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Identifying ancient magmatic arcs in collisional orogens is important for regional tectonic reconstruction. Here,
we first identified Middle Triassic (ca. 235–237 Ma) arc-type hornblende diorite and granodiorite in the
Ailaoshan high-grade metamorphic belt in SW China, east of the Paleotethyan Ailaoshan-Song Ma suture.
These rocks show arc-type geochemical affinities, such as large-ion lithophile element (LILE; e.g., Rb and Ba)
enrichments and high-field-strength element (HFSE; e.g., Nb, Ta and Ti) depletions. They are characterized by
positive εNd(t) (+2.90 to +4.63), εHf(t) (+9.9 to +14.1), and higher δ18O (mean 6.35–6.65‰) than typical
mantle-derived magmas. Whole-rock geochemical and Sr-Nd-Hf-O isotope data demonstrate that the horn-
blende diorite was derived from depleted MORB-like mantle metasomatized by subducted oceanic sediments,
and the granodiorite was formed by fractional crystallization from mafic magmas. These two rock types likely
represent remnants of a continental arc, whose upper arc architecture may have been mostly-/completely-
eroded by the subsequent Indosinian (Triassic) and Himalayan (Cenozoic) orogenic events. Tectonically, the
presence of Triassic arc remnants east of the Paleotethyan Ailaoshan-Song Ma suture suggests the occurrence
of east-dipping (present orientation) subduction of the Paleotethys beneath the South China Block, a hypothesis
discarded bymost previous studies due to the lack of arc magmatic evidence. Combined with previous studies in
the Ailaoshan tectonic zone and its southern extension (Song Ma tectonic zone), we propose that the
PaleotethyanAilaoshan Oceanmay have been bipolar-subductedwestward and eastward beneath the Indochina
and South China blocks, respectively.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Mass exchange in subduction zones between the mantle and surfi-
cial geochemical reservoir (e.g., ocean, crustal rocks and sediments)
gives rise to arc-type magmas (Chauvel et al., 2008). Most arc magmas
are thought to be originated from partial melting of the sub-arc mantle
wedge metasomatized by subducting slab-derived fluids and/or silicate
melts (e.g., Hawkesworth et al., 1993; Plank and Langmuir, 1998). These
arc-type rocks are characterized by distinctive isotopic and geochemical
compositions, such as enrichment in large ion lithophile element (LILE)
and depletion in high field strength element (HFSE). Mafic-felsic
plutons in ancient orogenic belts may represent remnants of the mag-
matic arc root, e.g., the Permian Gympie Group in eastern Australia is
interpreted as volcanic arc remnants (e.g., Sivell and Waterhouse,
1988). Remnants of the magmatic arc root are commonly metamor-
phosed and tectonically disrupted due to the later thermotectonic
overprinting. Identification of these arc remnants in ancient orogenic
belts is vital for reconstructing oceanic subduction history and the as-
sembly and break up of supercontinents.

Southeast (SE) Asia comprises mainly Gondwana-derived terranes,
including the South China, Indochina, Sibumasu, West Burma, South-
west Borneo and West Sumatra (Metcalfe, 2013). The northward
drifting and accretion of these terranes onto the Eurasian margin have
opened and closed three intervening Paleozoic-Mesozoic oceans,
i.e., the Paleotethys, Mesotethys, and Neotethys (e.g., Faure et al.,
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2014;Metcalfe, 2013). Among these three ocean basins, the Paleotethys
is the least understood because of the superimposing of Meso- and
Neo-Tethyan tectonics (e.g., Liu et al., 2013; Zhang et al., 2017).
Remnants of the Paleotethys are preserved in a series of suture zones,
i.e., AyimaqinKunlun-Mutztagh suture zone (e.g., Yin and Harrison,
2000), Jinshajiang-Ailaoshan-Song Ma-Song Chay-Hainan suture zone
(e.g., Faure et al., 2018; Wang et al., 2000), Longmu Co-Shuanghu,
Changning-Menglian and Chiang Mai-Inthanon-Chanthaburi-Bentong-
Raub suture zones (e.g., Metcalfe, 2013). The Ailaoshan-Song Ma-Song
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Chay-Hainan suture in SW China and Vietnam is suggested to represent
a branch of the eastern Paleotethys or a late Paleozoic back-arc basin as-
sociated with eastward subduction of the Changning-Menglian
Paleotethyan main ocean (Fig. 1a) (Fan et al., 2010; Faure et al., 2014;
Faure et al., 2018; Wang et al., 2000). The Ailaoshan-Song Ma branch/
back arc basin was inferred to be closed in the Triassic (Faure et al.,
2014, 2016a, 2016b; Ji et al., 2020; Lepvrier et al., 2004; Liu et al.,
2015; Wang et al., 2018; Xu et al., 2019a, 2019b; Zi et al., 2012). After
its closure, the region has experienced multiphase tectonic overprint,
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notably the Cenozoic India-Asia collision (Zhang et al., 2017), leading to
difficulties in reconstructing the geological evolution of the eastern
Paleotethys branch oceans/back arc basin, especially those concerning
its subduction polarity. Most studies agreed that the Ailaoshan-Song
Ma branch/back-arc basin had subducted westward beneath the
Indochina Block, based on the well-preserved Permian-Triassic
Taizhong-Lixianjiang and Truong Son arc systems on the easternmargin
of Indochina (Halpin et al., 2016; Liu et al., 2011; Liu et al., 2012; Wei
and Shen, 1997). East-dipping subduction beneath the South China
Block was also proposed, but is mainly supported by Permian-Triassic
sedimentary or paleontological (e.g., radiolarian assemblage in Qinfang
Basin) evidence in SW South China Block (Hou et al., 2017; Ke et al.,
2018; Xu et al., 2019a), yet no direct evidence from arc-type magmatic
rocks has ever been presented.

In this study, we first report Middle Triassic arc-type hornblende di-
orite and granodiorite from the Ailaoshan high grade metamorphic
complex, east of the Paleotethyan Ailaoshan suture zone. We present
new data on their zircon U\\Pb ages and Hf\\O isotopes, whole-rock
geochemistry and Sr\\Nd isotopes, and identify two source compo-
nents involved in their generation. We argue that these intermediate-
felsic plutonic rocks represent remnants of an eroded continental arc
sourced from the depleted mantle metasomatized by subducted sedi-
ments, and proposed that the eastern Paleotethyans Ailaoshan Ocean
was subducted to both eastward and westward beneath the South
China and Indochina blocks, respectively.

2. Geological background and sample descriptions

The Ailaoshan fold belt is a NW-SE striking fan-shaped terrane
(~500 km long and 20–100 km wide) that narrows to the NW and
widens to SE (Fig. 1b) (Faure et al., 2016a). It extends northwest to
the Jinshajiang tectonic zone (Yunnan, SW China) (Fig. 1b) (Wang
et al., 2000; Wang et al., 2014), with its southeastern extension to the
SongMa tectonic zone (northern Vietnam) (Faure et al., 2018). Situated
between the South China (comprising Yangtze and Cathaysia blocks)
and Indochina blocks, the Ailaoshan fold belt was variously suggested
to be the remnants of an oceanic branch (i.e., Ailaoshan Ocean) or a
back-arc basin of eastern Paleotethyan ocean (Fan et al., 2010; Faure
et al., 2014; Wang et al., 2000). However, in this study, we infer that
the Ailaoshan belt most probably represent the remnants of one
Paleotethyan branch ocean based on following facts: (1) Previous isoto-
pic data and geochemical compositions constrained the Devonian
Shuanggou ophiolites within the Ailaoshan fold belt being of typical
NMORB-type ophiolites comprised of primary pyrolite (lherzolite), rel-
ict pyrolite (harzburgite), diabase, gabbro and basalt, which are differ-
ent from the supra-subduction zone (SSZ) ophiolites (e.g., Xu and
Castillo, 2004;); (2) Recent studies have suggested that the Ailaoshan
ocean (or back-arc basin)wasmainly opened before the Devonian, pos-
sible at Silurian, although further rifting in the Late Paleozoic may have
occurred (e.g., Liu et al., 2018; Xia et al., 2016).

Several belt-parallel strike-slip faults have divided theAilaoshan fold
belt into elongated and narrow strips (Faure et al., 2016a, 2016b; Fig. 1).
From west to east, these tectonic strips and their boundaries include
(Lai et al., 2014a, 2014b): Lixianjiang-Amojiang Fault, the western
Ailaoshan volcanic belts, Jiujia-Anding Fault, the Ailaoshan ophiolitic
mélange, the Ailaoshan Fault, and the Ailaoshan high-grade metamor-
phic complex, and the Red River Fault.

The western Ailaoshan volcanic belts crops out discontinuously SE,
W, and NWofMojiang (Fig. 1). Three lithological units were recognized
in this zone, from bottom to the top include (Faure et al., 2016a): (1) Si-
lurian to Devonian mudstone-siltstone-sandstone turbiditic alterna-
tions; (2) Carboniferous to Triassic volcanic and volcanic-sedimentary
rocks (Fan et al., 2010; Liu et al., 2011); (3) Late Triassic red beds
made of conglomerate, sandstone, and siltstone. The volcanic formation
in the belt is comprised of andesite, dacite, rhyolite, basaltic andesite,
and high-Al basalt (Faure et al., 2016a), which largely cropped out in
the Wusu, Yaxuanqiao and Maoheshan areas, near Mojiang (Fan et al.,
2010; Liu et al., 2011). These volcanic rocks are dated from Late Carbon-
iferous to Triassic (287–249 Ma) with arc and/or continental-rift affini-
ties (Fan et al., 2010; Liu et al., 2011), which are commonly attributed to
the west-dipping subduction of the Ailaoshan Ocean (Wei and Shen,
1997). Permian-Triassic (257–244 Ma) granitoids reported in the
Heping, Pingzhang, Pinghe and Xin'anzhai areas correspond to the plu-
tonic root of the western Ailaoshan magmatic arc (Faure et al., 2016a;
Lai et al., 2014a; Liu et al., 2015). The Ailaoshan ophiolitic mélange is
bounded by the Jiujia-Anding, and the Ailaoshan faults to the west
and East, respectively (Fig. 1). They contain mainly meter- to
kilometer-sized blocks of Devonian to Lower Carboniferous
serpentinized lherzolite, harzburgite, gabbro, dolerite, plagiogranite, ba-
salt, ribbon-bedded chert, and limestone enclosed into a sandstone-
siltstone matrix (Faure et al., 2016a). The Devonian to Carboniferous
(ca. 383–334 Ma) gabbro-dolerite-basalt show N-MORB geochemical
affinities (Lai et al., 2014b; Xu and Castillo, 2004; YNGMR, 1990), and
may have formed in a slow spreading ocean basin.

The location of the South China-Indochina suture been proposed to
be the Lixianjiang-Amojiang fault based on the distribution of the
Emeishan basalts in Jinping within the high-grade metamorphic com-
plex (Chung et al., 1997). More recently, comprehensive detrital zircon
U\\Pb dating and Hf isotope analyses on the Paleozoic sedimentary
rocks across the belt have suggested that the Ailaoshan ophiolite belt
(Wang et al., 2014) or the Ailaoshan-Tengtiaohe fault (Xia et al., 2016)
may represent the location of the Ailaoshan suture.

The Ailaoshan high-grade metamorphic complex was likely first
formed by the Triassic collision between the South China and Indochina
blocks (Fig. 1b). It mainly comprises of different kinds of paragneiss,
schist, quartzite, marble and amphibolite (Liu et al., 2013; YNGMR,
1990). This metamorphic complex had been originally regarded as the
Precambrian crystalline basement of the Yangtze Block (YNGMR,
1990). However, recent studies indicated that the metamorphic com-
plex contains rocks ranging from Neoproterozoic to Tertiary
(820–25 Ma) (Ji et al., 2020; Lin et al., 2012; Liu et al., 2013; Qi et al.,
2012). Comprehensive geochronological studies on the meta-igneous/
−sedimentary rocks (e.g., schist, paragneiss, and amphibolite) from
the Ailaoshan complex revealed multiple metamorphic events (Ji
et al., 2020; Liu et al., 2013): (1) the Early-Late Triassic (249–222 Ma)
high-pressure metamorphic rocks in the Dali, Gasa, Yuanjiang and
Honghea areas are associated with the subduction-closure of the
Paleotethys, which may indicate the final closure of the Ailaoshan
Ocean in the Late Triassic (Ji et al., 2020; Lin et al., 2012; Liu et al.,
2013). (2) Eocene-Oligocene (44–14 Ma) metamorphic rocks in Gasa,
Mosha, Yuanjiang and Honghe areas are associated with the sinistral
ductile deformation along the Ailaoshan-Red River (ASRR) shear zone
(Ji et al., 2020; Lin et al., 2012; Liu et al., 2013). Inherited detrital zircons
(528 Ma to 2550 Ma) were also reported from those rocks, which may
record widespread geological events throughout the Gondwana
supercontinent (Ji et al., 2020; Liu et al., 2013). Permian-Triassic
(280–233 Ma) granitoids have also been reported from the complex
(Lin et al., 2012; Liu et al., 2017a;Wu et al., 2016), but were interpreted
as continental rift or Indochina-South China collision-related (Liu et al.,
2017a; Wu et al., 2016). More recently, Xu et al. (2019c) reported Late
Permian (ca. 261 Ma) Nb-enriched basalts (NEBs) from the Ailaoshan
metamorphic complex, which geochemically mimic the NEBs from typ-
ical intracontinental back-arc basin setting. However, Permian-Triassic
arc magmatic rocks were yet to be discovered.

Our diorite-granodiorite samples were collected from the northern
part of the Ailaoshan high-grade metamorphic complex, near the
town of Taizhong (N 24°52.78′–24°52.85′, E 100°47.36′–100°47.40′;
Fig. 1c). The diorite-granodiorite intruded the Paleozoic Ailaoshan
Group (Fig. 2a and b), indicating that they are native rather than exotic
blocks. Only the least altered rocks were sampled. The hornblende dio-
rites are composed of hornblende (50–55%), plagioclase (35–40%), bio-
tite (~5%) and accessory (b5%) epidote, zircon, apatite and magnetite
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(Fig. 2c and d). The hornblende is mostly subhedral and shows distinct
pleochroism, whilst the plagioclase occurs mainly as subhedral laths.
The granodiorites are fine-medium grained (Fig. 2e), and contain
mainly plagioclase (65–70%) and quartz (15–20%), and minor
K-feldspar (~5%), hornblende (b5%) and biotite (b3%), and trace (b5%)
zircon, epidote and Fe\\Ti oxides. The plagioclase occurs as subhedral
lathswithwell-developed twinning, whilst the hornblende is subhedral
and shows distinct pleochroism (Fig. 2f). Both the hornblende diorite
and granodiorite have experienced minor deformation, as shown by
weak foliation in the hand specimens (Fig. 2c and e).

3. Analytical methods

3.1. Zircon U\\Pb age and O isotope analyses

Secondary ion mass spectrometry (SIMS) zircon U\\Pb analyses
were conducted using a CAMECA IMS1280-HR system at the State key
Laboratory of Isotope Geochemistry, Guangzhou Institute of Geochem-
istry, Chinese Academy of Sciences (SKLaBIG, GIG-CAS). The analytical
procedure was the same as that described in Li et al. (2009). The ellip-
soidal spot is about 20 μm × 30 μm in size. Calibration of Pb/U ratios is
relative to the standard zircon Plesovice (337.13 Ma) (Sláma et al.,
2008), which was analyzed once every four unknowns, based on
an observed linear relationship between ln (206Pb/238U) and ln
(238U16O2/238U). A long-term uncertainty of 1.5% (1 RSD) for
206Pb/238U measurements of the standard zircons was propagated to
the unknowns (Li et al., 2010a), despite that the measured 206Pb/238U
error in a specific session is generally around 1% (1 RSD) or less. U and
Th concentrations of the unknowns were also calibrated relative to the
standard zircon Plesovice, with its Th and U concentrations of 78 ppm
and 755 ppm, respectively (Sláma et al., 2008). Measured compositions
were corrected for common Pb using non-radiogenic 204Pb. A secondary
standard zircon Qinghu (Li et al., 2013) was analyzed as unknown to
monitor the reliability of the whole procedure. Uncertainties on single
analyses are reported at the 1σ level; mean ages for pooled U\\Pb anal-
yses are quoted with 95% confidence interval.

Zircon oxygen isotopes were measured using the same CAMECA
IMS1280-HR SIMS at the SKLaBIG, GIG-CAS. The 133Cs+ primary ion
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beamwas accelerated at 10 kV,with an intensity of ~2 nAand focused to
an area of ɸ 10 μmon the sample surface and the size of analytical spots
is about 20 μm in diameter (10 μm beam diameter +10 μm raster).
Oxygen isotopes were measured in multi-collector mode using two
off-axis Faraday cups. The measured oxygen isotopic data were
corrected for instrumental mass fractionation (IMF) using the Penglai
zircon standard (δ18OVSMOW = 5.3‰; Li et al., 2010b), which was ana-
lyzed once every four unknowns, using sample-standard bracketing
(SSB) method. The internal precision of a single analysis generally was
better than 0.1‰ (1σ) for the 18O/16O ratio. As discussed by Valley and
Kita (2009), internal precision for a single spot (commonly b0.1‰, 1σ)
is not a good index of analytical quality for stable isotope ratios mea-
sured by SIMS. Therefore, the external precision, measured by the
spot-to-spot reproducibility of repeated analyses of the Penglai stan-
dard, 0.30‰ (2σ, n = 24) is adopted for data evaluation. Fifteen mea-
surements of the Qinghu zircon standard during the course of this
study yielded a weighted mean of δ18O = 5.6 ± 0.10‰ (2σ), which is
consistent with the reported value of 5.4 ± 0.2‰ within analytical
errors (Li et al., 2013).

3.2. Zircon Lu\\Hf isotope analyses

All zircon Hf isotope analyses in this study were performed on a
Neptune Plus MC-ICP-MS (Thermo Scientific), coupled with a RESOlu-
tion M-50193 nm laser ablation system (Resonetics), which are hosted
at the SKLaBIG, GIG-CAS. The detailed description of the two instru-
ments can be found in Zhang et al. (2014a). An X skimmer cone in the
interface and a small flow of N2 (2ml L−1) were used to improve the in-
strumental sensitivity. All isotope signals are detected with Faraday
cups under static mode. The laser parameters were set as follow:
beam diameter, 45 μm; repetition rate, 6 Hz; energy density,
~4 J cm−2. Helium was chosen as the carrier gas (800 ml min−1). A
“squid” smoothing device on the gas line to the ICP gives a smooth sig-
nal. Each analysis consisted of 400 cycles with an integration time of
0.131 s per cycle. The first 28 s was used to detect the gas blank with
the laser beamoff, followed by 30 s laser ablation for sample signals col-
lection with laser beam on. During the measurement of this study, the
gas blank of 180Hf was less than 0.2 mv. 173Yb and 175Lu were used to
correct the isobaric interference of 176Yb and 176Lu on 176Hf. The natural
ratio values of 176Yb/173Yb and 176Lu/175Lu used in the correction are
0.79381 and 0.02656 (Segal et al., 2003). The mass bias factor of Yb is
calculated from the measured 173Yb/171Yb and the natural ratio of
1.13268. The mass bias factor of Lu is assumed to be the same as that
of Yb. The mass bias of 176Hf/177Hf was normalized to 179Hf/177Hf =
0.7325 with an exponential law. The detailed data reduction proce-
dure is reported in Zhang et al. (2015). 40 analyses of the Plešovice zir-
con during the course of this study yielded a weighted mean of
176Hf/177Hf = 0.282483 ± 0.000035 (2SD), which is consistent within
errors with the reported value in Sláma et al. (2008).

3.3. Whole-rock major- and trace-element analyses

The least-altered samples selected for geochemical analyses were
powdered to ~200-mesh in an agate mortar. Major elements of samples
were analyzed on the fused glass beads using Rigaku ZSX PrimusIIX-ray
fluorescence (XRF) spectrometer at the Chinese Academy of Science
(CAS) Key Laboratory of Crust–Mantle Materials and Environments at
University of Science and Technology of China (USTC), Hefei and
Wuhan Samplesolution Analytical Technology Co., Ltd., Wuhan. A pre-
ignition method was used to determine the loss on ignition (LOI) prior
to major element analyses. Analytical results for the GBW reference
standards (GBW07103, GBW07111and GBW07112) and the U.S. Geo-
logical Survey (USGS) reference standards (GSR-1, GSR-2, and GSR-3)
indicate that the analytical uncertainties were generally less than 2%.
Trace elements were analyzed using a Perkin-Elmer ELAN 6000
inductively-coupled plasma source mass spectrometer (ICP-MS) at the
SKLaBIG, GIG-CAS. Analytical procedures are similar to those described
in Li et al. (2006a). The USGS reference standards (BHVO-2, AVG-2,
GSR-1, GSR-2, GSR-3, GSD-9, and SARM-4) were chosen as external cal-
ibration standards for calculating the elemental concentrations in the
measured samples. Analytical precision and accuracy are better than 3%.

3.4. Whole-rock Sr\\Nd isotope analyses

Whole-rock Sr and Nd isotopic analyses of selected samples were
performed using a Micromass Isoprobe multi-collector mass spectrom-
eter (MC-ICPMS) at SKLaBIG, GIG-CAS, using analytical procedures de-
scribed by Li et al. (2006a). The reported 87Sr/86Sr and 143Nd/144Nd
ratios were respectively adjusted to the NBS987 standard 87Sr/86Sr =
0.71025 and the Shin Etsu JNdi-1 standard (143Nd/144Nd = 0.512115).
All the measured 87Sr/86Sr and 143Nd/144Nd ratios were normalized to
86Sr/88Sr = 0.1194 and 146Nd/144Nd = 0.7219, respectively.

3.5. Mineral composition analyses

Major elements of amphibole, plagioclase and epidote were deter-
mined using a JEOL JXA-8230 electron probe micro-analyzer (EPMA)
at the Key Laboratory of Mineralogy and Metallogeny of GIGCAS. Oper-
ating conditions for all elements include 15 kV accelerating voltage,
20 nA beam current, 1 μm beam size. Peak and background counting
time is 10 s for most elements. Analytical results were reduced using
the ZAF correction routine.

4. Results

4.1. Zircon U\\Pb dating

One hornblende diorite (XD39–1) and one granodiorite (17DL-26A)
were selected for zircon U\\Pb dating. For the hornblende diorite, zir-
con grains (size: 100–200 μm; length/width ratios: 1.5–2.0) exhibit
broad oscillatory zoning and high Th/U ratios (0.3–1.5), indicating a
magmatic origin (Corfu et al., 2003). Thirteen analyses yielded a
weighted mean 206Pb/238U age of 235 ± 2 Ma (MSWD = 1.08)
(Fig. 3a; Supplementary Table S1), representing the age of the horn-
blende diorite emplacement. For the granodiorite, zircon grains (size:
60–120 μm; length/width ratio: 1.2–2.0) exhibit broad oscillatory zon-
ing and high Th/U ratios (0.4–0.8), also indicating a magmatic origin
(Corfu et al., 2003). Fifteen analyses yielded a weighted mean
206Pb/238U age of 237 ± 2Ma (MSWD= 0.73) (Fig. 3b; Supplementary
Table S1), representing the age of the granodiorite emplacement.

4.2. Whole-rock geochemistry

The hornblende diorite samples have SiO2 and (Na2O + K2O) con-
tents of 49.55–54.39 wt% and 5.00–5.26 wt%, respectively, and are
subalkaline in the total alkali versus silica (TAS) diagram (Fig. 4a).
They are Na-rich (K2O/Na2O = 0.31–0.40) and calc-alkaline (Fig. 4b).
The rocks have high contents of MgO (4.96–5.99 wt%), total Fe2O3

(Fe2OT 3, 10.12–13.34 wt%), CaO (7.32–8.53 wt%), and Mg# (48–57)
(Fig. 4c and d; Supplementary Table S2). In the chondrite-normalized
rare earth element (REE) diagram (Fig. 5a), the hornblende diorites
show slightly light REE (LREE)-enriched patterns (La/Yb)N =
3.09–3.45) and negligible Eu anomalies (Eu/Eu* = 0.86–0.97) (Supple-
mentary Table S2). In the primitive mantle-normalized multi-element
spidergram, the hornblende diorites are characterized by large-ion
lithophile elements (LILEs; e.g., Rb and Ba) enrichment and high-field-
strength elements (HFSEs; e.g., Nb, Ta and Ti) depletion (Fig. 5b).

The granodiorites contain relatively high SiO2 (64.64–70.98 wt%)
and total alkali contents (6.49–6.92 wt%). These rocks are relatively
Na-rich (K2O/Na2O = 0.36–0.65) and are calc-alkaline (Fig. 4b). The
granodiorites have intermediate contents of Fe2OT 3 (3.40–5.64 wt%),
MgO (0.85–1.58 wt%), CaO (2.54–3.95 wt%) and Mg# (36–41) (Fig. 4c
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and d; Supplementary Table S2). The aluminum saturation index (ASI;
A/CNK = molar Al2O3/(CaO + Na2O + K2O)) varies from 0.97 to 1.04,
suggesting that the rocks are metaluminous to weakly peraluminous
(Supplementary Table S2). The granodiorites display LREE-enriched
chondrite-normalized REE patterns ((La/Yb)N = 4.66–6.82) and have
negative Eu anomalies (Eu/Eu* = 0.81–0.84) (Fig. 5c). In the primitive
mantle-normalized multi-elements spidergram (Fig. 5d), they are
enriched in LILEs and depleted in HFSEs, similar to the hornblende dio-
rites. The granodiorites show negative Sr anomalies, whilst the horn-
blende diorites show positive Sr anomalies.
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4.3. Whole rock Sr\\Nd and zircon Hf\\O isotopes

The hornblende diorites exhibit low and nearly constant (87Sr/86Sr)i
values (0.7046–0.7050) and uniform εNd(t) values (+3.63 to +4.22)
(Fig. 6a; Supplementary Table S2). The granodiorites have low and vary-
ing (87Sr/86Sr)i values (0.7037–0.7046), and similar εNd(t) values
(+2.90 to +4.63) to those of the hornblende diorites (Fig. 6a; Supple-
mentary Table S2).

Zircon grains from hornblende diorite have similarly positive εHf
(t) values (+9.9 to +12.6) and Hf modal ages (TDM2 = 261–289 Ma)
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to those of the granodiorite (εHf(t) = +9.9 to +14.1; TDM2 =
249–288Ma) (Fig. 6b; Supplementary Table S3). The hornblende diorite
and granodiorite have slightly higher δ18Ozircon values (5.76–6.59‰
(mean 6.35 ± 0.23‰) and 6.25–7.20‰ (mean 6.65 ± 0.18‰), respec-
tively; Fig. 6c and d) than that of typical igneous zircon in equilibrium
with mantle-derived magmas (5.3 ± 0.3‰) (Valley et al., 2005).

4.4. Mineral geochemistry

Representative EPMA results of plagioclase from the hornblende di-
orite and granodiorite samples are given in Supplementary Table S4.
The Plagioclase has relatively low CaO contents of 3.99–6.22wt% (horn-
blende diorite) and 3.46–4.62 wt% (granodiorite) (Supplementary
Table S4), and is classified as mainly oligoclase with minor andesine
(An19-29Ab75-81Or1–2 and An17-24Ab70-80Or1–2).

5. Discussion

5.1. Petrogenesis of the hornblende diorites

5.1.1. Accumulation and fractional crystallization
The weakly negative Eu anomalies (Eu/Eu* = 0.86–0.97) of the

hornblende diorites suggest insignificant accumulation but fraction-
ation of feldspars. In addition, the hornblende diorites have higher con-
centrations of LILEs and other strongly incompatible elements (e.g., Rb,
Ba, Th and U) than the average lower continental crust (LCC) (Fig. 5b)
(Rudnick and Gao, 2003), also indicating insignificant hornblende and
pyroxene accumulation (Guo et al., 2016). Considering that the horn-
blende diorites display no obvious cumulate textures (Fig. 2d), our
data allow a general assessment of the source characteristics of the
magma. The hornblende diorites have lower compatible elements con-
tents (e.g., Cr =17–47 ppm and Ni = 4–17 ppm) and Mg# values
(48–57) than those of typical primary mantle-derived melts
(Cr N 400 ppm; Ni N 1000 ppm). The rocks also show positive Cr vs. Ni
correlation (Fig. 7a), suggesting varying degree of mafic mineral
(e.g., clinopyroxene and/or olivine) fractionation. The positive CaO and
CaO/Al2O3 vs. MgO correlation is consistent with clinopyroxene frac-
tionation (Fig. 7b and inset). Hornblende fractionation is indicated by
the positive Y vs. Dy correlation (Fig. 7c). The negative Nb\\Ta and Ti
anomalies may have been attributed to the fractionation of Ti-rich min-
erals. However, this could not be the main cause for the significant
Nb\\Ta anomalies in the hornblende diorites, due to the nearly constant
Nb/La ratios (0.27–0.30) with respect to the varyingTiO2 contents
(1.08–1.43 wt%), and no correlation exists between Nb/Ta vs. TiO2

(Fig. 7d and inset). We thus infer that the negative Nb\\Ta anomalies
of the Ailaoshan hornblende diorites may reflect the magma source
characteristics. Accessory minerals, such as zircon, apatite, allanite and
monazite, strongly influence the trace elements compositions of igne-
ous rocks. Removal of zircon and apatite would decrease Zr and P2O5

contents, whereas the Ailaoshan hornblende diorites show no negative
Zr and P2O5 vs. SiO2 correlations (Fig. 7e and f). Allanite and monazite
are LREE-enriched, and minor fractionation of them would lead to
marked LREE depletion,which is absent in the Ailaoshanhornblende di-
orites ((La/Yb)N = 3.09–3.45). Therefore, we infer that the Ailaoshan
hornblende diorites have experienced insignificant fractionation of ac-
cessory minerals (e.g., zircon, apatite, allanite and monazite).

5.1.2. Magma source and mantle-crust interaction
Experimental studies suggest that partial melts from basaltic lower

crust rocks tend tohave lowMg# (b40) regardless of themeltingdegree
(Fig. 4d) (Rapp andWatson, 1995). Recent study byWang et al. (2018)
suggested that the Late Archean diorites with high Mg# (49–52) were
probably derived from partial melting of the lower crust. However, the
Late Archean diorites they reported have significantly higher SiO2
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contents (59–66 wt%) than the Ailaoshao hornblende diorites. The
Ailaoshan hornblende diorites are characterized by low SiO2 contents
(50–54 wt%, average 52 wt%) and high Mg# (48–57, average 53), sug-
gesting that they were most likely derived from the mantle instead of
crustal rocks, which are generally more felsic (SiO2 = 50–63 wt%;
Rudnick and Gao, 2003).

The hornblende diorites are characterized by LILE enrichments and
HFSE depletions (Fig. 5b), whichmay indicate either crustal contamina-
tion or source enrichment (e.g., by recycled terrigenous sediments
or subduction zone fluid), or a combination of both. Inherited
zircon grains are absent in the hornblende diorites according to
cathodoluminescence (CL) imaging and U\\Pb dating results (Fig. 3a;
Supplementary Table S1). The hornblende diorites do not show clear in-
creasing (87Sr/86Sr)i trend with SiO2 or 1/Sr*10000, or decreasing Nd
(t) trend with increasing SiO2 (or decreasing Nb/La) (Figs. 8a-d), thus
showing no major crustal contamination (Guo et al., 2016; Liu et al.,
2017b). In addition, the hornblende diorites show narrow ranges of
(87Sr/86Sr)i (0.7046–0.7050), εNd(t) (+3.63 to +4.22) and εHf(t)zircon
(+9.9 to +12.6), suggesting that crustal contamination was insignifi-
cant in the magmatic evolution. Therefore, we infer that parental
magma of the hornblende diorites was derived from the depleted man-
tle wedge metasomatized by subduction-related melts and/or fluids.

In subduction zones, slab-derived fluids tend to be more enriched in
LILEs than REEs andHFSEs,makingBa/La and Ba/Nb ideal tracers for slab
fluids (Guo et al., 2016; Hanyu et al., 2006). In contrast, Ba, La andNb are
high incompatible during melting of the subducted sediments, hence
Ba/Nb and Ba/La ratios of the sediment-derived melt would be similar
to the subducted sediments (e.g., Guo et al., 2016). Subducted
sediment-derived melts are characterized by high contents of Th, LREE
and high Th/La ratio (Plank et al., 2007).Most of the hornblende diorites
have relatively high contents of Th (5.52–8.40 ppm), high Th/La
(0.45–0.66) and Th/Yb (2.01–3.20) ratios, but low Ba/Nb (66–94) and
Ba/La (19–27) ratios. Previous studies have shown that variable degrees
of crystal accumulationmay exert a significant influence on the trace el-
ement abundance and elemental ratios (e.g., Th/REE, Th/HFSE, Ba/REE
and Ba/HFSE ratios; Guo et al., 2016). Guo et al. (2016) have evaluated
the feasibility of using Th/La, Th/Yb, Ba/La and Ba/Nb ratios to tracking
the sediment/fluid input into a mantle wedge. Their results suggest
that minor fractional crystallization of the Th-rich accessory minerals
such as zircon, monazite and apatite would greatly affect Th/La and
Th/Yb ratios of parental magmas, which may give rise to the relatively
high Th/La and Th/Yb ratios of Ailaoshanhornblende diorites. Therefore,
to avoid overestimating the content of sediment flux (melt and/or
fluid), we used Ba/La and Ba/Nb ratios to investigate the enrichment
process beneath the sub-arc mantle in this study. Our trace element
modeling results indicate that adding ~5% sediments into the depleted
mantle wedge could reproduce the Ba/Nb, Ba/La ratios and εNd(t) of
the Ailaoshan hornblende diorites (Fig. 9a and b). This suggests that
the subduction-related sediments (rather than fluids) may have con-
tributed to the source enrichment.

The Nd\\Hf isotope compositions of the hornblende diorites are
plotted on the island arc array (Fig. 10a) (Chauvel et al., 2008). Previous
studies argued that the slope of the array may have resulted from
Nd\\Hf decoupling during the dehydration and/or melting of the



0

1

2

3

4

5

6

7

8

9

0 1 2 3 4 5 6 7

O
a

C

MgO

(b)

0

5

10

15

20

25

30

0 10 20 30 40 50 60

i
N

Cr

(a)

(c)

Granodiorites
Hornblende diorites

Cpx

Ol

Cpx

Ol

Pl

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 2 4 6 8

O
l

A/
O

a
C

3
2

MgO

Cpx

Ol Pl

5

10

15

20

25

30

35

40

2 3 4 5 6 7

Y

Dy

Hb

0

20

40

60

80

100

120

40 45 50 55 60

r
Z

SiO2

0

0.1

0.2

0.3

0.4

0.5

40 45 50 55 60

O
P

5
2

SiO2

)f()e(

0

0.2

0.4

0.6

0.8

1

0 0.5 1 1.5

a
L/

b
N

TiO2

0

4

8

12

16

20

0 0.5 1 1.5 2

aT/
b

N

TiO2

(d)

Fig. 7. Binary diagrams of (a) Ni versus Cr, (b) CaO and CaO/Al2O3 (b inset) versus MgO, (c) Y versus Dy, (d) Nb/La and Nb/Ta (d inset) versus TiO2, (e) P2O5 versus SiO2 and (f) Zr versus
SiO2 for Ailaoshan hornblende diorites and granodiorites. Mineral abbreviations: Cpx = clinopyroxene; Hb = Hornblende.

9J. Xu et al. / Lithos 360–361 (2020) 105447
subducted slab, with a sedimentary component characterized by ele-
vatedNd/Hf ratios (Tollstrup andGill, 2005). Because Nd ismoremobile
than Hf in hydrothermal fluids, the Nd isotopic compositions are likely
more affected by subduction-related metasomatism (Kogiso et al.,
1997). Non-radiogenic Nd tends to be transported into the mantle
wedge by the slab-derived fluids, which lower the magma Nd isotope
ratios. In contrast, the Hf isotope ratios of the metasomatized mantle
wedge would not be significantly modified (Hanyu et al., 2006). As
above-mentioned, our data indicate that the subducted sediments
played a major role in shaping the geochemical characters of the arc-
type hornblende diorites from the Ailaoshan metamorphic complex,
andwe suggest that the island arcNd\\Hf isotope trend could bemainly
controlled by the mixing of depleted mantle and subducted sediments
(Chauvel et al., 2008).
We conducted Sr-Nd-Hf isotope modeling using the average MORB
(Chauvel et al., 2008; Su, 2002) as the mantle end-member and global
subducting sediments (GLOSS) as the crustal end-member (Plank and
Langmuir, 1998). Our modeling indicates that adding 5% sediment-
derivedmelts into themantle wedge could reproduce the Sr-Nd-Hf iso-
tope compositions of the hornblende diorites (Figs. 6a and 10). The
Ailaoshan hornblende diorites have clearly higher δ18Ozircon values
(5.8–6.6‰, mean 6.35 ± 0.23‰; Fig. 6c) than the zircon in equilibrium
with typical mantle-derived magmas (5.3 ± 0.3‰, 1σ) (Valley et al.,
2005). Although partial melting of metavolcanic rocks modified by
low-temperature alteration may also yield elevated δ18O values
(e.g., Wang et al., 2018), this is unlikely as the Ailaoshan hornblende di-
orites are probably derived from partial melting of the metasomatized
mantle rather than the lower crust as above-discussed. Therefore, the
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elevated δ18O values of these rocks are mainly resulted from the
18O-rich supracrustal input in the subduction zone (e.g., subducting
sediment-derived melts). The Hf\\O isotopic mixing model shows
that input from such a high-δ18O (ca. 20‰) subducting sediment
end-member is required to generate the hornblende diorites
(Fig. 11a and b). GLOSS is dominated by terrigenous material (ca.
76 wt%) and minor calcium carbonate (ca. 7 wt%) (Plank and
Langmuir, 1998), which both have high δ18O values (10‰ to 30‰;
Valley et al., 2005). Therefore, we infer that high-δ18O GLOSS was in-
volved in melt generation during the subduction of the Ailaoshan
Ocean.
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10 100 1000
Ba/Nb

-15

-10

-5

0

5

10

15

1%
2%
3%

5%
4%

10%

1%
2%

3%
4%
5%

10%

Depleted MORB mantle

Sediment-
derived melt

(b)

Sediment-
derived fluid

Ailaoshan hornblende diorites and granodiorites. See Supplementary Table S6 for detail of
nes. Data for subducted sediments are from Plank and Langmuir (1998).



-10

-5

0

5

10

15

20

25

-10 -5 0 5 10 15

)
n

ocri
Z(f

Hε

εNd(t)

Island arc 
arra

y

yarra eltna
M

Island arc
volcanics

OIB

MORB

5%

Average
sediment

Depleted
MORB mantle

3%
8%

Granodiorites
Hornblende diorites

Fig. 10. εHf(zircon) versus εNd(t) diagrams for the hornblende diorites and granodiorites.
Data sources: GLOSS (global oceanic sediments) with average ɛNd (−8) and ɛHf (+2 ±
3) values from Plank and Langmuir (1998); Island arc lavas, ocean island basalt (OIB),
mid-ocean ridge basalt (MORB), depleted MORB mantle (εNd(t) = +8.8; εHf =
+13.9), island arc array (εHf = 1.23 × εNd + 3.36) and mantle array (εHf =
1.59 × εNd + 1.28) are from Su et al. (2002) and Chauvel et al. (2008). See
Supplementary Table S5 for detail of the mixing model.

0.01

0.1

1

10

100

1000

Th Nb La Ce Nd Sm Eu Gd Dy Er Yb Lu

elt
n

a
M eviti

mir
P/kc

o
R DM

95%DM+5%Sediment derived melt-

1% melting
5% melting

10% melting
20% melting

Fig. 12. Trace-element modeling results for nonmodal batch melting of spinel peridotite.
The depleted mantle (DM, dashed line; Workman and Hart, 2005) mixed with ~5%
subducted sediments to produce the metasomatized mantle wedge source (solid line) of
the Ailaoshan hornblende diroites. See Supplementary Table S7 for details of the mixing
and melting model as well as different end-member compositions on the mixing lines.

11J. Xu et al. / Lithos 360–361 (2020) 105447
5.2. Petrogenesis of the granodiorites

Both the granodiorites and hornblende diorites intruded into the
Ailaoshan Group in the metamorphic complex, have similar age and
Sr-Nd-Hf-O isotope compositions (Figs. 3 and 6), and fall onto the
same fractionation trend (Figs. 13a–f), suggesting that the two rock
types were comagmatic. Compared to the hornblende diorites, the
granodiorites contain higher SiO2 and lower Mg# values, Al2O3, MgO,
Fe2OT 3, and CaO contents. Both rock types show similar LILE enrich-
ments and HFSE depletions in the primitive mantle-normalized multi-
elements (Fig. 5b and d), although the more fractionated granodiorites
contain higher incompatible trace element components. This indicates
that the granodiorites were probably formed from fractional crystalliza-
tion of mafic magmas. The granodiorites show positive Cr vs. Ni and
MgO vs. CaO (CaO/Al2O3) correlations (Fig. 7a and b), indicating
clinopyroxene fractionation. The positive Dy vs. Yb correlation indicates
hornblende fractionation (Fig. 7c). The negative Eu anomalies
(Eu/Eu*= 0.81–0.84), and the positive Sr/Y vs. Eu/Eu* correlation indi-
cate plagioclase fractionation (Figs. 14a). The negative total REE vs. Eu/
Eu*, Rb vs. Sr and Ba vs. Sr correlations may suggest a combined
Fig. 11. (a–b) δ18O(zircon) versus εHf(zircon) diagrams for the hornblende diorites and granodiori
sediments (10–25‰) are from Valley et al. (1998, 2005).
fractionation of hornblende, clinopyroxene and plagioclase (Fig. 14b, c
and d). Using the hornblende diorite sample 17DL-26B (which has the
lowest total REE and SiO2 contents) as the initial melts and the partition
coefficients from McKenzie and O'Nions (1991), Rayleigh fractionation
modeling (40% hornblende +30% clinopyroxene +30% plagioclase)
successfully reproduced the trace element variations of the Ailaoshan
hornblende diorites and granodiorites (Figs. 14b-d). This further sup-
ports that the granodiorites were formed via fractionation crystalliza-
tion of the mafic magmas.

Fractional crystallization of silicate magmas should produce a con-
tinuum of mafic to felsic composition (Singer et al., 1992), yet a compo-
sitional or silica gap (i.e., Daly Gap) is observed between the hornblende
diorites and the granodiorites (Fig. 13). We interpreted this “Daly
Gap” to be caused by extensive Fe-oxide mineral fractionation
(e.g., magnetite) (Shellnutt et al., 2009). The granodiorites display pos-
itive FeOT vs. TiO2 correlation, consistentwith the Fe\\Ti oxide fraction-
ation. Formation of the Daly Gap through fractional crystallization has
been documented in many other calc-alkaline magmatic systems
(e.g., Aleutian calc-alkaline volcanic centers) (Brophy, 1991).

Compared to the hornblende diorite, the granodiorite has a little
higher initial 87Sr/86Sr values (Fig. 8). This could be explained by that
the granodiorite was formed by fractional crystallization of mafic
magma that similar (but not exactly identical) to the hornblende
tes. Data sources: δ18O(zircon) from mantle-derived magmas (5.3 ± 0.3‰, 1σ) and oceanic



0

2

4

6

8

10

12

14

45 50 55 60 65 70 75 80

O
e

F
3

2
T

0

20

40

60

80

100

120

140

160

180

200

45 55 65 75 85

b
R

5

10

15

20

25

45 50 55 60 65 70 75 80

a
L

SiO2

0

5

10

15

20

25

30

35

45 50 55 60 65 70 75 80

o
C

SiO2

(d)

(e) (f)

0

1

2

3

4

5

6

7

8

9

10

45 50 55 60 65 70 75 80

O
a

C

0

100

200

300

400

500

600

700

800

45 50 55 60 65 70 75 80

a
B

)b()a(

(c)

Granodiorites
Hornblende diorites

Fig. 13.Hacker diagrams of the selectedmajor and trace elements for theAilaoshan hornblende diorites and granodiorites: (a) Fe2OT 3 versus SiO2; (b) CaO versus SiO2; (c) Rb versus SiO2;
(d) Ba versus SiO2; (e) Co versus SiO2; (f) La versus SiO2.

12 J. Xu et al. / Lithos 360–361 (2020) 105447
diorites. Such kind of parental mafic magma may have relatively vari-
able Sr isotopic compositions.

5.3. Geodynamic implications

West-dipping subduction of the east Paleotethys Jinshajiang-
Ailaoshan-Song Ma branch beneath the Indochina Block is widely ac-
cepted due to the well-preserved Permian-Triassic arc-type magmas
extending from Jomda-Weixi in the north through Taizhong-
Lixianjiang to Truong Son in the south (e.g., Liu et al., 2012; Wei and
Shen, 1997). For example, extensive Permian-Triassic arc-type
magmatism were reported in the western Ailaoshan volcanic belts
(Lai et al., 2014a; Liu et al., 2011; Liu et al., 2017b; Wei and Shen,
1997), Such as the arc/back-arc-type Wusu-Yaxuanqiao-Maoheshan
basaltic rocks (287–248Ma) and Dalongkai ultramafic-mafic intrusions
(272–266 Ma), which were interpreted to be originated from a MORB-
like mantle source metasomatized by subduction-related fluids or
sediments (Fan et al., 2010; Liu et al., 2011; Liu et al., 2017b). However,
hypotheses on east-dipping subduction remain controversial, mainly
because of the absence of Permian-Triassic continental island arc rocks
in SW China, and the structural overprinting of the Cenozoic India-
Asia collision. Our recent studies on the Late Permian Nb-enriched ba-
salts (NEBs) in the Ailaoshan metamorphic complex suggested that
they were generated by mixing between the depleted MORB-derived
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and enrichedmantle-derived components, andwere probably theprod-
ucts of the interaction between the eastward subduction of the
Paleotethyan Ailaoshan Ocean and the near-by Emeishan mantle
plume (Xu et al., 2019c). We thus infer that the eastward subduction
of the Ailaoshan Ocean could exist in the Permian.

Geochemical and Sr-Nd-Hf-O isotopic compositions of the Middle
Triassic (ca. 235–237 Ma) hornblende diorites and the granodiorites
show typical arc-type geochemical affinities. Petrogenesis analyses
mentioned above indicate their derivations from partial melting of the
mantle wedge metasomatized by subducted oceanic sediments, and
subsequent magma fractionation. The intrusion contact between the
Ailaoshan Group and hornblende diorite/granodiorite is observed in
the field. Therefore, we considered that these rocks represent remnants
of an arc developed in thewesternmargin of the South China Block, and
that bipolar subductionwas responsible for the closure of the Ailaoshan
Ocean.

Due to extensive tectonic overprinting of pre-Late Triassic top-to-
the-NE ductile shearing and post-Late Triassic left-lateral ductile shear-
ing (Faure et al., 2016a), both commonly well developed in the
Ailaoshan belt, the hornblende diorites and granodiorites can be alter-
natively attributed to be exotic tectonic blocks/lenses in the Ailaoshan
metamorphic complex, or be the product of westward subduction of
the Ailaoshan Ocean beneath the Indochina-Simao Block, similar to
that in the Taizhong-Lixianjiang Arc belt. However, we consider that un-
likely based on the data presented in this and previous studies: Zircon
εHf(t) values for the studied rocks here are mainly positive, in contrast
to those of the Taizhong-Lixianjiang arc rocks, such as the Xin'anzhai
granitoids (εHf(t) = −6.2 to −9.8; Liu et al., 2015). Previous detrital
zircon evidence also suggests that no pre-Late Triassic sequence depos-
ited west of the suture were transported to the east by later tectonic
movements (Wang et al., 2014; Xia et al., 2019; Xu et al., 2019a).

Our explanation above is also consistent with our previous detrital
zircon results on the Permian-Triassic sedimentary sequences across
the Ailaoshan belt (Xia et al., 2019; Xu et al., 2019a, 2019b). The
Permian-Middle Triassic sequences in the both western South China
margin and eastern Indochina showed unimodal detrital zircon age
population of 280–237 Ma and 273–236 Ma, respectively (Xia et al.,
2019; Xu et al., 2019a). The unimodal detrital zircon age patterns indi-
cate arc-related depositional environment (e.g., fore-arc basin) and
the development of two distinct Permian-Triassic continental arc sys-
tems in both the eastern Indochina (i.e., Taizhong-Lixianjiang arc) and
the western South China (central and west Yunnan) (Xia et al., 2019;
Xu et al., 2019a). However, there is no any report on the arc rocks devel-
oped in thewestern South China up to now. Our present study provides
the first direct evidence for this arc in the Ailaoshan fold belt.

In contrast, the Upper Triassic sedimentary sequences on both sides
of the Ailaoshan suture show multiple but similar detrital zircon age
spectra and Hf isotopic compositions, which indicates that the Upper
Triassic sedimentary sequences could be deposited in a foreland basin,
and the Ailaoshan Ocean was likely closed between the late Middle
Triassic-early Late Triassic (Xu et al., 2019a). Our recent geochemical
studies on the Permian-Triassic sedimentary rocks in the eastern Indo-
china Block also revealed a dramatic provenance change from continen-
tal arc to mature orogenic belt source across the Middle-Upper Triassic
boundary, implied a late Middle Triassic-early Late Triassic closure of
the Ailaoshan Ocean (Xu et al., 2019b). This inference is consistent
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with the observation of the Upper Triassic red conglomerate and sand-
stone (molasse) unconformably covering the Early-Middle Triassic or
the late Paleozoic sequences across the Ailaoshan belt (Faure et al.,
2016a). These results are also consistent with abundant magmatic, pa-
leomagnetic and metamorphic evidence, which also supports a late
Middle Triassic to early Late Triassic closure of the Ailaoshan Ocean
(e.g., Lai et al., 2014a; Zhang et al., 2014b). The collision time between
the South China and Indochina in central-northern Vietnam was sug-
gested to be a little earlier, around late Early Triassic to earlyMiddle Tri-
assic (Faure et al., 2014), and thus the closure of the Ailaoshan-SongMa
Ocean was likely to be diachronous (Cai and Zhang, 2009; Lai et al.,
2014a). The early Late Triassic collision-related granitoids in Jinshajiang
(ca. 235–230 Ma; Zhu et al., 2011)-Ailaoshan (ca. 229 Ma; Liu et al.,
2014) region also suggested that the Ailaoshan Ocean was likely
completely closed by the Late Triassic. Moreover, post-collisional gran-
itoids commonly have sizeable proportion of inherited zircons, such as
the crust-derived granites of the Variscan French Massif Central
(e.g., Moyen et al., 2017), whereas no inherited zircons were
found from the Ailaoshan hornblende diorites and granodiorites. There-
fore, the arc-type geochemical characters of our Middle Triassic
(237–235Ma)hornblende diorites and granodiorites aremost likely de-
rived from the metasomatized mantle wedge rather than from
remelting of the juvenile crustal materials as the Late Triassic (ca.
229 Ma) Huashiban I-type granites (e.g., Liu et al., 2014).

Previous studies focused on the Permian-Triassic igneous and sedi-
mentary rocks in the South China Block may also suggest the eastward
subduction of the eastern Paleotethys branch ocean (Hou et al., 2017;
Ke et al., 2018; Lepvrier et al., 2004; Li et al., 2006b; Qin et al., 2011,
2012; Wang et al., 2013; Zhang et al., 2014b). For examples, a series
of Triassic volcanic outcrops, such as the Middle Triassic (ca.
250–246Ma) felsic (e.g., dacite and rhyolite) andmafic (e.g., basalt) vol-
canic rocks, have been reported in SW Guangxi (SW China) (Qin et al.,
2011, 2012). The SW Guangxi dacite and rhyolite share geochemical
similarity to the typical subduction-related arc volcanic rocks (Qin
et al., 2011). Qin et al. (2012) divided the basalts into three geochemical
groups: back-arc basin (Group 1), island arc (Group 2) and ocean island
basalts (OIB) (Group 3). The Middle Triassic felsic volcanics and their
mafic counterparts may imply an arc−/back arc-basin system devel-
oped along the border of SW Guangxi, which could be resulted from
the eastward subduction of the Indochina Block beneath the South
China Block (Qin et al., 2011, 2012). In Junying-Bangxi area (Hainan
Island, South China), a Middle Permian (ca. 269 Ma) OIB-like
ultramafic-mafic lava suite was recognized (Wang et al., 2013), and
was interpreted to have formed in a back-arc basin owing to the
eastward subduction of Paleo-Tethys ocean (Wang et al., 2013). In
northern Vietnam, eastward Paleotethyan subduction was also pro-
posed by some authors (Lepvrier et al., 2004; Zhang et al., 2014).

Thus, our new results, combined with previous studies in the whole
Ailaoshan tectonic zone and its adjacent regions in the South China
Block (e.g., SW Guangxi and Hainan Island), consistently indicate that
eastward subduction of the Ailaoshan Ocean beneath the South China
Block did occur, and the Ailaoshan Ocean has not been completely
closed before the late Middle Triassic. We therefore propose that the
Middle Triassic Paleotethyan Ailaoshan Ocean may have been bipolar-
subducted both westward and eastward beneath the Indochina and
South China blocks, respectively (Fig. 15). The newly identified two
rock types likely represent remnants of a continental arc, and may
have supplied the detritus for the Permian-Triassic sedimentary basins
in the western South China continental margin, although older (Perm-
ian-Early Triassic) arc-type magmatic rocks in the Ailaoshan metamor-
phic complex may have been eroded or yet to be discovered.

6. Conclusions

(1) The first identified Middle Triassic (ca. 235–237Ma) hornblende
diorites and granodiorites in the Ailaoshan high-grademetamor-
phic complex show typical arc affinities, and were likely sourced
from the depleted mantle metasomatized by subducted oceanic
sediments.

(2) The hornblende diorite-granodiorite could be remnants of the
Permian-Triassic arc root in the western South China margin.

(3) Identification of remnants of this Middle Triassic island arc sup-
ports east-dipping subduction of the Ailaoshan Ocean. We pro-
pose that the Paleotethyan Ailaoshan Ocean may have been
bipolar-subducted both westward and eastward beneath the In-
dochina and South China blocks, respectively.
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