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Abstract Since the recognition of the Indosinian orogeny in northern Vietnam, Triassic orogens have been widely identified around
the western and southwestern boundaries of the South China block. The paleo-Tethys sutures stretch from west to southeast, from
Jinshajiang-Ailaoshan via NE Vietnam to Hainan Island; these sutures exhibit and develop voluminous Permian—early Triassic mag-
matism and numerous high-strain shear zones. As ophiolites related to the paleo-Tethys are lacking on Hainan Island, the eastward
extension of the Indosinian orogeny and subduction and closure time of the paleo-Tethys Ocean on Hainan Island remain controver-
sial. Here, an integrated kinematic and geochronological study has been conducted on two shear zones, called the Xiaomei and Mangsan
shear zones. U-Pb zircon dating yields an age of early Triassic (252—251 Myr) for Xiaomei syntectonic granites which formed in the
same tectonic setting and presented the similar nanoparticles to the Indosinian granites from Ailaoshan ductile shear zone, including
the strawberry-like and flower-like nanoparticles. The NE-trending Mangsan shear zone represented by the gneissic granites with
middle Permian ages (264—262 Myr) formed in the same tectonic setting as the Wuzhi-shan granites that were proposed as I-type
granites. These middle Permian gneissic granites with arc affinity may represent an arc setting related to the NW subduction of the
paleo-Tethys. The analyses reveal that granites with late Triassic ages (235—232 Myr) in the Xiaomei shear zone have the character-
istics of A-type granites. The late Triassic extensional events on Hainan Island may be related to the subduction of the paleo-Pacific
Plate beneath the East Asian continent.
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to early Mesozoic. In the South China continent, Triassic
ductile shearing, plutonismand metamorphism related to

1 Introduction

Hainan Island is located in the zone of convergence
among the Philippine Plate, South China continent and
Indochina block (Fig.1a). This island consists of several
allochthonous continental blocks, which rifted from the
northern margin of Gondwanaland, drifted northwards,
and eventually amalgamated to form Hainan Island dur-
ing the Paleozoic and Mesozoic (Metcalfe, 1996, 2017; Li
et al., 2002; Liu et al., 2006). Due to its unique geotec-
tonic location, it is undoubtedly the key to understanding
the tectonic evolution of the Indochina block and the
South China continent, especially the opening and closing
of the eastern paleo-Tethyan branch in the late Paleozoic
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the Indosinian orogeny are documented in the central and
eastern China (Fig.1a; Lin ef al., 2000; Faure ef al., 2003,
2016; Mao et al., 2013). On the southern margin of the
South China block, the Jinshajiang, Ailaoshan, and North
Vietnam belts exhibit striking similarities, with the suture
zoneshaving a Permian—early Triassic magmatic arc, an
ophiolitic mélange, northeast to north-directed synmeta-
morphic ductile nappes, and a fold-and-thrust belt (Fig.1a;
Faure et al., 2016). These belts represent Triassic orogens
around the western and southwestern boundaries of the
South China continent (Chen and Xie, 1994; Lepvrier et al.,
2008; Fan et al., 2010; Liu ef al., 2012). These collisional
belts resulted from the closure of the paleo-Tethys and
subsequent collision between the South China Plate and
Indochina (Faure ef al., 2016). Now questions arise as to
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whether the Indosinian orogeny exists, and if so, when the ~ paleo-Tethys closed on Hainan Island.
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Fig.1 (a) Tectonic sketch map of Southeast Asia showing the major suture boundaries and tectonic fragments (modified af-
ter Li et al., 2002; Mao et al., 2013; Faure et al., 2016; Metcalfe, 2017; Wang et al., 2017). ELIP, Emeishan large igneous
province; SB, Shiwandashan Basin; DNCV, Day Nui Con Voi Triassic arc; RRF, Red River fault; DBF, Dien Bien Phu fault;
MYF, Mae Yuan fault. Major suture boundaries: 1, Jinshajiang suture; 2, Ailaoshan suture; 3, Song Ma suture; 4, Truong
Son suture; 5, Luang Prabang suture; 6, Jinghong suture; 7, Nan suture; 8, Changling-Menglian suture; 9, Inthanon suture.
Major Indosinian granitic plutons and their isotopic ages: WWT, Wawutang; BM, Baimashan; GDM, Guandimiao; YM,
Yangmingshan; ZG, Zhuguangshan; F-H, Fucheng-Hongshan; XT, Xiaotao; LYB, Longyuanba; GK, Guikeng; GD, Gui-
dong; WLT, Wuliting; DR, Darongshan; WZS, Wuzhishan. (b) Simplified geological map of Hainan Island (modified after
Guangdong BGMR, 1988) showing sampling locations. In panel (b), the ages of Indosinian granites on Hainan Island are
from Xie et al. (2005), Li et al. (2006), Mao et al. (2013), Yan et al. (2017) and this study. The *Ar-"Ar ages of the
high-strain shear zones are from Zhang et al. (2011). (c) A geologic section of (b). T), early Triassic; T3, late Triassic.
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Many researchers have attempted to solve the location
problem of the paleo-Tethys suture zones on Hainan Is-
land. Yang et al. (1989) divided Hainan Island into a nor-
thern Qiongzhong terrane and a southern Yaxian terrane
(i.e., Sanya block) based on stratigraphy and paleontology,
which are separated by the east-west-trending Jiushuo-
Lingshui fault (Fig.1b). The suture zone is considered to
have formed in the Cretaceous (Yang et al., 1989). Li et al.
(2002) proposed that the Bangxi (i.e., Changjiang) and
Chenxing (i.e., Tunchang) metabasites with amphibolite-
facies metamorphism from the central Hainan Island are
similar to mid-ocean ridge basalts (MORB), on which the
Sm-Nd isochron yielded a crystallization age of 333+12
Myr. The South China continent (i.e., the north part of Hai-
nan Island) and Indochina block (including the south-cen-
tral part of Hainan Island) are bounded by the Changjiang-
Qionghai fault (Li et al., 2002; Fig.1b). Xu et al. (2008)
suggested that the NE-SW-trending Baisha fault should
mark the paleo-Tethys suture zone derived from the colli-
sion of an early Paleozoic intraoceanic arc with the South
China continent (Fig.1b). The Tunchang metabasites are
relics of an intraoceanic island arc rather than N-MORB-
type rocks in a subduction setting, and the Bangxi meta-
basites more likely formed in an extensional back-arc basin
(Xu et al., 2008). The Bangxi metabasites have a protolith
age of 269t4Myr, recording the timing of expansion of
an epicontinental back-arc basin due to the early Carbon-
iferous—early Permian subduction of the paleo-Tethys (Xu
et al., 2007). Liu et al. (2006, 2011) believed that there
was a paleo-Tethys oceanic basin (i.e., Qiongnan oceanic
basin) between the Qiongzhong block and Sanya block.
After the mid-Triassic, the Qiongnan oceanic basin was
completely subducted, resulting in the collision and sutur-
ing of the two blocks, which formed the ‘Qiongnan suture
zone’, represented by the Jiusuo-Lingshui fault zone (Xie
et al., 2005; Liu et al., 2006, 2011; Tang, 2010).

As outcrops of paleo-Tethys-related ophiolites have not
been found, the eastward extension of the Song Ma suture
on Hainan Island is still disputed. A series of WNW-tren-
ding shear zones with 258 —-240Myr foliated granites have
been identified in the Ailaoshan, Song Ma and Truong
Son zones (Lepvrier et al., 1997; Lan et al., 2000; Carter
et al., 2001). These ductile shear zones accompanied by
the contemporary foliated granites and gneisses were thou-
ght to represent responses to the closure of the paleo-
Tethys (Metcalfe, 1996, 2017; Carter et al., 2001; Wang
et al., 2007). Recently, the NE trending high-strain shear
zones (Shen et al., 2016; Wang et al., 2018) and foliated
granites (this study) closed to the Jiusuo-Lingshui fault
have been discovered on the southern Hainan Island
(Fig.1b). These structures might play important roles in de-
ciphering the Indochina—South China continent collisional
tectonic evolution. In this paper, we present our new re-
sults on the kinematics and geochronology of two shear
zones (i.e., the Xiaomei shear zone and the Mangsan shear
zone) (Fig.1b). A synthesis of these data provides an im-
portant constraint on the Triassic amalgamation of the In-
dochina with the South China continent and the tectonic
evolution of the paleo-Tethys on the Hainan Island.

2 Geological Setting

Hainan Island is a continental island separated from the
South China mainland by the Qiongzhou Strait (Li ef al.,
2002; Zhang et al., 2011). The Mesoproterozoic basement
of Hainan Island is composed of high greenschist- to am-
phibolite-facies granitic gneisses (1.43 Ga) and minor me-
tasediments and metavolcanics of the Baoban Group and
greenschist-facies metasedimentary and metavolcanic rocks
(1.44 1.43Ga) of the Shilu Group (Guangdong BGMR,
1988; Li et al., 2002; Yan et al., 2017). The Cambrian and
Ordovician strata are predominantly composed of shale,
sandstone, siltstone and slate with limestone interlayers
(Wang et al., 1991; Yao and Huang, 1999; Zeng et al., 2003,
2004; Zhang et al., 2011). The upper Paleozoic succes-
sions are characterized by Carboniferous slate, lower Per-
mian limestone and middle Permian sandstone (Zhang
et al., 2011), belonging to marine sediments (Liu et al.,
2006). These rocks predominantly crop out to the north of
the Jiusuo-Lingshui fault (i.e., Qiongzhong block) (Hu et al.,
2001; Liu et al., 2006, 2011; Long et al., 2007). However,
the area to the south of the Jiusuo-Lingshui fault (Sanya
block) has been uplifted and denuded and thus lacks se-
dimentary records from the late Ordovician to middle Per-
mian (Liu ef al., 2006). At the end of the Permian, the In-
dosinian orogeny ended the marine sedimentation on the
Qiongzhong block, followed by the collision between the
Sanya and Qiongzhong blocks (Xie ef al., 2005; Liu et al.,
2006, 2011, 2017; Tang, 2010; Shen et al., 2016; Wang
et al., 2018). Lower-middle Triassic coarse clastic rocks
(molasse formation) occur only in the Anding and Qiong-
hai areas in the central and northern island (Zhang et al.,
2011) and are products of the Indosinian orogeny (Tang,
2010). The lower Cretaceous Lumuwan Formation con-
sists of terrestrial siliciclastics. The Cenozoic strata have
large variations in thickness, exceeding 3000 m in some de-
pressional basins.

Hainan Island can be divided into several tectonic blocks.
Two major tectonic belts are developed on Hainan Island.
One is an E-W-trending belt, and the other is a NNE-
trending belt (Zhang ef al., 2011; Yan et al., 2017). Four
large E-W-trending faults, the Wangwu-Wenjiao, Chang-
jiang-Qionghai, Jianfeng-Diaoluo and Jiusuo-Lingshui faults,
occur from north to south, based on aeromagnetic data
(Guangdong BGMR, 1988; Zhang et al., 2011; Yan et al.,
2017; Fig.1b). The NE-SW-trending Baisha fault divides
Hainan Island into two parts, namely, the northwest Hai-
nan block and southeast Hainan block (Li et al., 2002).
These faults constitute important tectonic boundaries (Tang,
2010). Granites crop out extensively on Hainan Island and
occupy 37% of the island’s land area (Wang et al., 1991)
(Fig.1b). Granites have multiple periods of intrusive ac-
tivity, among which Indosinian and Yanshanian granites
are the most widely distributed (Guangdong BGMR, 1988;
Zhang et al., 2011). The Indosinian granite was formed in
the Triassic, related to the collision during the Indosinian
orogeny (Ge, 2003; Xie et al., 2005; Li ef al., 2006; Liu
et al., 20006).
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3 Sampling and Methods

3.1 Sampling

The Mangsan shear zone (18°30"56"N, 109°46°05"E) and
Xiaomei shear zone (18°39°41"N, 109°56'53"E) are lo-
cated in the southeastern part of Hainan Island and closed
to the Jiusuo-Lingshui fault (Fig.1b). In this study, we col-
lected three syntectonic granites (XMO01, XM06, and XM
10), two granites (XM04 and XMO05), and three granitic
gneisses (XM02, XMO03, and XMO07) from the Xiaomei
shear zone (Fig.lc) and four gneissic granites (MS24,
MS25, MS26, and MS27) from the Mangsan shear zone
(Fig.1b). The granite samples (XM04 and XMO05) were
collected from the pluton emplaced into the syntectonic
granites (XMO06, and XM10) along the faults in the out-
crop.

Syntectonic granites (XMO1, XM06, and XM10) con-
tain large plagioclase (50%), potassium-feldspar (25%)
and quartz (20%), and minor biotite (3%) and hornblende
(2%). Two granite samples (XM04 and XMO05) comprise
mainly plagioclase (55%), quartz (25%), potassium-feld-
spar (16%) and minor biotite (3%) and hornblende (1%).
The granitic gneisses (XM02, XM03, and XMO07) are typi-
cally pale gray in color, containing plagioclase (50%), K-
feldspar (25%), quartz (15%), biotite (5%), and hornblende
(5%). The gneissic granites (MS24, MS25, MS26, and
MS27) are typically pale gray to white in color and contain
plagioclase (50%), K-feldspar (20%), quartz (20%), biotite
(5%), and hornblende (5%) with gneissic texture (Fig.2d).

3.2 Scanning Electron Microscope (SEM) Images

The syntectonic granite sample (XMO1), granite sam-
ple (XMO04) and gneissic granite (MS24) were analyzed
with a NOVA NANOSEM 450 scanning electron micro-
scope (SEM) at the State Key Laboratory of Nuclear Re-
sources and Environment, East China University of Tech-
nology. Before the experiment, the granitic gneisses were
cut into cubes of approximately 1cm’. Then, the samples
were wrapped with conductive glue on the sample prepa-
ration stage, exposing the observed surface, which should
be parallel to the lineation and perpendicular to the folia-
tion. Subsequently, the gold-plating instrument of model
QI150RS was used to spray gold onto the surfaces of the
samples with a duration about 100s or 150s.

3.3 Zircon U-Pb Dating Method

Zircons were separated from crushed rock samples us-
ing standard gravimetric and magnetic separation tech-

niques and later handpicked under a binocular microscope.

Around 200 zircon grains from each sample were mounted
randomly on epoxy resin. For each grain the analytical
spots were chosen based on careful examination of ca-
thodoluminescence (CL) images which were used to iden-
tify the internal features of zircons. LA-ICP-MS (laser ab-
lation inductively coupled plasma mass spectrometry) dat-
ing of zircons from 9 samples was performed at the Key
Laboratory of Mineralogy and Metallogeny, Guangzhou

a) Springer

Institute of Geochemistry, Chinese Academy of Sciences.
U, Th, and Pb concentrations were calibrated using NIST
610 as the reference material. External standard 91500
(1062.4+£0.4 Myr) (Wiedenbeck et al., 1995) and Plesco-
vice zircon (337.131£0.37Myr) (Sldma et al., 2008) were
used for calibration. Isotope ratios were calculated using
ICPMS Data Cal 10.7 (Liu et al., 2010). We used *Pb/***U
ages for zircon grains younger than 1000 Myr and *’’Pb/
2%pp ages for those older than 1000 Myr. The weighted
mean ages were calculated for the granite samples. Age
histograms with probability for the rocks were created
with Isoplot 4.11 (Ludwig, 2003).

3.4 Major and Trace Element Geochemical Analysis

Sample preparation and whole-rock analysis were car-
ried out at ALS Laboratory Group (Guangzhou, China). Sam-
ples were fused with lithium metaborate-lithium tetrabo-
rate flux, including an oxidizing agent (lithium nitrate),
and then poured into a platinum mould. Fusion disks and
powder pellets for major element analyses were measured
using a PAN analytical Axios Max XRF (Almelo, The
Netherlands). The precision for major elements is better
than 5%. For the trace elements of the samples, the resul-
tant solutions were determined using an ICP-MS (Agilent
7700xICP-MS, USA) at the ALS Group (Guangzhou, Chi-
na). The precision for trace elements is better than 5%—
10%.

4 Results

4.1 Sinistral Shear Stress Along the Xiaomei Shear
Zone and Mangsan Shear Zone

The NE-trending Xiaomei shear zone extends more
than 4km with a width of 100—120m. It comprises a se-
ries of individual shear zones (50—80m wide and hundreds
of meters long) and crops out discontinuously as tectonic
slices along the river. The shear zones are characterized
by the development of syntectonic granites and granitic
gneisses with gneissic texture. Felsic minerals such as feld-
spar and quartz are elongated to form lineations (Fig.2a).
The a-lineations are developed with NNE (18°) pitch di-
rection at the pitch angle of approximately 35°. Dynamic
recrystallization of feldspar and quartz is common in the
syntectonic granites and granitic gneisses. The kinematic
indicators observed in the Xiaomei shear zone include out-
crop-scale quartz veins, asymmetric porphyroblasts with
attenuated tails (Fig.2a), structural lenses (Fig.2b) and S-
shaped asymmetrical folds, suggesting predominant sini-
stral shear stress.

The microscopic structures reflect the same character-
istics as the macroscopic structures (Cao and Wang, 2004).
These features include microscopic S-C fabrics, mica fla-
kes and asymmetric porphyroblasts (Figs.3a, b), indicat-
ing a sinistral shear component. The feldspar and quartz
display distinct undulose extinction.

Scanning electron microscopy reveals more detailed
deformation structures in the syntectonic granite (XMO1).
The kinks and folds are widespread in the biotite of the
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syntectonic granite (XMO1) (Figs.4a, b, ¢, d). Biotite shows
kinked geometry, presenting asymmetric folds (Fig.4a),
which is consistent with sinistral shearing observed from
the macroscopic outcrops and Polarized microscope. In
addition to the kinks, symmetrical folds (Fig.4b), tight

folds (Fig.4c) and Jura-type folds (Fig.4d) can be seen in
the SEM images of the syntectonic granite (XMO01). Tight
folds that emerge in the biotite generally are formed un-
der strong compression and Jura-type folds indicate con-
strained strain.

Fig.2 Field photographs of the Xiaomei shear zone and Mangsan shear zone. (a), asymmetric porphyroblasts with attenu-
ated tails in syntectonic granite (XMO01) from the Xiaomei shear zone indicate sinistral shearing; (b), Felsic lenses in gran-
itic gneiss (XM02) from the Xiaomei shear zone indicate strong shearing; (c), The granite sample (XM04) without any
shearing in the Xiaomei area; (d), Asymmetric porphyroblasts with attenuated tails in gneissic granite (MS24) from the

Mangsan shear zone indicate sinistral shearing.

Fig.3 Photomicrographs of rock samples. (a), Asymmetric porphyroblasts with recrystallized tails in the syntectonic granite
(XMO01); (b), Asymmetric porphyroblasts in the granitic gneiss (XM02); (c), Photomicrograph of the granite sample (XM04)
without any shearing; (d), The microscopic mica flake shows sinistral shearing deformation in the Mangsan shear zone. Qz,

quartz; BT, biotite; P, plagioclase.
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Fig.4 Scanning electron microscopy (SEM) images of syntectonic granite (XMO1) viewed on the X—Z section. (a) Kinks
showed sinistral shearing deformation. (b—d) Symmetrical folds, tight folds, and Jura-type folds indicated strong compres-

sion in the Xiaomei shear zone. BT, biotite.

In general, the different scales of deformation features
reflect sinistral shearing along the Xiaomei shear zone.
The structural elements generally point to a ductile shear
zone.

The NNE-trending Mangsan shear zone extends more
than 2km. It crops out discontinuously as tectonic slices
in the northern part of the Mangsan reservoir. The shear
zone is characterized by the development of gneissic gran-
ites, which are composed predominantly of biotite granite
and granodiorite. The gneissic foliations can be defined by
parallel feldspar phenocrysts and biotite flakes (Fig.2d).

Felsic minerals such as feldspar and quartz are elongated
to form lineations. The kinematic indicators observed in
the Mangsan shear zone include outcrop-scale asymmet-
ric porphyroblasts with attenuated tails (Fig.2d), micro-
scopic mica flakes (Fig.3d), indicating the occurrence of
top-to-the-NE shearing. Shearing planes without folds are
developed in the gneissic granite (MS24) observed through
SEM (Figs.5c, d). Stress minerals (i.e., biotite, plagioclase)
mostly slide along the shearing plane, and the formation of
the Micron-sized grains is relatively widespread (Figs.5c,

Fig.5 (a—b) Scanning electron microscopy (SEM) images of fractures in the granite sample (XMO04). (c—d) Shearing linea-
tions without folds in the Mangsan gneissic granite (MS24). Bt, biotite; Qz, quartz; Pl, plagioclase.

Granite sample (XM04) crops out in the Xiaomei area
without any shearing (Fig.2c). The undeformed plagio-
clase and quartz are observed in the polarized microscope

@ Springer

(Fig.3c). Scanning electron microscopy reveals brittle frac-
ture structures widely distributed in the granite sample
(XM04) (Figs.5a, b). Compared with the granitic gneiss
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(XM02) and syntectonic granite (XMO1), the grain size
and the proportions of plagioclase and quartz gradually
increase, whereas the amounts of biotite and hornblende
decrease (Fig.3c).

The agglomerated nanoparticles are observed in the
SEM images of the syntectonic granite (XMO1) (Figs.6c¢,
d). These agglomerated nanoparticles are formed under
the high temperatures (>500°C) and high-pressure condi-
tion (Cai et al., 2019). The agglomerated nanoparticles ex-
hibit various shapes within the Xiaomei ductile shear zone,
including ‘strawberry’ shape (Fig.6c) and ‘flower’ shape
(Fig.6d), which is similar to the nano-aggregates devel-
oped in the Ailaoshan ductile shear zone (Cai et al., 2019).

4.2 LA-ICP-MS Zircon U-Pb Ages
4.2.1 Middle Permian gneissic granites

Four samples (MS24, MS25, MS26, and MS27) were
dated by using LA-ICP-MS. Zircon grains extracted from
the samples are typically colorless or transparent and range
in length from 100 um to 400 um with aspect ratio of 1:1
to 4:1 (Figs.7a, b, ¢, d). Their shapes range from euhedral
to subhedral, and most grains show oscillatory zoning. The
majority of the zircons have Th/U ratios that vary from
0.21 to 0.51 (0.21-0.32 for MS24, 0.17—0.43 for MS25,

0.16—0.36 for MS26 and 0.21-0.51 for MS27) and clus-
ter within 0.2—0.5 (not shown), indicating a magmatic
origin (Hoskin and Black, 2000; Belousova et al., 2002).

Samples MS24, MS25, MS26, and MS27 of gneissic
granites from the Mangsan shear zone yield the weighted
mean “Pb/>*U ages of 262.2+1.2Myr (MSWD=0.14, n=
19), 264.0+1.2Myr(MSWD=0.24, n=19), 261.8+1.1 Myr
(MSWD =0.057, n=22) and 264.0+ 1.1 Myr (MSWD =
0.15, n=21), respectively (Figs.7a, b, c, d). The ages of
the four samples in the Mangsan shear zone range from
264 to 261 Myr.

4.2.2 Early Triassic syntectonic granites

Three samples (XMO1, XM06, and XM10) (Fig.1¢) were
dated by using LA-ICP-MS. Zircon grains extracted from
the samples are typically colorless or transparent and range
in length from 100 pm to 300 um with aspect ratios of 1:1
to 3:1 (Figs.8a, b, c¢). Their shapes range from euhedral to
subhedral, and most grains show oscillatory zoning. The
majority of the zircons have Th/U ratios that vary from
0.2 to 0.7 (0.08-0.52 for XMO1, 0.11-0.28 for XM06, and
0.09-0.70 for XM10) and cluster within 0.2—0.5 (not
shown), indicating a magmatic origin (Hoskin and Black,
2000; Belousova et al., 2002).

500 nm

Fig.6 (a—b) Scanning electron microscopy (SEM) images of the ‘strawberry’ shape (a) and ‘flower’ shape (b) agglomerated
nanoparticles in the granite sample from Ailaoshan ductile shear zone (Cai et al., 2019). (c—d) Scanning electron micros-
copy (SEM) images of the ‘strawberry’ shape (c) and ‘flower’ shape (d) agglomerated nanoparticles in the syntectonic

granite (XMO1) from Xaiomei ductile shear zone.

Zircons from samples XM01, XM06, and XM10 of syn-
tectonic granites in the Xiaomei area yield the weighted
mean “*Pb/?*U ages of 251+ 1.3Myr (MSWD=0.078, n=
19), 252+ 1.2Myr (MSWD=0.22, n=20) and 252.8+1.4
Myr (MSWD=0.56, n=18), respectively (Figs.8a, b, c).
In general, the ages of the three samples from the Xiao-
mei shear zone, ranging from 252 to 251 Myr are interpre-
ted to represent the shearing age for the NNE-trending Xiao-
mei shear zone.

4.2.3 Late Triassic granite

The granitic rocks were emplaced along tension frac-
tures in the Xiaomei shear zone, and did not undergo duc-
tile shear deformation. Two samples (XM04 and XMO05)
(Fig.1c) were dated using LA-ICP-MS. Zircon grains are
typically colorless and range in length from 100 pm to 300
um with aspect ratios of 1:1 to 3:1 (Figs.9a, b). Their
shapes range from subrounded to angular, with obvious
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oscillatory zoning, indicating a typical igneous origin. The
Th/U ratios of all analyzed zircons for two samples vary
from 0.44 to 1.06 (0.47—1.06 for XM04 and 0.44—0.99
for XMO05), which is consistent with their magmatic ori-
gin (Hoskin and Black, 2000; Belousova et al., 2002). A
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2
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o
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=
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weighted mean 2°Pb/>**U age of 232.9+1.2Myr (MSWD
=0.41, n=23) is calculated for sample XM04 (Fig.9a). Zi-
rcons from sample XMO5 in the Xiaomei area yield the
weighted mean ***Pb/**U age of 235.3+1.2Myr (MSWD
=0.035, n=22) (Fig.9b).
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Fig.9 LA-ICP-MS zircon U-Pb concordia age diagram for the granites from the Xiaomei area in southern Hainan Island. (a)

and (b) represent samples XM04 and XMOS, respectively.

4.3 Major and Trace Element Geochemical Analysis

Major and trace element compositions are listed in the
Tables 1 and 2. The granite samples from southern Hainan
Island have high SiO, values, ranging from 67.19 wt% to
76.35wt%. In the TAS ((Na,0+K,0) vs. SiO,) diagram
(Fig.10a) (Middlemost, 1994), the samples plot in the fields
of granodiorites, granites, and quartz monzonites, belong-
ing to the subalkaline series (Fig.10a). The K,O contents of
the granites range from 3.02wt% to 6.88 wt%. In the K,O

vs. Si0O, diagram (Fig.10b) (Peccerillo and Taylor, 1976), the
bulk of the samples plot in the fields of the high-K rock
series, and a small number of the samples plot within the
fields for the shoshonite series (sample XMO01), or the mid-
dle-K series (sample MS25). In the A/NK vs. A/CNK dia-
gram (A1203/(N320+K20) Vs. A1203/(C30+N8.20+K20))
(Fig.10c) (Maniar and Piccoli, 1989), the A/NK contents
of the samples mainly range from 1.52wt% to 1.98 wt%.
All the samples plot in the peraluminous fields (A/CNK>
1.1) (White and Chappell, 1983).

Table 1 Major element composition of the granites from the Hainan Island

Sample Si0, K>,O ALO; Na,O CaO MgO TiO, P,0s FeO* A/CNK
XMO1 70.48 6.88 14.60 2.41 1.41 0.51 0.28 0.09 2.44 1.36
XM04 74.35 5.90 13.15 2.51 0.70 0.15 0.13 0.02 1.88 1.44
XMO5 74.89 6.17 13.28 2.58 0.50 0.12 0.10 0.01 1.54 1.44
XMO06 75.25 6.38 13.18 2.01 1.14 0.12 0.06 0.03 1.43 1.38
XM10 69.29 6.14 14.19 2.18 1.63 0.67 0.40 0.13 3.54 1.43
MS24 76.35 491 12.73 3.38 0.17 0.08 0.08 0.02 1.72 1.50
MS25 68.92 3.02 15.22 4.67 1.28 0.82 0.48 0.14 3.98 1.70
MS26 67.19 4.17 15.79 4.24 2.44 0.75 0.44 0.13 4.22 1.46

Primitive mantle-normalized trace element spidergrams
and chondrite-normalized REE distribution patterns for
these granites are shown in tne Figs.11a and 11b, respec-
tively. Most samples show relative enrichment in light
rare earth elements (LREE), with high (La/Yb)y ratios of
5.2—-125.1 and strongly negative Eu anomalies (6Eu=
0.20-0.44) except for the sample XMO06. The negative Eu
anomalies of samples XM04 and XMO05 are 0.20 and 0.29,
respectively, which are consistent with the Eu anomalies
(<0.3) of alkaline granite. According to Green and Hunt
(1980), the obvious negative Eu anomalies show the frac-
tionation of plagioclase. The high (La/Yb)y ratios (>1) and
negative Eu anomalies of granitic rocks indicate that they
experienced strong fractional crystallization (e.g., plagio-
clase). In the primitive mantle-normalized trace element

spidergrams, all studied samples show distinct negative
anomalies in Ba, Nb, Ta, Ce, Sr, P and Ti and positive
anomalies in Rb, Pb, Th, and U (Fig.11a). Negative Ti
anomalies are considered to be related to the fractionation
of Ti-bearing phases (e.g., sphene), and negative P ano-
malies result from the apatite separation (Yan ef al., 2017).

5 Discussion

Our zircon U-Pb datas for the Indosinian granites from
southern Hainan Island, together with available zircon
U-Pb ages of I- and A-type granites and syenites from
previous researches (Xie et al., 2005, 2006; Li et al., 2006;
Zhang et al., 2011; Zhou et al., 2011; Mao et al., 2013;
Wen et al., 2013; Yan et al., 2017), are summarized in a
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Table 2 Trace element composition of the granites from the Hainan Island

Sample XMO1 XM04 XMO5 XMO06 XM10 MS24 MS25 MS26

Rb 266.00 316.00 289.00 206.00 253.00 160.00 127.50 193.50
Ba 724.00 163.00 148.50 755.00 576.00 299.00 601.00 706.00
Th 28.10 36.10 32.10 8.47 55.90 17.50 12.20 11.95
U 15.30 4.97 4.94 2.48 2.77 2.37 6.37 4.09
Nb 12.10 14.50 11.50 2.30 14.20 4.80 12.80 13.10
Ta 0.98 1.53 0.73 0.30 0.96 0.27 1.23 1.63
K 5.59 4.59 4.92 5.39 5.01 4.21 2.48 3.57
La 58.00 98.80 49.00 8.20 164.00 25.50 40.90 35.90
Ce 115.00 142.00 91.00 29.10 306.00 47.20 79.20 72.30
Pb 37.20 36.70 36.70 30.50 27.50 32.20 17.70 23.50
Pr 12.90 19.85 11.05 1.64 35.70 5.63 8.79 9.27
Sr 411.00 128.50 133.00 279.00 388.00 128.50 532.00 214.00
P 370.00 100.00 80.00 160.00 570.00 80.00 660.00 650.00
Nd 44.60 67.10 39.20 5.60 122.50 19.50 32.60 37.20
Zr 87.00 161.00 117.00 85.00 270.00 140.00 313.00 293.00
Hf 2.60 5.20 4.20 2.60 7.90 4.40 8.60 7.60
Sm 8.81 12.50 7.96 1.15 19.70 3.15 6.79 8.34
Eu 1.01 0.74 0.68 0.99 1.22 0.31 1.03 1.23
Ti 0.18 0.08 0.07 0.05 0.25 0.06 0.29 0.29
Gd 5.72 9.00 5.92 0.86 11.60 2.17 6.05 8.55
Tb 0.73 1.26 0.79 0.14 1.24 0.26 0.96 1.34
Dy 348 6.93 4.11 0.91 5.40 1.19 6.22 8.09
Y 15.40 37.30 20.10 4.90 20.20 5.10 32.70 48.40
Ho 0.56 1.32 0.74 0.20 0.80 0.21 1.19 1.71
Er 1.36 3.65 1.99 0.55 1.78 0.53 3.38 5.17
Tm 0.18 0.52 0.30 0.08 0.19 0.08 0.52 0.73
Yb 1.01 3.37 1.91 0.58 0.94 0.57 3.31 4.94
Lu 0.15 0.53 0.29 0.10 0.13 0.09 0.52 0.71
(La/Ybyy 41.19 21.03 18.40 10.14 125.15 32.09 8.86 5.21
SEu 0.41 0.20 0.29 2.92 0.23 0.34 0.48 0.44
7
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Fig.10 The rocks are classified into the different types according to (a) the SiO, vs. K,O+Na,O (Middlemost, 1994), (b)
K,0 vs. SiO, (Peccerillo and Taylor, 1976), (¢c) A/NK vs. A/CNK (Maniar and Piccoli, 1989) diagrams. Data for the Triassic
granites are from Xie ef al. (2006) and Zhou et al. (2011). Data for Permian granites are from Li et al. (2006) and Yan et al.
(2017). In panel (a): 1, gabbro; 2, gabbroic diorite; 3, diorite; 4, granodiorite; 5, granite; 6, monzogabbro; 7, monzodiorite;
8, monzonite; and 9, quartz monzonite.

@ Springer



ZHOU et al./ J. Ocean Univ. China (Oceanic and Coastal Sea Research) 2020 19: 1315-1330

1000 .
e -y \\
100 \‘i\’ k‘ \
10 W N s
°\-[ s e
-
IJ E o 4
1 + ]
E 4
By
5
2 o1t
[=9
£
L3
“o0.01 L
0.001
0.0001 F (a)
i1 1 1 1 & &1 & 1 & & 0 & % 0 % B B B @ B .0 B B R R I
RbBaThU NbTaK LaCePbPr Sr PNd ZrHISmEu TiGd To Dy Y Ho Er Tm Yb Lu

1325
XMO1 —= XM04
+ XMO5 XMO06
XM10 MS24
----- MS25 —- MS26

1000

100

Samples/Chondrite

(b)

PR R TR SR S ST S SR T T S |
LaCe Pr Nd Sm EuGd T Dy Ho Er Tm Yb Lu

Fig.11 (a) Primitive mantle-normalized trace element spider diagram and (b) C1 chondrite-normalized rare earth element
(REE) distribution pattern diagram for Permian (samples MS24, MS25 and MS26) and Triassic granitic rocks (samples
XMO1, XM04, XMO05, XM06 and XM10) from southern Hainan Island.

histogram (Fig.12). These granites show a wide range of
ages spanning 272—-220Myr, with the first igneous event
at 272-260 Myr, the subordinate phase at 248—256 Myr
and the third stage at 246—220 Myr. The proposed tec-
tonic background of these granites has been described as
follows.

n=35

Lomulll b
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Fig.12 Zircon U-Pb age histogram for Indosinian granites
on Hainan Island. In the histogram, representative ages
for granitoids are from Xie et al. (2005, 2006), Li et al.
(2006), Zhang et al. (2011), Zhou et al. (2011), Mao et al.
(2013), Wen et al. (2013), Yan et al. (2017) and this study,
our unpublished age data.

5.1 Middle Permian Magmatism

The middle Permian magmatism on Hainan Island is re-
corded by the large area of granites occurring between the
Jiusuo-Lingshui and Changjiang-Qionghai faults, with ages
ranging from 272 to 262 Myr (Li et al., 2006; Knittel
et al., 2010; Wen et al., 2013; Yan et al., 2017). Our data
demonstrate that the Mangsan gneissic granite samples
(MS24, MS25, MS26, and MS27) occurred at 264—262
Myr, coinciding with a sudden change in sedimentary
environments in South China during the Permian period

(Li et al., 2006; Knittel ez al., 2010; Wen et al., 2013). The
middle Permian Mangsan gneissic granites are similar to
the Wuzhi-shan orthogneiss in their field deformation cha-
racteristics. They are strongly foliated, defined by parallel
feldspar phenocrysts and biotite flakes, with dominant NE
to ENE strike directions (Li et al., 2006). The new major
element data obtained in this study, together with data
from previous studies on the middle Permian Wuzhi-shan
orthogneiss (Li et al., 2006), show a negative relationship
between SiO, and other major oxides (e.g., TiO,, Al,O;,
Fe,03, MgO, CaO and P,0s), whereas Na,O remains nearly
constant. At the same time, the fractional crystallization
process during the formation of the Mangsan gneissic
granites is almost the same as in the Wuzhi-shan or-
thogneiss. Both are supported by the obvious depletions
in P, Ba, Nb, and Sr and positive anomalies in Rb and Th
shown in the spidergrams (Fig.10a). The REE patterns in
the present study (Fig.10b) are generally similar to those
of the Wuzhi-shan rocks, showing variable enrichment in
light rare earth elements (LREEs), with chondrite-norma-
lized Lay=151.4—552.7, Lay/Yby=5.2—14.3, and Eu’/
Eu=0.32-0.44. In the plots of Rb vs. Yb+Ta (Pearce et al.,
1984) and Nb vs. Y (Pearce et al., 1984), the middle Per-
mian gneissic granites from the Mangsan shear zone are
mainly plotted in the field of volcanic arc granites (Fig.13).
Thus, we combine the Mangsan gneissic granites with the
Wuzhi-shan orthogneiss in field deformation characteris-
tics, zircon U-Pb ages, major elements, primitive mantle-
normalized trace element spider diagrams, and rare earth
element (REE) pattern characteristics, suggesting that they
share a common source. Therefore, the Mangsan gneissic
granites formed in the same tectonic setting as the Wuzhi-
shan orthogneiss, and both are I-type granites (Li et al.,
2006). These middle Permian gneissic granites with arc
affinity on Hainan Island may represent the Permian arc
magmatism initiated at 267 —262 Myr (Li et al., 2006;
Khnittel et al., 2010), and their genesis may be related to
the subduction of the paleo-Tethys ocean that existed be-
tween South China and the Indochina block (Lan et al.,
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2000; Ge, 2003; Wen et al., 2013). Because the Jiusuo-
Lingshui fault is divided according to geophysical data,
the actual trending for the Jiusuo-Lingshui fault may not
be east-west direction. Based on the field geological sur-
vey and analysis, we believe that the Mangsan shear zone
closed to the Jiusuo-Lingshui fault is probably the true
trend of the Jiusuo-Lingshui fault. The subduction direc-
tion of the paleo-Tethys ocean was NW, according to the
NE sinistral shear kinematic indicators observed in the
Mangsan shear zone (Fig.14a).

5.2 Late Permian and Early Triassic Magmatism

The late Permian and early Triassic granitoids mainly
occur in the Qiongzhong block (Li ef al., 2005; Xie ef al.,
2006; Yan et al., 2017 and this study) and the Sanya block
(Xie et al., 2005; Yan et al., 2017), and the ages for these
rocks range from 243 to 255Myr (Li et al., 2005; Xie et al.,
2006; Zhou et al., 2011; Yan et al., 2017 and this study).
Geochemical compositions of granitic rocks can also be
used to indicate their tectonic setting (Pearce et al., 1984).
In the plots of Rb vs. Y+Nb (Pearce ef al., 1984) and Nb
vs. Y (Pearce et al., 1984), the early Triassic syntectonic
granites in the Xiaomei area are mainly plotted in the
field of syncollisional granites (Fig.13). Combining our
data with the 257 Myr syncollisional granites in the Shilu
and Bangxi areas of Hainan Island (Li et al., 2005) and
the 24417 Myr augite syenite found in the Sanya block
(Xie et al., 2005), we determined that the collision time
between the Qiongzhong block and Sanya block was ap-
proximately 257—-248 Myr (Tang, 2010). In contrast, the
early Indosinian granitoids in South China (T,—T,") show
gneissic structures, which are interpreted as syncollisional
granites under compression (Zhou et al., 2006). These
syncollisional granites with gneissic structures are well
exposed along and in the vicinity of the Song Ma suture,
where the Indochina block collided with the South China
block. The peak age of the collision is dated at 258 to 243
Myr (Carter et al., 2001). The Luoding and Fen-jienan
plutons in the southwest South China block are good ex-
amples, with **Ar-’ Ar muscovite ages of 249.7+2.6 Myr
and 255.3+3.0Myr, respectively (Shao et al., 1995), which
are consistent with the collision time between the Qiong-
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zhong block and the Sanya block (257-248 Myr) (Tang,
2010). Thus, we compare the zircon U-Pb ages, deforma-
tion characteristics and nano-aggregates of the Xiaomei
syntectonic granites with the floiated granites developed
in the Ailaoshan ductile shear zone, suggesting that Jiu-
suo-Lingshui fault is likely to be the Paleo-Tethys suture
on the Hainan Island. The Xiaomei syntectonic granites
(252—-251Myr) on Hainan Island may represent the Indo-
sinian collisional orogeny on Hainan Island (Fig.14b). The
Micron-sized symmetric folds, tight folds, and Jura-type
folds observed in the syntectonic granite (XMO01) through
SEM may indicate the strong compression of Indosinian
collisional orogeny. The collision direction of the orogeny
on Hainan Island is WNW according to the NNE sinistral
shear kinematic indicators observed in the Xiaomei shear
zone (Fig.14b).

5.3 Middle—Late Triassic Magmatism

The Xiaomei granite samples (XM04 and XMO05) analy-
zed in this study yield late Triassic zircons (235—-232 Myr).
The chemical features of sample (XMO04) include high
Si0; (74.35%), Ga/Al (2.6x107%), K,0+Na,O (8.41%),
FeO* (1.88%), Zr (161 pgg™), Nb (14.5pugg ™), Ce (142
pgg "), and Y 37.3pgg ), low CaO (0.7%), Ba (163 pg
g "), and Sr (128.5ugg ") and strongly negative Eu ano-
malies (8Eu=0.20). The sample XMOS5 also exhibits high
Si0, (74.89%), Ga/Al (2.3x107%), K,0+Na,O (8.75%),
FeO* (1.54%), Zr (117pgg "), Nb (11.5ugg "), Ce (91ug
g "), and Y (20.1pgg "), low CaO (0.5%), Ba (148 pgg ™),
and Sr (133 ugg ') and strongly negative Eu anomalies
(0Eu=0.29). Chemical analyses reveal that both samples
(XMO04 and XMO05) have the characteristics of A-type grai-
tes (Collins et al., 1982; White and Chappell, 1983; Wha-
len et al., 1987). In the plots of FeO*/MgO vs. 10000*Ga/
Al (Whalen et al., 1987) and FeO*/MgO vs. SiO, (Wt%)
(Eby, 1990), the Xiaomei late Triassic granites in this study
are plotted in the fields of A-type granites (Figs.15a, b).
The brittle fracture structures found by scanning electron
microscopy in the granite sample (XM04) may suggest
the local extension in the late Triassic.

Under an overall Indosinian orogeny, the occurrence of
A-type granites suggests that extension had begun to de-
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Fig.13 Trace element tectonic discriminant plots (Pearce et al., 1984). WPG, within-plate granite; VAG, volcanic arc granite;
syn-COLG, syncollisional granite; ORG, oceanic ridge granite. The Permian granites are from Yan et al. (2017).
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Fig.14 A cartoon showing Indosinian subduction (a) and the occurrence of syntectonic granites in the Hainan Island (b).
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Fig.15 Geochemical plots for tectonic discriminant (Whalen et al., 1987; Eby, 1990). A, A-type granites; [&S, I-type gran-

ites and S-type granites.

velop (Xie et al., 2006; Zhou et al., 2011; Yan et al.,
2017). The middle Triassic granites (243+4Myr and 241+
1 Myr) in the southeastern part of Hainan Island are A-
type granites (Zhou et al., 2011). The middle Triassic al-
kali syenite (244+7Myr) in the Sanya area has the geo-
chemical characteristics of A-type granite (Xie et al., 20006).
In addition, 238 Myr A-type granites, 237 Myr basic dikes,
and the 231 Myr Fenjiezhou syenite were emplaced in the
southeastern part of Hainan Island (Tang, 2010; Zhou et al.,
2011), which reflects a postcollisional tectonic environ-
ment during the late Triassic (Sylvester, 1998; Bonin, 2004;

Tang, 2010).

Moreover, postcollisional orogenic magmatism can be
found along the western Pacific Rim of the East Asian
continental margin in South Korea (Kim ef al., 2011) and

Southeast China (Sun et al., 2011; Mao et al., 2013). For
example, the gabbro, monzodiorite, monzonite, syenite,
and granite (232—-226 Myr) in South Korea (Kim et al.,
2011) suggest typical postcollisional orogenic magmatism
(Mao et al., 2013). The presence of the Wengshan A-type
granites (224 Myr), Jinhua alkaline A-type granitic plutons
(231 Myr), and Jingju A-type granites (215Myr) in Zhe-
jiang Province and the Gaoxi A-type granites (215 Myr),
Xiaotao A-type granites (222 Myr) and Yangfang (242 Myr)
alkali syenites in Fujian Province define important exten-
sional events in the Triassic (Sun et al., 2011; Mao et al.,
2013). The ages of the Tangshi and Longtan granitic plu-
tons in Hunan Province are 2393 Myr and 243 +3 Myr,
respectively (Wang et al., 2005). The ages of the Wuliting
pluton and Nanfucheng pluton in South Jiangxi are 238.9%
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1.5Myr (Zhang et al., 2004) and 239+ 17Myr (Yu et al.,
2007), respectively. The ages of the Longyuanba pluton
and southern Zhuguangshan composite in North Guang-
dong are 241.0%£1.3 Myr (Zhang et al., 2006) and 231-
239Myr (Deng et al., 2012), respectively. The SHRIMP
U-Pb ages of the zircons from the Darongshan, Jiuzhou
and Taima plutons in southeastern Guangxi are 233+5Myr,
230+ 4 Myr and 236 +4 Myr, respectively (Deng et al.,
2004). All the geochemical characteristics of the granites
listed above indicate that they were formed in a postcolli-
sional tectonic environment (Deng et al., 2012). Consid-
ering these available data, the late Triassic extensional
events in South Korea and Southeast China are related to
subduction of the paleo-Pacific Plate beneath the East
Asian continental margin (Kim et al., 2011; Sun et al.,
2011; Mao et al., 2013). In addition, the 240.4+2.8 Myr
I-type diorite, granodiorite and granite in the Dienbien
complex rocks of northern Vietnam (Nguyen et al., 2004),
the middle Triassic magmatism in western Sarawak (Breit-
feld et al., 2017), and the 238 Myr magmatism and me-
tamorphism in the NW Schwaner Mountains, Indonesia
(Hennig et al., 2017), are related to the westward subduc-
tion of the paleo-Pacific Plate. The middle—late Triassic
westward paleo-Pacific subduction zone associated with
the collapse of the Indosinian orogen could extend from
South Korea through the eastern margin of South China
and Indochina to Borneo.

6 Conclusions

1) Age data for Indosinian granites from Hainan Island
can be divided into three groups: middle Permian (272—
260 Myr), late Permian and early Triassic (256—248 Myr),
and middle—late Triassic (246—220 Myr).

2) Geochemical data, deformation characteristics, and
zircon U-Pb ages for the middle Permian Mangsan gnei-
ssic granites (264—262 Myr) indicate that they are almost
the same as the Wuzhi-shan orthogneiss, belonging to sub-
alkaline I-type granites with arc affinity. The subduction
direction of the paleo-Tethys ocean on Hainan Island was
NW according to the NE sinistral shear observed in the
Mangsan shear zone. U-Pb ages and nano-aggregates of
the Xiaomei syntectonic granites presented the similarity
with the Indosinian granites from Ailaoshan ductile shear
zone. It’s inferred that Jiusuo-Lingshui fault is likely to be
the paleo-Tethys suture on the Hainan Island. Geochemi-
cal data, field occurrence, microscopic and SEM defor-
mation characteristics for early Triassic Xiaomei syntec-
tonic granites (252—251 Myr) suggest the Indosinian col-
lisional orogeny on Hainan Island. The collision direction
of the Indosinian collisional orogeny on Hainan Island was
WNW according to the NNE sinistral shear observed in the
Xiaomei shear zone. The late Triassic A-type granites (235—
232 Myr) from the Xiaomei shear zone reflect a post-col-
lisional tectonic environment on Hainan Island.
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