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ARTICLE INFO ABSTRACT

Keywords: Identifying whether and when the southern continental margin of the South China Sea (SCS) was part of the
A-type granite South China Block (SCB) is important for Mesozoic-Cenozoic paleogeographic reconstructions of Southeast Asia.
Subduction

In this paper, we present geochronological and geochemical data for dacites from Well NK-1 in the Nansha Block
(Dangerous Grounds) of the southern SCS margin to investigate their petrogenesis and tectonic affinity. Zircon
U—Pb and *°Ar/3°Ar datings show that these dacites formed during the Late Triassic (218-217 Ma). The dacites
have high total alkali (K20 + NagO = 7.39-8.42 wt%) and relatively low CaO contents (1.87-3.38 wt%), and
show geochemical affinities with A-type granites, with high Zr saturation temperatures (806-855 °C), FeO™!/
MgO ratios (5.22-7.48), Zr + Nb + Ce + Y contents (530-680 ppm) and 10,000 x Ga/Al values (2.40-2.94), and
relatively low A/CNK values (0.86-1.04). The primitive magma for the dacites was likely generated by partial
melting of ancient crustal materials. Late Triassic dacites in the Nansha Block and Triassic A-type granites in the
SCB formed in an extensional setting at the continental margin of the SCB. This setting was probably related to
the Paleo-Pacific plate subduction that restarted prior to the Early Triassic. Therefore, the southern SCS margin
was part of the SCB continental margin during the early Mesozoic, which provides more detailed insights into the
paleogeography of SE Asia since the Mesozoic.

Continental margin
Paleogeographic reconstruction
Early Mesozoic

South China Sea

1. Introduction with the SCB during the Mesozoic. In the Late Cretaceous, westward
subduction of the Paleo-Pacific plate beneath the SCB ceased, and was
followed by opening of the SCS in the Oligocene—early Miocene (Briais

etal., 1993; Huang et al., 2013). This resulted in the Nansha (Dangerous

The South China Sea (SCS) is located at the junction of the Eurasian,
Pacific, and Indo-Australian plates, and regarded part of the southward

extension of the South China Block (SCB; Fig. 1a). The large positive
magnetic anomalies and arc-related igneous rocks along the continental
margin of the SCB suggest a Mesozoic volcanic arc (i.e., subduction
zone) existing along the southeastern margin of the SCB (e.g., Suo et al.,
2019; Wan et al., 2017). The Mesozoic silicic-intermediate intrusive and
volcanic rocks drilled at sites along the northern continental margin of
the SCS likely formed in a continental arc setting (Xu et al., 2017) and
are geochemically correlated with those widely distributed in the SCB
(Fig. 1a). This indicates that the northern SCS had a genetic relationship

Grounds), Reed Bank, Palawan, and Mindoro blocks being distributed in
their present-day positions along the southern continental margin of the
SCS (Fig. 1a). Thus, an important question is whether the southern SCS
margin was also connected to the SCB margin before rifting. Some
geological and geophysical surveys have been conducted on the south-
ern SCS margin. Suggate et al. (2014) and Shao et al. (2017) proposed
that the Palawan Block was adjacent to the SCB during the late Meso-
zoic, based on heavy mineral analysis and U—Pb dating of detrital zir-
cons from sedimentary rocks. The Reed Bank Block was also presumably
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distributed along the margin of the SCB, because these areas have
similar Mesozoic strata and gravity anomalies (Cullen et al., 2010;
Kudrass et al., 1986). Although seismic data have revealed that the
lithosphere thickness of the Nansha Block is similar to that of the SCB
(Dong et al., 2019), it is still unclear whether the southern SCS was
tectonically associated with the SCB during the early Mesozoic.
Furthermore, it remains unclear whether the opening of the SCS or the
proto-SCS separated the micro-blocks along the southern SCS margin
(Wu and Suppe, 2018). It has been proposed that the Palawan Block
rifted from the SCB as early as the latest Cretaceous when the proto-SCS
formed (e.g., Zahirovic et al., 2014). If so, the Palawan Block should
have been located on the southern side of the proto-SCS in the Late
Cretaceous. However, it has also been proposed that the Palawan Block
drifted southward in response to the opening of the SCS in the Oligocene
(e.g., Hall, 2012). Therefore, identification of the tectonic affinity of the
southern SCS continental margin during the early Mesozoic is key for
understanding the tectonic evolution and paleogeography of Southeast
Asia.

The SCB comprises the Yangtze Block in the northwest and the
Cathaysia Block in the southeast. The Cathaysia Block is further divided
into interior and coastal parts by the NNE-SSW-trending Zhenghe-Dapu
Fault (Fig. 1a). The SCB contains widespread Mesozoic igneous rocks
that formed over three main intervals: the early Mesozoic or Indosinian
(Triassic), the early Yanshanian (Jurassic), and the late Yanshanian
(Cretaceous) (e.g., Zhou et al., 2006). It is generally accepted that these
Mesozoic igneous rocks were related to the subduction of the Paleo-
Pacific plate, although it remains unclear how and when the Paleo-
Pacific plate subduction affected the continental margin of the SCB.
The subduction might have begun in the Triassic (e.g., Li and Li, 2007),
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Early Jurassic (e.g., Li et al., 2018 and references therein), Middle
Jurassic (e.g., Zhou and Li, 2000), or Early Cretaceous (Chen et al.,
2008). Thus, whether the Triassic igneous rocks are related to the Paleo-
Pacific plate subduction is a fundamental issue for understanding the
early Mesozoic evolution of the continental margin of the SCB. Triassic
granites occur mainly in the interior of the SCB, and are predominantly
peraluminous S-type (>90%) and minor I- and A-type granites (Zhou
et al., 2006). These S- and I-type granites may be related to compres-
sional tectonism associated with the collision between the SCB and
Indochina Block (e.g., Wang et al., 2007; Zhao et al., 2013), the North
China Block (e.g., Zhao et al., 2013), or the Paleo-Pacific Plate (e.g., Sun
et al., 2011; Wang et al., 2005). Some Triassic A-type granites and Late
Permian-Early Triassic syenites crop out along the NNE-SSW-trending
Zhenghe-Dapu Fault (Fig. 1a), which are indicative of an extensional
tectonic setting (Sun et al., 2011; Wang et al., 2005; Zhao et al., 2013).

Here we present zircon U—Pb and “°Ar/®°Ar dating results, and
whole-rock geochemical and Sr-Nd-Hf-Pb isotopic and mineral
compositional data for Triassic dacites from the Well NK-1 (NK-1 drill-
hole) in the Nansha Block, with aims to investigate their petrogenesis. In
addition, comparison with Triassic granites in the Cathaysia Block
(Fig. 1a) and other Mesozoic igneous rocks in the surrounding blocks
enables us to identify the tectonic affinity of the southern continental
margin of the SCS. This is then used to constrain the tectonic evolution of
micro-blocks along the southern continental margin of the SCS since the
Mesozoic.

Well NK-1 Fig. 1. (a) Simplified tectonic outline of the South
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2. Geological setting and petrography
2.1. Geological setting

The SCS is one of the largest marginal seas in the western Pacific, and
is located south of the SCB, north of the Borneo Block, east of the
Indochina Block, and west of the Palawan and Mindoro blocks (Fig. 1a).
The SCS lithosphere can be divided into three parts: the northern con-
tinental margin, oceanic basin, and southern continental margin. There
are several micro-blocks within the SCS, including the Zhongsha (Mac-
clesfield Bank), Xisha (Paracel Islands), Dongsha (Pratas Reef), Nansha
(Dangerous Grounds and Spratly Islands), and Reed Bank (Liyue Block)
blocks (Yan et al., 2011). The Nansha Block is bounded by the southwest
sub-basin of the SCS and a NE-SW-trending fault in the northwest, the
Lupar Fault in the southwest, and Nansha Trough in the southeast
(Fig. la). It is generally considered that the blocks surrounding the
Nansha Block, such as the Reed Bank, Palawan, and Mindoro blocks,
were distributed along the continental margin of the SCB during the
Mesozoic. Subsequently, these blocks separated from the continental
margin of the SCB and drifted southward to their present position during
opening of the SCS in the Cenozoic (e.g., Kudrass et al., 1986; Shao et al.,
2017; Suggate et al., 2014).

Widespread Mesozoic igneous rocks crop out in the blocks sur-
rounding the Nansha Block (e.g., Knittel et al., 2010; Suggate et al.,
2014). However, there have been no studies of early Mesozoic igneous
rocks and their petrogenesis from the Nansha Block. Well NK-1 was
drilled in the Nansha Block in the southeastern SCS. The drillhole
penetrated thick, consolidated, coralline limestone (~1000 m) and un-
derlying igneous rocks (~1000 m), and had a total length of 2020.2 m
(Fig. 1b). The drilled igneous rocks are predominantly dacites, with a
small amount of mafic rocks, which intruded the former (Figs. 1b and

mafic rock
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2a). The studied dacites were collected at depths of 1485-1705 m
(Fig. 1b).

2.2. Sample descriptions

The dacites from Well NK-1 are porphyritic and contain abundant
phenocrysts, including plagioclase (~30 vol%), biotite (5 vol%), and
titanite (5 vol%; Fig. 2). The plagioclase is euhedral-subhedral and
variable in grain size (Fig. 2a-b). The titanite is rhombic and euhe-
dral-subhedral (Fig. 2c). Some of the plagioclases and titanites have
been epidotized (Fig. 2b). Apatite is common accessory mineral, and
some apatites occur as inclusions in phenocrysts of plagioclase, biotite,
and titanite (Fig. 2d). The groundmass consists mainly of K-feldspar,
quartz, and biotite (Fig. 2d).

3. Results

Analytical methods are given in the supporting information of Ap-
pendix-1.

3.1. Zircon U—Pb and “°Ar/*’Ar ages

Zircon U—Pb dating results of the selected dacite samples (NK-1-
V3-009, NK-1-V3-068, and NK-1-V3-143 from depths of 1512, 1582,
and 1695 m, respectively) from Well NK-1 are listed in Supplemental
Table 1. The zircons from these samples are generally euhedral and
prismatic grains. The zircons exhibit oscillatory zoning in cath-
odoluminescence (CL) images (Fig. 3a) and have relatively high Th and
U contents (43.3-330 and 74.1-473 ppm, respectively), with high Th/U
ratios of 0.54-1.01. All three dacite samples have uniform weighted-
mean 2%°Pb/238 ages (218 + 2, 217 + 2, and 217 =+ 2 Ma; Fig. 3b-d),

Fig. 2. Petrography of dacites from Well NK-1. (a) fine-grained mafic rock cutting porphyritic dacite; (b) plagioclase phenocryst whose rim is epidotized (cross-
polarized light); (c) euhedral titanite phenocryst (cross-polarized light); (d) BSE image of a biotite phenocryst containing apatite, with a groundmass consisting
mainly of K-feldspar, quartz, and biotite. Abbreviations: apatite (Apt); biotite (Bt); ilmenite (Ilm); K-feldspar (Kfs); plagioclase (P1); quartz (Qtz); titanite (Ttn);

epidotite (Ep).
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interpreted as the crystallization age of the dacites in the Nansha Block.
4OAr/3°Ar dating results for plagioclase from sample NK-1-V3-068
are listed in Supplemental Table 2, and the age spectrum is shown in
Fig. 4. The plateau age is 217 + 10 Ma (cumulative >°Ar released ~50%;
Fig. 4), which is consistent with the zircon U—Pb ages (Fig. 3b-d).

3.2. Mineral chemistry

The chemical compositions of plagioclase and apatite are listed in
Supplemental Tables 3 and 4, respectively. The plagioclase has low CaO
(0.02-1.24 wt%) and KO (0.02-1.23 wt%) contents, high NayO
(10.5-11.8 wt%) and AlyO3 (19.3-22.6 wt%) contents, and high Ab
contents of 91-99 mol% (Supplemental Table 3). The apatite is enriched
in F (0.92-3.40 wt%), depleted in Cl (0.01-0.08 wt%), and has variable
F/Cl ratios (22.9-2006; Supplemental Table 4). The apatites are all
fluorapatite.

3.3. Whole-rock major and trace element chemistry

Whole-rock major and trace element data are listed in Supplemental
Table 5. These samples have loss-on-ignition (LOI) values of 0.98-1.22
wt%, and the major element data were re-calculated on an anhydrous
basis.

The studied dacites are silicic in composition and have high SiOy
(65.4-68.1 wt%) and total alkali (Na;O + K;0 = 7.39-8.42 wt%) con-
tents, relatively low MgO (0.70-1.50 wt%) and TiO5 (0.71-0.98 wt%)
contents, and low Mg# values (19.2-31.7). The rocks are classified as
trachydacite—dacite on a total alkalis-silica (TAS) classification diagram
(Fig. 5a), and belong to the high-K calc-alkaline and shoshonitic series
because of their high K30 contents (3.41-4.68 wt%; Fig. 5b). The sam-
ples have uniform Al,03 (14.1-14.6 wt%) and low CaO (1.87-3.38 wt%)
contents, and are metaluminous to weakly peraluminous with A/CNK
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Fig. 4. “°Ar/3°Ar age spectra for dacites from Well NK-1.

values of 0.86-1.05 (Fig. 5¢).

The dacites have similar chondrite-normalized rare earth element
(REE) patterns, which are characterized by enrichment of light REEs
(LREEs) and depletion of heavy REEs (HREEs), with high (La/Yb)y
(7.97-8.64), low (Gd/Yb)y (1.57-1.71), and marked negative Eu
anomalies (8Eu = 0.60-0.67; Fig. 6a). On primitive-mantle-normalized
multi-element diagrams, all the dacites are enriched in Rb, K, Pb, Th,
U, Zr, and Hf, but depleted in Ba, Sr, Nb, Ta, and Ti, and have an affinity
with continental crust (Fig. 6b).

3.4. Whole-rock Sr-Nd-Pb-Hf isotope data

Whole-rock Sr-Nd-Pb-Hfisotopedataarelistedin Supplemental Table5.
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Fig. 3. (a) Representative CL images of zircons in dacites from Well NK-1. (b-d) Zircon U—Pb concordia diagrams for dacites from Well NK-1.
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compositions  (2°°Pb/2%pPb 19.040-19.156; 297pb/20%pp

15.762-15.774; 208pb/2%%pb — 39.487-39.643), corresponding to
slightly ~ variable initial  (2°°Pb/2°*Pb);, (2°’Pb/?°*Pb);, and
(?%8pb/204ph);  ratios of 18.565-18.664, 15.736-15.752, and

38.791-38.962, respectively (Fig. 7c—d).
4. Discussion
4.1. Fractional crystallization

The dacites are porphyritic and contain abundant phenocrysts of
plagioclase, biotite, and titanite (Fig. 2), suggesting that their parental
magmas underwent fractionation of these minerals. Biotite is an Al-rich
mineral and has a high partition coefficient for Sc but a low partition
coefficient for Th (Bea et al., 1994). Fractionation of biotite will increase
Si03/Al;03 and decrease Sc/Th ratios in residual melts. Thus, the
negative correlation between Sc/Th and SiO,/Al;03 for the dacites
(Fig. 8a) may indicate fractional crystallization of biotite, which is
consistent with their low Mg” values (19.2-31.7) that broadly decrease
with increasing SiO; (Fig. 8b). Given that titanite has a lower partition
coefficient for La than Sm, its fractionation will increase La/Sm ratios in

LITHOS 398-399 (2021) 106337

the residual melt. Thus, the negative correlation between La/Sm and
TiO4 in the dacites denotes the fractional crystallization of titanite
(Fig. 8c). Furthermore, the dacite samples all have negative Eu and Sr
anomalies (Fig. 6), which may be due to fractional crystallization of
plagioclase. The dacites would be primary low in Cr, Ni, and MgO for
very low whole-rock Cr, Ni, and MgO contents and lack of any corre-
lations between them (Fig. 8d—e).

4.2. Geochemical affinities with A-type granites

Granitoids are traditionally divided into M-, I-, S-, and A-types ac-
cording to their source and geochemical characteristics (Chappell,
1999). The dacites from Well NK-1 have negative whole-rock eng(t) and
eye(t) values, and low MgO, Cr, and Ni contents and Ce/Pb ratios
(Fig. 8d-h). These features are inconsistent with M-type granites, which
are generally formed by partial melting of juvenile-mantle-derived
materials (Whalen et al., 1987). S-type granites typically have high
SiO, contents (>72 wt%) and are strongly peraluminous with high A/
CNK values (>1.1; Chappell, 1999), which is not the case for the dacites
from Well NK-1 (SiO; < 68.1 wt%; A/CNK = 0.86-1.05; Supplemental
Table 5). The geochemical characteristics of the studied samples
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resemble those of A- and I-type granites; some highly fractionated I-type
granites are geochemically similar to A-type granites (Whalen et al.,
1987). The studied dacites have affinities with typical A-type granites,
but are distinct from highly fractionated I-type granites due to: (a) their
high total alkali (NasO + K20 = 7.39-8.42 wt%) and Zr + Ce + Nb + Y
(530-680 ppm) contents, high FeOTOt/MgO ratios (5.22-7.48), and
10,000 x Ga/Al values (2.40-2.94; Supplemental Table 5; Fig. 9a-b),
which are typical features of A-type granites (Eby, 1992; Whalen et al.,
1987); (b) their relatively low SiO; contents (<68.1 wt%), which differ
from highly fractionated I-type granites that usually have high SiO,
contents (Whalen et al., 1987); (c) the absence of a linear relationship
between 10,000 x Ga/Al and SiO» (Fig. 8i), indicating that the high Ga/
Al ratios were not caused by extensive fractionation; and (d) their zircon
saturation temperatures (Tz) (806-855 °C; mean = 830 °C) being
higher than those of highly fractionated I-type granitoids (mean = 764
°C; King et al., 1997), but similar to those of Triassic A-type granites
distributed along the NNE-SSW-trending Zhenghe-Dapu Fault in the
SCB (Fig. 10a). A-type granites can be subdivided into A;- and Aa-types,
based on geochemical features such as Y/Nb ratios (Eby, 1992). The
studied dacites are As-type granites (Fig. 9c—d), based on their Y and Nb
concentrations and high Y/Nb ratios (1.7-1.9).

4.3. T-P-fO; conditions of melting

The geochemical composition of granitic magmas is mainly affected
by the source materials. Furthermore, the temperature (King et al.,
1997), pressure (depth) (Patino Douce, 1997), and oxygen fugacity
(fO3) (Dall'Agnol and Oliveira, 2007) can also create different A-type
granitic compositions.

The estimated zircon saturation temperatures can represent the
lowest temperature of the primitive magma when the rocks lack
inherited zircons (Chappell et al., 1998). The studied dacites have
relatively high Tz, values of 806-855 °C (Fig. 10a) and provide a general
estimate of the minimum temperature of the primitive melts to the
studied dacites.

LITHOS 398-399 (2021) 106337

The compositions of plagioclase phenocrysts and host rocks in an
albite-liquid equilibrium system can be used to estimate the pressure of
magma chamber (Putirka, 2008), which might represent the minimum
estimation of melting pressure. Thus, the calculated pressure of 8-10
kbar based on plagioclase and whole-rock composition (Supplemental
Table 3) indicates the magma generation in the lower continental crust.

A-type granites can also be subdivided into reduced and oxidized
types based on oxygen fugacity (Dall'Agnol and Oliveira, 2007). The
studied dacites are characterized by moderate FeO™/(FeO™! + MgO)
values (0.79-0.88) and most samples plot in the field for oxidized A-type
granites (Fig. 10b), which is consistent with the estimation of oxygen
fugacity (higher than the NNO buffer) based on the apatite compositions
(Fig. 10c). Thus, the dacites from Well NK-1 formed in oxidized
conditions.

4.4. Petrogenesis and magma source

A-type granites can be produced by fractional crystallization of
mantle-derived basaltic melts (e.g., Litvinovsky et al., 2002), mixing
between crust- and mantle-derived melts (e.g., Wickham et al., 1996), or
partial melting of crustal sources (Whalen et al., 1987). The low MgO,
Cr, and Ni contents of studied dacites (Fig. 8d—e) suggest a minimal or no
mantle contribution. The samples do not contain mafic microgranular
enclaves, and only have small variations in whole-rock geochemical
compositions, with no correlations between Mg# and enqg(t), eys(t), and
Ce/Pb (Fig. 8f-h). This precludes magma mixing between crust- and
mantle-derived melts. Extensive fractional crystallization of a mantle-
derived basaltic melt generally produces peralkaline magmas (Patino
Douce, 1997), which are obviously different from the metaluminous
nature of the studied dacites (Fig. 5c). In addition, the dacites are
characterized by high (87Sr/86Sr)i ratios and low eng(t) and eg¢(t) values,
which are different from young mantle-derived mafic igneous rocks
(Fig. 7a-b). Halogen contents in apatite can be used to estimate the
volatile concentrations of the melt prior to ascent and degassing (Jiang
et al.,, 2018). Based on apatite-melt partition coefficients for F in
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rhyolitic and dacitic melts at a high oxygen fugacity above the NNO
buffer (Dgatite/melt _ 19 7. Webster et al., 2009), the estimated F con-
centration of dacitic melt for the studied samples is up to 2675 ppm
(Supplemental Table 4), which is much higher than those of the primi-
tive mantle and oceanic island basalts (F = 26 ppm and 1150 ppm,
respectively; McDonough and Sun, 1995). This might preclude an origin
by partial melting of a mantle source. Alternatively, the studied dacites
could have been derived by partial melting of a crustal source based on
the following: (a) low MgO contents (0.70-1.50 wt%) and Mg# values
(19-32), similar to pure crustal melts (Rapp and Watson, 1995); (b)
continental crust-like trace element patterns (Fig. 6b); and (c) high
®7sr/%0sr);, negative enq(t) and egg(t), and high Pb isotopic composi-
tions, which are different from those of mantle source or mantle-derived
rocks but close to those of continental crust and Triassic A-type granites
along the Zhenghe-Dapu Fault in the SCB (Fig. 7). This is consistent with
high F concentration of the dacitic melts, which would be produced by
partial melting of F-rich lower crustal rocks (F = 553 ppm; Rudnick and
Gao, 2003) rather than by partial melting of a F-poor mantle source.
Modeling calculations show that 20%-30% partial melting of a mafic
lower continental crust (LCC) can produce the trace element concen-
trations and patterns that match those of the studied dacites (Fig. 11).
The studied samples have relatively old Nd model ages (Tpm2-Nd =
1.5-1.4 Ga), further indicating a source consisting of ancient crustal
materials. Therefore, the Late Triassic dacites in the Nansha Block may
be the product of partial melting of ancient lower-middle continental
crust.

In addition, the studied dacites have decoupled Nd—Hf isotopic
compositions, with relatively lower enxg(t) than egg(t) values (Fig. 7b).
Due to the large partition coefficient of Lu in garnet compared with Sm,
Nd, and Hf, residual garnet from crustal melting events can retain Lu,
which over time produces a reservoir with high 7°Hf/!””Hf relative to
143Nd /144Nd (Green et al., 2000; Zheng et al., 2005). Therefore, melts
derived from garnet-bearing residual assemblages may have high
1761£/177Hf relative to *>Nd/!**Nd (Zheng et al., 2005). Such a melt
would be depleted in HREEs and might have adakitic features, because
the partition coefficients for HREEs between garnet and melt are much
higher than those for LREEs. However, the studied dacites have rela-
tively high HREE contents and low Sr/Y ratios (2.05-3.25; Supplemental
Table 5), which are inconsistent with adakitic melts derived from a
source with residual garnet. In general, a meta-sedimentary rock is
depleted in Zr and Hf and has a high Lu/Hf ratio (0.09-0.11; Eroglu
et al., 2013) due to the “zircon effect” (Patchett et al., 1984). Partial
melting of such a source can also produce Nd—Hf isotope decoupling.
The studied dacites are enriched in Zr and Hf (Fig. 6b) and have low Lu/
Hf ratios (0.06-0.07; Supplemental Table 5), which are obviously
distinct from those of a meta-sedimentary source. A mantle source
previously metasomatized by melts from subducted sediments can also

have a decoupled Nd—Hf isotopic composition due to the higher
mobility of Nd than Hf during partial melting of the subducted sedi-
ments. Melts derived from such an enriched mantle source would inherit
the decoupled Nd—Hf isotopic composition of their source. The studied
dacites have high Na,O contents and low Al;03/(MgO + FeO™™") ratios,
similar to melts from a source consisting of meta-basalts (Fig. 12).
Therefore, their decoupled Nd—H( isotopic composition (Fig. 7b) might
have been inherited from a basaltic crustal source that was, in turn,
derived from a mantle wedge metasomatized by melts from subducted
sediments.

In summary, the studied dacites have Ap-type granite affinities and
were derived from partial melting of ancient basaltic materials in the
lower-middle continental crust under relatively high-temperature and
oxidized conditions.

4.5. Tectonic affinities of the Nansha Block and implications for the
Mesozoic tectonic evolution of the continental margin of the SCB

If the Nansha Block was once located along the southern margin of
the SCB, it would have been affected by the subduction of the Paleo-
Pacific plate during the Mesozoic because: (a) the age of dacites
(218-217 Ma) in the Nansha Block is approximately consistent with the
age peak (ca. 228 Ma) of detrital zircons from the eastern Cathaysia
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Fig. 11. Primitive-mantle-normalized multi-element patterns of the average
dacite composition in Well NK-1, and batch partial melts of lower continental
crust (represented by mafic lower crustal xenolith from the Qilin Cenozoic
basalts in the Cathaysia Block). The residual mineralogy is plagioclase, clino-
pyroxene and orthopyroxene in the proportions of 0.51:0.30:0.19. The data and
references for mafic lower crustal xenolith, and partition coefficients are given
in Supplemental Table 6.
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Block (Fig. 13a); (b) the studied dacites have similar geochemical fea-
tures to Triassic A-type granites along the Zhenghe-Dapu Fault in the
SCB (Sun et al., 2011; Wang et al., 2005; Zhao et al., 2013); (c) the two-
stage Nd model ages (Tpy2ng) of the studied dacites (1.5-1.4 Ga) are
close to those of Triassic granitoids in the SCB (2.0-1.4 Ga; Gao et al.,
2017); (d) the surrounding blocks (e.g., the Reed Bank, Palawan, and
Mindoro blocks) were attached to the continental margin of the SCB
during the Mesozoic, based on their similar Mesozoic strata, gravity
anomalies, P-wave velocity structures, and age peaks of detrital zircons
(Almasco et al., 2000; Knittel et al., 2010; Kudrass et al., 1986; Shao
et al., 2017; Suggate et al., 2014; Suzuki et al., 2000); (e) the Zhongsha,
Xisha, and Nansha blocks must have been a united block due to their
extremely similar Bouguer gravity anomalies (Zhu, 2019); and (f) Upper
Triassic deltaic sandstones from the Nansha Block contain a Dictyo-
phyllum-Clathropteris flora, which might have originated from the
Cathaysia Block (Kudrass et al., 1986). Therefore, the petrogenesis of the
studied Triassic dacites in the Nansha Block, which were coeval with A-
type granites that occur along the Zhenghe-Dapu Fault in the SCB
(246-215 Ma; Fig. la), provide significant insights into the tectonic
evolution of the SCB during the Triassic.

A-type granites usually form in an extensional setting (Eby, 1992).
There are two geodynamic models for the generation of Triassic A-type
granites along the Zhenghe-Dapu Fault (246-215 Ma; Fig. 1a): (a) an
extensional setting related to a far-field effect caused by collision be-
tween the SCB and Indochina or North China blocks (Zhao et al., 2013);
and (b) strike-slip faulting related to oblique subduction of the Paleo-
Pacific plate beneath the SCB (Sun et al., 2011; Wang et al., 2005).
The former model is unlikely because the effect is difficult to propagate
into the coastal area of the SCB. The NNE-trending distribution of the
Triassic A-type granites and major faults in the coastal area of the SCB
(Fig. 1a) is inconsistent with the collision of the SCB with the Indochina/
North China blocks, which may produce EW-trending strike-slip faults
and NE-trending local extensional faults (Zhao et al., 2013). In addition,
the timing of continental collision of the SCB with the North China Block
in the north (240-220 Ma; Zheng et al., 2009) and with the Indochina

Block in the south (258-230 Ma; Hou et al., 2019) overlaps with the age
of the studied dacites and A-type granites (246-215 Ma) along the
Zhenghe-Dapu Fault (246-215 Ma; Fig. 1a), which is also inconsistent
with an extensional tectonic setting for generation of the A-type granites
(Eby, 1992). On the other hand, the emplacements of the Tieshan and
Yangfang alkaline syenites in eastern Cathaysia (254-242 Ma) probably
denote a transitional environment from compressional setting to
extensional setting during the Late Permian-Early Triassic (Wang et al.,
2005). Indeed, the studied dacites and A-type granites along the Zhen-
ghe-Dapu Fault plot mostly within the within-plate granite field on di-
agrams of Rb vs. Y + Nb and Nb vs. Y (Fig. 14). Furthermore, the studied
dacites have affinities with Ap-type granites (Fig. 9c-d) based on Y and
Nb contents. The Aa-type granites might represent magmas derived from
continental crust or underplated crust that has been through a cycle of
continent-continent collision or island-arc magmatism (Eby, 1992),
which is consistent with the source of ancient basaltic materials in the
lower-middle continental crust for the studied dacites.

Some older mafic igneous rocks in the SCB (e.g., the Darongshan
mafic rocks at 250-248 Ma and Hainan Island gabbroic—dioritic rocks at
256-245 Ma;Shen et al., 2018; Xu et al., 2018) geochemically resemble
typical island arc basalts. These rocks are enriched in Rb, Th, U, and
LREEs, depleted in Nb, Ta, and Ti, and have enriched Nd—HTf isotopic
signatures, and likely formed in a back-arc setting caused by oblique
subduction of the Paleo-Pacific plate beneath the SCB (Shen et al., 2018;
Xu et al., 2018). Numerous NNE-SSW-trending, left-lateral, strike-slip
faults in the Cathaysia Block, such as the Changle-Nan'ao and Zhen-
ghe-Dapu faults (Fig. 1a), have been interpreted as the result of an
extensional setting related to the oblique subduction of the Paleo-Pacific
plate beneath the SCB that began in the Triassic or Late Permian (e.g., Li
and Li, 2007; Wang et al., 2005; Zhou and Li, 2000). If this was the case,
then the studied dacites and A-type granites and syenites along the
Zhenghe-Dapu Fault formed in an extensional setting controlled by the
WNW-directed subduction of the Paleo-Pacific plate (Sun et al., 2011;
Wang et al., 2005).

There was a continental arc along the southeastern continental
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Fig. 15. (a) Triassic and (b) Late Cretaceous paleogeographic
reconstructions of Southeast Asia. Abbreviations: Abukuma
metamorphic complex (AB); Hida metamorphic complex (HI);
Kitakami subduction-accretionary complex (KI); Samarka
subduction-accretionary complex (SM); Sangun sub-
duction-accretionary complex (SN); Tokoro sub-
duction-accretionary complex (TM); Borneo Block (BB);
Mindoro Block (MB); Nansha Block (NS); Palawan Block (PB);
Philippines (PH); Reed Bank (R); Zhenghe-Dapu Fault (ZDF).
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margin of the SCB during the Mesozoic. However, arc magmatism has
not yet been clearly identified along the coastal area of the SCB. Instead,
a proto-Japan arc outboard of the SCB (Fig. 15a) has been proposed for
the following reasons: (a) most Mesozoic granitoids in southwest Japan
are geochemically similar to Mesozoic granitoids in the SCB (including
Taiwan), with high initial 875r/80sr ratios, negative enq(t) values, and
Proterozoic Nd model ages (Jahn, 2010); (b) detrital zircons from
Jurassic accretionary complexes in southwest Japan have Paleoproter-
ozoic (ca. 1844 Ma) and Silurian (ca. 431 Ma) age peaks (Fig. 13b),
similar to those from the continental margin of the SCB (ca. 1841 and
430 Ma; Fig. 13a) and “tonalities” from the Kurosegawa Belt in south-
west Japan that contain abundant Meso- to Neoproterozoic zircons
(1350-700 Ma; Aoki et al., 2015), which all suggest that the basement of
southwest Japan has a SCB origin (Mizutani and Kojima, 1992); (c) some
Permian-Jurassic subduction-accretionary complexes distributed along
the Akiyoshi, Abukuma, Kitakami, and Tokoro belts in southwest Japan
likely formed along the eastern margin of the SCB (Fig. 15a; Hara et al.,
2018; Li et al., 2019); and (d) the corals in Middle Silurian strata in
southwest Japan and Permian plants in central Japan all have an SCB
origin (Cocks and Torsvik, 2013). In addition, detrital zircons from the
Shikoku Belt in southwest Japan contain a dominant late Permian zircon
population (ca. 265 Ma; Fig. 13b), which are interpreted to represent arc
magmatism caused by the Paleo-Pacific plate subduction (Hara et al.,
2018; Zhang et al., 2018). Thus, we propose that a proto-Japan arc
existed in the trench-arc-basin system that was related to the WNW-
directed subduction of the Paleo-Pacific plate during the early Meso-
zoic (Fig. 15a). The Wuzhishan granites (267-262 Ma) on Hainan Island
are the product of continental arc magmatism related to Paleo-Pacific
plate subduction in the late Permian (Li et al., 2006). Therefore,
Paleo-Pacific plate subduction beneath the SCB restarted prior to the
Early Triassic.

4.6. Tectonic reconstruction of the SCS and its surrounding blocks

The SCS is surrounded by the SCB to the north, the Borneo Block to
the south, the Indochina Block to the west, and the Palawan and
Mindoro blocks to the east (Fig. 1a). The widespread Mesozoic mag-
matism along the northern SCS margin was related to the Paleo-Pacific
plate subduction (Xu et al.,, 2017), indicating a genetic relationship
between the northern SCS margin and the SCB during the Mesozoic. This
study shows that the southern SCS margin was also tectonically affili-
ated with the SCB and might also be dominated by the Paleo-Pacific
plate subduction during the early Mesozoic, which provides more

Fault

Possible location
of the proto-SCS
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detailed insights into the tectonic evolution and paleogeography of East
Asia since the Mesozoic.

During the Triassic, the SCB and Indochina Block separated from the
Gondwana margin and then collided and were sutured together due to
closure of the eastern Paleo-Tethys Ocean (Cocks and Torsvik, 2013).
The studied dacites along the southern SCS margin formed in an
extensional setting as a far-field effect related to the Paleo-Pacific plate
subduction beneath the outboard proto-Japan arc in the Triassic
(Fig. 15a). In addition, the studied dacites are likely related to the
Triassic A-type granites distributed along the Zhenghe-Dapu Fault,
indicating that the Nansha Block was part of the continental margin of
the SCB in the Triassic. On the other hand, detrital zircons from the
Eocene Lasala Formation (Mindoro Block) and Late Cretaceous Boayan
Group and Guinlo Formation (Palawan Block) all show Paleoproterozoic
(ca. 1852 and 1832 Ma), Silurian (ca. 428 and 432 Ma), and Triassic (ca.
232 and 222 Ma) age peaks that are similar to the continental margin of
the SCB (Fig. 13c—d; Suggate et al., 2014; Shao et al., 2017). Paleo-
magnetic data show that the Mindoro and Palawan blocks had similar
paleolatitudes to the SCB in the Jurassic-Cretaceous (e.g., Almasco
et al., 2000), further indicating that these blocks might have been
attached to the SCB during or prior to the Jurassic. In addition, the
lithological unconformity in the SCB and the Reed Bank Block (Hollo-
way, 1982) and similarity of P-wave velocity structures in the Reed Bank
and Zhongsha blocks (Wei et al., 2015) indicate that the Reed Bank
Block once occupied a pre-drift position within the SCB. Thus, the
southern SCS continental margin that consists of the Nansha, Reed Bank,
Palawan, and Mindoro blocks was located along the continental margin
of the SCB and controlled by the subduction of the Paleo-Pacific plate
beneath the proto-Japan arc in the early Mesozoic (Fig. 15a).

During the Cretaceous, the SCB continental margin was also
controlled by the subduction of the Paleo-Pacific plate until subduction
ceased and continental rifting began in the Late Cretaceous (Morley,
2016). It is notable that detrital zircons from the Late Cretaceous Boayan
Group and Guinlo Formation in the Palawan Block have Paleoproter-
ozoic (ca. 1832 Ma), Silurian (ca. 432 Ma), Triassic (ca. 222 Ma), and
Cretaceous (ca. 122 Ma) age peaks similar to the continental margin of
the SCB (Fig. 13d). In contrast, detrital zircons from the Eocene Panas
Formation in the Palawan Block record episodic magmatism in the
Neoproterozoic (ca. 804 Ma), Late Cambrian (ca. 501 Ma), and Creta-
ceous (143 and 106 Ma), which differ from the continental margin of the
SCB (Fig. 13e). Therefore, the Palawan Block was connected with the
continental margin of the SCB before the Late Cretaceous, and then
drifted southeastward because of the opening of the proto-SCS during
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the Late Cretaceous to Eocene (Morley, 2016; Zahirovic et al., 2014)
(Fig. 15b). However, the Nansha, Mindoro, and Reed Bank blocks were
still attached to the SCB during the Cretaceous (Fig. 15b) because: (a)
the northern proto-SCS northwardly subducted beneath the Nansha
Block during the Oligocene-Miocene (Wu and Suppe, 2018); (b) detrital
zircons from the Eocene Lasala Formation in the Mindoro Block have
Paleoproterozoic (ca. 1852 Ma), Silurian (ca. 428 Ma), Triassic (ca. 232
Ma), and Cretaceous (ca. 131 Ma) age peaks, which are similar to the
continental margin of the SCB (Fig. 13c); and (c) the Reed Bank Block
was likely located to the continental margin of the SCB before the
Oligocene based on the magnetic anomalies of oceanic crust in the SCS
basin (Briais et al., 1993; Li and Song, 2012).

5. Conclusions

(1) Dacites recovered from Well NK-1 in the Nansha Block in the SCS
were emplaced during the Late Triassic (218-217 Ma) and have
geochemical affinities with Aj-type granites. The dacites are
products of the partial melting of lower-middle continental crust
under high-temperature and oxidized conditions.

The dacites from Well NK-1 and Triassic A-type granites along the
Zhenghe-Dapu Fault formed in an extensional setting as a far-
field effect of the Paleo-Pacific plate subduction beneath the
outboard proto-Japan arc, which began before the Early Triassic.
The southern margin of the present SCS was part of the conti-
nental margin of the SCB in the early Mesozoic, and was
controlled by the subduction of the Paleo-Pacific plate. Most of
blocks in the southern SCS continental margin were affiliated
with the SCB during the Cretaceous except for the Palawan Block
drifting southeastward in Late Cretaceous.

(2)

(3)

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.1ithos.2021.106337.
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