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Abstract

As one of the micro-blocks dispersed in the South China Sea (SCS), the Xisha Islands are covered by thick Cenozoic
sedimentary layers, making it challenging to obtain magmatic rocks. Well CK-2 is a kilometer-scale scientific drilling
project on the Xisha Islands in the northwestern SCS. It penetrates the thick reef limestone and reaches basaltic
pyroclastic rocks. This study presents the whole-rock and olivine compositions of the basaltic volcaniclastic rocks from
Well CK-2. These rocks exhibited ocean island basalt signatures characterized by the enrichment of light rare earth
elements and high-field-strength elements. Compared with partial melting products derived from mantle peridotite,
whole-rock compositions showed elevated Fe/Mn and Zn/Fe mass ratios. Additionally, olivines were characterized by a
lower Ca content, higher Ni content, elevated Fe/Mn mass ratios, and moderate Mn/Zn mass ratios compared to those
crystallized from peridotitic melts. The compositions of both the whole-rock and olivine phenocrysts indicate the
presence of pyroxenite in the mantle source, which likely formed through the reaction of recycled oceanic crust with the
surrounding mantle peridotite. Using the olivine-liquid Mg-Fe exchange thermometer, this study derived mantle
potential temperatures (7)) ranging from 1 502°C to 1 756°C, which is consistent with those of plume-related ocean
island basalts. Furthermore, the basaltic volcaniclastic rocks exhibit low H,O contents (0.01%-1.47%), which were
significantly lower than those found in the primary magmas of Large Igneous Provinces. These results suggest that the
basaltic volcaniclastic rocks on the Xisha Islands originated from a volatile-poor mantle plume source.
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1 Introduction

The South China Sea (SCS) is one of the largest
marginal basins in the western Pacific that is located at the
junction of the Pacific, Eurasian, and Indo-Australian
Plates (Li et al., 2015; Yang and Fang, 2015; Yu et al.,
2018; Zhang et al., 2018a, 2018b; Yu and Liu, 2020). Al-
though the SCS basin is relatively small and its oceanic
crust is very young, it has undergone a nearly complete
Wilson cycle, from continental breakup to seafloor
spreading to subduction (Li et al., 2014; Yang and Fang,

2015; Yang et al., 2019). Thus, the SCS serves as a natu-
ral laboratory for studying various lithospheric evolution-
ary processes, including continental margin breakup,
ocean basin expansion, and subduction termination, and
has attracted widespread attention from researchers world-
wide (Li et al., 2014, 2015; Yu et al., 2018). The SCS can
be divided into three main parts: northern, southern, and
oceanic basins. The northern margin of the SCS lies be-
tween the South China Block and the ocean-continent
transition zone of the SCS. In the past, the northern mar-
gin of the SCS was classified as a discrete, non-volcanic,
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passive continental margin (Clift et al., 2002). However,
with the progression of research, it has been regarded as
representing an intermediate mode of rifting, bearing
characteristics that are closely aligned with a magma-poor
margin (Gao et al., 2015). Unlike volcanic margins, which
are characterized by extensive magmatic activity, Ceno-
zoic volcanic rocks along the northern margin of the SCS
are relatively limited in distribution. However, post-
spreading magmatism is widespread throughout the SCS
and surrounding areas (Xu et al., 2012).

The northern continental margin of the SCS has long
been influenced by subduction of the Mesozoic Paleo-Pa-
cific Plate and Cenozoic rifting processes (Suo et al.,
2019; Li et al., 2020; Sun et al., 2021; Zhang et al., 2021a;
Yang et al., 2023). Since the Late Cenozoic, the region
has been influenced by a complex interplay of geological
processes, including seafloor spreading, subduction along
the Manila Trench, formation of the Taiwan Orogeny, up-
lift of the Tibetan Plateau, and extrusion of the Indosinian
Block. These geological processes led to frequent and in-
tense magmatic activity along passive continental mar-
gins during the Late Cenozoic (Zhang et al., 2014).

The Xisha Islands are overlain by thick Cenozoic sedi-
ments at the northern continental margin of the SCS, mak-
ing it challenging to access magmatic rock samples
through drilling. Consequently, studies on mantle-derived
magmatism and tectonic evolution in the Xisha region re-
main scarce. Whether the Cenozoic magmatic activity in
the Xisha region is related to the Hainan mantle plume re-
main unclear, which directly affects our understanding of
critical scientific issues, such as the extensional processes
of the northern SCS margin and the regional tectono-mag-
matic evolution. In this study, we present the mineral
chemistry and whole-rock geochemistry of basaltic pyro-
clastic rocks from the basement of Well CK-2 to reveal
the lithology of the mantle source and nature of the prima-
ry magma, which aids in our understanding of the genesis
of Cenozoic basalts in the SCS and their geodynamic
background.

2 Geological setting and sample description

The SCS is bounded by the East Vietnam fault to the
west and the Manila Trench the east (Fig. 1). The deep-
water basin of the SCS can be divided into three sub-
basins: southwest, east, and northwest (Li et al., 2014,
2015; Liao et al., 2022; Zhang et al., 2024). Constrained
by mapping magnetic anomalies and International Ocean
Discovery Program Expedition (IODP) 349 drilling re-
sults, the onset of seafloor spreading near the northern
continental margin of the SCS was dated to approximate-
ly 33 Ma. Subsequently, around 23.6 Ma, the ridge
jumped southward and the seafloor extended into the
southwest sub-basin. Seafloor spreading ceased at approx-
imately 15 Ma in the eastern sub-basin and approximately
16 Ma in the southwestern sub-basin (Li et al., 2014). Af-
ter the cessation of seafloor spreading, post-spreading

magmatism occurred widely in the SCS and the surround-
ing areas (Wang et al., 2012; Xu et al., 2012; Yan et al.,
2018, 2019; Yu et al., 2018; Qian et al., 2021, 2022).

There are several micro-blocks dispersed in the SCS,
including Xisha, Nansha, Zhongsha, and Reed-northeast-
ern Palawan blocks (Yan et al., 2008, 2014, 2015; Liu
et al., 2011; Li et al., 2013; Zhang et al., 2020b, 2024).
During the Paleo-Tethyes period, these micro-blocks were
regarded as a single block, which was named the “Qiong-
dongnan block” (Liu et al., 2006; Yan et al., 2008). Since
the Early Cenozoic, the regional stress field shifted from
compression to extension, causing these micro-blocks to
rift and drift away from the South China block (Clift et al.,
2008; Yan et al., 2019 and references therein).

The Xisha micro-block is situated in the northwestern
part of the northern continental slope of the SCS, bound-
ed by the Xisha Trough in the north, the Qiongdongnan
Basin in the northwest, and the Dongsha Trough in the
east (Fig. 1). Composed of thinned continental crust, its
basement is believed to have been affected by multiple
phases of magmatism (Huang et al., 2011; Guo et al,,
2016; Li et al., 2019; Zhang et al., 2024 and reference
therein). With the subsidence of the Xisha micro-block
and global sea-level fluctuations, coral reefs in the Xisha
region began to develop since the Early Miocene (Shao
et al., 2017; Fan et al., 2020). During the Middle Miocene,
reefs flourished and expanded laterally, reaching their
maximum extent (Wang et al., 2018). However, they be-
gan to contract during the Late Miocene and shrank fur-
ther into isolated carbonate platforms during the Pliocene
and Pleistocene (Wu et al., 2014).

Well CK2 was drilled in the Xisha micro-block of the
northwestern SCS (Fig. 1). The well was drilled through
thick reefal limestone (0-878.21 m) and reached the un-
derlying basement (878.21-928.75 m) (Fig. 2). The base-
ment of Well CK-2 consisted of basaltic pyroclastic rocks.
The basaltic pyroclastic rocks contain minor amounts of
marine bioclastic fossils, occasionally accompanied by
reef limestone breccias (Fig. 3). They were predominant-
ly gray-green, dark green, and yellow-brown in color.
They underwent extensive alteration (chloritization, ser-
pentinization and carbonation) and exhibited well-devel-
oped vesicular and amygdaloidal textures. The amyg-
dalae were predominantly elliptical and circular, with a
few irregularly shaped amygdales. The filling minerals
mainly consisted of calcite, opal, chalcedony, and zeolite.
The crystalline clastic minerals were primarily composed
of clinopyroxene with minor amounts of plagioclase and
olivine. The crystal clastics were mostly sub-angular to
angular in shape, indicating that the basaltic pyroclastic
rocks were formed in situ or near the site of volcanic ac-
tivity. For a more detailed petrographic analysis, please
refer to Zhang et al. (2018c, 2020b, 2024). The chemical
characteristics of the clinopyroxene indicated that the par-
ent magma belonged to a silica-undersaturated alkaline se-
ries, formed in an intraplate tectonic setting (Zhang et al.,
2018c). The zircon U-Pb geochronology of the basaltic
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Fig. 1. Geological sketch of the SCS and its adjacent areas (a); location of Well CK-2 (b) (Wang et al., 2018; Zhang et

al., 2024). The depth is below sea level and in meters.

pyroclastic rocks indicated that the Xisha micro-block
likely developed on a uniform Late Jurassic metamorphic
crystalline basement intruded by Cretaceous granitic mag-
matism (Zhang et al., 2024).

3 Analytical methods

In this study, whole-rock geochemical analyses of
basaltic pyroclastic rocks were conducted using the LA-
ICP-MS method. The sample selection adhered to the fol-
lowing two criteria: (1) microscopic observation ensured
that the samples did not undergo significant alteration and

(2) preference was given to fine-grained samples with
evenly distributed mineral grains (Yang, 2015). Whole-
rock LA-ICP-MS analyses were performed at the State
Key Laboratory of Ore Deposit Geochemistry, Institute of
Geochemistry, Chinese Academy of Sciences, using an
Agilent 7 900 ICP-MS equipped with a GeoLasPro 193 nm
ArF excimer laser. Helium was applied as a carrier gas
which was mixed with Argon via a T-connector before en-
tering the ICP-MS. The standard ablation cell was opti-
mized with resin mold to get a small volume and to im-
prove the washout efficiency. Analysis was run with 44 pm
pit size, 10 Hz pulse frequency and 4—5 J/cm? fluence. El-
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Fig. 2. Stratigraphy of Well CK-2, Xisha Islands (Zhang
et al., 2020a). Fm: Formation; M: member.

ement contents were calibrated against multiple-reference
materials (BHVO-2G, BCR-2G, and BIR-1G) without us-
ing an internal standard (Liu et al., 2008b). Off-line selec-
tion and integration of the background and analyte signals,
time-drift correction, and quantitative calibration were
performed using ICPMSDataCal (Liu et al., 2010).

In-situ trace element analyses of olivine were carried
out using LA-ICP-MS at the Wuhan SampleSolution Ana-

lytical Technology Co., Ltd., Wuhan China. Detailed in-
strument parameters and analytical procedures are same as
described by Zong et al. (2017).

4 Analytical results

4.1 Whole-rock major and trace element compo-
sitions

The whole-rock major and trace elements are listed in
Table S1. The mass fraction of the pyroclastic rockschem-
ical composition is as follows: 40.56%—48.89% for SiO,;
12.79%-17.46% for Al,O;; 13.86%-20.63% for MgO;
11.45%-16.42% for TFeO; and 0.88%—4.77% for TiO,.
The Mg# values ranged from 66 to 75. The chondrite-nor-
malized rare-earth element (REE) patterns showed that the
pyroclastic rocks were enriched in light rare earth ele-
ments (LREEs) and had flat heavy rare earth element
(HREE) patterns similar to those of the SCS and intra-
plate ocean island basalts (OIB) (Fig. 4) (Sun and Mc-
Donough, 1989; Yan et al., 2008). In the primitive mantle-
normalized trace-element spider diagram (Fig. 5), the py-
roclastic rocks were characterized by enrichment in high-
field-strength elements (HFSEs), consistent with the fea-
tures of OIB.

4.2 Mineral chemistry

Twenty olivine grains were analyzed for their chemi-
cal compositions. The results are summarized in Table S2.
The analyzed olivines exhibited a narrow range of Fo con-
tents (81-84). The major elemental compositions of the
olivine from the basaltic pyroclastic rocks were as fol-
lows: Si0, 37.36%-39.23%; MgO, 43.28%-45.08%; NiO,
0.15%—-0.24%; MnO, 0.21%-0.25%; CaO, 0.16%—-0.25%.
The high CaO content suggests that the analyzed olivines
were phenocrysts formed during magma fractional crys-
tallization (Thompson and Gibson, 2000; Foley etal.,2013).

5 Discussion

5.1 Crustal contamination and fractional crystal-
lization

The composition of the basaltic magma is influenced
by crustal contamination as it ascends through the crust to
the surface. Therefore, it is necessary to evaluate the im-
pact of crustal contamination on geochemical composi-
tion before interpreting the petrogenesis of basaltic pyro-
clastic rocks (Rudnick and Gao, 2003; Dai et al., 2018;
Zhang et al., 2020a). Previous studies suggest that crustal
contamination can be identified using whole-rock iso-
topes and trace-elements (Rudnick and Gao, 2003; Salters
and Stracke, 2004). The basaltic pyroclastic rocks exhibit-
ed a relatively variable Nb/U mass ratio (23.29-89.22, with
an average of 46.46) and Ce/Pb mass ratio (1.63-36.49,
with an average of 13.04), which were substantially high-
er than those of the continental crust (Nb/U = 6.15 and
Ce/Pb = 3.91; Rudnick and Gao, 2003; Salters and
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Fig. 4. Chondrite-normalized rare earth element patterns
for the basaltic pyroclastic rocks from Well CK-2, Xisha
Islands, SCS. The values for chondrite normalization are
from Sun and McDonough (1989). Cenozoic basalt in
Hainan Island is from literature (Liu et al., 2015; Gu et al.,
2019).

Stracke, 2004), suggesting limited crustal contamination.
Furthermore, the primitive mantle-normalized trace ele-
ment pattern lacked strong negative Nb or Ta anomalies
(Fig. 5), implying that continental crustal contamination
was negligible (Zou et al., 2003; Yang and Fang, 2015;
An et al., 2017; Zhang et al., 2020a). In conclusion, the
trace element characteristics suggest that crustal contami-
nation of basaltic pyroclastic rocks was negligible, sup-
porting the inference that these rocks were likely derived
from a mantle source.

The basaltic pyroclastic rocks were characterized by
low contents of Ni (131-247 pg/g), Co (16-77 pg/g), and
Cr (23-73 ng/g) (Table S1). These results are inconsistent
with the geochemical characteristics of primitive magma
(Irving and Frey, 1978; Wilkinson and Le Maitre, 1987;
An et al., 2017; Zhang et al., 2020a), implying that these

Representative photomicrographs of the basaltic pyroclastic. Py: Pyroxene; Pl: Plagioclase; Ol: Olivine.
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Fig. 5. Primitive mantle-normalized trace element dia-

grams for the basaltic pyroclastic rocks from Well CK-2,
Xisha Islands, SCS. The values for primitive mantle nor-
malization are from Sun and McDonough (1989). Ceno-
zoic basalt in Hainan Island is from literature (Liu et al.,
2015; Gu et al., 2019).

basaltic pyroclastic rocks experienced a certain degree of
fractional crystallization of olivine and clinopyroxene. In
the primitive mantle-normalized trace-element spider dia-
gram, the samples showed negative Eu and Sr anomalies
(Fig. 5), indicating that the magmas that formed these
basaltic pyroclastic rocks underwent plagioclase fractiona-
tion.

5.2 Lithology of mantle source

Identifying the lithology of mantle sources is essential
for estimating the composition of the primary magma, as-
sessing the mantle potential temperature, and understand-
ing mantle heterogeneity. Traditionally, peridotite has
been considered the primary mantle lithology in the
source region of alkali basalts (Herzberg and O'Hara,
2002; Putirka, 2005; Rhodes et al., 2012). However, par-
tial melting experiments have demonstrated that alkaline
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basalts can also be generated through the partial melting
of olivine-poor mantle lithologies, including carbonated
peridotite, pyroxenite, and hornblendite (Hirschmann and
Stolper, 1996; Hirschmann et al., 2003; Kogiso et al., 2003;
Pertermann and Hirschmann, 2003a; Dasgupta et al.,
2006, 2007; Kogiso and Hirschmann, 2006; Pilet et al.,
2008; Sorbadere et al., 2013; Lambart et al., 2016).
Previous studies have suggested that carbonated peri-
dotite and pyroxenite contribute to the mantle source of
Late Cenozoic basalts in the SCS and its surrounding ar-
cas (Wang et al., 2012; Liu et al., 2015; An et al., 2017; Li
et al.,, 2017; Zhang et al., 2017; Yan et al., 2018; Yang
et al., 2020; Cao et al., 2022a, 2022b). Magmas generated
through the partial melting of carbonated mantle peri-
dotite exhibited significant negative Ti, Zr, and Hf anoma-
lies (Zeng et al., 2010). However, the basaltic pyroclastic
rocks exhibit positive Ti and Hf anomalies (Fig. 5), ruling
out carbonatized mantle peridotite as the mantle source.
Experimental studies have demonstrated that the
Fe/Mn mass ratio in basaltic melts serves as a reliable in-
dicator of the mantle source lithology and can effectively
distinguish between pyroxenite and peridotite mantle
sources (Liu et al., 2008a; Wang et al., 2012). Pyroxenite-
derived melts typically exhibit higher Fe/Mn mass ratios
than those derived from peridotite (Liu et al., 2008a;
Herzberg, 2011). Basaltic pyroclastic rocks are character-
ized by high Fe/Mn mass ratios, with an average of 86,
which is significantly higher than the ratios observed in
mid-ocean ridge basalt (MORB) and typical peridotite-de-
rived melts (Wang et al., 2012). This elevated Fe/Mn
mass ratio suggests the presence of a certain amount of
pyroxenite in the mantle source of the basaltic pyroclastic
rocks. Le Roux et al. (2010) demonstrated that high Zn/Fe
mass ratios indicate a non-peridotite source. The basaltic
pyroclastic rocks exhibited high Zn/Fe mass ratios (8.5—
13.8, with an average of 10.7), which were substantially
higher than the average values of the upper mantle (Le
Roux et al., 2010). This further supported the presence of
pyroxenite in the source rocks (Le Roux et al., 2010).
Olivine typically crystallizes first from mantle-de-
rived melts, making it a key indicator for identifying the
source lithology. In the basaltic pyroclastic rocks, the Fo
of olivine exhibited no significant correlation with Ca
content but shows a marked negative correlation with Mn
content (Figs 6a and b). These systematic compositional
relationships indicate that clinopyroxene fractionation has
a limited influence on the olivine composition, suggesting
that the observed olivine characteristics primarily reflect
source-related processes. Previous studies suggest that the
involvement of pyroxenite or eclogite in a mantle source
can be identified by the presence of olivine phenocrysts
with low content of Ca, high content of Ni, and high
Fe/Mn mass ratios (Sobolev et al., 2005, 2007; Herzberg,
2011; Foley et al., 2013). The olivine phenocrysts from
the basaltic pyroclastic rocks exhibited low Ca and high
Ni contents, similar to the compositions of olivines in
basalts from the SCS and its surrounding areas, which

were derived from a pyroxenite source (Figs 6a and c)
(Wang et al., 2012; Liu et al., 2015; An et al., 2017;
Hoang et al., 2018; Zhang et al., 2018b; Yang et al., 2023)

Mn, Zn, and Fe have similar olivine—melt partition co-
efficients during the melting of mantle peridotite under
specific whole-rock compositions, oxygen fugacity, pres-
sure, and temperature conditions (Le Roux et al., 2010;
Foley et al., 2013; Howarth and Harris, 2017). The pro-
portions of these elements do not change significantly
during partial melting or fractional crystallization but
rather represent the characteristics of the source region
(Sobolev et al., 2007; Foley et al., 2013; Herzberg et al.,
2016). The Fe/Mn mass ratios of crystallized olivine from
peridotite-derived melts generally ranged from 60 to 70
(Herzberg, 2011). The whole-rock high Fe/Mn ratios of
the basaltic pyroclastic rocks were reflected in the Fe/Mn
ratios of their olivine phenocrysts. As shown in the Fo vs.
Fe/Mn diagram (Fig. 6d), most olivines from the basaltic
pyroclastic rocks displayed high Fe/Mn mass ratios, indi-
cating the presence of a pyroxenite mantle source.
Howarth and Harris (2017) proposed that olivine crystal-
lized from peridotite melts has high Mn/Zn values (>15),
whereas olivine crystallized from pyroxenite melts has
low Mn/Zn values (<13). The Mn/Zn values of olivine in
the basaltic pyroclastic rocks range from 12 to 15, indicat-
ing a mixed pyroxenite-peridotite source. In summary, the
compositions of both whole-rock (e.g., Fe/Mn and Zn/Fe
mass ratios) and olivine phenocrysts (e.g., Ca and Ni con-
tents and Fe/Mn and Zn/Fe mass ratios) suggest that the
mantle source of basaltic pyroclastic rocks is a mixture of
peridotite and pyroxenite.

Several hypotheses have been proposed to explain the
genesis of pyroxenite, including (1) cumulative pyroxen-
ite (Zhang and Xu, 2012), (2) metamorphosed oceanic
crust (Herzberg, 2011; Lambart et al., 2013) and (3) reac-
tions between recycled continental/oceanic crust and the
surrounding mantle peridotite (Sobolev et al., 2005;
Mallik and Dasgupta, 2012; Foley et al., 2013; Liu et al.,
2015; Zhang et al.,, 2021b). Cumulative pyroxenite is
characterized by low Ni content and cannot crystallize
high-Ni olivine (Lee et al., 2006); therefore, the first hy-
pothesis can be excluded. Additionally, most basaltic py-
roclastic rocks have a higher MgO content than the melt-
ing products of silica-excess pyroxenite or bimineralic
eclogite (MgO < 8.0%; Pertermann and Hirschmann,
2003b); the second hypothesis is not applicable for ex-
plaining the origin of the pyroxenite components in the
mantle source of these rocks. Therefore, we argue that the
third hypothesis is the most plausible mechanism for the
genesis of pyroxenite in the source region of basaltic py-
roclastic rocks.

The basaltic pyroclastic rocks exhibited positive Nb
and Ta anomalies in the primitive mantle-normalized spi-
dergrams (Fig. 5), suggesting that continental crust com-
ponents were not present in the mantle source. Li is typi-
cally enriched in the crust and sediments (up to 70 pg/g)
compared with the lithospheric mantle and mantle-de-
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rived melts (Foley et al., 2013). Based on the low Li con-
tent of olivine from Hawaii basalts, Ammannati et al.
(2016) suggested that recycled subducted oceanic crust
was involved in the production of the Hawaii basalts. The
olivines from the basaltic pyroclastic rocks had low Li
contents (mostly <5 pg/g), indicating that continental crust
components were not present in the mantle source (Foley
et al., 2013). Thus, we suggest that the recycled oceanic
crust may have reacted with ambient mantle peridotite to
form a relatively silica-rich mantle pyroxenite.

5.3 Mantle potential temperature

Potential temperature (7)) refers to the hypothetical
temperature of the mantle as it rises to Earth’s surface
without decompression or melting (Putirka, 2005). This
serves as a critical parameter for characterizing the ther-
mal state of the upper mantle (McKenzie and Bickle,
1988; Putirka, 2005, 2008; Campbell, 2007; Wang et al.,
2012; Lee et al., 2009). It is widely recognized that mag-
mas exhibiting OIB characteristics are not exclusively de-

rived from mantle plumes (Xu et al., 2012). Mantle
plumes are commonly linked to thermal anomalies charac-
terized by elevated 7} values. Moreover, it is generally ac-
cepted that the generation of mafic magma associated with
mantle plumes requires higher ambient 7, than that re-
quired for the formation of MORB (Herzberg and Asi-
mow, 2008). To constrain mantle plumes, the concept of
excess temperature (7,) has been proposed to identify
thermal anomalies in the mantle (7, =T hotspot— 7, MORB),
OIBs generated by mantle plumes typically exhibit elevat-
ed T,,, which range between 100°C and 300°C (Kreutz-
mann et al., 2004; Putirka, 2005). Consequently, 7, can
serve as a diagnostic parameter for identifying the pres-
ence of mantle plumes (Kreutzmann et al., 2004; Putirka,
2005).

The olivine-liquid Mg-Fe exchange thermometer was
independent of the specific lithology of the mantle source
(Putirka, 2005; Yu and Liu, 2020). In this study, we used
an Fe-Mg exchange geothermometer to calculate the T}
of basaltic pyroclastic rocks. Using this method, the esti-
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mated 7, for the basaltic pyroclastic rocks ranged from
1502°C to 1 756°C, with an average of 1 645°C. The 7,
of Iceland basalt ranged from 1 480°C to 1 520°C, and the
T, of Hawaii OIB was approximately 1 530°C (Putirka,
2005). The estimated 7, of the basaltic pyroclastic rocks
aligned closely with that of the plume-related OIBs (Ice-
land and Hawaii basalts), indicating an abnormally high
mantle potential temperature in the study area. As dis-
cussed earlier, basaltic pyroclastic rocks exhibit OIB-like
geochemical characteristics (Fig. 4). The combination of
these OIB-type geochemical features and the evidence of
high-temperature anomalies strongly supports the involve-
ment of a mantle plume in their genesis.

Previous studies have proposed that the head of the
Hainan mantle plume likely impinges on the base of the
lithosphere at approximately 30 Ma (Wang et al., 2013).
Yu et al. (2018) suggested that the SCS MORB which
could have recorded plume-ridge interaction perhaps
appeared since about 23.8 Ma. The initial-spreading
MORB (Site U1500) of the SCS yielded a normal 7,
(about 1 380°C) and was derived from a peridotite-domi-
nated mantle source, suggesting that the opening of the
SCS was not influenced by a mantle plume (Yu and Liu,
2020). In contrast, the late-spreading MORB (Site
UI431E) yielded relatively high 7, (about 1 442°C) and
originated from a pyroxenite-enriched mantle source
(Zhang et al., 2018a, 2018b; Yang et al., 2019, 2023), in-
dicating that the mantle plume impacted the final stages of
SCS spreading. The uneven distribution of stagnant slab
materials in the mantle transition zone is believed to have
split and bifurcated the Cenozoic Hainan mantle plume in-
to separate upwellings (Yang et al., 2023). Stronger por-
tions of these stagnant slabs likely impeded the ascent of
the mantle plume and hindere its upward migration. This
bifurcation likely occurred as the mantle plume encoun-
tered stagnant slabs within the mantle transition zone, pro-
viding a plausible explanation for the uneven distribution
of magmatic activity and discrepancies between the pre-
dicted magmatic distribution and topographic changes in
classical mantle plume models (Yang et al., 2023).

5.4 Water content of the magmas

The formation of Large Igneous Provinces (LIP) in-
volves various physical and chemical factors, including
anomalously high mantle temperatures, the presence of
fusible components in the mantle source, substantial de-
compression, and water enrichment (Sobolev et al., 2011;
Liu et al., 2017). LIP are widely regarded as closely asso-
ciated with mantle plume activity. Specifically, thermo-
chemical mantle plumes originating from deep mantle are
considered to account for the deep-sourced materials and
the elevated thermal energy necessary for the extensive
melting observed in LIP.

Water content of the mantle is important for studying
magmatic processes in the deep mantle. Elevated water
content increases the melting depth, leading to an in-
crease in the volume of magma formed by melting. Re-

cently, studies on the water content of major LIPs have
been conducted worldwide (Xia et al., 2016; Liu et al.,
2017, 2022; Ivanov et al., 2018; Gu et al., 2019; Lang
et al., 2020). The primary magma water content of the pi-
crites from the Emeishan LIP was 3.44%, corresponding
to a mantle source water content of more than 6 000 pg/g.
The formation of the Emeishan LIP was closely related to
a high-temperature mantle plume enriched in water and
fusible components (Liu et al., 2017).

The water content of the mantle plays a critical role in
understanding magmatic processes occurring in the deep
mantle. Elevated water content enhances the melting
depth, which in turn increases the volume of magma pro-
duced during melting. Recent studies have investigated
the water content of the mantle sources in major LIP (Xia
et al., 2016a; Liu et al., 2017, 2022; Ivanov et al., 2018;
Gu et al., 2019; Lang et al., 2020). For instance, the pri-
mary magma water content of the picrites from the Emeis-
han LIP exhibited a water content of 3.44%, correspond-
ing to a mantle source water content exceeding
6 000 pg/g (Liu et al., 2017). The formation of the Emeis-
han LIP was closely related to a high-temperature mantle
plume enriched in both water and fusible components (Liu
etal., 2017).

In this study, the water content of the basaltic pyro-
clastic rocks was estimated using a Ca-in-olivine geohy-
grometer (Gavrilenko et al., 2016). This geohygrometer is
based on experimental observations that demonstrate the
influence of meltwater content on the partition coefficient
of CaO between olivine and silicate melts (Doclégq). The
geohygrometer calculated the meltwater content as a func-

tion of the MgO content and DOCZ (I;q with an estimated un-

certainty of 1.4%-1.8% H,O (Gavrilenko et al., 2016).
Using this method, we determined the H,O contents of the
primary magma in basaltic pyroclastic rocks to be
0.01%—1.47% (with an average of 0.66%), which is com-
parable to the water content of OIB (0.3%—2%, Métrich et
al., 2014). However, these values were significantly low-
er than those of the mantle sources for many LIPs, such as
the Emeishan LIP (3.44%, Liu et al., 2017) and the Tarim
LIP (4.8%, Xia et al., 2016a) (Fig. 7).

5.5 Implications

Accumulating geophysical and geochemical evidence
increasingly supports the existence of a Hainan mantle
plume (Zou and Fan, 2010; Wang et al., 2013; Huang,
2014; Wei and Chen, 2016; Xia et al., 2016b; An et al.,
2017; Fan et al., 2017; Yan et al., 2018, 2019; Yu et al.,
2018; Zhang et al., 2018b, 2020a). A mushroom-shaped
low-velocity seismic anomaly extending into the lower
mantle was identified, suggesting the presence of a lower
mantle root associated with the Hainan plume beneath
southern China (Huang et al., 2015; Wei and Chen, 2016;
Xia et al., 2016b; Fan et al., 2017). Several geophysical
studies have further suggested that the Hainan mantle
plume is one of the 12 plumes originating from the core-
mantle boundary (Huang et al., 2015). The Cenozoic in-
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Fig. 7. Comparison of water contents in the primary melts of the basaltic pyroclastic rocks with those in other primary
melts from different geological settings. The water contents of the Hainan basalts are from Gu et al. (2019) and those of
other melts from Liu et al. (2017) and references therein. N-MORB: normal mid-ocean ridge basalt; E-MORB: en-
riched mid-ocean ridge basalt; OIB: oceanic island basalt; BABB: back-arc basin basalt; IAB: island arc basalt

traplate basalts of Southeast Asia are primarily distribut-
ed across the Leizhou Peninsula, Hainan Island, Indochi-
na block, and SCS.

Gravity and magnetic anomaly data indicate that Ceno-
zoic magmatism was widely distributed in the Xisha area
(Zhang et al., 2016; Feng et al., 2017). Zhang et al. (2016)
identified flat-topped and conical-topped seamounts in the
Xisha area based on the geophysical data. Chenhang Is-
land potentially represent one of the flat-topped seam-
ounts (Zhang et al., 2024). The stratigraphic contact rela-
tionship and seismic reflection characteristics revealed
three distinct phases of magmatism in the Xisha area: Pa-
leocene and Eocene, early Oligocene to mid-Miocene, and
mid-Miocene to recent (Zhang et al., 2016). In this study,
the trace element patterns of the basaltic pyroclastic rocks
exhibited typical OIB-like characteristics (Fig. 4). Addi-
tionally, the high 7, values further support the hypothesis
that the mantle beneath the Xisha Islands was significant-
ly influenced by the Hainan mantle plume. The northwest-
ern SCS has experienced multiple phases of rifting since
the Late Cretaceous, characterized by the extensive devel-
opment of NE-NEE trending faults, which provide favor-
able pathways for magma upwelling. Furthermore, man-
tle plume material underwent lateral expansion at litho-
spheric depths, affecting the entire northern SCS from
west to east (Xia et al., 2025). This process likely drives
the widespread magmatic activity observed in the Xisha
area. However, unlike classical mantle columns with large
heads and thin tails that form large igneous provinces and
age-progressive seamount chains, the Hainan mantle col-
umn did not exhibit these features.

6 Conclusions

This study presents the whole-rock and olivine chemi-
cal compositions of basaltic pyroclastic rocks from Well
CK-2, SCS, and reaches to the following conclusions:

The compositions of both whole-rock and olivine phe-
nocrysts indicate that the mantle source of the basaltic py-
roclastic rocks was derived from a mixed source compris-

ing peridotite and pyroxenite. The pyroxenite likely
formed through the reaction of recycled oceanic crust with
the surrounding mantle peridotite.

The calculated 7, values ranged from 1502°C to
1 756°C, which were comparable to those of plume-relat-
ed OIB.

The basaltic pyroclastic rocks exhibited low H,O con-
tents (0.01%—1.47%), significantly lower than those ob-
served in the primary magmas of LIPs.
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