface from the gravity anomaly rapidly.
The method has been already tested using synthetic and field gravity anomaly data. It yielded results and
coincided with the known source parameters. In this paper, we use a computer program, which was devel-
oped by Gómez‐Ortiz and Agarwal (2005) according to the 3‐D extension of the Parker‐Oldenburg's method,
to obtain the Moho depth in the SCS. This program is capable of inverting large volumes of gravity data and
has been proven their practicality with field data (Gómez‐Ortiz & Agarwal, 2005).

Gravity data are obtained from the satellite‐derived gravity field of Sandwell (Sandwell et al., 2014).
Bathymetry is taken from the SRTM30 complied by Scripps Institution of Oceanography (Becker et al.,
2009). Sediment thickness is from the project of Total Sediment Thickness of the World's Oceans and
Marginal Seas, which is updated by the National Oceanic and Atmospheric Administration National
Geophysical Data Center (Whittaker et al., 2013).
2.1.2. Heat Flow Data
Heat flow data are direct evidence for understanding the internal thermal state of the SCS and may provide
information concerning its lithospheric structure. Therefore, we collect nearly hundreds of heat flow data
from the published literature and the Guangzhou Marine Geological Survey to discuss their geothermal
characteristics (e.g., He et al., 2001; Liu et al., 2002; Mi et al., 2009; Shi et al., 2003; Xu et al., 2006, 2018;
Zhang & Wang, 2000 etc.). Additionally, 110 Mw/m2 in Core 367‐U1499 (18.4095°N, 115.8598°E), 100.1
Mw/m2 in Core 368‐U1501 (18.8849°N, 115.7658°E), and 94.0 Mw/m2 in Core 368‐U1505 (18.9176°N,
115.8590°E) are collected from IODP367/368 reports (Jian et al., 2018; Sun et al., 2018). A contour map of
these heat flow measurements is present in Figure 10.
2.1.3. Reflection Seismic Data
Numerous seismic experiments have been carried out in the northern SCS continental margin by the China
National Offshore Oil Corporation (CNOOC). The reflection profile line 1 from CNOOC, which has been
processed by a standard procedure, including filtering, multiple suppressing, stacking, and time migration,
will be interpreted to understand the deep crustal structure of the SCSmargin. Parameters in the seismic sur-
veys are summarized as follows: the air gun volume is larger than 4,100 in.3 (0.067 m3), the shot point
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interval is 50 m, the dominant frequency of the signals is 75 Hz, the vertical resolution is 8–10 m, and the
streamer is 7.2 km long with 576 channels.

2.2. Modeling Approach

A series of numerical experiments are performed using a modified 2‐D thermomechanical code based on the
open‐source matlab code from Gerya (2010), which is based on finite differences and marker‐in‐cell techni-
ques. It solves momentum, continuity, and heat conservation equations for a 2‐D creeping flow. We employ
a visco‐plastic‐elastic rheology for the numerical materials. The rheological behavior is based on the mini-
mum creep viscosity by comparing the ductile and brittle/plastic deformation field (Ranalli, 1995). Partial
melting is implemented by experimentally determined wet solidus and dry liquidus curves in the
pressure‐temperature domain (Burg & Gerya, 2005; Gerya & Yuen, 2003). A weak stick air/water layer (η
= 1018 Pa·s, ρ= 1,000 kg/m3) overlies the crust and provides a free‐surface‐like condition that allows the evo-
lution of topography (Crameri et al., 2012; Schmeling et al., 2008). The interface between the water layer and
the underlying crust is designed as an internal erosion/sedimentation surface, which solves the diffusion
equation on the Eulerian nodes at each time step (Gerya & Yuen, 2003). A constant gross‐scale
erosion/sedimentation rate of 1 mm/year is used in our models. More details about the numerical method
are available in Governing Equations S1 in the supporting information.

2.3. Initial and Boundary Conditions

Our numerical experiments are conducted in a 400×450 km box with a uniform rectangular grid (a resolu-
tion of 2 × 2 km) and randomly distributed markers (about 3 million). The mechanical boundary conditions
are free slip at all boundaries, except that the lower boundary has a vertical inward velocity that changes at
each time step. We initiate extension by applying a constant time‐independent velocity of ±3.0 cm/year at
the left and the right model side (Barckhausen et al., 2014). The stick air/water layer is 7 km thick. Our
two‐layer crust model consists of the upper and lower continental crust of differing rocks with a total thick-
ness of 35 km. The upper continental crust is composed of quartzite rheology, and its strength is predicted by
the Mohr‐Coulomb fracture criterion and thermally activated flow law. The lower continental crust is repre-
sented by plagioclase. The strength of mantle is given by dry olivine rheology (Ranalli, 1995). As shown in
Figure 2b, two brittle‐ductile transitions occur within the continental crust at depths of 22 and 32 km for
a nominal strain rate of 10−14 s−1.

The three‐layer‐crust model has a LVCL between the upper and lower crust (Figure 2a). The other model
settings are the same as the two‐layer‐crust model. A scaling factor f is used to produce stronger or weaker
rheological strength than the base set, which is calculated from reference quartzite (Figure 2c). The LVCL
deforms by ductile flow and exhibits different ductile strength by varying the scale factor f (Figure 2c).
Obviously, the strength of the LVCL increases as the f increases. For example, the lowest ductile strength
of the LVCL is 1.3 MPa with a scale factor of 0.1, whereas the strength at a scale factor of 1 is 3.2 MPa, which
is 2.5 times stronger. The thickness and rheological strength of the LVCL are both varied to analyze their
influence on the development of rifted margin. Rheological laws for all solid rocks are given in Table S1
in the supporting information.

The initial thermal structure of the continental crust is laterally uniform. Vertically, the temperature
increases from 0 °C at the 0 km to 1380 °C at 82 km linearly (Blanco‐Quintero et al., 2011). The gradient
in the asthenosphere is 0.5 °C/km. Both sides of the model are insulated. We prescribe a small thermal het-
erogeneity in the lithospheric mantle to initially generate a temperature perturbation in the middle of the
model (Figure 2a). Increasing temperature reduces the effective viscosity of the rocks, and lower viscosity
further attracts the deformation (Burg & Gerya, 2005; Hartz & Podladchikov, 2008).

3. Model Results
3.1. Influence of the LVCL

For the two‐layer‐crust model, intense strain localization occurs around the temperature perturbation and
propagates into the crust in the early extension stage, forming two conjugated lithosphere‐scale shear zones
(Figure 3a). During progressive strain localization in the lithospheric mantle, the strength of the mantle
decreases. As a result, the mantle necking starts and becomes the dominant mechanism to accommodate
lithospheric deformation. Simultaneously, the mantle necking can result in obvious lithospheric thinning
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Figure 2. Initial setups of the three‐layer‐crust model with an enlarged 400 × 150‐km domain of the original 400 × 450‐km
model and yield strength profiles. A LVCL is embedded in the continental crust, and its rheology and thickness vary in
different models. Horizontal velocity of 3 cm/year is applied on both sides of the model (arrows). White lines are
isotherms measured in Celsius. The colors represent the different rock types. For more initial and boundary
conditions, please see the text. The marker is used to trace the evolution path. A rectangular region in Figure 2a is
used to calculate the strength profile. Strength profile for the two‐layer‐crust model is a reference case (Figure 2b). As
shown in Figure 2c, the LVCL deforms by ductile flow, and the rheological strength of the LVCL increases with increasing
f. LVCL = low‐viscosity crustal layer.

Figure 3. Second invariant of the strain rate for the two‐layer‐crust model (a) and three‐layer‐crust model (b) in 0.5 Myr
during lithospheric extension. Major conjugate shear bands cutting across the crust and lithospheric mantle form in the
two‐layer‐crust model. For the three‐layer‐crust model, however, strain mainly localizes in the low‐viscosity crustal
layer and underlying lithospheric mantle and there weakly develops strain localization in the upper crust. CU: continental
upper crust; CL: continental lower crust; LM: lithospheric mantle; AM: asthenospheric mantle.
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and hot asthenospheric upwelling, so that the 1200 °C isotherm rises up to the lower crust level (Figure 4a).
The P‐T‐t paths of the representative material marker show a rapid decrease in the pressure before 1.5 Myr
(Figure 4i). These conditions indicate that the crust undergoes continuous decompression and exhumation
as the hot asthenosphere upwells. Rift basin forms on the surface with synrift sediment infill.

As extension proceeds, the crust starts to rupture and exhibits a crustal thinning factor of 1 (Figure 4d).
Meanwhile, a narrow transitional region (~57 km wide), where the continental crust thins abruptly, are
eventually developed. The material marker has been carried to the near surface and involved into the crustal
fragment. It cools with time due to decreasing heat supply and heat loss by conduction (Figure 4i).
Asthenospheric mantle partially melts and exposes to the surface (Figure 4d). These modeling results agree
with geological field investigations and previous simulations (Duretz et al., 2016; Liao & Gerya, 2014).

Figure 4. Evolution of the two‐layer‐model (a–d) and three‐layer‐crust (H = 6 km and f = 0.2; e–h) model. The red solid circles indicate the position of represen-
tative markers for which the P‐T‐t paths are shown in Figure 4i. CTF = crust thinning factor. The thinning evolution of the crust is shown with CTF, which is
defined by (H0 − H1)/H0, where H0 is the initial thickness of the crust and H1 is the crustal thickness at a given time. When the CTF reaches 1, the upper crust
ruptures. Rock types and temperature isotherms are the same as in Figure 2. Arrows are velocity vectors of Vx and Vy.

10.1029/2019GC008200Geochemistry, Geophysics, Geosystems

LI ET AL. 6



By contrast, there are significant differences when a LVCL is embedded in the middle of the crust. Strain
mainly localizes in the LVCL and underlying lithospheric mantle. The upper crust, however, only has
weakly developed strain accumulation (Figure 3b). The possible explanation is that the lateral ductile flow
in the LVCL decouples the upper crust from underlying layers mechanically and accommodates the defor-
mation generated by extension. This leads to a situation that the deformation localization in the upper crust
is delayed. As a result, the upper crust thins slowly in the early extension stage. For example, the upper crust
is less stretched and remains relatively little thinning at 1.5 Myr (Figure 4f), denoting a phase of slow and
distributed continental rifting. At the early stage, the ductile crustal flow also acts as an effective layer to
compensate the gravity isostasy, allowing for very low topographic gradients. As a result, there lack a large
sedimentary basin on the surface.

Since the continental lithosphere mantle and lower crust have been replaced by the upwelling astheno-
sphere preferentially, the upper crust touches the hot upwelling asthenosphere (Figure 4f) and gets heated
due to conductive heat transfer. As shown in Figure 4i, the temperature for the material marker continues
to increase till ~1.6 Myr and reaches the peak value of ~750 °C. The heat can be conducted to the surface
from depth, and thereby, high surface heat flow can be estimated in nature (Lenardic et al., 2005;
Turcotte & Schubert, 2014). During further extension, continuous heating weakens the upper crust
(Figure 4g). The deformation mechanism in the upper crust is gradually governed by a thermally activated
viscous power law, ductile flow. As a result, the crustal deformation is not localized but distributed over a
broad area (Figures 4f and 4g). Such deformation results in a longer duration from crustal extension to bro-
ken and thus increases the width of highly thinned continental crust.

After diverging for ~3.6 Myr, the extension becomes more effective at crustal thinning and eventually ends
up by the continental breakup. The representative material marker begins to move upward and undergoes
decompression (Figure 4i). As shown in Figure 4h, the upper crust extends over a broad area and eventually
breaks apart, forming a hyperextended margin. The transition from a 15‐km‐thick upper crust to a zone of
exhumed asthenospheric mantle occurs over a distance of ~138 km. This transition is much more gradual
compared to the two‐layer crust model. The final breakup is not initiated in the middle of the model but
on the left side. It leads to the development of asymmetric margin and leftward migration of the rifting cen-
ter (Figure 4h). Continental crust cools progressively after reaching the near surface, similar to the results
obtained from the two‐layer‐crust model (Figure 4i). During the 3.6 Myr of extension, the asthenospheric
materials rise up with decompression and generate significant melts. The melts probably will first under-
plate the continental crust, then intrude it, and finally extrude the crust. As soon as the crust breaks, this
magmatic product will generate a protooceanic crust, in accord with the results of IODP367/368 drilling that
found no exhumed or serpentinized mantle at the surface (Sun et al., 2018).

3.2. Variable LVCL Strength

The effective viscosity of the ductile crustal layer is scaled linearly by a factor f, which varies from 0.01 to 100.
The f represents different rheological strength that is stronger or weaker than that of the reference set. With
the same thickness of 6 km, results obtained from various f are presented in Figure 5, such as f of 0.01, 0.2,
and 100.

When the scale factor is 0.01, the model experiences a slowest crustal thinning (Figure 5b). For example, the
thinnest crust appears at 200 km and only has a thinning factor of ~0.41 at 1.5 Myr. Since the thinning of the
crust is largely reduced, the continental breakup occurs relatively late (~4.1 Myr; Figure 5b′). There also
develops a wide hyperextended margin, which exceeds 180 km (with a thickness of <15 km). By contrast,
the models with f of 0.2 and 100 have stronger strength and exhibit a greater degree crustal thinning. At
1.5 Myr, about 47% and 85% of the crust are removed in these two models, respectively (Figures 5c and
5d). In particular, the model with f of 100 even shows characteristics of localized deformation. As a result,
the models with f of 0.2 and 100 are broken apart in a shorter period (approximately 3.6 and 2.6 Myr).
Meanwhile, the width of highly thinned crust is significantly reduced. It spans ~138 km for the model with
a scale factor of 0.2 and ~94 km for the model with 100 (Figures 5c′ and 5d′). Therefore, our results show that
the duration of crustal extension and width of highly thinned margin (thickness of ≤15 km) is inversely pro-
portional to the strength of the LVCL when the other parameters are constant. A weaker LVCL results in a
longer crustal extension stage and wider hyperextended margin.
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As revealed by P‐T paths in Figure 5e, the temperature of material marker raises from 350 to ~600–800 °C,
depending on the value of the scale factor. Similar to the development of hyperextended crust, a smaller scale
factor also results in a higher temperature on the near surface. For example, a scale factor of 0.01 promotes
the temperature up to ~800 °C, while the maximum temperature is only ~ 500 °C if the f is 100.

3.3. Variable LVCL Thickness

A series of numerical models with different LVCL thickness is further investigated. The initial scale factor
for the models is 0.2, and the other parameters are the same as previous models. When the LVCL is 1 km
thick, the model produces intense crustal thinning. A large portion of the crust thickness (~85% of total)
is reduced at 1.5 Myr (Figure 6b). Less than 1 million years later, the continent starts to break apart and
develops a narrow hyperextended margin, which only extends approximately 81 km from the spreading cen-
ter. The thinning of the crust is greatly reduced when the thickness increases to 4 and 6 km. At 1.5 Myr,
about 72% and 47% of the total crust are removed from the models with thickness of 4 and 6 km,

Figure 5. Evolution of the three‐layer‐crust model with f of 0.01 (b, b′), 0.2 (c, c′), and 100 (d, d′). The red solid circles indicate the position of representative markers
for which the P‐T‐t paths are shown in Figure 5e. It is noteworthy that a smaller scale factor could results in a higher temperature during extension. The thickness of
low‐viscosity crustal layer for each model is constant (H = 6 km). The evolution of upper crust thinning is also shown with CTF (a, a′). Rock types and
temperature isotherms are the same as in Figure 2. Arrows are velocity vectors of Vx and Vy. CTF = crust thinning factor.
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respectively (Figures 6c and 6d). As a result, the final breakup of these two models is delayed accordingly.
During continued extension, both of the models exhibit an increase in the width of highly thinned crust.
The widths are approximately 98 and 138 km (Figures 6c′ and 6d′). Therefore, our results manifest that
the duration of crustal extension and width of highly thinned crust increase with the thickness of the
LVCL. That is, a thicker LVCL prolongs the crustal extension time and promotes the formation of a wider
highly thinned crust.

Our results also indicate that the maximum temperature increases with the thickness of the LVCL due to
prolonged heating. As shown in Figure 6e, the model with a thickness of 6 km experiences the longest time
crustal thinning (~3.6 Myr) and, as a result, the crust was heated to be the hottest case (~750 °C).

3.4. Variable Extension Velocity

In this section, numerical experiments with different half‐extensional velocities (e.g., 1, 1.5, 2, and 3
cm/year) are conducted to test their effects on the development of rifted margin. The thickness and scale fac-
tor of the LVCL are 6 km and 0.2 for each model. Obviously, the extension in the models by higher velocities

Figure 6. Evolution of the three‐layer‐crust model with H of 6 (b, b′), 4 (c, c′), and 1 km (d, d′). The red solid circles indicate the position of representative markers
for which the P‐T‐t paths are shown in Figure 6e. A thinner LVCL has a lower temperature at a certain time. The scale factor of the LVCL for each model is
constant (0.2). The evolution of upper crust thinning is shown with CTF (a, a′). Rock types and temperature isotherms are the same as in Figure 2. Arrows are
velocity vectors of Vx and Vy. LVCL = low‐viscosity crustal layer; CTF = crust thinning factor.
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evolves more quickly. For instance, in 1.5 Myr, about 13%, 26%, 33%, and 47% of the total crust thickness are
reduced for half‐extensional velocity of 1, 1.5, 2, and 3 cm/year (Figures 7b–7e), respectively. More
differences among these models appear when the continent breaks, such as the width of highly thinned
crust. It spans ~90 km for the model with half‐extensional velocity of 1 cm/year (Figure 7a′). In
comparison, for the model with a velocity of 6 cm/year, the highly thinned crust extends ~138 km
(Figure 7e′). That is, the higher velocity could cause a wider highly thinned crust.

4. Geological Implications for the Northern SCS Continental Margin

The northern SCS locates at the southern edge of the South China block and is a passive continental margin
(Figure 1a). The SCSmargin includes a series of extensional basins (e.g., the Pearl River Mouth Basin and the
Tai Xi Nan Basin) and evolved from rifting of the South China block since post‐Cretaceous (e.g., Ding et al.,
2018; Franke et al., 2014; Li, Sun, & Yang, 2018; Lin et al., 2019; Morley, 2016; Tapponnier et al., 1990). As
such, studies on the northern SCS margin can help us understand the consequences of lithospheric exten-
sion with a weak middle crustal layer.

4.1. Crustal and Geothermal Characteristics of the Northern SCS Margin

To obtain the crustal thickness in the SCS area, we first calculate the geometry of theMoho discontinuity using
gravity data. The data source and processing method have been briefly introduced in the method section.
Figure 8 is the map of Moho depth of the northern SCS margin derived from 3‐D gravity modeling. We use

Figure 7. Evolution of the three‐layer‐crust model with half extension velocity of 1 (b, b′), 1.5 (c, c′), 2 (d, d′), and 3 cm/year (e, e′). The thickness and scale factor of
the low‐viscosity crustal layer are 6 km and 0.2. The evolution of upper crust thinning is shown with CTF (a, a′). Denotations are the same as those in Figure 2.
Arrows are velocity vectors of Vx and Vy. CTF = crust thinning factor.
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the depths that derived from the deep seismic profiles to constrain the validity of the gravimetric solutions. At
the constraint points, the average misfit between the inversion results and the seismic depths is less than 1 km
(Figure 8). For example, the Moho depths in the Pearl River Mouth Basin are computed to be 25.1, 25.9, 22.6,
and 24.5 km, which are rather close to the depth (25, 26.4, 23.4, and 23.6 km) revealed by the deep seismic
profiles (Fan et al., 2019; Qiu et al., 2001; Ruan et al., 2011; Wang et al., 2006; Wei et al., 2011; Yan et al.,
2001; Yeh et al., 2010). The depth 21.7 km in the Tai Xi Nan Bain is also verified by the seismic depth (20.5
km; McIntosh et al., 2005). The minor misfit implies a good quality of inversion result for a range of Moho
depths between 10 km (deep ocean basin) and 31 km (continental margin).

We then estimate the crustal thickness of the SCS by subtracting the bathymetry and sedimentary thickness
from the Moho depth. As shown in Figure 9c, the SCS basin reveals an average crust thickness of ~6 km,
except that the ridges and seamounts have a thicker crust of 10–20 km. These results are consistent with pre-
vious studies (Lü et al., 2011; Qiu & Chen, 2011). The thickness of the continental crust is highly variable. In
the northeastern margin, continental crustal thickness shows a remarkable gradual increase from the ocean‐
continent boundary (OCB) to the continental slope. A very thin continental crust of ≤15 km extends over
distances of 100–250 km from the OCB. In contrast, the northwestern margin has another scenario. The
transition from OCB to a thickness of 15 km appears rather narrow. The thickness keeps increasing toward
the continental shelf to values as large as ~28 km. As a result, the northwestern margin only has a narrow
ultrathinning continental crust. In summary, our results illustrate a significant contrast along strike of the
northern SCS margin regarding the width of ultrathinning crust. The ultrathinning continental crust is wide
in the northeast but narrow in the southwest. Similar phenomena were also observed by other researchers,
such as Bai et al., 2019, Yeh and Hsu (2004), Tsai et al. (2004), Qin et al. (2011), and Pichot et al. (2014).

In the northern continental margin, the high heat flow region in the northeast also spans wider than that in
the northwest. See Figure 10, nearly hundreds of heat flow data were compiled in a contour map. The heat
flow value increases from the shelf toward the oceanic basin, ranging from 35 to 120 mW/m2. The SCS ocea-
nic basin is a high heat flow zone with an average value of 93 mW/m2. Although the heat flow in the SCS
margin is significantly lower than that in the ocean basin, there also exits a relatively high heat flow zone
trending NE, lying on the lower slope area of the northern SCS margin (Shi et al., 2003). The high heat flow
zone in the northeastern SCS margin extends ~200 km in the N‐S direction, which is clearly wider than the
zone in the northwest.

Figure 8. Moho depth map of the northern SCS margin obtained from the 3‐D gravity inversion. Locations of seismic
control points are shown as black circles. Gravimetric and seismicMoho depths of these control points are listed in and out
of the brackets, respectively. SCSB= South China Sea Basin; PRMB= Pearl RiverMouth Basin; TXNB= Tai Xi Nan Basin;
TW = Taiwan; HN = Hainan.
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4.1.1. Comparison of the Model Results With the Along‐Strike Variation of Highly Thinned Crust
Width in the Northern SCS Margin
By comparing the two profiles in the South China continent interior (Figure 1), it is evident that there exist
obvious differences in the initial LVCL thickness. The LVCL in the east is clearly thicker than that in the
west (Figures 1 and 9c). Meanwhile, in order to further constrain the thickness of the middle crustal layer
in the eastern margin, we select a refraction seismic profile OBS2001 to survey the deep crustal structure
(Figure 9d). The profile OBS2001 crosses the Taixinan basin and finally extends southeastward into the east
subbasin (Wang et al., 2006). The crust thins from about 25–28 km beneath the continental shelf to 13–15 km
beneath the ocean‐continent transition zone. The ultrathinning part of the continental crust (≤15 km)
extends about several hundred kilometers along the profile OBS2001, agreeing with our gravimetric

Figure 9. Compare model results with widths of highly thinned crust in the northern SCS margin. (a, b) Model results
showing the widths of ultrathinning crust with different low‐viscosity crustal layer thickness. (c) Crustal thickness map
of the northern SCS margin. (d) P wave velocity model with layer boundaries of OBS2001 (Wang et al., 2006). In the
Figure 10c, a very thin continental crust of ≤15 km extends over distances of 100–250 km in the northeast (black double
arrow). In contrast, the thickness of≤15 km appears rather narrow in the northwest. Yellow lines represent the location of
profile line 1, and the detailed crustal structures are shown in Figure 11. Red and white lines outline the boundary of
continental and oceanic basins. SCS = South China Sea; TW = Taiwan; HN = Hainan.
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solutions. In addition, a middle crustal layer can be observed lying within the crust with P wave velocity of
5.5–6.5 cm/year. It has an average thickness of ~6 km, which is clearly thicker than that in the west (~3 km).
That is, the northeastern SCSmargin may forms by stretching the South China continent with a thick LVCL,
whereas the northwest margin evolves from the continent with a relatively thin LVCL. The initial LVCL
thickness also has a good correspondence with the width of highly thinned crust (Figure 9c). The northeast-
ern margin shows characteristics of thick LVCL and wide ultrathinning crust. In comparison, the northwes-
tern margin is characterized by thin LVCL and narrow ultra‐thinning crust. These phenomena are
consistent with our numerical results in which a thicker LVCL can induce a wider hyperthinning crust
(Figure 9). Thereby, as one possibility, the initial LVCL thickness plays a great role in controlling the crustal
thickness in the northern SCS margin. A thicker LVCL exists on the northeastern SCS margin and thus
induces a wider ultrathinning crust. A thinner LVCL in the northwestern SCS margin causes a narrower
ultrathinning crust. In summary, our studies suggest that variation in the weak ductile layer thickness
may be a cause for the differential stretching characteristics in the northern SCS margin.

It is worth emphasizing that other hypotheses also have been proposed to explain this along‐strike variation.
For example, Wang et al. (2006) attributed the phenomena to the eastward subduction of the Eurasian Plate
along the Manila Trench near the northeast. However, the subduction started at early Middle Miocene,
which is much later than the termination time of the SCS continental breakup (~39 to ~21 Ma; Huang
et al., 2012; Sibuet & Hsu, 1997; Sun et al., 2011). Thereby, the subduction of the Eurasian plate cannot affect
the rift structure of the SCS margin. Another possibility is that the upwelling mantle may attenuate the con-
tinental crust in the east, causing the development of a wide zone of highly thinned crust (Mao et al., 1999). If
so, the lower crust would get heated and flows laterally during extension, thus generating a variable lower
crust thickness. However, according to the evidence from deep seismic profiles across the ultra‐thinning
crust zone (e.g., OBS2001), it seems that there is no obvious variation in the lower crust thickness (Qiu &
Chen, 2011). Yao (1998) viewed the highly thinned crust as a result of erosion in the Cenozoic, which remove
large amounts of rocks from the upper crust. In this case, the removal of rocks from upper crust will be iso-
statically compensated by lower crust and mantle rebound, which in turn cause tectonic or isostatic uplift in
the region. However, the northeastern SCSmargin is a topographically lower area, and this contradicts what
was expected above. Thereby, our models offer one possible mechanism by which differential widths of
ultrathinning crust develop in the northern SCS margin.

Our models also predict a high extension velocity to reproduce the observedwidth of the SCSmargin. This pre-
diction is consistent with the results of 3‐D thermomechanical models in which rift propagation occurs during
extension (Le Pourhiet et al., 2018). Propagation of continental breakup changes the dynamics of continental
rifting and, as a result, the continental extension rate on the west margin is likely to be larger than during the

Figure 10. Spatial distribution of heat flow measurements in the northern SCS (compiled after He et al., 2001; Shi et al.,
2003, 2017; Yuan et al., 2009). The N‐S direction high heat flow zone in the northeastern SCS margin extends wider
than the zone in the northwest. White lines outline the boundary of continental basins. SCSB = South China Sea Basin;
PRMB = Pearl River Mouth Basin; TW = Taiwan; HN = Hainan.
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continental rifting of the eastmargin (e.g., Le Pourhiet, 2018; Vink, 1982). Their extension rate in the west mar-
gin is equal to the spreading rate that also agrees with our modeling results. Previous studies have investigated
how the lower crust rheology controls the rate of continental break‐up propagation and the width of the pas-
sive margin (e.g., Burov & Watts, 2006; Liao & Gerya, 2015; Pérez‐Gussinyé et al., 2003). Yet the influences of
weak middle crustal layer on the propagation rate and margin width are still uninvestigated. In this paper, the
effects of LVCL on the width of rifted margin are qualitatively evaluated by 2‐D models. Despite simplifica-
tions, the 2‐D models can be considered representative for the end‐member of continental extension with
LVCL embedded. Compatibility of the model with the geologically realistic results has been demonstrated
above. Our models offer one possible mechanism by which wide ultra‐thinning crust might develop in the
northeastern SCS margin. The other factors, such as the rift propagation and ridge jump, also play a great role
in the width of the SCS margin, but a combination of these factors is beyond the scope of this paper. In the
future work, we hope to consider these factors and expect a result much closer to the observations.
4.1.2. Possible Reasons for the Geothermal Characteristics of the Northern SCS Margin
In the northern SCS margin, an NE‐SW trending high heat flow zone exists on the lower slope, and its north‐
south extent in the east is larger than that in the west (Figure 10). Previous studies suggested that the strong
differential crust thinning is a viable mechanism explaining the situations (Huismans et al., 2001). Shi et al.
(2017) pointed that the high heat flow in the northern SCSmargin is not only the result of intense crustal thin-
ning but also caused by the upwelling of hot asthenosphere during continental breakup. In addition, Lei (2013)
further revealed that the thinner crust and longermantle upwelling contributedmore heat flow. By calculating
the temperature and thermal structure of the SCS lithosphere, many studies argued that the upwelling of hot
asthenosphere might produce the vast majority of heat flow (e.g., Zhang & Shi, 2004). Synrift sediments in
the deep water also preclude the presence of high thermal anomaly during breakup (Clift & Lin, 2001).
These results showed similarities to our numerical models in which the hyperextended continental crust is
heated by hot upwelling asthenosphere and thus characterized by high surface heat flow over a wide area.
Integrating our numerical results with observations, we emphasize the strong control of LVCL on the geother-
mal characteristics of the northern SCSmargin. Our numerical results also demonstrated that the value of heat
flow increases as the initial thickness of the LVCL increases, comparing well with the characteristics in the
northeastern SCS margin where wide high heat flow zone and thick LVCL are observed.

5. Discussion
5.1. Comparison to the Geothermal Characteristics of Rifting Phase in the Pyrenean

Another example comes from the rifting phase in the Pyrenean that is a result of rotation of Iberia relative to
Europe in ~83–125 Ma (e.g., Lagabrielle & Bodinier, 2008; Masini et al., 2014; Sibuet et al., 2004). In the
Pyrenean, the heat recorded in the synrift sediments reflects thermal conditions inherited from former rift-
ing phase, thus providing an opportunity to study the thermal imprint of crustal thinning (e.g., Golberg &
Leyreloup, 1990; Vauchez et al., 2013). In the synrift sediments, a lateral thermal variation has been distin-
guished by previous studies along the north Pyrenean. The western flank of the north Pyrenean is relative
cold and shows low‐grade high‐temperature/low‐pressure metamorphism with Raman temperatures ≤350
°C, whereas the eastern flank is hot and exhibits high‐grade high‐temperature/low‐pressure metamorphism
with Raman temperatures ≥600 °C (Clerc et al., 2015; Ducoux, 2017; Golberg & Leyreloup, 1990). Results
from 1‐D thermokinematic modeling suggested that the abnormally high temperatures possibly record a
heating phase during the extreme extension (Vacherat et al., 2014). Similar effects are also obtained by
our 2‐D thermomechanism modeling in which the continental lithospheric mantle and lower crust have
been removed prior to the upper crust in the extension, making the upper crust in direct contact with the
hot upwelling asthenosphere. The heat is probably conducted to the surface frommargin interior, thus mak-
ing the hyperextended margin characterized by high temperature over a wide range.

Meanwhile, our models showed that the hot asthenosphere weakens the brittle portions of the upper crust,
and thus, the deformation mechanism in the upper crust is gradually governed by a thermally activated vis-
cous power law. In this situation, the crustal deformation is not localized but distributed over a broad region.
This kind of deformation results in a longer duration from crustal extension to broken, thus increasing the
width of highly thinned continental crust. In agreement with our modeling results, the northern Pyrenean
also shows characteristics of wide areas of ultrathinning crust (Jammes et al., 2009). Nevertheless, differen-
tial stretching characteristics develop in the eastern and western flanks of the northern Pyrenean. The east
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developed extreme thin continental crust and was under a ductile regime. In comparison, the continental
crust in the west is less severely thinned and dominated by brittle behavior (Jammes et al., 2009; Masini
et al., 2014). Our studies further suggest that variation in the weak ductile layer thickness and/or strength
may be a cause for the differential stretching and thermal characteristics in the northern Pyrenean. A
weak and/or thick LVCL might exist in the east pre‐Pyrenean paleo‐margin and flow laterally. The lateral
ductile flow accommodates the deformation generated by extension, and, as a result, hotter and wider
hyperextended crust develops. For instance, the continental crust in the model with a LVCL thickness of
6 km is heated to ~750 °C and extremely stretched. Comparison with the hypotheses proposed by other
authors (e.g., Fabriès et al., 1998; Golberg & Leyreloup, 1990; Jammes et al., 2009), our model well
explains the regional high temperature in the eastern flank of the north Pyrenean. In addition, the model
also correlates the intensity of crustal thinning to the crustal rheological behavior during extension.

Figure 11. Seismic reflection profile line 1 without interpretation (a) and with interpretation (b). (c)Model result showing
the deformation of continental margin. Ultrathinning upper crust and ductile crustal remnant can be recognized in the
profile and modeling. Part of the sedimentary unconformity according to Sun et al. (2018) and Larsen et al. (2018). For
location please see Figure 9.
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5.2. Implication for the Deep Crustal Structures

Results from the three‐layer‐crust model show that the middle crust, lower crust, and lithospheric mantle
are totally removed in the distal margin, leaving a wide region of thin upper crust in direct contact with
the asthenosphere. As a result, Moho boundaries are observed beneath the ultrathinning upper crust
(Figure 11c). The Moho extends landward across the distal margin and finally joins the Moho beneath the
proximal margin. Meanwhile, several remnant LVCLs overlie the Moho and exhibit variable sizes. As a con-
sequence of ductile flow in the middle crust, the surface is characterized by high topographic gradients with
an abrupt change in topographic elevation in the final architecture. Sediments filled the surface
topographic low.

In order to further compare these crustal structures with the natural observations, we select a reflection
profile line 1 crossing the Liwan depression (Figure 11). The NW‐SE oriented profile provides high‐
resolution subsurface structural information in the region. As shown in Figure 11b, basement (Tg) is a
widespread unconformity that separates the upper sedimentary layer from other layers. At depth of about
9.0 s, a strong continuous reflector extends over the entire length of the profile and can be legibly recog-
nized as reflection Moho. By subtracting the Tg depth from the Moho depth, the crust thickness was esti-
mated to be 2‐ to 5‐s two‐way travel time (equivalent to ~4–10 km thick), which is in agreement with
our estimated ultrathinning crust thickness. In addition, another approximate 1‐s‐thick layer (CDP
13348‐20000) is observed above the Moho with a very well‐defined upper boundary. This 1‐s‐thick layer
prevents the fault cutting down to mantle depth and thus may consist of ductile materials, separating the
plastic faulting from the underlying mantle deformation fields (Figure 11b). We note that the numerical
results are comparable with the tectonic features of the northern SCS margin: (1) A LVCL remnant remains
in the ultrathinning crust when the continent breaks apart in the models; (2) the LVCL lies directly on the
Moho, exhibits ductile behavior, and has a rough topography; and (3) large volume sediments deposited in
the surface topographic low.

Previous models have assumed that the lower crust is a low‐viscosity layer and exhibits a ductile deforma-
tion, which leads to the decoupling of the upper and lower lithosphere over a wide area (Huismans &
Beaumont, 2011). In their results, the hot, weak lower crust flows toward the spreading center and under-
plates the areas of localized upper crustal extension. Additionally, the thinning of upper crust is accompa-
nied by little evidence of strong crustal faulting. Our study differs from previous studies, by considering a
low‐viscosity layer lying between two stronger crustal components, whose existence has been detected in
the South China. The weak middle crustal layer flows laterally and exhibit ductile deformation whereas
the upper and lower crust is considered to be brittle, because stronger upper and lower crust is chosen in
the initial setting of our models. As a result, brittle faults may develop in the upper and lower crust, accumu-
late large amounts of extension, and form a very thin crust. In the northern SCS margin, the large offset
faults are not only recognized in the profile 15eclw8 but also widely exist in other deep reflection seismic pro-
files. For example, based on a comprehensive tectonosequence analysis of seismic data, it has been suggested
that the Baiyun Rift in the northeastern SCS margin is characterized by detachment faults cutting through
the continental crust with large offsets (e.g., Dong et al., 2014; Gao et al., 2015; Lei et al., 2019). This detach-
ment fault is a result of lithospheric extension during the rifting the SCS continent (Zhao et al., 2018).

6. Conclusions

Our numerical results present the roles of the LVCL in the development of rifted margin during lithospheric
extension. The presence of LVCL mainly controls the width of the highly thinned crust and the crustal ther-
mal distribution. (1) Rheologically weak LVCL accommodates the deformation during extension and
thereby delays the thinning of the upper crust. A slow and distributed crustal thinning can be expected when
a rheologically weaker and/or thicker LVCL is embedded. (2) Once a weak LVCL exists, the lower crust and
lithospheric mantle would be removed before the upper crust, placing the upper crust in direct contact with
the hot upwelling asthenosphere. Continuous heating promotes the development of highly thinned conti-
nental crust and hot crustal material in the margin. The width of highly thinned crust and crustal thermal
value increase when the rheology of the ductile layer decreases or the thickness increases.

Based on our numerical results and gravimetric solutions, we suggested that variation in the LVCL thickness
may be a possible mechanism for the differential widths of ultrathinning crust and high heat flow zone along
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strike of the northern SCSmargin. A thicker LVCLmay dominate in the northeastern SCSmargin, causing a
wider range of ultrathinning crust and high heat flow zone. By contrast, a thinner LVCL exists in the north-
western SCS margin, and thus, a narrower ultra‐thinning crust and high heat flow zone can be found in
the region.
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