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Abstract The Songpan-Garze fold belt, located in the
eastern part of the Tibetan Plateau, covers a huge
triangular area bounded by the Yangtze (South China),
the North China and the Tibetan Plateau blocks. In the
northeastern part of the Songpan-Garze fold belt, the
Yanggon and Maoergai granitoids provide insights into
regional tectono-magmatic events, basement nature and
tectonic evolution. U-Pb zircon SHRIMP dating shows
that the Yanggon and Maoergai granitoids have mag-
matic crystallization ages of 221 + 3.8 Ma and
216 + 5.7 Ma, respectively. Both the granitoids display
adakitic geochemical signatures, suggesting that their
magma was derived from partial melting of thickened
lower crust. Pb—Sr—Nd isotopic compositions for
granitoids reveal that there is an unexposed Proterozoic
basement in the Songpan-Garze belt, which has an
affinity with the Yangtze block. During development of
the Paleo-Tethys ocean, the basement of the Songpan-
Garze belt would be a peninsula approaching the
Paleo-Tethys ocean from the Yangtze block.
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Introduction

The Songpan-Garze fold belt is located in the eastern
part of the Tibetan Plateau. The belt is a folded Tri-
assic flysch sediment basin, which formed during clo-
sure of the Paleo-Tethys ocean (Xu et al. 1992;
Mattauer et al. 1992; Seng6r and Natalin 1996; Brugier
et al. 1997). It covers a huge triangular area with an
area of more than 200,000 km?, bounded by the Yan-
gtze (South China), the North China and the North
Tibet (Qiantang) continental blocks (Xu et al. 1992).
Therefore, the Songpan-Garze belt is a tectonic junc-
tion between numbers of the West China continental
blocks and is one of the key areas for understanding
the tectonic evolution of the Eurasian plate and Tibe-
tan Plateau. It is proposed that the basement of the
Songpan-Garze basin is a remnant oceanic basin
(Paleo-Tethys) based on regional tectonic analysis
(Zhou et al. 1993; Yin and Nie 1993). However, this
assertion has not yet been confirmed by the works of
others. Within the Songpan-Garze belt, granitoids are
widespread. They can provide important insights into
deep crustal composition and tectonic thermal event.
Recently, Roger et al. (2004) carried out U-Pb zircon
chronological and Sr—Nd-Pb isotopic studies of grani-
toids in the southeastern part of the Songpan-Garze
belt. They obtained an age of 197 Ma, which was
interpreted as an upper limit of the Indosinian tectonic
event within the belt. The basement of the Songpan-
Garze belt was suggested to have an affinity with the
Yangtze continental blocks. However, previous study
mainly focused on the southeastern part of the Song-
pan-Garze belt. In this paper, we present U-Pb zircon
SHRIMP chronological data, geochemical and Sr—Nd-
Pb isotopic compositions of granitoids from the
northeastern part of the Songpan-Garze belt. We use
the data to discuss granitoid petrogenesis, nature of
basement and tectonic implications.
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Geological setting

The Songpan-Garze fold belt is bounded by the Yangtze
(South China), the North China and the North Tibet
(Qiangdan) continental blocks (Fig. 1). To the east, the
Longmenshan thrust-nappe belt separates the Songpan-
Garze belt from the Sichuan basin (Xu et al. 1992; Chen
et al. 1995; Chen and Wilson 1996). The northern limit
of the belt is marked by the A’nimaque-Mianlue suture
zone, which is considered to be a Paleo-Tethys oceanic
subduction zone dipping to the north in Late Paleozoic
(Sun et al. 2002; Xu et al. 2002a; Elena et al. 2003). To
the southwest, the Songpan-Garze belt is bounded by
the Jinshajian suture zone, which is also considered to be
a Late Paleozoic Paleo-Tethys oceanic subduction zone
dipping either to the west (Sengér 1985; Wang et al.
2000) or to the east (Calassou 1994).

In the Songpan-Garze belt, the sediments are almost
exclusively marine Triassic flysch deposits, which reach a
thickness of 5-15 km (Xu et al. 1992; Calassou 1994).
The Triassic flysch sediments were intensively folded
during the Indosinian (Late Triassic) compressional
tectonism due to convergence between the North China,
the Yangtze and the Qiangtan continental blocks (Xu
et al. 1992; Brugier et al. 1997). The Triassic flysch

Fig. 1 Simplified geological

sediments are separated from the Paleozoic sedimentary
cover and the crystalline basement of the Yangtze block
by a large-scale décolloment near the eastern and
southeastern margin of the Songpan-Garze basin (Xu
et al. 1992; Mattauer et al. 1992; Calassou 1994). It was
suggested that the Triassic flysch sediments were derived
from denudation of the eastern China block as a result
of exhumation of the Triassic ultra-high pressure meta-
morphic rocks in the Dabie Shan (Nie et al. 1994). This
attractive hypothesis has, however, been questioned by
Avigad (1995). Based on U-Pb chronological study of
detrital zircons from the Triassic sediments (Brugier
et al. 1997), the provenances of Middle Triassic and
Upper Triassic sediments were considered to be derived
from the south margin of the North China block and the
Yangtze block, respectively.

Granitoids are widespread in the Songpan-Garze
belt. They show sharp contact with the Triassic sedi-
ments. In the southeastern part (Markan-Wolong area)
of the belt, granitoids can be divided into two groups
(Roger et al. 2004): Group One is amphibolite granites
(197 £ 6 Ma, U-Pb zircon), resulted from partial
melting of the Yangtze basement below the Songpan-
Garze décollement level during the Indosinian tectonic
event, whereas Group Two is biotite and/or muscovite
granites (188 £ 2 Ma and 153 + 3 Ma, U-Pb zircon),
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which resulted from the partial melting of the Middle
Triassic sediments after the tectonic event.

In the northeastern part of the Songpan-Garze belt, a
detailed chronological and geochemical study is still
lacking. Two of the granitoid plutons (the Yanggon and
the Maoergai plutons) have been sampled for this study
(Fig. 1). Both intrude the folded Triassic sediments.

The Yanggon pluton with an area of ~1,050 km?
comprises medium-grained and undeformed rocks,
ranging in composition from granodirite to granite. The
granodiorite is a predominant rock type in this pluton. In
the field, a sharp contact between the granodirite and the
granite has not been observed, indicating that they are
coeval. The granodirite contains 15-20% quartz, 40-50%
plagioclase (An = 25-35), 15-20% K-feldspars, 3—6%
biotite and 1-2% hornblende. The granite consists of
20-24% quartz, 35-40% plagioclase (An = 18-25),
20-35% K-feldspars, 1-3% biotite and 0—1% muscovite.
Both the granodiorite and granite have a similar acces-
sory mineral assemblage of magnetite, sphene, zircon,
monazite and apatite.

Forty kilometers eastwards of the Yanggon pluton
lies the undeformed Maoergai pluton with an area of
~60 km?. This pluton has uniform petrography. It
comprises fine-medium grained granite with 20-25%
quartz, 35-45% plagioclase (An = 20-30), 25-30%
K-feldspars and 2-4% biotite, accessory minerals
including magnetite, zircon, monazite and apatite.

Analytical methods

For U-Pb zircon dating, zircons were separated from
rock samples using conventional techniques at China
University of Geosciences. The zircon crystals together
with the zircon standard Temora (Black 2003) were
mounted in an epoxy disc and then polished to expose
their centres. The internal structure for the zircons was
observed using CL and BSE images. Under guidance of
zircon CL images, the zircons were analyzed for U-Pb
isotopes and U, Th and Pb concentrations using
SHRIMP 1II at the Beijing SHRIMP Centre, Institute
of Geology, CAGS. The analysis follows Compston
et al. (1992) and Williams and Claesson (1987). Mea-
surements were corrected using reference zircon stan-
dard SL13 (572 Ma) and zircon standard Temora
(417 Ma). The reference zircon was analyzed for every
fourth analysis. The common Pb was estimated from
204pp counts, and the data processing is carried out
using Isoplot (Ludwig 1997). Ages are weighted means
with 2¢ errors.

Analyses of major element compositions were made
at the Key Laboratory of Continental Dynamics,
Northwest University (Xi’an, China) by XRF. The
analytical uncertainty is usually < 5%. Trace elements
and rare earth elements (REE) were measured using
ICP-MS at China University of Geosciences. The ana-
lytical precision is better than 5-10%. For a detailed
analytical method, see Zhang et al. (2002).
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Whole-rock Sr—Nd isotopic data were obtained using
a Finnigan Triton multi-collector mass spectrometer at
Open University, UK. Sr and Nd isotopic fractiona-
tions were corrected to *°Sr/%%Sr = 0.1194 and
14ONd/"*Nd = 0.7219, respectively. During the period
of analysis, NBS987 standard yielded an average value of
87Sr/%6Sr = 0.710244 + 14 (20) and the Johnson-
Matthey internal standard and BCR-2 standard gave
average values of 'Nd/'Nd = 0.511825 + 6 (20)
and 'Nd/'*Nd = 0.512644 = 6 (20), respectively.
Total procedural Sr and Nd blanks are < 4 ng and
< 1 ng, respectively. Details are given in Zhang et al.
(2004).

Whole-rock Pb was separated by an anion exchange in
HCI-Br columns at China University of Geosciences. Pb
isotopic ratios were measured by Nu Plasma ICP-MS at
the Key Laboratory of Continental Dynamics, Northwest
University. Pb isotopic fractionation was corrected to
205T1/203T] = 2.3875. Within the analytical period, 30
measurements of NBS981 gave average values of
206pp2%Ph = 16.937 + 1(20),%’Pb/**Pb = 15.491 + 1
and 2®Pb/**Pb = 36.696 + 1. BCR-2 standard gave
205pp2MPh = 18.742 + 1(20),”'Pb/**Pb = 15.620 + 1
and *®Pb/**Pb = 38.705 + 1. Total procedural Pb blanks
were in the range of 0.1-0.3 ng.

Results
U-Pb zircon SHRIMP ages

U-Pb zircon SHRIMP data are listed in Table 1, and
representative zircon CL images and spot analyses are
shown in Fig. 2.

Zircons from the Yanggon granitoid (sample Y-4) are
dominated by light pink to colourless euhedral crystals.
They have perfect pyramids and prisms. The zircons
range in length from ~100 to ~250 pm with length/
width ratios from 2:1 to 4:1. The zircon CL images
(Fig. 2a) exhibit good oscillatory zoning, indicative of
magma zircons. Some zircons contain the core of
inherited zircon. Twelve spot analyses (not including
inherited zircons) show that 11 points are mostly con-
cordant within error and one point is discordant
(Fig. 3a). The discordant point could be resulted from

uncertainty of measured *°’Pb/**°U ratio due to low
207pb. All points have 2°°Pb/***U ages ranging from 215

to 232 Ma with a weighted mean age of 221 + 3.8 Ma
(2o; MSWD = 0.66), which is interpreted as the magma
crystallization age of the Yanggon pluton.

Zircons from the Maoergai granite (sample M-2) are
pink to colourless. They exhibit well-developed crystal
faces. Most zircons have length/width ratios from 2:1 to
3:1 and a few zircons have length/width ratios close to 4:1.
They have subtle magmatic oscillatory zoning in CL
images (Fig. 2b). Some zircons display the core of
inherited zircon. Ten spot analyses (not including inher-
ited zircons) display that they are mostly concordant
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Fig. 2 Representative zircon
CL image and SHRIMP spot
analysis. a Yanggon granodirite
(sample Y-4), b Maoergai
granite (sample M-2). The
zircon CL images from the both
samples show good magmatic
oscillatory zoning, indicating
that the analysed zircon U-Pb
ages represent their magma
crystallization ages

(Fig. 3a). They have *°°Pb/***U ages ranging from 208 to
233 Ma with an average age of 216 + 5.7 Ma
(MSWD = 1.67), which is interpreted as the magma
crystallization age of the Maoergai pluton.
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b Maoergai granite
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( b) Maoergain granite: M-2

2106 M

100 un

Major and trace elements

Major and trace elemental compositions for the Yang-
gon and the Maoergai granitoids in the Songpan-Garze
belt are given in Table 2.

The Yanggon granitoids (eight samples) display
Si0, = 66.90-74.15%, ALO; = 13.97-15.43%,
MgO = 0.34-1.18%, CaO = 1.29-4.15%, Fe,O3 +
FeO = 1.17-4.06% and K,O = 3.36-4.28% with K,O/
Na,O = 1.06-1.42. The Maoergai granites (four sam-
ples) have SiO, = 70.63-74.09%, Al,O; = 14.07-
14.92%, MgO = 0.24-0.67%, CaO = 1.64-3.34%,
Fe,O; + FeO = 1.03-2.39% and K,0O = 3.38-4.48%
with K,O/Na,O = 0.86-1.39. The major element com-
positions of the Maoergai granitoids largely overlap with
those of the Yanggon granitoids. In Harker diagram
(Fig. 4), the chemical compositions from the Yanggon
and the Maoergai granitoids display co-linear variation
trends: TiO,, Al,O3, FeO, MgO and CaO decrease with
increasing SiO,. This might imply that both the plutons
have similar petrogenesis and magma evolution. A/CNK
values [molar Al,03/(CaO + Na,O + K,0O)] range
from 0.94 to1.05 for the Yanggon granitoids and from
0.97 to 1.01 for the Maoergai granitoids, indicating that
they are dominantly metaluminous.

Trace element data (Table 2) show that the Yang-
gon and Maoergai granitoids have a large variation of
trace element contents. The Yanggon granitoids dis-
play Rb = 106-380 ppm, Sr = 178-1,003 ppm,
Ba = 443-1,481 ppm, Zr = 99-232 ppm, Hf = 2.41-
6.51 ppm, Y = 6.6-13.2 ppm, Nb = 6.5-16.2 ppm
and Ta = 0.53-1.38 ppm. The Maoergai granitoids
display Rb = 141-189 ppm, Sr = 474-854 ppm,
Ba = 842-1,238 ppm, Zr = 87-190 ppm, Hf = 2.54—
557 ppm, Y = 8.92-9.73 ppm, Nb = 8.1-13.6 ppm
and Ta = 0.96-1.54 ppm. Although the Yanggon and
Maoergai granitoids exhibit a large variation in trace
element contents, they have similar primitive mantle-
normalized trace element patterns (Fig. 5). All samples
display negative Nb, P and Ti anomalies without Zr
and Hf anomalies. Most of the samples have weak Sr
positive anomaly. Rare earth element (REE) data
show that the Yanggon and Maoergai granitoids have
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Table 2 Data of major elements (%) and trace elements (ppm)

Samples Y-1 Y-2 Y-3 Y-4 Y-5 Y-6 Y-7 Y-8 M-1 M-2 M-3 M-4

SiO, 66.9 67.44 67.29 72.64 74.15 70.06 69.43 69.49 74.09 70.63 72.53 71.35
TiO, 0.59 0.54 0.59 0.32 0.21 0.49 0.5 0.5 0.2 0.41 0.29 0.37
AL O; 15.43 15.19 15.27 14.24 13.97 14.86 15.02 14.85 14.07 14.92 14.15 14.63
TFeO 4.06 3.73 4.05 1.63 1.17 2.95 2.88 3.08 1.03 2.39 1.65 222
MnO 0.08 0.07 0.07 0.02 0.01 0.04 0.04 0.04 0.02 0.04 0.02 0.04
MgO 1.18 1 1.14 0.42 0.34 0.79 0.8 0.75 0.24 0.64 0.58 0.67
CaO 4.15 3.87 4.04 1.29 2.25 3.43 3.57 3.15 1.64 3.34 2.1 2.71
Na,O 3.13 3.25 3.08 3.98 3.43 2.83 2.79 2.95 4.28 3.43 3.22 3.34
K,0 3.36 3.44 3.42 4.28 3.89 3.42 3.47 4.2 3.69 3.38 4.48 3.86
P>Os 0.23 0.22 0.23 0.21 0.06 0.16 0.16 0.18 0.06 0.12 0.12 0.12
Lost 0.52 0.9 0.45 0.78 0.38 0.7 1.08 0.48 0.42 0.4 0.65 0.42
Total 99.63 99.65 99.63 99.81 99.86 99.73 99.74 99.67 99.74 99.7 99.79 99.73
K,0/Na,O 1.07 1.06 1.11 1.08 1.13 1.21 1.24 1.42 0.86 0.99 1.39 1.16
A/CNK 0.94 0.94 0.95 1.05 1.00 1.02 1.01 0.98 1.00 0.97 1.01 1.00
Be 332 3.44 3.24 6.01 3.76 4.15 3.78 3.74 7.43 4.11 6.71 3.83
Sc 7.90 6.68 7.33 2.17 2.27 4.52 4.61 6.49 1.75 3.66 4.25 4.76
v 60.90 48.72 58.68 13.36 9.54 33.73 30.66 26.16 3.42 19.57 17.07 21.53
Cr 17.04 8.11 11.15 8.69 8.58 5.40 8.06 6.90 7.03 4.96 12.23 7.71
Co 4.73 3.92 4.50 2.69 1.64 3.15 3.38 3.33 1.19 2.45 1.95 2.88
Ni 8.46 2.80 2.95 4.35 4.50 2.14 3.13 2.10 5.33 1.95 3.48 2.37
Cu 8.54 7.98 5.27 5.04 3.35 3.74 13.68 10.70 2.02 6.40 4.62 7.80
Zn 75.88 74.05 74.37 75.41 37.26 70.38 78.53 94.33 36.85 75.14 50.93 67.39
Ga 19.35 18.55 18.64 26.47 20.58 21.23 22.23 23.45 22.37 21.94 22.36 23.36
Rb 113 114 106 380 128 132 133 154 189 141 180 164

Sr 1003 963 955 178 734 633 650 934 562 854 474 674

Y 12.21 13.22 12.81 8.42 6.62 11.00 11.94 10.94 8.92 9.73 9.47 8.93
Zr 118 158 160 150 99 156 169 232 87 190 134 179

Nb 16.22 14.78 14.94 13.88 6.52 13.75 14.46 15.14 8.09 13.61 11.31 11.32
Cs 4.92 8.47 5.28 36.33 5.99 9.61 7.20 6.06 10.06 9.76 17.19 11.31
Ba 1481 1410 1401 443 1057 1023 950 1446 960 1238 842 1122

Hf 3.78 5.40 5.33 3.62 241 4.77 5.20 6.51 2.54 5.57 4.50 5.15
Ta 1.38 1.28 1.33 1.36 0.53 1.17 1.31 1.03 1.14 1.18 1.54 0.96
Pb 36.80 39.57 36.69 31.19 27.85 30.10 3291 33.23 32.02 37.63 45.43 36.59
Th 16.78 16.98 16.44 26.66 5.86 11.22 11.14 19.07 10.57 13.32 12.00 14.44
U 3.18 3.48 3.61 2.37 1.19 2.70 3.57 1.95 1.82 3.24 3.08 2.94
Sr/Y 82.13 72.85 74.59 21.13 110.81 57.52 54.42 85.39 63.03 87.72 50.01 75.46
La 56.54 52.20 51.18 48.01 16.62 35.23 34.49 60.52 23.61 40.13 30.18 41.41
Ce 94.84 87.08 88.14 84.09 29.10 61.01 59.51 100.91 38.55 64.26 48.45 64.70
Pr 11.52 10.28 10.51 8.69 2.94 8.09 7.79 11.80 3.82 7.56 5.68 7.44
Nd 43.90 39.08 39.65 32.41 11.29 30.15 30.20 42.64 13.36 26.59 20.13 25.82
Sm 7.44 6.66 6.96 5.97 2.18 5.45 5.27 6.55 2.56 4.20 3.48 3.92
Eu 1.85 1.61 1.69 0.73 0.63 1.26 1.33 1.46 0.56 1.17 0.88 1.00
Gd 6.58 5.18 6.12 4.13 1.81 4.33 4.24 5.17 2.10 3.39 2.79 3.29
Tb 0.78 0.68 0.68 0.46 0.24 0.57 0.59 0.59 0.30 0.43 0.39 0.38
Dy 4.29 3.82 4.11 1.59 0.89 2.61 2.77 2.59 1.43 2.04 1.90 1.82
Ho 0.77 0.67 0.78 0.23 0.19 0.40 0.42 0.37 0.24 0.32 0.31 0.28
Er 2.09 1.97 2.10 0.50 0.41 0.95 1.03 0.88 0.52 0.84 0.82 0.72
Tm 0.27 0.26 0.28 0.07 0.06 0.12 0.12 0.10 0.08 0.10 0.11 0.10
Yb 1.83 1.70 1.77 0.46 0.38 0.73 0.80 0.69 0.52 0.73 0.69 0.66
Lu 0.32 0.28 0.29 0.06 0.06 0.10 0.10 0.10 0.07 0.10 0.09 0.09
(La/Yb)N 26.94 27.38 25.60 70.55 29.77 32.41 29.04 59.39 30.62 37.30 29.51 42.62
Eu*/Eu 0.79 0.81 0.77 0.43 0.93 0.76 0.83 0.74 0.72 0.91 0.83 0.83

Y = Yanggon granitoid, M = Maoergai granite

similar strongly fractionated patterns (Fig. 6), with
(La/Yb)n of 25.60-70.55, 29.51-42.62 and Eu*/Eu of
0.43-0.93, 0.72-0.91, respectively. The high ratios of
(La/Yb)n and low values of Yby (1.8-6.8) for both
the granitoids suggest that their magma source contain
residual garnet characterized by low LREE/HREE
ratios and high HREE contents.

Sr—Nd-Pb isotopes

Whole-rock Sr—Nd isotopic data for the Yanggon and
Maoergai granitoids are presented in Table 3.

Initial Sr isotopic ratio Isr and Nd isotopic parameter
eng(t) are calculated at t = 220 Ma. The Yanggon
granitoids (seven samples) have Ig, = 0.7061-0.7082
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and eng(t) = — 6.0 to — 9.5. Nd isotopic model ages 38.317-38.480, which are not significantly different from

(Tpm) range from 1.31 to 1.65 Ga. The Maoergai
granitoids (three samples) display Is, = 0.7068-0.7078
and eng(t) = —6.0 to —7.4 with Tpy = 1.25-1.55 Ga.
The results show that the Yanggon and Maoergai
granitoids have similar Sr and Nd isotopic composi-
tions, indicating that they share a common magma
source, which is recycled continental crustal material
without significant mantle-source contribution.
Whole-rock Pb isotopic data (Table 4) show that the
Yanggon and Maoergai granitoids also have similar Pb
isotopic composition. All samples are characterized by
high radiogenic Pb isotopic composition with present-
day whole-rock Pb isotopic ratios of °°Pb/?**Pb =
18.331-18.803,  *°"Pb/***Pb = 15.636-15.694  and
208pp/ 2%Pb = 38.528-39.118. According to the whole-
rock Pb isotopic ratios and whole-rock U, Th and Pb
contents, the initial Pb isotopic ratios of the Yanggon
and Maoergai granitoids at t = 220 Ma are calculated
using a single stage Pb isotopic evolution model
(Zartman and Doe 1981). The calculated initial Pb
isotopic ratios are (*°°Pb/?**Pb), = 18.191-18.624,
(*°"Pb/?**Pb), = 15.628-15.685 and (*°*Pb/***Pb), =

the present-day Pb isotopic ratios (Table 4) because of
their young age and relatively low Th and U concen-
trations.

Discussions
Petrogenesis

The Yanggon and Maoergai granitoids have similar
U-Pb zircon ages, geochemical and Sr—Nd—-Pb isotopic
compositions. Therefore, both the granitoids have sim-
ilar petrogenesis and magma source. Relative to normal
I- and S-type granitoids (White and Chappell 1977), the
Yanggon and Maoergai granitoids are depleted in Y
(< 14 ppm) and HREE (eg. Yb< 1.85 ppm) and
enriched in Sr (up to 1,003 ppm) with weak positive Sr
anomaly in primitive mantle-normalized trace element
patterns (Fig. 5). They have high (La/Yb)n (25.6-70.6)
and Sr/Y (21-111) ratios. Thus, the Yanggon and
Maoergai granitoids are high Sr and low Y granitoids.
This type of granitoid is the first identification in the
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Songpan-Garze belt. The geochemical signatures of the
Yanggon and Maoergai granitoids are comparable to
TTG and adakite as defined by Defant and Drummond
(1990). As shown in Figs. 7 and 8, all samples from the
Yanggon and Maoergai granitoids fall in the field of
adakite.

For adakitic magma generation, there are several
possible origins by partial melting of (1) subducted
oceanic slab (Defant and Drummond 1990; Peacock
et al. 1994; Drummond et al. 1996; Sajona et al. 2000;
Gutscher et al. 2000; Beate et al. 2001), (2) underplating
basaltic lower crust (Atherton and Petord 1993; Muir
et al. 1995; Barnes et al. 1996; Petford and Atherton
1996), and (3) delerminated lower crust (Xu et al. 2002b;
Gao et al. 2004; Wang et al. 2006) or thickened lower
crust (Chung et al. 2003; Hou et al. 2004; Wang et al.,
2005). Experimental studies show that the magma
source for adakite results from a basaltic source trans-
formed to garnet amphibolite and/or amphibole eclogite
at pressures equivalent to a thickness > 50 km (Sen and
Dunnt 1994; Rapp et al. 1995). Therefore, crustal
thickening is essential for petrogenesis of adakitic rocks
with crustal isoptoic characteristics.

The Yanggon and Maoergai granitoids have K,O/
Na,O ratios of 0.86-1.42, low MgO (0.23-1.18%), Cr
(4.96-17.04 ppm), Co (1.19-4.73 ppm) and Ni (1.95-
8.46 ppm) contents and evolved Sr—Nd isotopic com-
position, showing that they are distinct from some
adakites, resulted from partial melting of subducted
oceanic slab, underplated basaltic lower crust and
delaminated lower crust. The Yanggon and Maoergai
granitoids have slightly high Isr (0.7061-0.7082) and
negative eng(t) values (—6.0 to —9.5) with Tpy = 1.31-
1.65 Ga, indicating that their magma source was pre-
dominantly derived from Precambrian continental
crustal material and mantle source contribution can be
neglected. Therefore, a thickened crustal model (Chung
et al. 2003; Hou et al. 2004; Wang et al. 2005) for
adakitic magma generation can account for the petro-
genesis of the adakitic Yanggon and Maoergai grani-
toids. This is in agreement with convergence between the
North China, Yangtze (South China) and Qiangtan
continental blocks during the Indosinian compressional
tectonic event (Zhang et al. 2000). According to gener-
ation depth of adakitic magma (Sen and Dunnt 1994;
Rapp et al. 1995), we suggest that the crust of the
Songpan-Garze belt was thickened to >50 km in the
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Table 3 Data of whole-rock Sr and Nd isotopes

Sample  YRb/*Sr*  ¥SrfSr +26  Ig(220Ma)  Sm/'Nd® 'Nd/'"Nd  £20 eng(220 Ma)®  Tpum(Ga)®

Y-1 0.326 0.70830 1 0.7073 0.102 0.512185 6 —6.2 1.32
Y-2 0.344 0.70827 1 0.7072 0.103 0.512197 6 —6.0 1.31
Y-3 0.322 0.70810 1 0.7071 0.106 0.512201 5 —6.0 1.34
Y-4 6.190 0.72745 1 0.7082 0.111 0.512193 8 —6.3 1.42
Y-5 0.507 0.70796 1 0.7064 0.117 0.512101 6 -8.2 1.65
Y-6 0.606 0.70801 1 0.7061 0.109 0.512027 6 -9.5 1.64
Y-8 0.477 0.70917 1 0.7077 0.093 0.512105 4 =15 1.32
M-1 0.975 0.70984 1 0.7068 0.116 0.512153 6 -7.2 1.55
M-2 0.478 0.70930 1 0.7078 0.095 0.512183 4 —6.0 1.25
M-4 0.705 0.70995 1 0.7078 0.092 0.512108 4 -74 1.30

BTRb/*Sr and *7Sm/!**Nd ratios are calculated using Rb, Sr, Sm and Nd contents (Table 2), measured by ICP-MS
Pena(t) values are calculated using present-day ("*’Sm/'**Nd)cyur = 0.1967 and (“*Nd/"**Nd)cpyur = 0.512638
“Tpm values are calculated using present-day ('*’Sm/'**Nd)py = 0.2137 and (***Nd/'**Nd)py = 0.51315

Table 4 Whole-rock Pb isotopic data

Sample 206Pb/2()4Pb + 2¢g 207Pb/2()4Pb + 2¢g 2()8Pb/2()4Pb + 20 238U/2()4Pba 232Th/204Pba (206Pb/204Pb)? (2()7Pb/204Pb)ll) (208Pb/204Pb)l‘)

Y-1 18.390 £ 1 15.638 £ 1 38.680 = 2 5.50 30.0 18.191 15.628 38.336
Y-2 18435 £ 1 15.639 £ 1 38.6609 + 2 5.61 28.3 18.231 15.628 38.345
Y-4 18.803 £ 1 15.694 £ 1 39.118 = 3 4.91 57.0 18.624 15.685 38.466
Y-5 18.331 £ 1 15.641 £ 1 38.528 + 4 2.72 13.8 18.233 15.636 38.369
Y-6 18.479 £ 1 15.658 + 1 38.762 + 3 5.73 24.6 18.271 15.648 38.480
Y-8 18.498 £ 1 15.639 £ 1 38.831 = 2 3.75 37.9 18.362 15.632 38.397
M-1 18.542 £ 1 15.655 £ 1 38.690 + 3 3.63 21.8 18.410 15.649 38.440
M-2 18.403 + 1 15.636 + 1 38.584 + 3 5.48 233 18.204 15.625 38.317
M-4 18.512 £ 1 15.654 £ 1 38.771 = 2 5.14 26.1 18.325 15.645 38.473

#Calculated by measured whole-rock U, Th and Pb contents (Table 2) and present-day whole-rock Pb isotopic ratios
®Initial Pb isotopic ratio at t = 220 Ma, calculated using single-stage model

Late Triassic. The partial melting of the thickened Nature of basement

Songpan-Garze lower crust generated the magma of the

adakitic Yanggon and Maoergai granitoids. Source Identification of the magma source for the Yanggon and
residual minerals contain garnet. This can account for Maoergai granitoids is critical to understanding the
the geochemical characteristics of the adakitic Yanggon nature of the basement. Because both the granitoids
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sediments, it is unlikely for the Triassic flysch sediments
to be the dominant magma source for the Yanggon and
Maoergai granitoids. Therefore, their magma source
would be from deep continental crust underlying the
Triassic flysch sediments. This implies that there is an
unexposed crustal basement beneath the Triassic flysch
sediments. Combined with the highly enriched Sr and
Nd isotopic compositions of the Yanggon and Maoergai
granitoids, a remnant Paleo-Tethys oceanic basin, as
suggested by Zhou and Graham (1993) and Yin and Nie
(1993), is unsuitable to serve as the basement of the
Songpan-Garze flysch basin. In the southeastern part of
the Songpan-Garze belt, it was proposed that the crustal
basement is Proterozoic, which has an affinity to the
Yangtze (South China) block (Roger et al. 2004).
However, this conclusion is mainly based on the Nd
isotopic data of two granitoid samples (Roger et al.
2004). A more extensive study is thus necessary.
Within the Songpan-Garze Triassic flysch basin, no
Proterozoic basement is exposed. However, some Pro-
terozoic basements are exposed along the western mar-
gin of the Yangtze block (Fig. 1). In those Proterozoic
basements, the Kanding complex (796-797 Ma, U-Pb
zircon SHRIMP, Zhou et al. 2002), composed of gra-
nitic gneiss and amphibolite, is located southeast of the
Songpan-Garze belt (western margin of the Yangtze
block). The Bikou Group (776840 Ma, U-Pb zircon
SHRIMP, Yan et al. 2003), composed of meta-basic
volcanic rocks, is located northeast of the Songpan-
Garze belt (northwestern margin of the Yangtze Block).
According to published Nd-Sr isotopic data from
the two basements (Yan et al. 2004; Ling et al. 1998;
Chen et al. 2000), the Isr and eng(7) values have been
calculated at r+ = 220 Ma and shown in Fig. 9. The
results show that the Bikou Group meta-volcanic rocks
with eng(220 Ma) values of > 0 is unlikely to be the
magma source for the Yanggon and Maoergai grani-
toids. The Sr—Nd isotopic compositions for both the
granitoids are partly overlapped with those of the
Kanding complex (Fig. 9), indicating that the Kanding
complex is not the only source for the granitoids. It is
possible that the magma source was from mixing be-
tween the Kanding complex and other crustal materi-
als. The latter would include the Triassic sediments or
the Cambrian—Permian sedimentary cover developed
along the western margin of the Yangtze block.
Unfortunately, those sediments have Nd isotopic data
(Chen et al. 2000) but lack Sr isotopic data. Therefore,
we use 'Y’Sm/'"**Nd versus eng(t) diagram (Fig. 10) to
evaluate whether the sediments were mixed with the
magma source of the Yanggon and Maoergai grani-
toids. As shown in Fig. 10, the samples of the grani-
toids fall between the Kanding complex and the
sediments. A reasonable interpretation is thus that the
magma source for the Yanggon and Maoergai grani-
toids was a mixture between the Proterozoic Kanding
complex and the sediments, but it is difficult to identify
whether the sediments is the Triassic sediment or the
Cambrian—Permian sediments of the Yangtze block
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Fig. 9 eng(t) versus Isr diagram. Data of the Bikou Group are from
Yan et al (2004) and data of the Kanding Complex are from (Ling
et al. 1998; Chen et al. 2000)

because these sediments have a similar Nd isotopic
composition. The mixed source of the Kanding com-
plex and the sediments suggests that the magma gen-
eration of the Yanggon and Maoergai granitoids would
have taken place in a décollement zone between base-
ment and sedimentary cover. This is in agreement with
the large-scale décollement of the Songpan-Garze belt
in the late Triassic (Xu et al. 1992). Partial melting of
the mixing source could have been promoted by shear
heat along the décollement. On the other hand, the
magma source composition for the granitoids demon-
strates that the basement of the Songpan-Garze belt
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has an affinity with the Yangtze block and exposed
Kanding complex along the western margin of the
Yangtze block can be taken as the unexposed basement
of the Songpan-Garze belt.

Pb isotopic data for the Yanggon and Maoergai
granitoids provides another line of evidence for the
Yangtze (South China) affinity of the Songpan-Garze
basement. Based on Pb isotopic geochemical mapping of
the Mesozoic granitoids from China continental blocks
(Zhang 1995), the Mesozoic granitoids from the Yangtze
block have a Pb isotopic composition distinct from those
of the North China block. Generally, the former is
characterized by high radiogenic Pb isotopic composi-
tion with 2°°Pb/>**Pb > 17.8, whereas the latter is char-
acterized by low radiogenic Pb isotopic composition
with 2°°Pb/***Pb< 17.8. Therefore, the granitoid Pb
isotopic composition can serve as a useful basis for
discriminating tectonic affinity of blocks. High initial Pb
isotopic ratios (*°°Pb/**Pb = 18.191-18.624, **’Pb/
209pp = 15.628-15.685, 2%°Pb/***Pb = 38.317-38.480)
of the Yanggon and Maoergai granitoids (Table 4)
resemble those of the Yangtze Mesozoic granitoids, but
are distinct from those of the North China Mesozoic
granitoids (Fig. 11). It is concluded that the basement of
the Songpan-Garze belt has an affinity with the Yangtze
block.

Tectonic implications

Chronological data of the granitoids provide constraints
on tectonic events. Previous study of granitoids in the
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southeast part of the Songpan-Garze belt showed a time
span of tectono-magmatic events ranging from
197 £ 6 Ma to 153 £ 3 Ma, in which the age of
197 +£6 Ma was interpreted as an upper age limit of the
Indosinian tectonic event (Roger et al. 2004). Our new
U-Pb zircon chronological data show that the Indosin-
ian tectonic event in the Songpan-Garze belt, as repre-
sented by the magma crystallization age of the Maoergai
pluton, initiated at ~220 Ma (Late Triassic). The new
upper age limit of the Indosinian tectonic event in the
Songpan-Garze belt accords with the Triassic conti-
nental collision between the South China and the North
China blocks in Qinling-Dabie-Sulu orogenic belt (East
China) (Ames et al. 1996; Hacker et al. 1998; Ayers et al.
2002). Therefore, the Indosinian tectonic event is com-
prehensive not only in eastern China but also in western
China. The convergence between China continental
blocks during the Indosinian tectonic event built up the
present tectonic framework of China continent blocks.
The Indosinian tectonic event led to the crust of the
Songpan-Garze belt being strongly shortened and
thickened to >50 km as revealed by the adakitic
Yanggon and Maoergai granitoids. Deep seismic
sounding revealed that the present-day crustal thickness
of the Songpan-Garze belt is 52-62 km (Wang et al.
2003). We suggest that the crustal thickening of the
Songpan-Garze belt started at the Late Triassic. This is
distinct from the crustal thickening of the Tibetan Pla-
teau, which started at ~40 Ma (Chung et al. 1998).
Therefore, within the range of the Tibetan Plateau
(including its eastern adjacent area of the Songpan-
Garze belt), the crustal thickening is discordant in time.

40.0
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+ Yangtze (South China) granitoid
® Songpan-Garze granitoid
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granitoids are whole-rock initial Pb isotopic ratios (see Table 4). Pb
isotopic evolution lines of upper crust, lower crust and mantle from
Zartman and Doe (1981)
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It remains unclear whether the crustal thickening
developed from the margin to the interior of the Plateau.

The Songpan-Garze belt is located within the eastern
Paleo-Tethys tectonic domain. Its southern and north-
ern boundaries are the A’nimaque-Mianlue suture and
the Jinshajian suture, respectively, both of which contain
the slice of the Paleo-Tethys oceanic crust (Sun et al.
2002; Xu et al. 2002a, 2004; Elena et al. 2003; Wang
et al. 2000). In the Songpan-Garze belt, the identification
of the Proterozoic basement under the Triassic sedi-
ments indicates that the Proterozoic basement was either
an island in the eastern Paleo-Tethys ocean or a penin-
sula derived from a continental block. Because the
Proterozoic basement has an affinity with the Yangtze
block and there is no evidence for the existence of a
paleo-ocean along the western margin of the Yangtze
block, the Proterozoic basement of the Songpan-Garze
belt would have been connected to the exposed Prote-
rozoic basement along the western margin of the Yan-
gtze blocks. Accordingly, the Proterozoic basement of
the Songpan-Garze belt was a peninsula within the
eastern Paleo-Tethys ocean. This implies that the
A’nimaque-Mianlue ocean and the Jinshajian ocean
formed two branches of the eastern Paleo-Tethys ocean,
separated partly by a continental block.

Conclusions

The magma crystallization ages for the Yanggon and
Maoergai granitoids from the northeastern part of the
Songpan-Garze belt are 221 and 216 Ma, respectively.
The age of 221 Ma represents a new upper age limit of
the Indosinian tectono-magma event in the Songpan-
Garze belt, which is consistent with the collision time
between the North China and the South China conti-
nental blocks in eastern China. The result demonstrates
that the Indosinian tectonic event is comprehensive in
China. The Yanggon and Maoergai granitoids have
adakitic geochemical signatures, formed by partial
melting of the thickened lower crust due to conver-
gence between the west China continental blocks.
Combined with their chronological data, the crustal
thickening in the Songpan-Garze belt started during
the Late Triassic, which is distinct from Tertiary col-
lision of the Tibetan Plateau. The magma source for
the Yanggon and Maoergai granitoids consist of a
mixed Proterozoic basement and overlying sedimentary
cover. Thus, the magma generation was in a décolle-
ment zone. This demonstrates that an unexposed Pro-
terozoic basement exists beneath the Triassic sediments
of the Songpan-Garze belt. The exposed Proterozoic
Kanding complex along the western margin of the
Yangtze block would be coupled with the unexposed
Proterozoic basement. During development of the
Paleo-Tethys ocean, the basement of the Songpan-
Garze belt would be a peninsula approaching the
Paleo-Tethys ocean from the Yangtze block.
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