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Pegmatites commonly form in the waning stage of magma evolution by fractional crystallization of
volatile-rich magmas and may be important host rocks of strategic metals (e.g., Li, Be, Cs, Ta, and Nb)
and high-quality gem minerals. This study reports new zircon U-Pb dating results and Hf isotopic com-
positions of the KLA803 pegmatite, the AZB-01 pegmatite, the JMK-09 pegmatite (abbreviated as the K-
A-] pegmatites) and the Halong granite from the Chinese Altay to determine the potential petrogenetic
relationships between them. The geochronological data document that the K-A-] pegmatites were
emplaced at 224.6 £ 2.3 Ma, 191.6 + 2.0 Ma and 192.0 + 2.3 Ma, respectively, and they are characterized
by negative to low positive gHf(t) values (from —1.0 to +6.3) and old model ages (Tpy) (with the Tpyy
from 874 to 597 Ma and Tpwm from 1298 to 833 Ma). In contrast, the Halong granite has an emplacement
age of 398.3 +2.4 Ma and is characterized by higher positive e¢Hf(t) values (from +9.9 to +15.2) and
younger model ages (Tpy) (with the Tpy; from 626 to 414 Ma and Tpyp from 760 to 423 Ma). They all
have intruded into the Kulumuti group stratum, which has negative initial eNd(t) values (from —4.3 to
—0.2) and old Tpy model ages (between 1.22 and 1.56 Ga). Based on the calculated results of the mixing
ratios (f) of the initial magmas and the prevailing Paleozoic tectonic framework of the Chinese Altay, we
establish two petrogenetic models for the K-A-] pegmatites: Model 1 refers to that these pegmatites
originated from a mixed magma that was composed of 72-91 wt.% depleted mantle components and
9-28 wt.% lower crust components; and Model 2 refers to that they were derived from the partial melting
of 38-83 wt.% Halong granite and 17-62 wt.% sedimentary rocks from the Kulumuti group. We also sug-
gest that the initial magma of the Halong granite was significantly contributed by juvenile materials with
a slight involvement of crustal materials. In Model 1, because LCT-type pegmatites (classified as Li-Cs-Ta
enriched pegmatites associated with S-type granite that was produced by the partial melting of preexist-
ing sedimentary rocks) have close geochemical affinities with crustal materials, the excessively high
weight percentages (72-91 wt.%) of the depleted mantle components in the initial magma of the K-A-
] pegmatites indicate that this model is unrealistic. Therefore, we consider that Model 2 is more reason-
able at present for interpreting the petrogenesis of the K-A-] pegmatites, and it needs to be verified in
other pegmatite fields of the Chinese Altay.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

grain size and an abundance of crystals with skeletal, graphic or
other strongly directional growth habits (London, 2008). It is

Pegmatites are unique rocks, primarily granitic in composition, widely assumed that pegmatites are formed by magmatic
that are usually characterized by extremely coarse but variable fractional-crystallization and are genetically linked with fertile
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granitic sources at depth (Jahns and Burnham, 1969; Norton,
1983; London, 1990; Jolliff et al., 1992; Webster et al., 1997;
Fuertes-Fuente et al., 2000; Selway and Breaks, 2006; Hulsbosch
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et al., 2014). To recognize the granite-pegmatite genetic relation-
ships and evaluate the degree of fractionation, a growing number
of studies investigate the geochemical and textural features of
the different mineral phases of pegmatites (Baijot et al., 2012;
Roda-Robles et al., 2012; Vieira et al., 2011; Lira et al., 2012;
Neiva et al., 2008, 2012; Shearer et al., 1992). However, because
it is difficult to truly characterize the representative whole-rock
geochemical and isotopic features of these coarse-grained rocks,
the genetic relationship between pegmatites and host granites is
usually not simple to address (Goad and Cerny, 1981; Stilling
et al., 2006; Cerny et al., 2012; Lima et al., 2014).

Zircon is a widely used mineral for isotopic and geochemical
studies because of the high contents of trace elements in its crys-
talline structure and the strong resistance to erosion, weathering
and alteration processes. Owing to the close chemical affinities
between Hf and Zr, Hf could replace the latter in the zircon crystal
lattice with concentrations between 0.3 and 3.3 wt.% (Hoskin and
Schaltegger, 2003; Yin et al., 2013). This behavior makes Hf more
compatible in zircon than the REEs, especially Lu, leading to low
Lu/Hf ratios (typically <0.001). Accordingly, the radioactive decay
of 7®Lu does not significantly change the Hf isotope composition
of zircon with time. Moreover, the low intra-crystalline diffusion
rate of Hf in zircon and the high closure temperature of the Lu-
Hf isotope system (Cherniak and Watson, 2003) suggest that the
effect of post-crystallization thermal events on the Hf isotope com-
position was small. Hence, the eHf values and Tpy model ages of
the zircons from pegmatites may provide reliable and significant
information on the magma source and the potential genetic rela-
tionship with the parental granites (Vervoort et al., 1996; Amelin
et al.,, 2000; Scherer et al., 2000; Griffin et al., 2002; Kinny and
Maas, 2003; Hawkesworth and Kemp, 2006; Wang et al., 2008;
Lv et al., 2012).

The Central Asian Orogenic Belt is situated among the Siberia,
East European, Tarim and North China Cratons, and it represents
the largest Phanerozoic accretionary orogenic belt in the world
(Fig. 1; Sengor et al., 1993; Sengor and Natalin, 1996; Jahn et al.,
2000; Badarch et al., 2002; Chen and Jahn, 2004; Yakubchuk,
2004; Yuan et al., 2007; Xiao et al., 2008, 2009, 2010; Zhou et al.,
2008; Biske and Seltmann, 2010; Zhang and Zhang, 2014). As the
key part of the CAOB, the Altay orogenic belt lies in Russia, north-
eastern Kazakhstan, northwestern China and southwestern Mon-
golia (Fig. 1; Chen and Jahn, 2002). More than 100,000 granitic
pegmatite veins are exposed in the Chinese Altay (the Chinese part
of the Altay orogenic belt), and many of these pegmatites host eco-
nomic rare metals such as lithium, beryllium, niobium and tanta-
lum (Wu and Zou, 1989; Wang et al., 2002, 2004). Following
earlier work, the geochemistry and mineralogy of the Koktokay
No. 3 pegmatite and the Kelumute No. 112 pegmatite continue to
be extensively studied (Wang et al., 2002, 2003; Zhu et al., 2006;
Lv et al., 2012). More recently, an increasing number of Permian
to Jurassic pegmatites have been reported, and the origin of these
pegmatites is suggested to be closely related to the late Paleozoic
to early Mesozoic post-collision tectonic setting of the Chinese
Altay (Fig. 1; Wang et al., 2007; Chen, 2011; Ren et al.,, 2011; Lv
et al., 2012; Ma, 2014). However, the petrogenesis of these peg-
matites and the granite-pegmatite genetic relationships still
remain uncertain.

The Kaluan ore field, the Azubai ore field and the Qiongkuer ore
field (abbreviated as the Kaluan-Azubai-Qiongkuer ore fields or
the KAQ ore fields), surrounding and to the west of the Halong
granite, contain the pegmatite-type rare-metal deposits of the
Kaluan No. 806 and 807 Li deposit, the Kukalagai No. 650 Li deposit
and the Qiongkuer No. 1 Nb-Ta deposit (Wu and Zou, 1989; Ma,
2014). Within the KAQ ore fields, the Kaluan No. 803 (KLA803) peg-
matite, the Azubai-01 (AZB-01) pegmatite and the Jiamukai-09
(JMK-09) pegmatite (the K-A-] pegmatites) (Fig. 2) are typical of

LCT-type pegmatites (classified as Li-Cs-Ta enriched pegmatites
associated with S-type granite that was produced by the partial
melting of preexisting sedimentary rocks; Cerny, 1991; Shelley,
1993; London, 2008), and they are characterized by intensive Be
and Ta mineralizations. Geographically, the Halong granite is
located approximately 500 m east of the KAQ ore fields and is con-
sidered to be the largest granitic batholith in the region (Wu and
Zou, 1989; Ma, 2014). Because of the close spatial relationship with
the pegmatites in the KAQ ore fields, the Halong granite was
assumed to be the parental granite of the pegmatites (Wu and
Zou, 1989). Apparently, the identification of the petrogenetic rela-
tionship between the K-A-] pegmatites and the Halong granite
plays an important role in characterizing the magmatic processes
and may greatly benefit further rare metal exploration in the
KAQ ore fields. In this study, we perform the geochronological
and Hf isotopic studies of the Halong granite and the K-A-] peg-
matites to reveal the magmatic sources and the petrogenesis of
these formations. Based on the calculated results of the compo-
nents of the initial magmas, we propose a new petrogenetic model
for the K-A-] pegmatites.

2. Geological background
2.1. Regional geology

The Chinese Altay is located in the northern part of Xinjiang
Province, extending eastward to Mongolia and westward to Kaza-
khstan and Russia (Fig. 1, Windley et al., 2002, 2007; Xiao et al.,
2004; Long et al., 2007, 2008, 2010; Sun et al., 2008, 2009). On
the basis of the stratigraphy, metamorphism, deformation pattern,
magmatic activity and geochronology, the Chinese Altay can be
divided into five fault-bounded terranes separated by the Hong-
shanzui, Kalaxianger, Abagong-Kurit and Maerkakuli Faults
(Fig. 1; Sengor et al., 1993; Long et al., 2007; Yuan et al., 2007;
Sun et al.,, 2008; Cai et al., 2011a,b). Terrane 1 is made up of Late
Devonian to Early Carboniferous clastic sediments, limestones
and some minor island-arc volcanic rocks metamorphosed at lower
greenschist facies. Terrane 2 is composed of a Middle Ordovician
turbidite sequence of lower greenschist facies. Terrane 3 is the lar-
gest terrane and is comprised of early Paleozoic sediments meta-
morphosed at a medium to high grade. Terrane 4 consists of
Devonian turbiditic sandstones, pillow basalts and some siliceous
volcanic rocks. Terrane 5 is mainly composed of Devonian fossilif-
erous successions that are, in turn, overlain by Late Carboniferous
formations.

The lowermost sedimentary sequence in the Chinese Altay is
the Habahe Group, which mostly consists of Ordovician to Sinian
thick marine-facies terrigenous clastic rocks including sandstones,
siltstones and mudstones (BGMRX, 1993; Windley et al., 2002;
Long et al., 2007). The recent U-Pb dating of the detrital zircons
and the whole-rock geochemical studies of the sedimentary rocks
of the Habahe Group suggest that these strata were deposited
along an active continental margin predominately during the
Silurian (Long et al., 2007, 2008, 2010). Additionally, the marine-
facies metasediments of the Kulumuti Group (S,3KL) uncon-
formably overlie the Habahe sequence in the central part of the
Chinese Altay (BGMRX, 1993). All of these strata were intruded
by early to middle Paleozoic arc-related plutons and late Paleozoic
post-collision A-type granites (Fig. 1; Han et al., 1997; Chen and
Jahn, 2002, 2004; Chen and Arakawa, 2005; Su et al., 2006; Wang
et al., 2006; Yuan et al., 2007; Zhou et al., 2008; Tang et al.,
2010; Cai et al., 2011a,b, 2012; Shen et al., 2011).

Abundant NW-SE trending faults occur in the Chinese Altay,
such as the Hongshanzui, Kalaxianger, Abagong-Kurit, Bazhai,
Maerkakuli and Erqis Faults (Fig. 1). As one of the largest transcurrent
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Fig. 2. The geological map of the Kaluan-Azubai-Qiongkuer ore field (modified after Ma, 2014).

faults in central Asia, the Erqis Fault forms the boundary between
the Altay orogenic belt and the Kazakhstan block (Sengor et al.,
1993; Wang et al., 2006). This fault zone contains an ophiolite with
a zircon U-Pb age of 390 Ma, and it is assumed to be the site of an
early to middle Paleozoic subduction (Wang et al., 2003). During
the late Paleozoic, this fault zone experienced a large-scale sinistral
displacement (Laurent-Charvet et al., 2003; Windley et al., 2007;
Briggs et al., 2009).

2.2. Geology of the Kaluan-Azubai-Qiongkuer ore fields

The Kaluan-Azubai-Qiongkuer (KAQ) ore fields are situated in
the central part of the Chinese Altay in Xinjiang Province and are
approximately 75 km northeast from Aletai City (Fig. 2). According
to the previous work, more than 10,000 pegmatite veins are
exposed in the KAQ ore fields, and a portion of these pegmatites
host economic rare-metal deposits (Wu and Zou, 1989; Ma, 2014).
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The exposed stratum in the KAQ ore fields mainly consists of
the Kulumuti group (S,_3KL), which is considered as a Silurian tur-
biditic sequence comprising siltstone and sandstone that have
been pervasively metamorphosed into moderate-grained mica
schist (Fig. 2; Windley et al., 2002; Wang et al., 2014). This group
has a total thickness of approximately 8000 m and is subdivided
into two subgroups based on the differences in lithofacies. The
Upper Kulumuti group (S,.3KLP) is grey, light-grey and green in
color and mainly includes homogenic migmatite, plagiogneiss,
staurolite-schist, andalusite-schist, chlorite-schist, sericite-schist,
metasandstone and calcareous sandstone. The Lower Kulumuti
group (S,.3KL?) is also grey, light-grey and green in color and
involves biotite-cordierite-quartz schist, biotite-gneiss, migma-
tite, chlorite-schist and muscovite-biotite schist (BGMRX, 1993;
Windley et al., 2002; Cai et al., 2011c).

2.3. Field relationship and petrography

The KLA803 pegmatite, a LCT-type pegmatite, intruded in the
Late Silurian sedimentary rocks (the Lower Kulumuti group,
S»3KL?) with a length of approximately 480 m and a width of
2 m. The textural zonation of this pegmatite is not obvious, and
only the graphic pegmatite zone and the quartz-albite-spodu
mene zone can be distinguished at the outcrop. The exposed rocks
mainly belong to the quartz-albite-spodumene zone, including the
rock-forming minerals of quartz, albite, spodumene, microcline
and muscovite (Fig. 3a).

The AZB-01 pegmatite is a Be-mineralized pegmatite. A sub-
stantial amount of beryl crystals are hosted in the graphic peg-
matite zone. This pegmatite vein shows a NS-trend with a dip
angle of 40°, and it is approximately 450 m in length and 3 m in
width. The exposed rocks primarily consist of quartz, albite, mus-
covite and microcline (Fig. 3b).

The JMK-09 pegmatite is a Nb and Ta-mineralized pegmatite
hosting considerable volumes of columbite-tantalite. This peg-
matite is located to the northwest of Qiongkuer Village and shows
a NE-trend. The pegmatite vein is approximately 480 m in length
and is 2-3 m in width with a dip angle of 50°. The textural zonation
of this pegmatite is difficult to distinguish, and the exposed rocks
are complicated. The rock-forming minerals are mainly quartz,
albite, muscovite, microcline and columbite-tantalite (Fig. 3c).

The Halong granite is situated in the southeastern part of Terrane
2 of the Chinese Altay, and it is considered to be a granitic batholith
covering an area of approximately 600 km?. In the hand specimen,
the rock samples are light-grey in color with a massive structure
and a granitic texture (Fig. 3d). The rock-forming minerals mainly
include quartz (25-30%), plagioclase (35-40%), potash feldspar
(25-33%), biotite (6-10%) and muscovite (2-4%) (Fig. 3d-f).

3. Samples and analytical methods

The evolution of pegmatitic magmas includes magmatic, mag-
matic-hydrothermal transition and hydrothermal stages, which
correspond to the internal zonations (from border to core) of peg-
matitic veins (Burnham and Ohmoto, 1980; London, 1986, 2005;
Morgan and London, 1999). Because the crystallization of the zir-
cons from the border zone of a pegmatite is dominantly controlled
by magmatic stage and has not been affected by the magmatic
hydrotherm, the U-Pb age of these zircons could represent the
emplacement age of the pegmatite (Lv et al., 2012). To avoid the
late-stage hydrothermal effects, the pegmatite samples were
selected from the border zones, and all of the samples were fresh
and of sufficient mass (>10 kg) to satisfy the requirements for zir-
con quality and quantity. To constrain the emplacement age cor-
rectly, we collected two samples (HLG-01 and HLG-02) without

lithological differences as fresh as possible for the zircon U-Pb dat-
ing. The specific sampling sites of the pegmatites and the Halong
granite are shown in Fig. 2.

The zircon grains from the KLA803 pegmatite, AZB-01 peg-
matite, JMK-09 pegmatite and the Halong granite were concen-
trated by using heavy-liquid and magnetic methods, and the
individual zircon grains were finally handpicked under a binocular
microscope. The zircon target preparation, image acquisition under
reflected light and cathodoluminescence (CL), and in situ U-Pb
analyses using laser ablation inductively coupled plasma mass
spectrometry (LA-ICPMS) were performed at Hefei University of
Technology, Hefei. The sample mounts were placed in a two-
volume sample cell flushed with Ar and He. The laser ablation
was operated at a constant energy of 80 mJ and at 8 Hz with a spot
diameter of 31 um. The ablated material was carried by He gas to
the Aglient 7500a ICP-MS for U-Pb isotopic analysis. The correc-
tions were included for the mass bias drift, which was referenced
using the standard of the NIST 610 glass (Pearce et al., 1997). The
Temora was used as the age standard (2°°Pb/?33U =416.8 Ma)
(Black et al., 2003). The trace-element concentrations of U, Th
and Pb were determined by normalizing the count rates for each
analyzed element to those for Si and assuming SiO, as stoichiomet-
ric in zircon. The apparent and concordant U-Pb ages were calcu-
lated using the ISOPLOT program (Ludwig, 2003).

The zircon Hf in situ isotopic analysis was conducted by
employing a 193 nm ArF excimer laser ablation system attached
to a Neptune Plasma Multicollector-ICP-MS at the State Key Labo-
ratory of Continental Dynamics, Department of Geology, North-
west University, Xi'an. The analysis was undertaken under a laser
repetition rate of 10 Hz at 200 mJ and an ablated spot size of
60 pm. The detailed analytical procedures were described by Xu
et al. (2004) and Wu et al. (2006). The '"SHf/'”’Hf ratio of
0.282307 +24 (26, N=11), obtained by our analysis, varied in
accordance with 0.282302 + 8 (25), as determined using the solu-
tion method for the zircon standard 91500 (Goolaerts et al., 2004;
Woodhead et al., 2004).

4. Results
4.1. Zircon U-Pb geochronology

4.1.1. KLA803 pegmatite

The zircon grains of the KLA803 pegmatite vary from 100 to
200 pm in size and from brown to dark brown in color with opa-
que, euhedral tetragonal-dipyramid or stubby tetragonal prism
shapes (Fig. 4a). The grains show taxitic and mottled textures with
a weak cathodoluminescence (CL). These features can be explained
by the radiation damage of U*", which may suppress the CL emis-
sion of zircon (Rubatto and Gebauer, 2000; Corfu et al., 2003;
Hanchar and Hoskin, 2003). The Th and U contents of the analytical
spots ranged from 40 to 5991 ppm and from 1913 to 70,047 ppm,
with Th/U ratios ranging from 0.02 to 0.50.

A total of nineteen zircons from the KLA803 pegmatite were
selected to determine the U and Pb isotopic compositions (Table 1).
Six of the nineteen spots that yield older 2°°Pb/?*8U ages from
373 Ma to 265 Ma evidently deviate from the concordant line in
the diagram (Fig. 5a), and they are most likely to be xenocrysts
because of the relatively high Th/U ratios (from 0.10 to 0.50,
Table 1). One spot (KLA803-02) yielded a meaningless younger
206ph 238 age of 200 Ma, possibly because of the radioactive Pb
loss (Lv et al., 2012). The other twelve spots define an extraordinar-
ily similar age population (from 227 to 223 Ma) and yielded a
weighted mean 2%Pb/238U age of 224.6 + 2.3 Ma (Fig. 5a), which
most likely represents the crystallization age of the zircons of the
KLA803 pegmatite.
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Fig. 3. The photographs and micrographs of the KLA803 pegmatite, the AZB-01 pegmatite, the J]MK-09 pegmatite and the Halong granite: (a) the photograph of the KLA803
pegmatite showing the spodumene crystals; (b) the photograph of the AZB-01 pegmatite showing the crystals of beryl; (c) the photograph of the JMK-09 pegmatite showing
the dark minerals of columbite-tantalite; (d) the photograph of the Halong granite in the hand specimen; (e) the micrograph of the Halong granite, including rock-forming
minerals of muscovite, quartz and K-feldspar; (f) the micrograph of the Halong granite with plagioclase and large size muscovite. Ab: albite, Ms: muscovite, Qtz: quartz, Kfs:

K-feldspar, Brl: beryl, Pl: plagioclase, Bt: Biotite; Spd: spodumene.

4.1.2. AZB-01 pegmatite

The zircon grains of the AZB-01 pegmatite vary from 100 to
250 um in size with a euhedral tetragonal-dipyramid or stubby
tetragonal prism shape (Fig. 4b). The mantles and cores of these
zircons usually show taxitic and mottled textures with a weak
cathodoluminescence (CL). The zircons of the spots of AZB-01-06
and AZB-01-10 exhibit a porous and spongy texture, which may
result from the high U contents (i.e, 11,620ppm and
13,939 ppm). The Th and U contents of the analytical spots ranged

from 13 to 406 ppm and from 1008 to 13,939 ppm, with Th/U
ratios ranging from 0.01 to 0.06 (Table 1).

Nineteen zircons from the AZB-01 pegmatite were selected for
the determinations of the U and Pb isotopic compositions. The
206pp/238 ages of these zircons vary from 205.9 to 186.5 Ma, in
which, sixteen spots yielded concordant ages from 196.9 to
186.5 Ma and a weighted mean age of 191.6 £ 2.0 Ma. Three other
spots that exhibited weak CL yielded meaningless ages of 205.9,
205.8 and 205.0 Ma, possibly because of the high contents of U
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Fig. 4. The CL images of zircons from the KLA803 pegmatite, AZB-01 pegmatite, ]MK-09 pegmatite and the Halong granite (HLG-01 and HLG-02).

(6102-13,939 ppm). Therefore, the weighted mean age of
191.6 £ 2.0 Ma probably represents the formation age of the AZB-
01 pegmatite (Fig. 5b).

4.1.3. JMK-09 pegmatite

The zircon grains of the J]MK-09 pegmatite vary from 100 to
250 um in size and are dark brown in color with a subhedral
tetragonaldipyramid or euhedral stubby tetragonal prism shape
(Fig. 4c). A number of zircons (i.e., the spots of JMK-09-01, JMK-
09-03 and JMK-09-05) exhibit blurred remnants of the original
oscillatory zoning. The Th and U contents of the analytical spots
ranged from 2 to 928 ppm and from 1531 to 8656 ppm, with
Th/U ratios ranging from 0.002 to 0.14.

A total of seventeen zircons were selected to determine the
U-Pb isotopic compositions, yielding 2°°Pb/?*8U ages from 577.6

to 193.0 Ma (Table 1). Ten of the seventeen spots that exhibit blurred
remnants of the original zoning, as shown in the CL images, yield
much older ages from 577.6 to 350.3 Ma, indicating that these
zircons are likely xenocrysts (i.e., the spots of JMK-09-01, JMK-09-
03 and JMK-09-05). The other seven spots are close to the concor-
dant line and yield a weighted mean age of 192.0 + 2.3 Ma (Fig. 5¢).
We consider this age to be the zircon crystallization time.

4.1.4. HLG-01

The zircon grains from sample HLG-01 are 100-300 pm in size
and pale yellow in color with a euhedral spindly or stubby tetrag-
onal prism shape. All of the zircons show a bright CL and clear con-
centric oscillatory zones (Fig. 4d). The Th and U contents of the
analytical spots ranged from 67 to 1136 ppm and from 108 to
3314 ppm, respectively, with the Th/U ratios ranging from 0.12
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Table 1
The zircon U-Pb dating results of the KLA803 pegmatite, the AZB-01 pegmatite, the J]MK-09 pegmatite and the Halong granite (HLG-01 and HLG-02), determined by LA-ICP-MS.

Sample Th (ppm) U (ppm) Th/U Ratio Age (Ma)

207Pb/206Pb 16 207Pb/235U 16 ZOGPb/238U 10 207Pb/235U 1o 206Pb/238U 16
KLA803
KLA803-01 291 3295 0.088  0.09209 0.00321  0.46102 0.02149  0.03548 0.00061 385.0 15 2247 4
KLA803-02 2395 70047 0.034 0.17674 0.00754 0.78421 0.04641 0.03158 0.00069 587.9 26 2004 4
KLA803-03 186 5143 0.036 0.11312 0.00316 0.55952 0.01796 0.03587 0.00057 451.2 12 227.2 4
KLA803-04 364 3576 0.102  0.30695 0.01228  1.81830 0.09473  0.04217 0.00079  1052.1 34 266.2 5
KLA803-05 129 3185 0.041 0.10682 0.00452 0.52839 0.02633 0.03555 0.00059 430.7 17 2252 4
KLA803-06 67 2026 0.033 0.08467 0.00376 0.41037 0.01942 0.03522 0.00066 349.1 14 2232 4
KLA803-07 343 5379 0.064 0.10114 0.00339  0.49901 0.01842  0.03561 0.00038 411.0 12 2256 2
KLA803-08 270 8160 0.033 0.17969 0.00508 0.87751 0.02757 0.03524 0.00044 639.6 15 2233 3
KLA803-09 1327 5789 0.229 0.13199 0.00372 0.77583 0.02406 0.04235 0.00059 583.1 14 267.4 4
KLA803-10 169 2091 0.081 0.07783 0.00231 0.38097 0.01174 0.03524 0.00050 327.8 9 2233 3
KLA803-11 188 4831 0.039 0.07759 0.00214 0.38133 0.01142 0.03530 0.00047 328.0 8 223.6 3
KLA803-12 40 1913 0.021 0.14267 0.00829 0.74091 0.05263 0.03573 0.00075 562.9 31 226.3 5
KLA803-13 5991 18,857 0318 0.27727 0.00620 1.62048 0.04693 0.04201 0.00071 978.2 18 265.3 4
KLA803-14 250 2566 0.097 0.14337 0.00414 0.84586 0.03034 0.04230 0.00064 622.4 17 267.0 4
KLA803-15 370 4005 0.092 0.09814 0.00305 0.46732 0.02052 0.03590 0.00235 389.3 14 2273 15
KLA803-16 1271 3679 0.346 0.19280 0.00588 1.60955 0.07020 0.05951 0.00130 973.9 27 372.7 8
KLA803-17 4643 9321 0.498 0.25645 0.00624 2.11096 0.07902 0.05970 0.00191 11524 26 373.8 12
KLA803-18 298 7701 0.039 0.17572 0.00696 0.87575 0.05054 0.03523 0.00056 638.7 27 223.2 4
KLA803-19 148 5185 0.029 0.17967 0.00467 0.89653 0.03342 0.03562 0.00059 649.9 18 225.6 4
AZB-01
AZB-01-01 13 1008 0.013 0.04871 0.00333 0.19707 0.01343 0.02935 0.00027 182.6 11 186.5 2
AZB-01-02 101 6637 0.015 0.06587 0.00583 0.27628 0.02489 0.03006 0.00032 247.7 20 190.9 2
AZB-01-03 406 6363 0.064 0.07084 0.00203  0.29776 0.00816  0.03039 0.00027 264.7 6 193.0 2
AZB-01-04 100 3345 0.030 0.07649 0.01071 0.32657 0.04625 0.03008 0.00033 286.9 35 191.0 2
AZB-01-05 36 1459 0.025 0.10931 0.01777 0.45292 0.07342 0.03019 0.00052 3793 51 191.7 3
AZB-01-06 160 11620 0.014 0.12244 0.01971 0.54780 0.08776 0.03231 0.00030 443.6 58 205.0 2
AZB-01-07 76 7920 0.010 0.06322 0.01096 0.33269 0.07651 0.03026 0.00074 291.6 58 192.2 5
AZB-01-08 22 2308 0.010 0.05393 0.00658 0.22373 0.02722 0.03005 0.00029 205.0 23 190.9 2
AZB-01-09 62 2593 0.024 0.05735 0.00456 0.24336 0.01920 0.03064 0.00029 221.2 16 194.6 2
AZB-01-10 151 13939 0.011 0.10045 0.00530 0.45593 0.02516 0.03245 0.00037 381.4 18 205.9 2
AZB-01-11 118 6102 0.019 0.09907 0.00251 0.44158 0.01059 0.03244 0.00039 3714 7 205.8 2
AZB-01-12 52 1517 0.034 0.14999 0.00664 0.66419 0.04012 0.03016 0.00055 517.2 24 191.6 3
AZB-01-13 91 1515 0.060 0.07419 0.00908 0.34504 0.05862 0.02937 0.00060 301.0 44 186.6 4
AZB-01-14 119 3673 0.032 0.10011 0.00207 0.42202 0.00980 0.03036 0.00034 357.5 7 192.8 2
AZB-01-15 104 3760 0.028 0.11905 0.00309 0.51081 0.01514 0.03079 0.00038 419.0 10 195.5 2
AZB-01-16 94 3311 0.028 0.08644 0.00284 0.36394 0.01411 0.02995 0.00034 315.2 11 190.2 2
AZB-01-17 85 2644 0.032 0.11611 0.00277 0.50358 0.01449 0.03102 0.00035 414.1 10 196.9 2
AZB-01-18 32 2010 0.016 0.07599 0.00174 0.31823 0.00776 0.03015 0.00030 280.5 6 191.5 2
AZB-01-19 64 3423 0.019 0.07334 0.00244 0.30793 0.01158 0.02993 0.00032 272.6 9 190.1 2
JMK-09
JMK-09-01 38 3675 0.010 0.06637 0.00723 0.64483 0.08008 0.06198 0.00083 505.3 49 387.7 5
JMK-09-02 21 3642 0.006 0.06437 0.00133 0.60688 0.01323 0.06208 0.00060 481.6 8 388.3 4
JMK-09-03 386 5803 0.067 0.11308 0.00710 1.39729 0.09905 0.08139 0.00085 887.8 42 504.4 5
JMK-09-04 52 4062 0.013 0.11072 0.00406 1.32368 0.05558 0.08124 0.00083 856.1 24 503.5 5
JMK-09-05 492 6787 0.072 0.13803 0.00320 1.82686 0.04579 0.09344 0.00114 1055.2 16 575.9 7
JMK-09-06 166 4995 0.033 0.11228 0.00289 1.48534 0.03820 0.09340 0.00103 9244 16 575.6 6
JMK-09-07 2 1531 0.002 0.06814 0.00219 0.92548 0.03499 0.09289 0.00173 665.3 18 572.6 10
JMK-09-08 691 8656 0.080 0.16378 0.00988 2.31322 0.15379 0.09373 0.00200 1216.3 47 577.6 12
JMK-09-09 206 4849 0.042 0.16201 0.00516 1.36921 0.04770 0.05585 0.00116 875.8 20 3503 7
JMK-09-10 928 6670 0.139 0.16107 0.01267 1.69860 0.18638 0.06200 0.00152 1008.0 70 387.8 9
JMK-09-11 145 5227 0.028 0.09549 0.00269 0.41168 0.01331 0.03065 0.00052 350.1 10 194.6 3
JMK-09-12 87 8201 0.011 0.06106 0.00181 0.26789 0.00967 0.03092 0.00058 241.0 8 196.3 4
JMK-09-13 155 5324 0.029 0.07533 0.00239 0.32772 0.01191 0.03056 0.00066 287.8 9 194.1 4
JMK-09-14 150 8087 0.019 0.09413 0.00316 0.40981 0.01388 0.03080 0.00076 348.7 10 195.6 5
JMK-09-15 929 3140 0.032 0.07050 0.00216 0.31145 0.01128 0.03081 0.00092 275.3 9 195.6 6
JMK-09-16 74 3877 0.019 0.07560 0.00189 0.32986 0.00830 0.03063 0.00100 289.5 6 194.5 6
JMK-09-17 61 6011 0.010 0.06578 0.00295 0.28880 0.01413 0.03039 0.00111 257.6 11 193.0 7
HLG-01
HLG-01-01 684 659 1.038 0.05258 0.00331 0.45508 0.02650 0.06158 0.00129 380.8 18 385.2 8
HLG-01-02 1136 330 3.439 0.05163 0.00336 0.47699 0.02964 0.06617 0.00141 396.0 20 413.0 9
HLG-01-03 310 511 0.607 0.05781 0.00408 0.50639 0.03400 0.06288 0.00145 416.0 23 393.1 9
HLG-01-04 340 582 0.585 0.05560 0.00307 0.49417 0.02672 0.06339 0.00124 407.7 18 396.2 8
HLG-01-05 192 1164 0.165 0.05364 0.00145 0.49108 0.01308 0.06503 0.00071 405.6 9 406.1 4
HLG-01-06 506 1924 0.263 0.05311 0.00158 0.47411 0.01343 0.06331 0.00077 394.0 9 395.7 5
HLG-01-07 139 303 0.457 0.05575 0.00258 0.48692 0.02064 0.06339 0.00108 402.8 14 396.2 7
HLG-01-08 143 299 0.480 0.05135 0.00364 0.43842 0.02891 0.06163 0.00163 369.1 20 385.6 10
HLG-01-09 726 3314 0.219 0.05300 0.00139 0.47275 0.01216 0.06316 0.00074 393.1 8 394.8 4
HLG-01-10 267 381 0.703 0.05445 0.00200 0.48490 0.01638 0.06418 0.00092 401.4 11 401.0 6
HLG-01-11 378 183 2.070 0.05467 0.00255 0.48186 0.02242 0.06410 0.00110 3993 15 400.5 7
HLG-01-12 479 344 1.391 0.05373 0.00196 0.49297 0.01829 0.06500 0.00093 406.9 12 406.0 6
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Table 1 (continued)

Sample Th (ppm) U (ppm) Th/U Ratio Age (Ma)

207pp2%py 16 W7pp23Y 1o 206pp238y g W7ppRBY 16 2%ppPBU 1o
HLG-01-13 473 294 1.607 0.05367 0.00279  0.48778 0.02380  0.06509 0.00119 403.4 16 406.5 7
HLG-01-14 67 337 0.200  0.05439 0.00297 0.49617 0.02438  0.06516 0.00135 4009.1 17 406.9 8
HLG-01-15 412 212 1.938 0.05767 0.00307 0.51157 0.02569  0.06399 0.00129 419.5 17 399.8 8
HLG-01-16 222 108 2.052 0.06468 0.00427 0.54131 0.02971 0.06430 0.00180 439.3 20 401.7 11
HLG-01-17 96 785 0.122 0.05231 0.00211 0.47271 0.01864  0.06407 0.00088 393.1 13 400.3 5
HLG-01-18 255 159 1.607  0.06128 0.00335  0.52938 0.02565  0.06374 0.00116 431.4 17 3983 7
HLG-02
HLG-02-01 724 828 0.87 0.04901 0.00184 0.43124 0.01465 0.06286 0.00079 364.1 10 393.0 5
HLG-02-02 179 448 0.40 0.04894 0.00182 0.43500 0.01500  0.06356 0.00085 366.7 11 397.2 5
HLG-02-03 150 730 0.20 0.05024 0.00145 0.44847 0.01202 0.06386 0.00067 376.2 8 399.0 4
HLG-02-04 221 591 0.37 0.05304 0.00178 0.47230 0.01511 0.06367 0.00078 392.8 10 397.9 5
HLG-02-05 308 401 0.77 0.05087 0.00195 0.45002 0.01589  0.06392 0.00086 3773 11 399.4 5
HLG-02-06 140 360 0.39 0.05316 0.00236  0.47461 0.02236  0.06335 0.00095 394.4 15 395.9 6
HLG-02-07 202 335 0.60 0.04945 0.00196  0.43820 0.01693 0.06376 0.00082 369.0 12 398.4 5
HLG-02-08 199 461 0.43 0.05277 0.00206  0.46320 0.01762 0.06307 0.00087 386.5 12 3943 5
HLG-02-09 365 724 0.50 0.05358 0.00189  0.47741 0.01638  0.06361 0.00076 396.3 11 397.6 5
HLG-02-10 48 150 0.32 0.05224 0.00334  0.44905 0.02692 0.06347 0.00121 376.6 19 396.7 7
HLG-02-11 107 198 0.54 0.05487 0.00241 0.48556 0.01960  0.06430 0.00091 401.9 13 401.7 6
HLG-02-12 171 253 0.67 0.05205 0.00227 0.45146 0.01765 0.06334 0.00100 378.3 12 395.9 6
HLG-02-13 190 321 0.59 0.05107 0.00195 0.45291 0.01608 0.06374 0.00097 379.3 11 398.3 6
HLG-02-14 46 241 0.19 0.05456 0.00246  0.47852 0.01995 0.06361 0.00114 3971 14 397.5 7
HLG-02-15 197 410 0.48 0.05001 0.00176  0.44159 0.01495 0.06350 0.00079 3714 11 396.9 5
HLG-02-16 151 363 0.42 0.05617 0.00194  0.50055 0.01748  0.06353 0.00092 412.1 12 397.1 6
HLG-02-17 140 509 0.27 0.04969 0.00229  0.44241 0.01988  0.06340 0.00086 371.9 14 396.3 5
HLG-02-18 121 283 0.43 0.05289 0.00253  0.46789 0.02084  0.06356 0.00109 389.7 14 3972 7

to 3.44 (Table 1). These characteristics indicate that the zircons of
this sample are magmatic in origin.

The U-Pb isotope analytical results for the eighteen zircons of
the HLG-01 are listed in Table 1. All of the spots are close to the
concordant line in the 2°Pb/?38U vs. 2°Pb/?3>U concordia diagram
and yield a weighted average age of 399.7 + 2.9 Ma (Fig. 5d).

4.1.5. HLG-02

The zircon grains from sample HLG-02 are 100-350 pm in size
and yellow in color with euhedral tetragonal prism shapes
(Fig. 4e). The CL images of the zircons exhibit a clear and periodic
zonal texture. The Th and U contents of the analytical spots ranged
from 46 to 724 ppm and from 150 to 828 ppm, respectively, with
the Th/U ratios ranging from 0.19 to 0.87, indicating that these zir-
cons are also magmatic in origin (Table 1).

Eighteen zircons for the determinations of the U and Pb isotopic
compositions were selected from the domains of bright CL,
homogenous composition and clear oscillatory zoning. All of the
spots yield a similar age population of 410.7 to 393.0 Ma with a
weighted mean age of 397.3 + 2.4 Ma (Fig. 5e).

In combination with the sample of HLG-01, a total of 36 spots
yield a weighted mean age of 398.3 + 2.4 Ma (MSWD = 0.57, Prob-
ability = 0.98; Fig. 5f). We consider that this age is the emplace-
ment age of the Halong granite.

4.2. Zircon Hf isotopic compositions

4.2.1. KLA803 pegmatite

Fifteen spots of the zircons of the KLA803 pegmatite exhibit
nearly identical 'SHf/'”’Hf values from 0.28263 to 0.28271
(Table 2). According to the crystallization age of 225 Ma, the calcu-
lated €Hf(t) values ranged from —0.6 to +2.2 with the Tpy; model
ages ranging from 858 to 748 Ma and Tpy; model ages ranging
from 1275 to 1095 Ma.

4.2.2. AZB-01 pegmatite
Fifteen zircon grains of the AZB-01 pegmatite yielded
176Hf/"77Hf values ranging from 0.28262 to 0.28283. Based on the

crystallization age of 192 Ma, the calculated €Hf(t) values are from
—1.0 to +6.3, with the Tpy; model ages ranging from 874 to 597 Ma
and the Tpy, model ages ranging from 1298 to 833 Ma (Table 2).

4.2.3. JMK-09 pegmatite

Fifteen spots of the zircons of the JMK-09 pegmatite exhibit
nearly identical '7°Hf/'’Hf values ranging from 0.28266 to
0.28274 (Table 2). According to the crystallization age of 192 Ma,
the calculated eHf(t) values ranged from +0.4 to +3.3 with the
Tom1 model ages ranging from 817 to 708 Ma and the Tpy, model
ages ranging from 1208 to 1028 Ma.

4.2.4. HLG-01

Eleven spots of sample HLG-01 yielded '"SHf/'””Hf values rang-
ing from 0.28283 to 0.28296 (Table 2). Based on the crystallization
age of 398 Ma (the weighted mean age of the two samples of the
Halong granite determined in this study), the calculated eHf(t) val-
ues ranged from +10.4 to +15.2 with the Tpy; model ages ranging
from 610 to 414 Ma and the Tpy;, model ages ranging from 727 to
423 Ma.

4.2.5. HLG-02

Twelve spots of sample HLG-02 yielded '7®Hf/'”7Hf values rang-
ing from 0.28281 to 0.28296 (Table 2). According to the crystalliza-
tion age of 398 Ma, the calculated eHf(t) values of these spots
ranged from +9.9 to +15.1, with the Tpy; model ages ranging from
626 to 419 Ma and the Tpy, model ages ranging from 760 to
430 Ma.

5. Discussion
5.1. Magmatism in the Chinese Altay

The recent zircon U-Pb dating results for the igneous rocks
demonstrate that the magmatism was widespread throughout
the Chinese Altay continuously from the early Paleozoic to the
early Mesozoic (Han et al., 1997; Chen and Arakawa, 2005; Zhu
et al., 2006; Briggs et al., 2007; Yuan et al., 2007; Long et al.,
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Fig. 5. The U-Pb concordia diagrams of the KLA803 pegmatite, AZB-01 pegmatite, JMK-09 pegmatite and the Halong granite (HLG-01 and HLG-02).

2007; Sun et al., 2008; Cai et al., 2011a,b, 2012; Ren et al., 2011; Lv
et al., 2012). The emplacement of the early Paleozoic subduction-
related granites in the Chinese Altay was constant and reached a

peak in the Devonian (Cai et al., 2011a,b, 2012; Wang et al,,
2011), and the post-collision A-type granites and pegmatites
mainly appeared after ca. 310 Ma (Zhu et al., 2006; Shen et al.,
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Table 2
Hf isotopic compositions of the KLA803 pegmatite, the AZB-01 pegmatite, the J]MK-09 pegmatite and the Halong granite (HLG-01 and HLG-02), determined by LA-MC-ICPMS.

Sample 176 u/177Hf 176yb/177Hf 176HE/17THE 1o eHf(t) Tom1 (Ma) Tomz (Ma)
KLA803

KLA803-01 0.00001 0.00026 0.28268 6 1.1 789 1163
KLA803-02 0.00001 0.00028 0.28265 9 0.1 831 1230
KLA803-03 0.00002 0.00065 0.28271 7 2.2 748 1095
KLA803-04 0.00004 0.00115 0.28268 7 1.1 790 1163
KLA803-05 0.00003 0.00095 0.28270 7 1.8 762 1118
KLA803-06 0.00002 0.00066 0.28263 7 -0.6 858 1275
KLA803-07 0.00004 0.00125 0.28267 7 0.8 804 1185
KLA803-08 0.00004 0.00136 0.28269 7 1.5 776 1141
KLA803-09 0.00006 0.00197 0.28266 9 0.4 818 1208
KLA803-10 0.00001 0.00051 0.28266 7 0.4 817 1208
KLA803-11 0.00002 0.00131 0.28269 8 1.5 776 1140
KLA803-12 0.00003 0.00123 0.28265 8 0.1 831 1230
KLA803-13 0.00004 0.00111 0.28266 9 0.4 817 1208
KLA803-14 0.00003 0.00870 0.28264 7 -03 845 1253
KLA803-15 0.00002 0.00253 0.28267 8 0.8 803 1185
AZB-01

AZB-01-01 0.00001 0.00037 0.28267 5 0.8 803 1185
AZB-01-02 0.00009 0.00309 0.28263 10 -0.6 860 1276
AZB-01-03 0.00050 0.01244 0.28280 8 53 632 897
AZB-01-04 0.00010 0.00255 0.28262 11 -1.0 874 1298
AZB-01-05 0.00011 0.00361 0.28272 7 2.5 736 1074
AZB-01-06 0.00001 0.00052 0.28264 7 -0.3 844 1253
AZB-01-07 0.00018 0.00602 0.28276 6 3.9 682 984
AZB-01-08 0.00056 0.01332 0.28278 9 4.6 661 943
AZB-01-09 0.00028 0.00800 0.28272 6 2.5 740 1075
AZB-01-10 0.00095 0.02116 0.28283 7 6.3 597 833
AZB-01-11 0.00014 0.00522 0.28271 6 2.2 751 1096
AZB-01-12 0.00015 0.00409 0.28275 6 3.6 696 1007
AZB-01-13 0.00042 0.00979 0.28274 8 3.2 714 1031
AZB-01-14 0.00081 0.02213 0.28271 7 21 764 1102
AZB-01-15 0.00103 0.02321 0.28277 7 4.2 684 969
JMK-09

JMK-09-01 0.00002 0.00096 0.28272 9 2.6 735 1073
JMK-09-02 0.00001 0.00047 0.28268 6 11 789 1163
JMK-09-03 0.00007 0.00348 0.28272 10 2.5 736 1073
JMK-09-04 0.00000 0.00028 0.28270 7 1.8 762 1118
JMK-09-05 0.00000 0.00017 0.28271 7 2.2 748 1095
JMK-09-06 0.00003 0.00163 0.28269 8 15 776 1140
JMK-09-07 0.00002 0.00126 0.28267 9 0.8 803 1185
JMK-09-08 0.00006 0.00298 0.28274 8 33 708 1028
JMK-09-09 0.00004 0.00226 0.28269 8 15 776 1141
JMK-09-10 0.00002 0.00078 0.28266 7 0.4 817 1208
JMK-09-11 0.00002 0.00099 0.28271 7 2.2 748 1095
JMK-09-12 0.00001 0.00064 0.28268 9 11 789 1163
JMK-09-13 0.00004 0.00197 0.28270 8 1.8 763 1118
JMK-09-14 0.00003 0.00139 0.28269 9 15 776 1140
JMK-09-15 0.00004 0.00222 0.28271 8 2.2 749 1096
HLG-01

HLG-01-01 0.00113 0.03048 0.28295 10 14.8 429 447
HLG-01-02 0.00138 0.03763 0.28288 10 123 533 609
HLG-01-03 0.00103 0.02649 0.28295 12 14.8 428 445
HLG-01-04 0.00104 0.02621 0.28296 7 15.2 414 423
HLG-01-05 0.00042 0.01228 0.28292 9 13.9 463 502
HLG-01-06 0.00182 0.03423 0.2829 9 12.9 510 571
HLG-01-07 0.00172 0.03246 0.28283 9 104 610 727
HLG-01-08 0.00128 0.02579 0.28293 8 14.1 460 494
HLG-01-09 0.00147 0.02536 0.28289 10 12.6 520 588
HLG-01-10 0.00142 0.01321 0.28293 8 14 461 497
HLG-01-11 0.00171 0.03222 0.28288 10 12.2 537 615
HLG-02

HLG-02-01 0.00132 0.03487 0.28294 10 144 446 472
HLG-02-02 0.00131 0.0339 0.28291 9 133 489 540
HLG-02-03 0.00099 0.02626 0.28281 10 9.9 626 760
HLG-02-04 0.00151 0.04191 0.28296 11 151 419 430
HLG-02-05 0.00155 0.04214 0.28293 12 14 463 499
HLG-02-06 0.00118 0.03033 0.28288 9 123 530 606
HLG-02-07 0.00109 0.02834 0.28286 9 11.6 557 649
HLG-02-08 0.00107 0.02632 0.28289 10 12.7 514 581
HLG-02-09 0.00167 0.04007 0.28292 11 13.6 479 524

(continued on next page)
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Table 2 (continued)

Sample 176Lu/ 7 7HE 176yb/17THE 176Hf/17THF 1c eHf(t) Tomi (Ma) Tomz (Ma)
HLG-02-10 0.00166 0.04001 0.28294 11 14.3 450 478
HLG-02-11 0.00126 0.03123 0.2829 11 13 502 562
HLG-02-12 0.00118 0.02657 0.28284 10 10.9 587 696

eHf() = {[("7°Hf/77Hf)s — (7°Lu/77Hf)s x (e*~DI/[("°Hf/""Hf)cuur — ("7°Lu/""Hf)cuur x (€% = 1)] — 1} x 10,000.

Tomr = 1/2In{[(*7®HE/"7Hf)s — (""°HE""Hf)pm]/[(*7°Lu/"""HE)s — (*7°Lu/*7"Hf)pu] + 1}.
Tomz = t+ 1/2n{[("7°HE/77HE)s — ("7°HE77Hf)pm]/[("7°Lu/'77H)c — (*7°Lu/"7Hf)pm] + 1).

(""SHI/""Hf)pmoy = 0.28325, (*7°Lu/'""Hf)pmo = 0.0384, (7CHf/'7"Hf)c(0) = 0.282500, (*7°Lu/"""Hf)i 0y =0.022, % =1.867 x 10~ year~!, t = crystallization time of zircon

(Griffin et al., 2002; Soderlund et al., 2004).

2011; Lv et al,, 2012; Ma, 2014). This prolonged magmatism was
closely associated with the tectonic evolution of the Chinese Altay
and was transformed from subduction-related to post-collisional,
mainly because of the collision between the Siberia and Kaza-
khstan blocks during the Late Carboniferous and the Early Permian
(Chen and Jahn, 2004; Windley et al., 2007; Xiao et al., 2008; Zhou
et al., 2008; Cai et al., 2011a,b, 2012; Lv et al,, 2012; Zhang and
Zhang, 2014).

The zircon U-Pb geochronological studies indicate that the K-
A-] pegmatites were emplaced in the Mesozoic and the Halong
granite was formed in the middle Paleozoic. They were petrogenet-
ically associated with different tectonic phases of the Chinese Altay
and should have formed from different magmas.

5.2. Origin of the magmas of the K-A-] pegmatites and the Halong
granite

5.2.1. The K-A-] pegmatites

The eHf(t) values of the KLA803 pegmatite, AZB-01 pegmatite
and JMK-09 pegmatite ranged from —0.6 to +2.2, from —1.0 to
+6.3 and from +0.4 to +3.3, respectively (Table 2). These narrow
ranges of eHf(t) values of the K-A-] pegmatites indicate that they
have formed from closed magmatic systems (Fig. 6a). In the age
versus €Hf(t) diagram, the spots of the samples of the K-A-] peg-
matites reside between the DM line and the CHUR line, indicating
that the magma source may be a mixture of the depleted mantle
and crustal components (Fig. 6a). The Tpy; and Tpyp model ages
of the K-A-] pegmatites vary from 874 to 597 Ma and from 1298
to 833 Ma. In comparison, the Kaluan No. 805 and 806 pegmatites,
Kukalagai No. 650 pegmatite, Koktokay No. 3 pegmatite and Kelu-
mute No. 112 pegmatite exhibit negative to low-positive gHf(t)
values (from 0.0 to +2.5, +0.6 to +2.0, —0.5 to +1.8, +1.3 to +2.4
and +0.0 to +2.4, respectively) but older Tpy model ages (1690-
1880 Ma, 1747-1851Ma, 1737-1905Ma, 1102-1174Ma and
1112-1225 Ma, respectively; Fig.6a; Zhu et al., 2006; Chen,
2011; Lv et al., 2012; Ma, 2014), indicating that the magma source
of the K-A-] pegmatites may be different from the above-
mentioned pegmatites.

5.2.2. The Halong granite

Two samples of the Halong granite yield positive and high eHf
(t) values from +10.4 to +15.2 and from +9.9 to +15.1. In the age
versus eHf(t) diagram (Fig. 6a), the spots of samples HLG-01 and
HLG-02 reside between the DM line and the CHUR line and are
near the DM line, implying a small-scale heterogeneous magma
source with a large proportion of the depleted mantle components.
The young model ages of the Halong granite (with the Tpy; ranging
from 626 to 414 Ma and the Tpy, ranging from 760 to 423 Ma)
indicate that large volumes of juvenile materials have added in
its magma source. The previously reported Paleozoic granitoids
in the Chinese Altay are characterized by scattered ¢Hf(t) values
and model ages (ranged from —1.4 to +14.1 and 1680 Ma to
437 Ma, respectively; Cai et al., 2011a,b, 2012; Shen et al., 2011;
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Fig. 6. (a) The age vs. eHf(t) diagram of the K-A-] pegmatites and the Halong
granite (the Hf isotopic data of the Kaluan No. 805 pegmatite, Kaluan No. 806
pegmatite, Kukalagai No. 650 pegmatite, Kelumute No. 112 pegmatite and
Koktokay No. 3 pegmatite are from Chen, 2011; Lv et al, 2012; Ma, 2014); (b)
the age vs. '7SHf/'”’Hf diagram of the K-A-] pegmatites, where the average
176Hf/177HF ratio (0.282909) of the Halong granite is calculated on the basis of our
data in this work (avg. '7®Hf/'77Hf = 0.282905, avg. '7Lu/'”’Hf = 0.001314, N = 23),
and the average '"SHf/"77Hf ratio (0.28244) of the sediments from the Kulumuti
group is calculated from the eNd(t) value (—3.5, Wang et al., 2014), the '7Lu/'"’Hf
ratio (0.015, avg. Crust, Han and Ma, 2003) and a formula of eHf = 1.83eNd + 0.60
(Vervoort et al., 1999).

Wang et al., 2011), and they have been interpreted by an early-
middle Paleozoic subduction model and a late Paleozoic post-
collision model (Cai et al., 2011b; Shen et al., 2011). According to
a subduction-related magmatism (Nicholls and Ringwood, 1972;
Kay, 1980; Wyllie and Sekine, 1982; Hofmann, 1997; Ishizuka
et al., 2003), the Halong granite was probably derived from the
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partial melting of juvenile materials with a slight involvement of
crustal materials. In addition, the differences in e¢Hf(t) values and
model ages demonstrate that the Halong granite was not the par-
ental granite of the K-A-] pegmatites.

5.3. Components of the initial magmas of the K-A-] pegmatites

5.3.1. The mixing model for two end members of A and B

The atomic concentrations of Hf isotopes ('”®Hf and '77Hf) of a
sample associated with a two-end mixed magma can be presented
as

HI, HF
"76Hfs = -~ 1SHf\Nf + - "HfgN(1 — 1
S = W HIANE o+ g TPHEN( - f) (1)
gy = W vme ne o HIe orpeon ) (2)
W177 W177

where Hf, and Hfg are the abundances of Hf in the end members of
A and B, W is the relative atomic mass (the molar mass), N is the
Avogadro constant, and f is the mixing ratio. '7’Hf,, 177Hfg, 7®Hfa
and '"®Hfy are the Hf isotopic abundances in the end members A
and B. Dividing Eq. (1) by Eq. (2), the Hf isotopic ratio can be
expressed as

WA 1T6Hf, Nf 4 18- 176 HfgN(1 — f)

(176Hf/177Hf) _ Wi 176 (3)
S WA TTHEANF + PIE 17HFN(1 — f)

where W,,6/W;77 = 176/177 ~ 1, and 7’Hf, is approximately equal
to '77Hfg because '"7Hf is a stable isotope. Eq. (3) can therefore be
simplified as follows:

(SHE /777 HE ) = —_— +HI§?£(1 = (SHE/1THE),
Hfg(1 - f)

176Hf 177Hf 4
FHE R -pt s @
This is the Hf isotopic mixing equation of a sample with two end
members (A and B).

5.3.2. The components of the initial magma of the K-A-] pegmatites

Liu et al. (2012) suggested that the source components of gran-
itoids and volcanic rocks from the Chinese Altay included
continental-crust component, asthenospheric mantle and juvenile
source. Because juvenile materials commonly contribute to arc
and syn-collision magmatism (Kovalenko et al., 2004; Cai et al,,
2010), and the K-A-] pegmatites were probably formed from a
post-collisional magmatism that is featured by intensive crust-
mantle interactions (see Section 5.4), we accordingly have selected
the Lower Crust (LC) and the Depleted Mantle (DM) as the mixing
end-members of the initial magma. The Hf isotopic ratio of a sam-
ple can be presented as

_ Hfpmf
S Hfpuf + Hfc(1 —f)
Hfic(1-f)
Hfpmf + Hf (1 - f)

where  ("76Hf/'"Hf)pm = 0.283250,  (17Lu/'""Hf)pm = 0.038400,
(7SHf/"77Hf) ¢ = 0.282500, (175Lu/'77Hf),c = 0.022, Hfpy = 0.167 pg/g
and Hfic = 2.10 nug/g (Wedepohl, 1995).

By utilizing the substitution method, the mixing ratios (f) of the
K-A-] pegmatites can be calculated as ranging from 0.72 to 0.91,
indicating that the initial magma of the K-A-] pegmatites was
possibly composed of 72-91 wt.% depleted mantle components
and 9-28 wt.% lower crust components.

Fundamentally because the abundance of Hf in the Depleted
Mantle (0.167 pg/g) is much lower than that in the Lower Crust

(176Hf/177Hf) (176Hf/177Hf)DM

(176Hf/177Hf)LC (5)

(2.1 pg/g), large amounts of mantle materials (72-91 wt.%) should
have been added into the initial magma of the K-A-] pegmatites to
elevate the '7®Hf/7”Hf ratios. However, the geochemical and min-
eralogical characteristics of LCT-type pegmatites exhibit apprecia-
ble continental crust affinities (Cerny, 1991; Shelley, 1993; London,
2008). Such large proportions of mantle contributions are obvi-
ously in contradiction with the definition of the LCT-type peg-
matite, indicating that this mixing model for the initial magma of
the K-A-] pegmatites is impractical.

Recent studies show that the detrital zircons from the early
Paleozoic sedimentary rocks of the Kulumuti group in the Chinese
Altay were dominantly formed between 430 and 580 Ma and 750
and 950 Ma with only a minor population of Meso- to Paleopro-
terozoic grains (Wang et al., 2014). As featured by the negative ini-
tial eNd(t) values from —4.3 to —0.2 and the old Tpy model ages
between 1.22 and 1.56 Ga, these sedimentary rocks are considered
to be derived from a near source dominated by the early Paleozoic
igneous material deposited after the Middle Ordovician (Wang
et al., 2014). Being the country rocks of the Halong granite, the sed-
imentary rocks from the Kulumuti group may serve as another
possible magma source for the K-A-] pegmatites. From the Hf iso-
topic features, the remelting of the Halong granite could produce
melts characterized by high positive €Hf(t) values (from +9.9 to
+15.2) and young model ages (Tpm) (with the Tpy; from 626 to
414 Ma and the Tpy from 760 to 423 Ma). After mingling with
the sedimentary rocks from the Kulumuti group, the gHf(t) values
and the model ages of the mixed magma would become lower and
older. For this magma source, the geochemical characteristics of
the pegmatites are controlled by the proportions of these two

components.
The Hf isotopic ratio of a sample can be reported as
Hfyf
176 qf /177 _ H 176gf /177
( Hf/ Hf)S - HfHLf T HfSD(l 7f) ( Hf/ I_lf)HL
Hfsp(1 - f)

+ Hfrf + Hfso(1—f) ("SHf /'77Hf) ©)

where Hfy; ~ Hfsp = 4 pg/g (Han and Ma, 2003; Ma, 2014). Eq. (6)
can be simplified as

(]76Hf/177Hf)S :f(176Hf/177Hf)HL + (1 _f)(176Hf/]77Hf)SD (7)

which is applicable to the Lever Rule.

The Lever Rule is a tool widely used to determine the weight
percentages of each phase of a binary equilibrium phase diagram
(Smith and Hashemi, 2006). To quantifiably characterize the
weight percentage of each mixed component for the initial magma
of the pegmatites in a more convenient way, we first introduce the
Lever Rule into Hf isotopic system. The 7®Hf/!”7Hf isotopic ratios
of the Halong granite and the sedimentary rocks from the Kulu-
muti group may serve as two end members of the lever, and the
176Hf/177Hf isotopic ratio of a sample can be considered as the
pivot. This allows the Lever Rule to be functional when calculating
the weight percentages in the age versus !7°Hf/!”’Hf diagram. As
shown in Fig. 6b, the initial magma of the K-A-] pegmatites was
probably composed of 38-83 wt.% Halong granite and 17-62 wt.
% sedimentary rocks from the Kulumuti group.

Here, if and only if Hf, ~ Hfg, the Hf isotopic mixing Eq. (4) can
be simplified as

(TSHE/T7HE), = F(7°HE/TTHE, + (1= )(THE/ TR, (8)

which is suitable for the Lever Rule in the age versus '7®Hf/!7’Hf
diagram. This method can be used to quantify the weight percent-
ages of the components of a two-end mixed magma and would
bring great benefits to further geochemical studies.
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5.4. Petrogenesis of the K-A-] pegmatites

To satisfy the increasing demands for rare-metal exploitation,
the petrogenetic studies of the pegmatites in the Chinese Altay
have attracted a substantial amount of attentions in recent years
(Fig. 1, Zhu et al,, 2006; Wang et al., 2007; Ren et al., 2011; Lv
et al,, 2012; Ma, 2014). The emplacement ages of more than 40
pegmatite veins have been ascertained from 280 Ma to 180 Ma
using zircon U-Pb dating (Zhu et al., 2006; Wang et al., 2007;
Ren et al.,, 2011; Lv et al., 2012; Ma, 2014). Additionally, the distri-
butions of these pegmatites show temporal and spatial regulari-
ties: the Permian pegmatites were only exposed in Terrane 4; the
Triassic pegmatites occurred in a wide range of Terranes 2, 3 and
4; and the Jurassic pegmatites mainly appeared in Terrane 3
(Fig. 1).

Rare-element pegmatites are petrogenetically associated with
two types of tectonic settings: post-collision zones and intra-
continental rifts (Vladimirov et al., 1998, 2013; Altukhov et al.,
2005; Martin and De Vito, 2005; Tkachev, 2011; Gusev et al,
2012; Zagorsky et al., 2015). Currently, the Chinese Altay is widely
accepted to have been dominated by a post-collision tectonic set-
ting during the Late Carboniferous and the Mesozoic (Han et al.,
1997; Chen and Jahn, 2004; Zhang and Zhang, 2014). Commonly
cited trigger for post-collision magmatism is delamination or thin-
ning of the lithospheric mantle beneath the over-riding plate
(Pearce et al., 1990; Turner et al., 1992; Kay and Kay, 1993), and
the subsequent upwelling of asthenosphere could induce the par-
tial melting of the lower crust or even the middle crust accompa-
nying a large-scale mantle-crustal interaction (Bird, 1979;
Houseman et al., 1981; Liégeois et al., 1998; Bonin, 2004,
Duggen et al., 2005; Zhao et al., 2007). In accordance with the
post-collision magmatism, the petrogenesis of the K-A-] peg-
matites can be summarized as the following multi-stage processes
(Model 1): (1) the lower crustal materials were heated by the
upwelling hot asthenosphere and melted partially in a post-
collision extensional tectonic setting; (2) the crust-derived magma
mixed with the mantle-derived magma at the deep crust; (3) the
mixed magma moved upward though the extensional fractures
and was stored at the shallow crust in a magma chamber; (4) after
a long time of fractional crystallization in the magma chamber, the
highly evolved felsic magma (the residual melt) intruded into the
Late Silurian sedimentary rocks (the Kulumuti group) and then
crystallized to form the pegmatites.

In Model 1, the excessively high weight percentages (72-91 wt.%)
of the depleted mantle components in the initial magma of the
K-A-] pegmatites indicate that this model is unrealistic. Therefore,
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we establish a new model (Model 2): (1) because of the upwelling
of the asthenosphere in a post-collision extensional setting, the
decompression and added heat induced the partial melting of
the Halong granite and the surrounding sedimentary rocks from
the Kulumuti group at the lower crust, or even at the middle curst;
(2) the felsic magma moved upward through the extensional frac-
tures and then crystallized to become pegmatites at the shallow
crust (Fig. 7).

In the Chinese Altay, a significant question has puzzled geolog-
ical workers and geologists for a long time, that is, whether the
pegmatites have parental granites. The Jideke granite, a possible
parental granite, has been recently dated between 445.6 +4.3
and 455.6 + 5.4 Ma with zircon U-Pb geochronology and been con-
cluded as a barren granite because its emplacement age is much
older than the Kelumute No. 112 pegmatites (Lv et al., 2012). By
contrast, Liu et al. (2014) determined the zircon U-Pb age of the
Aral granite at 211.4 + 0.8 Ma using LA-MC-ICP-MS methods, sim-
ilar to the molybdenite Re-Os isochron age of 208.9 Ma from the
Koktokay No. 3 pegmatite, and they therefore assumed that this
pegmatite was derived from the Aral granite. However, the
geochronological results could make little sense of the petroge-
netic relationships without detailed studies of the evolutionary
processes or sufficient support from isotopic data. In addition,
the K-feldspar of the Aral granite exhibits low Rb and Cs contents
(from 454.83 to 666.03 ppm and from 2.42 to 6.26 ppm) and high
K/RbD ratios (from 167 to 246), indicating that this granite is a bar-
ren granite and is unlikely to be the parental granite of the Kok-
tokay No. 3 pegmatite (Liu, 2013). Therefore, questions remain
regarding (1) whether the pegmatite requires a parental granite,
and (2) the location (when identified as existing) of the parental
granite.

Even though Model 1 is a conventional model for interpreting
post-collision magmatism (Bird, 1979; Houseman et al., 1981;
Liégeois et al., 1998; Bonin, 2004; Duggen et al., 2005; Zhao
et al., 2007), there is also a vital problem in addition to the contra-
diction from the calculated results, that is, how the mixed magma
develops to be a highly evolved felsic magma. According to this
issue, a magma chamber is necessary for Model 1 to allow the
magma to experience a high degree of fractional crystallization.
However, until now, no single granite has been ascertained to be
the parental granite for the K-A-] pegmatites in the Chinese Altay
(Lv et al., 2012; Ma, 2014). Therefore, it is reasonable to propose a
new petrogenetic model. Partial melting of pre-existing granites is
an acceptable mechanism for generating felsic melts (Collins et al.,
1982; Clemens et al., 1986; Anderson and Morrison, 1992; Skjerlie
and Johnston, 1993; King et al., 1997). In combination with the

Petrogenetic model for the K-A-J pegmatites (the Model 2)
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Fig. 7. Sketch map of the petrogenetic model of the K-A-] pegmatites (the post-collision tectonic setting is modified after Shen et al., 2011 and Cai et al., 2012).
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spatial relationships, the Hf isotopic characteristics, and the calcu-
lated results of the components of the initial magmas, we suggest
that Model 2 is more rational for interpreting the petrogenesis of
the K-A-] pegmatites.

6. Conclusions

Based on the zircon U-Pb geochronological and Hf isotopic
studies of the KLA803 pegmatite, AZB-01 pegmatite, JMK-09 peg-
matite and the Halong granite, the following conclusions can be
drawn:

(1) The K-A-] pegmatites from the KAQ ore fields were
emplaced in the Mesozoic, and the Halong granite was
formed in the middle Paleozoic.

(2) The K-A-] pegmatites probably originated from a mixed
source that was composed of 72-91 wt.% depleted mantle
components and 9-28 wt.% lower crust components or of
38-83 wt.% Halong granite and 17-62 wt.% sedimentary
rocks from the Kulumuti group, and the Halong granite
was likely derived from the partial melting of juvenile mate-
rials with a slight involvement of crustal materials.

(3) The large emplacement age gaps and different Hf isotopic
compositions between the K-A-] pegmatites and the Halong
granite indicate that they have formed from different mag-
mas and the Halong granite is not the parental granite of
the K-A-] pegmatites.

(4) The Model 2, referring to that the K-A-] pegmatites origi-
nated from the partial melting of the Halong granite and
the sedimentary rocks from the Kulumuti group without a
parental granite, is a new petrogenetic model for the peg-
matites in the Chinese Altay, which requires further verifica-
tion and consolidation.
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