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a b s t r a c t

Thin layers and lenses of granitic leucosomes are widely distributed within migmatites from the Ailao
Shan–Red River (ASRR) and Gaoligong Shan (GS) complex belts, SE Tibetan Plateau. They are parallel
to, or cross-cut, foliations in the host rocks at different scales and show evidence of coalescence and
migration to form centimetre- to decimetre-scale segregations. A combined study of mineral inclusions,
cathodoluminescence (CL) images, U–Pb SIMS dates, and in-situ trace element compositions of zircons
provides clear evidence on the nature and timing of partial melting in these rocks. Most zircons from
the granitic leucosomes occur as distinct overgrowths around inherited (detrital) cores or as new, euhe-
dral crystals. The inherited (detrital) cores are rounded or irregular, contain felsic mineral inclusions of
Qtz + Kfs + Ab ± Ap with abundant opaque impurities, and show clear dissolution textures. In contrast,
the overgrowths and new crystals commonly show perfectly euhedral shapes, have pronounced oscilla-
tory zoning, contain felsic mineral inclusions, such as Qtz + Kfs + Ab + Ap, and show pronounced high U
(1419–6129 ppm) and relatively low Th (58–301 ppm) contents with extremely low Th/U ratios (0.02–
0.07). The chondrite-normalized REE patterns show steep rising slopes from the HREE to LREE with evi-
dently negative Eu anomalies (Eu/Eu* = 0.10–0.31) and pronounced positive Ce anomalies (Ce/Ce* = 35–
145). These data suggest that the new zircons are anatectic in origin and that they grew during partial
melting of the metamorphic rocks.

Abundant U–Pb spot analyses of the magmatic zircons from granitic leucosomes reveal three discrete
and meaningful ages of partial melting within the ASRR and GS complex belts. Anatectic zircons from four
granitic leucosomes in weakly deformed migmatites from the GS complex belt yield consistent mean U–Pb
ages of 40.6 ± 0.3–38.4 ± 0.2 Ma. In contrast, anatectic zircons from six granitic leucosomes in weakly
deformed migmatites from the ASRR complex belt record younger mean U–Pb ages of 33.7 ± 0.3–
30.9 ± 0.3 Ma. However, anatectic zircons from another six granitic leucosomes in mylonitic migmatites
from both belts yield the youngest mean U–Pb ages of 27.8 ± 0.2–26.3 ± 0.3 Ma. These data imply that both
the ASRR and GS complex belts experienced multiple partial melting events. The differences in the oldest
U–Pb ages of zircons from granitic leucosomes indicate that the partial melting event related to the peak
amphibolite–granulite facies metamorphism within the GS complex belt occurred 7–10 Ma earlier than
that in the ASRR complex belt. The youngest U–Pb ages of zircons from granitic leucosomes within mylon-
itic migmatites in both the ASRR and GS belts are genetically related to post-peak, isothermal, decompres-
sional retrogression, accompanied by regional high-temperature ductile shearing. The 40Ar/39Ar age data
(27.8–22.2 Ma) of biotites and amphiboles from migmatites strongly support this hypothesis.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction stimulated considerable investigation into how this huge orogenic
The large-scale northward subduction of the Indian Plate beneath
the Euro-Asian Plate since the Early Cenozoic resulted in the forma-
tion of the most spectacular collisional orogen in the world. This has
belt was formed and when the Tibetan Plateau was uplifted
(Tapponnier et al., 1990, 2001; Harrison et al., 1992; Turner et al.,
1993; Chung et al., 1998; Yin and Harrison, 2000; Leech et al.,
2005; Aitchison et al., 2007; Aikman et al., 2008; Najman et al.,
2010). The subduction and uplift were accompanied by a tectonic-
thermal event and volcanism in the interior of the plateau, providing
excellent opportunities to characterize the metamorphism,
Tibetan
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deformation and magmatism responding to the tectonic evolution of
the region (e.g., Chung et al., 2005; Xu et al., 2012b).

Partial melting is a common geological phenomenon in high-
grade metamorphic orogens (e.g., Clemens, 1990; Brown, 2001;
Villaseca et al., 2001; Wu et al., 2007; Imayama et al., 2012). Direct
dating of felsic veins formed by partial melting is therefore crucial
for understanding the relationships among partial melting, meta-
morphic evolution and orogenic processes. Zircon readily (re-)crys-
tallizes during melting and metamorphism, and the U–Pb system
with its high-closure temperature is one of the most important
geochronometers for constraining the timing of high-temperature
metamorphism and multiple melting events in the crust (e.g.
Foster et al., 2001; Keay et al., 2001; Harley et al., 2007; Buick
et al., 2008; Imayama et al., 2012).

The Ailao Shan–Red River (ASRR) and Gaoligong Shan (GS) com-
plex belts, SE Tibetan Plateau, are regarded as the best examples of
multiple partial melting events within the Himalaya active conti-
nental collision orogen (Schärer et al., 1990; Tapponnier et al.,
1990; Leloup et al., 1993, 1995). The crystalline sequence is mainly
composed of paragneisses, orthogneisses, amphibolites and
migmatites of amphibolite to lower granulite facies. Rocks that
contain evidence for partial melting, such as granitic leucosomes,
occur widely within migmatites. However, very few zircon U–Pb
ages are available for these rocks (e.g., Schärer et al., 1990). Zircons
in granitic leucosomes in migmatites from this area are very com-
plex, commonly containing inherited cores from the relict parag-
neiss and amphibolite melanosomes, newly crystallized rims or
newly formed grains produced during partial melting of the host
rock. For this reason, the timing of partial melting in the ASRR
and GS complex belts and the genetic relationships among meta-
morphic evolution, tectonic deformation and partial melting are
still very poorly constrained (e.g. Schärer et al., 1990; Liu et al.,
2012b, 2013). Here we present U–Pb ages for anatectic zircons pre-
served in granitic leucosomes within migmatites from both the
ASRR and GS complex belts, where the spatial distributions of P–
T conditions (Liu et al., 2013) and high-strain shear zone have been
well documented (Schärer et al., 1990; Tapponnier et al., 1990;
Leloup et al., 1993, 1995). These age data are integrated with REE
patterns of zircons, microstructural data and CL images to correlate
the multiple partial melting events during high-grade metamor-
phism and ductile deformation. We document for the first time
the ages of multiple zircon growth in granitic leucosomes of
high-grade metamorphic rocks and migmatites from the ASRR
and GS complex belts. We also use Ar–Ar biotite and amphibole
ages of high-temperature metamorphic events to infer the timing
of exhumation and ductile shearing processes. Finally, we discuss
the genetic relationship between the multiple partial melting
events and high-grade metamorphism and ductile shearing defor-
mation within the ASRR and GS complex belts.

2. Geological setting

Voluminous metamorphic complexes are widely distributed in
the Sanjiang area, SE Tibetan Plateau (Fig. 1; Figs. S1–S5), which
is a pronounced, NW-striking structural element, extending over
1000 km from the eastern end of the Himalayas to the coast of
Vietnam (Schärer et al., 1990; Tapponnier et al., 1990; Leloup
et al., 1993, 1995). It can be divided into the Ailao Shan–Red River
(ASRR) complex belt, Lancang River (LR) complex belt and Gaoli-
gong Shan (GS) complex belt (Fig. 1; Figs. S1–S5).

The ASRR complex belt, which is a representative section of the
Indochina Block (or Simao-Lanping Block), and is located on the
northeastern margin of the block adjacent to the Yangtze Block
and the Red River Fault (Fig. 1; Schärer et al., 1990; Tapponnier
et al., 1990; Leloup and Kienast, 1993; Lepvrier et al., 2008; Xu
et al., 2012b). Previous field studies indicate that deformation in
Please cite this article in press as: Liu, F., et al. Multiple partial melting events
Plateau: Zircon U–Pb dating of granitic leucosomes within migmatites
j.jseaes.2014.06.025
this belt was associated with left-lateral strike-slip shearing
(Tapponnier et al., 1990; Leloup et al., 1993, 1995, 2001; Cao
et al., 2011; Chen et al., 2011; Xu et al., 2012b) that variably affects
Palaeozoic–Mesozoic sedimentary-volcanic cover rocks, producing
by a well-developed foliation with horizontal lineations (Schärer
et al., 1990; Tapponnier et al., 1990; Zhu et al., 2012). Both strongly
and weakly foliated rocks are located in the core of a mountain
range with elevations of 3000–4000 m, and are exposed along
two principal ridges; a 60-km-long ridge to the northwest of Dali
(Diancang Shan; Fig. 1; Fig. S1) and a 500-km-long ridge to the
southeast (Ailao Shan; Fig. 1; Figs. S2–S4; Leloup et al., 1993,
1995). Both of these areas are subdivided into high- and low-grade
metamorphic belts (Fig. 1; Figs. S1 and S2), with high-grade areas
dominated by paragneisses and orthogneisses with lenses and
blocks of amphibolite and garnet pyroxenite, thin layers of kyanite-
and mica-bearing schist, and leucogranite layers, migmatites and
dikes (Figs. S1–S4; Figs. 2 and 3). These areas also contain layers
and boudins of impure marble (Figs. S1–S4), some of which (e.g.
the Dali marble) probably represent the metamorphic equivalent
of Paleozoic limestones that were deposited on the Yangtze plat-
form (Schärer et al., 1990; Tapponnier et al., 1990; Leloup et al.,
1995). As shown by previous studies, deformation, recrystalliza-
tion and partial melting of high-grade metamorphic rocks occurred
simultaneously within the ASRR complex belt, where they are
ascribed to left-lateral ductile shearing at temperatures of
>600 �C and pressures of >0.5 GPa (Schärer et al., 1990;
Tapponnier et al., 1990; Leloup et al., 1993). The metamorphic
grade associated with anatexis is uniform, reaching amphibolite–
granulite facies conditions and forming stable garnet, sillimanite/
kyanite, biotite, muscovite, and felsic mineral assemblages in
gneissic rocks, and amphibole, clinopyroxene, garnet, and plagio-
clase, ±orthopyroxene ± quartz assemblages in amphibolites and
garnet pyroxenites.

The low-grade metamorphic belt is located in the west part of
the ASRR complex belt, with a transition from weakly metamor-
phosed cover rocks to the high-grade metamorphic belt over a
short distance (Fig. 1; Figs. S1 and S2). This sharp change in meta-
morphism grade suggests that late normal movement along the
northeast edge of the ranges brought highly metamorphosed rocks
into direct contact with unmetamorphosed cover rocks (Schärer
et al., 1990; Tapponnier et al., 1990; Leloup et al., 1995). Metamor-
phic rocks within the low-grade belt are dominantly slates, phyl-
lites, greenschists, and quartzites, with mineral assemblages and
metamorphic overprints in sedimentary rocks only reaching the
lowermost greenschist facies conditions.

Both sides of the ASRR complex belt contain essentially
unmetamorphosed sedimentary rocks. To the north the Yangtze
platform is covered by Devonian–Eocene strata, with rare outcrops
of basement, whereas to the south, the Silurian–Eocene Simao sed-
imentary basin is bounded on the southwest by the large Late
Permian–Early Triassic Lincang S-type granite batholith that was
intruded into metamorphic rocks (Fig. 1; Liu et al., 1989, 2011).
Late Triassic to Eocene continental red sandstones on both sides
of the eastern belt are folded with a steep axial plane cleavage that
strikes NNW, indicating nearly E–W Cenozoic compression (Leloup
et al., 1993).

The north-trending GS complex belt is situated just east of the
eastern Himalayan Syntaxis. It starts at the northern part of Teng
Chong, passes through Long Ling, and extends to Rui Li (Fig. 1;
Fig. S5). This mountain range is 3000 m high and marks the divide
between the Longchuan River in the west and the Nv River in the
east. The core of the GS complex belt is composed of high-grade
metamorphic rocks, with Late Paleozoic clastic rocks and carbon-
ates, and granitic intrusives (Xu et al., 2012a). The high-grade
metamorphic rocks are mostly paragneisses and orthogneisses
with lenses and blocks of amphibolite, thin layers of kyanite- and
in the Ailao Shan–Red River and Gaoligong Shan complex belts, SE Tibetan
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Fig. 1. Tectonic map of the Ailao Shan–Red River (ASRR) and Gaoligong Shan (GS) complex belts, SE Tibetan Plateau, showing the location of major lithotectonic units.
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mica-bearing schist and bands of leucogranite and migmatites
with some dikes (Figs. 2 and 3; Fig. S5). They are intensively
deformed with a sub-vertical foliation that dips both to the east
and west. Ductile shear features show right-lateral motion, and
the mylonitization occurred between 25 and 10 Ma (Zhong et al.,
1999; Xu et al., 2012a), in agreement with the dextral shearing
along the Jiali fault and Karakorum faults (Searle, 1996; Lee
et al., 2003; Xu et al., 2012a).
3. Sample petrography

Samples were collected from granitic leucosomes within
migmatites from the ASRR and GS complex belts. Mineral abbrevi-
ations are after Kretz (1983), and Whitney and Evans (2010).
3.1. Paragneisses

The paragneisses, which are widely distributed within the ASRR
and GS complex belts, are light grey, medium- to coarse-grained
and have a gneissic structure (Fig. 2; Figs. S1–S5). They contain gar-
net, sillimanite, biotite, muscovite, plagioclase, K-feldspar and
quartz, with accessory ilmenite, magnetite, and apatite. The parag-
neisses can be divided into two types: (a) garnet–biotite plagioclase
(or monzonitic) gneiss with an assemblage of Grt + Bt + Pl ± K
fs + Qtz, and (b) garnet–sillimanite–biotite monzonitic gneiss con-
sisting of Grt + Sil + Bt + Kfs + Pl + Qtz (Tables S1 and S2). Biotite
crystals define a mylonitic foliation, suggesting growth during
late-stage deformation (Fig. 2). The paragneisses commonly under-
went partial melting, and various migmatites with abundant gra-
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nitic leucosomes and relict paragneiss melanosomes were formed
during amphibolite to granulite facies metamorphism (Fig. 2).

3.2. Amphibolites

Amphibolites are sporadically distributed as thin layers and
irregular blocks in gneisses throughout the ASRR and GS complex
belts (Figs. S1–S5). The majority of these layers or blocks are in
sharp contact with paragneisses but a few preserve transitional
contacts with garnet–biotite plagioclase (or monzonitic) gneiss
over a few centimeters. The amphibolites are subdivided into
two types: (a) Quartz- and clinopyroxene-bearing amphibolite
with an assemblage of Amp + Pl + Qtz ± Cpx, and (b) garnet- and
biotite-bearing amphibolite consisting of Amp + Pl ± Grt + Bt
(Table S3). The amphibolites commonly underwent partial melting,
and various migmatites with irregular layers or lenses of granitic
leucosomes and relict amphibolite melanosomes were formed dur-
ing amphibolite to granulite facies metamorphism.

3.3. Granitic leucosomes

Migmatites are common in both the ASRR and GS complex belts,
and various granitic leucosomes are widely distributed in the
migmatites with relict paragneiss and amphibolite melanosomes,
indicating both paragneiss and amphibolite were partial melted
(Figs. 2 and 3). Some of the granitic leucosomes occur as concordant
to nearly concordant, strongly deformed veins ranging from milli-
meters to tens of centimeters wide (Figs. 2a, d, e and 3a and b),
whereas others are irregular and weakly deformed lenses or thin lay-
ers with thickness of millimeters to tens of centimeters (Figs. 2b, c, f
in the Ailao Shan–Red River and Gaoligong Shan complex belts, SE Tibetan
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Fig. 2. Field photographs showing occurrences of granitic leucosomes in migmatites from the ASRR and GS complex belts, SE Tibetan Plateau (I). (a) Granitic leucosomes (EB3)
as irregular thin layers distributed in a migmatite outcrop with relict Grt–Bt–paragneiss (EAB3) melanosomes, Yuan Jiang area. (b) Granitic leucosomes (EB2) as irregular
veins and breccias in a migmatite outcrop with relict Grt–Bt–paragneiss (EAB2) melanosomes, Yuan Yang area. (c) Granitic leucosomes (WB1) as irregular thin layers and
lenses distributed in a migmatite outcrop with relict Grt–Bt–paragneiss (WAB1) melanosomes, Na Bang area. (d) Granitic leucosomes (ES4) as layers or lenses distributed in a
mylonitic migmatite ourcrop with relict Grt–Sil–paragneiss (EAS4) melanosomes, southern part of Dali area. (e) Granitic leucosomes (WS2) as thin layers and irregular lenses
distributed in a migmatite outcrop with relict Grt–Sil–paragneiss (WAS2) melanosomes, NE part of Teng Chong area. (f) Granitic leucosomes (WS1) as blocks and irregular
thin layers distributed in a migmatite outcrop with relict Grt–Sil–paragneiss (WAS1) melanosomes, northern part of Na Bang area.
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and 3c, d). Both strongly and weakly deformed granitic leucosomes
consist chiefly of quartz, K-feldspar and plagioclase with accessory
biotite, ilmenite, apatite, magnetite, zircon, and monazite.

4. Analytical techniques

Zircon U–Pb dating were conducted using a newly installed
Cameca IMS 1280 large-radius SIMS at the Institute of Geology
and Geophysics, Chinese Academy of Sciences (CAS), Beijing. Trace
element concentrations in zircon were determined using a Thermo-
Finnigan Element II sector field ICP-MS coupled to a New Wave
UP213 nm ultraviolet laser system at the China University of Geo-
sciences, Beijing. 40Ar/39Ar dating of biotite and amphibole was
carried out using a GV Instruments 5400� mass spectrometer at
the Guangzhou Institute of Geochemistry, Chinese Academy of Sci-
ences. The analytical procedures followed those of described in Liu
et al. (2013), and are provided as a Supplemented data file 1.

5. Mineral inclusions and cathodoluminescence (CL) images

5.1. Zircon from granitic leucosomes in migmatites with relict Grt–Bt–
paragneiss melanosomes

Zircons from these granitic leucosome samples (EB1–EB3;
WB1–WB3) form euhedral, transparent and colourless grains that
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are 200–500 lm long, and have length–width ratios of 1:1–4:1.
CL images reveal that most grains have highly luminescent (inher-
ited) cores surrounded by low-luminescent outer (magmatic) rims
(Fig. 4). The inherited cores are heterogeneous, rounded or irregu-
lar grains with resorbed textures ranging from 30 to 200 lm in
diameter (Fig. 4a, b, d, f, g, h and i). The inherited cores may contain
felsic inclusions of Qtz + Kfs + Pl + Ap with abundant opaque impu-
rities, which are interpreted as inherited (detrital) grains from the
relict Grt–Bt–paragneiss melanosomes. In contrast, the outer zir-
con rims exhibit pronounced oscillatory zoning (Fig. 4a, b, d, f, g,
h and i), and contain inclusions of Qtz + Kfs + Ab + Ap (Table S1).
Only a few grains show pronounced oscillatory zoning from core
to rim (Fig. 4c and e), and preserve the same mineral inclusions
as those of outer rims surrounding the inherited cores (Fig. 4;
Table S1).

5.2. Zircon from granitic leucosomes in migmatites with relict Grt–Sil–
paragneiss melanosomes

These zircon grains (ES1–ES4; WS1–WS2) are euhedral, trans-
parent and colourless, 200–500 lm long, with length–width ratios
of 2:1–4:1. CL images reveal that most zircon grains have highly
luminescent cores surrounded by low-luminescent outer (mag-
matic) rims (Fig. 5a, c, d, f and h). The inherited cores are compli-
cated heterogeneous, rounded or irregular grains ranging from 40
in the Ailao Shan–Red River and Gaoligong Shan complex belts, SE Tibetan
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Fig. 3. Field photographs showing occurrences of granitic leucosomes in migmatites from the ASRR and GS complex belts, SE Tibetan Plateau (II). (a) Granitic leucosomes
(EH2) as irregular layers and lenses distributed in a migmatite outcrop with relict amphibolite (EAM2) melanosomes, Yao Shan area. (b) Granitic leucosomes (WH2) as
irregular thin layers and lenses in a migmatite outcrop with relict amphibolite (WAM2) melanosomes, Na Bang area. (c) Granitic leucosomes (EH1) as various layers
distributed in a mylonitic migmatite outcrop with relict amphibolite (EAM1) melanosomes, Yuan Yang area. (d) Granitic leucosomes (WH1) as layers distributed in a
migmatite outcrop with relict amphibolite (WAM1) melanosomes, NE part of Lu Xi area.
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to 150 lm in diameter, which contain felsic mineral inclusions
such as Qtz + Kfs + Pl + Ap with abundant opaque impurities. Both
the mineral inclusion assemblage and internal textures of these
zircon cores are similar to those of the inherited zircon cores from
the relict Grt–Bt–paragneiss melanosomes (Fig. 4). In contrast, the
outer rims exhibit pronounced oscillatory zoning (Fig. 5a, c, d, f and
h), and contain mineral inclusions of Qtz + Kfs + Ab + Ap (Table S2).
In addition, some zircon grains exhibit pronounced oscillatory and
sector zoning from core to rim (Fig. 5b, e and i), and contain the
same mineral inclusions of Qtz + Kfs + Ab + Ap as the outer rims
surrounding the inherited cores. This implies that both the rims
and zoned zircons from these granitic leucosomes were grown dur-
ing a subsequent partial melting event.

5.3. Zircon from granitic leucosomes in migmatites with relict
amphibolite melanosomes

The zircon grains from these leucosomes are short to long,
euhedral, transparent and colourless with grain lengths of 100–
300 lm and length-with ratios of 1.5:1–3:1 (Fig. 6). In contrast
to those from the granitic leucosomes in migmatites with relict
Grt–Bt-, and Grt–Sil–paragneiss melanosomes, almost all of these
zircons have high or low luminescence and display pronounced
oscillatory and sector zoning without inherited (magmatic or detri-
tal) cores (Fig. 6). The mineral inclusion assemblage consists
mainly of Qtz + Kfs + Ab + Ap (Fig. 6c, d and I; Table S3). With their
mineral inclusions and CL images, these zircons resemble the outer
zircon domains of the granitic leucosomes in migmatites with rel-
ict paragneiss melanosomes, which are interpreted to be of mag-
matic origin.

6. Trace element compositions of zircons

6.1. Zircon from granitic leucosomes in migmatites with relict Grt–Bt–
paragneiss melanosomes

Magmatic zircon crystals from six granitic leucosome samples
(EB1–EB3; WB1–WB3) in migmatites show similar trace element
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characteristics (Fig. 7; Table S4), and have significantly higher total
REE than metamorphic zircons from the host rocks (Liu et al., 2008,
2012a). Heavy rare earth element (HREE) contents are particularly
high (e.g. Yb = 369–701 ppm, Lu = 86–151 ppm and Y = 111–
1939 ppm) with distinctly low La/Yb ratios (3.18–4.33 � 10�5),
leading to steep left-facing slopes on the chondrite-normalized
REE plots (Fig. 7). A positive Ce anomaly (Ce/Ce* = 46–133) is char-
acteristic of the magmatic zircon due to the high compatibility of
Ce4+ compared with La3+ and Pr3+ (Table S4). The ‘‘excess’’ Ce4+

(vs. Ce3+) must have been produced under oxidizing conditions,
but could as well have been inherited from the source materials.
These zircons have prominently negative Eu anomalies (Eu/
Eu* = 0.10–0.31; Fig. 7). In addition, the analyzed grains have Y
contents of 611–1539 ppm, Hf contents of 10,534–13,211 ppm, U
contents of 1531–4197 ppm, and Th contents of 78–109 ppm, with
Lu/Hf ratios of 0.00653–0.01308 and Th/U ratios of 0.03–0.06
(Table S4). The distinctly high U and relatively low Th contents
with unusually low Th/U ratios are common features of anatectic
zircons (Liu et al., 2008, 2010), which are very similar to those from
granitic leucosomes within migmatites in the central Alps, Dabie-
Sulu UHP metamorphic belt, and Reynolds Range of central Austra-
lia (Rubatto et al., 2001, 2009; Liu et al., 2010, 2012a; Imayama
et al., 2012).

6.2. Zircon from granitic leucosomes in migmatites with relict Grt–Sil–
paragneiss melanosomes

Trace element data of magmatic zircons from granitic leuco-
some samples (ES1–ES4, WS1–WS4) in migmatites are listed in
Table S4, and shown graphically in Fig. 8. These zircons have trace
element compositions and REE patterns comparable to those of
anatectic zircons from granitic leucosomes in migmatites with rel-
ict Grt–Bt–paragneiss melanosomes (Table S4; Figs. 7 and 8). Chon-
drite-normalized REE patterns of these zircons show steep, left-
facing slopes from LREE to HREE with negative Eu anomalies (mean
Eu/Eu* = 0.23–0.26), distinctly positive Ce anomalies (mean Ce/
Ce* = 35–55) and very low La/Ybchn ratios (5.01–7.74 � 10�5). In
addition, the magmatic zircons have Y contents of 483–648 ppm,
in the Ailao Shan–Red River and Gaoligong Shan complex belts, SE Tibetan
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Fig. 4. Cathodoluminescence (CL) images of anatectic zircons from granitic leucosomes in migmatites with relict Grt–Bt–paragneiss melanosomes in the ASRR and GS
complex belts. The 30-lm spots and ages of SIMS analyses are also shown. (a) Zircon grain EB1-4 from sample EB1 in Da Li showing a low-luminescent (black) inherited
(detrital) core and high-luminescent (grey) magmatic rim. (b) Zircon grain EB1-23 from sample EB1 in Da Li showing a heterogeneously-luminescent inherited (detrital) core
and a high-luminescent (grey) outer magmatic rim. (c) Zircon grain EB2-3 from sample EB2 in Yuan Yang showing magmatic zoning from core to rim. (d) Zircon grain EB3-5
from sample EB3 in Yuan Jiang showing a heterogeneously-luminescent inherited (detrital) core and a high-luminescent (grey) magmatic rim. (e) Zircon grain EB3-15 from
sample EB3 in Yuan Jiang showing magmatic zoning from core to rim with mineral inclusions of Qtz + Kfs. (f) Zircon grain WB1-3 from sample WB1 in Na Bang showing a
heterogeneously-luminescent core and a low-luminescent (black) magmatic rim. (g) Zircon grain WB1-21 from sample WB1 in Na Bang showing a heterogeneous-
luminescent core and a low-luminescent (black) magmatic rim. (h) Zircon grain WB2-10 from sample WB2 in NE part of Lu Xi showing a high-luminescent (white) inherited
(detrital) core and a low-luminescent (black) magmatic rim. (i) Zircon grain WB3-6 from sample WB3 in Rui Li showing a heterogeneous-luminescent core with dissolution-
texture and a high-luminescent (grey–white) magmatic rim.
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Lu contents of 46.7–92.4 ppm, and Hf contents of 11,518–
13,301 ppm with Lu/Hf ratios of 0.00407–0.00726 (Table S4). In
particular, these zircons also show distinctly high U (1419–
4286 ppm), relatively low Th (58–105 ppm), and very low Th/U
ratios of 0.02–0.07. These features are consistent with anatectic
zircons of granitic leucosomes in the migmatites with relict Grt–
Bt–paragneiss melanosomes.
6.3. Zircon from granitic leucosomes in migmatites with relict
amphibolite melanosomes

Trace element data of magmatic zircons from granitic leuco-
somes EH1–EH2 and WH1–WH2 in migmatites are listed in
Table S4, and graphically presented in Fig. 9. All the magmatic zir-
cons have similar trace element compositions and REE patterns,
being comparable to those of anatectic zircons from the granitic leu-
cosomes in migmatites with relict paragneiss melanosomes
(Table S4; Figs. 7–9). Chondrite-normalized REE patterns for the
magmatic domains show similar steep, left-facing slopes from LREE
to HREE and have strong negative Eu anomalies (mean Eu/
Eu* = 0.18–0.28), pronounced positive Ce anomalies (Ce/Ce* = 46–
144) and La/Ybchn ratios of 1.33–2.64 � 10�5 (Table S4; Fig. 9). Com-
pared to the anatectic zircons from granitic leucosomes in the
migmatites with paragneiss melanosomes, the magmatic zircons
in EH1–EH2 and WH1–WH2 have higher Y (1562–2608 ppm), Th
(108–301 ppm), U (3462–6129 ppm), and similar Th/U (0.02–0.04)
and Lu/Hf (0.01662–0.02562) ratios (Table S4). These features are
also consistent with those of anatectic zircon from granitic leuco-
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somes within migmatites in the central Alps, Dabie-Sulu UHP meta-
morphic belt, and Reynolds Range of central Australia (e.g., Rubatto
et al., 2001, 2009; Liu et al., 2010, 2012a; Imayama et al., 2012).

7. U–Pb dating of zircon

The results of U–Pb SIMS analyses on anatectic zircons from
granitic leucosomes within migmatites are summarized in Tables
S1–S3, and presented graphically on 206Pb/238U–207Pb/235U dia-
grams with 1r error (Figs. 10–12).
7.1. Zircon from granitic leucosomes in migmatites with relict Grt–Bt–
paragneiss melanosomes

The U–Pb age data (Table S1; Figs. 4 and 10) for 160 zircon grains
can be divided into three discrete and meaningful age groups. Fifty-
two anatectic zircon grains from two samples WB1 and WB2 in the
GS complex belt with Th/U ratios of 0.01–0.06 yielded weighted
mean 206Pb/238U ages of 38.4 ± 0.2 Ma for WB1 (Fig. 10d), and
39.3 ± 0.3 Ma for WB2 (Fig. 10e). In contrast, 54 analyses of anatectic
zircons from two samples EB1 and EB2 in the ASRR complex belt
with Th/U ratios of 0.01–0.09 yielded younger weighted mean
206Pb/238U ages of 33.6 ± 0.2 Ma for EB1 (Fig. 10a), and
30.9 ± 0.3 Ma for EB2 (Fig. 10b). However, 54 anatectic zircon grains
from sample EB3 in the ASRR complex belt and sample WB3 in the
GS complex belt with Th/U ratios of 0.02–0.07 yielded younger
weighted mean 206Pb/238U ages of 27.8 ± 0.2 Ma for EB3 (Fig. 10c),
and 26.3 ± 0.3 Ma for WB3 (Fig. 10f).
in the Ailao Shan–Red River and Gaoligong Shan complex belts, SE Tibetan
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Fig. 5. Cathodoluminescence (CL) images of anatectic zircons from granitic leucosome samples in migmatites with relict Grt–Sil–paragneiss melanosomes in the ASRR and GS
complex belts. The 30-lm spots and ages of SIMS analysis are also shown. (a) Zircon grain ES1-2 from sample ES1 in Yuan Jiang showing a heterogeneously-luminescent
inherited (detrital) core and a low-luminescent (grey–black) magmatic rim. (b) Zircon grain ES1-15 from sample EB1 in Yuan Jiang showing magmatic zoning from core to
rim. (c) Zircon grain ES2-11 from sample ES2 in Yuan Yang showing a heterogeneously-luminescent inherited (detrital) core with dissolution-textures and a low-luminescent
(black) magmatic rim. (d) Zircon grain ES3-11 from sample ES3 in Yao Shan showing a low-luminescent inherited (detrital) core with dissolution-textures and a high-
luminescent (grey) magmatic rim. (e) Zircon grain ES4-9 from sample ES4 in south part of Da Li showing magmatic zoning from core to rim. (f) Zircon grain WS1-6 from
sample WS1 in north part of Na Bang showing a heterogeneously-luminescent inherited (detrital) core with dissolution-textures and a low-luminescent (black) magmatic
rim. (g) Zircon grain WS1-11 from sample WS1 in north part of Na Bang showing magmatic zoning from core to rim. (h) Zircon grain WS2-6 from sample WS2 in NE part of
Teng Chong showing a heterogeneously-luminescent inherited (detrital) core and a low-luminescent (black) magmatic rim. (i) Zircon grain WS2-13 from sample WS2 in NE
part of Teng Chong showing magmatic zoning from core to rim.
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7.2. Zircon from granitic leucosomes in migmatites with relict Grt–Sil–
paragneiss melanosomes

Analyses of 151 anatectic zircon grains from granitic leucosomes
in migmatites with Grt–Sil–paragneiss melanosomes (Table S2;
Figs. 5 and 11) also yielded three discrete and meaningful
206Pb/238U age groups. One group of three samples (ES1–ES3) in
the ASRR complex belt with Th/U ratios of 0.01–0.07 yielded consis-
tent weighted mean 206Pb/238U ages of 32.7 ± 0.2 Ma for ES1
(Fig. 11a), 33.2 ± 0.2 Ma for ES2 (Fig. 11b), and 32.0 ± 0.2 Ma for
ES3 (Fig. 11c). Analyzed zircons from granitic leucosomes in the
other sample (WS1) from the GS complex belt show the oldest U–
Pb ages. Twenty-eight zircon domains in WS1 with Th/U ratios of
0.05–0.07 yielded 206Pb/238U ages ranging from 39.8 to 37.1 Ma,
with a weighted mean of 38.6 ± 0.2 Ma (Fig. 11e; Table S2). In con-
trast, analysis of 50 anatectic zircons (Th/U = 0.01–0.07) from gra-
nitic leucosome samples ES4 in the ASRR complex belt and WS2
in the GS complex belt show the youngest 206Pb/238U ages of
28.5–26.4 Ma, with weighted mean ages of 27.8 ± 0.2 Ma for ES4,
and 27.4 ± 0.2 Ma for WS2 (Table S2; Fig. 11d and f).

7.3. Zircon from granitic leucosomes in migmatites with relict
amphibolite melanosomes

U–Pb SIMS analyses of zircon grains from granitic leucosomes
in migmatites with relict amphibolite melanosomes also define
three discrete and meaningful age groups (Figs. 6 and
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12; Table S3). Twenty-seven anatectic zircon domains from sample
WH1 in the GS complex belt with Th/U ratios of 0.01–0.07 yielded
consistent 206Pb/238U ages ranging from 41.9 to 39.5 Ma, with a
weighted mean age of 40.6 ± 0.3 Ma (Table S3; Fig. 12c). In con-
trast, 27 anatectic zircon domains from sample EH1 in the ASRR
complex belt with Th/U ratios of 0.03–0.09 yielded younger
206Pb/238U ages ranging from 34.8 to 33.1 Ma, with a weighted
mean age of 33.7 ± 0.3 Ma (Table S3; Fig. 12a). However, 55 anatec-
tic zircon domains from samples EH2 in the ASRR complex belt and
WH2 in the GS complex belt with Th/U ratios of 0.01–0.07 yielded
the youngest 206Pb/238U ages ranging from 28.9 to 25.7 Ma, with a
weighted mean age of 27.1 ± 0.3 Ma for EH2, and 27.4 ± 0.3 Ma for
WH2 (Table S3; Fig. 12b and d).

8. Ar–Ar dating of biotite and amphibole

The results of Ar–Ar dating of six biotite samples from relict
Grt–Bt- and Grt–Sil–paragneiss melanosomes, and four amphibole
samples from relict amphibolite melanosomes in migmatites are
summarized in Figs. 13 and 14.

8.1. Ar–Ar dating of biotite

Three biotite samples (EAB2, EAB3, WAB1) from relict Grt–Bt–
paragneiss melanosomes record consistent 40Ar/39Ar ages. Sample
EAB2 yielded a plateau age of 26.6 ± 0.2 Ma, with a corresponding
total gas age of 26.6 ± 0.5 Ma (Fig. 13a), and sample EAB3 yielded a
in the Ailao Shan–Red River and Gaoligong Shan complex belts, SE Tibetan
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Fig. 6. Cathodoluminescence (CL) images of anatectic zircons from granitic leucosome samples in migmatites with relict amphibolite melanosomes in the ASRR and GS
complex belts. The 30-lm spots and ages of SIMS analysis are also shown. (a) Zircon grain EH1-3 from sample EH1 in Yuan Yang showing magmatic zoning from core to rim
with Qtz inclusion. (b) Zircon grain EH1-5 from sample EH1 in Yuan Yang showing magmatic zoning from core to rim. (c) Zircon grain EH1-25 from sample EH1 in Yuan Yang
showing magmatic zoning from core to rim with Kfs inclusion. (d) Zircon grain EH2-4 from sample EH2 in Yao Shan showing magmatic zoning from core to rim with Qtz
inclusion. (e) Zircon grain EH2-20 from sample EH2 in Yao Shan showing magmatic zoning from core to rim. (f) Zircon grain WH1-8 from sample WH1 in NE part of Lu Xi
showing magmatic zoning from core to rim. (g) Zircon grain WH1-17 from sample WH1 in NE part of Lu Xi showing magmatic zoning from core to rim. (h) Zircon grain WH2-
2 from sample WH2 in Na Bang showing magmatic zoning from core to rim. (i) Zircon grain WH2-11 from sample WH2 in Na Bang showing magmatic zoning from core to rim
with Ab inclusion.
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plateau age of 27.7 ± 0.2 Ma, with a total gas age of 27.8 ± 0.3 Ma
(Fig. 13b). Sample WAB1 yielded a similar plateau age of
26.7 ± 0.2 Ma and a total gas age of 26.9 ± 0.2 Ma (Fig. 13d).

Three biotite samples EAS4, WAS1 and WAS2 from relict Grt–
Sil–paragneiss melanosomes record similar 40Ar/39Ar ages to those
of samples from relict Grt–Bt–paragneiss melanosomes. The pla-
teau age of sample EAS4 is 26.7 ± 0.2 Ma, with a corresponding
total gas age of 26.7 ± 0.3 Ma (Fig. 13c). Sample WAS1 and WAS2
yielded similar 40Ar/39Ar plateau ages of 27.5 ± 0.2 Ma and 27.
8 ± 0.2 Ma, with total gas ages of 27.7 ± 0.3 Ma and 27.9 ± 0.4 Ma,
respectively (Fig. 13e and f).

8.2. Ar–Ar dating of amphibole

Two amphibole samples (EAM2 and WAM1) from relict
amphibolite melanosomes have similar 40Ar/39Ar ages, with sam-
ple EAM2 having a plateau age of 27.2 ± 0.3 Ma and a correspond-
ing total gas age of 28.0 ± 0.4 Ma (Fig. 14b), whereas sample WAM1
yielded a plateau age of 27.7 ± 0.6 Ma and a total gas age of
27.4 ± 0.5 Ma (Fig. 14c). In contrast, the amphibole samples
EAM1 and WAM2 have slightly younger 40Ar/39Ar ages. Sample
EAM1 yielded a plateau age of 23.1 ± 0.2 Ma, with a corresponding
total gas age of 23.4 ± 0.3 Ma (Fig. 14a), whereas sample WAM2
yielded a plateau age of 22.2 ± 0.3 Ma and a total gas age of
23.0 ± 0.3 Ma (Fig. 14d).

9. Discussion

Paragneisses and amphibolites in the ASRR and GS complex
belts, SE Tibetan Plateau experienced a complex metamorphic evo-
lution with several partial melting episodes. The partial melting
ages, and the genetic relationships between metamorphic evolu-
tion and partial melting in both belts are discussed as follows.
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9.1. Evidence for partial melting in the ASRR and GS complex belts and
formation of anatectic zircon during partial melting

Previous studies have recognized partial melting within limited
gneissic outcrops from the ASRR and GS complex belts (Schärer
et al., 1990; Leloup et al., 1995; Song et al., 2010; Cao et al.,
2011). However, this study shows that all of the paragneisses
and amphibolites in both belts have experienced extensive partial
melting. Migmatite outcrops commonly show a strong variation in
the abundance and distribution of granitic leucosomes. In the most
thoroughly migmatized rocks, granitic leucosomes with strong or
weak deformation are parallel to, or cross-cut, the foliation at dif-
ferent scales and show evidence of coalescence and migration to
form centimetre- to decimetre-scale segregations (Figs. 2 and 3).
Medium-grained, equigranular leucocratic layers and lenses are
comprised mainly of quartz, K-feldspar and plagioclase accompa-
nied by a variety of minor phases such as amphibole, biotite, and
monazite. The quartzo-feldspathic layers and lenses are inter-
preted to have crystallized from melts because they have allotrio-
morphic, equigranular, granitoid textures, in which the major
minerals are all anhedral. A nearly equal proportion of K-feldspar
and plagioclase and a low proportion of quartz in the quartzo-feld-
spathic layers are consistent with crystallization of a granitic melt
produced by partial melting of metapelites (Gilotti and Elvevold,
2002; Lang and Gilotti, 2007). The presence of antiperthitic feld-
spar in the granitic leucosomes indicates crystallization of Or-rich
plagioclase from a melt at relatively high temperature (Spear,
1993; Godard et al., 1996; Gilotti and Elvevold, 2002) and subse-
quent exsolution. These macroscopic and microscopic observations
provide strong evidence for the partial melting of the host parag-
neisses and amphibolites in both the ASRR and GS complex belts.
In addition, some parts of the migmatite outcrops show blurry
boundaries between granitic leucosomes and relict melanosomes
in the Ailao Shan–Red River and Gaoligong Shan complex belts, SE Tibetan
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Fig. 7. Chondrite-normalized REE patterns of anatectic zircons from granitic leucosomes in migmatites with relict Grt–Bt–paragneiss melanosomes in the ASRR and GS
complex belts. (a) EB1 in Da Li. (b) EB2 in Yuan Yang. (c) EB3 in Yuan Jiang. (d) WB1 in Na Bang. (e) WB2 in NE part of Lu Xi. (f) WB3 in Rui Li.
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(Figs. 2 and 3), indicating these granitic leucosomes are in-situ
melts rather than exotic intrusions in origin.

Most anatectic zircons in the granitic leucosomes occur as dis-
tinct overgrowths surrounding round, inherited cores or as new,
euhedral crystals. Both overgrowths and newly formed crystals
typically exhibit magmatic zoning in CL images (Figs. 4–6). Many
contain inclusions of quartz, plagioclase and K-feldspar (Figs. 4
and 6; Tables S1–S3). The shapes, internal textures and inclusions
of these zircon grains strongly suggest that they grew during par-
tial melting (e.g. Keay et al., 2001; Rubatto et al., 2001; Andersson
et al., 2002; Liu et al., 2010).

During partial melting, anatectic zircons can be formed by sev-
eral processes: (1) dissolution–reprecipitation of pre-existing
(igneous or metamorphic) zircons (Keay et al., 2001; Rubatto
et al., 2001; Andersson et al., 2002); (2) breakdown of Zr-bearing
minerals other than zircon in a closed system (Fraser et al., 1997;
Flowerdew et al., 2006); and (3) crystallization from externally
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derived Zr-bearing fluids or melts (Foster et al., 2001; Andersson
et al., 2002; Flowerdew et al., 2006). Most of the zircon grains in
the granitic leucosomes have inherited cores and distinct anatectic
(magmatic) rims; some grains without cores display pronounced
magmatic zones throughout (Figs. 4–6). The inherited cores are
rounded or irregular in shape and show clear dissolution textures
(Figs. 4f and I and 5a, c, d and f), indicating breakdown of the ori-
ginal zircons and replacement by new, zoned anatectic zircons
with inclusions of Qtz + Kfs + Pl (Figs. S4–S6; Tables S1–S3). These
micro-textures indicate that the relict and irregular zircon cores
have most likely been inherited from their host rocks, probably
during partial melting episodes. However, in the migmatites from
the ASRR and GS complex belts, zircon is not the only Zr-bearing
phase in the granitic leucosomes and their host rocks. Thus, it is
likely that some of the anatectic zircons formed by breakdown of
other Zr-bearing minerals (e.g. monazite, xenotime and biotite,
etc.).
in the Ailao Shan–Red River and Gaoligong Shan complex belts, SE Tibetan
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Fig. 8. Chondrite-normalized REE patterns of anatectic zircons from granitic leucosomes in migmatites with relict Grt–Sil–paragneiss melanosomes in the ASRR and GS
complex belts. (a) ES1 in Yuan Jiang. (b) ES2 in Yuan Yang. (c) ES3 in Yao Shan. (d) ES4 in Da Li. (e) WS1 in the north part of Na Bang. (f) WS2 in the NE part of Teng Chong.
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9.2. REE characteristics of anatectic zircon

The REE abundances and chondrite-normalized patterns of ana-
tectic zircons are mostly similar in all the granitic leucosomes
(Figs. 7–9; Table S4), but are significantly different from all meta-
morphic zircons (e.g. Liu et al., 2008, 2012a). In general, REE pat-
terns for metamorphic zircon are remarkably flat for the HREE.
Such depletion of the HREE indicates that the metamorphic zircon
grew during or after crystallization of garnet (e.g. Liu et al., 2008,
2012a). In contrast, the anatectic zircon from the granitic leuco-
somes has higher HREE contents than the metamorphic zircon
(e.g. Liu et al., 2008, 2012a), and the normalized REE patterns show
steep, left-facing slopes from the HREE to LREE (Figs. 7–9) with
strongly negative Eu anomalies (Eu/Eu* = 0.1–0.31; Table S4). The
enrichment of HREE and the negative Eu anomalies suggest that
the anatectic zircons grew in the stability field of plagioclase and
K-feldspar (enriched in Eu), with little or no crystallization of gar-
net (enriched in HREE contents). All the anatectic zircons show
extremely positive Ce anomalies with Ce/Ce* values of 35–145
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(Table S4), which are characteristic of magmatic zircon due to
the high compatibility of Ce4+ compared with La3+ and Pr3+. The
‘‘excess’’ Ce4+ (vs. Ce3+) must have been produced under oxidizing
conditions, but could as well have been inherited from the source
materials. The trace element systematics of the new granitic leuco-
some zircons are consistent with an anatectic (magmatic) origin
(Hermann et al., 2001; Rubatto, 2002) and in agreement with the
observed mineral inclusions and CL images (Figs. 4 and 6; Tables
S1–S3). In addition, all the anatectic zircons from the granitic leu-
cosomes have low Th/U ratios ranging from 0.02 to 0.06, because
they contain extremely high U contents of 1419–6129 ppm
(Table S4). Such values are consistent with those of anatectic zir-
cons from migmatites in the central Alps, the Reynolds Range of
central Australia (Rubatto et al., 2001, 2009), higher Himalayan
crystalline sequence in the far-eastern Nepal Himalaya (Imayama
et al., 2012) and Dabie-Sulu UHP terrane (Liu et al., 2010). These
features indicate that zircons from granitic leucosomes in the
migmatites of the ASRR and GS complex belts are anatectic rather
than typically magmatic in origin.
in the Ailao Shan–Red River and Gaoligong Shan complex belts, SE Tibetan
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Fig. 9. Chondrite-normalized REE patterns of anatectic zircons from granitic leucosomes in migmatites with relict amphibolite melanosomes in the ASRR and GS complex
belts. (a) EH1 in Yuan Yang. (b) EH2 in Yao Shan. (c) WH1 in NE part of Lu Xi. (d) WH2 in Na Bang.
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9.3. P–T conditions of peak metamorphism and post-peak isothermal
decompressional retrogression in the ASRR and GS complex belts

On the basis of petrography, mineral transformation, composi-
tional zonation of garnets, and P–T estimates by geothermobarom-
eters and pseudosection, at least two metamorphic stages,
including peak amphibolite–granulite facies (M1), and subsequent
post-peak isothermal decompressional retrogression stage (M2)
were recognized by our previous studies in the ASRR and GS complex
belts (Wang, 2012; Liu et al., 2013; Wang et al., 2013). In the ASRR
complex belt, the amphibolite–granulite facies mineral assemblage,
such as Grt + Ky/Sil + Bt + Pl + Kfs + Qtz and Grt + Bt ± Sil
+ Pl + Kfs + Qtz in paragneisses, and Grt + Hbl ± Cpx + Pl ± Qtz in
amphibolites, formed in stage M1 and record P–T conditions of
730–790 �C and 8.1–9.5 kb. In contrast, the retrogressive assem-
blages of Grt + Sil ± Crd + Bt + Kfs + Pl + Qtz in paragneisses, and
Grt + Hbl ± Opx ± Cpx + Pl ± Qtz in amphibolites, respectively,
developed in stage M2 at P–T conditions of 710–780 �C and 5.0–
7.0 kb (Wang, 2012; Liu et al., 2013; Wang et al., 2013). The parag-
neisses and amphibolites within the GS complex belt are character-
ized by the same mineral assemblages for each stage as the ASRR
complex belt, and record consistent P–T conditions of 720–780 �C
and 8.0–9.0 kb for M1, and 700–780 �C and 5.2–7.0 kb for M2, respec-
tively (Wang, 2012; Liu et al., 2013; Wang et al., 2013). In addition, a
series of typical decompression reactions, such as Ky = Sil, Grt + Ky/
Sil + Qtz = Crd, and Grt + Cpx ± Qtz = Opx + Pl in the paragneisses
and amphibolites, indicate a clockwise P–T path within the ASRR
and GS complex belts (Wang, 2012; Liu et al., 2013; Wang et al.,
2013). These data prove that the ASRR complex belt was formed
by discrete continent–continent collision between the Indochina
and Yangtze blocks, whereas the GS complex belt was formed by col-
lision between the Bao Shan and Teng Chong blocks.
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9.4. Timing of peak metamorphism in the ASRR and GS complex belts

Previous investigations indicate that the metamorphic rocks in
both the ASRR and GS complex belts have a complicated Paleocene
to Miocene metamorphic history (e.g. Schärer et al., 1990;
Tapponnier et al., 1990; Leloup and Kienast, 1993; Leloup et al.,
1995; Gilley et al., 2003; Sassier et al., 2009; Cao et al., 2011; Xu
et al., 2012b). The typical clockwise P–T–t path of continent–conti-
nent collision, as identified in both belts, records the presence of
dynamic collision–subduction processes prior to late partial melt-
ing and regional ductile deformation (e.g. Wang, 2012; Liu et al.,
2013; Wang et al., 2013). High-grade metamorphic rocks exposed
within the ASRR and GS complex belts, which separates the Yan-
gtze and Indochina Blocks, and the Bao Shan and Teng Chong
Blocks (Fig. 1), respectively preserve clear evidence of partial melt-
ing and strong ductile deformation (e.g. Schärer et al., 1990;
Tapponnier et al., 1990; Leloup and Kienast, 1993; Song et al.,
2010; Xu et al., 2012a,b).

As previous studies have shown, high-grade metamorphic rocks
and granitic leucosomes that formed at �45 to �17 Ma are present
in both belts, and are thought to have formed during strong, regio-
nal strike-slip deformation (e.g., Schärer et al., 1990, 1994;
Harrison et al., 1992, 1996; Leloup et al., 1995, 2001; Zhang and
Schärer, 1999; Gilley et al., 2003; Song et al., 2010; Cao et al.,
2011). However, discriminating the peak amphibolite–granulite
facies metamorphism and post-peak isothermal decompression
retrogression ages from regional strike-slip deformation ages in
both belts is nearly impossible. Our recent studies have identified
two distinct age groups for metamorphic zircon domains in parag-
neisses and amphibolites. In combination with mineral inclusion
analyses, CL imaging and SIMS U–Pb dating, abundant metamor-
phic zircons, which preserve peak amphibolite–granulite facies
in the Ailao Shan–Red River and Gaoligong Shan complex belts, SE Tibetan
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Fig. 10. Wetherill Concordia diagrams showing U–Pb analyses of anatectic zircon grains from granitic leucosomes in migmatites with relcit Grt–Bt–paragneiss melanosomes
in the ASRR and GS complex belts. (a) EB1 in Da Li. (b) EB2 in Yuan Yang. (c) EB3 in Yuan Jiang. (d) WB1 in Na Bang. (e) WB2 in NE part of Lu Xi. (f) WB3 in Rui Li.
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mineral inclusions from various paragneisses and amphibolites in
the GS complex belt, record similar Eocene metamorphic ages
ranging from 44.1 ± 0.5 to 36.6 ± 0.6 Ma (Wang, 2012; Liu et al.,
2013; Wang et al., 2013). In contrast, metamorphic zircons from
the ASRR complex belt reveal Oligocene metamorphic ages ranging
from 33.1 ± 0.6 Ma to 28.5 ± 0.4 Ma (Wang, 2012; Liu et al., 2013;
Wang et al., 2013). The discrepancy in U–Pb ages of zircons from
metamorphic rocks indicates that collision–subduction between
the Bao Shan and Teng Chong blocks and the peak amphibolite–
granulite facies metamorphism within the GS complex belt took
place �7–10 m.y. earlier than the collision between the Indochina
and Yangtze blocks and the high-grade metamorphism within the
ASRR complex belt.

9.5. Timing of post-peak isothermal decompressional retrogression and
regional ductile deformation in the ASRR and GS complex belts

Petrographic, tectonic and metamorphic studies have indicated
that both the ASRR and GS complex belts experienced post-peak
isothermal decompression (Liu et al., 2013). However, the exact
Please cite this article in press as: Liu, F., et al. Multiple partial melting events
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timing of this decompression is not clear (e.g. Cao et al., 2011).
Our recent studies have identified metamorphic zircons formed
during this retrogression from various metamorphic rocks in the
ASRR and GS complex belts (Wang, 2012; Liu et al., 2013; Wang
et al., 2013). In the ASRR complex belt, these distinct zircon crystals
preserve LP amphibolite–granulite facies mineral inclusions, such
as Grt + Sil ± Crd + Bt + Kfs + Pl + Qtz in Grt–Sil- and Grt–Bt–parag-
neisses, and Grt + Hbl ± Opx ± Cpx + Pl ± Qtz in amphibolites, indi-
cating these zircons formed at the post-peak isothermal
decompression stage (M2). These LP metamorphic zircons record
consistent Late Oligocene metamorphic ages ranging from 28 to
22 Ma (Liu et al., 2013). In the GS complex belt, some metamorphic
zircons from paragneisses and amphibolites contain similar LP
mineral inclusions, which also yielded Late Oligocene metamor-
phic ages of 28–20 Ma (Wang, 2012; Wang et al., 2013). These data
indicate that both the ASRR and GS complex belts underwent uplift
and decompressional retrogression simultaneously.

During the post-peak isothermal decompression, both the ASRR
and GS complex belts experienced strong, regional ductile defor-
mation, which resulted in formation of the shear zones (e.g.,
in the Ailao Shan–Red River and Gaoligong Shan complex belts, SE Tibetan
. Journal of Asian Earth Sciences (2014), http://dx.doi.org/10.1016/
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Fig. 11. Wetherill Concordia diagrams showing U–Pb analyses of anatectic zircon grains from granitic leucosomes in migmatites with relict Grt–Sil–paragneiss melanosomes
in the ASRR and GS complex belts. (a) ES1 in Yuan Jiang. (b) ES2 in Yuan Yang. (c) ES3 in Yao Shan. (d) ES4 in Da Li. (e) WS1 in the north part of Na Bang. (f) WS2 in the NE part
of Teng Cong.
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Schärer et al., 1990; Tapponnier et al., 1990; Leloup et al., 1995;
Gilley et al., 2003; Liu et al., 2011, 2012b; Xu et al., 2012a,b). How-
ever, the exact timing of the initiation and the duration of strike-up
shearing in both belts are still uncertain (e.g. Cao et al., 2011). For
example, Leloup et al. (1995, 2001, 2007) argued that the ASRR
complex belt was the site of major left-lateral shear in the Oligo-
Miocene, whereas Searle (2006) and Searle et al. (2010) thought
that all left-lateral shear postdated metamorphism in the ASRR
complex belt and took place later than 21 Ma. Cao et al. (2011) sug-
gested that the left-lateral ductile shearing along the ASRR com-
plex belt was initiated at ca. 31 Ma and culminated between ca.
27 and 21 Ma, resulting in high-temperature metamorphism. The
shearing then decreased at ca. 20 Ma at relatively low-tempera-
ture. However, Liu et al. (2012b) demonstrated that the high-tem-
perature deformation in the ASRR corresponds to pure shear,
whereas the subsequent low-temperature microstructures and
fabrics reflect left-lateral shearing along the ASRR complex belt
from 27 to 21 Ma during southeastward extrusion of the Indochina
block.
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The same argument applies for timing of the regional ductile
deformation within the GS complex belt. Wang et al. (2006)
thought that the major shear systems in both the GS and ASRR
complex belts have a similar onset age of >32 Ma, but that late-
stage shearing occurred on the GS belt at 29–27 Ma and on the
ASRR belt at �17 Ma. Lin et al. (2009) conducted a comprehensive
40Ar/39Ar geochronological study of the GS complex belt to obtain a
better understanding of crustal deformation and tectonic evolution
around the Eastern Himalayan Syntaxis and showed that the main
phase of deformation in the GS complex belt occurred from 18 to
13 Ma. Zhang et al. (2012) considered that ductile strike-slip shear-
ing occurred in the GS belt at Miocene (16–15 Ma), and continued
to the Late Miocene (11–10 Ma).

Our recent studies have identified metamorphic zircon formed
during post-peak retrogression in various metamorphic rocks of
the ASRR and GS belts (Wang, 2012; Liu et al., 2013; Wang et al.,
2013). These distinct zircon crystals, which preserve LP amphibo-
lite–granulite facies mineral inclusions, record similar Late Oligo-
cene metamorphic ages ranging from 28 to 22 Ma.
in the Ailao Shan–Red River and Gaoligong Shan complex belts, SE Tibetan
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Fig. 12. Wetherill Concordia diagrams showing U–Pb analyses of anatectic zircons from granitic leucosomes in migmatites with relict amphibolite melanosomes in the ASRR
and GS complex belt. (a) EH1 in Yuan Yang. (b) EH2 in Yao Shan. (c) WH1 in NE part of Lu Xi. (d) WH2 in Na Bang.
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In this paper, we present new Ar–Ar data for biotite and amphi-
bole from relict paragneiss and amphibolite melanosomes in
migmatites of the ASRR and GS belts that grew during high-grade
metamorphism, partial melting, and subsequent strong regional
ductile shearing. Our study indicates that biotite and amphibole
commonly define the mylonitic foliation. Biotite and amphibole
in the relict melanosomes from the ASRR belt record 40Ar/39Ar ages
of 27.7–26.6 Ma and 27.2–23.1 Ma, respectively (Figs. 13 and 14).
Similarly, biotite and amphibole in the relict melanosomes from
the GS complex belt record 40Ar/39Ar ages of 27.8–26.7 Ma and
27.7–22.2 Ma, respectively (Figs. 13 and 14).

As summarized in Tables 1 and 2, 40Ar/39Ar age data for biotite,
muscovite and amphibole in abundant metamorphic rocks from
the Diancang Shan, Ailao Shan and Day Nui Con Vio areas in the
ASRR complex belt exhibit a major peak at 28–21 Ma, and weak
peaks at 34–31 Ma and 19–15 Ma. In contrast, various metamor-
phic rocks from the GS complex belt show 40Ar/39Ar age major
peaks at 28–22 Ma and 18–15 Ma, with a weak peak at 33–
32 Ma. These 40Ar/39Ar age data, combined with our previous U–
Pb zircon age data (Wang, 2012; Liu et al., 2013; Wang et al.,
2013) suggest that post-peak isothermal retrogression and regio-
nal ductile shearing occurred along the ASRR and GS complex belts
simultaneously. These related processes were probably initiated at
�34–31 Ma, reached a shearing peak at 28–21 Ma, and lasted until
19–15 Ma, resulting in the formation of abundant mylonitic rocks,
accompanied by extensive high-grade metamorphism and partial
melting (e.g. Leloup et al., 1995, 2001, 2007).

9.6. Age of partial melting in the ASRR and GS complex belts

9.6.1. An Eocene partial melting event
In this study, 10 granitic leucosome samples from migmatites

were collected from the ASRR and GS complex belts. The anatectic
zircons from four granitic leucosome samples in the GS belt yielded
consistent Middle Eocene ages ranging from 40.6 ± 0.3 to
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38.4 ± 0.2 Ma (Figs. 10–12; Tables S1–S3). In contrast, anatectic zir-
cons from six granitic leucosome samples in the ASRR belt record
slightly younger Late Eocene ages ranging from 33.7 ± 0.3 to
30.9 ± 0.3 Ma (Fig. 10–12; Tables S1–S3). Crystallization of the
melts took place below the jadeite (Jd) + quartz (Qtz) = albite (Ab)
reaction (Oh and Liou, 1998), and in the albite stability field,
because plagioclase, K-feldspar and quartz have textures typical
of crystallization from melts, and occur as inclusions in the anatec-
tic zircons. Therefore, these two age groups can be interpreted as
the ages of partial melting and zircon crystallization of the GS
and ASRR belt, respectively.

Our previous studies have also shown that metamorphic rocks in
the ASRR and GS complex belts underwent a multi-stage metamor-
phic evolution, including peak amphibolite–granulite facies meta-
morphism (M1), and post-peak isothermal decompressional
retrogression (M2) (e.g. Wang, 2012; Liu et al., 2013; Wang et al.,
2013). Temperatures and pressures for the peak amphibolite- and
granulite-facies metamorphism reached 720–790 �C and 8.0–
9.5 kb. The metamorphic zircons with amphibolite–granulite facies
mineral inclusions record peak metamorphic ages ranging from
44.1 ± 0.5 Ma to 36.6 ± 0.6 Ma for the GS complex belt, and
33.1 ± 0.6 Ma to 28.5 ± 0.4 Ma for the ASRR complex belt (Wang,
2012; Liu et al., 2013; Wang et al., 2013), which are consistent with
those of anatectic zircons from granitic leucosomes in the two belts,
respectively (Figs. 10–12; Tables S1–S3). These data provide clear
evidence that the first partial melting event occurred at the peak
amphibolite–granulite facies metamorphism. The discrepancy in
U–Pb ages of anatectic zircons between the GS and ASRR belts indi-
cates that both the peak metamorphic and partial melting events
occurred 7–10 m.y. earlier in the GS belt than in the ASRR belt.

9.6.2. An Oligocene partial melting event
As shown by previous studies, a younger Late Oligocene partial

melting event occurred in both the ASRR and GS belt. Zircon, mon-
azite and xenotime separated from leucogranitic layer in the gneis-
in the Ailao Shan–Red River and Gaoligong Shan complex belts, SE Tibetan
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Fig. 13. 40Ar/39Ar data for biotite from relict Grt–Bt– and Grt–Sil–paragneiss melanosomes in migmatites of the ASRR and GS complex belts. (a) EAB2 in Yuan Yang. (b) EAB3
in Yuan Jiang. (c) EAS4 in south part of Da Li. (d) WAB1 in Na Bang. (e) WAS1 in the north part of Na Bang. (f) WAS2 in NE part of Na Bang.

Fig. 14. 40Ar/39Ar data for amphibole from relict amphibolite melanosomes in migmatites of the ASRR and GS complex belts. (a) EAM1 in Yuan Yang. (b) EAM2 in Yao Shan. (c)
WAM1 in NE part of Lu Xi. (d) WAM2 in Na Bang.
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Table 1
Biotite, muscovite and amphibole 40Ar/39Ar age data within the ASRR complex belt, SE Tibetan Plateau.

Sample Mineral Location 40Ar/39Ar ages Reference

Diancang Shan
DC10a Amphibole Dali 22.5 ± 2.0 Leloup et al. (1993)
H1 Amphibole Dali 23.2 ± 0.4 Liu et al. (2013)
DC10c Biotite Dali 7.8 ± 0.7 Leloup et al. (1993)
DC11a Biotite Dali 7.6 ± 0.1 Leloup et al. (1993)
DC5 Biotite Xiaguan 6.4 ± 0.3 Leloup et al. (1993)
DC2a Biotite Xiaguan 9.5 ± 0.5 Leloup et al. (1993)
P1 Biotite Dali 19.7 ± 0.6 Liu et al. (2013)
P5 Biotite Xiaguan 21.8 ± 0.4 Liu et al. (2013)
EAS4 Biotite Dali 26.7 ± 0.2 This study
Yu5 Muscovite Xiaguan 10.0 ± 0.5 Leloup et al. (1993)
Yu9 Muscovite Xiaguan 21.6 ± 0.3 Leloup et al. (1993)
DC9c Muscovite Xiaguan 15.4 ± 0.8 Leloup et al. (1993)
DC2a Muscoovite South Diancang Shan 15.4 ± 0.8 Harrison et al. (1996)
DC9c Muscovite South Diancang Shan 21.9 ± 0.7 Harrison et al. (1996)
P5 Muscovite Xiaguan 22.8 ± 0.3 Liu et al. (2013)
P10 Muscovite Xiaguan 17.3 ± 0.3 Liu et al. (2013)

Ailao Shan
FA-2-3 Amphibole North Mosha 21.3 ± 0.7 Harrison et al. (1992)
YU93 Amphibole Ejia 21.6 ± 0.6 Harrison et al. (1996)
YU97 Amphibole Ejia 20.2 ± 0.2 Harrison et al. (1996)
YX42b Amphibole Gasa 22.5 ± 0.4 Harrison et al. (1996)
YU28 Amphibole Mosha 21.7 ± 0.3 Harrison et al. (1996)
YX12b Amphibole Yuanjiang 21.0 ± 1.3 Harrison et al. (1996)
YU56 Amphibole Yuangjia 26.7 ± 0.5 Harrison et al. (1996)
YU57 Amphibole Yuanjiang 23.3 ± 0.4 Harrison et al. (1996)
Yn24 Amphibole Yuanyang 27.0 ± 1.0 Leloup et al. (2001)
Yn27 Amphibole Yuanyang 29.8 ± 0.3 Leloup et al. (2001)
H2 Amphibole Yaoshan 24.0 ± 0.5 Liu et al. (2013)
H3 Amphibole Yuanjiang 24.7 ± 0.3 Liu et al. (2013)
H5 Amphibole Yuanyang 23.3 ± 0.6 Liu et al. (2013)
EAM1 Amphibole Yuanyang 23.1 ± 0.2 This study
EAM2 Amphibole Yaoshan 27.2 ± 0.3 This study
YA24 Biotite Wuding Shan 24.6 ± 0.4 Harrison et al. (1996)
YU94 Biotite Ejia 17.8 ± 0.9 Harrison et al. (1996)
YX29a Biotite Mosha 20.7 ± 0.2 Harrison et al. (1996)
FA-5 Biotite Mosha 26.4 ± 0.6 Harrison et al. (1996)
YU38 Biotite Yuanjiang 22.0 ± 0.5 Harrison et al. (1996)
YU40 Biotite Yuanjiang 22.8 ± 0.5 Harrison et al. (1996)
FA-8 Biotite Yuanjiang 25.8 ± 0.1 Harrison et al. (1996)
YU55 Biotite Yuanjiang 26.2 ± 0.5 Harrison et al. (1996)
YU62 Biotite Yuanjiang 22.9 ± 0.2 Harrison et al. (1996)
V103 Biotite Bat Xat 28.1 ± 0.1 Harrison et al. (1996)
P2 Biotite Yuanjiang 24.0 ± 0.3 Liu et al. (2013)
P3 Biotite Yuanyang 22.5 ± 0.3 Liu et al. (2013)
P4 Biotite Yaoshan 20.6 ± 0.4 Liu et al. (2013)
P6 Biotite Yuanjiang 24.0 ± 0.2 Liu et al. (2013)
P7 Biotite Yaoshan 25.1 ± 0.2 Liu et al. (2013)
P9 Biotite Yuanyang 14.3 ± 0.3 Liu et al. (2013)
EAB3 Biotite Yuanjiang 27.7 ± 0.2 This study
EAB2 Biotite Yuanyang 26.6 ± 0.2 This study
FA-8 Muscovite Yuanyang 29.9 ± 0.1 Harrison et al. (1992)
P6 Muscovite Yuanjiang 23.2 ± 0.31 Liu et al. (2013)
P7 Muscovite Yaoshan 23.74 ± 0.3 Liu et al. (2013)
P8 Muscovite Yuanyang 23.3 ± 0.3 Liu et al. (2013)
P9 Muscovite Yuanyang 18.0 ± 0.2 Liu et al. (2013)

Day Nui Con Vio
RR15B Amphibole Northwest part 33.8 ± 0.9 Wang et al. (1998)
RR19A Amphibole Central part 30.6 ± 0.3 Wang et al. (1998)
RR19B Amphibole Central part 25.8 ± 0.3 Wang et al. (1998)
RR12c Amphibole Central part 27.4 ± 0.3 Wang et al. (1998)
RR16 Amphibole Southeastern part 26.8 ± 0.4 Wang et al. (1998)
RR15A Biotite Northeastern part 21.2 ± 0.2 Wang et al. (1998)
RR19B Biotite Central part 23.6 ± 0.1 Wang et al. (1998)
RR13A Biotite Central part 22.8 ± 0.1 Wang et al. (1998)
RR12A Biotite Central part 24.3 ± 0.2 Wang et al. (1998)
RR12B Biotite Central part 24.4 ± 0.2 Wang et al. (1998)
RR16A Biotite Southeastern part 22.7 ± 0.2 Wang et al. (1998)
RR16B Biotite Southeastern part 24.8 ± 0.2 Wang et al. (1998)
RR58B Biotite Southeastern part 26.0 ± 0.1 Wang et al. (2000)
RR58C Biotite Southeastern part 25.7 ± 0.1 Wang et al. (2000)
V12 Biotite Northeastern part 23.1 ± 0.4 Leloup et al. (2001)
V18 Biotite Northeastern part 23.9 ± 0.2 Leloup et al. (2001)
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Table 1 (continued)

Sample Mineral Location 40Ar/39Ar ages Reference

V20 Biotite Northeastern part 23.4 ± 0.1 Leloup et al. (2001)
V4 Biotite Northeastern part 24.9 ± 0.2 Leloup et al. (2001)
V1 Biotite Northeastern part 24.1 ± 0.1 Leloup et al. (2001)
V126 Biotite Northeastern part 27.5 ± 0.6 Leloup et al. (2001)
VN107 Biotite Northwestern part 40.0 ± 1.0 Maluski et al. (2001)
RR16c Muscovite Southeastern part 23.8 ± 0.2 Wang et al. (1998)
RR58C Muscovite Southeastern part 26.3 ± 0.1 Wang et al. (2000)

Table 2
Biotite, muscovite and amphibole 40Ar/39Ar age data within the GS complex belt, SE
Tibetan Plateau.

Sample Mineral Location 40Ar/39Ar
ages

Reference

NB-4 Amphibole Nabang 24.1 ± 0.1 Ji et al. (2000)
02DX-

247
Amphibole Gongshan 32.1 ± 0.3 Wang et al.

(2006)
02DX-

194
Amphibole Nabang 32.8 ± 0.8 Wang et al.

(2006)
WAM2 Amphibole Nabang 22.2 ± 0.3 This study
WAM1 Amphibole Luxi 27.7 ± 0.6 This study
02DX-

249
Biotite Gongshan 28.4 ± 0.2 Wang et al.

(2006)
02DX-

164
Biotite Longling 28.2 ± 0.3 Wang et al.

(2006)
02DX-

198
Biotite Nabang 28.1 ± 0.2 Wang et al.

(2006)
No.5 Biotite Gongshan 13.7 ± 0.1 Lin et al. (2009)
No.6 Biotite Gongshan 12.7 ± 0.1 Lin et al. (2009)
No.7 Biotite Gongshan 16.1 ± 0.2 Lin et al. (2009)
YNW-

30A
Biotite Lushui 18.3 ± 0.3 Lin et al. (2009)

YNW-
29A

Biotite Lushui 17.8 ± 0.1 Lin et al. (2009)

YN98-51 Biotite Longling 13.9 ± 0.3 Lin et al. (2009)
YN98-

50A
Biotite Longling 15.0 ± 0.2 Lin et al. (2009)

YN98-
50B

Biotite Longling 15.0 ± 0.3 Lin et al. (2009)

YN98-
50D

Biotite Longling 15.7 ± 0.2 Lin et al. (2009)

YN98-
49A

Biotite Longling 15.7 ± 0.5 Lin et al. (2009)

YN98-
49B

Biotite Longling 15.4 ± 0.4 Lin et al. (2009)

GL-8 Biotite Bingzhongluo 11.9 ± 0.1 Zhang et al.
(2012)

GL-13 Biotite Gongshan 10.0 ± 0.1 Zhang et al.
(2012)

GL-42 Biotite Danzhu 16.8 ± 0.2 Zhang et al.
(2012)

GD-4 Biotite Fugong 15.7 ± 0.3 Zhang et al.
(2012)

GL-44 Biotite Fugong 17.0 ± 0.1 Zhang et al.
(2012)

GL-11 Biotite Pihe 15.7 ± 0.1 Zhang et al.
(2012)

GM-2 Biotite Liuku 16.6 ± 0.2 Zhang et al.
(2012)

Y05-28 Biotite Tengchong 15.5 ± 0.1 Zhang et al.
(2012)

Y05-30 Biotite Tengchong 16.3 ± 0.1 Zhang et al.
(2012)

WAS1 Biotite Nabang 27.5 ± 0.2 This study
WAB1 Biotite Nabang 26.7 ± 0.2 This study
WAS2 Biotite Luxi 27.8 ± 0.2 This study
02DX-51 Muscovite Yingjiang 31.7 ± 0.2 Wang et al.

(2006)
YN98-

50C
Muscovite Longling 16.2 ± 0.2 Lin et al. (2009)

YN98-
49A

Muscovite Longling 16.4 ± 0.2 Lin et al. (2009)
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ses from the ASRR complex belt record consistent ages of 26.3–
22 Ma, 25.5–22.1 Ma and 23.3–22.5 Ma, respectively (Schärer
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et al., 1990, 1994; Leloup et al., 1993, 1995). Anatectic zircons from
granitic leucosomes in migmatites from the GS complex belt
yielded similar partial melting ages ranging from 25.5 to 22.7 Ma
(Song et al., 2010).

Our present study reveals that abundant anatectic zircons from
granitic leucosomes in migmatites of the ASRR and GS complex
belts also record a Late Oligocene partial melting event (Figs. 10–
12; Tables S1–S3). Most anatectic zircon grains from six leucosome
samples are perfectly euhedral and have well-developed oscilla-
tory zoning (Figs. 4–6), suggesting that they grew during partial
melting of the host rocks, such as Grt–Bt–, and Grt–Sil–paragneis-
ses and amphibolites (e.g. Keay et al., 2001; Rubatto et al., 2001;
Andersson et al., 2002; Buick et al., 2008). These anatectic zircons
from granitic leucosomes in the ASRR and GS belts record consis-
tent Late Oligocene partial melting ages, ranging from 27.8 ± 0.2
to 26.3 ± 0.3 Ma (Figs. 10 and 11). Our recent studies revealed that
the metamorphic rocks in the ASRR and GS complex belts under-
went post-peak isothermal retrogression, and the temperatures
and pressures for this retrogressive stage reached 700–780 �C
and 5.0–7.0 kb (e.g. Wang, 2012; Liu et al., 2013; Wang et al.,
2013). The metamorphic zircons with LP amphibolite–granulite
facies mineral inclusions record metamorphic ages ranging from
28 to 22 Ma for both belts, which are very similar to those of ana-
tectic zircons from mylonitic leucosomes in the migmatites
(Figs. 10–12; Tables S1–S3). These data indicate that the second
partial melting event occurred during the post-peak isothermal
retrogression.

A detailed study of the ASRR and GS complex belts shows that
the migmatites with granitic leucosomes and relict paragneiss
and amphibolite melanosomes experienced strong or weak ductile
shearing (Figs. 2 and 3). Biotite and amphibole in the migmatites
often define the mylonitic foliation, indicating they grew during
strong ductile shearing deformation. Our study has revealed that
biotite and amphibole in the migmatites record similar 40Ar/39Ar
ages of 27.8–22.2 Ma (Figs. 13 and 14), which are consistent with
those of younger anatectic zircons from some of the granitic leuco-
somes (Figs. 10–12; Tables S1–S3) and 40Ar/39Ar major peak ages of
biotite, muscovite and amphibole from various metamorphic rocks
as shown by previous studies (Tables 1 and 2). These data provide
clear evidence that the second partial melting event occurred dur-
ing post-peak isothermal retrogression. In both belts, regional duc-
tile shearing was coeval with emplacement of Late Oligocene
leucocratic melts.

10. Conclusions

Detailed geochemical and geochronological analyses of zircon
grains separated from granitic leucosomes in migmatites of the
ASRR and GS belts, together with available data yield the following
conclusions:

(1) Various metamorphic rocks, including paragneisses and
amphibolites from the ASRR and GS complex belts under-
went extensive partial melting, and subsequently formed
various migmatites with newly developed granitic leuco-
in the Ailao Shan–Red River and Gaoligong Shan complex belts, SE Tibetan
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somes and relict host rock melanosomes. Migmatites crop
out widely in the ASRR and GS belts, instead of being limited
to the Dali and Yuan Jiang areas as previously thought.

(2) The migmatites display wide variations in the abundance
and distribution of granitic leucosomes. The leucosomes
occur as layers and lenses parallel to, or cross-cutting, folia-
tions in the migmatites at different scales and show evi-
dence of coalescence and migration to form centimetre- to
decimetre-scale segregations. These segregations consist
mainly of quartz, K-feldspar and antiperthitic plagioclase
with accessory minerals, such as biotite, ilmenite, apatite,
magnetite, zircon, and monazite. Petrographic features,
together with micro-and macro-textures reveal that these
granitic leucosomes are in-situ melts rather than exotic
intrusions.

(3) Anatectic zircon from granitic leucosomes occurs as distinct
overgrowths around inherited (igneous or metamorphic)
cores or as new crystals. Both the overgrowths and newly
formed crystals commonly have euhedral shapes and show
typical magmatic zonation. They contain inclusions of
quartz, plagioclase and K-feldspar, which are similar to the
mineral assemblage in the matrix hosting the granitic leuco-
somes. The morphology and CL images of these zircon
grains, together with their mineral inclusions, suggest that
they grew during partial melting.

(4) Anatectic zircons from granitic leucosomes have high HREE
contents compared to the metamorphic zircons. The anatec-
tic zircons show steep, left-sloping chondrite-normalized
patterns from the HREE to LREE with strongly negative Eu
anomalies (Eu/Eu* = 0.1–0.31), positive Ce anomalies (Ce/
Ce* = 35–145), and distinctly low Th/U ratios of 0.02–0.06.
Enrichment of HREE and the presence of negative Eu anom-
alies suggest that the anatectic zircons grew in the stability
field of plagioclase, with little or no crystallization of garnet
during partial melting of the host rocks. Such features are
consistent with those of anatectic zircons from migmatites
worldwide.

(5) Zircon U–Pb data combined with CL images and mineral
inclusion data, show that ASRR and GS complex belts expe-
rienced two periods of partial melting; one in Late Eocene
(40.6–30.9 Ma), and the other in Late Oligocene (27.8–
26.3 Ma). The first partial melting event occurred at
40.6 ± 0.3–38.4 ± 0.2 Ma and 33.7 ± 0.3–30.9 ± 0.3 Ma in the
ASRR and GS belt, which is similar to the peak amphibo-
lite–granulite metamorphic age for the ASSR and GS belt,
respectively. These data indicate that the first partial melting
event in the GS belt occurred �7–10 m.y. earlier than that of
the ASRR belt during the peak amphibolite–granulite facies
metamorphism.

In contrast, both the ASRR and GS complex belts record a con-
sistent second partial melting event ranging from 27.8 ± 0.2 to
26.3 ± 0.3 Ma, which is very similar to the ages (28–22 Ma) of the
post-peak isothermal retrogression, and also consistent with the
40Ar/39Ar ages (27.8–22.2 Ma) of biotite and amphibole from
mylonitic migmatites within the ASRR and GS complex belts. These
data indicate that the second partial melting event for both belts
occurred during the post-peak isothermal retrogression, accompa-
nied by regional strong ductile shearing deformation.
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