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Weizhou Island, located in the northwestern South China Sea (SCS), is the largest volcanic island in China. Its
eruption represents the most recent volcanic activity in and around the SCS. We determined whole-rock
major- and trace-element contents and Hf-Sr—Nd-Pb isotope compositions of Quaternary basalts from Weizhou
Island to provide insights into the nature of their mantle sources and formation processes. These basalts have SiO,
contents of 48.21 to 50.04 wt% and belong to the alkaline series. The basalts bear the signature of typical ocean-
island basalt, being characterized by enrichments in large-ion lithophile and high-field-strength elements, clear
differentiation of light rare-earth elements (REEs) from heavy REEs ((La/Yb)y = 15.19-19.29, mean of 16.82),
and show no obvious Eu anomalies (Eu/Eu* = 0.98-1.17, mean of 1.04). Hf-Sr-Nd-Pb isotope compositions
show that the mantle source of these basalts can be regarded as a mixture of a depleted MORB mantle source
and enriched mantle 2 (EM2), with geochemical data supporting an origin of the EM2 end-member from the Hai-
nan mantle plume. Combining the new results with previous findings, we propose that Cenozoic intraplate vol-
canism in the SCS and surrounding areas is related to the magmatic activity of a large igneous province and that
this province is associated with the Hainan mantle plume.

Keywords:

Weizhou Island

Quaternary basaltic volcanism
Hainan mantle plume

South China Sea

Mantle source

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

The South China Sea (SCS) is one of the largest marginal sea basins in
the western Pacific. Although the SCS basin is small and young, the SCS
has undergone almost a complete Wilson cycle (Zhang et al., 2018a,
2020). Therefore, the SCS is regarded as a natural laboratory for study-
ing the evolution of continental margins, ocean-basin spreading, and
other lithospheric processes.

Volcanic rocks can be used to elucidate deep processes in Earth's in-
terior. Volcanic rocks in the SCS and surrounding areas provide clues to
the Cenozoic evolution of the SCS ocean basin. Li et al. (2014) reported
that opening of the SCS started at 33 Ma and ended at 15 Ma. Subse-
quently, Cenozoic intraplate volcanism became widespread in both
the SCS basin and surrounding areas, including the Beibu Gulf, the
Pearl River Mouth Basin (PRMB), and the Indochina block. Post-
spreading volcanism in the SCS and surrounding areas has been divided
into two magmatic series: the tholeiitic series (16-8 Ma) and the alkali
series (<8 Ma) (Li et al., 2013; Shi and Yan, 2011). However, the

* Corresponding author at: School of Marine Sciences, Guangxi University, Nanning
530004, PR China.
E-mail address: kefuyu@scsio.ac.cn (K. Yu).

https://doi.org/10.1016/j.1ithos.2020.105493
0024-4937/© 2020 Elsevier B.V. All rights reserved.

magmatic origin of SCS volcanism is debated. Previous petrological
and geochemical studies have proposed that the mantle source of the
Cenozoic basalts in the SCS and surrounding areas is a mixture of de-
pleted MORB mantle (DMM) and enriched mantle type 2 (EM2) (An
et al, 2017; Jia et al., 2003; Yan et al., 2008, 2014, 2015, 2018; Yang
and Fang, 2015; Zhang et al., 2018b). However, the origin of EM2 re-
mains unresolved. Some researchers have suggested that the enriched
components of the late Cenozoic volcanism originated from sub-
continental lithospheric mantle (SCLM) (Tu et al., 1992a, 1992b;
Hoang et al., 1996; Fan et al., 2008; Wang et al., 2012a; Huang et al.,
2013; Ren et al., 2013), whereas others have proposed that these
enriched components are related to the Hainan mantle plume (An
etal, 2017; Li et al.,, 2013; Liu et al,, 2017; Yan et al,, 2008, 2015, 2018,
2019; Zhang et al., 2018b; Zou and Fan, 2010).

Weizhou Island in the Beibu Gulf is the largest and youngest Quater-
nary volcanic oceanic island in China (Fig. 1). Previous studies have used
traditional isotope methods (Sr-Nd-Pb) to identify the source region
(s) of the Weizhou Island basalts. Fan et al. (2008) showed that the Qua-
ternary basaltic rocks on Weizhou Island are dissimilar to ocean-island
basalt (OIB) and mid-ocean ridge basalt (MORB), and proposed that
the EM2 component was derived from SCLM. In contrast, Li et al.
(2013) suggested that the EM2 of late Cenozoic basalt in the Beibu
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Fig. 1. (a) Location map of the South China Sea and surrounding area. (b) Sketch geological map of Weizhou Island (modified from Liu et al., 2017).

Gulf originated from the Hainan mantle plume. These results indicate
that traditional Sr-Nd-Pb isotopic tracers are limited in their ability to
discriminate SCLM from plume-influenced mantle. Consequently, addi-
tional geological methods are needed to resolve the origin of the
Weizhou Island basalts. An et al. (2017) proposed that the combination
of Hf isotope ratios with Sr-Nd-Pb isotope ratios can be used to distin-
guish between SCLM and plume-type signatures.

During a study of coral reefs at Weizhou Island, we recovered several
cores and obtained fresh basalt samples from the northern margin of the
island. In this study, we present new Hf isotope and Sr-Nd-Pb isotope
compositions of these basalts to elucidate the nature of mantle sources
and deep mantle geodynamic processes that led to the formation of
these volcanic rocks, and discuss the implications for the magmatic evo-
lution of the SCS and surrounding areas.

2. Geological setting and sample descriptions

The Beibu Gulf, located on the northwestern margin of the SCS, is a
semi-enclosed gulf surrounded by the Leizhou Peninsula, Hainan Island,
and the Indochina Peninsula (Fig. 1a). Tectonically, the gulfis situated at
the intersection of the Pacific, India-Australia, and Eurasian plates, and
belongs to the South China block (Huang and Li, 2007; Jia et al., 2003;
Zhu et al., 2002). The northern margin of the SCS has been influenced
by Pacific Plate subduction during the Mesozoic and rifting during the
Cenozoic (Zhang et al., 2016a). During the Cenozoic, the northern mar-
gin of the SCS has gradually evolved from an active margin to a magma-

poor margin (Zhu et al., 2012; Li et al., 2013; Gao et al,, 2015, 2016). As a
result of the extrusion of the Indochina block and seafloor spreading in
the SCS, intensive magmatic and tectonic activity has occurred on the
northern margin of the SCS (Zhang et al., 2016a).

More than 100 Cenozoic volcanoes are distributed across the Beibu
Gulf and surrounding areas, forming the largest collection of Cenozoic
volcanic rocks in South China. These volcanoes are found in or near
deep fault zones and are controlled by the faults (Li et al., 2006).
Weizhou Island is located in the Beibu Gulf Sea and has an area of
25 km?. The volcanic activity on Weizhou Island has been divided into
two stages: early-middle Pleistocene (1.42-0.49 Ma) and late Pleisto-
cene (36-33 ka) (Fan et al., 2006, 2008) (Fig. 1b). Early-middle Pleisto-
cene flood basalts are the products of the largest volcanic eruption on
Weizhou Island. Henglushan Guogailing is a 52-m-high highland that
is speculated to be the preserved top of the Pleistocene volcano (Fan
etal.,, 2006, 2008). Lava from the Henglushan Guogailing volcanic center
flooded the island, forming a shield-like shape. Much of the volcanic
mass of the island is beneath sea level. During the late Pleistocene volca-
nic stage, phreato-magmatic eruptions formed typical maars and thick
deposits that covered most of Weizhou Island. After a long period of ma-
rine erosion, the modern landscape was formed (Fan et al.,, 2006, 2008;
Huang and Li, 2007).

The samples analyzed during this study represent the first (early-
middle Pleistocene) stage of volcanism. The rocks are black-gray in
color and show intergranular and local porphyritic textures. The sam-
ples are composed primarily of varying proportions of plagioclase,

Table 1
Major-element compositions for Quaternary basalts from Weizhou Island, northwestern South China Sea.
SlOz TlOz A1203 TF8203 MnO MgO Cao NaZO K20 PZOS LOI Total Mg#
GS2-1 49.07 234 14.61 11.19 0.11 7.25 9.15 2.92 1.46 0.58 0.97 99.64 60.2
GS4-1 4833 2.10 1334 10.53 0.15 8.91 9.58 2.67 1.48 0.51 2.27 99.87 66.4
GS5-1 49.30 217 13.50 10.69 0.13 7.31 9.11 293 1.59 0.51 1.84 99.06 614
GS5-2 50.04 234 14.67 10.69 0.10 5.26 9.10 3.32 1.73 0.57 1.55 99.37 53.4
GS6-1 49.30 231 13.88 11.08 0.13 7.11 9.57 2.63 1.66 0.58 1.38 99.64 59.9
GS6-2 48.21 2.57 15.29 11.89 0.11 6.04 7.97 247 1.71 0.64 2.85 99.77 54.2
WZ-1 48.94 2.26 13.98 10.28 0.14 7.04 9.77 3.00 1.80 0.55 1.70 99.45 61.5
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Fig. 2. Total alkali-silica diagram for the Weizhou Island basalts.

pyroxene, and olivine. Plagioclase crystals are euhedral-subhedral and
display polysynthetic twinning. Pyroxene and minor olivine form the
matrix between plagioclase crystals.

3. Analytical methods

Whole-rock major element analyses were conducted by X-ray fluo-
rescence (XRF) (Primus II, Rigaku, Japan) at Wuhan Sample Solution
Analytical Technology Co., Ltd., Wuhan, China. Chemical analysis
methods for silicate rocks followed Chinese National Standard GB/T
14506.28-2010 were used to determine the contents of 16 major ele-
ments. The analytical precision of major-element contents is better
than 5%.

Whole-rock trace-element analyses were conducted using an
Agilent 7700e inductively coupled plasma-mass spectrometer (ICP-
MS) at Wuhan Sample Solution Analytical Technology. Sample prepara-
tion and analytical procedures followed those described by Liu et al.
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Fig. 3. Geochemical Zr/TiO, vs. Nb/Y classification diagram for the Weizhou Island basalts
(Winchester and Floyd, 1977).

Table 2
Trace-element compositions for Quaternary basalts from Weizhou Island, northwestern
South China Sea.

GS2-1 GS4-1 GS5-1 GS5-2  GS6-1 GS6-2  WZ-1
Li 10.8 7.57 9.75 10.0 8.13 11.5 9.60
Be 143 1.35 1.42 1.42 143 1.07 1.55
Sc 193 17.8 20.5 20.0 20.3 223 18.8
\ 175 170 182 180 188 194 192
Cr 289 281 334 308 318 396 257
Co 47.2 45.1 44.5 48.1 45.8 514 41.6
Ni 189 173 181 156 190 197 119
Cu 53.6 51.3 483 60.4 47.6 534 474
Zn 108 103 105 116 120 140 101
Ga 221 20.0 20.1 22.0 215 227 20.7
Rb 20.0 270 29.1 26.6 294 243 334
Sr 806 633 615 749 727 569 752
Y 237 18.1 21.0 314 22.1 224 18.1
Zr 182 157 158 175 180 192 177
Nb 53.1 44.3 459 50.3 53.1 56.3 50.7
Sn 1.55 1.46 145 1.64 1.64 1.73 1.70
Cs 0.19 0.42 0.55 0.34 0.18 0.15 0.61
Ba 442 378 393 446 514 554 428
La 34.4 26.1 273 36.7 339 36.8 30.2
Ce 61.8 51.5 52.9 58.5 61.6 63.4 57.7
Pr 7.28 5.97 6.37 7.43 7.48 8.03 6.91
Nd 313 25.6 27.8 319 314 329 285
Sm 6.64 5.68 6.07 7.11 7.00 7.26 6.06
Eu 224 1.87 1.98 2.28 2.26 2,51 224
Gd 6.73 5.24 6.11 7.08 6.80 7.09 5.61
Tb 0.95 0.75 0.85 0.99 0.96 1.03 0.81
Dy 4.68 3.89 4.14 4.95 4.69 4.79 4.06
Ho 0.83 0.69 0.76 0.94 0.81 0.90 0.73
Er 2.06 1.56 1.99 2.29 2.05 2.00 1.75
Tm 0.22 0.19 0.22 0.26 0.24 0.23 0.22
Yb 1.44 1.23 1.29 1.48 1.44 1.37 1.33
Lu 0.20 0.16 0.18 0.23 0.19 0.20 0.16
Hf 4.28 3.67 3.92 422 434 4.64 422
Ta 2.76 2.36 2.52 2.74 2.85 3.06 2.74
Tl 0.020 0.017 0.021 0.026 0.026 0.015 0.038
Pb 275 240 2.30 2.97 2.80 275 2.63
Th 431 3.68 3.83 427 4.57 4.86 4.05
U 0.85 0.91 0.73 0.72 0.55 0.70 1.24
SREE 160.78 13045 138.00 162.06 160.78 168.54 146.31
LREE 143.67 116.73 12246 143.83 143.61 15093 131.64
HREE 17.11 13.72 15.55 18.23 17.18 17.60 14.67
LREE/HREE  8.40 8.51 7.88 7.89 8.36 8.57 8.97
Lan/Ybn 17.06 15.23 15.19 17.76 16.92 19.29 16.30
SEu 1.03 1.05 1.00 0.98 1.00 1.07 1.17

(2008). The analytical precision of trace-element contents is better
than 5%.

Whole-rock Sr—-Nd-Pb-Hf isotope data were measured on a Nep-
tune Plus multicollector-ICP-MS instrument at Wuhan Sample Solution
Analytical Technology. Mass discrimination correction was carried out
via internal normalization using an #8Sr/35Sr ratio of 8.375209 and a
146N d/4Nd ratio of 0.7219 (Lin et al., 2016). NIST SRM-987 and JNdi-
1 were used as certified reference standard solutions for 87/%6Sr and
143 /144Nd isotope ratios, with results of 87Sr/2Sr = 0.710244 + 22
(n = 32) and "3Nd/"*/Nd = 0.512118 £ 15 (n = 31). In addition,
USGS reference materials BCR-2 (basalt) and RGM-2 (rhyolite) yielded
results of 0.705034 + 0.000014 (20, n = 4) and 0.704192 + 0.000010
(20, n = 4) for 8Sr/%5Sr, and 0.512644 + 0.000015 (20, n = 6) and
0.512810 + 0.000015 (20, n = 4) for '**Nd/**Nd, respectively, which
are within error of their published values (Li et al., 2012).

All measured Pb isotope ratios were normalized to the established
NBS SRM 981 values of 2°%Pb/?*Pb = 36.7262 =+ 0.0003,
207pp/204pp = 15.5000 + 0.0013, and 2°°Pb/?%‘Pb = 16.9416 +
0.0013 (Baker et al., 2004). In addition, USGS reference material BCR-2
(basalt) yielded 2°%Pb/2%“Pb = 38.743 + 0.017, 2°’Pb/?%Pb =
15.624 4 0.003, and 2°6Pb/2%4Pb = 18.763 4 0.008 (2SD, n = 4),
which are within 0.03% of their published values (Baker et al., 2004).

The analyzed '7SHf/!””Hf ratios were normalized to '7°Hf /!77Hf =
0.7325 (Lin et al., 2016). Analyses of the JMC 475 standard yielded a
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Fig. 4. Chondrite-normalized REE patterns for the Weizhou Island basalts. Data for
chondrites and OIBs are from Sun and McDonough (1989); data for the SCS are from
Yan et al. (2008).

176Hf /177Hf ratio of 0.212861 < 0.000013 (2SD, n = 12), which is within
error of the published value (0.282163 + 0.000021; Weis et al., 2007). In
addition, analyses of the USGS reference material BCR-2 (basalt) yielded
a value of 0.282865 + 0.000010 (2SD, n = 4) for '7°Hf /'”7Hf, which is
within error of the published value (Weis et al,, 2007).

4. Results

Major-element compositions of the studied Weizhou Island basalt
samples are given in Table 1. All of the analyzed samples exhibit narrow
compositional ranges. SiO, contents range from 48.21 to 50.04 wt%, TiO,
from 2.1 to 2.57 wt%, AL,O3 from 13.34 to 15.29 wt%, "Fe,05 from 10.28
to 11.89 wt%, MgO from 5.26 to 8.91 wt%, Na,0 from 2.63 to 3.32 wt%,
K,0 from 1.46 to 1.8 wt%, and Mg# from 53.4 to 66.4. In a total alkali-
silica (TAS) diagram (Fig. 2), all of the samples plot in the basalt field.

In a Zr/TiO, vs. Nb/Y diagram (Winchester and Floyd, 1977) (Fig. 3),
all of the analyzed samples fall in the field of alkaline basalt.

Trace-element and REE compositions of the analyzed basalt samples
are given in Table 2. Total REE contents (XREEs) of the samples vary
from 130.45 to 168.54 ppm, with a mean of 152.42 ppm, which is
slightly lower than the average OIB value (198.9 ppm; Sun and
McDonough, 1989). In a chondrite-normalized REE diagram (Fig. 4),
the basalt samples exhibit enrichment in light REEs (LREEs), with
(La/Yb)y values of 15.19-19.29 (mean of 16.82). Eu/Eu* values of the
samples range from 0.98 to 1.17 (mean of 1.04). The lack of negative
Eu anomalies in the basalts may reflect a high Eu™3/Eu™? ratio in the
magmas (Frey et al., 1993). REE patterns are similar to those of the
SCS and intra-plate OIBs (Sun and McDonough, 1989; Yan et al., 2008).

In a primitive-mantle-normalized trace-element spider diagram
(Fig. 5), the studied basalts display similar distribution patterns to
those of basalts from the SCS. The analyzed samples are characterized
by enrichment in large-ion lithophile elements (LILEs) (e.g., Ba) and
high-field-strength elements (HFSEs) (e.g., Nb and Ta), and negative U
and Yb anomalies. Overall, the trace-element patterns of the basalts
are similar to those of intraplate OIBs (Sun and McDonough, 1989;
Yan et al., 2008).

The Weizhou Island basalts have relatively homogeneous whole-
rock Hf-Sr-Nd-Pb isotope compositions (Table 3). Hf-Sr-Nd-Pb iso-
tope compositions for the samples are as follows: '7®Hf/'”’Hf =
0.283012-0.283032, Sr/%6Sr = 0.703591-0.703703, '**Nd/'**Nd =
0.512897-0.512931, 2°5Pb/2%4Pb = 18.6117-18.7505, 2°’Pb/?**Pb =
15.5953-15.6528, and 2%*Pb/?**Pb = 38.7292-38.9109. In 2°"Pb/2**Pb
vs. 2%6Pb/204Ph and 2°8Pb/29*Pb vs. 2°°Pb/2%4Pb diagrams (Fig. 6), all of
the Cenozoic basalts lie above the Northern Hemisphere reference line
(NHRL), similar to the Dupal anomaly in the Southern Hemisphere
(Hart, 1984; Tu et al,, 1991; Flower et al., 1992).

5. Discussion
5.1. Petrogenesis

5.1.1. Crustal contamination and fractional crystallization

The composition of basaltic magmas can be modified by crustal con-
tamination during ascent through the continental crust to the surface
(Dai et al., 2018; Wang et al., 2019; Xu et al., 2005; Zeng et al., 2013).
Thus, the effects of crustal contamination need to be evaluated before

100
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Rb Ba Th U K Ta Nb La Ce Sr

Nd P Zr Hf Sm Eu Ti Tb Y Er Yb Lu

Fig. 5. Primitive-mantle-normalized trace-element diagram for the Weizhou Island basalts. Data for the primitive mantle and OIB are from Sun and McDonough (1989).
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Table 3

Hf-Sr-Nd-Pb isotope ratios for Quaternary basalts from Weizhou Island, northwestern South China Sea.

875r/86sr 20 BNd/"Nd 20

206p}, 204y, 20

207p}, 204py, 20 208py, 204py, 20 176H£/177HE 20

GS2-1 0.703591 0.000008 0.51291 0.000008 18.6415 0.0008 15.6015 0.0007 38.7575 0.0018 0.283032 0.000004
GS4-1 0.703610 0.000010 0.512902 0.000010 18.6614 0.0008 15.6082 0.0007 38.7903 0.0019 0.283025 0.000006
GS5-1 0.703656 0.000009 0.512919 0.000010 18.6117 0.0010 15.6079 0.0009 38.7292 0.0023 0.283021 0.000007
GS5-2 0.703665 0.000008 0.512915 0.000009 18.6836 0.0009 15.6179 0.0008 38.8298 0.0019 0.283022 0.000005
GS6-1 0.703620 0.000009 0.512931 0.000010 18.6384 0.0009 15.5953 0.0008 38.7523 0.0022 0.283021 0.000007
GS6-2 0.703680 0.000007 0.512925 0.000010 18.6526 0.0008 15.5998 0.0007 38.7721 0.0018 0.283029 0.000005
WZ-1 0.703703 0.000007 0.512897 0.000011 18.7505 0.0006 15.6528 0.0005 38.9109 0.0012 0.283012 0.000009

deciphering the nature of the mantle source for the Weizhou Island Qua-
ternary basalts. Previous studies have proposed that crustal contamina-
tion can be identified from trace-element and isotopic data (An et al.,
2017; Dai et al.,, 2018; Rudnick and Gao, 2003; Salters and Stracke,
2004). The Weizhou Island basalts have relatively variable Nb/U
(40.81-96.36, mean of 65.99) and Ce/Pb (19.67-23.03) ratios that are
substantially higher than those of continental crust (Nb/U = 6.15 and
Ce/Pb = 3.91; Rudnick and Gao, 2003; Salters and Stracke, 2004), sug-
gesting limited crustal contamination. Furthermore, the absence of obvi-
ous Zr or Hf anomalies in the studied basalts rules out significant crustal
contamination because Zr and Hf are generally enriched in crustal mate-
rials (Rudnick and Gao, 2003; Wang et al., 2019; Zhao et al.,, 2010). More-
over, a trace-element spider diagram (Fig. 5) lacks strong negative Nb or
Ta anomalies, which further supports negligible continental crustal con-
tamination (Zou et al., 2003; Yang et al. 2015; An et al., 2017). In conclu-
sion, crustal contamination of the Weizhou Island basalts is negligible,
and these rocks were therefore likely derived from mantle sources.

Fractional crystallization can play an important role in the evolution
of a magma. The Weizhou Island basalts have Mg# values of 53.4-66.4,
Cr contents of 257-396 ppm, and Ni contents of 119-197 ppm, much
lower than the values for primitive basalts (Mg# > 70, Cr > 1000 ppm,
and Ni > 400 ppm) (An et al., 2017; Wang et al., 2019; Wilkinson and
Le Maitre, 1987), indicating that these basalts have experienced frac-
tional crystallization. The SiO,, Fe,03, Al,03, and K,0 contents of the an-
alyzed samples show a negative relationship with Mg# values, whereas
Ca0 and Ca0/Al,05 ratios show a positive relationship (Fig. 7), together
indicating that the formation of these basalts involved the fractionation
of olivine and clinopyroxene.

5.1.2. Mantle source characteristics

As established above, the Weizhou Island basalts were not substan-
tially affected by crustal contamination. As fractional crystallization
does not change the isotope ratios of magma, the isotope ratios of the
analyzed samples can be used to explore the mantle source beneath
the study area. The Hf-Sr-Nd-Pb isotope compositions for the studied
basalts are presented in isotope correlation/discrimination diagrams
(Figs. 6 and 8). These diagrams suggest that the basalts can be explained
by a binary mixing model involving two mantle end-members (DMM
and EM2), which is consistent with Cenozoic basaltic rocks from the
SCS and surrounding areas (Jia et al., 2003; Yan et al., 2008, 2015,
2018, 2019; Zou and Fan, 2010; Wang et al., 2012b, 2012c; Huang
et al., 2013; Li et al., 2013; Yang and Fang, 2015; An et al., 2017; Zhang
et al., 2018b).

The DMM end-member is considered to be Indian MORB-type man-
tle (An et al.,, 2017; Hoang et al., 1996, 2013; Yan et al., 2018, 2019).
However, the origin of EM2 is uncertain. Previous studies have sug-
gested that EM2 of the SCS is derived from SCLM (Tu et al., 1992a,
1992b; Hoang et al., 1996; Fan et al., 2008; Wang et al., 2012a; Huang
et al., 2013; Ren et al., 2013). However, the EM2 in the Weizhou Island
basalts may have originated from the Hainan mantle plume rather
than from SCLM, as inferred from the following lines of evidence:

(1) Previous research has proposed that the lithosphere beneath the
SCS is relatively thin and that the thinning process occurred dur-
ing the spreading of the SCS; therefore, only small amounts of old

SCLM in the SCS remained after the cessation of seafloor spread-
ing (Briais et al., 1993; Wu et al., 2004; Yan et al., 2008; Xu et al.,
2012). Thus, we consider that the EM2 component in the
Weizhou Island basalts might not have originated from SCLM.
(2) The Weizhou Island basalts exhibit significant positive Nb and Ta
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Fig. 7. Variations in selected major-element oxides of Weizhou Island basalts.

anomalies, in contrast to basaltic rocks derived from SCLM (An
etal.,, 2017; Yanetal, 2018; Zou et al., 2003), which also suggests
that EM2 did not originate from SCLM.

(3) Yan et al. (2018) reported that SCLM generally shows Hf—Nd
isotope compositions that differ from those of oceanic basalts
(MORB and OIB). In Fig. 4, all of the analyzed Weizhou Island
samples plot in the OIB field, which further excludes the possibil-
ity of a contribution from SCLM.

(4) Anetal. (2017) reported that the lithospheric mantle is charac-
terized by significant Nd—Hf isotope decoupling (resulting from
fluid-driven metasomatism) (Choi and Mukasa, 2012). Nd—Hf
isotopes of Quaternary basalts from Weizhou Island and sur-
rounding areas (including the SCS, Vietnam, and Thailand) define
a linear array (Fig. 8b), suggesting that EM2 originated from the
Hainan mantle plume rather than from SCLM (An et al., 2017;
Wang et al., 2012b; Yan et al,, 2015, 2018, 2019).

In summary, we suggest that the enriched component for the
Weizhou Island basalts probably originated from the Hainan mantle
plume, which is consistent with geophysical evidence (Fan et al.,
2017; Wei and Chen, 2016; Xia et al., 2016).

5.1.3. The Dupal anomaly on Weizhou Island

The Weizhou Island basalts exhibit Dupal-like Pb isotope ratios
(Fig. 6). The Dupal isotopic anomaly was first recognized by Dupré
and Allégre (1983) in a study of Indian Ocean basalts. Hart (1984)
termed this anomaly the “Dupal anomaly” and proposed that it repre-
sented abnormal mantle under the oceans of the Southern Hemisphere.
The Dupal anomaly is characterized by relatively high 2°8Pb/294pb,
207pp294ph, and 37Sr/%6sr for a given 2°°Pb/2%4Pb ratio (Hart, 1984;
Dupré and Allégre (1983); Zhang et al., 2016b). The Dupal reservoir re-
quires high time-integrated values of Rb/Sr, 22°U/Pb, and Th/U (Hart,
1984). During ocean exploration and investigation programs, multiple
Dupal anomalies in the Northern Hemisphere have been observed, in-
cluding in the SCS and surrounding areas (Yan et al., 2008, 2015; Zou
and Fan, 2010; Xu et al., 2012; Zhang et al., 2016a; Xie et al., 2017), in-
dicating that the Dupal anomaly is not specific to a particular region.

There has been considerable debate about the formation mechanism
of the Dupal isotopic anomaly in the SCS and surrounding areas (Tu
et al,, 1991, Tu et al,, 1992a, 1992b; Yan et al., 2008, 2015; Zou and
Fan, 2010; Xu et al., 2012; Li et al.,, 2013; Zhang et al., 2016b; Xie et al.,
2017). Because southeastern China may once have been a part of Gond-
wana, some scholars have proposed that the Dupal anomaly in the SCS
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and surrounding areas may be related to the breakup of Gondwana (Tu
etal, 1991, Tuetal., 1992a, 1992b; Zou et al., 2000). However, plate tec-
tonic processes, including those related to the disintegration of a super-
continent, are generally limited to lithospheric levels and do not cause
substantial movement of the asthenospheric mantle (Yan et al., 2008;
Xu et al., 2012). Furthermore, Cenozoic basalts in the North China Cra-
ton show evidence of a Dupal anomaly (Xu et al., 2018; Yan et al.,
2007; Zou et al., 2010), which further suggests that the Dupal anomaly
in the SCS and surrounding areas was not derived from the Southern
Hemisphere.

The most recent research results show that the Dupal anomaly in the
SCS and surrounding areas was formed by in situ processes as an
endogenetic anomaly and that its formation was closely related to the
Hainan mantle plume (Yan et al., 2008, 2015; Zou and Fan, 2010; Shi
and Yan, 2011; Xu et al., 2012; Li et al., 2013; Zhang et al., 2016a,
2016b; Zhang et al., 2018b). On the basis of the above discussion, we
suggest that the Dupal anomaly on Weizhou Island is related to the
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Fig. 9. Discrimination diagrams of Th/Hf vs. Ta/Hf for Weizhou Island basalts (Wang et al,,
2001). I: N-MORB from divergent margins; II-1: oceanic island-arc basalt; II-2:
continental-margin island-arc and volcanic-arc basalt; III: oceanic intraplate island and
seamount basalt, T-MORB, and E-MORB; IV-1: tholeiite in intracontinental and continen-
tal-margin rifts; IV-2: alkaline basalt in continental rifts; IV-3: basalt in continental exten-
sion areas or incipient rifts; V: mantle-plume basalt. Data for the SCS are from Yan et al.
(2008).

Hainan mantle plume (for a discussion on the Hainan mantle plume,
see Section 5.2).

5.2. Tectonic significance

Generally, mantle-plume-derived basalts show OIB characteristics,
although magma with such characteristics is not necessarily the product
of a mantle plume (Niu, 2009; Xu et al., 2012; Wang et al., 2019). In a
(Th/Hf)-(Th/Ta) discrimination diagram (Fig. 9d) (Wang et al., 2001),
the Weizhou Island basalts plot in the field of plume-derived basalts,
consistent with features of basaltic rocks from the SCS and surrounding
areas (Anet al., 2017; Li et al., 2013; Yan et al,, 2008, 2018, 2019). Thus,
we conclude that the Weizhou Island basalts likely formed in a mantle
plume setting.

The existence of the Hainan mantle plume has been verified by nu-
merous geophysical investigations (Lebedev and Nolet, 2003; Huang,
2014; Wei and Chen, 2016; Xia et al., 2016; Fan et al., 2017). The pres-
ence of a mantle plume beneath Vietnam was first proposed by
Maruyama (1994). Using seismic tomography, a near-vertical cylindri-
cal low-velocity zone has been observed beneath Hainan Island and
the SCS, indicating a possible mantle plume beneath Hainan Island
(Lebedev and Nolet, 2003;Huang, 2014; Huang et al., 2015). Several
geophysical studies have further proposed that the Hainan mantle
plume is one of 12 plumes that originated from the core-mantle bound-
ary (Huang, 2014; Huang et al., 2015). The existence of the Hainan man-
tle plume has been supported by petrological and geochemical data
from the SCS and surrounding areas (Wang et al., 2012b, 2013; Xu
et al, 2012; Li et al,, 2013; Yan et al,, 2014, 2015, 2018, 2019; An et al,,
2017; Liu et al., 2017; Zhang et al., 2018b). The Hainan mantle plume
may be more complex than other plumes (e.g., the Hawaiian plume) be-
cause of the influence of deep subduction (Wang et al., 2013).

Seismic evidence suggests that the bulk part of the Hainan mantle
plume is located beneath the Leizhou Peninsula and has a diameter of
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~160 km at the depth of the Moho (Wei and Chen, 2016). Xia et al.
(2016) proposed that the Hainan mantle plume rises subvertically
from the lower mantle beneath South China. The magma accumulates
in the mantle transition zone, diffuses laterally, and then ascends fur-
ther and forms multiple branches. Where rising material reaches the
base of the lithosphere, a pancake-shaped anomaly is formed, and this
feeds the Hainan hotspot. Based on the above discussions, we suggest
that Quaternary basalts from Weizhou Island may be genetically related
to the Hainan mantle plume, as are Quaternary basalts in the Beibu Gulf
(Li et al., 2013).

Fan et al. (2017) performed numerical simulations of intraplate
seamounts in the northern SCS, treating the seamounts as elliptical
cones. Those authors calculated that the total volume of magma
erupted above the seafloor is between 1885 and 3078 km?® and
that the total amount of intrusive magma above the Moho is
~150,000 km?, similar to the average value for large igneous prov-
inces (LIPs) worldwide. Furthermore, the area covered by sea-
mounts in the northern SCS is 150,000 km?, which exceeds the
average value for LIPs (Xia et al., 2012; Chen and Xu, 2017; Ernst
and Ernst and Youbi, 2017).

Extensive Cenozoic intraplate volcanism has occurred in the SCS
and surrounding areas, including the Leigiong Peninsula, the Beibu
Gulf, the PRMB, and the Indochina block. Geochemical studies have
shown that these Cenozoic volcanic rocks are composed mainly of
OIB-type basalts related to the Hainan mantle plume (An et al.,
2017; Wang et al., 2013; Xia et al,, 2016; Yan et al., 2014, 2015,
2018, 2019). The Hainan mantle plume has been active from the
early Cenozoic to the present (Yan and Shi, 2007; Shi and Yan,
2011). The Pleistocene OIB-type basalts on Weizhou Island suggest
that the Hainan mantle plume remains active.

On the basis of the above discussion, we propose the existence of a
Cenozoic LIP in the SCS, and surrounding areas and that this LIP is re-
lated to the Hainan mantle plume. The plume may have triggered the
opening of the SCS (Shi and Yan, 2011; Yan et al., 2018, 2019; Zhang
et al., 2018b).

6. Conclusions

This study presents new whole-rock major- and trace-element
and Hf-Sr-Nd-Pb isotope data for Quaternary basalts from
Weizhou Island in the northwestern SCS. The basalts belong to
the alkaline magma series and are characterized by OIB-like geo-
chemical features with enrichments in LREEs, LILEs, and HFSEs. Ra-
diogenic isotope compositions show that the Weizhou Island
basalts can be explained by a binary mixing model involving two
mantle end-members: DMM and EM2. The EM2 end-member was
probably derived from the Hainan mantle plume. A large Cenozoic
igneous province likely exists in the SCS and surrounding areas and
may be related to the Hainan mantle plume.
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