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Abstract P wave velocity models were obtained by forward and inverse modeling from 38 ocean bottom
seismometers deployed in the central East subbasin of the South China Sea (SCS). Four types of crust have
been defined: (a) thin oceanic crust (<5 km), (b) typical oceanic crust (5–6 km), (c) thick oceanic crust host-
ing postspreading volcanoes (>6 km) with significant intrusive roots, and (d) thick oceanic crust with
enhanced spreading features (>6 km) but without significant roots. Within the central East subbasin, the
thin oceanic crust, only identified inside an 80 km wide zone, is located within an overall 150 km wide
domain characterized by N0558 seafloor spreading trends. The postspreading volcanoes were formed dur-
ing a N-S tensional episode around 6–10 Ma, several millions of years after seafloor spreading ceased in the
SCS. Seafloor spreading (N0558 and N1458) and postspreading (N0008 and N0908) features are observed in
the morphology of some of these volcanoes. The rupture of the brittle thin oceanic crust was focused where
the crust was the weakest, i.e., at the intersection of the extinct spreading ridge with former fracture zones.
From geological and geophysical arguments, we suggest that the postspreading volcanism might have
been influenced by the Hainan plume activity through a buoyancy-driven partial melting mechanism.

1. Introduction

The South China Sea (SCS) is a marginal sea located at the confluence of the Eurasian, Philippine Sea, and
Indian-Australian plates. Rifting in this region occurred during early Tertiary times (e.g., Franke et al., 2014)
and ended at �33 Ma, as shown at IODP Site U1435 location (Figure 1) where a sharp unconformity is
revealed between deep marine facies above sandy lithologies of shallow marine deltaic and coastal facies
(Expedition 349 Scientists, 2014). The oldest seafloor spreading magnetic lineation identified in the SCS is
C12 (32 Ma; Barckhausen et al., 2014; Briais et al., 1993) and was formed right after the end of the rifting
phase. However, the end of seafloor spreading in the SCS is not firmly established. Different models for the
oldest seafloor spreading include either at �15.5 Ma as suggested by Briais et al. (1993) and Li et al. (2014)
or at 20.5 Ma by Barckhausen et al. (2014). At a more global scale, kinematic reconstructions (e.g., Hall, 2002;
Sun, 2016) show the extreme complexity of the formation of the South China marginal sea, which was
recently exacerbated by the Wu et al. (2016) kinematic modeling using the positions and lengths of sub-
ducted slabs in their reconstruction methods. The large differences between these two types of global kine-
matic reconstructions explain why numerous papers dealing with the SCS placed within conventional
geological and local kinematic frameworks generally lead to erroneous conclusions. In such a complex geo-
dynamic environment, we should test SCS kinematic models (e.g., Barckhausen et al., 2014; Briais et al.,
1993; Li et al., 2014) as well as structural and tectonic models with a critical approach based on the use of
high-quality geophysical, geochemical, and geochronological data sets. Such an approach is pertinent in
particular to explain the large volume of SCS postspreading volcanism predominantly observed in the axial
parts of the East and SW subbasins (more than 90% of its total volume), mostly in the vicinity of the Zhon-
gnan faults zone, a major feature, which separates these two subbasins (Figure 1). There, the last phase of
seafloor spreading is N0558 oriented in a �150 km wide strip (Sibuet et al., 2016) and the postspreading
Zhenbei-Huangyan seamount chain is oriented E-W over a distance of 220 km within this strip. It contradicts
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what was previously published with the last phase of spreading oriented E-W and parallel to the post-
spreading chain of volcanoes (e.g., Barckhausen et al., 2014; Briais et al., 1993; Li et al., 2015a, 2015b). Thus,
a new relocalization of the trends of magnetic lineations and their identifications are still required.

The objective of this paper is to understand the nature, age, and mode of emplacement of the voluminous post-
spreading volcanism, with emphasis on the following questions: How and when was postspreading volcanism

Figure 1. Swath-bathymetric map of the South China Sea (SCS; Barckhausen et al., 2014) and postspreading volcanism.
OBS seismic survey lines in light pink are located in the axial region of the East subbasin (Zhenbei and Huangyan sea-
mounts chain) and on the northeastern margin. The solid cyan line represents the continent-oceanic boundary and the
solid cyan line with triangles the Manila trench (Sibuet et al., 2016). The white stars are location of ODP and IODP Sites
(ODP Sites 1145, 1146, and 1148 and IODP Sites U1431 to U1435 (Expedition 349 Scientists, 2014) and U1499 to U1501
(IODP legs 367 and 368)). Seamount names in yellow color, dredge samples correspond to red dots with ages labeled in
white: DM, Daimao; XB, Xianbei; SX, Shixing, 7.9 Ma (Yan et al., 2008b); ZZ, Zhangzhong, 11–6 Ma (Pautot et al., 1990); ZY,
Zhiyou, 11–6 Ma (Pautot et al., 1990); ZB, Zhenbei, 8–6 Ma (Pautot et al., 1990) and 10–9.1 Ma (Tu et al., 1992; Wang et al.,
1984); HY, Huangyan, 7.7 Ma (Wang et al., 2009); BY, Beiyue; ZN, Zhongnan, 6.6 Ma (Yan et al., 2014) and 3.5 Ma (Tu et al.,
1992); NY, Nanyue; LB, Longbei; LN, Longnan; CL, Changlong. The four ovals indicate the two N-S trending Chain A, E-W
trending Chain B, and NE-SW trending Chain C. The thick dashed yellow lines represent the extinct spreading ridge (ESR),
and N0558 trending white dashed lines magnetic lineations identified in this study. For comparison, thin white solid lines
are magnetic lineations identified by Li et al. (2015b). M1 and M2 are two characteristic magnetic lineations (Li & Song,
2012) identified as C8 and dated �27.5 Ma (Briais et al., 1993) or 26 Ma (Gradstein et al., 2005). The location of the Zhon-
gnan faults zone (red dashed lines) is from Li et al. (2015b). East of the yellow broken line located between Chains B and
C, magnetic lineations cannot be defined because of the presence of transfer faults, pseudo-faults and overlapping
spreading centers (Hsu et al., 2016).
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emplaced? Can we quantify the amount of excess volcanism along the Zhenbei-Huangyan seamounts chain?
Where was the East subbasin extinct spreading ridge (ESR) located at the end of the spreading phase?

To answer the above questions, we carried out a high-precision, crustal-scale, wide-angle seismic survey
(Figures 1 and 2), which covered the E-W trending Zhenbei-Huangyan seamounts chain (Zhang et al., 2013),
and consists of three E-W oriented profiles (P1, P2, and P3) cut across by a N-S profile (P4). Single-channel
seismic profiles were also collected during the survey. We interpret the velocity structures established by
forward and inverse modeling along these four profiles in the framework of available Bouguer gravity and
magnetic anomaly data, detailed swath-bathymetry and multichannel seismic reflection (MCS) data.

2. Geological Setting of the Postspreading Volcanism in the Central Part of the
South China Sea

Postspreading volcanic seamounts are numerous and voluminous in the central parts of the East and
SW subbasins. They are rare north of the central part of the East subbasin and almost absent south of it
(Figure 1). These seamounts, formed after the formation of the SCS oceanic crust, are different in their mor-
phology and geochemical composition from seamounts created at the ridge axis during the formation of
the oceanic crust of the SCS. Three seamount chains are identified. These include (1) two N-S trending sea-
mounts chains (Longbei and Longnan seamounts; Nanyue, Zhongnan, and Beiyue seamounts) located
between 114.88E and 115.68E longitude in the SW subbasin (Chain A); (2) an E-W trending chain of sea-
mounts (Chain B) where the largest seamounts are aligned immediately east of the Zhongnan faults zone.
Chain B, named the Zhenbei-Huangyan seamounts chain in its western part, consists of five major sea-
mounts, which stand nearly 4,000 m above the seafloor (Yao, 1996) and is oriented obliquely to the sur-
rounding N0558 seafloor spreading trends. (3) Further east, Chain C is approximately parallel to the N0558

recent seafloor spreading trends. Chain C is located east of an irregular continuous broken yellow line

Figure 2. Detailed swath-bathymetric map of the Zhenbei and Huangyan seamounts chain with the location of the four
wide-angle reflection/refraction lines. The thick black lines represent OBS Profiles P1, P2, P3, and P4 and the white circles
with red labels the location of OBSs. OBS18 did not record useful data. Red dots are the locations of dredged samples
(Pautot et al., 1990; Tu et al., 1992; Wang et al., 1984, 2009) and the white star is the location of IODP Site U1431 (Expedi-
tion 349 Scientists, 2014). The purple line is MCS profile 973SCSIO1 shown in Figure 9 and white circles are shot numbers.
The extinct spreading ridge (ESR) shown by a thick yellow dashed line and N0558 trending magnetic lineations shown by
white dashed lines are from this study.
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approximately located at �1188E longitude (Figure 1). We will not discuss Chain C because of its complexity
due to the presence of overlapping spreading centers, transfer faults and pseudo-faults related to the
change of direction of spreading centers east of this boundary (Hsu et al., 2016).

The two parallel N-S trending alignments of seamounts (Chain A) as well as several N-S trending features
identified in detailed swath-bathymetric maps (Sibuet et al., 2016, Figure 8a) suggest that these N-S trends
are fracture zones (FZs) that belong to the postspreading phase of extension. These N-S FZs are present
inside the �150 km wide corridor (Figure 1) where N0558 spreading lineaments were identified (Sibuet
et al., 2016). Outside this �150 km wide strip, spreading lineaments are more or less �E-W oriented and FZs
are mostly �N-S oriented, precluding unambiguous determination of a N-S postspreading phase of exten-
sion. Thus, on each side of the Zhongnan fault zone (Figure 1), the postspreading volcanic seamount chains
were emplaced along N-S and E-W directions as if these trends were corresponding to FZs and spreading
directions of a N-S phase of extension. The amount of extension during the postspreading phase is
unknown but might be on the order of a few kilometers (Sibuet et al., 2016).

3. Single-Channel Reflection and Wide-Angle Seismic Refraction Data

3.1. Data Processing
We first processed the 18 single-channel reflection profiles collected during ocean bottom seismometers
(OBS) recordings. Using stratigraphic correlations between the MCS Profile 973SCSIO1 (Figure 2) and cor-
ing/logging data from IODP Site U1431, Figure 3 shows seismic sequence boundaries along the four single-
channel seismic profiles coincident with the OBS profiles. Tmm, Tmp, and Tpp are middle Miocene/late Mio-
cene (�11.1 Ma), Miocene/Pliocene (�5.2 Ma), and Pliocene/Pleistocene (�2.6 Ma) boundaries, respectively
(Li et al., 2015a). Velocities and thicknesses of sediments were determined by using the quadratic time-
depth conversion function z 5 0.000188295t2 1 0.695896t, where z is the depth in meters below the sea-
floor and t is the two-way travel time (TWTT) in ms (Li et al., 2015a).

The 41 OBS data processing includes instrument relocation and band-pass filtering (3–12 Hz; Zhang et al.,
2013). As examples of OBS recordings, picking phases, PmP phases, ray tracing, and travel times simulation
are published for Profile P4 in He et al. (2016); other examples will not be displayed in this paper. P wave
velocity models along these four profiles were first derived by forward modeling using the Rayinvr code of
Zelt and Smith (1992). The initial model includes seafloor and basement interfaces computed in depth from
the coincident single-channel seismic profiles (Figure 3). The forward model parameters are shown in Table
1. Velocities are assumed to be laterally homogeneous. The velocity models were continuously adjusted to
fit the observed and theoretical travel times by using the trial and error method of Zelt and Smith (1992).
The travel time uncertainties are estimated to be 50, 70, and 90 ms for Pg, PmP, and Pn arrivals, respectively,
depending on the quality of travel time picks for Profiles P1, P3, and P4. For Profile P2, the travel time uncer-
tainties are larger than for other profiles (70, 90, and 110 ms for Pg, PmP, and Pn arrivals, respectively)
because the topography changes more significantly along the profile.

The four P wave velocity models were also determined by using the Tomo2d joint refraction and wide-angle
reflection travel time inversion (Korenaga et al., 2000). This tomographic approach requires much less a pri-
ori information and tends to prevent overinterpretation of data. Data fitting is also quantified using v2 val-
ues (Table 1), the mean square of residuals normalized by the picking uncertainty. The final models
correspond to travel time residuals of less than 1 s and normalized v2 values ideally close to 1. The Moho
interface is freely updated as a floating reflector during modeling. To secure the accuracy of processing and
better discuss the results of modeling, forward models were homogenized in order to minimize the differ-
ences between forward and tomographic models. Data quality and seismic ray coverage of the wide-angle
data are good for the four profiles (Figure 4 and Table 1). Finally, the reliabilities were assessed by density of
ray paths and resolvability through checkboard tests (Figure 5) for the four profiles.

3.2. Accuracy and Resolution Tests
The derivative weight sum (DWS) is the column-sum vector of the velocity kernel. It measures the ray cover-
age, which estimates ray density with a hit count that weights each ray by its distance to the model param-
eter (Korenaga et al., 2000). The DWS of the final velocity models is shown for each of the four profiles
(Figure 5). White areas correspond to poorly constrained regions (DWS< 1.0). However, the DWS does not
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provide any quantitative information about the resolution of the model. Checkerboard tests are commonly
used for model assessment and resolution analysis using synthetic data. This kind of tests aims to examine
the ability to recover the velocity anomaly pattern superimposed on the velocity model (Zelt, 1999).
A perturbed velocity model was created from the starting model with 5% alternate positive and negative

Figure 3. Single-channel seismic Profiles P1, P2, P3, and P4 located in Figure 2. TWTT, two-way traveltime in seconds.
The basement is underlined by thin blue lines. Purple, green, and orange lines are seismic sequence boundaries
dated middle Miocene/late Miocene (Tmm), late Miocene/Pliocene (Tmp), and Pliocene/Pleistocene (Tpp; Li et al.,
2015a). Volcano-clastic sediments result from erosion of the adjacent seamount formed during the postspreading
phase of extension. Yellow circles, OBSs locations. Red inverted triangles are intersections between the four profiles.
IODP Site U1431 (blue circle) is projected in the N1458 direction on Profile 1. Red dots (D1 and D2 on P2 and P3 pro-
files, respectively) are locations of projected dredged samples in the N1458 direction (Pautot et al., 1990; Tu et al.,
1992; Wang et al., 1984, 2009). The underlying bars represent thin oceanic crust (green), typical oceanic crust (yellow),
thick crust with enhanced spreading features (orange), and thick crust with postspreading volcanism (red) based on
MCS and refraction data. Orange and red vertical arrows indicate enhanced spreading features and postspreading
volcanism, respectively.
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anomalies. The patterns in the sinusoidal functions are characterized by half-wavelengths of 10 and 3.5 km
in the horizontal and vertical directions, respectively (Figure 5). Synthetic travel times, with the same
source-receiver configuration used in our model, were calculated by adding a Gaussian random noise with
a standard deviation of 10 ms. Then, the recovered models were computed by inversion of the perturbed
velocity model using the same inversion parameters and synthetic data. A large range of checkerboard pat-
terns were tested and three representative examples of resolved checkerboard patterns are shown for each
of the four profiles (Figure 5). Cells with a size of 8 km horizontally and 3.5 km vertically are the threshold
for P1, P3, and P4 models and cells with a size of 10 km horizontally and 3.5 km vertically are the threshold
for the P2 model. Velocity models present an optimal resolution in their central parts and a good recovery
of velocity perturbations with a large ray density coverage in the upper panels of Figure 5. These tests show
that the inversion cannot constrain velocity variations at depths greater than 14 km below the seafloor for
the four profiles (Figure 6) and that the size of cells constrains the geophysical interpretation to features not
smaller than 8 km 3 3.5 km for P1, P3, and P4 and 10 km 3 3.5 km for P2.

3.3. Interpretation of the Four Wide-Angle Seismic Reflection and Refraction Profiles
In general, the oceanic crust consists of two layers: a low velocity upper crust (3.0–6.4 km/s) and a high-
velocity, low-gradient lower crust (>6.4 km/s; e.g., Minshull & White, 1996; Muller et al., 1997; White et al.,
1992). The 6.4 km/s velocity contour generally coincides with the boundary between layers 2 and 3 (Harding
et al., 1993). For all our profiles, the velocity structures computed with forward (Rayinvr) and tomographic
(Tomo2d) modelings (Figure 4) are similar. These good fits suggest that our crustal models contain minimal
uncertainties. As there are no layer interfaces in tomographic models, forward modelings are used to dis-
cuss the nature of the crust, the crustal thickness of layers 2 and 3 as well as the depth of interfaces (Fig-
ure 6). 1-D velocity-depth profiles extracted from Rayinvr and Tomo2d models beneath all OBSs stations
in the four profiles appear in Figure 7. They display interfaces (such as 6.4 or 7.0 km/s iso-contours) and
velocity gradients for the forward modeling that are complementary with the velocity values and gra-
dients derived from the tomographic inversion modeling. Based on sediment distribution and our crustal
modeling, four different types of crust are defined: thin oceanic crust (<5 km), typical oceanic crust (5–
6 km), thick oceanic crust hosting postspreading volcanoes (>6 km) with significant intrusive roots, and
thick oceanic crust with enhanced spreading features (>6 km) but without significant roots under the
postspreading volcanic seamounts, that in Figures 3 and 7 are depicted as green, yellow, orange, and red
areas, respectively.

Profile P1 is located north of the Zhenbei-Huangyan seamounts and runs closest to IODP Site U1431 (Figure 2).
The crustal thickness is between 4.8 and 6.3 km with similar thicknesses for layers 2 and 3 (Figures 4 and 6).
The crustal structure is dominated by a typical oceanic crust (yellow portion of color bar in Figure 3), similar to

Table 1
Forward and Inversion Model Parameters

Profile
Number of

OBSs

Number of picks

Nodes

Dimensions
Grid

spacing (km)

Refraction Reflection X Z X Z

Forward model parameters
P1 9 2,026 413 64,113 497 129 0.25 0.125
P2 13 4,412 748 105,777 657 161 0.25 0.125
P3 10 1,894 276 62,049 481 129 0.25 0.125
P4 9 2,252 251 56,889 441 129 0.25 0.125

Profile
Number of
iterations

Smoothing (%) Dampling (%)
Correlation
length (km) v2 RMS (ms)

Veloc. Depth Veloc. Depth Horiz. Vertical Initial Final Initial Final

Inversion model parameters
P1 10 45 5 10 10 2–4 0.2–2 82.64 1.67 666 78
P2 6 120 5 10 10 2–4 0.2–2 94.45 1.71 699 105
P3 10 45 5 10 10 2–4 0.2–2 53.92 1.23 584 74
P4 10 45 5 10 10 2–4 0.2–2 80.24 1.63 512 80
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a crust formed at a slow spreading rate (White et al., 1992), except for the OBS42 that is located at the western
end of the profile (0–17 km) where the oceanic crust is thin (green portion of color bar) and characterized by a
deep basement and a thick layer of sediments (1.2 s TWTT in Figure 3). There, the reflection sequence bound-
ary Tmm (�11.1 Ma) has been identified in the MCS profiles for IODP Site U1431 (Li et al., 2015a). The velocity
structure observed (green portion of color bar in Figure 3) points to a 4.8 km thin oceanic crust and a basement
at a depth of 5.2 km (6.8 s; Figures 3, 4 and 6) seem not to have been affected by postspreading magmatic pro-
cesses. From OBS35 to the east of OBS34 (95–113 km, orange portion of color bar in Figures 3 and 7), the
observed velocity structure is typical of oceanic crust (6.3 km in thickness) with topographically enhanced
spreading features (Figure 3). In this part, the profile corresponds to an obvious abyssal hill fabric on the swath-
bathymetric map (Figure 2), but the underlying Moho is not deflected as confirmed by high Bouguer anomalies
(Figures 8a and 8b) and the crust is not affected by postspreading magmatic processes (Figures 6 and 7a).

Profile P3 cuts across the southern part of the Zhenbei-Huangyan postspreading volcanic features in its
western extremity (0–40 km). Even if the velocity structure is not well constrained there (Figure 4), the
underlying Moho is clearly deflected, with a thick crust associated with the emplacement of the postspread-
ing Zhenbei seamount (Figures 3, 4, 7, and 8). OBS19 shows velocities lower than those of the oceanic

Figure 4. P wave crustal structures of the four seismic profiles with same color velocity bar for all profiles. Yellow circles are OBSs locations. ESR, extinct spreading
ridge. The red inverted triangles are intersections between the four profiles. Distances (in km) correspond to distances on seismic reflection profiles (Figure 3). For
each profile, the upper structure is obtained with the Rayinvr software (Zelt & Smith, 1992). Black lines and dashed black lines represent the basement and the
6.4 km/s velocity contour, respectively. The thick white segments overlying solid black lines indicate where the Moho interface is constrained by PmP arrivals.
Layer 2/layer 3 and Moho interfaces are extrapolated at the extremities of each profile (dashed lines). The lower structures are obtained with the Tomo2d code
(Korenaga et al., 2000). The thick black lines represent the basement, the 6.4 km/s velocity contour and the Moho interface obtained by inversion. The 6.4 km/s
iso-velocity contour is the layer 2/layer 3 interface generally associated with the sharpest change in velocity gradient (Minshull & White, 1996; Muller et al., 1997).
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bounds of White et al. (1992) down to a depth of at least 9 km (Figure 7c2), which clearly characterizes the
postspreading volcanic thick crust (in red; Figures 3, 4, and 8c). Outside the Zhenbei seamount (east of
OBS16), the crustal thickness is between 3.5 and 6 km with a mean thickness of layers 2 and 3

Figure 5. (top) Derivative weight sum and (bottom three) recovered checkerboard tests for the four profiles. Dashed lines
are Moho interfaces. Checkerboard tests after inversion with velocity perturbation anomalies of 5% (positive in green and
negative in red). The three checkerboard panels show resolved checkerboard patterns with different cells for each profile.
The threshold checkerboard cells are 10 km 3 3.5 km for the P2 profile and 8 km 3 3.5 km for the other three profiles.
Other symbols as in Figure 4.
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approximately identical (Figures 4 and 6), even if local variations of layers 2 and 3 thicknesses are much
greater than for Profile P1. Between OBS16 and OBS14 (40–70 km) as well as east of OBS11 (103–120 km), the
crust is very thin, between 3.5 and 4.5 km (green color, thin oceanic crust; Figures 3, 4, 6, and 7c), with velocities
corresponding to upper mantle velocities (>8.0 km/s) at depths larger than 4 km below the basement (OBS15
and OBS7 in Figure 7c2). The basement depth here reaches 5.8 km (7.0 s) compared with 5.2 km (6.8 s) at OBS42
for Profile P1 (Figures 3 and 4). In both Profiles P1 and P3, the Tmm (�11.1 Ma) reflection sequence boundary is
identified (Figure 3). The turbiditic sedimentation (Li et al., 2015a), characterized by onlaps on the oceanic base-
ment, seems to widely occur as soon as the oceanic crust is created. In Profile P3, about 0.5 s of layered sedi-
ments were deposited before the Tmm sequence boundary. It means that turbiditic sediments were probably
deposited close to the ESR since the end of SCS opening, or just after, on the thin oceanic crust. From OBS14 to
just west of OBS11 (70–103 km), the thickness of the crust is between 5 and 6 km (yellow, typical oceanic crust)
as for most of Profile P1. For the typical oceanic crust, the turbiditic deposition occurs much later, somewhere in
between the Tmp (�5.2 Ma) and the Tpp (�2.6 Ma; Li et al., 2015a) sequence boundaries. The major difference
between typical and thin oceanic crusts (yellow versus green portions in Figure 3) is that the mean basement
depths for the two types of typical and thin oceanic crusts are at �6.0 s versus �7.0 s, respectively (Figure 3),
explaining why the early turbiditic sedimentation was absent on the oceanic crust formed at shallower depth.

Profile P2 cuts across the Zhenbei-Huangyan seamounts chain where topographic variations are the largest
(Figure 2). The crustal structure of Profile P2 mostly shows an abnormally thick crust compared to typical
oceanic crust (Figures 4, 7b1, 7b2, 8a, and 8b). The crustal thicknesses beneath the Zhenbei (OBS23) and
Huangyan (OBS29) seamounts are up to 12.0 and 13.2 km (Figures 6, 7b1, and 7b2), respectively. All OBSs
with velocities lower than those of typical oceanic crust and with crustal thicknesses larger than 6 km (Fig-
ure 6) belong to the thick postspreading volcanic crust (red color; Figure 3). The crust below OBS20, located
at the western end of Profile P2, displays characteristics of thin oceanic crust (green color, Figures 3 and 7b),
a basement depth at 4.8 km (�6.8 s) and a crustal thickness of �4.0 km (Figures 3, 4, 6, and 7), as for Profile
P1. The crust beneath OBS26 and OBS05, located in between the two seamounts, with a thickness of 5–
6 km, is typical oceanic crust (yellow color, Figures 6 and 7). Figure 4 shows that the 6.4 km/s interface is
approximately horizontal below the Zhenbei and Huangyan seamounts. The upper part of layer 2, charac-
terized by low velocities, is possibly composed of highly porous volcanic clastic material or pillow lavas, which is
consistent with the lithology of dredged samples (Wang et al., 2009). Concerning layer 3, the 7.0–7.4 km/s high-
velocity layer located at the base of the crust below the two seamounts does not exist elsewhere.

Figure 6. Variations of crustal (red), oceanic layer 2 (blue), and oceanic layer 3 (green) thicknesses along the four profiles based on the Rayinvr models of Figure 4.
Dashed portions of lines at the end of each profile are extrapolated as in Figure 4, where the layer 2/layer 3 and Moho interfaces are extrapolated at their
extremities.
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Profile P4, where topographic changes are minimal, is perpendicular to the Zhenbei-Huangyan seamounts
chain (Figure 2) and located in between the two seamounts. The crustal thickness varies between 3.7 and
7.2 km (Figures 4 and 7d). The velocity structure from OBS01 to OBS06 (38–110 km) shows that the crust is
typical oceanic crust (yellow color), which has not been affected by postmagmatic processes. From 38 km
(nearly beneath OBS07, Figure 3) to the southern extremity (0 km), the crust is thin oceanic crust (green
color) except for the Jixiang seamount (10–30 km) where the crust (5.8–7.3 km thickness) is oceanic crust
with enhanced spreading features (orange color; Figures 3, 4, 6, and 7d) and is characterized by high Bou-
guer anomalies (Figure 8b). Thus, the crust beneath OBS07 is extremely thin (3.7 km), with basement at a
depth of 5.8 km (7.1 s), both along Profiles P3 and P4. Below OBS07, Tomo2d models confirm these results
and that mantle velocities are reached at a depth of 3.7 km below basement (Figures 7c2 and 7d2).

4. Analysis and Discussion

4.1. Nature of the Crust in the Axial Part of the East Subbasin Before the Postseafloor Spreading
Volcanic Phase
The thin oceanic crust (�3.7 km) near OBS07 in Profiles P3 and P4, is also observed beneath OBS42 in Profile
P1, OBS20 in Profile P2, and OBS10 in Profile P3 (Figures 3, 4, 7, and 8). At all these locations, the thin oce-
anic crust corresponds to negative free-air gravity anomalies (Figure 8a), and moderate values (270–290
mGal) of Bouguer anomalies (Figure 8b). The thin oceanic crust (green in Figure 3) shows fairly robust

Figure 7. 1-D velocity-depth profiles beneath all OBSs extracted from the four velocity profiles obtained with Rayinvr and Tomo2d softwares (location of OBSs in
Figures 2 and 4). For comparison, OBS03 at the intersection of P1 and P4, OBS05 at the intersection of P2 and P4, and OBS07 at the intersection of P3 and P4 are
displayed with the same types of lines and colors. Grey-shaded area is the 0–127 Ma velocity range for the Atlantic oceanic crust (White et al., 1992). As in Figure 3,
the green, yellow, red, and orange bars in Rayinvr models indicate thin oceanic crust, normal oceanic crust, postspreading volcanic thick crust, and oceanic crust
with enhanced spreading features, respectively.
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features as a deep basement and clear Tpp (�2.6 Ma), Tmp (�5.2 Ma), and Tmm (�11.1 Ma) stratigraphic
sequences boundaries (Li et al., 2015a). The presence of the thin oceanic crust may be related to magma
deficient activity at the end of the formation of oceanic crust in the central part of the East subbasin. A simi-
lar type of crust is found along the extinct Aegir Ridge in the NE Atlantic Ocean, where the crustal thickness
is as thin as 4.5 km due to magma poor activity (Breivik et al., 2006), suggesting some temporal evolution of
the asthenospheric temperature and/or composition at least at the end of the SCS opening. The SCS
spreading ridge extinction during early to middle Miocene is probably related to the cooling process of the
underlying asthenosphere.

Figure 8. The four types of crust (typical oceanic crust in yellow, thin oceanic crust in green, postspreading volcanic thick crust in red, and oceanic crust with
enhanced spreading features in orange) are displayed along refraction lines. The white dashed lines and the yellow dashed line are our final magnetic lineations
pattern and the location of the extinct spreading ridge (ESR) identified in Figure 8c and shown in the other panels. ZZ, ZB, and HY are Zhangzhong, Zhenbei, and
Huangyan seamounts, respectively. Other legends are the same as in Figure 2. (a) Free-air gravity anomaly map (Sandwell et al., 2014) and (b) Bouguer gravity
anomaly map computed from Sandwell et al. (2014). Purple continuous lines underline where the sediment thickness exceed 1.2 s TWTT on the 18 single-channel
profiles with their envelope shown by purple dashed lines. (c) Magnetic anomalies of the Zhenbei and Huangyan seamounts chain (Ishihara & Kisimoto, 1996)
with Li et al. (2015b) interpretation (black and red symbols for magnetic chrons C5c, C5d, C5e, C6, and C6a) and our interpretation (dashed white lines and ESR yel-
low dashed line) based on magnetic, swath-bathymetric, gravity, reflection and refraction data. (d) Swath-bathymetry map with the location of the four OBS pro-
files (thick black lines), the shooting lines (thin yellow continuous lines) and our final interpretation.
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Tmm was defined both in the northern SCS, close to the continent-ocean boundary (COB) and in the central
part of the East subbasin (Li et al., 2015a) by correlation with drilling data (Expedition 349 Scientists, 2014).
The thickness of sediments above Tmm is about 1.0–1.1 s in both areas. Sediments are mostly composed of
turbidites with seamount slope failure contributing to the observed sediment package in the central East
subbasin. However, Tmm is deeper in the central part of the East subbasin (Figure 9) than in the northern
SCS, where the age of the oceanic crust is older. Even if the whole amount of sediments and the regional
overload of the sediments is larger in the north than in the central part of the East subbasin, the maximum
basement depth close to the COB is �6.8 s (Li et al., 2015a), compared with 7.2 s south of the Huangyan
seamount (Figure 9), near OBS07 location, at the intersection of Profiles P3 and P4 (Figure 8a and 8b). Addi-
tional information comes from the OBS1993 refraction profile (located in Figure 1), where the crust near the
northern COB is 6–7 km thick between their OBS14 and OBS15 and thus is typical oceanic crust (Yan et al.,
2001). This means that in the whole SCS the thin oceanic crust is only identified in the area of our refraction
survey. Now the two important questions are: what is the shape and extent of the thin oceanic domain
located in the central part of the East subbasin, before postspreading volcanism occurred? Are the two
magmatic systems different during seafloor spreading (magma poor) and postspreading (magma rich)
phases?

During the last phase of SCS opening, about 150 km of oceanic crust was created in the central part of the
East subbasin, following a N1458 spreading direction (Li et al., 2002; Sibuet et al., 2016; Figure 8c). Our wide-
angle seismic reflection and refraction data show that, outside the postspreading volcanoes, the basement
of typical oceanic crust is shallower than thin oceanic crust. Where the oceanic crust is thin (<5 km, green
segments in Figures 3, 8a, and 8b), due to isostatic readjustment, the basement might be deeper than for
typical oceanic crust (5–6 km, yellow segments in Figures 3, 8a, and 8c) and due to turbiditic deposition, the
thickness of sediments on seismic profiles always exceeds 1.2 s (Figures 3 and 9). Thus, if there is a relation-
ship between sediment thickness and basement depth, one might be able to use the image of sediment
layer as a proxy for crustal thickness. In order to map the geographical extent of the thin oceanic crust, we
have assumed that where the thickness of sediments is equal or larger than 1.2 s, the oceanic crust is thin.

Figure 9. MCS Profile 973SCSIO1 with the extinct spreading ridge (ESR) underlined by a red arrow (shot #15771). The pro-
file location appears as a pink bold line in Figure 2. Blue circle, IODP Site U1431. Blue lines underline the top of basement.
Purple, green, and orange lines are seismic sequence boundaries Tmm, Tmp, and Tpp (Li et al., 2015a). SP, shot points;
TWTT, two-way travel time in seconds.
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Short purple line segments in Figures 8b show where the sediment thickness exceeds 1.2 s TWTT on the 18
single-channel seismic profiles acquired during the OBS shooting lines located in Figure 8d. Even if the geo-
graphical extent of the thin crust before the postspreading volcanism is difficult to establish, it might corre-
spond to a roughly ENE-WSW trending �80 km wide zone, which not only includes the two basins located
on each side of the Zhenbei-Huangyan seamounts chain but also the area of the postspreading seamounts.
This zone is located inside the 150 km wide strip of the last N1458 oriented phase of seafloor spreading. The
two ENE-WSW lines defining the envelope of the �80 km wide zone roughly follow the 295 mGal yellow/
orange boundary on the Bouguer map (Figure 8b), which defines the boundary between seamounts identi-
fied with an intrusive root on refraction data for low Bouguer anomalies, and oceanic domain including
minor topographic features without roots for high Bouguer anomalies. Thus, the proposed correlation
between sediment and crustal thicknesses suggests that the thin oceanic crust is present north and south
of the Zhenbei-Huangyan seamounts Chain B and at the emplacement of postspreading seamounts before
their formation (Figure 8b).

4.2. Location of the Extinct Spreading Ridge in the East Subbasin
The determination of the exact location of the ESR is difficult to assess because seafloor spreading magnetic
anomalies have been overprinted by magnetic anomalies created by the postspreading volcanism. If one
ignores these postspreading seamounts, then indeed the symmetry in the magnetic map of Figure 8c is
striking. In addition to refraction data, we use gridded magnetic anomaly, swath-bathymetric, gravity maps
and MCS profiles to determine where is the exact location of the ESR.

A first indication of approaching an ESR may be a gradual decrease in crustal thickness, as observed in the
Norway Basin (Breivik et al., 2006). It might indicate that the location of OBS07, where the crust is the thin-
nest along both perpendicular Profiles P3 and P4 (Figures 4, 8a, and 8b), is on or close to the East subbasin
ESR. Figure 8c shows the magnetic contoured map with magnetic picks used by Li et al. (2015b) to identify
and date magnetic lineations (Li et al., 2015b). Their hypothesis is that all identified magnetic lineations
from C6 to C5c are parallel to the orientation of the Zhenbei-Huangyan seamounts chain that was emplaced
along a former E-W trending ESR. However, looking in detail at magnetic picks of Li et al. (2015b) in
between the two clear and indisputable E-W trending lineations C6 that we have underlined by thick white
dashed lines in Figure 8c, the E-W directions of their lineations are questionable: (1) the four eastern picks
of their lineation C5e north follow a �N0558 negative trend but the three westernmost picks correspond to
the postspreading Zhangzhong seamount negative magnetic anomaly, and have consequently no relation-
ship with the four eastern picks; (2) the two western picks of their lineation C5d north do not follow the
same magnetic trend than the two eastern picks; (3) the two picks of their lineation C5c do not belong to
the same magnetic lineation, one corresponding to a positive anomaly, the other one to a negative anom-
aly and are N0558 trending.

We have identified positive N0558 oriented magnetic trends on the Li et al. (2015b) magnetic map of Figure
8c (thick white dashed lines). If we assume these magnetic trends were continuous during the last spread-
ing phase, i.e., before postspreading volcanism started, and if we assume that there is no significant ridge
jump, our proposed location of the ESR (yellow thick dashed line) would be the axis of symmetry of N0558

trends. In its western part, the proposed ESR follows a relative negative trend of the magnetic map and
passes through the location of OBS07. In its eastern part, the ESR prolongation cuts across the seamount
associated with the Huangyan island. Figure 9 further confirms the proposed position of the ESR, south of
the Huangyan seamount (Figure 2), probably as a �500 m high ridge or seamount, as expected at ultra-
slow and slow spreading rates, where the lithosphere is cold (e.g., the Southwest Indian Ridge, Cannat et al.,
1999). At shot #15771 location, the ridge displays onlapping sedimentary layers on its southern side (includ-
ing Tmm), demonstrating that the ESR was emplaced before the postspreading volcanism started. Thus, the
location of ESR is determined within the thin oceanic crust domain, where the crust might be the more eas-
ily broken.

The estimation of the location of the ESR is quite important not only to identify more accurately magnetic
lineations in order to model and date them but also to determine if, as for other slow spread lithosphere,
conjugate ridge flanks could present quite different crustal structure and morphology, particularly when
detachment faulting operates. Figure 8c shows the seismic coverage is biased toward the northern ridge
flank. However, as the boundaries of the 80 km wide zone are located inside the seismic coverage (Figures
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8b and 8d), these boundaries seem to be properly located. The only exception concerns the southwestern
end of the ESR, which extends outside the strip over 10 km in direction of the Zhongnan faults zone.

4.3. Age of Postspreading Volcanism in the Central East Subbasin
Postspreading basaltic seamount samples collected in the vicinity of the ESR in the East and SW subbasins
have been dated by using the K/Ar method (Figure 1). Ages range from 11 to 6 Ma with the exception of
Zhongnan seamounts (3.5 Ma; Figure 1). Accurate 40Ar/39Ar dating on numerous samples recently collected
along the flanks of the postspreading seamounts of the central part of the East subbasin and at IODP Site
U1431 displays coherent ages ranging from 6 to 10 Ma (Lin et al., 2016). At IODP Site U1431, the late Mio-
cene sedimentary Unit VI consisting of volcaniclastic breccias and turbidites was dated by Anthony A. P.
Koppers (Expedition 349 Scientists, 2014) using the 40Ar/39Ar incremental heating method at 8.4–9.9 Ma,
with the vast majority of that unit being deposited in a very short period around 9.1 Ma. Clasts in the brec-
cias are angular to subrounded, up to 8 cm in size, and are dominantly basaltic volcanic rocks derived from
a local source, probably the Huangyan seamount or the Zhenbei seamount.

Figure 9 shows turbiditic layers onlapping the northern flank of the Huangyan seamount. They are slightly
deformed above the Tmm sequence boundary (�11.1 Ma). On the contrary, the turbiditic layers at the con-
tact with the southern flank of the Huangyan seamount are largely deformed, but only within the sedimen-
tary section younger than the Tmm sequence boundary and older than the Tmp sequence boundary (�5.2
Ma). A detailed inspection of the shape of the highly reflective sedimentary sequence located just beneath
the Tmp sequence boundary shows that the uplift of the Huangyan seamount may have stopped �6–8 Ma
ago, giving an approximate age for the end of emplacement of the Huangyan seamount and it coincides
with the termination of sedimentation in the volcaniclastic seamount apron as recorded by the 40Ar/39Ar
dating.

Consequently, the three methods to date the postspreading volcanism are coherent and complementary,
suggesting that the emplacement of the E-W postspreading seamounts of the central part of the East sub-
basin occurred 6–10 Ma ago, through an extremely thin (3–4 km) oceanic crust, as demonstrated above. It
confirms that the E-W Zhenbei-Huangyan seamounts chain (Chain B) was emplaced after seafloor spreading
stopped in the SCS, sometime between 13 and 20 Myr ago. Accordingly, the associated E-W negative mag-
netic lineation is not a seafloor spreading magnetic lineation, though it has been extensively used, simulta-
neously with the two E-W oriented C6c lineations, to force the identification of intermediate magnetic
lineations C5c and C5d to be E-W aligned (Figure 8c).

4.4. Why Thin Oceanic Crust Only Formed in the Central East Subbasin?
Ninety percent of the total volume of postspreading volcanism formed in the SCS where the crust is thin
and easier to break compared to the typical oceanic crust. However, the existence of thin crust only in the
central part of the East subbasin in the SCS is difficult to assess. Among the hypotheses for the formation of
such a thin crust: (1) an episode of low asthenospheric temperatures occurring during early to middle Mio-
cene is a possibility, but its origin remains unknown and (2) a change in the melt delivery pattern associated
with a change in spreading direction or rate is a possible explanation. First, such a change is not linked to
the postspreading magmatic phase, because we have demonstrated that, contrary to what was thought
even recently (e.g., Barckhausen et al., 2014; Briais et al., 1993; Li et al., 2014), this magmatic phase does not
occur before the end of spreading but several Myr after the SCS opening. Second, it is not linked to an early
to middle Miocene change in seafloor spreading direction during the N1458 phase of seafloor spreading
because there is no obvious change in spreading directions on the swath-bathymetric map of Figure 8d,
occurring since the beginning of the formation of the 150 km wide N0558 oriented strip (Sibuet et al., 2016).
One possibility, however, is a change in spreading rate at the beginning of the formation of the 80 km wide
zone inside the 150 km wide strip.

4.5. N-S Extension and Emplacement Model of Volcanic Seamounts During the Postspreading Phase
From the presence of orthogonal Chains A and B, it is impossible to tell if the extension is N-S or E-W. How-
ever, three N-S postspreading FZs marked by red ovals were identified within the N0558 spreading strip in
Sibuet et al. (2016, Figure 8a). They cut across N0558 oriented spreading features. These FZs are not exten-
sional features linked to a tensional episode due for example to a slab pull effect of the Manila slab (Morley,
2016) as they do not present the morphology of normal faults.
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Structural trends of postspreading volcanoes recognized on detailed swath-bathymetric data provide
important tectonic constraints. In the N-S Chain A, some seamounts, as the Zhongnan seamount, display
more or less round shapes with two sets of conjugate trends: E-W and N-S, and N0558 and N1458 (Figure
10a). East of the Zhongnan faults zone, individual seamounts of the E-W Chain B also display the same con-
jugate trends as for the Zhenbei seamount (Figure 10b). These trends are not artifacts as swath-bathymetric
track lines observed in the surrounding abyssal plain are oriented N1658. They are oblique to the identified
conjugate directions. Hence, the occurrences of spreading conjugate trends (N0558 and N1458 trends) in
the oceanic basement and postspreading conjugate trends (E-W and N-S) in the morphology of postspread-
ing volcanoes belonging to the orthogonal Chains A and B (Figures 10a and 10b) confirm the involvement
of simultaneous N1458 and N-S directions of extension during the postspreading phase, but also their signif-
icant role in the formation of individual seamounts and chains of seamounts A and B.

A geological model where postspreading volcanoes are formed on both sides of the Zhongnan faults zone
with respect to the location of the N0558 trending ESR is presented in Figures 10c and 10d. Swath-
bathymetric data displayed in Sibuet et al. (2016) show that the N1458 trending FZs disappear at the contact
with postspreading volcanoes located near the ESR. Due to the presence of sediments, these FZs are only
identified along short segments, even if they may be longer. As magnetic lineations are mostly continuous
(Figure 8c), the FZ horizontal offsets are probably small. The sense of horizontal offsets shifting the ESR is
unknown and arbitrarily chosen in Figure 10c. Postspreading volcanoes formed 6–10 Ma ago were

Figure 10. Detailed swath-bathymetric maps of the two (a) Zhongnan and (b) Zenbei seamounts and (c, d) conceptual
model of the emplacement of the postspreading volcanic seamounts. The two Zhongnan and Zenbei seamounts (ZN and
ZB in Figure 1) are located on each side of the Zhongnan faults zone (ZFZ). In Figures 10a and 10b, conjugate N0558 and
N1458 trends and conjugate E-W and N-S trends correspond to the directions of spreading lineaments and FZs of the last
SCS seafloor spreading phase and to the direction perpendicular and parallel to the postspreading extension, respectively.
In Figures 10c and 10d, the extinct spreading ridge (ESR) is offset by FZs with small horizontal offsets of unknown sense.
Postspreading volcanoes in red are mostly formed at the intersection of the ESR and FZs.
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emplaced several Myr after the cessation of seafloor spreading (Figure 10d), In the model, basaltic sea-
mounts were formed during the postspreading N-S tensional phase, obliquely with respect to the ESR
located inside the 80 km wide zone of thin oceanic crust considered as a zone of weakness. The rupture of
the thin brittle oceanic crust occurred where the crust was the weakest, that is at the intersection of the ESR
and N1458 trending FZs. N0558 and N1458 and E-W and N-S conjugate features observed in the morphology
of seamounts (Figures 10a and 10b) were simultaneously active during the formation of these seamounts.

5. Mechanism of Postspreading Volcanism in the South China Sea

The origin of enriched (E)-MORB type basalts is generally suggested to be due to plume-ridge interactions
based on compositional variations of MORB toward hotspots as in the Iceland, Azores, or Bouvet examples
(Dosso et al., 1993; Roex et al., 1992; Schilling et al., 1983; Taylor et al., 1997). However, the occurrence of E-
type MORBs can have different origins that are not necessarily associated with mantle plume activity (e.g.,
Niu et al., 1999; Prinzhofer et al., 1989; Zhang et al., 2012). In this paper, we have established that for the
SCS almost all of the postspreading volcanism occurred 6–10 Ma ago close to the East and SW subbasins
extinct spreading ridges and a N-S phase of extension, which is oblique with respect to the N1458 oriented
last seafloor spreading phase. A few postspreading seamounts display K/Ar ages possibly a little bit older as
Zhangzhong (ZZ) and Zhiyou (ZY) seamounts (11–6 Ma; Pautot et al., 1990) or younger as Zhongnan (ZN)
seamount (3.5 Ma; Tu et al., 1992; Figure 1) but K/Ar ages of seamounts are always suspect due to a high
likelihood of those samples being altered hydrothermally or by seawater. Important questions we raise are:
What is the origin of the postspreading phase of extension? Is the postspreading volcanism related to the
Hainan plume and, if we assume that is likely, when did the Hainan plume started to be active?

5.1. Hainan Plume Influence?
Recent tomographic images (e.g., Xia et al., 2016) suggest a continuous low-velocity anomaly characterized
by a columnar tail with a diameter of 200–300 km extending from a depth of 1,100 km in the lower mantle
to the upper mantle where it spreads laterally (plume head) and feeds a magmatic pool located in the
upper mantle. Further upward, small conduits seem to feed a secondary magmatic pool located in the litho-
sphere and at the origin of the postspreading volcanism (Xia et al., 2016). Even if the detailed geometry of
the Hainan plume is presently debated, all tomographic images show that a continuous low velocity zone is
rising from the lower mantle to the base of the crust (e. g., Huang, 2014; Huang & Zhao, 2006; Lei et al.,
2009).

Basalts in Hainan Island, Leizhou Peninsula, and SE Vietnam are mainly alkali ocean island basalts (OIBs)
with EM2-type (enriched mantle end-member from an enriched mantle source (e.g., Zou & Fan, 2010). The
OIB-type intraplate volcanism with an EM2-like enriched mantle source end-member could have been origi-
nated from the Hainan plume (An et al., 2017; Xu et al., 2012). 40Ar/39Ar dating indicates that the Cenozoic
volcanism in Hainan Island and Leizhou Peninsula started in the late Miocene (�13 Ma; Wang et al., 2013).
In south Vietnam, 40Ar/39Ar dating on 41 samples show that the first stage of igneous activity is from the
very beginning of middle Miocene (16 Ma; Lee et al., 1998), began �17 Ma ago and continues until today,
mostly along the offshore margin (Ho�ang et al., 2013), but is restricted in another study to an age range
from 13.8 to 4.1 Myr (An et al., 2017). Thus, these basaltic samples are all younger than 17 Myr, suggesting
that the influence of the Hainan plume might have started �17 Ma ago.

The basalts of the South China Sea seamounts generally have OIB-type alkali basalts and EM2-type mantle
sources (Tu et al., 1992; Yan et al., 2008a, 2008b; Zhang et al., 2017), which constitute the geochemical evi-
dence for the influence of the Hainan plume. The influence of the Hainan plume may be recorded at IODP
hole U1431E, where 40Ar/39Ar dating indicates that the basalts recovered at the base of the drilling hole are
�15 Ma for the upper pillow lava flow (Core 41R) and �15.5 Ma for the lower massive lava flow series (Core
47R; Koppers, 2014). From Os and Nd isotope compositions of these two lava flows, Tejada et al. (2016)
show that an enriched mantle end-member in the source of Site U1431E basalts is consistent with the
involvement of a melting anomaly, previously suggested to be a plume mantle, during the latest phase of
spreading. An important observation is that Zhang et al. (2017) found carbonatite-alkali basalt series in the
6–8 Myr postspreading volcanic breccia at Site U1431. These volcanic breccias were suggested to have a
mantle source of carbonated eclogite, which is in concert with the petrologic observation of Wang et al.
(2013) that also suggested an eclogitic mantle source derived from recycled oceanic crust. Concerning the
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postspreading volcanism in the SCS, it is mainly composed of alkali basalts displaying E-MORB type basalt
geochemical characteristics, which may be also interpreted as linked to the Hainan plume (e.g., Yan et al.,
2008a). If these assumptions are correct, the Hainan plume may have been active in the SCS at least since
15 Ma ago at IODP Site U1431 and recorded from 6 to 10 Ma ago with a possible period of inactivity in
between these two events.

5.2. Hainan Plume Proxies
In the northern Galapagos volcanic province (Mittelstaedt et al., 2012; Sinton et al., 2003), postspreading vol-
canism was emplaced obliquely to the direction of the active spreading axis located north of the Galapagos
plume. Here lavas from Wolf and Darwin islands have experienced petrogenetic histories with geochemical
evidence of contributions from the Galapagos mantle plume (E-MORB type basalts; Harpp et al., 2014).
Other examples of postspreading volcanism emplaced along a former ESR shortly after spreading ceased
and distal from any mantle plume are well documented, as for the Davidson Seamount (Castillo et al., 2010;
Clague et al., 2009) and the Antarctic-Phoenix Ridge (Choe et al., 2007; Haase et al., 2011; Livermore et al.,
2000). Postspreading magmatism is not unusual, particularly in areas underlain by mantle containing
enriched heterogeneities. Both Castillo et al. (2010) and Haase et al. (2011) propose for Davidson seamount
and Phoenix Ridge that the source consists of enriched mantle portions embedded in a depleted mantle.
Because a large degree of partial melting produces N-MORB type seafloor spreading basalts, whereas a
small degree of melting tends to produce enriched melts, only segments of extinct spreading ridges under-
lain by such enriched and fertile mantle are likely to produce postspreading volcanism because of the low
degree of melting relative to a normal spreading ridge (Haase et al., 2011). The low degree of partial melting
beneath these recently abandoned spreading centers have been interpreted as resulting from a buoyancy-
driven decompression melting of the lithospheric and asthenospheric mantle material beneath active
spreading centers (Castillo et al., 2010). This enriched components that preexist in the depleted mantle
could also have been derived from contamination of a mantle plume (e.g., Zhang & Li, 2016).

5.3. Comparison Between Different Postspreading Volcanisms
Based on the crustal velocity structure, the correlation between the average lower crustal velocities (Vp)
and crustal thickness (H; Figure 11) was established. If the off-axis volcanism results from a mantle plume
activity with elevated mantle temperature, high melting degrees are expected with a positive H-Vp correla-
tion (v 5 1; Holbrook et al., 2001). Figure 11 shows a very limited, but steady increase of Vp with H, certainly
for the Huangyan seamount and for portions of Zhenbei seamount. This correlation indicates that the post-
spreading volcanism is most likely related to multiple low-degree melting events and thus the elevated
mantle temperature caused by the Hainan plume was a minor factor at the time of emplacement of post-
spreading volcanism, 6–10 Ma ago. Below the two Zhenbei and Huangyan seamounts (Figure 4), the thick
crust as well as the high-velocity values could be interpreted as late intrusives mostly located in layer 3

(Figure 5). Thus, the formation mechanism of the seamounts chain
might be explained by the buoyancy-driven decompression melting
mechanism (Castillo et al., 2010; Wang et al., 2016) occurring indepen-
dently beneath each seamount as supported by numerical modeling
(Meng & Zhang, 2014).

In the East subbasin, the E-W Chain B is 558 oblique with respect to
the direction of the ESR. In the northern Galapagos volcanic province,
the Wolf-Darwin lineament (WDL) also is 408 oblique with respect to
the spreading direction (Mittelstaedt et al., 2012). Here Wolf Island
was formed �1.6 Ma ago on a 3–4 Ma old oceanic crust and Darwin
Island �0.4 Ma ago on a 2–3 Ma old oceanic crust (Harpp & Geist,
2002), with the present-day spreading axis being approximately
located 200 km north of the Galapagos plume located beneath Fer-
nandina and Isabela Islands. Thus, from a geometrical point of view,
the Galapagos system could be considered as a proxy of the Hainan
plume system, with similar angles for spreading and postspreading
features (408 compared with 558), a distance to the plume still in the
1,000 km radius of a mantle plume influence (200 km compared with

Figure 11. Crustal thickness (H) versus average lower crustal velocity (Vp) for
the Zhenbei (blue dots) and Huangyan (red dots) seamounts calculated from
velocity models in Figure 4 along Profile P2 (located in Figure 2) with sampling
interval of 1 km. The v 5 1 black line represents passive decompression melting
of normal mantle. To estimate the in situ conditions, we use a pressure correc-
tion of 0.00022 km/s/MPa and a temperature correction of 20.0005 km/s/8C
with a linear gradient from 108C at the seafloor to 7508C at a depth of 40 km
(Holbrook et al., 2001).
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700 km) and a time delay between the age of underlying oceanic crust and postspreading features varying
from �2 Myr compared with �4–11 Myr (if the end of spreading occurred 13–20 Ma ago), respectively.

On the contrary, the Davidson Seamount (Clague et al., 2009) and the Antarctic-Phoenix Ridge (Livermore
et al., 2000) display postspreading features emplaced along former ESRs, suggesting that it might be diffi-
cult, even impossible, to find postspreading features making a significant angle with spreading directions
outside a plume influence. It is interesting to observe that the Hainan plume upwelled much earlier than
the 6–10 Myr postspreading magmatism. Even if we do not know when the SCS opening ended, sometime
between 13 and 20 Myr (Barckhausen et al., 2014; Briais et al., 1993; Li et al., 2014), the SCS was small and
the bulk of the plume was erupted below the continental crust in the vicinity of Hainan Island and below
the northern SCS continental margin, through a relatively thick continental crust. Hence, the Hainan plume
magmatism was mostly inefficient, that is, some of the plume materials were not directly erupted/intruded,
polluting the upper mantle as proposed by the interpretation of tomographic data (Xia et al., 2016). For this
reason, the source of postseafloor spreading alkali magmas could have been produced from the upper
mantle that was polluted by the Hainan mantle plume component. The buoyancy-driven partial melting
model (Castillo et al., 2010) may be the correct model to produce the 6–10 Myr postseafloor spreading
magmatism.

To summarize, the enriched heterogeneities most likely formed because the upper mantle was previously
contaminated or metasomatized by the Hainan plume, which is consistent with the current geophysically
anomalous feature of the mantle in the SCS region. Buoyancy-driven upwelling is probably the best mecha-
nism to create postspreading magmatism, because Hainan plume materials are enriched and thus, the
more fusible component located in the underlying mantle. Our preferred interpretation is not unique, but is
consistent with both the nondirect influence of the Hainan plume (based on geophysics and tectonics), and
the Hainan plume geochemical signature in the lavas. The arguments presented here are rather in favor of
an influence of the Hainan plume in a N-S tensional context. An indisputable way to solve the problem
would be to establish, by a careful and significant study, if specific geochemical analyses could be able to
undoubtedly demonstrate in the future the potential influence of the Hainan plume in the geochemistry of
postspreading volcanism.

6. Conclusions

The main key points of this study are as follows:

Thirty-eight OBSs were deployed along four profiles in the central part of the East subbasin, in the area of
the Zhenbei and Huangyan seamounts. P wave velocity models were determined by forward modeling
using the Rayinvr code and joint refraction and wide-angle reflection travel time inversion using the Tomo2d
code. The crust in the central East subbasin has been divided into four types of crust, the thin oceanic crust
(<5 km), the typical oceanic crust (5–6 km), the thick oceanic crust hosting postspreading volcanism
(>6 km) with significant intrusive roots and the thick oceanic crust with enhanced spreading features
(>6 km) but without significant roots. Crustal thicknesses beneath the Zhenbei and Huangyan seamounts
are up to 12.0 and 13.2 km. Composed of extrusives in their upper part, the root of these volcanoes is char-
acterized by high-velocity values, which may correspond to late intrusive bodies.

Based on seismic reflection and refraction data, and gravity anomalies, the thin oceanic crust domain
(<5 km), which includes the extinct spreading ridge (ESR), has been defined as a �80 km ENE-WSW ori-
ented wide zone. This zone is located inside the 150 km wide strip oriented N0558 and corresponding to
the last phase of opening of the SCS. This thin oceanic crust is most susceptible to deformation and can be
most easily penetrated when late postspreading volcanism is emplaced.

On each side of the Zhongnan faults zone, N-S FZs trends and postspreading volcanic features emplaced
along both N-S and E-W directions suggest they belong to a postspreading N-S phase of extension of only a
few kilometers in amplitude. The presence of simultaneous seafloor spreading (N0558 and N1458) and post-
spreading (N0008 and N0908) features in the morphology of some of these volcanoes, as well as the E-W
alignment of these volcanoes in the central East subbasin, show that the rupture of the brittle oceanic crust
focused where the thin oceanic crust was the weakest, i.e., at the intersection of the ESR with former sea-
floor spreading FZs. The mechanism of seamounts emplacement involves previous seafloor spreading
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zones of weaknesses and trends of the new phase of extension but also the E-W alignment of postspread-
ing volcanoes occurring obliquely with respect to the N0558 oriented ESR.

The Hainan plume magmatism was mostly inefficient because the plume is located below the continent
and below the northern SCS continental margin, where the continental crust is still relatively thick. Hence,
we postulate that most of the plume materials were not directly erupted/intruded but were polluting the
upper mantle as supported by tomographic evidence. Thus, the source of postseafloor spreading alkali
magmas could have been from the upper mantle polluted by the Hainan mantle plume component and
the buoyancy-driven upwelling is probably the best mechanism to create postspreading magmatism. Our
interpretation is not unique, but is consistent with both the nondirect influence of the Hainan plume (based
on geophysics and tectonics), and the Hainan plume geochemical signature in the lavas.
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