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1 | INTRODUCTION

As one of the microcontinents dispersed in the South China Sea (SCS), the Xisha
microcontinent lacks the petrological evidence of the Cenozoic magmatic activity
and basement. Well CK-2, as a full-coring kilometre-scale major scientific drilling in
Xisha Islands in the northwestern SCS, drilled through the thick reefal limestone
and into the underlying basaltic pyroclastic rocks basement. This paper presents
zircon U-Pb age and mineral chemistry of clinopyroxenes from the basaltic pyroclastic
rocks. Mineral composition of the clinopyroxenes suggests that most of the
clinopyroxenes are composed of diopside, which contains relatively high Al(w
(Al,O3) = 5.03%-10.25%) and Ti(w (TiO,) = 2.2%-4.95%). The clinopyroxene discrim-
ination diagrams show that the primary magma is alkaline basalt and likely generated
in an intraplate tectonic setting. U-Pb dating of zircons by LA-ICP-MS yielded a wide
range of ages: 36-33, 116-104, 148-140, 207-196, 255-236, 440, 808-749, and
2,440-1185 Ma. The youngest group has an average age of 35.5 + 0.9 Ma, which is
considered as the maximum age of the basalt eruption. The 2440 £+ 19 Ma, which is
the oldest zircons in the SCS, are firstly found in the basaltic pyroclastic rocks from
the SCS, suggesting that the SCS may contain very old materials. The ages of the
inherited zircons are comparable to magmatic activities that occurred around the
SCS, implying that they were probably once linked and an integrated part of Gond-
wana. The ancient continental basement has experienced multistages magmatic

events.
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The South China Sea (SCS) is located in the junction of the Eurasian
Plate, the Pacific Plate, and the Indian-Australian Plate (Figure 1). It
is a typical representative of western Pacific marginal seas (Li, Li, Yu,
Wang, & Jourdan, 2015; Lei et al., 2016; Liu et al., 2016; LU, Hao,
Yao, Xing, & Qiu, 2016; Guo et al., 2016; Zhu, Li, Sun, & Li, 2016;
Zhang, Li, Guo et al., 2016; Zheng et al., 2016). Despite its relatively

short tectonic evolution history, the SCS has roughly experienced a

spreading, and subduction (Fang, Ding, Fang, Zhao, & Feng, 2016; Li,
Yan, Chen, & Shi, 2013; Wang et al., 2016; Yang & Fang, 2015). There-
fore, the SCS was regarded as an excellent natural laboratory for
studying continental break-up, sedimentary basin formation, mantle
and lithosphere evolution, and land-ocean interactions (Franke,
2013; Hsieh, Shellnutt, & Yeh, 2016; Li et al., 2013; Li, Li, Yu, et al.,
2015; Taylor & Hayers, 1983; Yan, Shi, Liu, Wang, & Bu, 2010; Yan,
Shi, Yang, & Wang, 2008).
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FIGURE 1 Tectonic sketch map of the SCS and its surround area (modified from Xu, Avraham, Kelty, & Yu, 2014) [Colour figure can be viewed at

wileyonlinelibrary.com]

The basement is the material basis for the evolution of the basin
and is closely related to ocean evolution. The basement research is
an important part of the study of tectonic evolution of the basin.
Because the thick sediments in the SCS, there are few basement
rocks dispersed in the SCS, which led to the lack of the research
on the nature of the basement rocks. Qin (1987) reported the dis-
covery of gneissic granite from the basement of Well XY-1. Based
on the Rb-Sr and K-Ar ages of the gneissic granite from Well XY-
1, Sun (1987) suggested that the Xisha basement was probably
formed in the Palaeozoic. The zircon U-Pb ages for granitic from
the Nanshan microblocks indicates that there exists Precambrian
crystalline basement within microblocks in the SCS (Yan, Shi, Wang,
& Liu, 2008; Yan et al., 2010). The basement of Well XK-1 consists
of amphibole plagiogneisses (152.9 + 1.7 Ma) and the early granitic
rocks (107.8 = 3.6 Ma; Zhu et al, 2017). In addition, Lu et al.

(2011) identified the Precambrian crystalline basement based on
the geophysical data in the northern margin of the SCS.

Volcanic rocks could be used as a probe for deep processes and
magmatic activities. The volcanic continental margins were genetically
associated with mantle plumes. In contrast, nonvolcanic rifted margins,
where the lithosphere was extensively, are characterized by weak vol-
canism (Yan, Deng, Liu, Zhang, & Jiang, 2006). The Cenozoic magmatic
activities in the SCS and its surroundings are generally considered to
be related to the expansion of the SCS (Huang, Niu, Xu, Ma, & Qiu,
2013; Hui, Li, Li, Guo et al., 2016; Xu, Wei, Qiu, Zhang, & Huang,
2012). The investigation of IODP 349 suggests that the opening of
the SCS started at 33 Ma and ended at 15 Ma (Ding & Li, 2016; Li,
Li, Ding et al., 2015; Li, Li, Yu, et al.,, 2015). As one of the biggest
marginal seas in the West Pacific, Cenozoic volcanism in the SCS

and its surrounding areas are divided into three groups: prespreading,
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syn-spreading, and postspreading, based on the relationship with the
expansion of the SCS-spreading events (Hui, Li, Li, Guo, et al., 2016;
Xie, Zhong, & Yan, 2017; Xu et al., 2012). However, due to the thick
sediments on the seafloor in the SCS, it is difficult to gain the volcanic
rocks from the SCS. Thus, only a few researches on the Cenozoic
volcanic rocks have been done in the SCS, which seriously constrains
us to understand the Cenozoic basaltic volcanism of the SCS. During
performing national investigation program for coral reef, we
performed a kilometre-scale deep drill (Well CK-2; 110°0'53.557"E,
16°26'56.368"N) in Chenhang Island of Xisha lIslands, SCS, and
obtained about 50-m basaltic pyroclastic rocks, which are the first
obtained basaltic rock basement in Xisha Islands. In this study, based
on the petrographic investigation, we present the new observations
as well as zircon U-Pb dating and mineral chemistry of clinopyroxene
of basaltic pyroclastic rocks in order to better constrain the basement
and volcanic activity in the SCS.

2 | GEOLOGICAL SETTING AND SAMPLE
DESCRIPTION

Tectonically, the SCS can be subdivided into three parts: the
northern continental margin, the southern continental margin, and
the ocean basin. According to the water depth and submarine topog-
raphy features, the SCS basin can be divided into three subbasins:
the northwest basin, the central subbasin, and the southwest basin
(Figure 1; Li, Li, Yu, et al., 2015; Zhang, Li, Ruan et al., 2016). The
main geological features of the SCS include East Vietnam Fault in
the west, the Palawan Trench in the south, the Manila Trench in
the east, and the northern transition zone (Hui, Li, Li, Zhang et al.,
2016; Xu et al, 2016; Yan, Shi, Wang, Bu, et al., 2008). The
northern margin is located between the South China Block and the
SCS continent-ocean transition zone. It is composed of a series of
Cenozoic extension basins. The eastern margin is a subduction zone.
The southern margin is mainly a compressive collision zone. The
southern margin is a strike-slip pull-apart zone, and a series of oil and
gas basins are developed (Shi & Yan, 2011; Wan et al., 2006; Yan,
Shi, Yang, et al., 2008; Yan, Shi, Wang, Bu, et al., 2008). In addition,
there are several microcontinents dispersed in the SCS, including

Xisha-Zhongsha Block, Nansha Block, and Reed-Northeastern Palawan

China

Fig.2b

South China Sea

FIGURE 2

Block (Li et al., 2018; Yan et al., 2015; Yan, Shi, Wang, et al., 2008; Yan,
Shi, Yang, et al., 2008; Yao, Wan, & Wu, 2004). These microcontinents
were regarded as an integrated block during Paleo-Tethys times, which
was named “Qiongdongnan block” (Liu et al., 2004; Liu, Yan, Liu, &
Deng, 2006). The basement of the SCS is mainly composed of the
Precambrian metamorphic crystalline basement and experienced the
Yanshanian tectonic magma event (Yan et al., 2015; Yan, Shi, Wang,
et al., 2008). After the expansion of the SCS, there have been significant
intraplate volcanisms in the SCS and surrounding areas. As a result,
multiple sea mountains formed in the ocean basin, and there was
immense alkaline basalt eruption in the surrounding areas of the SCS.
Xisha Islands are located in the continental slope of the
northwestern SCS, with an area of 8 km? (Zhu et al., 2015). It is
comprised of a series of islands, reefs, and shoals. The northern margin
of the SCS is the Xisha Trough. The southern margin of the SCS is the
deep-sea basin. The eastern margin of the SCS is the Zhongsha Trough.
The western margin of the SCS is the SCS shelf. As far away from the
mainland and appropriate conditions for coral growth, Xisha Islands
deposited more than 1-km thick reef facies carbonate formation (Xiu
etal., 2017). Well CK-2 is located in the Chenhang Island, Xisha Islands
(Figure 2; 110°0'53.557"E, 16°26'56.368"N). It is a kilometre-scale
major scientific drilling in Xisha Islands. The total length of the core is
928.75 m. The well drilled through the thick reefal limestone. It can
be divided into two parts. From top to bottom: (a) carbonate rocks
(0-878.21 m) and (b) basaltic volcanic clastic rocks (878.21-928.75 m;
Figure 3). The basaltic pyroclastic rocks are conformable contact with
overlying carbonate rocks. One representative basaltic pyroclastic rock
sample (Zrl) was selected for zircon U-Pb dating. The location of sam-
ple Zrl is shown in Figure 3. The basaltic pyroclastic rocks are grey
green on fresh surfaces. The petrographic characteristics are vesicular
structure and porphyritic texture. The phenocrysts are mainly com-
posed of pyroxene, as well as amount of plagioclase. They are usually
subangular or angular, suggesting the basaltic pyroclastic rocks are in
situ or nearby volcanism. The groundmass consists of microcrystalline
plagioclase, pyroxene, and basalt glass. Furthermore, there are a few
marine fossils in the rocks (Figure 4). The pores in basaltic pyroclastic
rocks are generally developed, with the geological characteristics of
eruption of shallow sea. The basaltic pyroclastic rocks are weakly
altered. The amygdales are round, oval-shaped, and irregular in shape,
which was filled with carbonate calcite, zeolite, opal, and chalcedony.

111°42°E 111°43'E 112°20'E 112°21'E 112°22°E

Study area and location of Well CK-2 (modified from Wang et al., 2018) [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 Stratigraphy of Well CK-2, Xisha Islands [Colour figure
can be viewed at wileyonlinelibrary.com]

3 | ANALYTICAL METHODS

About 8-kg fresh sample was crushed in a corundum jaw crusher. The
zircon grains were separated from the rock sample using conventional
heavy liquid and magnetic techniques and then purified by hand picking
under a binocular microscope. Then, zircons were mounted in epoxy
blocks and polished to obtain an even surface. Cathodoluminescence

(CL) images were taken at the Wuhan SampleSolution Analytical Tech-
nology Co., Ltd., Wuhan, China. Typical CL images were obtained to
identify internal structures and choose potential target sites for U-Pb
analyses. The guideline for choosing potential target sites is outlined
in reference (Liu, Liu, Zhang, & Yang, 2011).

Zircon U-Pb dating was carried out using LA-ICP-MS at the
School of Resources and Environmental Engineering, Hefei University
of Technology. A pulsed 193-nm ArF Excimer (COMPex PRO) with
laser power of 10-mJ/cm? pulse energy at a repetition ratio of 6 Hz
coupled to an Agilent 7500a quadrupole ICP-MS was used for
ablation. The diameter of the laser ablation crater was 32 um. Zircon
91500 was used as an external standard for age calculation. NIST610
glass was used as an external standard for U, Th, and Pb concentration
calculations. The detailed analytical procedure were similar to those
describe by Yuan et al. (2008) and Zong et al. (2010). The isotopic data
was processed using the ICPMS DataCa and ISOPLOT software (Liu
et al., 2010; Ludwig, 2003). Common Pb corrections used the method
proposed by Andersen (2002).

Mineral compositions in selected samples were analysed using a
JXA 8100 electron microprobe at the Key Laboratory of Submarine
Geosciences, Second Institute of Oceanography, State Oceanic
Administration. The operating conditions were an accelerating voltage
of 15 kV and beam current of 20 nA. A 5-um beam diameter was used
to analyse the clinopyroxene. Counting times were 10 s on peak and
10 s on background for all elements. Natural minerals and synthetic
oxides were used as standards. Detection limits are typically

50-400 ppm. The precision for all analysed elements was <2.0%.

4 | RESULTS

4.1 | Mineral chemistry of clinopyroxene

The electron microprobe analyses results are shown in Table S1. The
chemical composition of pyroxene in Well CK-2 was changed greatly,
which showed the characteristics of high content in Al and Ti. The
clinopyroxenes have 42.27% to 49.73% SiO,, 2.2% to 4.95% TiO,,
5.03% to 10.25% Al,O3, 6.35% to 8.02% FeO, 10.56% to 14.37%
MgO, and 21.86% to 22.67% CaO. The Mg” of the clinopyroxene is
from 74.97 to 95.17.

According to Morimoto (1988) pyroxene classification and
nomenclature, all the clinopyroxenes from Well CK-2 belonged to
Ca-Mg-Fe (Figure 5). On the Wo-En-Fs
(Figure 5), most of the clinopyroxenes fall in the field of diopside

series diagram

(Wo04577-49.89EN33.34-41.5F510.36-14.25)-

4.2 | Zircon U-Pb dating

U-Pb ages have been determined for 81 zircon grains from the basaltic
pyroclastic rocks. The results of zircon dating are listed in Table S2. CL
images of representative zircons from sample Zrl are shown in
Figure 6. Th/U ratios of zircons range from 0.25 to 1.77, consistent with
amagmatic origin (Hoskin & Ireland, 2000; Hoskin & Schaltegger, 2003).

Zr1 has an available age number of 39 (concordance >90%). There

was a large range in zircon U-Pb ages. The age population is grouped
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FIGURE 4 Photographs of the basaltic pyroclastic rocks in hand specimen and under the microscope (cross-polarized light). Py: Pyroxene; PI:

Plagioclase [Colour figure can be viewed at wileyonlinelibrary.com]
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into eight major age ranges: 36 + 1-33 * 1 (eight grains), 116 + 2-
104 + 1 (16 grains), 148 + 4-140 + 3 (two grains), 207 + 2-196 + 2
(three grains), 255 + 7-236 + 3 (three grains), 440 + 7, 808 + 10-
749 + 8 (three grains), and 2,440 + 19-1,185 + 29 Ma (three grains;
Figure 7a, 8b). The first group gave a weighted mean 2°°Pb/?38U age
of 35.5 + 0.9 Ma (MSWD = 1.7; Figure 7c,d).

These ~35-Ma zircons were prismatic and acicular, high
length/width ratios (2-5). There were wide magmatic oscillatory

zoning on the zircons. Moreover, the zircons have relatively high

Th/U values (0.62-1.2), which were typical characteristics of zircons
from volcanic rocks (Hoskin & Schaltegger, 2003; Wu & Zheng,
2004). Combining with regional tectonic evolution, we considered
the age of 35.5 + 0.9 Ma as the maximum eruption age of the basalts.
Thirty-one grains yielded much older ages ranging from 2,468 to
106 Ma, which were inherited zircons crystallized from earlier
magmas.

Xisha Uplift are far from the mainland, and their sedimentary

diagenesis is less affected by terrigenous materials (Cao et al., 2016;
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be viewed at wileyonlinelibrary.com]

Fang, Liu, Li, Zhang, & Ding, 2013; Lin et al, 2018). Tectonic (Huaguang Depression, Changchang Depression, and Zhongjian
subsidence research results show that the rapid subsidence of the Depression) around Xisha Uplift (Figure 2). These deep-water tectonic

basement in the Cenozoic formed three major sedimentary centres units prevent the terrigenous clastic sediments from the SCB and the
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FIGURE 8 Ti-(Ca + Na) diagram of clinopyroxene of the basaltic
pyroclastic rocks from Well CK-2 (after Leterrier et al., 1982) [Colour
figure can be viewed at wileyonlinelibrary.com]

Indo-China peninsula being deposited in the Xisha Uplift and its sur-
rounding slope areas (Yang et al., 2017). Furthermore, the results of
petrographic studies show that the composition of volcanic clastic
rocks is single and there is no mixing of terrestrial materials (such as
quartz). All these evidence suggest that these old group zircon grains

are inherited zircons rather than detrital zircons.

5 | DISCUSSION

5.1 | The alkaline magma and intraplate alkali basalt:
Evidence from the clinopyroxene composition

The clinopyroxene is one of the main rock-forming minerals of
mafic-ultramafic rocks. Clinopyroxene composition depends on
primary magma characteristics and the crystallization environment. Its
composition can well reflect the characteristics of the primary magma
(Kargin, Sazonova, Nosova, & Tretyachenko, 2016; Leterrier, Maury,
Thonon, Girard, & Marchal, 1982; Nisbet & Pearce, 1977; Rivalenti
et al.,, 1996; Seyler & Bonatti, 1994; Tang et al., 2017). According to
the mineral chemistry of clinopyroxene from Cenozoic basalts in the
SCS, Yan, Shi, Wang, and Bu (2007) found that Pyroxene microlite has
higher content in Ca, Ti, and Fe than pyroxene phenocryst and
suggested that the evolution trend of host magma of pyroxene is coin-
cidence with that of alkali rock series. In Ca + Na versus Ti discriminant
diagram, all data from Well CK-2 are plotted into the field of alkaline
basalt (Figure 8), indicating that the primary magma was the alkaline
magma. As mentioned above, the clinopyroxenes showed high Al and
Ti contents, which was consistent with the evolution trend of the alka-
line magma.

Previous studies have demonstrated that the use of clinopyroxene
can effectively determine the tectonic environment of basalt (Nisbet &
Pearce, 1977; Yu, Zhao, Chen, Guo, & Wang, 2011). Nisbet and Pearce
(1977) suggested that the major element of the clinopyroxene can be

used to determine the tectonic setting. Yan et al. (2007) suggested

that the Cenozoic basalt from SCS belonged to intraplate alkali basalt
by using discriminant plot of clinopyroxene. The Cenozoic basalts may
be products of the continuous evolution of the mantle plume (Yan
et al, 2007). In F1-F2 discriminant diagram for tectonic setting
(Figure 9), most of the data points from Well CK-2 basaltic pyroclastic
rocks are plotted into the field of intraplate alkali basalt. In the TiO,-
Na,O-MnO triangular diagram (Figure 10), all data points lie in the
field of intraplate alkali basalt, which indicated that they lie at intra-
plate tectonic setting. In general, these basaltic pyroclastic rocks were
characterized by the tectonic setting of the intraplate alkali basalt.

5.2 | The pyroclastic rocks were deposited as early
as 35 Ma

Zircon grains have been found in a variety of basaltic rocks (Pan et al.,
2014; Wang, Li, Xie, Xu, & Li, 2015; Yang, Chen, Hou, Liu, & Liu, 2014;
Zhang et al., 2015). However, SiO, and ZrO, are normally unsaturated
in basaltic rocks. Therefore, there are many controversies on the
genesis of the zircon crystals in such magmas (Luo, Mo, Wan, & Wei,
2006; Zhang et al., 2013). The zircon in basaltic rocks may crystallize
in a magma chamber or is captured from the wall rock when the
magma is raised. In this research, the youngest group gave a weighted
mean 2°°Pb/?%8U age of 35.5 + 0.9 Ma (MSWD = 1.7), which may
represent the maximum age of the basalt eruption. The youngest
Eocene zircons either generated during the eruption of the basalt
and consequently represent the eruption age of the basalts or might
also be inherited from other early volcanic rocks, implying that the
basaltic pyroclastic rocks formed later.

The petrographic studies show that the phenocrysts are

subangular or angular and broken into steps or jagged shapes along

VAB+OFB

F2

OFB+WPT

F1

FIGURE 9 F1 versus F2 diagram of clinopyroxene (after Nisbet &
Pearce, 1977) WPT: within-plate tholeiitic basalt; WPA: within-plate
alkali basalt; VAB: volcanic arc basalt; OFB: ocean floor basalt
F1=0.012 x Si0,-0.0807 x TiO,) + 0.0026 x Al,03-0.0012 x FeO* -
0.0026 x MnO + 0.0087 x MgO - 0.0128 x CaO - 0.0419 x Na,O;
F2 = -0.0469 x Si0,-0.0818 x TiO,-0.0212 x Al,03-0.0041 x
FeO* - 0.1435 x MnO - 0.0029 x MgO + 0.0085 x CaO + 0.016 x
Na,O [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 10 TiO,-MnO-Na,O diagram of clinopyroxene of the
basaltic pyroclastic rocks from Well CK-2 (after Nisbet & Pearce,
1977). WPT: within-plate tholeiitic basalt; WPA: within-plate alkali
basalt; VAB: volcanic arc basalt; OFB: ocean floor basalt [Colour figure
can be viewed at wileyonlinelibrary.com]

the cleavage plane, suggesting the basaltic pyroclastic rocks are in situ
or nearby volcanism (Figure 3). Furthermore, this suite of basaltic
pyroclastic rocks is more than 50-m thick. If they are transported over
long distances, they will be widely distributed in Xisha Islands.
However, Well XK-1 and Well XY-1, which are located near to Well
CK-2, drilled through the thick reefal limestone and into the underly-
ing metamorphic basement. None of the two wells found pyroclastic
rocks or terrigenous clastic rocks. Furthermore, the depocenter
(Huaguang Depression, Changchang Depression, and Zhongjian
Depression) around the Xisha Uplift prevent the exotic pyroclastic
material from the SCB being deposited in the Xisha Uplift. Therefore,
we suggest that the basaltic pyroclastic rocks are in situ or nearby
volcanism. Sr isotopes from the carbonate rocks show that carbonate
rocks began to develop from 19.6 Ma (unpublished data), indicating
that the basaltic pyroclastic rocks may have been formed before
19.6 Ma. Combining with the zircon U-Pb ages, we suggest that the
basaltic pyroclastic rocks might be formed in 35.5-19.6 Ma, indicating
that there may be an alkaline magma activity during 35.5-19.6 Ma in
Xisha Islands, which may be related to the expansion of the SCS.

5.3 | The volcanic activity in Xisha Islands

As indicated by gravitational and magnetic anomalies, igneous rocks
are considered to be widely distributed in the Xisha Islands (Ma
et al., 2016; Wan et al., 2006). Ma et al. (2011) pointed out that there
were two periods of volcanic activity in Xisha Islands. Based on the
latest high-resolution multichannel seismic data in combination with
drilling well data, the Cenozoic magmatism of Xisha Islands are divided
into the three periods: Palaeocene and Eocene, early Oligocene to
mid-Miocene, and mid-Miocene to Recent (Zhang, 2014; Zhang
et al, 2014; Zhang, Wu, & Dong, 2016). Extrusive structures are

divided into flat-topped and conical-topped seamounts (Zhang et al.,

2014; Zhang et al., 2016). The remarkable characteristics of the flat-
topped seamount are flat and broad top and steep slope. There are
13 flat-topped seamounts in Xisha sea area (Zhang, 2014). Generally,
the maximum width on the top of the flat-topped seamount is more
than 8 km. Magnetic anomaly suggests that the flat-topped seamount
might be of basaltic nature rather than continental crust or shallow
water sandstone deposits. The conical-topped seamounts are consid-
ered to be formed in a strong central volcanic eruption. They are
mainly distributed along the large fault in a beaded shape. Compared
with flat-topped seamounts, the conical-topped seamounts have a
high and sharp head, which is exposed above seafloor (Zhang, 2014;
Zhang et al., 2014; Zhang et al., 2016). As the only volcanic island
exposed in Xisha sea area, the K-Ar age of volcanic rocks from
Gaojianshi Island is 1.57 Ma (Zou, 1993).

Huang, Qiu, Xu, and Zeng (2011) used natural seismic data from
Chenhang Island to simulate the crustal structure and found that the
lower crust had a ductile rheological structure caused by the deep
thermal activity of the mantle. Due to the multiphase expansion of
the SCS, the Xisha Islands are characterized by thin continental crust,
and there are extensive deep faults around the periphery, which are
prone to volcanic activity. Seismic data show that there are NE-ENE
and NW trending faults along the Xisha block boundary. The
reactivation of the faults accompanied by volcanicity is affected by
multiphase tectonic movements (Feng et al., 2015). Based on seismic
data, Feng et al. (2017) further pointed out that there are multiple
volcanic structures in Xisha sea area.

The basaltic pyroclastic rocks in this study indicate that there have
been explosive volcanic activities in Xisha sea area in the SCS.
Combining the characteristics of the basaltic pyroclastic rocks and
the volcanic activity in Xisha Islands, we further speculate that
Chenhang Island had volcanic activity. It may be one of the 13 flat-
topped seamounts described by Zhang (2014). Pyroclastic rock on sea-
mount is the product of explosive volcanism (Yan & Shi, 2007). Due to
the positive topography of the top of the seamount, it is difficult for
the exogenous debris to reach the top of the seamount. Therefore, the
source region of basaltic pyroclastic rocks is relatively simple, except
for a small amount of biological remains carried in suspension manner.
Since the Miocene, subsidence has occurred in the whole region of Xisha
Islands, which has been gradually submerged by sea water. As a result,
this region has suitable temperature, salinity, and water depth, and coral
reef carbonate strata have been extensively developed. Unfortunately,
our drilling did not drill through the pyroclastic rock. Thus, more drilling

and geophysical data are needed to prove this speculation.

5.4 | Comparison of tectono-magmatic event around
the SCS

Generally, most of the zircon grains from basaltic rocks are considered
as inherited zircons, which were derived from the crustal section and
traversed by the host lava (Pan et al., 2014). Thus, inherited zircons
can be used to indicate the concealed magma event (Condie,
Belousova, Griffin, & Sircombe, 2009; Pereira et al., 2011). The ages
of the zircon grains are basically consistent with the main magmatism
events in the SCB (Wang, Fan, Zhang, & Zhang, 2013; Wang, Yu,
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Griffin, & O'Reilly, 2012), suggesting that they may be related to
magmatic events in the SCB.

The second group of the zircons yielded an average age of
109.3 Ma (116-104 Ma, 16 grains). There are only two zircon grains
in the third group, with an average age of 144 Ma (148-144 Ma,
two grains). The two group zircons may derive from hidden magmatic
intrusions, which record two major igneous activities in the SCS. The
contemporaneous granitic rocks are widely distributed surrounding
the SCS region, such as Pearl River Mouth Basin, Zhongsha Block,
Nansha Block, and Xisha block. The Late Mesozoic magmatic activity
in the SCS continued over a long period of time, ranging from 159
to 70.5 Ma (Yan, Shi, & Castillo, 2014; Zhu et al., 2017). It is generally
believed that the Late Mesozoic igneous activity are the result of the
subduction of the old Pacific Plate beneath the Eurasian Plate (Yan, Li,
& Yan, 2014 and references therein). The ages of the granitic rocks
from the Nansha microblock vary from 159 to 127 Ma (Yan et al,,
2010). Well XK-1, which is located in Shidao, Xisha Islands, is near
to Well CK-2. The basement rocks of the Well XK-1 consist of
amphibole plagiogneisses and the granite. The granitic rocks have an
average zircon 2°°Pb/2%8U age of 107.8 + 3.6 Ma. The zircon grains
of magmatic origin from the amphibole plagiogneisses yielded an
average age of 152.9 + 1.7 Ma, hinting that the protolith of the
gneisses was the Late Jurassic igneous rocks (Zhu et al., 2017). These
two zircon U-Pb ages are similar to our research, indicating that there
may be a genetic link. In other words, they may record similar igneous
activity. The Yanshanian tectono-magmatic events that extensively
affected the South China Block (SCB) during the Mesozoic may also
involve the microcontinental block scattered in the SCS.

Six zircon grains display scattered Early Mesozoic ages (Group 4
and Group 5, 255-196 Ma), which records the Indosinian magmatic
activity. The South China Indosinian granites are mainly distributed in
South China inland, which were the results of the subduction-colli-
sion-extension processes of the surrounding blocks (Mao et al,
2013; Mao, Li, & Ye, 2014). There are two stages of early Mesozoic
granites, whose age ranges are 228-244 and 210-218 Ma, respec-
tively (Song, Shu, Santosh, & Li, 2015; Wang et al., 2013). Thus, the
magmatic events represented by the inherited zircons of in this study
are in good agreement with the Indosinian magmatic activities in the
SCB, suggesting that there may be a causal relationship. These mag-
matic activities were the products of the convergence of multiple
blocks (Mao et al., 2014).

There is only one Early Palaeozoic zircon grain in this study. The
corresponding magmatic rocks (440-309 Ma) are exposed extensively
in the SCB (Zhou, Sun, Shen, Shu, & Niu, 2006; Wang et al., 2011,
2013). Most of the Early Palaeozoic magmatic rocks were granitic
rocks, which mainly distributed in the Cathaysia Block. The corre-
sponding magmatic events have been interpreted as related
intracontinental orogeny triggered by interactions between the
Yangtze and Cathaysia continental blocks (Song et al., 2015).

In the studied sample, only three grains have Neoproterozoic ages
(808-749 Ma). The Neoproterozoic-exposed rocks (808-749 Ma)
recently have been identified in the eastern segment of Wuyi-Yunkai
orogen in SCB (Li et al., 2010; Li, Li, Li, & Liu, 2008). These magmatic
events used to be interpreted as related to the mantle superplume,

which led the breakup of the supercontinent Rodinia (Li et al., 2008;
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Wang & Li, 2003; Yu et al., 2008). However, Xiu et al. (2017) suggested
that the SCB was located on the margin of Rodinia supercontinent and
rule out mantle plume in SCB. Furthermore, Neoproterozoic inherited
zircon (675 Ma) has been found from granitic rocks in Nansha
microblock, indicating the presence of Proterozoic components in the
source regions of the magma (Yan, Shi, Wang, & Liu, 2008, 2010).

The 1,185 Ma corresponds to the Grenville Orogeny. The
Mesoproterozoic ages have also been found in detrital zircons and
inherited zircons in the southern Cathaysia Block (Xiang & Shu,
2010; Wang, Yu, Griffin, & O'Reilly, 2008 and reference therein).
There was a young Grenville-aged Orogeny in the southern Cathaysia
Block, which is different with Jiangnan Orogen along the southeastern
margin of the Yangtze Block (Wang et al., 2008; Xiang & Shu, 2010; Yu
et al., 2007, 2008).

There are two Paleoproterozoic zircon grains in our study
(1817 + 28 and 2440 + 19 Ma), which is the first report on
Paleoproterozoic material in the SCS. The similar Paleoproterozoic
ages have also been found in the SCB (Li, Li, & Li, 2014; Liu et al,,
2014; Wang et al., 2008; Xiang et al., 2008; Xiang & Shu, 2010; Xu
et al., 2007; Yu et al., 2007, 2008, 2010; Yu, O'Reilly, Zhou, Griffin,
& Wang, 2012; Yu, Wang, O'Reilly, Shu, & Sun, 2009; Zheng et al.,
2008; Zheng et al., 2011). The ~2.5 Ga corresponds to globally conti-
nental nuclei growth. The ~1.8-Ga tectonothermal event was synchro-
nous with the assembly of the Columbia supercontinent. The Archaic
information of the Cathaysia Block is currently only found in detrital
zircons and inherited zircon cores. The provenance of the ~2.5-Ga zir-
con grains are controversial. Many geologists suggested that these zir-
cons were from the unexposed Archean basement rocks (Shu, 2012;
Xia, Xu, & Zhu, 2012; Xu et al., 2007; Yu et al., 2007, 2010; Zheng
et al, 2011) and speculated the existence of the Archean crust at
depth in the Cathaysia Block. However, no Archean rocks have been
identified so far. The Badu Complex is generally considered to be a
series of Paleoproterozoic strata, which may represent the oldest
rocks known in the Cathaysia Block. The zircon U-Pb ages suggest
that the Badu Complex were deposited at 2.5 Ga (Yu et al., 2012).
Because the Archean detrital zircons are oval in shape with abrasive
imprints, Li, Li, and Li (2014) suggested that the Archean detrital zir-
cons were derived from East Antarctica rather than from Cathaysia
itself (Li, Li, & Li, 2014). There may be no Archaean basement in the
Cathaysia Block.

In general, the ages of inherited zircons are comparable to mag-
around the SCS,
microcontinents dispersed in the SCS are of affinity with the SCB
(Liu et al., 2006; Liu, Zhao, Fan, & Chen, 2002; Yan et al., 2010; Yan,

Shi, Wang, et al., 2008). In other words, these microcontinents were

matic activities occurred implying  the

probably once contiguous with the SCB (Yao et al., 2004). Due to
the extension and thinning of the continental lithosphere of the SCS
since the Late Cretaceous, these microcontinents began to rotate
and displace, finally reaching the present position (Liu et al., 2004).
The SCB, together with those continental terranes of east and South-
east Asia, are considered as an integrated part of Gondwana (Li et al.,
2018; Li, Li, & Li, 2014; Yao, Li, Li, Li, & Yang, 2014; Yu et al., 2008). In
all, all the above cases indicate that the SCS have Precambrian mate-
rials, and the ancient continental basement has experienced multi-

stages magmatic events.
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6 | CONCLUSIONS

1. This paper reports the basaltic pyroclastic rocks from Well CK-2,
Xisha Islands, the northwestern SCS. The clinopyroxenes from
the basaltic pyroclastic rocks were characterized by high content
in Al and Ti and belonged to diopside. The primary magma was
the alkaline magma and probably formed in an intraplate alkali
basalt setting.

2. The youngest group yielded an age of 35.5 + 0.9 Ma, which rep-
resents the maximum age of the basalt eruption.

3. The ages of inherited zircons were comparable to magmatic activ-
ities occurred around the SCS. The microcontinents dispersed in
the SCS were of affinity with the SCB. This basaltic pyroclastic
rock comprises one zircon grain forming at 2440 Ma, which is
the oldest materials found in the SCS, indicating that the SCS
basement may contain very old materials. The ancient continental

basement has experienced multi-stages magmatic events.
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