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Triassic volcanic rocks, including basalts and dacites, were drilled from Meiji Atoll in the
South China Sea (SCS), which represents a rifted slice from the active continental margin
along the Cathaysia Block. In this study, we present apatite and whole rock geochemistry
of Meiji dacites to decipher their petrogenesis. Apatite geochronology yielded U-Pb ages of
204–221Ma, which are identical to zircon U-Pb ages within uncertainty and thus
corroborate the formation of the Meiji volcanic rocks during the Late Triassic. Whole
rock major elements suggest that Meiji dacites mainly belong to the high-K calc-alkaline
series. They display enriched patterns in light rare earth elements (LREE) and flat patterns in
heavy rare earth elements (HREE). They show enrichment in large-ion lithophile elements
(LILE) and negative anomalies in Eu, Sr, P, Nb, Ta, and Ti. The dacites have initial 87Sr/86Sr
ratios of 0.7094–0.7113, εNd(t) values of -5.9–-5.4 and εHf(t) values of -2.9–-1.7, whereas
the apatite has relatively higher initial 87Sr/86Sr ratios (0.71289–0.71968) and similar εNd(t)
(-8.13–-4.56) values. The dacites have homogeneous Pb isotopes, with initial 206Pb/204Pb
of 18.73–18.87, 207Pb/204Pb of 15.75–15.80, and 208Pb/204Pb of 38.97–39.17. Modeling
results suggest that Meiji dacites can be generated by <40%partial melting of amphibolites
containing ∼10% garnet. Therefore, we propose that the Meiji dacites were produced by
partial melting of the lower continental crust beneath the South China block, triggered by
the underplating of mafic magmas as a response to Paleo-Pacific (Panthalassa)
subduction during the Triassic. Meiji Atoll, together with other microblocks in the SCS,
were rifted from the South China block and drifted southward due to continental extension
and the opening of the SCS.
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INTRODUCTION

As one of the largest marginal basins, the South China Sea (SCS) in the western Pacific
(∼3,500,000 km2) has been extensively studied in recent years (e.g., Taylor and Hayes, 1983;
Savva et al., 2014; Zhang G.-L. et al., 2018; Ye et al., 2018; Ding et al., 2020; Cui et al., 2021;
Miao et al., 2021). It has been suggested that the South China block (SCB) experienced extension and
rifting since the Mesozoic, which finally resulted in formation of the SCS (Taylor and Hayes, 1983; Li
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Z.-X. et al., 2012; Ding et al., 2018; Fan et al., 2020). Magmatism
plays a significant role in plate reconstruction and understanding
regional tectonic evolution. Previous work mainly focused on the
spreading ridges and the Cenozoic continental margins of the SCS
region as the former contain significant hydrocarbon reservoirs
(Fan et al., 2020). Research on the pre-Cenozoic igneous activity
and structural evolution of the SCS region is relatively limited,
particularly for the southern continental margin of the SCS that
split off from the Eurasian margin by the opening of the SCS in
the Cenozoic. Before the initial rifting and seafloor spreading, the
SCS region is considered to be a convergent continental margin
with an Andean-type volcanic arc during much of the Jurassic
and Cretaceous, and thus then represented the southernmost
extent of the South China mainland (Holloway, 1982). In
contrast, outside of the SCS area, Permian–Triassic volcanic
rocks have rarely been reported along the eastern coastal
region of the SCB, which is interpreted to be the result of high
rates of tectonic uplift and erosion of the active continental
margin volcanic arc (Yamamoto et al., 2009; Safonova et al.,
2015; Gao W. et al., 2017). However, the northern and southern
continental margins of the SCS that opened during the Cenozoic
preserve the record of late Mesozoic arc magmatism in the SCB
related to Paleo-Pacific subduction according to large positive
magnetic anomalies and Mesozoic silicic to intermediate arc-
related intrusives and volcanic rocks (e.g., Zhou et al., 2006; Yan
et al., 2010; Wu et al., 2011; Yan et al., 2014; Xu et al., 2017; Li
et al., 2018).

Recently, Mesozoic strata in the northeastern SCS with large
thickness, relatively high P-wave velocities, and high densities
have been interpreted as the Mesozoic forearc basin based on
ocean bottom seismometer (OBS) data, multi-channel seismic
data, gravity data, drill hole data, and petrologic observations. The
sequence thus constitutes an arc-forearc-accretionary wedge
within the SCS region (Fan et al., 2020). It is generally
accepted that the southern continental margin of the SCS was
once located on the edge of the SCB before the formation of the
SCS, sharing a similar tectonic setting to the SCB during the
Mesozoic time (Taylor and Hayes, 1983; Briais et al., 1993; Hall,
2002; Ding et al., 2013; Franke et al., 2014; Miao et al., 2021; Wei
et al., 2021). Therefore, we speculate that the arc magmatism
associated with the active continental margin in the early
Mesozoic may be preserved in the SCS region.

In this study, we present the geochemical compositions of Late
Triassic dacites drilled on Meiji Atoll in the SCS, including whole
rock elemental and isotopic data, and Sr-Nd isotopes of apatite.
These data are utilized to decipher the petrogenesis of the dacites
and the evolution of the active continental margin of the SCB.

GEOLOGICAL SETTING AND SAMPLE
DESCRIPTION

Geological Setting
The South China Sea (SCS) is encircled by three plates (Figure 1),
i.e., the Philippine Sea plate, the Eurasian plate, and the Indo-
Australian plate. It consists of three geological units, i.e., the
northern continental margin, the ocean basin, and the southern

continental margin (Yan et al., 2010). It has been suggested that
the SCS experienced almost a complete Wilson cycle since the
Late Mesozoic, i.e., from continental rifting, through seafloor
spreading, and then eastward subduction of the SCS lithosphere
under the Philippine Sea plate (Ding et al., 2018). The Cathaysian
block had experienced lithospheric extension since the Late
Cretaceous (Schlüter et al., 1996; Zhou et al., 2015), and seems
to exploited the pre-existing Andean-type arc along the eastern
coastal region of the SCB (Clift and Lin, 2001). Deep tow
magnetic data and the IODP Expedition 349 drilling results
have constrained that seafloor spreading in the SCS was
initiated at ca. 33 Ma and terminated by ca. 15 Ma (Li et al.,
2014; Ding et al., 2018). The mechanism leading to the opening of
the SCS remains highly controversial and different models have
been proposed, including tectonic rotation and extrusion of the
Indochina Peninsula (Tapponnier et al., 1986; Briais et al., 1993),
slab pull of the proto-SCS (Sibuet et al., 2016), back-arc extension
(Sun et al., 2018), and the Hainan plume (Xu et al., 2012).

Opening of the SCS also resulted in the south-by-
southeastward movements of several micro-blocks, including
the Reed Bank-Northeastern Palawan block (Bing-Quan et al.,
2004; Barckhausen et al., 2014; Wei et al., 2015). Several micro-
blocks constitute the continental margin of the SCS (Yao et al.,
2004), including the Zhongsha block (Macclesfield Bank), the
Xisha block (Paracel Islands), the Dongsha block (Pratas Reef),
the Nansha block (Spratly Islands), and the Reed Bank-
Northeastern Palawan block (Yan et al., 2010). Previous
studies have inferred the existence of a continental basement
underneath the Nansha block and probably all other microblocks
in the SCS, based on the Nd model ages of dredged 159–127 Ma
granitic rocks and samples from several wells within this area
(Yan et al., 2010).

Meiji (i.e., Mischief) Atoll, as a part of the Reed Bank-
Northeastern Palawan block, is located on the northeastern
margin of the Spratly Islands. Reed Bank is surrounded by
thick Cenozoic sedimentary basins extending over an area of
about 55,000 km2. Numerous scattered coral reefs, seamounts, sea
knolls, trough valleys, and fault-depressed mesas are distributed
throughout the basin floor of Reed Bank, resulting in highly
variable topography (Tang et al., 2014). The shear wave velocity
structure of a wide-angle seismic profile across Reed Bank along
the southern continental margin of the SCS demonstrates a
decrease of the Moho depth from 20 to 22 km at Reed Bank
to 9–11 km in the deep oceanic basin, indicating marked regional
extension in this area (Wei et al., 2015). Numerous petrological,
sedimentological, and geophysical lines of evidence all suggested
that the southern continental margin of the SCS shares an affinity
with the South China mainland before the opening of the SCS
basin (Taylor and Hayes, 1980; Holloway, 1982; Kudrass et al.,
1986; Hutchison, 2004; Yan et al., 2011; Miao et al., 2021).

Sample Description
The studied dacites were selected from the Nanke-1 core drilled
on Meiji Atoll, which penetrated the volcanic basement from
997.70 to 2,020.20 mbsf (meters below seafloor). The recovered
volcanic rocks mainly consist of dacites, and minor basalts
interbedded with the dacites. Samples in this study were
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collected from 1,197.20 to 1,502.05 mbsf of the core (Figure 2).
The dacite samples are phyric in texture and contain abundant
coarse-to-medium-grain plagioclase phenocrysts (∼10–15 vol%),
K-feldspar (2–5%), and quartz (2–5%). Both plagioclase and
K-feldspar phenocrysts are subhedral to euhedral in shape,
have grain sizes of 0.5–2 mm, exhibit porphyritic to
glomerocrystic textures, and have undergone moderate
alteration (Figures 2C,D). The groundmass is mainly
composed of tiny fine-grained plagioclase, quartz, biotite and
titanite (Figure 3C), with minor secondary minerals of chlorite,
sericite, and epidote. The plagioclase shows characteristic
polysynthetic twinning under optical microscopy. Opaques,
zircon, and apatite are present as accessory minerals.

Apatite ubiquitously occurs as the dominant phosphate
accessory mineral in the studied samples, mainly as inclusions
within plagioclase and seldom in the groundmass (Figure 3). The
apatite inclusions are subhedral to euhedral in shape, 25–320 µm
in size, whereas the groundmass apatite is 50–200 µm in size.
Microtextural features suggest that apatite was an early
crystallizing phase.

ANALYTICAL METHODS

All measurements were conducted at the Institute of Geology and
Geophysics, Chinese Academy of Sciences (IGGCAS).

Apatite Major Elements
Major element compositions of apatite were measured by JEOL-
JXA8100 electron microprobe operated with wavelength-
dispersive spectrometers (WDS). The operating conditions
were 15 kV accelerating voltage, 10 nA beam current, and
10 μm defocused electron beam. Twenty seconds (s) of
counting time was used for most elements, except F and Cl
that were examined for 10 s in order to avoid volatile loss at their
characteristic X-rays. Natural minerals and synthetic oxides were
chosen as calibration standards, and all data were corrected based
on the ZAF procedure. Analytical accuracy for most elements was
better than 1%, whereas for Cl and F it was ∼5%.

Apatite U-Pb Dating and Trace Elements
Apatite grains were separated from three dacite samples using
conventional hydro-separation and magnetic methods, followed
by handpicking under a binocular microscope. The apatite grains
were mounted in an epoxy resin disc and afterwards polished to
expose their internal sections. These grains were examined and
imaged before analysis using an optical microscope under both
transmitted and reflected light. Back-scattered electron (BSE) images
were acquired to determine internal structure and target positions
for in situ spot analyses. Apatite U-Pb dating was undertaken by an
Agilent 7500a quadruple inductively coupled plasma mass
spectrometer (Q-ICP-MS), coupled with a 193 nm excimer ArF
laser-ablation system (Geolas HD, Lambda Physik, Göttingen,

FIGURE 1 | Tectonic sketchmap of the area around the South China Sea (after Yu et al., 2018). BBWB, Beibuwan basin; SWTB, Southwest Taiwan basin; XI, Xisha
Islands (Paracel Islands); ZI, Zhongsha Islands (Macclesfield Bank); DI, Dongsha Islands (Pratas Islands). White circles 1, 2, and 3 represent the fossil mid-ocean ridge at
ages of ca. 33–23.6 Ma, ca. 30–28.5 Ma, and ca. 23.6–15 Ma, respectively. The black solid line represents the lithospheric faults. The white solid line with white triangles
represents the subduction zone.
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Germany). The detailed procedure has been previously described
(Yang et al., 2009). A spot diameter of 60 μm, a repetition rate of
6 Hz, and a fluence of 6.5 J/cm2 were used. Two apatite standards,
NW-1 (1,160 ± 5Ma; Li Q.-L. et al., 2012) and McClure Mountain
(523.51 ± 1.47Ma; Chew et al., 2014), were analyzed to correct
downhole U–Pb fractionation, mass bias, and intra-session
instrument drift. For trace element analyses, 43Ca was used as an
internal standard and NIST SRM 610 reference glass was used as an
external standard. The CaO content in apatites was determined by
electron microprobe analysis. The GLITTER program (GEMOC,
Macquarie University; Griffin et al., 2008) was used for age and trace
element data reduction. Tera-Wasserburg plots and age calculations
were generated using Isoplot 3.0 (Ludwig, 2000).

Apatite Sr-Nd Isotopes
In-situ analyses of Sr and Nd isotopes in apatite were conducted
using a Thermo Scientific Neptune multi-collector inductively
coupled plasma mass spectrometer (MC-ICP-MS), coupled with
a 193 nm ArF Excimer laser-ablation system (Geolas HD,

Lambda Physik, Göttingen, Germany). A spot size of 60 µm
and a pulse rate of 6 Hz were used. The detailed procedure
has been previously described (Yang et al., 2008). A typical
data acquisition cycle consisted of a 30 s measurement of the
Kr gas blank with the laser switched off, followed by 60 s of
measurement with the laser ablating. Data reduction was
conducted offline and the potential isobaric interferences were
accounted for in the following order: Kr, Yb2+, Er2+ and Rb.
Finally, the 87Sr/86Sr ratios were calculated and normalized from
the interference-corrected 86Sr/88Sr ratio using an exponential
law. The whole data reduction procedure was performed using an
in house Excel VBA (Visual Basic for Applications) macro
program. Two apatite reference materials, Slyudyanka and
AP1, were measured along with the samples and yielded 87Sr/
86Sr ratios of 0.70761 ± 19 (2SD, n � 20) and 0.711,315 ± 20 (2SD,
n � 18), respectively, which are consistent with their respective
reference values of 0.70769 ± 15 and 0.711,370 ± 31 (Yang et al.,
2014).

In order to obtain accurate 147Sm/144Nd and 143Nd/144Nd data
by LA-MC-ICP-MS, care must be taken to adequately correct for
the contribution of the isobaric interference of 144Sm on the
144Nd signal. The Sm interference correction is complicated by
the fact that the 146Nd/144Nd ratio, which is conventionally used
to normalize the other Nd isotope ratios, is also affected by Sm
interference. As a result, the mass bias correction of 144Sm
interference on 144Nd cannot be applied directly from the
measured 146Nd/144Nd ratio. In this work, we have adopted
the recently revised Sm isotopic abundances (147Sm/149Sm �
1.08680 and 144Sm/149Sm � 0.22332) (Yang et al., 2014).
Firstly, we used the measured 147Sm/149Sm ratio to calculate
the Sm fractionation factor and the measured 147Sm intensity by
employing the natural 147Sm/144Sm ratio of 4.866,559 to estimate
the Sm interference on mass 144. Then the interference-corrected
146Nd/144Nd ratio can be used to calculate the Nd fractionation
factor. Finally, the 143Nd/144Nd and 145Nd/144Nd ratios were
normalized using the exponential law. The 147Sm/144Nd ratio
of unknown samples can also be calculated using the exponential
law after correcting for isobaric interference of 144Sm on 144Nd as
described above. The raw data were exported offline and the
whole data reduction procedure was performed using an in house
Excel VBA (Visual Basic for Applications) macro program. Two
apatite reference materials, Otter Lake and Mud Tank, were
measured along with the samples and yielded 143Nd/144Nd
ratios of 0.511,925 ± 51 (2SD, n � 15) and 0.512,324 ± 130
(2SD, n � 10), respectively, which are consistent with their
respective reference values of 0.511,942 ± 45 and 0.512,361 ±
111 (Yang et al., 2014).

Whole-Rock Major and Trace Elements
The dacite samples were crushed and then powdered to a grain
size of 200 mesh in an agate mill for whole rock analyses. Bulk-
rock major element compositions were determined on fused
lithium–tetraborate glass beads, using the AXIOS Minerals
X-ray fluorescence (XRF) spectrometer. The analytical
precision for the concentrations of major elements ranges
from 1 to 3%. Concentrations of whole rock trace elements
were analyzed by an Agilent 7500a inductively coupled plasma

FIGURE 2 | (A) Simplified lithological column section of the Nanke-1 drill
core. (B) Representative photograph of the drill core for sample NK-1-V2-16.
(C–D) Major mineral assemblages of the dacite. Plagioclase phenocrysts are
porphyritic to glomerocrystic, scattered in the fine-grained groundmass,
and have undergone moderate alteration. Three red and four blue pentagons
show the depth of meters below seafloor (mbsf) for dated dacites and the
corresponding LA-ICPMS apatite U-Pb ages and SIMS zircon U-Pb ages,
respectively. Qtz, quartz; Pl, plagioclase.
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mass spectrometer (ICP-MS), following the procedure of Yang
et al. (2012). The powdered samples (about 50 mg) were dissolved
in high-pressure Teflon vessels using a highly purified HF +
HNO3 mixture for 5 days at 150 C. Rh was added as an internal
standard to monitor signal drift during analysis. Standard
materials BIR-1a, RGM-2, GSR-3, and BHVO-2 were analyzed
as unknown samples to monitor the accuracy of data, and
indicated the analytical uncertainties were better than 5%.

Whole-Rock Sr-Nd-Hf-Pb Isotopes
Sr-Nd-Hf isotopic ratios were measured on a Neptune Plus MC-
ICPMS, following the procedure of Yang et al. (2010). About 100mg
sample powders were dissolved in high-pressure Teflon vessels using
a highly purified concentrated HF + HNO3+HClO4 (2 ml + 1 ml +
0.2 ml) mixture for 7 days at 150°C. The solutions then were
evaporated to fume HClO4, after which 1ml 6M HCl was added
and dried, and then this procedure was repeated one time. After
cooling down, 5 ml of 3MHCl was added to the residue, which was
put on a hot plate at 100°C for 12 h. Then the sample solutions were
loaded onto pre-conditioned 2ml Ln Spec resins. The light and
middle rare earth elements (LMREE) were firstly eluted out, then
followed by the Lu (+Yb) fraction. After separating the Ti from Hf
using a 4M HCl+0.5% H2O2 mixture, Hf (+Zr) was extracted from
the column with HF. After drying the Hf (+Zr) solution, 1 ml of 2%
HNO3 was added to the residue for Hf analysis. The solution of
LMREE was dried and re-dissolved in 1.5 ml of 2.5M HCl. After

loading the solution into a quartz column packedwithAG50W-X12,
Rb and Sr were eluted with 1.5 ml of 5M HCl and 3ml of 5M HCl,
respectively. Then the LMREE fraction was stripped out with 6 ml of
6M HCl. After the LMREE collections were dried and re-dissolved
in 0.5 ml of 0.25 M HCl, the solutions were loaded onto another
commercial Ln Spec resin column (100–150 μm particle size, 2 ml)
to elute Nd and Smwith 6ml of 0.25MHCl and 10ml of 0.4MHCl,
respectively.

The 87Sr/86Sr, 143Nd/144Nd and 176Hf/177Hf ratios were
normalized to 86Sr/88Sr � 0.1194, 146Nd/144Nd � 0.7219 and
179Hf/177Hf � 0.7325, respectively, using the exponential law.
During the analytical sessions, the measured values for NBS987
Sr standard, JNdi-1 Nd standard, and Alfa Hf standard were
0.710,277 ± 24 (2SD, n � 10) for 87Sr/86Sr, 0.512,107 ± 10 (2SD,
n � 10) for 143Nd/144Nd, and 0.282,192 ± 14 (2SD, n � 12) for 176Hf/
177Hf. In addition, USGS reference materials BHVO-2 and BIR-1
were also processed for Sr–Nd–Hf isotopes, and gave ratios of
0.703,481 ± 12 (2SD, n � 4) and 0.703,101 ± 11 (2SD, n � 4) for
87Sr/86Sr, 0.512,987 ± 12 (2SD, n � 4) and 0.513,124 ± 13 (2SD, n �
4) for 143Nd/144Nd and 0.283,087 ± 10 (2SD, n � 4) and 0.283,247 ±
20 (2SD, n � 4) for 176Hf/177Hf, respectively, which is identical,
within error, to the recommended values (Jochum et al., 2005). The
total procedure blanks for Sr, Nd, and Hf were 240 pg, 70 pg, and
50 pg, respectively.

The Pb isotopes were measured on a Thermo-Fisher Triton
Plus thermal ionization mass spectrometer (TIMS) following the

FIGURE 3 |Occurrences of early crystallized euhedral apatite grains in the dacites. Representative photomicrographs and backscattered-electron images (BSE) of
euhedral apatite occurring as inclusions in a plagioclase phenocryst (A–C) and in the groundmass (D). Apatite grains are homogeneous and no zoning was found. Pl,
plagioclase; Ap, apatite; Kfs, K-feldspar; Bt, biotite; Ttn, titanite.
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procedure of Li et al. (2015). About 100–120 mg sample powders
were dissolved in Savillex Teflon screw-cap beakers using a highly
purified concentrated HF + HNO3 mixture for 7 days at 160°C.
The Pb fraction was separated from the matrix using the HBr-
HCl elution procedure in Teflon columns containing ∼0.15 ml
anion resin (AG1-X8, 100–200 mesh), which was re-dissolved
using a mixture solution of silica gel and H3PO4.

The whole chemical procedural blank for Pb was
approximately 200 pg. The standard NIST 981 was used to
monitor instrument stability during data collection and to
correct mass fractionation. Measured Pb isotopic ratios were
corrected for instrumental mass fractionation of 1.2‰ per
atomic mass unit by reference to repeated analyses of the
NIST 981 Pb standard.

RESULTS

Apatite U-Pb Ages
The U-Pb isotopes of apatite are listed in Supplementary Table
S1. Apatite grains from the Meiji dacites are mostly euhedral to

subhedral in morphology, and transparent to light brown in
color. BSE images show that some of them are characterized by
core-rim zonation textures and contain cracks filled with mineral
inclusions like calcite (Figure 4D). They have widths of
25–320 μm and length to width ratios of 1:1–4:1 in the thin
sections. The U-Pb isotope data plot nearly along linear arrays in
Tera-Wasserburg diagrams (Figure 4), with lower intercept ages
of 232 ± 15 Ma (MSWD � 0.18, n � 24) for sample NK-1-V2-16,
216 ± 13 Ma (MSWD � 1.7, n � 52) for sample NK-1-V2-173, and
225 ± 11 Ma (MSWD � 0.38, n � 47) for sample NK-1-V2-204
(Supplementary Table S1). The 207Pb-corrected weighted mean
206Pb/238U ages are 215.6 ± 9.6 Ma (MSWD � 0.23, n � 24) for
sample NK-1-V2-16, 204.7 ± 5.3 Ma (MSWD � 0.77, n � 52) for
sample NK-1-V2-173, and 221.1 ± 5.3 Ma (MSWD � 0.35, n �
47) for sample NK-1-V2-204 (Figure 4).

Apatite Compositions
Major and trace elements of apatite are listed in Supplementary
Tables S2, S3, respectively. Apatite from different samples
contains <1.0 wt% Al2O3 and show limited variations in both
CaO and P2O5, i.e., 50.6–54.6 wt% and 41.9–45.3 wt%,

FIGURE 4 | LA-ICPMS apatite U–Pb Terra-Wasserburg Concordia plots and the corresponding weighted mean 207Pb corrected 206Pb/238U ages for samples NK-
1-V2-16 (A), NK-1-V2-173 (B), and NK-1-V2-204 (C). (D)Back-scattered electron (BSE) images of the representative apatite grains. Some grains show cracks and filled
with mineral inclusions like calcite. Cal, calcite.
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FIGURE 5 | Element composition and calculated oxygen fugacity of apatite from dacites: (A) apatite-F versus apatite-Cl; (B) apatite-SiO2 versus apatite-MnO; (C)
apatite-δEu versus apatite-δCe (after Cao et al., 2012); (D) SiO2-host rock versus logfO2.

FIGURE 6 | (A)Chondrite-normalized REE patterns and primitive mantle-normalized trace element diagrams (A, B) represent dacites; (C, D) represent the average
compositions of apatite) for the Meiji dacites. Normalized values for chondrite and primitive mantle are from Sun and McDonough (1989).
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respectively. Most apatite from the Meiji dacites is fluorapatite,
containing 1.9–2.8 wt% F and <0.2 wt% Cl, which is typical of
igneous apatite (Chu et al., 2009). A rough negative correlation
exists between F and Cl contents (Figure 5A). In the SiO2 vsMnO

diagram (Figure 5B), all apatite data plot within the field of
magmatic apatite. The Meiji dacites apatite grains contain
1.7–26.7 ppm U, 5.5–110 ppm Th, 88–454 ppm Sr, and
273–2,441 ppm Y. They show consistent trace element

FIGURE 7 | Harker variation diagrams for the dacites from Meiji Atoll (A–H).
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patterns (Figure 6), are slightly enriched in LREE relative to
HREE with (Ce/Yb)N of 9–18, and display notable negative
anomalies in Eu, Nb, Hf, Ba, and Zr.

In-situ Sr-Nd isotopes have only obtained for apatite from two
samples (NK-1-V2-173 and NK-1-V2-204), as those grains from
the other two samples (NK-1-V2-16 and NK-1-V2-111) were not
big enough for laser ablation analysis. The Sr-Nd isotopes are
listed in Supplementary Table S4, where the initial 87Sr/86Sr
ratios and εNd(t) values were calculated using the obtained U-Pb
ages. The results show that the apatite has considerable variation
in both 87Rb/86Sr and 87Sr/86Sr ratios (Supplementary Table S4),
with respective ranges of 0.0005–0.4699 and 0.71293–0.72006,
yielding (87Sr/86Sr)i ratios of 0.71289–0.71968. In contrast, the
apatite has relatively homogeneous 147Sm/144Nd (0.1232–0.1359)
and 143Nd/144Nd (0.512,134–0.512,313) ratios, yielding εNd(t)
values of -8.1 ∼ -4.6 and two-stage Nd model ages of
1,365–1,639 Ma.

Whole-Rock Compositions
Whole rock major and trace elements of the Meiji dacites are
listed in Supplementary Table S5. Overall, they are relatively
fresh, as indicated by their low loss on ignition (LOI) values
(<1.5 wt%). Whole rock major elements were recalculated to
100% on an anhydrous basis. The Meiji dacites contain
62.53–69.78% SiO2, 0.61–1.68% MgO, 4.68–6.71% Fe2O3,
13.43–17.01% Al2O3, and 1.28–5.49% CaO, giving Mg# values

[ � 100×Mg/(Mg + Fe2+)] of 21–43. Their SiO2 contents
negatively correlate with MgO, Al2O3, Fe2O3, TiO2, P2O5, and
CaO (Figures 7A–F), but not with K2O nor Na2O (Figures
7G,H). They have total alkali contents (Na2O+ K2O) of
5.63–9.28 wt%. The Meiji dacites belong to the subalkaline
series and plot within the fields of dacites and trachydacites in
the TAS (total alkali-silica) diagram (Figure 8A). They are highly
variable in K2O contents (Figure 8B), most of which plot within
the field of the high-K calc-alkaline series. The Meiji dacites plot
entirely within the field of rhyodacite/dacite in the SiO2-Nb/Y
diagram (Figure 8C), and in the field of dacite and rhyolite in the
Th-Co diagram (Figure 8D). They show enriched patterns in
LREE and relatively flat patters in both MREE and HREE
(Figure 6A), with (Ce/Yb)N of 1.3–7.4. They also display
enrichment in large ion lithophile elements (LILE; e.g., Rb, Ba,
Th, U), and negative anomalies in high field strength elements
(HFSE; e.g., Nb, Ta, Ti), Eu, and Sr (Figure 6B).

Whole rock Sr-Nd-Hf-Pb isotopes of the Meiji dacites are
shown in Supplementary Table S6. They have enriched Sr-Nd-
Hf isotopic characteristics (Figure 9A–C), with initial 87Sr/86Sr
ratios of 0.7078–0.7164, εNd(t) values of -5.8 ∼ -5.3, and εHf(t)
values of -5.8 ∼ -1.0. The dacite has similar 143Nd/144Nd ratios
with its apatite, but less radiogenic 87Sr/86Sr ratios than apatite
(Figure 12A). They also show the similar Sr-Nd isotopic
compositions to the Late Permian to Triassic igneous rocks in
the SCB (Gao P. et al., 2017). The calculated two-stage Nd model

FIGURE 8 | Plots of (A) Na2O+ K2O vs SiO2 (B) K2O vs SiO2 (C) Nb/Y vs SiO2 (after Winchester and Floyd, 1976), and (D) Co. vs Th diagram (after Hastie et al.,
2007) for Meiji dacites.
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ages vary from 1,495 to 1,395 Ma and the two-stage Hf isotope
model ages vary from 1,534 to 1,122 Ma. In the εHf(t)-εNd(t)
diagram (Figure 12B), the dacites data plot along the terrestrial
array, i.e., εHf(t) � 1.33 × εNd(t) + 3.19 (Vervoort et al., 2011),
without significant Nd-Hf isotopic decoupling. The dacites have
consistent Pb isotopic compositions (Figures 12C–F) with
(206Pb/204Pb)i ratios of 18.73–18.87 (207Pb/204Pb)i ratios of
15.75–15.80, and (208Pb/204Pb)i ratios of 38.97–39.17. In the
207Pb/204Pb-206Pb/204Pb diagram (Figure 12C), the Meiji
dacites plot to the right of the 4.55 Ga geochron line, and
notably above the North Hemisphere reference line (NHRL).

The Meiji dacites have Pb isotopes similar to Mesozoic granites
dredged from the Nansha microblock (Figures 12C–F).

DISCUSSION

Timing of the Volcanism of Meiji Atoll
The U-Pb dating of apatite separated from three Meiji dacites
samples yielded Triassic ages of ca. 221–205 Ma (Figure 4), which
are identical within uncertainties to the SIMS U-Pb ages (ca.
218 Ma) previously reported for zircons separated from the Meiji

FIGURE 9 | Diagrams of isotopic compositions for the Meiji Atoll dacites and their apatite. (A) εNd(t) vs. (87Sr/86Sr)i (after Jiang et al., 2019 and reference therein) for
the dacites and apatite; (B) εNd(t) vs εHf(t) (after Feng et al., 2020 and reference therein) diagrams for the dacites; (C–F) Pb isotopic compositions for the dacites (C–D are
after Li et al., 2016 and reference therein; E-F are after Yan et al., 2011 and reference therein). Data sources: Late Permian to Triassic igneous rocks of the South China
block (Gao P. et al., 2017); Middle-Late Jurassic basaltic rocks of the Cathaysia block (Xie et al., 2006; Wang et al., 2008); Middle-Late Jurassic crustal-derived
suites of the Cathaysia block (Li et al., 2013); I-MORB (Indian mid-ocean ridge basalt), P&N-MORB (Pacific and Atlantic MORB), OIB (ocean island basalt), NHRL
(Northern Hemisphere reference line), and the 4.55 Ga geochron (Hart, 1984; Barry and Kent, 1998; Hofmann, 2003); Meiji basalts (Wei et al., 2021) and dacites (Miao
et al., 2021).
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dacites (Miao et al., 2021; Wei et al., 2021). Thus,
geochronological results of apatite and zircon jointly
corroborate the existence of Triassic magmatism on Meiji
Atoll. As the basalts are interbedded with dacites throughout
the core, we infer that both lithologies erupted coevally, which is
consistent with the lack of chilled margins. The U-Pb ages
obtained by both apatite and zircon collected at
1,197.20–1,502.05 mbsf are identical to the whole rock 40Ar/
39Ar ages and U-Pb ages of zircons collected at 1,485–1,705 mbsf
within uncertainties (Miao et al., 2021; Wei et al., 2021), also
indicating coeval eruption of theMeiji dacites. The identical U-Pb
ages indicate that the U-Pb isotope system of apatite was not
disturbed during low temperature alteration. Furthermore, this
also suggests that most of the dacites experienced fast post-
magmatic cooling to below ∼450 °C. Paleomagnetism has
demonstrated southward drift of the Meiji volcanic rocks after
their eruption (Wei et al., 2021). Therefore, Meiji Atoll was
originally part of the continental arc along the coastal region
of the SCB related to Paleo-Pacific (Panthalassa) subduction
during the Triassic.

Magmatic Processes Recorded by Apatite
Apatite is a very common accessory mineral in most igneous and
metamorphic rocks, and can host various trace elements,
including REEs and other important trace elements such as Sr
and V (Prowatke and Klemme, 2006), through substitution in the
crystal lattice (Hughes and Rakovan, 2015; O’Sullivan et al.,
2020). Therefore, apatite has the capacity to retain
geochemical information about the host magma through the
course of magmatic evolution (Chu et al., 2009), and thus can
provide effective constraints on compositions and original
tectonic settings of their parental magmas (Miles et al., 2013;
Miles et al., 2014; Pan et al., 2016; Zhang et al., 2020; Zhang et al.,
2021). Previous studies have shown that the evolution of the
silicic magmas is potentially recorded by the Eu anomaly, Sr
content, and REE pattern of apatite (Zafar et al., 2020).

Apatite commonly occurs as euhedral phenocrysts in the Meiji
dacites (Figure 3A), or as needle-shaped inclusions within
plagioclase (Figure 3B). Such textures indicate its magmatic
origin, and also suggest that it crystallized earlier than
plagioclase. A magmatic origin for apatite in the Meiji dacites
is supported by its major element compositions, where all
analyzed apatite grains plot within the field of magmatic
apatite in the SiO2-MnO diagram (Figure 5B). It has been
suggested that trace element compositions of apatite are
strongly dependent on the compositions of their host magmas,
and also related to the timing of their crystallization relative to
other minerals (e.g., plagioclase and titanite). Apatite in the Meiji
dacites show LREE-enriched patterns and a strongly negative Eu
anomaly (Figure 6C). Such a pronounced negative Eu anomaly is
a common feature of apatite from granitoids, which has been
ascribed to earlier crystallization of plagioclase than apatite. This
is because Eu2+ is more compatible than the other REE3+ ions in
plagioclase and its crystallization would result in depletion of Eu
in the host magmas (Zafar et al., 2020). But such an explanation is
precluded here because microtextures suggest an earlier
crystallization of apatite relative to plagioclase in the Meiji

dacites (Figure 3B). Moreover, earlier crystallization of apatite
relative to feldspar is also supported by a positive correlation
between Srapatite/Srhost-rock values and whole rock SiO2 contents
(Figure 10B). Therefore, it is most plausible that the negative Eu
anomaly in apatite of the Meiji dacites was inherited from their
host magmas and their source materials. This implies that
plagioclase was a residual mineral phase in the source
materials of the Meiji dacites (Yu et al., 2019).

Trace elements of apatite can also be utilized to trace the
fractionation of other minerals during magmatic evolution
because such minerals tend to compete with apatite for trace
elements (e.g., REEs; Miles et al., 2013). In the Ce/Sm-Yb/Gd
diagram (Figure 10A), the Meiji dacites plot along the trend of
titanite fractionation, suggesting that titanite crystallized from the
host magma together with apatite. Crystallization of titanite with
apatite is also consistent with the BSE image showing mineral
association of titanite and apatite (Figure 3C) and negative
correlations between the Sr content and LREE ratios, e.g., (La/
Yb)N (La/Sm)N, and (Sm/Yb)N (Figure 11D). This is because
crystallization of titanite can cause a strong depletion in LREE
and mild depletion in Sr in coexisting apatite (Chu et al., 2009). It
has been suggested that apatite generally incorporates less Sr than
its host magma (Chu et al., 2009), whereas apatite from the Meiji
dacites has much higher Sr contents than its host rock:
88–454 ppm (average � 372 ppm) vs 125–183 ppm (average �
158 ppm), respectively. Such a difference might suggest earlier
fractionation of plagioclase than apatite, but that would
contradict the microtextures. Alternatively, higher Sr contents
in apatite than its host rock can be explained by the involvement
of mafic magmas (Chu et al., 2009). Such a model is consistent
with the fact that apatite of the Meiji dacites exhibits variable
core-rim zonation textures (Figure 4D) and plots entirely within
the field of mixing between mantle- and crust-derived magmas
(Figure 10D). Apatite in the Meiji dacites is also characterized by
high Ce/Pb ratios, low Th/U ratios (Figure 9D) and cracks filled
with mineral inclusions like calcite (Figure 4D), suggesting the
involvement of fluids in their formation (Yang et al., 2020). The
fluids should be F-rich, as apatite in the Meiji dacites has much
higher contents of F than Cl, i.e., belonging to fluorapatites.

Trace elements (e.g., Ce, Eu, and Mn) in apatite are also
sensitive to the oxygen fugacity (f O 2) of the host magmas and
thus can provide effective constraints on the redox state of
magmas (Miles et al., 2014). Quantitative relationship between
the magmatic oxygen fugacity (f O 2) of silicic magmas and the
Mn concentration of apatite has been experimentally calibrated
(Miles et al., 2014), i.e., logfO2 � −0.0022 (±0.0003)Mn
(ppm)−9.75 (±0.46). The calculated results show that apatite
from the studied Meiji dacites have similar ranges of logfO2

values (Figure 5D), -11.68 ∼ -9.75, indicating moderate reduced
to oxidized states. This is consistent with both negative Eu and Ce
anomalies displayed by apatite of the Meiji dacites (Figure 5C).

Petrogenesis of the Meiji Atoll Dacites
Although the Meiji dacites were drilled from depths below the
seafloor, they are quite fresh and have low LOI values (<1.5 wt%),
suggesting a very low degree of alteration. Moreover, their major
elements show no correlation with LOI values, further suggesting
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negligible alteration. Strong correlations exist among the
immobile elements, such as HFSEs (e.g., Zr, Hf, Nb, and Ta)
and REEs. These elements are utilized to decipher the
petrogenetic processes and constrain the source features of the
Meiji dacites.

Previous studies have proposed various mechanisms for the
formation of dacites in non-ridge settings, including crustal
melting (Borg and Clynne, 1998), fractionation of mafic magmas
(Yamamoto, 2007), and assimilation of crustal materials into
mantle-derived magmas (Crabtree and Lange, 2010; Frey and
Lange, 2011). The Meiji dacites are calc-alkaline in composition,
mostly plotting within the high-K calc-alkaline field (Figure 8B).
They are characterized by high contents of SiO2 and K2O, but low
concentrations of MgO, Fe2O3, CaO, Cr, and Ni. These features rule
out the possibility that they were generated through hydrous mantle
melting. Throughout thewholeNK-1 core, dacites are volumetrically
dominant over basalts (Figure 2A). This suggests that the Meiji
dacites were unlikely to have been produced through fractionation of
maficmagmas.Moreover, there is a clear compositional gap between
the basalts and dacites (Wei et al., 2021), which also argues against
the fractionation of mafic magmas. Intermediate lithologies with
continuous variations in compositions would be expected, but are
not observed.

Apatite in granitoids commonly contains less Sr than its whole
rock composition, which stands in stark contrast to the Meiji
dacite and its apatite. It has been suggested that involvement of
mafic magmas in the parental magma can result in higher Sr
contents in apatite than its host magmas (Chu et al., 2009).
Apatite in the Meiji dacite has (87Sr/86Sr)i ratios more radiogenic
than its host rock (Figure 12A). This suggests that Meiji apatite
crystallized from parental magmas with (87Sr/86Sr)i ratios higher
than its host dacite, and therefore a component, probably of mafic
magma, with lower (87Sr/86Sr)i ratios was added after the
crystallization of apatite. In the ternary diagram of REE
(Figure 10D), all apatite in the Meiji dacite plots within the
field of crust-mantle mixing, which favors the addition of mafic
magmas. Nevertheless, neither mafic microgranular enclaves
(MMEs) nor quartz ocelli rimmed by hornblende and/or
biotite was observed in the Meiji dacites throughout the core.
This argues against the addition of significant amounts of mafic
magma to the parental magma of the Meiji dacites (Perugini and
Poli, 2012).

In a previous study (Wei et al., 2021), we have proposed that
Meiji Atoll was part of the continental magmatic arc of the SCB,
which was rifted and drifted southward to its current position. In
such a scenario, the Meiji dacites might be products of magmas

FIGURE 10 |Geochemical variation diagrams for apatite from the dacites. (A) Yb/Gd vs Ce/Sm (after Zafar et al., 2020) (B) Srap/Srhost-rock vs SiO2-host rock (C) Sr/
Th vs La/Sm, and (D) ΣLa-Nd-ΣSm-Ho-ΣEr-Lu (after Yang et al., 2020). Vectors indicate hornblende (Hbl), titanite (Ttn), apatite (Ap), and zircon (Zr) crystal fractionation.
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derived from the lower continental crust beneath the SCB.
Modeling using whole Sm/Yb and La/Yb ratios (Karsli et al.,
2020) suggests that the Meiji dacites can be produced by <40%
partial melting of amphibolites containing ∼10% garnet in the
lower continental crust (Figure 12A, B). On the other hand, the
Meiji dacites are compositionally different from adakites
produced by partial melting of a subducted slab (Defant and
Drummond, 1990) or thickened lower crust (Ma et al., 2016).
They have high Y and Yb contents, but low Sr contents, yielding
very low Sr/Y and La/Yb ratios; they thus plot entirely out of the
fields defined by adakites (Figures 11A,B). This suggests that
melting was not occurred at the base of thickened lower
continental crust beneath the SCB during Paleo-Pacific
(Panthalassa) subduction during the Late Triassic.

Formation of the Meiji dacites through melting of the lower
continental crust beneath the SCB is also supported by their
isotopic compositions. The Sr-Nd-Pb isotopes of the Meiji
dacites show affinities with the Mesozoic igneous rocks of the
SCB (Figure 12; Wang et al., 2008; Li et al., 2013). Both Nd and
Hf isotopes of the Meiji dacites yield similar two-stage model
ages of 1.5–1.1 Ga, which are relatively younger than the age of
the metamorphic basement beneath the Cathaysia block
(>1.85 Ga; Xu et al., 2007). Such a difference requires
accretion of juvenile crust during the Mesoproterozoic,
plausibly through magmatic underplating, which might be
evidenced in the Mesoproterozoic (1,441–1,424 Ma) mafic
rocks with depleted Hf-Nd isotopes (εNd(t) of +5.5∼+5.9 and
εHf(t) of +10.3∼+12.4) of Hainan Island (Zhang L. et al., 2018).

The existence of Mesoproterozoic basement in the SCB is also
supported by the Nd model ages (1776–928 Ma) of the Jurassic
(159–127 Ma) granitic rocks dredged from the Nansha micro-
block (Yan et al., 2010). Moreover, multichannel seismic
reflection studies reveal a layer with high velocity in the
lower crust extending southwards from the northeastern
margin of the SCS to the conjugate southern margin, which
might represent the underplated mafic magmas (Zhao et al.,
2010; Peng et al., 2020).

Tectonic Implications
Consistent with previous zircon U-Pb geochronological studies
(Miao et al., 2021; Wei et al., 2021), apatite U-Pb ages also
confirm the formation of the Meiji dacites during the Late
Triassic. Basalts interbedded with the dacites throughout the
NK-1 core drilled on Meiji Atoll show subduction-related
geochemical compositions, which were generated through
partial melting of the mantle wedge that was metasomatized
by agents released from the subducted Paleo-Pacific plate (Wei
et al., 2021). Underplating of the mafic magma triggered the
melting of the lower continental crust, giving rise to the dacites.
Therefore, the Meiji volcanic rocks were generated in a Triassic
subduction zone. Paleomagnetic data suggest that the Meiji
volcanic rocks were erupted at ∼16.2° N, thus Meiji Atoll has
experienced a 4.1° ± 1.5° post-eruption southward drift relative to
the SCB (Wei et al., 2021). Therefore, Meiji Atoll originally
occupied part of the continental magmatic arc developed
along the SCB as a result of Paleo-Pacific (Panthalassa)

FIGURE 11 | Variation diagrams of element concentrations and ratios in apatite. (A) Sr vs. (La/Sm)N (B) Sr vs. (Sm/Yb)N (C) Sr vs. (La/Yb)N, and (D)Ce/Pb vs Th/U.
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subduction, and was rifted from the SCB and drifted to the south
due to the opening of the SCS.

The Meiji dacites provide supportive evidence for the
existence of a Triassic Andean-type active continental margin
in the SCB related to Paleo-Pacific subduction, which is also
consistent with the discovery of a Cretaceous arc record beneath
the northwestern SCS (Cui et al., 2021). Continental extension
and seafloor spreading in this region resulted in the rifting and
southward drifting of different microblocks as Triassic
magmatism has also been discovered in southeast Asia (e.g.,
Borneo) that formed during subduction of the Paleo-Pacific
lithosphere (Breitfeld et al., 2017). Therefore, Meiji Atoll and
other microblocks in the SCS (e.g., Palawan and Mindoro)
exemplify the rifting and drifting of microcontinents and
reinforces the notion of a “ribbon continent” (Celâl Şengör,
1984). A portion of the rifted ribbons has been accreted to the
western margin of the Philippine sea plate and become the
basement under the Luzon arc (Shao et al., 2015). The ribbon
continents might also play a key role in accretionary orogens
throughout the geological record, e.g., the Central Asian
Orogenic Belt (Jahn, 2004) and the eastern Tethys (Chung
et al., 2013).

CONCLUSION

Consistent with previous zircon U-Pb ages, apatite U-Pb dating
supports a Late Triassic (221–204 Ma) age for dacites drilled from
Meiji Atoll. The Meiji dacites show arc-related geochemical
features, but no affinity to adakites. Trace element modeling
suggests that the Meiji dacites can be generated by <40% partial
melting of amphibolites containing ∼10% garnet. Therefore, the
Meiji dacites were produced by partial melting of the lower
continental crust beneath the SCB, which was probably
triggered by the underplating of mafic magmas as a response
to Paleo-Pacific (Panthalassa) subduction during the Triassic.
The Meiji Atoll, together with other microblocks in the SCS, were
rifted from the SCB and drifted southward due to continental
extension and the opening of the SCS.
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