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Abstract The Ailaoshan tectonic belt, where the effects
of the Paleo-Tethyan ocean evolution and Indian—Eurasian
plate collision are superimposed, is one of the most signifi-
cant geological discontinuities in western Yunnan province
of southeast Tibet. An Ailaoshan micro-block within the
belt is bounded by the Ailaoshan suture zone to the west
and the Red River Fault to the east, and consists of low-
and high-grade metamorphic belts. Late Permian—Middle
Triassic granitoids that are widely distributed to the west of
the Ailaoshan suture zone and within the Ailaoshan micro-
block may yield significant information on the Tethyan tec-
tonic evolution of the Ailaoshan tectonic belt. This study
reports new LA-ICP-MS zircon U-Pb geochronology
and Hf isotope data of four granitoids from the Ailaoshan
high-grade metamorphic belt. Zircon grains from the Yinjie
granitoid do not have inherited cores and yield a weighted
mean U-Pb age of 247.1 &£ 2.0 Ma. The zircon ey(f) val-
ues range from 7.8 to 12.1, and Hf model ages from 775
to 546 Ma, indicating that the granitoid was derived from
juvenile crust. The rims of zircons from the Majie and
Yuanjiang granitoids yield weighted mean U-Pb ages of
239.5 + 1.8 and 2379 £ 2.6 Ma, respectively, whereas
the cores yield ages of 1608-352 Ma. The ey(#) values of
zircon rims range from —20.4 to —5.3, yielding Hf model
ages from 2557 to 1606 Ma and suggesting that the source
magma of the Majie and Yuanjiang granitoids was derived
from ancient crust. An additional granitoid located near the
Majie Village yields a zircon U-Pb age of 241.2 4+ 1.0 Ma.
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Based on our geochronological and geochemical data,
combined with geological observations, we propose that
the Ailaoshan micro-block was derived from the west-
ern margin of the Yangtze block, and is comparable to the
Zhongzan and Nam Co micro-blocks. The presence of late
Permian mafic rocks with rift-related geochemical charac-
teristics within the Ailaoshan micro-block, together with
granitoids derived from partial melting of ancient/juvenile
crust, indicates the presence of an Ailaoshan rift. This pos-
sible rift may correspond to the Ganzi-Litang Ocean to the
northwest and the Jinping—Song Da rift to the southeast.
It is suggested that westward subduction of the Jinshaji-
ang—Ailaoshan—Song Ma oceanic lithosphere triggered the
separation of the Zhongzan, Ailaoshan, and Nam Co micro-
blocks from the western passive continental margin of the
Yangtze block through the opening of the Ganzi-Litang—
Ailaoshan—Jinping—Song Da ocean/rift. This ocean/rift may
represent a subsidiary branch of the Paleo-Tethyan Ocean
along the western margin of the Yangtze block.

Keywords Paleo-Tethys - Western margin of the Yangtze
block - Ailaoshan tectonic belt - Granitoid - Zircon U-Pb
age and Hf isotope - Ailaoshan rift

Introduction

The Tethyan orogenic belt exemplifies the dynamics of
plate tectonics during the classical Wilson cycle. The Teth-
yan belt in Southeast Asia comprises a collage of micro-
continental blocks and suture zones. The tectonic evolution
of the belt involved a sequence of processes that record the
opening and closure of the Tethyan Ocean. The successive
separation and northward translation of the eastern Qiang-
tang—Simao—Indochina, western Qiangtang—Sibumasu, and
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Lhasa—Western Burma blocks from the northeastern mar-
gin of the Gondwana continent contributed to the opening
of the Paleo-, Meso-, and Neo-Tethyan Ocean, respectively
(Metcalfe 2006, 2013; Deng et al. 2014). The subduction of
the Tethyan oceanic plates and the collisions and accretions
of these micro-continental blocks to the southern margin
of the Eurasian Plate resulted in the formation of several
suture zones and magmatic arcs (Fig. 1).

Remnants of the main Eastern Tethyan Ocean crust
are preserved within the Longmuco—-Shuanghu, Chang-
ning-Menglian, Chiang Mai/Inthanon, and Bentong—
Raub suture zones. Located between the eastern Qiang-
tang—Simao—Indochina block and the Yangtze block, the
Ailaoshan suture zone is interpreted to link the Jingshaji-
ang suture zone to the northwest and the Song Ma suture
zone to the southeast (Fig. 1). The suture zones represent
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a subsidiary branch (Zhong 1998; Metcalfe 2006, 2013;
Jian et al. 2009a, b; Hu et al. 2015) or a back-arc ocean
basin (Metcalfe 2006, 2013; Fan et al. 2010) of the main
eastern Tethyan Ocean. Several studies have proposed that
the initial opening of the Jinshajiang—Ailaoshan—Song Ma
Ocean began in the Silurian (Jian et al. 2009b; Xia et al.
2015) and that oceanic spreading continued from the Late
Devonian to the early Permian (Wang et al. 2000; Jian et al.
2008, 2009a, b; Zi et al. 2012a; Vuong et al. 2013; Lai
et al. 2014b). Based on the existence of a volcano-plutonic
arc along the eastern margin of the eastern Qiangtang—
Simao—Indochina block, it is commonly interpreted that
the oceanic lithosphere underwent westward subduction
from the middle Permian to the Early Triassic (Jian et al.
2009a, b; Fan et al. 2010; Liu et al. 2011; Zi et al. 2012b;
Lai et al. 2014a). Subsequently, the collision of the eastern
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Fig. 2 a Geological map of the Ailaoshan tectonic belt showing the
distribution of Permo-Trassic magmatism and the sample locations, the
ages are from Mo et al. (1998), Jian et al. (2009b), Qi et al. (2010), Liu

Qiangtang—Simao-Indochina and Yangtze blocks resulted
in collision-related magmatism, metamorphism, and defor-
mation (Zhu et al. 2011; Liu et al. 2012b, 2014, 2015a;
Zi et al. 2012c, 2013; Lai et al. 2014a). All the geologi-
cal units are unconformably overlain by the Late Triassic
molasse sequences, marking the final closure of the main
Paleo-Tethyan Ocean (Zhong 1998; Wang et al. 2000).

The Tertiary Ailaoshan—Red River (ASRR) shear zone
comprises the Xuelongshan, Diancangshan, Ailaoshan, and
Day Nui Con Voi metamorphic cores, and is a left-lateral
strike-slip shear zone that extends for more than 1000 km
from Southeast Tibet to the South China Sea (Fig. 1b). The
shear zone, represented by the Ailaoshan high-grade meta-
morphic belt in the Ailaoshan area, plays an important role in
accommodating the southeastward extrusion and rotation of
the Indochina block as a result of Indian—Eurasian plate col-
lision and post-collisional processes (Tapponnier et al. 1982,

et al. (2011, 2014, 2015a), Li et al. (2008), Lin et al. (2012), Lai et al.
(2014a, b), and this study; b schematic geological map of Laowang-
zhai-Shuanggou area, showing the major tectonic units

1990; Leloup et al. 1995; Searle 2006; Cao et al. 2011a; Liu
et al. 2012a), and it may have caused a marked transformation
and destruction of the Ailaoshan suture zone (Figs. 1b, 2).

The Jinshajiang and Song Ma tectonic belts are located
along the northern and southern extensions of the Aila-
oshan tectonic belt, respectively, and they possess marked
similarities in the spatial distribution of various features.
From west to east, the former consists of the Jomda—Weixi
volcanic belt, the Jinshajiang suture zone, the Zhongzan
block, the Yidun arc, and the Ganzi-Litang suture zone.
From west to east, the Song Ma tectonic belt consists of the
Truong Son—Song Ca magmatic belt, the Song Ma suture
zone, the Nam Co block, and the Song Da rift (Liu et al.
2012b). The Ailaoshan tectonic belt comprises, from west
to east, a volcanic belt, a suture zone, a low-grade meta-
morphic belt, and a high-grade metamorphic belt (Fig. 2).
In addition to controversy regarding the subduction polarity
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of the Jinshajiang—Ailaoshan—Song Ma Ocean, the spa-
tial-temporal evolutions of the Jinshajiang Ocean com-
pared with the Ganzi-Litang Ocean, and of the Song Ma
Ocean compared with the Song Da rift, are widely debated
(Lepvrier et al. 2004; Reid et al. 2005; Roger et al. 2008,
2010; Liu et al. 2012b). The extensive volcanic and plu-
tonic rocks to the west of the Ailaoshan suture zone are
considered to be the products of the westward subduction
of the Ailaoshan oceanic plate beneath the Simao block
(Jian et al. 2008, 2009a, b; Fan et al. 2010; Liu et al. 2011,
2015a; Lai et al. 2014a). Some granitoids, although crop-
ping out to the east of the Ailaoshan suture zone or even
within the Ailaoshan high-grade metamorphic belt, have
also been attributed to subduction/collision (Li et al. 2008;
Qi et al. 2010; Lin et al. 2012; Lai et al. 2014b; Liu et al.
2014, 2015a).

To improve our understanding of the Tethyan evolution
along the Ailaoshan tectonic belt, it is essential to deter-
mine whether the granitoids located to the east of the Aila-
oshan suture zone formed in relation to the closure of the
Ailaoshan Ocean or were generated by other processes.
Additionally, the comparative evolutions of different micro-
blocks and oceans/rifts along the Jinshajiang—Ailaoshan—
Song Ma belt may have important implications for the
dynamics of plate subduction along convergent boundaries.
In this contribution, we report new LA-ICP-MS zircon
U-Pb geochronology and Hf isotope data from granitoids
within the Ailaoshan high-grade metamorphic belt. Our
geochronological and geochemical data from granitoids
along the Ailaoshan high-grade metamorphic belt support
the existence of the Ailaoshan micro-block and the Aila-
oshan rift. We show that the subduction of the Ailaoshan
oceanic plate led to the separation of the Ailaoshan micro-
block from the Yangtze block via the formation of an Aila-
oshan rift between the Indochina and Yangtze blocks. The
Ailaoshan rift is connected to the Gangzi-Litang Ocean to
the northwest and the Jinping—Song Da rift to the southeast.

Geological setting

The Sanjiang-Indochina region in southeastern Tibet
(Fig. 1), bounded by the Sagaing Fault to the west and
the Red River Fault to the east, is a collage of Gondwana-
derived micro-blocks. The convergence of these micro-
blocks produced several ophiolite belts together with vol-
canic arcs and accretionary complexes from the Paleozoic
to the Mesozoic.

In the Ailaoshan tectonic belt, several tectonic units are
bounded or separated by the Lixianjiang—Amojiang, Jiu-
jila—Anding, Ailaoshan, and Red River faults, including,
from west to east, the Lanping—Simao block, the western
Ailaoshan magmatic arc belt, the Ailaoshan suture zone,
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a low-grade metamorphic belt, a high-grade metamor-
phic belt, and the southwestern margin of the Yangtze
block, respectively (Fig. 2). The high-grade metamorphic
belt, which represents part of the ASRR shear zone, is the
result of India—Eurasia collision. Given its distinctive tec-
tonic evolution, especially in terms of Cenozoic deforma-
tion, metamorphism, and magmatism, the area bounded by
the Ailaoshan suture zone to the west and the Red River
Fault to the east is referred to here as the “Ailaoshan micro-
block”. This block consists of the low-grade and high-grade
metamorphic belts described above (Fig. 2b).

The Ailaoshan high-grade metamorphic belt is com-
posed mainly of garnet/sillimanite—biotite—plagioclase
gneiss, biotite/two-mica schist, and augen/banded mig-
matite with less amphibolite, calc-silicate marble, and
quartzite. These rocks range in age from Paleoprotero-
zoic to early Paleozoic (Zhai et al. 1990; Qi et al. 2012;
Wang et al. 2013c; Cai et al. 2014). The Paleo-Mesopro-
terozoic whole-rock Sm—-Nd and Rb-Sr isochron ages of
amphibolite have led to the suggestion that the high-grade
metamorphic rocks are part of the Precambrian crystal-
line basement of the Yangtze block (Zhai et al. 1990).
Recent studies have revealed that Neoproterozoic rocks
are widespread, including the Daping plutonic rocks (Qi
et al. 2012), the Yuanyang granitic gneisses (Wang et al.
2013c), and the Jinping and Yuanyang amphibolites (Cai
et al. 2014). Detrital zircon grains from quartzite define
several age populations ranging from Paleoproterozoic to
Middle Cambrian (Wang et al. 2013c). These rocks were
intruded by voluminous Permo-Triassic biotite/muscovite
granitoids (Li et al. 2008; Qi et al. 2010; Lin et al. 2012;
Liu et al. 2014). All the metamorphic and plutonic rocks
were affected by intense left-lateral strike-slip shearing,
forming mylonitic fabrics. These strongly sheared rocks
usually exhibit steeply dipping foliations and subhorizon-
tal lineations, which are both sub-parallel to the northwest-
trending metamorphic belt (Fig. 3a). Pressure—temperature
(P-T) data show that peak metamorphism occurred under
amphibolite-facies conditions (3—7 kbar and 550-780 °C;
Leloup et al. 1993, 1995). The age of sinistral shear-
ing (Fig. 3b) is constrained by the emplacement ages
of syn-kinematic leucogranites (31.9-24.2 Ma; Leloup
et al. 1995; Searle et al. 2010; Tang et al. 2013; Liu et al.
2015b). There are also numerous small-scale mafic—ultra-
mafic intrusions within the high-grade metamorphic belt
(Figs. 2, 3d).

The Ailaoshan and Diancangshan high-grade metamor-
phic belts are lithologically similar to each other and have
comparable deformation and metamorphic histories. The
separation of the Ailaoshan and Diancangshan belts pos-
sibly resulted from sinistral dismemberment of the ASRR
shear zone, followed by uplift and dextral offsetting along
the Quaternary Red River Fault (Leloup et al. 1995).
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Fig. 3 Outcrops of major geological units and typical structural
features in the Ailaoshan tectonic belt. a steeply dipping foliation in
gneisses of the high-grade metamorphic belt; b sigma-shaped feld-
spar porphyroclasts indicating left-lateral shearing; ¢ early penetrative
foliations in phyllites and meta-siltstones of the low-grade metamor-
phic belt were folded with subvertical axial planar cleavages; d small-

The Ailaoshan low-grade metamorphic belt lies to the
southwest of the high-grade metamorphic belt, across the
Ailaoshan Fault. It consists mainly of a sequence of green-
schist-facies rocks that originated from Paleozoic shallow-
to deep-marine carbonates, siliciclastic strata, and volcanic
rocks. The volcano-sedimentary sequence is comparable to

scale ultramafic intrusions within the high-grade metamorphic belt; e
fragment of ophiolite suit; f steeply dipping axial cleavages and thrust
faults in Late Triassic terrestrial rocks; g granitoids within the high-
grade metamorphic belt were strongly mylonitized with pervasive
foliations; h granitoids within the low-grade metamorphic belt were
affected by the shearing, showing weak foliations

the Paleozoic passive continental margin sequence of the
western Yangtze block. The dominant structural feature of
the greenschist-facies rocks is their polystage deformation.
The early penetrative foliations in biotite/two-mica schist,
phyllite, and meta-siltstone were subsequently folded,
resulting in subvertical axial planar cleavages (Fig. 3c). The
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age of deformation and metamorphism is considered to be
earlier than Late Triassic, as demonstrated by the uncon-
formity between these rocks and overlying Late Triassic
molasse.

The Early Devonian—late Carboniferous ophiolite suites
occur within or along the southwestern margin of the low-
grade metamorphic belt (Figs. 2, 3e). They consist of sev-
eral fragments that are typically a few tens to hundreds of
meters long. The fragments include meta-peridotite, dia-
base, basalt, plagiogranite, and radiolarian chert, represent-
ing remnants of the Ailaoshan Ocean (Zhong 1998; Yumul
et al. 2008; Jian et al. 2008, 2009a, b). Jian et al. (1998)
reported a Late Devonian age (362 & 41 Ma) for a gabbro
sample from the ophiolite in the Shuanggou area. Samples
of diabase and plagiogranite from the same area yield more
precise SHRIMP zircon U-Pb ages of 3829 + 3.9 and
375.9 4+ 4.2 Ma, respectively (Jian et al. 2009b). Their simi-
lar emplacement ages and geochemical signatures indicate
that sea-floor spreading already existed in the Middle Devo-
nian (Jian et al. 2009a, b). The sedimentary fragments of dif-
ferent ages from Silurian—early Permian and were deposited
in a range of environments, including a deep-marine setting
in a rifted continental margin, a shallow-marine setting, and
on the ocean floor (Jian et al. 2009a; Xia et al. 2015).

The western Ailaoshan volcanic arc is represented by
the middle Permian Yaxuangiao basalts, andesites, and
volcaniclastic rocks (Jian et al. 2009b; Fan et al. 2010; Liu
et al. 2011). The linear distribution of the arc to the west
of the Ailaoshan suture zone suggests westward subduction
of the Ailaoshan oceanic crust. The Early Triassic Lvchun
rhyolites formed in a transitional setting between a mature
arc and continent—continent collision (Liu et al. 2011).
The Early Triassic high-K peraluminous granitoids in the
Xin’anzhai and Pinghe areas to the west of the Ailaoshan
suture zone formed in a syn-collisional setting (Liu et al.
2015a; Lai et al. 2014a). Late Triassic continental red beds
and other clastic rocks are widespread in this region, and
they are folded with steeply dipping axial planar cleavages
and cut by thrust faults that strike NW to NNW (Fig. 3f).

The Ailaoshan suture zone is located west of the high-
grade metamorphic belt (Wang et al. 2014) and is slightly
oblique to the trend of the belt (Chung et al. 1997; Figs. 1,
2). Numerous small bodies of ultramafic—mafic rocks occur
in the high-grade metamorphic belt (Fig. 2). These litho-
logical and structural relationships indicate that part of the
Ailaoshan suture zone underwent significant transforma-
tion and destruction during left-lateral shearing along the
ASRR shear zone.

Of note, many Early-Middle Triassic granitoids are
exposed to the east of the Ailaoshan suture zone. Those
within the high-grade metamorphic belt were transformed
into mylonites and are strongly foliated (Fig. 3g), such as
in the areas of southern Diancangshan (Li et al. 2008; Lin
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et al. 2012), Yuanjiang (Qi et al. 2010; Lin et al. 2012),
Yuanyang (Wang et al. 2013c; this study), Majie, and Yin-
jie (this study). However, the S-type Heping granite (ca.
244 Ma; Lai et al. 2014b), also known as the Tongtiange
granite (ca. 247 Ma; Liu et al. 2015a), in the low-grade
metamorphic belt has experienced weak shearing, as only
a weak foliation is observed along the northeastern margins
of the granitic intrusions (Fig. 3h).

Sample descriptions and analytical techniques
Sample descriptions

Four granitoid samples from the Ailaoshan high-grade met-
amorphic belt were selected for geochronological and geo-
chemical analyses. The granitoids were emplaced into Pro-
terozoic high-grade metamorphic rocks. Tertiary shearing
along the ASRR shear zone transformed the granitoids into
mylonitic rocks that exhibit ubiquitous foliations, stretch-
ing lineations, and numerous kinematic indicators. The
microstructures in the granitoids analyzed in this study are
characteristic of medium- to high-grade mylonitization as
defined by Trouw et al. (2010). The granitoids have experi-
enced intense superimposition of a major low-temperature
shearing event over an earlier high-temperature deforma-
tion fabric. Sample locations are shown in Fig. 2a.

Sample ALN13149 (24°48'9.6"N, 100°48'16.9"E) is a
fine- to medium-grained, dark gray biotite granitic mylonite
from northeast of Yinjie Village. This sample consists
mainly of K-feldspar (20-25 %), plagioclase (30-35 %),
quartz (25-30 %) and biotite (10 %), with accessory zir-
con, apatite, and opaque minerals. Feldspar porphyroclasts
are almost lens-shaped and are surrounded by a matrix of
recrystallized grains that formed mainly by subgrain rota-
tion recrystallization, resulting in a core—mantle structure
(Fig. 4a). Intragranular fractures in feldspar indicate the
superimposition of subsequent low-temperature shear-
ing (Fig. 4b). Quartz grains have been strongly deformed
into ribbons that have largely recrystallized into smaller
grains through subgrain rotation recrystallization. The long
axes of the grains are parallel to the foliation. The biotite
grains have been transformed into very small grains in the
matrix and define the main foliation in the mylonitic rocks
(Fig. 4a, b).

Sample ALN13178 (24°53/39.7"N, 100°51'29.9"E) is
a fine- to medium-grained, light gray muscovite granitic
mylonite from southwest of Majie Village. The mylonite
consists mainly of K-feldspar (3040 %), plagioclase
(10-15 %), quartz (30-40 %), and muscovite (~ 10 %),
along with accessory zircon and apatite. Lenticular feldspar
grains have experienced extensive recrystallization and
exhibit core—mantle structures (Fig. 4c). Subgrain rotation
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Fig. 4 Microphotos showing mineral compositions and microstruc-
tures of granitoids from the Ailaoshan high-grade metamorphic belt.
a Lenticular feldspar grains surrounded by matrix of recrystallized
grains; b feldspar with intragranular fractures and fine grained biotite;
¢ elongated quartz and feldspar subgrains around the feldspar core,
showing core-mantle structure; d quartz ribbon, irregular feldspar

recrystallization was the main deformation mechanism that
affected feldspar. Quartz grains occur as ribbons that anas-
tomose around feldspar porphyroclasts and show undulose
extinction due to low-temperature crystal plastic deforma-
tion (Fig. 4c, d). Serrated quartz grain boundaries indicate
high-temperature grain boundary migration recrystalliza-
tion. Muscovite fish are commonly observed in thin sec-
tions (Fig. 4d). The fine muscovite grains and quartz rib-
bons define the mylonitic foliation (Fig. 4d).

§ ALN13178 5
2

and muscovite fish in granitic mylonite; e lobate quartz and irregular
feldspar with intragranular fractures; f elongated feldspar and quartz
grains orientated parallel to the foliation defined by biotites and chlo-
rites; Oz quartz, Kfs K-feldspar, Pl plagioclase, Bi biotite, Mus mus-
covite, Chl chlorite

Sample AL0916-1 (24°52/41.2"N, 100°47'33.6"E)
was also collected from southwest of Majie Village. This
rock is a medium-grained, light gray granitic mylonite
that consists mainly of plagioclase (40-50 %), K-feldspar
(10-15 %), quartz (25-30 %) and a minor amount of mica.
Fine feldspar grains formed by subgrain rotation recrystal-
lization. Intragranular fractures in remnant feldspar crystals
and the sub-granular shapes of lobate quartz grains indicate
a subsequent low-temperature deformation event (Fig. 4e).
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Sample AL06132-2 (23°32/56.3"N, 100°55’05.6"E) is a
medium-grained biotite granitic mylonite from southwest
of Yuanyang. It mainly consists of K-feldspar (25-30 %),
plagioclase (30-35 %), quartz (20-25 %), biotite (5 %),
and chlorite (3 %), with accessory zircon, apatite, and
opaque minerals. Elongate feldspar and quartz grains are
orientated parallel to the foliation, which is also defined by
biotite (Fig. 4f). Subgrain rotation recrystallization of feld-
spar and grain boundary migration of quartz suggest high-
temperature deformation. Some biotite grains have been
replaced by chlorite during later retrograde metamorphism

(Fig. 4f).
Analytical techniques

Zircon grains were separated from the samples using stand-
ard density liquid and magnetic separation procedures, fol-
lowed by handpicking under a binocular microscope. The
grains were mounted in epoxy and polished down to expose
the grain centers. Cathodoluminescence (CL) images com-
bined with transmitted and reflected light images were used
to select the suitable grains and sites for in suit analysis.

Zircon LA-ICP-MS U-Pb dating of sample ALN13149
and sample ALN13178 were carried out using a Thermo
Finnigan Neptune MC-ICP-MS machine equipped with
a Newwave UP 213 laser ablation system at the Institute
of Mineral Resources, China Academy of Geological Sci-
ences, Beijing. The laser beam used had a repetition rate of
10 Hz and a spot size of 30 or 40 pm in diameter. Zircon
GJ1 was used as external standard for U-Pb dating and was
analyzed twice every 10 analyses. The detailed analytical
procedures are the same as description by Hou et al. (2009).

Zircons from sample AL0916-1 were analyzed by using
LA-ICP-MS at the State Key Laboratory of Geologi-
cal Processes and Mineral Resources, China University of
Geosciences, Wuhan. Laser sampling was performed using
a GeoLas 2005 system. An Agilent 7500a ICP-MS instru-
ment was used to acquire ion-signal intensities. Zircon
91500 was used as external standard for U-Pb dating and
was analyzed twice every five analyses. GJ-1 and Plesov-
ice were applied as the quality control. Detailed operating
conditions for the laser ablation system and the ICP-MS
instrument and data reduction are similar to those described
by Liu et al. (2008b, 2010).

The LA-ICP-MS analyses of sample AL06132-2 were
carried out at the Institute of Geology and Geophysics,
Chinese Academy of Sciences, Beijing. An Agilent 7500a
quadrupole ICP-MS equipped with 193 nm excimer ArF
laser ablation system (GeoLas Plus) was used for U-Pb
isotope analyses. Zircon 91500 was used as an external
standard for age calculation. The detailed analytical proce-
dure refers to Xie et al. (2008).

@ Springer

Concordia diagrams and weighted mean calculations
were made by using Isoplot/Ex_ver3.

In suit zircon Lu-Hf isotopic analysis of sample
ALN13149 and sample ALN13178 were carried out by
using a Newwave UP 213 laster ablation microprobe,
attached to a Neptune MC-ICP-MS at the Institute of Min-
eral Resources, China Academy of Geological Sciences,
Beijing. The beam diameters were 44 or 60 pm depend-
ing on the size of ablated domains. Helium was used as
carrier gas to transport the ablated sample from the laser
ablation cell to the ICP-MS torch via a mixing chamber
mixed with Argon. Zircon GJ1 and Plesovice were used as
the reference standards during our routine analyses, with a
weighted mean "®Hf/!""Hf ratio of 0.282008 + 0.000025
(20, n = 26) (Hou et al. 2007). The instrumental conditions
and analytical procedures were comprehensively described
by Hou et al. (2007).

In situ zircon Hf isotopic analyses of sample AL06132-2
were conducted using a Neptune MC-ICP-MS, equipped
with a 193 nm laser, at the Institute of Geology and Geo-
physics, Chinese Academy of Sciences in Beijing, China.
The spot sizes were either 32 or 63 wm. The detailed ana-
lytical technique was described in Wu et al. (2006).

Initial '7®Hf/'77Hf ratios ey(¢) are calculated with refer-
ence to the chondritic reservoir (CHUR) of Blichert-Toft
and Albarede (1997) at the time of zircon growth from
the magma. The single-stage Hf model age (tDM1) is cal-
culated relative to the depleted mantle with present-day
76Hf/'TTHf = 0.28325 and °Lu/'"’Hf = 0.0384 (e.g.,
Griffin et al. 2000). Two-stage model ages (tSM) are calcu-
lated for the source rock of the magma by assuming a mean
176Lu/""THf value of 0.015 for the average continental crust
(Griffin et al. 2002).

Results
Zircon U-Pb ages

The zircon LA-ICP-MS data are listed in Table 1. Repre-
sentative cathodoluminescence (CL) images and concord-
ant U-Pb data from the analyzed zircons are shown in
Fig. 5.

Zircon grains from sample ALNI13149 are euhe-
dral, translucent, and prismatic. The grains are generally
80-150 pm in length and have aspect ratios of 1.5-2.5
(Fig. 5a). All the grains show well-developed oscillatory
zoning in CL images, suggesting a magmatic origin. Sev-
enteen dated grains have Th and U contents of 65-235 and
123-390 ppm, respectively, and Th/U ratios of 0.51-0.68,
also supporting a magmatic origin. The analyses yield
a concordant cluster of analyses with a weighted mean
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+lo

206Pb /238U

+lo

Age (Ma)
207py, 235

+lo

206pp,2387
0.1576
0.0380
0.0376
0.0385
0.0376
0.0376

+lo

207pp 235
1.5177
0.2712
0.2764
0.2726
0.2667
0.2665

+lo

Isotopic ratio
207Pb/206pb

Th(x107% U(x107%  Th/U

Pb (x107%)

Spot

Table 1 continued

(5

Springer

11

944
241
238
244

938

0.0020
0.0008
0.0007
0.0006
0.0008
0.0006

0.0158
0.0113

0.0008
0.0023
0.0017
0.0015
0.0022
0.0015

0.0698
0.0517
0.0533
0.0514
0.0514
0.0514

0.17
0.24

96.54 572.92

389.22

25
26
27
28

244
248
245

232.99

55.67
72.86
59.97
77.24

71.15

39.61

0.0081
0.0072
0.0107
0.0072

0.35
0.21

0.18

208.89

35.30
46.06

281.48

238
238

240
240

419.53

69.30

29

0.19

383.13

61.03

30

206pp/238U age of 247.1 4+ 2.0 Ma (26, MSWD = 0.65)
(Fig. 5b).

Zircon grains from sample ALNI13178 are translu-
cent and occur as prismatic crystals with rounded, short
or somewhat irregular shapes. The grains are generally
60-120 pm long and have aspect ratios of 1.5-2 (Fig. 5c¢).
Three types of zircon grains are identified based on struc-
tural zoning. Most grains have a core-rim structure in
which the rims exhibit well-developed oscillatory zoning,
whereas the cores either have oscillatory zoning or are
homogenously dark gray. The remaining grains generally
exhibit well-developed oscillatory zoning. The occurrence
of oscillatory zoning in zircon rims and whole zircon grains
indicates that they are of magmatic origin. The zircon
cores are interpreted to be inherited zircon grains. Forty-
five analyses were performed on 30 zircon grains, of which
43 analyses were considered reliable. The dated grains
have Th and U contents of 16-489 and 29-1776 ppm,
respectively, with an exception of spot 5, which has a Th
content of 2242 ppm. The Th/U ratios are between 0.12
and 1.47. Forty-one analyses are concordant in the U-Pb
concordia diagram and yield ages of 1607.9-236.4 Ma,
including four age groups with weighted mean ages of
239.5 £+ 1.8 Ma (20, MSWD = 0.22), 396.3 &+ 9.5 Ma (20,
MSWD = 0.069), 463.1 & 6.0 Ma (26, MSWD = 0.018),
and 740.4 &+ 9.9 Ma (20, MSWD = 0.092) (Fig. 5d). Spots
21 and 28 are discordant and yield significantly older ages
of 2190 + 23 and 2190 =+ 42 Ma, respectively.

Zircon grains from sample AL0916-1 are nearly translu-
cent and occur as euhedral prismatic crystals. They range in
size from 80 to 200 wm, with aspect ratios of 0.8-2.0. CL
images of zircon grains reveal well-developed oscillatory
zoning (Fig. Se), suggesting a magmatic origin. Nineteen
effectively dated grains have Th and U contents of 227—
1810 and 290-4549 ppm, respectively, and Th/U ratios
are between 0.23 and 0.49. The analyses yield a concord-
ant cluster of ages with a weighted mean 2°Pb/?*8U age of
241.2 £ 1.0 Ma (20, MSWD = 2.3) (Fig. 5f).

Most of the zircon grains from sample AL06132-2 are
euhedral, translucent, and prismatic. The grains are com-
monly 120-300 wm long and have aspect ratios of up to 3.0
(Fig. 5g). They exhibit oscillatory zoning and some grains
exhibit core-rim structures that have a dark core in CL
images. Twenty-nine effectively dated grains have Th and
U contents of 16-101 ppm and 50-573 ppm, respectively.
The Th/U ratios are between 0.16 and 0.39, except for spot
12, which has a Th/U ratio of 1.03. All analyzed spots are
concordant or nearly concordant, yielding ages between
944 and 228 Ma. Analyses of the rims yield two concord-
ant age populations of 263.4 + 4.1 and 237.9 £ 2.6 Ma
(20, MSWD = 1.7) (Fig. 5h). The cores yield several older
ages (e.g., 994 + 11, 829 + 16, 670 + 9, 487 £ 12, and
380 £ 8 Ma).



Int J Earth Sci (Geol Rundsch) (2017) 106:875-897

100 1 m

(a) ALN13149

¢« P’

-

250.1+4. 4 25001307 245.9£3. 6

=S,

(c) ALN13178

e
o &

239.4+4.4

100 B m

237.9%4.3 462.9+6. 6

242.7t43(11
y O
1

462.3+5.5

461.8+12.
A LREN 740.9+20.0

c1oB)

23922 £330 :}7, : 1607.9£15.0

23

4443
o\22

740,647, 8

"012
110

1606.1+22.4

237.1%6.1

(e) AL0916-1

239.0+3.4

240+6

<

495+18

@ ©

837117 994+ 11

24419

26816

Z\)hpb/ZKKU

ZOI\Pb/Z.\.\'U

U(vPb/zle

2

z(mpb/:sz

887
0.042 (b) ALN13149
Z 2\
0.040 ' $
[/ 17
(‘ﬂit"g\/l/’;'/,
YA Z
DAL
0.038 g;\%,
0.036
Mean age=247.1+2.0Ma
220 4 MSWD=0.65 , n=17
0.034
0.18 0.22 0.26 0.30 0.34 0.38
ZU7Pb/135U
0s (d) ALN13178 2660,
0.4 }200 =2
0.3
1400,
0.2 o / ) ean age= a)
0.1 {9 &
e
MSWD=0.22 , n=20
0.0 o o3 o0 I T
0 2 6vg 8 10 12
*Pb/**U
0040 +(f) ALNO916-1
0.039 |
0.038
0.037
Mean age=241.2+1.0Ma
2304 MSWD=2.3 , n=19
0.036 L L " L . L
0.23 0.25 0.27 i 0.29 0.31
207Pb/ZK>U
(h) AL06132-2
0.16 [
900
0.12 oo
5 Mean age=263.4+4.1Ma
MSWD=0.5 , n=5
0.08 +
0.04 ¢
Mean age=237.9+2.6Ma
H 00, MSWD=1.7 , n=19
0.00
0.0

Fig. 5 CL images of representative zircon grains (a, ¢, e, g) and U-Pb Concordia diagram for zircon grains (b, d, f, h)
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Zircon Hf isotopes

A total of 80 dated zircon grains from three samples were
analyzed for "SHf/'"Hf isotopic ratios. The results are
listed in Table 2. Initial "°Hf/'7"HF ratios and ey(f) values
were calculated for their respective U-Pb ages.

Ten dated zircon grains from sample ALN13178 yield
uniform, strongly positive e(f) values ranging from +7.8
to +11.4, and ISM ages of 775-503 Ma. Forty-one dated
zircon grains from sample ALN13178 have Triassic zircon
rims that yield negative ey(f) values of between —20.4 and
—5.3, resulting in 5y, ages of 2557-1606 Ma. The inher-
ited zircon cores yield more heterogeneous Hf isotope
ratios, with ey(#) values from —24 to +9.7 and ¢S, ages
of 3280-1213 Ma. Twenty-nine dated zircon grains from
sample AL06132-2 have rims that yield uniformly nega-
tive eyy(f) values of —15.3 to —9.0 and 5y, ages of 2228
1842 Ma. Five analyses of inherited zircon cores yield a
wide range of ey(¢) values from —17.6 to +3.1, and ISM
ages from 2487 to 1316 Ma.

Discussion
Ailaoshan micro-block

Along the western margin of the Yangtze block, discon-
tinuously exposed late Paleoproterozoic to early Neopro-
terozoic metamorphosed volcano-sedimentary units and
Neoproterozoic plutonic rocks comprise the Precambrian
basement of the Yangtze block (Zhou et al. 2002; Sun et al.
2008; Greentree and Li 2008; Zhao et al. 2008, 2010; Zhao
and Cawood 2012). The sedimentary cover sequence of the
Yangtze Block consists mainly of folded Neoproterozoic
to Mesozoic shallow-marine strata (Yan et al. 2003). Tri-
assic strata include both terrestrial and marine sedimentary
rocks, whereas Jurassic to Cretaceous strata are mainly ter-
restrial sediments (BGMRYP 1990).

The Ailaoshan high-grade metamorphic belt contains the
oldest rocks in this area and has experienced intense shear-
ing during the Tertiary. Recent studies have revealed that
the protoliths of the high-grade metamorphic rocks were
complex. Neoproterozoic and early Paleozoic protoliths
of sedimentary and igneous origins are widespread (Liu
et al. 2008a, b; Qi et al. 2012; Wang et al. 2013c; Cai et al.
2014) and were intruded by many Permo-Triassic grani-
toids (Li et al. 2008; Qi et al. 2010; Searle et al. 2010; Lin
et al. 2012; Lai et al. 2014b; Liu et al. 2014, 2015a). The
present study also shows that zircon grains from the Yin-
jie, Majie, and Yuanjiang granitoids yield Proterozoic and
Paleozoic ages (Fig. 6), which is consistent with previous
studies. The Triassic ages of four samples are interpreted
as the emplacement ages of their magmatic protoliths. The
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variable inherited zircon U-Pb ages from the Majie and
Yuanjiang granitoids indicate a variety of source compo-
sitions that likely correspond to the complex source rocks
along the high-grade metamorphic belt. The age spectra
of inherited and detrital zircon grains from granitoids and
meta-sedimentary rocks within the Ailaoshan micro-block
are comparable to those from the basement of the Yang-
tze block (Li et al. 2003; Sun et al. 2009; Liu et al. 2014).
Furthermore, the zircon Hf model ages also likely indicate
similar source-region compositions to those of the Yangtze
block (Fig. 7; Lin et al. 2012; Liu et al. 2014, 2015a; this
study).

The low-grade metamorphic belt is dominated by Paleo-
zoic clastic rocks and carbonates that were deformed and
metamorphosed during the Indosinian orogeny. The Pro-
terozoic inherited zircon grains and Hf model ages from
the Tongtiange pluton are similar to those of the Ailaoshan
Proterozoic gneisses, indicating that the Tongtiange granite
was sourced from the gneisses (Liu et al. 2015a, b).

The low-grade and high-grade metamorphic belts are
characterized by distinct lithological and structural fea-
tures, which are attributed to their contrasting tectonic his-
tories. The dominant, although slightly oblique, left-lateral
shearing along the ASRR shear zone resulted in a south-
west-directed thrust fault that juxtaposed the high-grade
metamorphic rocks over the low-grade metamorphic rocks.
The extensive strike-slip displacement may have produced
several kilometers of uplift (Tapponnier et al. 1990). A later
stage of right-lateral normal faulting along the Red River
Fault to the east of the high-grade metamorphic belt has
probably also contributed to the uplift of the massif (Tap-
ponnier et al. 1990; Cao et al. 2011b). The exhumed high-
grade metamorphic rocks are probably equivalents of the
basement that underlies the low-grade metamorphic belt
and the western Yangtze block. Therefore, the evidence
discussed above supports the derivation of the Ailaoshan
micro-block from the western margin of the Yangtze plate.

Regionally, several micro-blocks are exposed along
the western Yangtze margin, such as the Zhongzan block
located between the Jinshajiang and Ganzi-Litang
suture zones. The Zhongzan block, also called the west-
ern Yidun Arc, consists of a Neoproterozoic basement of
granitic gneisses and meta-volcanic rocks that are cov-
ered by greenschist-facies metamorphic rocks. This cover
sequence originated as Paleozoic shallow- to deep-marine
carbonates and clastic rocks intercalated with sporadic
mafic volcanic rocks (Chang 1997; Wang et al. 2000,
2013a, b). The Neoproterozoic amphibolite-facies Eaqing
Complex, which is similar to the Ailaoshan complex, may
represent the metamorphic basement of the Jinshajiang
area (Wang et al. 2000). Based on stratigraphic compari-
sons, fossils, and age distribution patterns of detrital zircon
grains from the sedimentary rocks, the Zhongzan block
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Table 2 Zircon Hf isotopic compositions of granitoids from the Ailaoshan high-grade metamorphic belt

Spot  Age Ma)  SYV''Hf  VCLu'’Hf  VSHfV'Hf 20 (176Hf/17THE);,  eg0) e oy Sy frwme
ALN13149

05 247.1 0.070317 0.002276 0.282851 0.000025  0.282840 2.8 7.8 589 775  —0.93
06 250.1 0.054016 0.001593 0.282967 0.000018  0.282959 6.9 12.1 411 503 —0.95
10 250.2 0.042921 0.001186 0.282924 0.000020  0.282918 5.4 10.7 467 596  —0.96
11 245.9 0.059843 0.001708 0.282863 0.000018  0.282855 3.2 8.4 561 741 —0.95
13 2455 0.055689 0.001597 0.282923 0.000020  0.282915 53 10.5 474 606  —0.95
14 245.6 0.069552 0.002076 0.282927 0.000018  0.282917 5.5 10.5 475 601  —0.94
16 246.2 0.051395 0.001403 0.282926 0.000018  0.282920 54 10.6 467 595 —0.96
17 246.1 0.056006 0.001603 0.282931 0.000016  0.282924 5.6 10.8 462 586 —0.95
19 249.8 0.053781 0.001465 0.282947 0.000020  0.282940 6.2 11.4 437 546 —0.96
20 248.1 0.090738 0.002856 0.282946 0.000024  0.282932 6.1 11.1 457 565 —0.91
ALN13178

01 239.4 0.100562 0.002789 0.282377 0.000031  0.282364 —14.0 —9.2 1298 1850 —0.92
02 462.3 0.054068 0.001503 0.282291 0.000021  0.282278 —17.0 —-73 1374 1900 —0.95
03 239.6 0.068457 0.001776 0.282341 0.000026  0.282333 —-152 -103 1313 1920 —0.95
04 237.9 0.058438 0.001523 0.282236 0.000020  0.282229 —189 —140 1453 2152 —-0.95
05 242.9 0.115159 0.003005 0.282314 0.000025  0.282300 —-162 —114 1398 1991 —-0091
06 1607.9 0.096811 0.002775 0.282117 0.000039  0.282033 —23.1 97 1676 1712 —-0.92
07 462.9 0.050061 0.001379 0.282288 0.000024  0.282276 —17.1 —-74 1374 1904 —0.96
08 463.5 0.069387 0.002127 0.281825 0.000039  0.281807 —335 —240 2063 2944 —0.94
09 1455.8 0.029321 0.000805 0.281731 0.000023  0.281709 —36.8 —-53 2121 2525 —0.98
10 736.2 0.016467 0.000502 0.281850 0.000021  0.281843 —32.6 —16.6 1943 2691 —0.98
11 237.1 0.107341 0.002804 0.282299 0.000024  0.282287 —-16.7 —12.0 1412 2024 —-0.92
12 740.6 0.037008 0.000911 0.282518 0.000026  0.282506 —9.0 6.9 1035 1213 —0.97
13 461.8 0.009212 0.000250 0.282507 0.000027  0.282505 —9.4 0.7 1033 1394 —0.99
14 239.2 0.116264 0.003618 0.282421 0.000030  0.282405 —124 -7.7 1262 1759  —0.89
15 2393 0.079744 0.002108 0.282314 0.000022  0.282304 —-162 —113 1364 1984 —0.94
16 737.5 0.067195 0.001781 0.282212 0.000019  0.282187 —19.8 —44 1497 1927 —0.95
17 875.1 0.031892 0.000867 0.282361 0.000026  0.282346 —14.5 43 1254 1483 —097
18 242.6 0.068654 0.001774 0.282377 0.000024  0.282369 —14.0 -89 1262 1838 —0.95
19 239.1 0.058494 0.001463 0.282235 0.000024  0.282228 —19.0 —140 1452 2154 —-0.96
20 352.1 0.057626 0.001524 0.282206 0.000028  0.282195 —-20.0 —12.7 1496 2155 —0.95
21 2189.8 0.021319 0.000575 0.281172 0.000025  0.281148 —56.6 —8.5 2864 3280 —0.98
22 236.4 0.074868 0.001866 0.282376 0.000022  0.282368 —14.0 —9.1 1266 1844 —-0.94
23 237.1 0.122811 0.003499 0.282489 0.000037  0.282474 —10.0 —-53 1155 1606  —0.89
24 740.9 0.041110 0.001181 0.282447 0.000028  0.282431 —11.5 43 1143 1380 —0.96
25 464.3 0.022620 0.000582 0.282172 0.000026  0.282167 212 —112 1505 2147 —-0.98
26 240.2 0.113261 0.002794 0.282360 0.000023  0.282347 —14.6 —-9.7 1323 1887 —-0.92
27 2428 0.031915 0.000749 0.282265 0.000024  0.282262 —-179 —12.7 1383 2077 —0.98
28 2190.1 0.022253 0.000568 0.281462 0.000032  0.281438 —46.3 1.8 2474 2649 —0.98
29 237.6 0.090596 0.002239 0.282478 0.000026  0.282468 —10.4 -55 1131 1619 —0.93
30 751.2 0.034375 0.000924 0.282506 0.000027  0.282493 94 6.7 1053 1234 —-0.97
31 242.7 0.125422 0.003724 0.282295 0.000043  0.282278 —-169 —12.1 1455 2039 —0.89
32 399.5 0.073998 0.002063 0.282435 0.000022  0.282420 —11.9 —3.7 1188 1624 —0.94
33 588.2 0.046218 0.001241 0.282223 0.000026  0.282210 —19.4 —69 1460 1972 —0.96
36 239.4 0.048942 0.001292 0.282053 0.000023  0.282047 —-254 =204 1701 2557 —0.96
37 3972 0.067312 0.002036 0.282234 0.000031  0.282219 —19.0 —10.8 1476 2073 —0.94
39 238.2 0.097873 0.002420 0.282348 0.000023  0.282337 —-15.0 —102 1327 1912 —-0.93
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Table 2 continued

Spot  Age Ma) oY\ 7Hf VLo Y'HF  VSHP'HE 20 (176Hf/177THE),  eg0) e oy Sy frwme
41 914.8 0.031708 0.000827 0.282348 0.000024  0.282334 —15.0 47 1271 1487  —0.98
42 394.8 0.088545 0.002210 0.282436  0.000024  0.282420 —119  -38 1191 1626 —0.93
43 742.5 0.050700 0.001271 0.282254  0.000019  0.282236 —183  —26 1418 1814 —096
44 1606.2 0.034479 0.000855 0.281853 0.000027  0.281827 —-325 23 1956 2168 —0.97
45 239.0 0.083314 0.002089 0.282482  0.000021  0.282473 —102 =53 1121 1607 —0.94
AL06132-2

01 268.0 0.035994 0.001369 0.282218  0.000019  0.282211 —19.6 —140 1474 2174 —096
02 232.0 0.031859 0.001227 0.282234  0.000018  0.282229 —19.0 —14.1 1445 2155 —0.96
03 262.0 0.025539 0.000955 0.282238  0.000018  0.282234 —189 —133 1430 2127 —0.97
04 245.0 0.035887 0.001344 0.282215 0.000018  0.282209 —197 —145 1476 2191 —096
05 245.0 0.030262 0.001130 0.282217  0.000017  0.282212 —19.6 —144 1466 2186 —0.97
06 267.0 0.032601 0.001236 0.282207  0.000017  0.282201 —20.0 —143 1484 2196 —0.96
07 230.0 0.039896 0.001524 0.282203 0.000019  0.282197 —20.1 =153 1501 2228 —0.95
08 244.0 0.032179 0.001186 0.282217  0.000017  0.282212 —19.6 —145 1468 2186 —0.96
09 487.0 0.006884 0.000267 0.282537  0.000017  0.282535 —8.3 23 993 1316 —0.99
10 670.0 0.013123 0.000433 0.282025 0.000019  0.282020 —264 —11.8 1702 2355 —0.99
11 241.0 0.031262 0.001156 0.282249  0.000017  0.282244 —185 —134 1422 2117 —097
12 829.0 0.028622 0.001153 0.282361 0.000021  0.282343 —145 3.1 1265 1532 —0.97
13 240.0 0.037100 0.001328 0.282276  0.000018  0.282270 —17.6  —125 1391 2060 —0.96
14 263.0 0.037220 0.001377 0.282198  0.000015  0.282191 —203 —148 1502 2220 —0.96
15 232.0 0.040865 0.001536 0.282269  0.000018  0.282263 —17.8  —129 1408 2081 —0.95
16 228.0 0.039539 0.001455 0.282274  0.000017  0.282268 —17.6 —128 1398 2071 —0.96
17 260.0 0.031387 0.001153 0.282238  0.000018  0.282232 —189 —13.4 1437 2131 —097
18 240.0 0.032204 0.001169 0.282216  0.000015  0.282211 —19.6 —14.6 1468 2190 —0.96
19 244.0 0.035847 0.001328 0.282218 0.000018  0.282212 —19.6 —145 1472 2186 —0.96
20 236.0 0.037420 0.001347 0.282200  0.000015  0.282194 —202 —153 1498 2229 —0.96
22 235.0 0.048467 0.001778 0.282248 0.000016  0.282240 —185 —13.7 1447 2129 —095
23 243.0 0.057350 0.002127 0.282377  0.000017  0.282367 —140  —9.0 1275 1842 094
24 380.0 0.019583 0.000728 0.282044  0.000021  0.282039 -257 —17.6 1689 2487 —0.98
25 944.0 0.015187 0.000531 0.282039  0.000017  0.282030 -259  —54 1687 2163 —0.98
26 241.0 0.033542 0.001214 0.282225 0.000016  0.282220 —193 —142 1458 2170 —0.96
27 238.0 0.032967 0.001179 0.282240  0.000019  0.282234 —18.8 —138 1436 2140 —096
28 244.0 0.035358 0.001255 0.282215 0.000018  0.282209 —197 —146 1474 2192 —096
29 238.0 0.063138 0.002246 0.282311 0.000019  0.282301 —163 —114 1374 1992  —0.93
30 238.0 0.057558 0.002065 0.282304  0.000019  0.282295 —165 —11.7 1378 2006 —0.94

is considered to have separated from the western margin
of the Yangtze block in response to the formation of the
Ganzi-Litang Ocean during the late Permian (Chang 1997,
Zhong 1998; Wang et al. 2013a, b). Conversely, the eastern
Yidun Arc is composed almost exclusively of Middle-Late
Triassic clastic strata and arc-related volcanic and plu-
tonic rocks. However, two peaks in zircon Hf model ages
led Peng et al. (2014) to suggest two major episodes of
Mesoproterozoic juvenile continental crust development
beneath the eastern Yidun arc, which is similarly inter-
preted for the Yangtze block. Therefore, the basements of
the Zhongzan block and the eastern Yidun arc share the
same evolutionary history as the Yangtze block during the
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Mesoproterozoic (Reid et al. 2007; Leng et al. 2014; Peng
et al. 2014).

In fact, the Zhongzan block and the eastern Yidun arc
are comparable with the Ailaoshan block, except that the
Ailaoshan block has experienced intense deformation that
resulted from the ASRR shear zone. Another similar exam-
ple is the Nam Co block (also called the Song Ma structure
or the Song Ma anticlinorium) between the Song Da rift
and the Song Ma suture zone. This anticlinorial metamor-
phic complex extends NW-SE across northern Vietnam and
is dominated by Neoproterozoic and early to late Paleozoic
greenschist- to amphibolite-facies metamorphic rocks (e.g.,
gneiss, schist, amphibolite, quartzite, and marble; Findlay
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Fig. 6 Age distribution pattern of zircons from Majie muscovite
granitoid (sample ALN13178)

1997; Liu et al. 2012b). We suggest that the Ailaoshan
block is the northwestern extension of the Nam Co block,
and therefore also belongs to the western Yangtze Block
(Liu et al. 2012b; Roger et al. 2014).

Generation of the Yinjie and Majie granitoids,
and formation of the Ailaoshan rift

The Triassic zircon rims from the Majie and Yuanjiang
granitoids possess negative ep(f) values of —20.4 to —5.3
and —15.3 to —9.0, respectively, whereas the ey(f) values
of inherited zircon cores are more heterogeneous. Similar
results have been reported for syn-collisional S-type grani-
toids, including the gneiss from southern Diancangshan (ca.
243 Ma, ey(t) = —14.9 to —8.0; Lin et al. 2012), the augen
gneiss from the Yuanjiang area (ca. 239 Ma, ey(t) = —10.7
to —2.4; Lin et al. 2012), and the Tongtiange leucogranite

(ca. 248 Ma, eyf) = —11.1 to —3.1; Liu et al. 2015a),
suggesting that they originated from the partial melting of
ancient crust (Fig. 7). Thus, the zircon cores in the Majie
and Yuanjiang granitoids were probably inherited from
the partial melting of ancient crust. In contrast, I-type
granitoids often have uniformly high positive ey(f) val-
ues, such as the gneiss from southern Diancangshan (ca.
235 Ma, eyf) = 10.2-13.5; Lin et al. 2012), the Huashiban
granite from the central part of the Ailaoshan block (ca.
230 Ma, ey(t) = 8.4-13.1; Liu et al. 2014), and the Yinjie
granitoid from the northern Ailaoshan block (ca. 247 Ma,
eqi(t) = 7.8-12.1). These ey(¢) values suggest a mantle con-
tribution to the generation of the source magmas (Fig. 7).

The widespread Permo-Triassic volcanic and plutonic
rocks have been interpreted to reflect the closure of the
Ailaoshan Ocean, regardless of whether they occur to the
west or east of the Ailaoshan suture zone (e.g., Jian et al.
2009a, b; Fan et al. 2010; Liu et al. 2014, 2015a). There
is no doubt that the volcanic and plutonic rocks located to
the west of the Ailaoshan suture zone were formed by the
westward subduction of the oceanic plate. Geochemically,
these magmatic rocks show arc-type characteristics (Jian
et al. 2009a; Fan et al. 2010; Liu et al. 2011; Lai et al.
2014a). However, contemporaneous volcanic rocks are
recognized to the east of the Ailaoshan suture zone, such
as the Early Triassic Maoheshan basalt (Liu et al. 2011;
Hu et al. 2015). In addition, as shown in Fig. 2, massive
granitoids occur to the east of the Ailaoshan suture zone
or even within the Ailaoshan high-grade metamorphic belt
(Li et al. 2008; Qi et al. 2010; Lin et al. 2012; Liu et al.
2014, 2015a; Lai et al. 2014b). Therefore, it is question-
able whether these magmatic rocks formed in response to
the westward subduction of the Ailaoshan oceanic plate
beneath the Simao block.
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Late Permian magmatic rocks have been newly iden-
tified from distinct geochemical signatures, which were
long interpreted to be a Devono—Carboniferous Aila-
oshan ophiolite. These include the Pingzhang gabbro
(ca. 258 Ma; Lai et al. 2014b) and the Panjiazhai meta-
basalt (Shen et al. 1998; Mo et al. 1998). These rocks
often occur as faulted slices and blocks in the tectonic
mélange, which makes it difficult to interpret their ini-
tial tectonic setting. Geochemical evidence suggests that
late Permian magmatism in the Ailaoshan block occurred
in a continental rift setting and has a close geochemi-
cal association with coeval continental rift magmatism
in the Ganzi-Litang Ocean and the Jinping—Song Da
rift (Lai et al. 2014b). The Maoheshan basalt, which has
an E-MORB or within-plate-basalt affinity, is thought
to have formed in a continent—ocean transition setting
during the early stage of the evolution of the Ailaoshan
Ocean (Hu et al. 2015). However, based on its Early Tri-
assic age (ca. 249 Ma; Liu et al. 2011), we prefer the
interpretation that the Maoheshan basalt is related to the
evolution of the Ailaoshan rift.

The Ailaoshan rift probably opened before the late Per-
mian between the Yangtze block and the Ailaoshan micro-
block, which led to the generation of continental-rift mafic
rocks in the Panjiazhai, Pingzhang, and Maoheshan areas.
Plutonism to the east of the Ailaoshan suture zone occurred
in response to closure of the Ailaoshan rift, which began
in the Middle Triassic. The Yinjie granitoid (ca. 247 Ma),
which yields positive zircon ey(f) values, was generated
from partial melting of juvenile crust. The pervasive inher-
ited zircon cores and negative ey(f) values of zircon rims
from the Majie (ca. 240 Ma) and Yuanjiang (ca. 238 Ma)
granitoids indicate that they originated from the partial
melting of ancient crust.

Regionally, it is widely accepted that the Ailaoshan
suture zone is linked with the Jingshajiang suture zone
to the northwest and the Song Ma suture zone to the
southeast (e.g., Zhong 1998; Metcalfe 2006, 2013; Jian
et al. 2009a, b). The Ailaoshan block corresponds to
the Zhongzan and Nam Co blocks, as discussed above.
In addition, the opening of the Ganzi-Litang Ocean
(ca. 292 Ma; Yan et al. 2005) was broadly coeval with
the opening of the Jinping—Song Da rift during the early
Permian (Hanski et al. 2004). Based on the consistent
Late Triassic timing of rifting and suturing (Liu et al.
2012a, b; He et al. 2013; Wang et al. 2013b; Peng et al.
2014), the Ganzi-Litang Ocean may be a northwestward
extension of the Jinping—Song Da rift (Liu et al. 2012b).
Therefore, based on these spatial-temporal relationships,
it is reasonable to argue for the existence of an Ailaoshan
rift that was both located between, and connected to the
Ganzi-Litang Ocean to the northwest and the Jinping—
Song Da rift to the southeast.
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Implications for the tectonic evolution of the
Paleo-Tethyan Ocean

Paleogeographic reconstructions suggest the late Paleozoic
to early Mesozoic Paleo-Tethyan

Ocean in Southeast Asia was characterized by an archi-
pelago of arcs or continental ribbons separating multiple
seaways (Fig. 8a, b). The Paleo-Tethyan archipelago had
a configuration analogous to that of the present-day south-
western Pacific Ocean (Liu et al. 2002; Metcalfe 2006,
2013; Zi et al. 2012a).

Integrated geological, geochronological, and geochemi-
cal studies of the Jinshajiang—Ailaoshan—-Song Ma suture
zone suggest that the ocean, as a subsidiary ocean in the
Paleo-Tethyan system, opened in the Silurian and closed
in the early Permian (Zhong 1998; Wang et al. 2000; Jian
et al. 2008, 2009a, b; Fan et al. 2010; Zi et al. 2012a;
Vuong et al. 2013; Lai et al. 2014a, b; Xia et al. 2015).
Extensive Permo-Triassic magmatism developed to the
west of the Jinshajiang—Ailaoshan—Song Ma suture zone
during the westward subduction of the oceanic plate and
the subsequent collision between the eastern Qiangtang—
Simao—-Indochina and Yangtze blocks (Hoa et al. 2008;
Jian et al. 2008, 2009b; Fan et al. 2010; Liu et al. 2011,
2012b, 2015a; Zi et al. 2012a, b, c; Lai et al. 2014a;
Roger et al. 2014; Shi et al. 2015). However, Reid et al.
(2005) and Lepvrier et al. (2004) argued that subduction
zones along the Jinshajiang and Song Ma sutures were
east-dipping and resulted in extension within the Ganzi—
Litang Ocean and the Jinping—Song Da rift. Roger et al.
(2008, 2010) even suggested that the Jinshajiang orogenic
belt was active with divergent double subduction from the
late Permian to the Early Triassic. Furthermore, the wide-
spread Permo-Triassic granitoids and mafic volcanic rocks
to the east of the Ailaoshan suture zone require an alterna-
tive interpretation.

The following tectonic model is proposed for the early
Permian to Late Triassic tectono-magmatic evolution of
the Ailaoshan tectonic belt, and to interpret the relationship
between the spatial-temporal evolutions of the Jinshaji-
ang—Ailaoshan—Song Ma Ocean and the Ganzi-Litang—
Ailaoshan—Jinping—Song Da ocean/rift.

The Precambrian crystalline basement and Paleozoic
metamorphic rocks in the Zhongzan—Ailaoshan—-Nam Co
block are lithologically similar to those of the western
Yangtze block. Their correlation may reveal a pre-Mes-
ozoic link between the two blocks. The existence of late
Permian extension-related magmatism in the Ganzi—Litang
suture zone and the Ailaoshan—Jinping—Song Da rift sug-
gests that opening and spreading of the Ganzi—Litang—
Ailaoshan—Jinping—Song Da ocean/rift was preceded by
intracontinental extension and rifting along the western
margin of the Yangtze block, probably during the early
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Fig. 8 Paleogeographic reconstructions of the eastern Tethyan region
in a early Permian and b Middle Triassic (modified after Metcalfe
2006; Zi et al. 2012a). NC North China, YZ Yangtze, T Tarim, IC
Indochina, CS Changdu-Simao, Q Qiangtang, S Sibumasu, L Lhasa,
WB West Burma, ZZ Zhongzan, AL Ailaoshan, N Nam Co, J-A-M
Jinshajiang—Ailaoshan—-Song Ma ocean, GL-AL-JS Ganzi-Litang
ocean—Ailaoshan rift-Jinping—Song Da rift; ¢ Subduction of the Aila-

Permian (Fig. 8a, c). Extensive granitoid magmatism to
the east of the Ailaoshan suture is likely attributed to par-
tial melting of ancient and juvenile crusts during closure
of the Ailaoshan rift since the Early Triassic (Fig. 8b, d).
The corresponding magmatism developed more broadly

Anthenoshpere

oshan oceanic lithosphere facilitated the separation of the Ailaoshan
micro-block from the western Yangtze block through opening the
Ailaoshan rift since the early Permian; d formation of the Yinjie (ca.
247 Ma), Majie (ca. 240 Ma) and Yuanjiang (ca. 238 Ma) granitoids
indicate the closure of the Ailaoshan rift. Positions of transects are
marked as red line in a, b

along the Ganzi-Litang suture zone and the Jinping—Song
Da rift.

Slab-pull force, originating from gravitational drag by
the subducting oceanic slab, was probably an important
factor contributing to the successive rifting, separation,
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and northward translation of blocks from the northeastern
margin of the Gondwana continent during the evolution
of the Paleo-Tethyan Ocean, as well as from the western
Yangtze margin (Zhong 1998). Progressive thermal thin-
ning of lithosphere by an upwelling asthenosphere may
have ultimately led to the rifted western Yangtze margin
and resultant sea-floor spreading events (Jian et al. 2009b).
Subduction of the Jinshajiang—Ailaoshan—Song Ma oce-
anic lithosphere likely facilitated the separation of a micro-
continental slab (i.e., the Zhongzan—Ailaoshan—-Song Ma
micro-block) from the thinned and weak passive conti-
nental margin of the western Yangtze block. This probably
occurred through the opening of the Ganzi-Litang—Aila-
oshan—Jinping—Song Da ocean/rift, beginning in the early
Permian, which may represent a small, subsidiary Paleo-
Tethyan Ocean beyond the western Yangtze block. The
spatial-temporal coupling of the tectonic evolution of these
segments provides further evidence for this scenario.

Following the collision between the Indian and Eurasian
plates in the Tertiary, over 500 km of left-lateral move-
ment along the ASRR shear zone has strongly deformed
and displaced many geological units that were once con-
tinuous (Tapponnier et al. 1982, 1990; Leloup et al. 1995;
Chung et al. 1997). The intense shearing not only occurred
within the high-grade metamorphic belt, but also affected
the low-grade metamorphic belt. Oligocene metamorphic
overprints are obvious in some of the Middle Triassic gran-
itoids, such as the Heping granite (Lai et al. 2014b) and the
augen gneiss in the Yuanjiang area (Lin et al. 2012).

The tectonic units in this region that have undergone
intense shearing are characterized by long and narrow
shapes that make them difficult to distinguish from each
other. Additional work is required to test our new model,
particularly as it pertains to the interpretation of volcanic
and sedimentary rocks and their relationship to the evolu-
tion of the Ailaoshan rift.

Conclusions

1. The Yinjie, Majie, and Yuanjiang granitoids from
the Ailaoshan high-grade metamorphic belt were
emplaced at ca. 247, ca. 240, and ca. 238 Ma, respec-
tively. The uniformly positive zircon epg(f) values of
the Yinjie granitoid (7.8—12.1) indicate the derivation
of its source magma from partial melting of juvenile
continental lower crust, whereas the negative zircon
eys(t) values of the Majie and Yuanjiang granitoids
(—20.4 to —5.3 and —15.3 to —9.0, respectively) indi-
cate the source magmas originated from partial melting
of ancient crust.

2. The inherited and detrital zircon age spectra, and their
zircon Hf model ages, indicate the occurrence of com-
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plex source rocks along the Ailaoshan micro-block and
are comparable to those of the western Yangtze block.
The Ailaoshan, Zhongzan, and Nam Co micro-blocks
are suggested to have been derived from the western
margin of the Yangtze block.

3. The westward subduction of the Jinshajiang—Aila-
oshan—-Song Ma oceanic lithosphere triggered rifting
along the passive continental margin of the western
Yangtze block and therefore led to the development
of the Ganzi-Litang Ocean, an Ailaoshan rift, and the
Jinping—Song Da rift. The closure of the Ailaoshan
rift during the Early to Middle Triassic can reason-
ably explain the Triassic magmatism to the east of the
Ailaoshan suture zone, including the Yinjie, Majie, and
Yuanjiang granitoids.
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