SCIENCE CHINA
Earth Sciences

CrossMark

& click for updates

* RESEARCH PAPER

December 2017 Vol.60 No.12:2214-2222
doi: 10.1007/s11430-017-9089-9

New insights on the origin of the basement of the Xisha Uplift,
South China Sea

ZHU WeiLin', XIE XiNong?, WANG ZhenFeng®’, ZHANG DaoJun’, ZHANG ChengLi*,
CAO LiCheng' & SHAO Lei"”

! State Key Laboratory of Marine Geology, Tongji University, Shanghai 200092, China,
2 Key Laboratory of Tectonics and Petroleum Resources, Ministry of Education, China University of Geoscience (Wuhan), Wuhan 430074, China,
3 Zhanjiang Branch, CNOOC Limited, Zhanjiang 524057, China;
4 Department of Geology, Northwestern University, Xi’an 710069, China

Received January 9, 2017; accepted July 31, 2017; published online September 1, 2017

Abstract The study of basement geochronology provides crucial insights into the tectonic evolution of oceans. However, early
studies on the basement of the Xisha Uplift were constrained by limited geophysical and seismic data; Xiyongl was the only
commercial borehole drilled during the 1970s because of the huge thickness of overlying Cenozoic strata on the continental
margin. Utilizing two newly-acquired basement samples from borehole XK1, we present petrological analysis and zircon uranium
(U)-lead (Pb) isotope dating data in this paper that enhance our understanding of the formation and tectonic features of the Xisha
Uplift basement. Results indicate that this basement is composed of Late Jurassic amphibole plagiogneisses that have an average
zircon 2Pb/*8U age of 152.9+1.7 Ma. However, the youngest age of these rocks, 137+1 Ma, also suggests that metamorphism
termination within the Xisha basement occurred by the Early Cretaceous. These metamorphic rocks have adamellites underneath
them which were formed by magmatic intrusions during the late stage of the Early Cretaceous (107.8+£3.6 Ma). Thus, in contrast
to the Precambrian age (bulk rubidium (Rb)-strontium (Sr) analysis, 627 Ma) suggested by previous work on the nearby Xiyongl
borehole, zircons from XK1 are likely the product of Late Mesozoic igneous activity. Late Jurassic-Early Cretaceous regional
metamorphism and granitic intrusions are not confined to Xisha; rocks have also been documented from areas including the Pearl
River Mouth Basin and the Nansha Islands (Spratly Islands) and thus are likely closely related to large-scale and long-lasting
subduction of the paleo-Pacific plate underneath the continental margins of East Asia, perhaps the result of closure of the
Meso-Tethys in the South China Sea (SCS). Controversies remain as to whether, or not, the SCS region developed initially on a
uniform Precambrian-aged metamorphic crystalline basement. It is clear, however, that by this time both Mesozoic compressive
subduction and Cenozoic rifting and extension had significantly modified the original basement of the SCS region.
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Introduction This sea exhibits a number of distinctive tectonic characteris-

The South China Sea (SCS) is a unique marginal basin within
the western Pacific Ocean that is located at the convergence
between the Eurasian, Pacific, and Indo-Australian plates.
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tics and has had a complex geological history. The evolution
of the SCS has been the focus of international research since
the 1970s; this region is studied by an increasing number of
researchers (e.g., Cullen etal., 2010; Franke etal., 2014; Kido
etal.,2001; Lietal., 2014; Zhou et al., 2005), with, in partic-
ular, Ocean Drilling Program expedition 184 in 1999, and In-
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ternational Ocean Discovery Program expeditions 349,

367, and 368 in 2014 and 2017, respectively, providing
important research materials and new evidence for geological
studies. However, a clear understanding of the geological
evolution of the SCS prior to rifting and expansion still
remains elusive.

The basement of the SCS was a crucially important factor
in basin formation, and is closely related to ocean evolution
as well as petroleum migration and accumulation (Braiten-
berg et al., 2006). Since the beginning of the 1980s, a series
of studies have been performed on the Cenozoic basement
of the SCS, including comprehensive analyses of geophysi-
cal and seismic data. Available data on the latter, however,
are mainly derived from artificial shallow depth earthquakes,
while the resolution of pre-Cenozoic seismic data remains too
low for analysis. In addition, the Cenozoic sediments under-
lying the SCS basement have been rarely drilled because of
their large thickness. Taken together, these factors have led to
a confused understanding of the northern SCS pre-Cenozoic
basement (e.g., Liu et al., 2004; Liu and Zhan, 1994; Xie et
al., 2010; Lu et al., 2011). The rocks that comprise this base-
ment tend to get younger from west to east (Sun et al., 2014),
separated by the Qionghai and Yangjiang-Yitong shoal faults
(Figure 1). Previous evidence collected in the 1970s from
Precambrian metamorphic rocks in the Xiyongl borehole on
Xisha Island led to the hypothesis that the northwestern re-
gion of the SCS developed on top of a Precambrian crys-
talline block (Wang et al., 1979); beneath the paleo-weath-
ered crust, the SCS basement is mainly comprised of meta-
morphosed sedimentary rocks, including gray, grayish-green
granitic gneiss and biotite plagioclase K-feldspar gneiss that
have an Rubidium (Rb)-strontium (Sr) isochron age of 627
Ma. Thus, based on interpretation of joint gravity-magnet-
seismic inversion data from the Xiyong1 borehole, additional
possible structural layers of Precambrian basement were later
identified in the western Pearl River Mouth and Qiongdong-
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nan basins. Yue et al. (2013) suggested that the northern SCS
crystalline basement might be part of the Cathaysia Craton
and therefore correlated with the lower-middle Paleoprotero-
zoic Dikou Formation in Fujian, the upper Paleoproterozoic
Yunkai Group in Guangdong, and the middle Paleoprotero-
zoic Baoban Group in Hainan. Other researchers, however,
have suggested that the Xisha metamorphic crystalline base-
ment is more likely to be an eastward extension of the In-
dochina Kontum Massif (Liu et al., 2011).

Although widely accepted by scholars, the age of the Pre-
cambrian crystalline Xisha Uplift basement in borehole Xiy-
ongl as derived from bulk Rb-Sr analysis is likely to be of
no particular geological significance (Dickin, 2005). This is
because, on the one hand, the rocks tested for this analysis
might not have been typical orthometamorphite, while on the
other, the resultant Rb-Sr isochron line was actually derived
from more than one sample which generated older ages. In
an carlier study, Sun (1987) expressed doubts about the ac-
curacy of this Precambrian age and re-dated the last base-
ment rock metamorphic event. The revised implications of
this study (Sun, 1987) were that the Xisha basement formed
between the Paleozoic and Mesozoic (between 627 and 96
Ma), a conclusion supported by a newly obtained 96 Ma age
from K-Ar chronology. Thus, because of ongoing contro-
versy over the age of the Xisha basement, we undertook a
combination of rock slice identification and analysis of zircon
uranium (U)-lead (Pb) isotopic characteristics in order to de-
velop a more accurate understanding of Xisha basement for-
mation time. Zircons are one kind of accessory mineral that
are widely distributed in various rock types of rocks; these
minerals are also very stable and are not easily modified via
multicyclic sedimentation or medium metamorphism. In ad-
dition, U-Pb isotopes have the highest closure temperature of
any such system, which means they present an ideal approach
for evaluating the ages of metamorphic and magmatic crys-
tallization events. Compositional and chronological studies
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of the Xisha Uplift basement will enhance our understanding
of the pre-Cenozoic tectonic evolution of adjacent plates of
the northern SCS, and will also contribute significantly to oil
and gas exploration in similar Mesozoic residual basins.

2. Geological setting

Subsequent to the opening and spreading of the Paleo-Tethys
in the Early Devonian, North and South China as well as the
Indochina blocks gradually drifted northwards to their present
locations after separating from northeastern Gondwana (Met-
calfe, 2013). Between the Triassic and the Late Cretaceous,
the Sunda block and eastern Eurasia underwent extensive col-
lision and experienced subduction of the paleo-Pacific plate
which led to large-scale igneous activity along this active con-
tinental margin and strong crustal heterogeneity (Pubellier
and Morley, 2014). Soon afterwards, extension and thinning
of the northern SCS crust in the Early Cenozoic further altered
early basement structure with the eastern continental margin
subject to greater crustal extension than its western counter-
part (Hayes and Nissen, 2005; Bai et al., 2015). Neverthe-
less, as intraplate and marginal magmatism still occurred pe-
riodically from the Middle Miocene onwards when the SCS
stopped spreading (Huang et al., 2013), both the composi-
tion and structure of this original basement have been shaped
by multi-stage tectonic activities. Previous seismic profiles,
gravity, and magnetic interpretations suggest that the conti-
nental crust of the SCS thins both from north to south and
from west to east (Wang et al., 2006), and that three distinct
crustal types formed, continental, transitional, and oceanic.
A series of Cenozoic rifting basins then formed from west
to east on this basement, the Yinggehai, Qiongdongnan, and
Pearl River Mouth basins, respectively (Figure 1).

The area studied in this work, the Xisha Islands, comprise
a series of numerous islands and reefs, and are located along
the northwestern continental margin of the SCS. Hainan Is-
land and the Vietnam shelf are located to the west of the
Xisha Islands, while the Xisha trough is to the north, and the
SCS basin and Zhongsha Islands are to the southeast. Huang
et al. (2011) reported that the crust in this area has been
slightly thinned between 26 and 28 km, while a low-velocity
layer (LVL) between 1 and 2 km thick as well as an average
shear wave velocity between 2.0 and 2.2 km s™! imply contin-
uous deposition of carbonate during the Neogene. A promi-
nent LVL is also present in the lower crust that has an aver-
age shear wave velocity of 3.5 km s7'; this layer is thought
to be correlated with the presence of anisotropic direction-
ally-aligned minerals as well as a ductile rheological struc-
ture in the deep mantle. Lumpy, weak magnetic alternative
positive and negative anomalies with low background values
between —100 nT and 100 nT also dominate the Xisha-Zhong-
sha area; some scholars have argued that these relatively weak
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magnetic anomalies are indicative of a weak-magnetic meta-
morphic Precambrian basement, while zonally-strong anom-
alies are likely the result of intrusive bodies (Hao et al., 2009).

Amongst the major fault systems within our study area, the
tectonic properties of the Xisha trough are of particular im-
portance. Based on early seismic profiles and a gravity in-
terpretation, Nissen et al. (1995) concluded that the crust of
the Xisha trough thinned towards the south and had asym-
metric structures on both sides. In contrast, Yao et al. (1994)
argued that this trough used to be a paleosuture line while
the Xisha-Zhongsha area was formerly part of the Indochina
block. However, the OBH1996-IV borehole drilled across the
Xisha trough suggests that both sides of this structure share
similar crust and upper mantle features. Severe uplift of the
Moho has also resulted in a typical extensional lift valley in
this area that is thick in the middle and thin on its sides (Qiu
et al., 2001). The presence of strong positive anomalies that
form a striped-pattern probably implies the reverse magnetic
induction of basic-ultrabasic materials or the oblique magne-
tization of invisible high-magnetic rock in the margin of the
northern Xisha trough (Zhang et al., 2009).

3. Material and methods

Out of the four existing scientific boreholes (i.e., Xiyongl,
Xiyong 2, Xichenl, and Xishil) on the Xisha Islands, just
the first (Xiyongl) was straight drilled into a 1251 m reef
sequence. In contrast, borehole XK1 was drilled from an
altitude of 1.5m to a bottom depth of 1268.2 m on Shi-
dao Island in the Xuande Atoll within the Xisha Basin
between 2013 and 2014 by the Zhanjiang Branch of the
China National Offshore Oil Company. The XK1 borehole
also encompasses the highest core coverage percentage and
shows that a 1257.52 m thick Cenozoic carbonate succession
unconformably overlies Paleozoic, or even older, meta-
morphic rocks. Two rock samples from the basement are
shown in Figure 2; these samples were taken from depths of
1258.5 m (XK1-1) and 1261.5 m (XK1-2), respectively.

The composition, concentration, proportion, texture, and
structure of the dominant minerals in each sample were iden-
tified and named using a crossed-polarized light microscope.

Sample XK1-1 (from a depth of 1258.5 m) comprises dark
gray amphibole plagiogneisses that mainly consists of plagio-
clase (46%), hornblende (11%), biotite (23%), quartz (12%),
and potassium (K)-feldspar (8%), alongside a small propor-
tion of accessory minerals such as epidote, apatite, sphene,
and zircon. The grain size within this sample is also highly
variable, ranging between 10 and 0.2 mm, with light-colored
minerals generally tending to be larger than their dark-col-
ored counterparts. Some feldspar grains are up to 10 mm in
size and are characterized by tabular crystals, while other,
dark-colored, minerals tend to be smaller than light-colored
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Figure 2 Lithological and petrological features of samples from borehole XK1 drilled into the Xisha Basin basement. P, plagioclase; Kfs, K-feldspar; Qtz,

quartz; Bt, biotite; Hbl, hornblende.

ones and range in dimensions between 4 and 0.2 mm. Most
minerals in this sample are preserved in their original form
without secondary alteration; just one K-feldspar example
is characterized by argillization and is light maroon in color
because of the absorption of ferric ions. The minerals in the
XK1-1 sample are also characterized by highly directional
arrangements, while the presence of alternating light and
dark-colored mineral-rich layers constitute a kind of medium
to coarse gneiss structure (Figure 2b). Equilibrium structures
between hornblendes and plagioclase at certain zonations are
also evident (Figure 2f); thus, based on all these features, this
rock type can be described as an amphibole plagiogneiss.
Data show that this rock formed at depths between 1257.52
and 1260.52 m; an unconformable contact with crystalline
limestone is seen on its top surface, weathered crust is present
between the two (Figure 2a), and partial fragmentation can
also be seen that was later filled with calcite veins (Figure
2c). It is also noteworthy that this amphibole plagiogneisse
was obviously subject to granite intrusion at a depth of
1260.52 m; while altered gneiss is present at the contact

surface, hornblende and biotite chloritization, as well as a
high degree of argillization and plagioclase sericitization are
also present and all minerals retain an overall directional
alignment (Figure 2d and g).

Sample XK1-2 comes from depths between 1260.52 and
1262.72 m and is a light gray granite. This rock type con-
tains large euhedral to subhedral grains that range between
20 and 5 mm in size. This sample also exhibits a typical
granitic composition that essentially comprises acidic plagio-
clase (+22%), orthoclase (45%), and quartz (£28%), as well
as a dark-colored mineral such as biotite (£5%). Accessory
minerals present within XK1-2 mainly include allanite, ap-
atite, and zircon (Figure 2e and h).

The zircon-sorting process for this study was carried out
at the Hebei Province Regional Geology Minerals Investiga-
tion Research Institute. About 200 randomly chosen zircons
from each sample were pasted onto double-sided adhesive
tape, and were later mounted within an epoxy resin disc prior
to polishing and imaging under both reflected and transmit-
ted light. Prior to U-Pb isotopic analyses, all zircon grains
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were photographed using cathodoluminescence (CL) to tar-
get their internal structures and to determine the position of
microzonation. Isotopic analyses were then performed at the
State Key Laboratory of Geological Processes and Mineral
Resources, China University of Geoscience (Wuhan), using
laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) in a GeoLasPro 2005 LA system coupled to an
Agilent 7500a ICP-MS (Liu et al., 2010). Our ablation pro-
tocol utilized a spot diameter of 32 um at 5 Hz, while helium
was used as the carrier gas to efficiently transport aerosol to
the ICP-MS. We choose to laser ablate oscillatory-zoned ar-
eas of zircon crystals in all cases; each data point includes
20 s of blank signal followed by 50 s of sample signal. We
inserted two zircon 91500 samples as external standards for
every six sample analysis data points, and performed zircon
microelement calibrations using NIST 610 glass as the exter-
nal standard and silicon as the internal standard. The stan-
dard zircon GJ-1 was used as primary reference material to
validate the accuracy of our analytical results, and we cor-
rected our U-Pb raw data offline using ICPMSDataCal 7.0
(Liu et al., 2009). We corrected the measured U-Th-Pb iso-
topic ratio (1o) for the common presence of Pb using Ander-
sen’s method (Andersen, 2002), while zircon U-Pb concordia
plots and weighted average ages were finished using the soft-
ware Isoplot (Ludwig, 2003).

4. Zircon U-Pb geochronology

Results of zircon LA-ICP-MS U-Pb isotopic dating for sam-
ples from borehole XK1 are presented in Table 1. These data
show that Th/U ratios from samples XK1-1 and XK1-2 range
between 0.37 and 0.88, and 0.39 and 1.01, respectively (Fig-
ure 3). Thus, taking into account oscillatory zoning features
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Figure 3 Summary of zircon U-Pb isotopic dates and the Th/U ratio for
XK1 borehole samples from the basement of the Xisha Basin.
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seen in CL images, it is likely that these zircons are the
products of magma crystallization (Hoskin and Schaltegger,
2003). Our zircon U-Pb concordia plots and weighted
mean age results are presented in Figure 4; these data show
that 16 out of 17 analyses are concordant with a range
between 160+2.5 and 1371 Ma. In addition, 14 spots
define a Late Jurassic age with a weighted mean 2°Pb/>*U
age of 152.9+1.7 Ma (mean square weighted deviation,
MSWD=5.5) while the other two younger spots yield Early
Cretaceous ages of 16042.5 and 137+1 Ma, respectively. Six
zircon U-Th-Pb isotope dates for sample XK1-2 fall off the
concordia diagram, while the remaining ten all fall within the
Early Cretaceous with concordant ages between 11742 and
101£2 Ma. Similarly, eight relatively younger zircons record
a weighted mean 2*Pb/**U crystallization age of 107.8+ 3.6
Ma (MSWD=4.3) while two are older (116+1.8 and 117+2
Ma).

5. Discussion

The newly acquired amphibole plagiogneiss samples we
report from the XK1 borehole drilled into the basement of
the Xisha Basin overlie on Early Cretaceous granite intrusive
body (107.8 Ma) that is evidence for a Late Yanshanian
(Cretaceous) igneous orogeny. Large-scale Late Mesozoic
tectono-magmatic events were not, however, restricted to
the continental margins surrounding the SCS region (i.c.,
southern China, the southeastern Indochina Peninsula, and
Borneo); contemporaneous granitic rocks have also been
identified from oil and gas boreholes and scientific trawl
surveys in the Pearl River Mouth Basin as well as in the
Zhongsha and Nansha areas (Yan et al., 2014). It is also clear
that this magmatic activity continued over a long period of
time; previous studies have demonstrated, for example, that
younger intrusive bodies are widely distributed in the Pearl
River Mouth Basin while the K-Ar age of biotite granite
from borehole ZHU2 (2379 m) is 70.5 Ma. In contrast,
plagiogneiss samples acquired from borehole S08-18 on the
Nansha Islands reveal the oldest known zircon U-Pb age of
between 157.8 and 159.1 Ma (Yan et al., 2010). Although
the lithological characteristics of different Late Mesozoic
intrusive bodies vary from one another, we are nevertheless
able to use element geochemistry to determine that an active
continental margin was present in the area of the SCS before
the advent of Cenozoic rifting (Yan et al., 2014). Long
term compressive subduction of the paleo-Pacific slab led to
large-scale landward magmatic activities along the eastern
continental margin of Mesozoic Asia, as well as the devel-
opment of a series of accretionary complexes at the front of
this subduction zone (Metcalfe, 2013; Isozaki, 1997). At
the same time, however, a great deal of ongoing controversy
surrounds the exact location of subduction accretionary
zones within the area of the SCS; Morley (2012) and



Table 1  Zircon crystal LA-ICP-MS U-Pb isotope dates for Xisha Basin borehole XK1 samples

Sample Content (ppm) THU Original ratio Corrected age (Ma)
(mn) Th U 2()7Pb/2()6Pb 10. 2()7Pb/235U 10_ 2()6Pb/238U 10_ 2()7Pb/2()6Pb 10. 2()7Pb/235U 10_ 2()6Pb/238U 10.
XKI1-1
1 208.93 309.94 0.67 0.0550 0.0038 0.1876 0.0133 0.0252 0.0004 413 143 175 11 160 3
2 752.41 964.99 0.78 0.0491 0.0016 0.1671 0.0057 0.0246 0.0003 151 70 157 5 156 2
3 1322.34 1510.45 0.88 0.0500 0.0013 0.1632 0.0046 0.0237 0.0003 195 53 154 4 151 2
4 443.01 617.41 0.72 0.0526 0.0021 0.1682 0.0063 0.0233 0.0002 313 76 158 5 149 1
5 552.24 746.67 0.74 0.0518 0.0019 0.1725 0.0063 0.0241 0.0002 275 74 162 5 153 1
6 81.61 214.78 0.38 0.0593 0.0040 0.1884 0.0121 0.0240 0.0004 579 125 175 10 153 2
7 224.87 610.62 0.37 0.0563 0.0025 0.1721 0.0079 0.0221 0.0002 464 91 161 7 141 2
8 254.78 630.28 0.40 0.0465 0.0018 0.1540 0.0059 0.0240 0.0002 25 70 145 5 153 1
9 565.69 772.07 0.73 0.0516 0.0018 0.1612 0.0057 0.0225 0.0002 268 72 152 5 144 1
10 1361.66 2395.08 0.57 0.0508 0.0015 0.1510 0.0046 0.0214 0.0002 232 61 143 4 137 1
11 238.84 558.31 0.43 0.0510 0.0021 0.1706 0.0068 0.0243 0.0002 241 81 160 6 155 1
12 1170.73 1433.09 0.82 0.0493 0.0014 0.1630 0.0046 0.0238 0.0002 164 58 153 4 152 1
13 274.84 377.08 0.73 0.0512 0.0023 0.1669 0.0074 0.0238 0.0003 251 90 157 6 152 2
14 612.19 871.96 0.70 0.0471 0.0016 0.1583 0.0052 0.0243 0.0002 55 63 149 5 155 1
15 416.73 707.63 0.59 0.0518 0.0019 0.1783 0.0064 0.0250 0.0003 276 72 167 6 159 2
16 189.74 419.34 0.45 0.0522 0.0024 0.1799 0.0082 0.0251 0.0003 293 97 168 7 160 2
17 398.89 934.97 0.43 0.0474 0.0016 0.1546 0.0054 0.0235 0.0002 71 71 146 5 149 1
XK1-2
16 173.31 172.33 1.01 0.0538 0.0063 0.1198 0.0125 0.0168 0.0003 363 223 115 11 107 2
17 1097.47 1847.00 0.59 0.0549 0.0018 0.1411 0.0051 0.0186 0.0003 89 89 116 6 117 2
18 72.73 113.89 0.64 0.0755 0.0084 0.1796 0.0192 0.0183 0.0004 1081 209 168 16 117 3
19 74.33 106.37 0.70 0.1057 0.0089 0.2316 0.0186 0.0166 0.0004 865 295 141 20 102 3
20 209.01 535.10 0.39 0.0681 0.0060 0.1926 0.0173 0.0207 0.0004 873 180 179 15 132 2
21 144.69 156.66 0.92 0.0611 0.0064 0.1455 0.0149 0.0176 0.0004 643 216 138 13 113 2
22 84.52 99.55 0.85 0.1222 0.0115 0.2519 0.0200 0.0171 0.0004 1989 133 228 16 109 3
23 75.27 109.95 0.68 0.0520 0.0078 0.1241 0.0194 0.0170 0.0004 286 314 119 17 108 2
24 151.51 168.20 0.90 0.0493 0.0053 0.1050 0.0115 0.0166 0.0003 160 224 101 11 106 2
25 1276.40 1394.15 0.92 0.0473 0.0017 0.1190 0.0042 0.0182 0.0002 63 70 114 4 116 1
26 191.92 213.44 0.90 0.0572 0.0054 0.1319 0.0119 0.0170 0.0003 501 193 126 11 109 2
27 163.88 161.79 1.01 0.0661 0.0057 0.1623 0.0137 0.0184 0.0004 811 168 153 12 118 2
28 83.47 115.65 0.72 0.0682 0.0072 0.1560 0.0164 0.0177 0.0004 874 213 147 14 113 2
29 124.82 133.85 0.93 0.0689 0.0081 0.1356 0.0145 0.0157 0.0004 896 215 129 13 101 2
30 87.05 100.25 0.87 0.0796 0.0097 0.1637 0.0176 0.0161 0.0004 1187 208 154 15 103 2
31 60.96 96.85 0.63 0.0750 0.0098 0.1666 0.0213 0.0170 0.0004 1068 256 156 19 109 3
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Figure 4 Zircon U-Pb concordia plots and weighted mean ages for XK1 borehole samples from the basement of the Xisha Basin.

Zahirovic et al. (2014) presented models for tectonic evo-
lution showing that these subduction zones passed directly
across the eastern Indochina Peninsula and western Borneo
through coastal areas of southern China and eastern Hainan
Island, while Taylor and Hayes (1983) made the alternative
suggestion that the paleo-Pacific slab was subducted north-
westwards underneath the north Palawan terrane and Reed
Bank. Some other researchers have also focused on a seg-
ment of buried striped subduction zone that is present in the
northeastern SCS beneath Cenozoic cover. This zonal seg-
ment approximately encompasses the region between NE45°
and SW225° and runs from the southwestern Taiwan Basin to
the Zhongsha Islands, oblique to seafloor topography and the
Cenozoic tectonic stress field. In addition, the peak of gross
horizontal gradient Bouguer gravity anomaly seen in this seg-
ment appears to be comparable to the Manila trench in both
scale and strength, also illustrating a relatively high magnetic
anomaly. All these lines of evidence likely indicate the pres-
ence of a volcanic arc related to Cenozoic subduction (Zhou
et al., 2008; Li et al., 2008).

The results of this study show that while Borehole XK1 is
located just 1 km from Xiyongl, the metamorphic rocks in
both have been affected by a synchronous tectonic thermal

event. At the same time, however, the newly acquired amphi-
bole plagiogneisse samples from XK1 yield an average zircon
crystallization age of 152.9 Ma and a minimum age of 137+1
Ma. These dates are indicative of Late Jurassic to Early Cre-
taceous metamorphism, and are far younger than the Precam-
brian Rb-Sr isotopic age (627 Ma) identified in earlier work
from Xiyongl basement samples. Indeed, even if a Precam-
brian crystalline basement is located underneath Hainan Is-
land, southern China, and the Kontum massif in central Viet-
nam, reliable evidence from a systematic body of research is
still absent with regard to the existence of a uniform ancient
metamorphic basement underlying the whole SCS. Although
a MSWD value of 5.5 for zircon 2*Pb/*?**U ages from bore-
hole XK1-1 is slightly higher than in previous work, ages are
nevertheless relatively well focused at a younger, rather than
Paleozoic or an even older, age. Sun et al. (2014) recently
summarized a great deal of data from borehole metamorphic
rock samples across the northern SCS basin and spanning
the Precambrian to Paleozoic. None of the basement rock
samples so far collected from boreholes (e.g., KP1-1-1 and
YJ35-1-1 from the Pearl River Mouth Basin) have yielded
accurate age data or led to a convincing stratigraphic analy-
sis. For example, the two-mica plagiogneiss drilled from a
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depth of 2480 m within borehole LF2-1-1 in the Pearl River
Mouth Basin yielded a K-Ar isotopic age of 100 Ma (Li et
al., 1998), while Mesozoic metamorphic rocks were collected
from the Nansha Islands during expeditions SO23 and SO72
in the 1980s (Kudrass et al., 1986). Similarly, mica K-Ar ages
obtained from garnet-mica schist, amphibolite, paragneiss,
and quartz-phyllite samples are all related to a Late Juras-
sic to Early Cretaceous metamorphic event (i.e., between 113
and 146 Ma). Research by Fyhn et al. (2010) has also sug-
gested that the Nansha block used to be a micro-block located
on the western edge of the paleo-Pacific during the Meso-
zoic and did not collide with the Indochina Peninsula until
the Early Cenozoic. The results of this study show that both
Nansha and Xisha basements were affected by the same re-
gional metamorphism which lasted from the Late Jurassic to
the Early Cretaceous. In addition, the fact that the Zhong-
sha-Xisha and Nansha blocks share striking similar magnetic
basement characteristics implies the presence of a single en-
tity prior to the expansion of the SCS (Hao et al., 2009).

It is well-known that the Mesozoic SCS was characterized
by an extremely complicated tectonic background and has
been regarded as a zone of interaction between Tethys and pa-
leo-Pacific domains. This region certainly underwent strong
collision and suturing during the Late Mesozoic (Pichot et
al., 2014; Xia and Huang, 2000; Cai, 1998; Li, 1999; Yao,
1998; Wu, 1999). Based on distribution patterns and the rel-
ative timing of strata formation, Yan and Zhou (2001) con-
cluded that closure of the Meso-Tethys was triggered by col-
lision between the North Palawan-Reed Bank-Nansha block
and the southern Chinese continental margin in the Middle
Cretaceous. Thus, metamorphic and granite ages of the Xisha
basement are helpful in determining the tectonic evolution
of the Meso-Tethys as well as discrepancies in crustal struc-
ture in both east-west and south-north directions along the
northern continental margin of the SCS. Contemporaneous
metamorphic rocks in the Pearl River Mouth Basin as well as
the basement garnet K-Ar age of 102.2+1.1 Ma from bore-
hole MZ-1 within the Chaoshan depression both indicate that
an east-west trending metamorphic belt used to be present
within the northern SCS during the Cretaceous. This meta-
morphic belt was almost certainly caused by subduction of
the Meso-Tethys along the continental margin of the north-
ern SCS; however, whether, or not, this metamorphic belt ex-
tended westward into the Red River shear zone or was pieced
together alongside an oceanic basin represented by the Suma-
tran Woyla suture line through the Kalimantan Meratus suture
line remains unclear and will require further research.

6. Conclusions

Petrographic analyses combined with zircon U-Pb isotopic
dating data of samples from borehole XK1 drilled on the
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Xisha Islands indicate the presence of a metamorphic base-
ment comprised of Late Jurassic amphibole plagiogneisses
with zircons ages of 152.9+1.7 Ma (**Pb/?**U age), which
were intruded by magmatic bodies during the Early Creta-
ceous (107.8+£3.6 Ma). Controversy remains, however, as to
whether, or not, the SCS region initially developed on top
of a uniform Precambrian metamorphic crystalline basement.
Corroborated by a K-Ar age for the Xiyongl basement (Sun,
1987), we suggest that regional Late Mesozoic metamorph-
ism that took place between 152.9 Ma and 96.3 Ma in the
Xisha basement might be closely related to large-scale and
long-lasting subduction of the paleo-Pacific plate underneath
the continental margins of East Asia and possibly marks the
closure of the Meso-Tethys within the SCS.
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