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Abstract: The South Altyn continental block is an important geological unit of the Altyn Tagh orogenic
belt, in which numerous Neoproterozoic granitoids crop out. Granitoids are mainly located in the
Paxialayidang-Yaganbuyang area and can provide indispensable information on the dynamics of
Rodinia supercontinent aggregation during the Neoproterozoic. Therefore, the study of granitoids can
help us understand the formation and evolutionary history of the Altyn Tagh orogenic belt. In this work,
we investigated the Yaganbuyang granitic pluton through petrography, geochemistry, zircon U-Pb
chronology, and Hf isotope approaches. We obtained the following conclusions: (1) Yaganbuyang
granitoids mainly consist of two-mica granite and granodiorite. Geochemical data suggested that these
granitoids are peraluminous calc-alkaline or high-K calc-alkaline granite types. Zircon U-Pb data
yielded ages of 939+7.1 Ma for granodiorite and ~954 Ma for granitoids, respectively. (2) The &exq(?)
values of two—mica granite and granodiorite are in the range of —3.93 to +5.30 and —8.64 to +5.19,
respectively. The Hf model ages (7Tpy;) of two-mica granite and granodiorite range from 1.59—.05 Ga and
1.62-2.35 Ga, respectively, indicating that the parental magma of these materials is derived from ancient
crust with a portion of juvenile crust. (3) Granitoids formed in a collisional orogen setting, which may be
a response to Rodinia supercontinent convergence during the Neoproterozoic.
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1 Introduction

Granitoids provide important information for
reconstructing the history of orogenic belts. Various
theories and genetic models have been proposed,
reflecting different petrogenetic mechanisms (Bonin,
2007; Milani et al., 2015; Wang et al., 2018). Large-scale
granitic batholiths develop during different orogenic
evolutionary stages, particularly during the oceanic
subduction or continental collision. Syn-collisional
granitic magmatism occurs through the partial melting of
the continental crust induced by continental collision and

* Corresponding author. E-mail: wangnan 0912@sina.com

plays an important role in orogenic evolution and crustal
growth (Zhao et al, 2017). Various products of syn-
collisional magmatism, such as adakites, low Sr/Y sodic
lavas, tonalites, and S-type granites, exist (Song et al.,
2015).

During continental collision, the thickened crust
undergoes temperature increases and
accordance with clockwise pressure—temperature paths
where liquidus temperatures are reached and partial
melting occurs (Brown, 1993, 2001). Continental
collisional events usually result in the juxtaposition of
several unrelated rock units (Agyei—Dwarko et al., 2012).
Rock units that record ancient orogenic events are
invariably overprinted by those that record a series of later
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orogenic events. Recent geochronological data indicates
that the Altyn—Qilian—North Qaidam
experienced Neoproterozoic (800 to 1000 Ma) magmatism
and metamorphism related to Grenville orogenesis and the
formation of the Rodinia supercontinent (Lu et al., 1998;
Guo et al., 1999; Mei et al., 1999; Chen et al., 2006; Wan
et al., 2006; Yu et al., 2013a, b; Wang et al., 2013; Li et al.,
2015; Wang et al.,, 2015). However, given that prior
geologic information has been obliterated during early
Paleozoic  orogeny, crust during the
Mesoproterozoic to early Neoproterozoic is unclear, and
its potential information remains poorly explored. The
nature and distribution of Neoproterozoic tectothermal
events and their relationship with Grenville orogenesis and
the Rodinia supercontinent have not been well defined.

In this paper, we present the systematic analyses of
whole-rock elements, zircon U-Pb, and Hf isotopes of the
Yaganbuyang pluton. The emplacement time of the pluton
between 954 and 939 Ma provides evidence that it
originates from syn-collisional-related magmatic rocks.
These results provide new insights into Neoproterozoic
crustal reworking in response to syn-collision in Altyn
Tagh.

region has

evolution

2 Geological Background

The NEE-trending, strike-slip Altyn Tagh Fault is the
largest fault in Asia and defines the northern boundary of
the Qinghai-Tibet Plateau. In accordance with the
petrology, geochemistry and isotopic chronological
characteristics of the different geological units of the
orogenic belt, the Altyn Tagh orogenic belt can be divided
into the Northern Altyn metamorphic terrane, North Altyn
subduction  accretionary  complex  belt, Meso—
Neoproterozoic Central Altyn tectonic belt, Southwest
Altyn subduction—collision complex belt, and South Altyn
mafic-ultramafic rock belt (SAB) (Fig. 1) (Xu et al., 1999;
Liu et al.,, 2009a, 2009b, 2012; Wu et al., 2009, 2014,
2016). Previous studies have shown that the Altyn Tagh
orogenic belt was formed during the Archean and
subsequently experienced intensive alterations through
multiple magma-tectonic thermal events/collision orogeny
during the Paleoproterozoic and Neoproterozoic (Che et
al., 1995; Liu et al., 2009b) and subduction—collision
between ancient blocks during the early Paleozoic (Liu et
al., 1996; 1999; Xu et al., 1999; Zhang et al., 1999, 2001;
Cui et al., 2011).

Granitic rocks exposed in the SAB mainly belong to the
Altyn Group and are composed of metamorphic
complexes, including tonalitic—granodioritic gneisses,
sillimanite gneisses, kyanite garnet gneisses, and garnet
amphibolite (Yu et al., 2002; Zhang et al., 2011). South

Altyn HP and UHP metamorphic rocks mainly consist of
garnet lherzolite, eclogite, granulite, and amphibole
eclogite and occur mainly in the Jianggalesayi,
Yinggelisayi, and Danshuiquan areas (Wang et al., 2013;
Yu et al., 2011; Liu et al., 2016). These rocks have
metamorphic ages of 509-475 Ma, which indicate that the
continental crust deeply subducted under the oceanic crust
during the late Cambrian—early Ordovician (Zhang et al.
1999, 2004; Liu et al. 2007a, 2007b; Cao et al., 2009).
Recently, the Neoproterozoic ages of protoliths from HP/
UHP metamorphic rocks have been obtained (Liu et al.,
2009a; Wang et al., 2011) and demonstrated that at least
some of the protoliths formed during the Neoproterozoic.
Wang et al. (2006) reported that syn-collisional granitic
gneiss from the Altyn Group has an age of 923+13 Ma. In
addition, various U-Pb zircon ages (920-940 Ma) for the
granitoid rocks of the Altyn Group have been reported
(Zhang et al., 2011). These data suggested that the Altyn
Complex may represent a Neoproterozoic piece along the
southeastern margin of the Tarim craton (Wang et al.
2013).

3 Sampling and Petrography

The Neoproterozoic granitic intrusive rocks of the Altyn
Tagh orogenic belt are mainly distributed in the
Yaganbuyang—Paxialayi area and intrude into the
metamorphic Proterozoic supracrustal rocks of the Altyn
Group. Neoproterozoic granitoids in this area can be
divided into the Gailike and the Yagabuyang pluton units
on the basis of pluton formation age, rock types, and
intrusive relationships (Li et al., 2015).

The Yaganbuyang pluton in the Suwushijie area is
elongated along the EW direction. The pluton is off-white
—gray in color and is medium-grained in texture (Fig. 2a)
with a few feldspar phenocrysts. It presents globularly
weathered and gneissic features (Fig. 2b) with intensive
plastic deformation and local mylonitization. Amphibolite,
mica schist xenolith, darkly colored schlieren and quartz,
and pegmatite veins can be identified in the pluton (Fig.
2c¢). Field outcrop observation integrated with indoor
microscopic  analysis revealed that Yaganbuyang
granitoids predominantly consist of two-mica granite (Fig.
2a) and granodiorite (Fig. 2b). We posited that, given the
lack of obvious contact between the two-mica granite and
granodiorite, a gradual transition relationship exists
between these two types of rocks. The two-mica granite
has an off-white in color, a granular squama crystal in
texture with medium grains, and an oriented structure. It is
composed of plagioclase (20%—25%), quartz (25%—30%),
K-feldspar (30%—-35%), biotite (3%—5%), and muscovite
(8%—-10%) (Fig. 2d). Granodiorite is off-white in color,



ACTA GEOLOGICA SINICA (English Edition)

1368 Vol. 92 No. 4 Aug. 2018
http://www.geojournals.cn/dzxben/ch/index.aspx  http://mc.manuscriptcentral.com/ags &
88" 90° 97°
T 1 1
N e e v
(o]
3 Ruogiang Milan g
qf° | 1g°
2 5\\_/ k1
Tarim
O Qiemo Huatugou

R e g

(a) |

aidam
Q 0 90 km

IS S E—

,-\ruhucun EI:\Ilyn Gruupmil Dakendaban (iroupl:l Middle-late Proterozoic [:]Palmxui
I:lMcsn—(‘cuoznic - granites strike-slip fault Fault

Eiullnmaﬁcs
SQ”I 10

R T 7
88; 55 v

+ o+ o+ Ay g N\
-I}% +J i 57 + 2 Pt ~
3 ' m =
VI S " VS U P £ ¥ e VR Ve VO |
4 %
o= \-N} + - ) o
+ At Y
— Paxialayi
+
Gl e e e
-+ +. = <
Gailike + : o~ n
N i b L.
ags = Q ’ o0
A L. + o+ 4  NE
+ ~ + B . .

(b) — e =
Sampting localio@ Fault EOualernary Altyn Group Palezozic graniloids Neoproterozoic granitoids

Fig. 1. (a) geological sketch map of Altyn Tagh orogenic belt (China basemap after China National Bureau of Surveying and
Mapping Geographical Information); (b), geological sketch map of study area (a, after Wu Cailai et al., 2016; b, after 1:250,000

geological map of Suwushijie).

I, NAB (Northern Altyn metamorphic terrane); II, NAB (North Altyn subduction accretionary complex belt); III, CAB (Meso— Neoproterozoic Central Altyn
tectonic belt); IV, SAB (Southwest Altyn subduction—collision complex belt, South Altyn mafic—ultramafic rock belt).

medium-grained, and granoblastic in texture with
intensive transformation. It is composed of plagioclase
(35%—-45%), quartz (20%—-25%), K-feldspar (13%—15%),

and biotite (10%—-15%) (Fig. 2e).
4 Analytical Methods

4.1 Whole-rock geochemistry

Eight samples were subjected to whole-rock chemical
analyses at the Hebei Institute of Regional Geological and
Mineral Resource Survey, Langfang, Hebei Province,
China. Oxide concentrations were measured using a
3080E X-ray fluorescence spectrometer. Na,O, MgO,
A1203, SiOZ, P205, Kzo, CaO, TiOZ, MnO, F6203 and FeO

concentrations were analyzed in accordance with the
executive standard GB/T14506.28-1993; H,O" and CO,
concentrations were analyzed in accordance with GB/
T14506.2-1993 and GB9835-1988, respectively; and LOI
was analyzed in accordance with LY/T1253-1999. The
relative standard deviations were lower than 2%—8%. Rare
earth (REEs; La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er,
Tm, Yb, Lu, and Y) and trace elements (Cu, Pb, Hf, Ta,
Sc, Cs, V, Co, and Ni) were measured through ICP-MS
(PlasmaQuad Excell) with JY/T016-1996 as the executive
standard. The analytical precision of most elements was
1078, except for Zr and Ba (107%) and Hf and Nb (107).
The relative standard deviation was less than 10%.
Analytical results are listed in Table 1.
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Fig. 2. Outcrops and Photomicrographs of Yaganbuyang pluton.

sranodiorite

(a), Outcrop of Yaganbuyang two—mica granite; (b), photograph of Yaganbuyang granodiorite; (c¢) granodiorite dike intruded into metamorphic
supracrustal rock of the Altyn Group; (d), photomicrograph of two—mica granite (Cross polarizer); (e), photomicrograph of granodiorite (Cross
polarizer); Pl—plagioclase; Mc—microcline; Qz—quartz; Bi—biotite; Ms—muscovite; (after Whiney and Evans, 2010).

4.2 Zircon U-Pb dating

U, Th, and Pb analyses of zircons were performed on a
LA-MC-ICP-MS apparatus at the Institute of Geology,
Chinese Academy of Geological Sciences, following the
procedures described by Hou et al., (2009). Spot sizes
were ~32 um, and data were calibrated to the M127
reference zircon (U: 923 ppm; Th: 439 ppm; Th/U: 0.475,
Nasdala et al., 2008). Standard zircon was analyzed first,
and analysis was repeated after every five spots. GJ-1
zircon with an age of 599.8+1.7 Ma (25) (Jackson et al.,
2004) and Plesovice zircon with an age of 337.13+0.37
Ma (20) (Sla'ma et al., 2008) were used as reference
standards. The ICPMSDataCal program was used for data
processing (Liu et al., 2010). Most analysis spots with
26pp/2*Ph > 1000 were not corrected for common lead.
Thus, analytical results with unusually high ***Pb were
eliminated during calculation given the influence of
common lead in the inclusions. The analytical data are listed
in Table 2 and graphically plotted on concordia diagrams
with 1o error. The weighted mean ages are calculated using
Isoplot (Ludwig, 2003) with 2c errors at 95% confidence.

4.3 Zircon Hf isotopic analyses

Zircon Hf isotope analysis was performed in-situ by
using GeoLasPro 193 nm laser-ablation microprobe
attached to Neptune multicollector ICP-MS at the Institute
of Geology, Chinese Academy of Geological Sciences.
Hou et al. (2007) have previously provided a
comprehensive description of instrumental and data
acquisition conditions. A stationary spot was used for the
present analysis, with a beam diameter of 44 um

depending on the size of the ablated domains. He was used
as carrier gas to transport the ablated sample from the laser
-ablation cell to the ICP-MS torch via a mixing chamber
filled with Ar. To correct the isobaric interferences of
176Lu and '°Yb on '"°Hf, '"°Lu/'°Lu=0.02658 and
76Yb/'*Yb=0.796218 ratios were determined (Chu et al.,
2002). For instrumental mass bias correction, an
exponential law was applied to normalize Yb and Hf
isotope ratios to the '"*Yb/'”Yb ratio of 1.35274 (Chu et
al., 2002) and the '"Hf/'""Hf ratio of 0.7325, respectively.
The mass bias behavior of Lu was assumed to follow that
of Yb. Mass bias correction protocol details have been
described by Hou et al (2007) in detail. Zircon GJ-1was
used as the reference standard during routine analyses
following the solution analysis method by Morel et al.
(2006), with the weighted mean '"*Hf/'”’Hf ratio of
0.282007+0.000007 (20) that was indistinguishable from
the weighted mean CHf/'THf  ratio of
0.282000+0.000005 (26). The Hf model age (single-stage
model age) (TDM) was calculated on the basis of a
depleted-mantle source with the present-day '"*Hf/'""Hf
ratio of 0.28325 by using the '°Lu decay constant
1.865x10 "a-1 (Scherer et al., 2001). The crust (two-
stage) Hf model age (TDMC) was calculated on the basis
of the assumption of a mean '"°Lu/'""Hf value of 0.015 for
an average continental crust (Griffin et al., 2002).

5 Results

5.1 Major and trace elements
The major and trace element whole-rock compositions
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Table 1 Major (wt%) and trace (ppm) element compositons of Yaganbuyang granitoids

Rock type Two—mica granite Granodiorite
Sample No. 15CL119-2 15CL122-2 15CL123-2 15CL124-2 15CL125-2 15CL126-2 15CL125-5 15CL129-2
SiO, 74.63 75.13 73.71 73.94 73.87 72.54 68.09 64.36
TiO, 0.14 0.13 0.28 0.20 0.18 0.28 0.58 1.05
AlLO3 13.51 13.23 13.27 13.65 13.65 13.91 15.87 15.13
FeO 0.91 0.55 1.85 1.33 1.09 2.00 3.18 6.64
Fe 03 0.69 0.22 0.39 0.10 0.18 0.47 0.62 1.13
MnO 0.04 0.04 0.07 0.02 0.02 0.05 0.05 0.13
MgO 0.29 0.28 0.57 0.33 0.31 0.60 0.93 1.88
CaO 1.50 0.61 1.19 1.04 1.18 1.92 2.16 2.98
Na,O 3.76 2.46 2.33 2.74 2.46 2.89 2.79 2.79
K>,0 4.06 6.43 5.15 5.55 6.14 4.59 4.39 2.41
P,0s 0.07 0.13 0.13 0.08 0.07 0.04 0.18 0.19
H,O" 0.12 0.41 0.69 0.60 0.43 0.41 0.83 0.60
H,O" 0.09 0.14 0.12 0.13 0.13 0.12 0.23 0.13
Total 99.60 99.97 99.90 99.89 99.85 99.89 98.83 98.69
Ga 17.61 16.60 17.60 18.90 13.80 16.30 20.19 21.92
Rb 272.80 282.00 271.00 312.00 186.00 135.00 213.95 170.83

Sr 101.83 64.80 87.00 77.00 117.00 112.00 117.81 134.09
Y 36.89 29.90 26.70 30.20 19.90 31.50 14.23 64.04
Zr 98.66 20.60 98.90 102.00 122.00 125.00 162.22 321.92
Nb 11.86 6.67 8.66 13.00 424 8.64 12.83 17.83
Ba 725.58 131.00 404.00 464.00 355.00 722.00 679.04 494.74
Hf 3.23 0.77 3.14 3.11 3.74 4.18 4.89 9.97
Ta 2.52 0.60 0.83 1.45 0.32 0.66 1.15 1.05
Pb 29.15 38.00 32.90 40.90 40.00 41.40 34.01 20.01
Bi 0.31 0.21 0.23 0.61 0.07 0.08 0.34 0.05
Th 24.30 7.54 13.60 31.20 24.00 25.70 18.10 24.69
U 2.62 3.35 2.38 4.62 424 1.03 3.43 3.20
La 40.21 15.30 28.70 50.90 46.80 49.80 46.24 81.30
Ce 68.85 28.40 56.10 95.00 94.70 94.90 90.85 150.43
Pr 7.83 3.67 6.93 11.20 11.90 11.40 11.26 17.74
Nd 28.15 13.50 26.40 40.40 44.70 42.90 43.14 68.18
Sm 597 3.90 5.62 7.87 8.55 8.07 8.10 12.30
Eu 0.70 0.53 0.84 0.73 1.49 1.01 1.45 1.74
Gd 5.85 3.64 5.12 6.91 6.72 6.87 6.04 11.36
Tb 1.09 0.77 0.90 1.08 0.88 1.00 0.75 1.84
Dy 6.58 4.84 5.15 5.70 4.11 5.58 3.31 11.32
Ho 1.33 1.00 0.97 1.10 0.74 1.22 0.55 2.52
Er 3.55 2.99 2.47 2.95 2.10 3.72 1.39 7.35
Tm 0.64 0.61 0.43 0.54 0.39 0.73 0.23 1.39
Yb 3.96 4.10 2.63 3.30 2.72 5.02 1.44 9.12
Lu 0.61 0.59 0.42 0.56 0.47 0.65 0.24 1.14
REE 175.32 83.84 142.68 228.24 226.27 232.87 214.98 377.72
LREE 151.71 65.30 124.59 206.10 208.14 208.08 201.03 331.68
LREE/HREE 6.42 3.52 6.89 9.31 11.48 8.39 14.41 7.20
EwEu* 0.36 0.43 0.48 0.30 0.60 0.41 0.63 0.45

of eight samples from the Yaganbuyang pluton were
analyzed (Table 1). Two types of rocks (two-mica granite
and granodiorite) were classified on the basis of mineral
assemblage characteristics (Fig. 3a).

The two-mica granite samples exhibit Si0,=72.54—
75.13 wt%, Al,0;=13.23-13.91 wt%, Na,0=2.46-3.76
wt%, K,0=4.06-643 wt%, FeOQ'=0.75-2.42 wt%,
MgO0=0.28-0.60 wt%, Ca0=0.61-1.92 wt%, P,05=0.04—
0.13 wt%, Ti0,=0.13-0.28 wt%, Na,0+K,0=5.56-8.89
wt%, and K,0O/Na,O ratios=1.08-2.61 (Table 1). These
samples are distributed in the calc—alkaline to high-K calc
—alkaline fields of the K,0-SiO, diagram (Fig. 3b). The
high K,O contents (2.41 wt%—6.43wt %) and high K,O/
Na,O ratios (1.08-2.61) of the samples are consistent with
the geochemical characteristics of S-type granite

(Chappell and White, 1974, 1992).

The chondrite-normalized REE patterns of the two-mica
granite samples are shown in Fig.4a. Consistent with
previous results from Li et al. (2015) and Wang et al.,
(2015), the samples (except for sample 15CL122-2) have
total REE contents of 175.32-232.87 ppm and exhibit
variable enrichment in LREE with (La/Yb)\=7.28-12.34
and minor HREE fractionation with (Gd/Yb)y=1.13-2.04
(Table 1). The samples showed prominently negative Eu
anomalies with Eu/Eu*=0.30-0.60, indicating plagioclase
fractionation (Fig. 4a, Table 1). On the primitive mantle—
normalized spidergram, the samples exhibit enrichment in
Rb, Th and K and significantly negative Ba, Nb, Sr, P and
Ti anomalies (Fig. 4b). These characteristics are highly
consistent with the characteristics of crustally derived S-
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Table 2 LA-ICP-MS zircon U-Pb isotopic analyses for the samples from Yaganbuyang granitoids (Unitsfor Pb,Th and U are ppm )

TWU 2 Pb”"Pb

T0ph, /23-8U

U Lo

Spot Pb Th U 1o *Pb/PU 1o 1o “"PbPb 15 *"'Pb235U 1o
15CL122-3-02 229 77.2 6546 0.1179 0.0756 0.0010 1.6520 0.0581 0.1583 0.0037 1083.3 245 9903 223 947.6 20.9
15CL122-3-05 406 2043 419.0 0.4875 0.0678 0.0004 1.4855 0.0185 0.1589 0.0018 8648 250 9245 7.8 9505 10.2
15CL122-3-08 120 53.6 2103 0.2549 0.0689 0.0013 1.5139 0.0322 0.1595 0.0029 8944 389 9360 13.1 9541 16.0
15CL122-3-13 376 1813 5453 0.3324 0.0705 0.0005 1.5385 0.0246 0.1584 0.0021 942,66 11.1 9459 100 9480 12.0
15CL122-3-14 705 312.6 11082 0.2821 0.0686 0.0004 1.5139 0.0324 0.1603 0.0033 887.0 250 9360 132 9584 182
15CL122-3-15 486 211.8 6824 03104 0.0671 0.0004 1.4844 0.0363 0.1605 0.0037 842.6 250 9240 150 9598 20.8
15CL122-3-21 320 146.6 627.4 0.2336 0.0705 0.0019 1.5466 0.0497 0.1592 0.0040 9435 542  949.1 199 9526 225
15CL122-3-28 256 127.2 253.6 0.5016 0.0661 0.0005 1.4683 0.0253 0.1612 0.0025 809.3 11.1 9174 106 9634 14.
15CL122-3-30 151 683 2568 0.2660 0.0667 0.0005 1.4681 0.0336 0.1597 0.0033 827.8 144 9173 139 9552 18.4
15CL105-3-01 89 383 333.8 0.1147 0.0701 0.0008 1.5885 0.0424 0.1643 0.0039 9315 222 9657 167 9808 21.6
15CL105-3-02 162 60.2 8729 0.0690 0.0700 0.0004 1.5219 0.0396 0.1577 0.0040 927.8 11.1 9392 161 9440 223
15CL105-3-03 112 52.5 3599 0.1458 0.0698 0.0004 1.5903 0.0361 0.1651 0.0037 9241 11.1 9664 143 9850 20.7
15CL105-3-04 208 97.6 728.1 0.1340 0.0703 0.0005 1.5372 0.0314 0.1585 0.0033 9389 144 9454 127 9484 184
15CL105-3-05 119 54.5 4483 0.1216 0.0698 0.0005 1.5624 0.0393 0.1623 0.0040 924.1 167 9554 157 9694 225
15CL105-3-06 95 43.4 2914 0.1489 0.0699 0.0006 1.5891 0.0521 0.1649 0.0053 9241 199 9660 20.5 9840 29.4
15CL105-3-07 131 69.1 421.0 0.1642 0.0682 0.0007 1.4813 0.0302 0.1573 0.0030 8759 83 9227 125 9420 1638
15CL105-3-08 166 102.0 2865 0.3560 0.0690 0.0007 1.5017 0.0375 0.1578 0.0039 8982 199  931.1 154 9443 21.6
15CL105-3-09 338 1894 553.6 0.3422 0.0698 0.0007 1.5235 0.0377 0.1582 0.0039 924.1 222 9399 153 9466 21.8
15CL105-3-10 165 86.0 3249 02647 0.0711 0.0016 1.6086 0.0529 0.1641 0.0052 961.1 445 9736 207 9798 289
15CL105-3-11 411 1693 1946.6 0.0870 0.0714 0.0007 1.5481 0.0350 0.1571 0.0036 9694 199 9497 141 9407 199
15CL105-3-13 118 51.6 421.0 0.1227 0.0699 0.0007 1.5706 0.0379 0.1628 0.0039 927.8 19.0 9587 151 9724 21.6
15CL105-3-14 122 59.3 3984 0.1489 0.0699 0.0007 1.5526 0.0418 0.1610 0.0042 9250 199 951.5 167 962.5 23.4
15CL105-3-15 112 393 5769 0.0682 0.0698 0.0006 1.5116 0.0308 0.1570 0.0033 9241 167 9351 126 940.1 182
15CL105-3-17 127 53.7 5182 0.1036 0.0700 0.0006 1.5899 0.0504 0.1647 0.0050 927.8 167 9663 199 9829 27.8
15CL105-3-18 151 60.9 5286 0.1151 0.0727 0.0011 1.6070 0.0718 0.1599 0.0054 1005.6 30.1 ~ 973.0 280 9563 29.9
15CL105-3-19 102 44.7 3917 0.1142 0.0698 0.0006 1.5344 0.0397 0.1593 0.0039 9241 167 9443 160 9531 218
15CL105-3-20 137 56.5 6545 0.0864 0.0700 0.0007 1.5217 0.0382 0.1576 0.0037 927.8 118.1 9392 155 9432 20.6
15CL105-3-23 111 459 4872 0.0941 0.0700 0.0005 1.5346 0.0331 0.1590 0.0034 927.8 125 9443 134 9513 189
15CL105-3-24 156 59.4 8009 0.0742 0.0700 0.0005 1.5181 0.0342 0.1571 0.0034 9315 1139 9377 139 9408 19.2
15CL105-3-25 97 46.8 3147 0.1488 0.0701 0.0008 15179 0.0391 0.1571 0.0038 931.5 222 9376 159 9405 21.1
15CL105-3-26 110 47.9 4960 0.0965 0.0701 0.0006 1.5126 0.0328 0.1565 0.0032 931.5 167 9355 134 9371 179
15CL105-3-29 122 49.2 5347 0.0920 0.0700 0.0004 1.5475 0.0323 0.1602 0.0032 9287 134 9495 130 9581 17.8
15CL105-3-30 147 68.9 5673 0.1214 0.0697 0.0004 15166 0.0336 0.1577 0.0034 9204 11.1  937.1 137 9442 192
15CL123-3-03 76.0 27.4 352.1 0.0778 0.0691 0.0004 1.5091 0.0316 0.1583 0.0032 9019 134 9341 129 9471 17.7
15CL123-3-04 102 37.6 4579 0.0821 0.0689 0.0004 15324 0.0546 0.1613 0.0056 8944 28 9434 220 9639 31.1
15CL123-3-05 76.6 28.1 3267 0.0860 0.0701 0.0004 15571 0.0351 0.1610 0.0034 931.5 1083 9533 141 9623 19.1
15CL123-3-06 123 46.4 4807 0.0964 0.0706 0.0004 1.5435 0.0463 0.1585 0.0047 9463 11.1 9479 186 9483 26.0
15CL123-3-07 97 33.8 4418 0.0766 0.0699 0.0004 15516 0.0374 0.1609 0.0039 9256 144 9511 150 9618 21.7
15CL123-3-08 145 65.6 463.0 0.1417 0.0676 0.0005 1.4664 0.0243 0.1572 0.0029 8574 134 9166 102 9414 165
15CL123-3-09 160 63.0 7069 0.0892 0.0701 0.0004 15184 0.0300 0.1571 0.0031 931.5 1083 9379 122 9407 17.1
15CL123-3-11 95 38.9 3144 0.1237 0.0698 0.0005 15753 0.0404 0.1635 0.0040 9241 11.1 9605 160 9764 22.3
15CL123-3-13 183 59.3 963.7 0.0615 0.0699 0.0004 15529 0.0300 0.1612 0.0032 9241 11.1 9517 121 9632 17.6
15CL123-3-14 243 71.7 1305.6 0.0549 0.0709 0.0004 15704 0.0444 0.1605 0.0043 9552 134 9586 17.7 959.6 23.7
15CL123-3-15 110 354 5248 0.0675 0.0698 0.0006 1.5418 0.0459 0.1601 0.0042 9241 19.0 9472 185 9571 235
15CL123-3-16 110 47.3 320.5 0.1475 0.0700 0.0004 1.5552 0.0290 0.1612 0.0030 9278 11.1 9526 11.7 963.5 16.6
15CL123-3-17 114 414 603.1 0.0686 0.0706 0.0004 1.5628 0.0363 0.1605 0.0037 9463 11.1 9556 145 9597 20.6
15CL123-3-18 152 58.5 622.6 0.0939 0.0690 0.0005 15169 0.0751 0.1593 0.0075 8982 125 9372 304 9531 419
15CL123-3-20 136 49.7 630.6 0.0788 0.0695 0.0005 1.4962 0.0387 0.1562 0.0039 9222 11.1 9288 159 9355 22.0
15CL123-3-21 119 43.6 5049 0.0864 0.0700 0.0005 15859 0.0521 0.1642 0.0052 9293 1139 9647 20.6 980.1 29.1
15CL123-3-22 123 44.1 443.1 0.0994 0.0712 0.0007 15740 0.0392 0.1603 0.0037 9648 42 9600 156 9583 20.4
15CL123-3-23 160 554 7656 0.0724 0.0699 0.0004 15532 0.0552 0.1611 0.0057 9278 144 9518 220 9627 317
15CL123-3-24 126 56.7 3537 0.1604 0.0701 0.0004 15237 0.0341 0.1576 0.0034 931.5 1083 9400 13.9 9432 19.1
15CL123-3-26 169 57.7 7714 0.0748 0.0699 0.0005 1.5210 0.0284 0.1578 0.0030 9241 134 9389 11.6 9448 16.7
15CL123-3-28 108 36.2 499.9 0.0724 0.0697 0.0006 1.5506 0.0677 0.1613 0.0071 9204 83 9507 27.0 9641 39.4
15CL123-3-29 234 39.8 1319.5 0.0302 0.0723 0.0006 1.5922 0.0583 0.1595 0.0049 9944 338 9672 229 9538 27.5
15CL123-3-30 987 547.1 683.3 0.8007 0.0695 0.0005 1.5240 0.0268 0.1590 0.0026 9222 134 9401 109 9511 145
15CL129-3-01 318 175.1 520.5 0.3365 0.0702 0.0007 1.5840 0.0386 0.1636 0.0037 1000.0 19.0 9640 153 9769 20.6
15CL129-3-02 128 67.1 261.6 0.2566 0.0712 0.0007 1.5574 0.0204 0.1587 0.0020 9648 51 9534 83 9493 112
15CL129-3-03 174 91.9 4499 0.2042 0.0697 0.0006 1.4804 0.0185 0.1540 0.0015 9204 167 9224 7.8 9232 8.6
15CL129-3-04 158 87.8 288.6 0.3044 0.0699 0.0006 1.4924 0.0257 0.1548 0.0024 9250 167 9273 106 9280 13.4
15CL129-3-05 153 90.4 2220 0.4074 0.0697 0.0006 14773 0.0302 0.1536 0.0029 9204 167 9211 125 921.1 16.1
15CL129-3-06 120 66.5 224.1 0.2968 0.0698 0.0006 1.4889 0.0328 0.1546 0.0033 9241 19.0 9259 135 9270 185
15CL129-3-09 137 77.2 2083 0.3708 0.0700 0.0007 1.5388 0.0359 0.1593 0.0035 9293 1139 9460 145 9530 19.8
15CL129-3-10 112 555 293.0 0.1893 0.0699 0.0006 1.5627 0.0454 0.1620 0.0046 9278 167 9555 181 9678 254
15CL129-3-11 124 70.9 2254 0.3147 0.0697 0.0006 1.4901 0.0262 0.1550 0.0026 9204 2.8 9263 108 9291 146
15CL129-3-12 147 74.6 3732 0.1999 0.0692 0.0006 1.4778 0.0398 0.1548 0.0037 9056 181 9213 164 9277 20.6
15CL129-3-15 126 72.8 219.0 0.3323 0.0700 0.0005 1.5335 0.0309 0.1589 0.0032 9278 134 9439 125 9505 18.0
15CL129-3-17 78 42.4 1497 0.2832 0.0706 0.0017 15631 0.0579 0.1604 0.0038 9463 468 9557 23.0 9589 213
15CL129-3-20 523 3034 9402 0.3227 0.0702 0.0005 1.5286 0.0378 0.1580 0.0038 933.0 167 9420 153 9454 213
15CL129-3-21 366 1957 888.5 0.2202 0.0702 0.0005 1.5169 0.0284 0.1566 0.0028 1000.0 125 9372 11.6 9377 156
15CL129-3-22 94 52.0 2161 0.2408 0.0701 0.0006 1.5552 0.0343 0.1609 0.0036 931.5 167 9526 138 9619 19.9
15CL129-3-23 220 111.5 4257 0.2618 0.0703 0.0005 1.5639 0.0380 0.1614 0.0038 9361 167 9560 152 9644 214
15CL129-3-24 132 75.5 2566 0.2944 0.0703 0.0005 14963 0.0234 0.1544 0.0022 9367 167 9289 9.7 9253 12.1
15CL129-3-25 135 757 239.5 03162 0.0701 0.0004 15701 0.0349 0.1623 0.0036 9324 134 9585 139 969.6 19.9
15CL129-3-30 107 62.8 189.5 0.3316 0.0703 0.0005 1.5273 0.0312 0.1577 0.0031 1000.0 134 9414 127 9437 17.6
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type magmas (Gao et al., 1998). The REE and trace-
element patterns of the samples are similar to those of
Neoproterozoic (880-926Ma) peraluminous granitoids in

contents of FeO'+MgO+TiO,=1.18 wt% and higher ratios
of CaO/Na,O (0.25) and Al,O;3/TiO, (107.7) than other
samples. The total REE contents of 83.84 ppm, (La/Yb)
N=2.67 and (Gd/Yb)y=0.73 indicate prominently negative
Zr, Hf anomalies with Zr/Hf ratios of 26.75 and
correspond to the characteristics of high—differentiation
granite (Breiter et al., 2014; Wu et al.,2017).

The major elemental contents of granodiorite samples
are Si0,=64.36-68.09 wt%, Al,0;=15.13-15.87 wt%,
Na,0=2.79 wt%, K,0=2.41-4.39 wt%, FeO'=3.74-7.65
wt%, Mg0=0.93-1.88 wt%, Ca0=2.16-2.98 wt%,
P,05=0.18-0.19 wt%, Ti0,=0.58-1.05 wt%, Na,0+K,0O
=5.20-7.18 wt%, and K,0/Na,0=0.86-1.57 (Table 1).
These samples are distributed in the subalkaline
granodiorite fields on the TAS diagram (Fig. 3a) and are
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strongly peraluminous with A/CNK ratios of 1.20 (Fig.
3c). The chondrite-normalized REE patterns of the
granodiorite are shown in Fig. 4a. The total REEs of the
samples are in the range of 214.98-377.72 ppm. The
samples exhibit variable enrichment in LREE with (La/
Yb)n = 6.39-23.09, minor HREE fractionation with (Gd/
Yb)n= 1.03-3.48 (Table 1), and prominently negative Eu
anomalies ~with Ew/Eu'=0.45-0.63 indicative of
plagioclase fractionation (Fig. 4a, Table 1). On the
primitive mantle—normalized spidergram, the samples
exhibit enrichment in Rb, Th, and K and significantly
negative Ba, Nb, Sr, P and Ti anomalies (Fig. 4b).

5.2 Zircon U-Pb ages

The zircons of four samples from the Yaganbuyang
granitoids are subhedral-euhedral and long prismatic.
They have lengths of 50-200 pm and length/width ratios
of 1.5:1-3:1. Cathodoluminescence images of the
Yaganbuyang granitoids (Fig. 5) show that most zircon
grains exhibit oscillatory zoning that is indicative of
igneous origin. Moreover, some zircons have dark edges,
which resulted from later metamorphism. Zircon U-Th—
Pb isotopic data are listed in Table 2. The
cathodoluminescence images of representative zircons are

shown on in Fig. 5.
(a) 15CL105-3 100 1 m
: 043 E210

937.14+17.9 953.1+23.8 944.2+19.2

(b) 15CL122-3

9350 8+20.8
048+ 12 )59 .81+20.8

943.2+19.1 9583+

941.4£16.5

(d) 15CL129-3

1001 m
949.34+11.2

969.6+19.9

945.4%21.3

Fig. 5. Cathodoluminescence images of representative zir-
cons from the Yaganbuyang pluton. Solid and dashed cir-
cles indicate the spots subjected to LA-ICP-MS U—Pb and
Hf analyses, respectively.

Sample 15CL105-3 (two-mica granite). These zircons
have Th contents of 38.3—189.4 ppm, U contents of 286.5—
1946.6 ppm, and Th/U ratios of 0.07-0.36 (Table 2).
Among the 27 analysis spots, 24 are concordant and
yielded a weighted mean *Pb/>**U age of 953.3+8.4 Ma
(MSWD=0.54) (Fig. 6a), which is interpreted as the
crystallization age of the two-mica granite. Spots #16,
#21, and #27 are inherited/xenocrystic cores and zircons
with 2%Pb/?*U ages of 1698+29.5, 1166.8+30.1, and
1066+£30.7 Ma, respectively.

Sample 15CL122-3 (two-mica granite). These zircons
have Th contents of 53.6-312.6 ppm, U contents of 210.3—
1108.2 ppm, and Th/U ratios of 0.12-0.50 (Table 2). Nine
of the 20 analysis spots are concordant and yield a
weighted mean *“Pb/”*U age of 95410 Ma
(MSWD=0.13) (Fig. 6b), which is interpreted as the
crystallization age of the two-mica granite. The remaining
spots are inherited/xenocrystic cores and zircons and
provided **Pb/**U ages of 1013—1692 Ma.

Sample 15CL123-3 (garnet-bearing two-mica granite).
These zircons have Th contents of 27.4-547.1 ppm, U
contents of 86.1-1319.5 ppm, and Th/U ratios of 0.03—
1.03 (Table 2). Among the 26 analysis spots, 23 are
concordant and yield a weighted mean *°Pb/**U age of
954.1£8.5 Ma (MSWD=0.27) (Fig. 6c),
interpreted as the crystallization age of the garnet-bearing
two-mica granite. Spots #1, #10, and #19 are inherited/
xenocrystic cores and zircons and provided *°Pb/***U ages
of 1009.1+£23.6, 1010.3+20.7, and 1601+28.2 Ma,
respectively.

Sample 15CL129-3 (granodiorite). These zircons have
Th contents of 41.5-303.4 ppm, U contents of 149.7—
940.2 ppm, and Th/U ratios of 0.20-0.41 (Table 2).
Nineteen of the 20 analysis spots are concordant and
provided a weighted mean 2*Pb/**U age of 939+7.1 Ma
(MSWD=1.13) (Fig. 6d), which is interpreted as the
crystallization age of the granodiorite. The remaining
spots are inherited cores and provided **°Pb/>*U ages of
1292.2431 Ma.

which is

5.3 Zircon Hf isotopes

The zircons used for U-Pb dating were subjected to in-
situ zircon Hf analyses. The analytical results are listed in
Table 3. The plots of eud(f) values versus zircon U-Pb ages
are shown in Fig. 7. A total of 65 spots were analyzed. The
results showed that all '"Lu/'"”’Hf ratios are less than
0.002, indicating that radiogenic Hf isotope accumulation
is low after zircon formation. The ratios of '"°Lu/'"Hf can
be used to represent the Hf isotopic composition of zircons
during crystallization.

The initial ""*Hf/"”’Hf ratio of sample 15CL105-3 is in
the range of 0.281948-0.282341, which corresponds to the
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Fig. 6. Concordia diagrams of zircons U-Pb data for samples from the Yaganbuyang pluton.

enr(f) values of -8.64 to +5.19 and the Hf model ages
(Tomz) of 1.70-2.35 Ga. The initial '"*Hf/'""Hf ratio of
sample 15CL122-3 is in the range of 0.282129-0.282263
and corresponds to the eydf) value of —1.65 to +2.91 and
Hf model ages (7Tpmz) of 1.62-1.92 Ga. The initial
'°Hf/'""Hf ratio of sample 15CL123-3 is in the range of
0.282111-0.282224 and corresponds to the ey(¢) value of
-2.85 to +1.19 and the Hf model ages (Tp,) of 1.74-1.99
Ga. The initial "*Hf/"""Hf ratio of sample 15CL129-3 is in
the range of 0.282098-0.282360 and corresponds to the
enue(f) value of -3.93 to +5.30 and the Hf model ages
(Tomz) of 1.59-2.05Ga (Fig. 7, Table 3). These eudf)
values reflect that ancient crust is the predominant
contributor to the magma source, which also has been
influenced by juvenile crust.

6 Discussion

6.1 Petrogenesis
Geochemistry data show that Yaganbuyang granitoids

belong to peraluminous calc—alkaline to high-K calc—
alkaline granite with high A/CNK ratios. In general,
peraluminous granitoids form in the subductional and
regional extensional environment or as a response to the
thickening and anatexis of the orogenic belt crust
(Barbarin., 1996; Collins., 1998; Douce and Harris., 1998;
Sylvester., 1998; Douce., 1999; Healy et al., 2004; Chen et
al., 2014). Experimental petrology has shown that
peraluminous granitic silicate melts can be produced by
the partial melting of various sources under certain
temperature and pressure conditions (Rapp and Watson.,
1991, 1995; Winther and Newton., 1996). The
compositional variation of the plutons depends on the
components of the initially molten substances, melting
temperature, pressure, and the difference in the initial
water content (Hansen et al., 2002). Generally, acidic
peraluminous granitoids are derived from the partial
melting of clastic sedimentary materials, whereas high-K
aluminum-rich granitoids are derived from pelite—
greywacke sedimentary materials (Johannes and Holtz.,
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Table 3 LA-ICP-MS zircon Hf isotopic analyses for the samples from Yaganbuyang granitoids

Sample Age  °yb/""Hf 26 oL "THE 26 "eHETHE 26 °HETHRT)  eudd)  tom fowe fuwme
15CL105-3-01 953.3 0.049816 0.000833 0.001190  0.000016 0.281953 0.000017 0.281932 -8.639 1835 2355 -0.96
15CL105-3-02 953.3 0.026043 0.001367 0.000575 0.000031 0.282239  0.000014 0.282229 1.880 1413 1696 -0.98
15CL105-3-03 953.3 0.039330 0.000418 0.000946  0.000008 0.282153 0.000014 0.282136 —1.421 1547 1903 -0.97
15CL105-3-04 953.3 0.048257 0.002070 0.001118 0.000042 0.282181 0.000013 0.282161 -0.522 1514 1847 -0.97
15CL105-3-05 953.3 0.059499 0.000434 0.001415 0.000007 0.282076  0.000014 0.282051 —4.421 1673 2091 -0.96
15CL105-3-06 953.3 0.069499 0.000279 0.001645 0.000007 0.282182  0.000014 0.282152 -0.837 1535 1866 —0.95
15CL105-3-08 953.3 0.038711 0.001633 0.000913 0.000033 0.282175 0.000015 0.282159 -0.597 1514 1851 -0.97
15CL105-3-09 953.3 0.030940 0.001424 0.000724  0.000030 0.282171 0.000013 0.282158 -0.647 1513 1854 -0.98
15CL105-3-10 953.3 0.030136 0.000642 0.000736  0.000022 0.282219  0.000014 0.282206 1.061 1447 1747 -0.98
15CL105-3-11 953.3 0.110700 0.003872 0.002703 0.000090 0.282268  0.000016 0.282219 1.536 1454 1717 -0.92
15CL105-3-13 9533 0.031968 0.001806 0.001029  0.000083 0.282341 0.000021 0.282322 5.190 1288 1487 -0.97
15CL105-3-14 9533 0.033686 0.002224 0.000794  0.000048 0.282219  0.000012 0.282205 1.027 1449 1749 -0.98
15CL105-3-15 953.3 0.025703 0.001749 0.000712  0.000062 0.282213 0.000015 0.282200 0.853 1454 1760 —-0.98
15CL105-3-18 953.3 0.026162 0.000606 0.000627 0.000015 0.281948  0.000016 0.281937 -8.476 1815 2345 -0.98
15CL105-3-19 953.3 0.043663 0.001267 0.001028 0.000027 0.282190  0.000014 0.282171 —0.167 1499 1824 -0.97
15CL105-3-20 953.3 0.025802 0.000537 0.000633 0.000020 0.282241 0.000016 0.282230 1.912 1412 1694 -0.98
15CL105-3-23 9533 0.017726 0.000342 0.000402  0.000008 0.282175 0.000014 0.282167 —-0.295 1495 1832 -0.99
15CL105-3-25 953.3 0.042219 0.002054 0.000997 0.000049 0.282163 0.000014 0.282145 -1.105 1535 1883 -0.97
15CL105-3-26 953.3 0.017185 0.000175 0.000396  0.000005 0.282144  0.000014 0.282137 -1.384 1537 1901 -0.99
15CL105-3-29 953.3 0.013512 0.000444 0.000303 0.000012 0.282120  0.000014 0.282115 -2.165 1565 1950 -0.99
15CL105-3-30 953.3 0.045598 0.002893 0.001083 0.000071 0.282188  0.000016 0.282169 -0.253 1503 1830 -0.97
15CL122-3-05 954 0.032164 0.002723 0.000906  0.000069 0.282166  0.000015 0.282150 -0916 1527 1872 -0.97
15CL122-3-13 954 0.045526 0.000585 0.001300  0.000017 0.282152  0.000016 0.282129 -1.651 1562 1918 -0.96
15CL122-3-14 954 0.046163 0.000321 0.001357 0.000009 0.282279  0.000018 0.282254 2.804 1386 1638 -0.96
15CL122-3-15 954 0.062076 0.001733 0.001839  0.000038 0.282296  0.000021 0.282263 3.096 1380 1620 -0.94
15CL122-3-28 954 0.029920 0.001219 0.000819  0.000032 0.282206  0.000019 0.282192 0.572 1467 1778 -0.98
15CL122-3-30 954 0.027843 0.002298 0.000799  0.000066 0.282245 0.000021 0.282230 1.943 1413 1692 -0.98
15CL123-3-03 954.1 0.019153 0.000486 0.000466  0.000009 0.282133 0.000016 0.282125 -1.787 1554 1927 -0.99
15CL123-3-04 954.1 0.037083 0.000479 0.000916  0.000017 0.282145 0.000016 0.282129 -1.657 1556 1918 -0.97
15CL123-3-05 954.1 0.042280 0.000816 0.001206  0.000031 0.282123 0.000019 0.282101 -2.633 1599 1980 -0.96
15CL123-3-06 954.1 0.042664 0.000504 0.001088 0.000018 0.282115 0.000019 0.282095 -2.844 1606 1993 -0.97
15CL123-3-07 954.1 0.012900 0.000147 0.000303 0.000002 0.282165 0.000014 0.282159 -0.564 1504 1850 -0.99
15CL123-3-08 954.1 0.032008 0.000241 0.000805 0.000005 0.282154  0.000017 0.282140 -1.253 1539 1893 -0.98
15CL123-3-11 954.1 0.035679 0.001319 0.000897 0.000030 0.282169  0.000018 0.282153 -0.779 1521 1863 -0.97
15CL123-3-13 954.1 0.024060 0.000347 0.000575 0.000009 0.282137  0.000019 0.282126 -1.733 1554 1923 -0.98
15CL123-3-14 954.1 0.046968 0.000922 0.001069  0.000011 0.282149  0.000015 0.282130 -1.614 1557 1916 -0.97
15CL123-3-17 954.1 0.017175 0.000763 0.000424  0.000018 0.282216  0.000015 0.282209 1.187 1438 1740 -0.99
15CL123-3-18 954.1 0.037853 0.000844 0.000968 0.000015 0.282152  0.000016 0.282135 —1.445 1549 1905 -0.97
15CL123-3-20 954.1 0.023754 0.000731 0.000636  0.000023 0.282188  0.000016 0.282176 0.037 1486 1812 -0.98
15CL123-3-21 954.1 0.026925 0.000404 0.000705 0.000012 0.282198  0.000017 0.282185 0.345 1475 1793  -0.98
15CL123-3-22 954.1 0.039840 0.000685 0.001015 0.000015 0.282183 0.000016 0.282165 -0.379 1507 1838 -0.97
15CL123-3-23 954.1 0.031140 0.000454 0.000794  0.000010 0.282155 0.000015 0.282141 -1.221 1537 1891 -0.98
15CL123-3-24 954.1 0.047710 0.001257 0.001230  0.000025 0.282174  0.000017 0.282152 -0.820 1528 1866 —0.96
15CL123-3-26 954.1 0.037085 0.000570 0.000871 0.000018 0.282111 0.000016 0.282095 -2.851 1602 1993 -0.97
15CL123-3-28 954.1 0.027111 0.000282 0.000676  0.000009 0.282170  0.000016 0.282158 -0.624 1512 1854 -0.98
15CL123-3-29 954.1 0.052536 0.001429 0.001393 0.000029 0.282171 0.000014 0.282146 -1.037 1539 1879 -0.96
15CL123-3-30 954.1 0.046886 0.000936 0.001225 0.000020 0.282224  0.000020 0.282202 0.956 1458 1754 -0.96
15CL129-3-01 939 0.042244 0.000435 0.001155 0.000023 0.282281 0.000021 0.282261 2.691 1375 1634 -0.97
15CL129-3-02 939 0.052069 0.001091 0.001237 0.000027 0.282254  0.000019 0.282232 1.674 1417 1698 -0.96
15CL129-3-03 939 0.063632 0.000379 0.001560  0.000014 0.282248  0.000017 0.282221 1.277 1437 1723  -0.95
15CL129-3-04 939 0.068046 0.000903 0.001665 0.000022 0.282207  0.000017 0.282177 -0.266 1500 1820 -0.95
15CL129-3-05 939 0.046328 0.000883 0.001145 0.000016 0.282249  0.000018 0.282228 1.544 1421 1706 -0.97
15CL129-3-06 939 0.061876 0.001020 0.001532 0.000023 0.282290  0.000018 0.282263 2.783 1376 1628 -0.95
15CL129-3-09 939 0.051818 0.000613 0.001338 0.000029 0.282275 0.000018 0.282251 2.343 1391 1656 -0.96
15CL129-3-11 939 0.058730 0.000435 0.001484  0.000007 0.282236  0.000018 0.282209 0.867 1452 1748 -0.96
15CL129-3-12 939 0.056917 0.001251 0.001491 0.000024 0.282296  0.000018 0.282270 3.005 1367 1614 -0.96
15CL129-3-15 939 0.056690 0.000583 0.001371 0.000009 0.282212  0.000017 0.282188 0.095 1481 1797 -0.96
15CL129-3-17 939 0.065161 0.000801 0.001415 0.000005 0.282238  0.000018 0.282213 0.995 1446 1740 -0.96
15CL129-3-20 939 0.087542 0.001143 0.002023 0.000034 0.282248  0.000019 0.282212 0.974 1455 1742 -0.94
15CL129-3-21 939 0.072342 0.000843 0.001788 0.000021 0.282256  0.000018 0.282225 1.408 1435 1714 -0.95
15CL129-3-22 939 0.060976 0.001640 0.001353 0.000030 0.282098  0.000018 0.282074 -3.926 1640 2049 -0.96
15CL129-3-23 939 0.057634 0.000839 0.001429  0.000038 0.282360  0.000018 0.282334 5.296 1275 1469 -0.96
15CL129-3-24 939 0.061213 0.000566 0.001406  0.000007 0.282304  0.000018 0.282280 3.355 1352 1592 -0.96
15CL129-3-25 939 0.047970 0.001490 0.001085 0.000028 0.282301 0.000018 0.282282 3.435 1345 1587 -0.97
15CL129-3-30 939 0.066995 0.001397 0.001551 0.000024 0.282279  0.000020 0.282252 2.369 1393 1654 -0.95

1996; Sisson et al., 2004). The value of Mg# 1S an
important index for judging the source of the magmatic
melt. Mg” values of less than 40 indicate that the
magmatic melt is formed by the partial melting of the

crust, whereas high Mg" values indicate mantle-source
substances (Rapp et al.,, 1995). The Mg" values of the
Yaganbuyang granitoids are in the range of 25.6-40.0 with
an average of 31.1, indicating that the granitoids are
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Fig.7. Hf isotopic compositions of zircons from granitoids
from the Yaganbuyang pluton.

mainly derived from partial crustal melting.

The two-mica granite presented high SiO, K,O, and
NaO content and high A/CNK values. P,Os and SiO,
contents are positively correlated (Fig. 8a) The two-mica
granite also show negative Eu anomalies in their chondrite
-normalized REE patterns and negative Ba, Ta, Nb, Sr, P,
and Ti anomalies in their mantle-normalized trace-
element patterns. In the C/MF-A/MF diagram (Fig. 9a),
all two-mica granite samples (except 15CL122-2) fall into
the greywacke-derived melt area, whereas the granodiorite
samples are close to the basalt-derived melt area. In the
ALOs+FeO™+MgO+TiO, versus ALO;/ FeO'+MgO+
TiO,) diagram (Fig. 9b), the two-mica granite samples
also fall in the greywacke-derived melt area, whereas
granodiorite falls into the basalt-derived melt area (Douce
et al., 1999). CaO/Na,O ratios vary in the range of 0.25-
1.07 with an average of 0.56, and almost all values (except
for 15CL122-2) exceed 0.3 (Fig. 9¢). FeO'/MgO ratios
fall in the range of 2.67—4.30, Al,0;/TiO; ratios fall in the
range of 47.4-101.7 with an average of 68.6, and K,O/
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juvenile crust during evolution (Fig. 7). All these features
indicate that the granitoids are mainly derived from
sedimentary components. The geochemical characteristics
of sample 15CL122-2 are significantly different from
those of other samples. Specifically, this sample has higher
Si0, (75.13%), K,0 (6.43%), and DI index (94.1) and
lower TiO, (0.13), FeO" (0.75), MgO (0.28) and CaO/
Na,O (0.25) than other samples. In the Zr+Nb+Ce+Y
K,0+Na,0/Ca0O diagram (Fig. 8b), sample
15CL122-2 falls into the high-fractionation granite area,
with negative anomalies of Zr and Hf with a Zr/Hf ratio of
26, indicating that it is the product of highly fractionated
magma in the late stage of magmatic activity.

Granodiorite is enriched in Al,O; FeQ', MgO, and TiO,
and has an A/CNK ratio of 1.2. Fig. 8a shows the different
trends of P,Os versus SiO, contents presented by two-
mica granites. The chondrite-normalized REE patterns of
the two-mica granite exhibit negative Eu anomalies, and
its mantle—normalized trace element patterns exhibit
negative Ba, Ta, Nb, Sr, P and Ti anomalies (Fig. 4). In
the C/MF versus AMF diagram, the samples are close to
the area of the basalt-derived melt. In the A1203+FeOT+
MgO+TiO, versus Al Os/(FeO'+MgO+TiO,) diagram
(Fig. 9b) the samples fall into the area of basalt-derived

versus
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Fig. 8. (a) Whole-rock SiO; vs. P,Os diagram of granitoids in the Yaganbuyang area; (b) Zr+Nb+Ce+Y—-Na,0+K,0/CaO dia-

gram (a after Xin et al., 2017; b after Whalen et al., 1987)

FG-Fractionated granites; OGT- Unfractionated I-, S-, and M-type granites.
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Fig. 9. Geochemical diagrams of granitoids in the Yaganbuyang area.

(a), C/MF vs. A/MF (after Alther et al.,2000); (b), ALOs+FeOQ'+MgO+TiO, vs. Al,03/(FeO'+MgO+Ti0,) (after Douce,1999); (c), Al,O; /TiO, vs.
CaO/Na,O; and (d), Rb/Sr vs. Rb/Ba (after Sylvester,1998). Data sources: Himalayan leucogranites (after Searle and Fryer, 1986; Inger and Harris,
1993; Ayres and Harris, 1997) and Lachlan S—type granites (after Chappell and Simpson, 1984; Healy et al., 2004).

melt (Douce et al., 1999). The Nb/Ta ratios (11.11-17.06)
are similar to the crust (Nb/Ta=12—13) (Barth et al., 2000).
The Zr/Hf ratios (32.28-33.19) are slightly lower than the
upper crust (~37) (Gao et al., 1998). The variable ey(¢)
values of —3.92 to +5.29 imply that Hf isotope
disequilibrium exists in magma (Fig. 7). These features
indicate that the source rocks have the characteristics of
lower crustal basalt rocks.

6.2 Neoproterozoic magmatism

The magmatic zircons from the Yaganbuyang have
similar ages of 939-954 Ma, which are highly consistent
with the previously reported magmatic ages for the Altyn
Tagh Orogen belt and represent a Neoproterozoic
magmatic event. Two-mica granite formed earlier than
granodiorite and shows different source characteristics.
Thus, the upwelling of mantle materials may have caused
the partial melting of crustal materials. The two-mica

granite is derived from the melting of crustal sediments,
and granodiorite is derived from the melting of lower
mafic crust. The Gailike pluton in the adjacent area has a
U-Pb age of 886.5+£5 Ma and may have a mafic crustal
origin (Li et al., 2015). The Huanxingshan pluton in the
western segment of the Altyn Tagh Orogen belt has a
zircon U-Pb age of 928+7.7 Ma and is a S-type granite
formed by melting of crustal sedimentary materials (Wang
et al.,, 2015). Granitoids of the Altyn Complex have a
zircon U-Pb age of 920-940 Ma (Zhang et al., 2011). All
these granitoids demonstrate the existence of an early
Neoproterozoic magmatic arc in the South Altyn Tagh
(Wang et al., 2013). In addition, many Early Paleozoic
granites and eclogites are exposed in the South Altyn Tagh
Orogen belt, suggesting that these Neoproterozoic granitic
rocks may be affected by Paleozoic tectonic events (Wang
et al., 2006; 2013; Yu et al., 2013a).

Early Neoproterozoic granite and granitic gneiss with
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similar formation ages are well preserved in the
surrounding areas. For example, granitic gneiss with an
age of 907-1002 Ma is present in the North Qaidam
UHMP belt of the Qaidam basin (Lin et al., 2006; Song et
al., 2012). Granite and mafic rocks with ages of 910-942
and 905-919 Ma, respectively, are present in the Qilian
Massif (Guo et al., 1999; Gehrels et al., 2003; Wan et al.,
2003; Tung et al., 2007, 2012). Granite emplacements in
the North Qinling Orogen have ages of 900-980 Ma (Pei
et al., 2007; Lu et al., 2005; Wang et al., 2005). The syn-
orogenic granite in East Kunlun, aged 904-940 Ma,
indicates the occurrence of tectono—thermal activity within
East Kunlun during the Mesoproterozoic to early
Neoproterozoic (Meng et al., 2011). Neoproterozoic
metamorphic events have been reported in North Qaidam
but not in Altyn Tagh Orogen (Zhang et al., 2008; Yu et
al., 2013a). Nevertheless, the similar magmatism and
metamorphism ages in these regions indicate that the
widespread magmatism that occurred in the Central
Orogenic belt during early Neoproterozoic is related to the
convergence and breakup of the Rodinia supercontinent.

6.3 Tectonic implications

The Rodinia supercontinent was constructed when the
Grenville orogeny (ca. 1300-900 Ma) formed belts that
welded together a series of continental blocks and
microcontinental fragments (Hoffman,1991; Mabi et al.,
2018). Rodinia assembled through worldwide orogenic
events that occurred between 1300 and 900 Ma, with all
continental blocks known to exist at that time likely being
involved. By ca. 900 Ma, all major known continental
blocks had aggregated to form the Rodinia supercontinent
(Lietal., 2008).

Numerous Neoproterozoic magmatic and metamorphic
events in the Altyn—Qilian—Qaidam have been previously
reported (Guo et al.,1999; Wan et al., 2003,2006; Wang et
al., 2006, 2013; Xu et al,2007; Lu et al., 2002, 2006, 2008;
Tung et al., 2007, 2012; Zhang et al.,2008, 2011;Song et
al., 2012; Yu et al., 2010, 2011, 2013a), and the
Neoproterozoic granitoids in the northern margin of the
region are thought to originate from intermediate—basic
volcanic rocks in active continental margin settings (Song
et al., 2012; Wang et al., 2013; Yu et al., 2013a). During
the early Neoproterozoic, the northern margins of the
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Fig.10. (a) R—R, discrimination diagrams (a, after Bachlor et al., 1985); (b), Nb-Y diagram, (c), Rb—(Nb+Yb)
diagram and (d), Rb—(Yb+Ta) diagram (b, c, d, after Pearce et al.,1984)
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Altyn—Qilian—Qaidam and Tarim plates might have
combined to form an integrated block that was temporarily
connected to the northern part of South China Craton or to
the west of Rodinia at the later stage of the Grenville
orogeny (950-900 Ma) (Zhang et al., 2011;Yu et al,
2013a). Several ancient blocks, including the Tarim block,
middle Altyn Tagh microcontinent, and Qaidam block
existed in the Altyn Tagh tectonic belt during the Middle
Proterozoic (1.3—1.8 Ga). The convergence of these blocks
during the Neoproterozoic led to the melting of sediments
in the continental margin and the formation of S-type
granites (Qin et al., 2006, 2008). Recent studies have
shown that most Neoproterozoic granitic rocks in the
Altyn Tagh area present syn-collisional characteristics,
and Neoproterozoic magmatic events may be related to the
convergence of the Rodinia supercontinent (Wang et al.,
2006, 2013; Yu et al., 2013a; Li et al., 2015).

Similar to continental-collision granite, Yaganbuyang
granitoids have Nb and Ta contents of 6.67—13 ppm and
0.32-1.45 ppm, respectively, and a Nb/Ta=8.9-13.2
(Pearce et al., 1984). The R|—R, diagram shows that the
samples are related to a syn—collisional setting (Fig. 9e).
In the Nb-Y, Rb versus (Nb+Yb) and Rb versus (Yb+Ta)
diagrams (Fig. 9e), almost all samples fall into the syn-
collision area. All the characteristics exhibited above
indicate that the Yaganbuyang granitoids formed in a
continental-collision environment.

The Altyn Tagh provides records of the formation of
syn-collision granitoids during the early Neoproterozoic
(900-940 Ma). The formation of granitoids is a response
to the formation of the Rodinia supercontinent and is a
large-scale collisional orogenic event that occurred
simultaneously with the Grenville orogeny (Liu et al.,
2009b; Yu et al., 2013a; Wang et al., 2013). This large-
scale collision orogenic event eventually consolidated the
metamorphic basement of Tarim (Lu et al., 2008).

7 Conclusion

New data from this study enabled us to draw the
following conclusions:

(1) Yaganbuyang granitoids consist mainly of two-mica
granite and granodiorite. Geochemical data suggested that
the Yaganbuyang granitoids are mainly composed of
peraluminous calc—alkaline to high-K calc—alkaline
granite with magmatic zircon U-Pb ages of 939+7.1 and
~954 Ma, respectively.

(2) Zircon Hf isotopic data showed that the eyq(¢) values
of the two-mica granite are —3.93 to +5.30 with Hf model
ages (Tpmp) of 1.59-2.05 Ga. The epff) values of the
granodiorite are —8.64 to +5.19 with Hf model ages (Tpmp)
of 1.62-2.35 Ga. These data indicated that the magma is

predominantly derived from ancient crust, with

contributions from juvenile crust.

(3) The granitoids formed in a collisional orogenic belt
that may have been induced by the convergence of the
Rodinia supercontinent during the Neoproterozoic.
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