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Abstract – Late Carboniferous magmatism in the Chinese Altai provides an important view of geo-
dynamic processes active during crustal growth in the Central Asian Orogenic Belt (CAOB). In this
study, five representative peraluminous granite plutons from the Chinese Altai were selected for sys-
tematic geochronological, geochemical and Sr–Nd–Hf isotopic analyses (Table 1). These granites
were emplaced between 449 and 327 Ma in an active subduction zone, and have moderate to high
SiO2 (66.54–76.13 wt %), moderate Na2O + K2O (6.27–7.66 wt %), and high Al2O3 contents (12.43–
16.18 wt %). All granite samples in this study showed significant decoupling of the Nd and Hf isotope
systems. Results show negative εNd(t) values (−3.3 to −0.9), and predominantly positive εHf(t) values
(+0.24 to +8.01, n = 57) except for a few negative εHf(t) values (−7.44 to −0.03, n = 9), high Mg#
values (28.69–53.33), high Nd/Hf ratios (4.26–43.57), and enrichment of large-ion lithophile ele-
ments (LILEs; e.g. Pb, Th, and U), suggesting that the granites were derived from the partial melting
of oceanic sediments and the associated mantle wedge, with fractionation of plagioclase, K-feldspar
and biotite. In situ zircon Hf isotopic analyses yield negative εHf(t) values from −30.6 to −13.7 for
the zircon xenocrysts. The U–Pb ages and Hf isotopic ratios of these zircon xenocrysts were probably
inherited from oceanic sediments. Zircon saturation temperatures suggest that these peraluminous
granites were emplaced at 537–765 °C. We propose that: (1) the Nd isotopic system more faithfully
reflects the source of peraluminous magmas in the Chinese Altai than the Hf isotopic system, and (2)
the oceanic sediment recycling was an important process during continental growth in the CAOB.

Keywords: Central Asian Orogenic Belt, Chinese Altai, peraluminous granites, Sr–Nd–Hf isotopics,
subduction

1. Introduction

The recycling of materials from a subducting slab back
into the overlying crust is arguably the most import-
ant geochemical cycle on Earth (Jarrard, 1986; Ander-
son, 1989, 2001; Turcotte & Schubert, 2002; Conrad
& Lithgow-Bertelloni, 2003; Anderson, 2006; Spand-
ler & Pirard, 2013). The component exchange between
the subducting slab and the overlying depleted mantle
takes place in subduction zones. Experimental invest-
igations (Tatsumi et al. 1989; Brenan et al. 1995; You
et al. 1996; Kessel et al. 2005) and studies of active
subduction arcs (McCulloch & Gamble, 1991; Pearce
& Peate, 1995; Münker et al. 2004; Turner et al. 2009;
Handley et al. 2011) have suggested that both Nd and
Hf are relatively fluid-immobile elements (e.g. com-
pared to Sr). Recent work by Chauvel et al. (2009)
showed that altered basalts from the western Pacific are
indistinguishable from unaltered Pacific MORB (mid-
ocean ridge basalt) in their Hf–Nd isotopic ratios. Such
results support those of previous studies (e.g. White &
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Patchett, 1984), which demonstrated that hydrothermal
alteration has little or no effect on these ratios (cf. Sr
isotopes; Staudigel et al. 1995) and, more importantly,
provided a means of constraining the contribution of
subducting sediments to island arc magmatism (Hand-
ley et al. 2011).

The Central Asian Orogenic Belt (CAOB), also
known as the Altaids, represents the largest Phanero-
zoic accretionary orogenic belt in the world, situated
between the Siberian, East European, Tarim and North
China cratons (Fig. 1a; Jahn et al. 2004; Safonova et al.
2004; Yakubchuk, 2004; Yuan et al. 2007; Xiao et al.
2008). It is widely accepted that the CAOB developed
via the episodic accretions of island arcs, ophiolites,
accretionary complexes, seamounts and microcontin-
ental blocks during the Palaeozoic (Chen & Jahn,
2004; Xiao, Kröner & Windley, 2009; Biske & Selt-
mann, 2010; Xiao et al. 2010; Su et al. 2011, 2012).

Previous studies have shown that more than 50 %
of this growth involved the addition of mantle-derived
juvenile materials (Jahn, Wu & Chen, 2000a; Kröner
et al. 2014). However, numerous crustal fragments
composed of ancient continental materials are also
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Figure 1. (Colour online) The geological sketch map of the
Central Asian Orogenic Belt (CAOB) (Fig. 1a), and the Chinese
Altai (Fig. 1b) (XBGMR, 1993).

believed to have played an important role in the ac-
cretionary process (Jahn, Wu & Chen, 2000b; Hong
et al. 2004; Kröner et al. 2008). Kröner et al. (2014)
and He et al. (2015) proposed that the evolution of
the CAOB involved both the generation of juvenile
material and the extensive reworking of older crust,
and have argued that the production of juvenile crust
during the amalgamation of the CAOB has been
grossly overestimated.

The Chinese Altai, in the central part of the CAOB,
is commonly considered to be part of Palaeozoic
subduction–accretion terrane (or massif), which pre-
serves a record of the accretion of a peri-Siberian oro-
genic system (Fig. 1b; Şengör et al., 1993; Şengör &
Natal’in, 1996; Windley et al. 2002; Cai et al. 2011a;
Long et al. 2012). Granites make up c. 40 % of exposed
rocks in the Chinese Altai, and arc-related magmatism
was almost continuous during the Palaeozoic, reach-
ing a peak in the Devonian (Cai et al. 2011a,b, 2012,
Wang et al. 2011; Lv et al. 2012). Recent studies have
shown a decoupling between whole-rock Nd isotopes
and zircon Hf isotopes in Early to Middle Palaeozoic
granites (478–380 Ma; e.g. Yuan et al. 2007; Sun et al.
2008; Wang et al. 2009; Cai et al. 2011a,b; Yu et al.
2016), leading to contentious debate over the signific-
ance of this finding with respect to crustal growth of
the Chinese Altai (Yu et al. 2016).

Based mainly on the negative εNd(t) values of some
granites, Wang et al. (2006, 2009) proposed that the
Chinese Altai is a Precambrian microcontinent derived
from eastern Gondwana. In contrast, a number of other
studies (Sun et al. 2008; Xiao et al. 2008; Long et al.
2010; Cai et al. 2011b) have argued that the Chinese
Altai is an active continental margin, based on the pre-
dominantly positive zircon εHf(t) values present in both
Palaeozoic granites and detrital zircons from metased-
imentary rocks. In this study, we present zircon U–Pb

ages, major and trace element geochemistry, and Sr,
Nd and Hf isotopic compositions from representative
samples of five granite plutons in the Chinese Altai, to
better understand the crustal growth and tectonic evol-
ution of the Chinese Altai.

2. Regional geology

The Altai Orogenic Belt, a major part of the CAOB
in China, consists of clastic sedimentary and vol-
canic rocks of Ordovician to Devonian age and their
metamorphosed equivalents, and extends eastward into
Mongolia and westward into Kazakhstan and Russia
(Fig. 1b; Windley et al. 2002, 2007; Xiao et al. 2004;
Long et al. 2007, 2008; Sun et al. 2008). As the central
part of the Altai Orogenic Belt, the Chinese Altai has
been the subject of extensive study (Sun et al. 2009;
Long et al. 2010).

The Chinese Altai can be divided into five fault-
bounded terranes based on differences in strati-
graphy, metamorphic grade, deformation patterns,
magmatic activity and geochronology. These terranes
are numbered 1–5, and are separated by the Hong-
shanzui, the Kalaxianger, the Abagong–Kurit and the
Maerkakuli Faults (Fig. 1b; Sengör, Natal’in & Burt-
man, 1993; Long et al. 2007; Yuan et al. 2007; Sun
et al. 2008; Cai et al. 2011a,b). Terrane 1 com-
prises Late Devonian to Early Carboniferous clastic
sediments, limestones and sparse island-arc volcanic
rocks metamorphosed to the lower greenschist facies.
Terrane 2 is composed of a Middle Ordovician tur-
bidite succession, also metamorphosed to the lower
greenschist facies. Terrane 3 is the largest of the ter-
ranes, and is composed of early Palaeozoic sediments
metamorphosed to a medium to high grade. Terrane
4 consists of Devonian turbiditic sandstone, pillow
basalts and some siliceous volcanic rocks. Terrane 5
is composed of a fossiliferous Devonian succession,
overlain by Late Carboniferous strata.

The Habahe Group is the oldest metasedimentary
unit in the Chinese Altai, and is mainly composed of a
thick succession (>6000 m) of slate, phyllite and schist
(GCRSX, 1981; BGMRX, 1993; Windley et al. 2002;
Long et al. 2007, 2008, 2010; Cai et al. 2012; Wang
et al. 2014). Recent whole-rock geochemical studies,
and U–Pb dating of detrital zircons from metasedi-
mentary rocks in the Habahe Group, suggest that the
original sediments were derived from parent rocks gen-
erated on an active margin in the early Palaeozoic
(Long et al. 2007, 2010). Numerous Early to Middle
Palaeozoic arc-related granites and late Palaeozoic
post-collisional A-type granites are emplaced within
the Habahe Group strata, providing important clues for
understanding magmatism in the Chinese Altai.

3. Description of samples

Sample locations are shown in Figure 2, and hand
sample photographs and photomicrographs are shown
in Figure 3. The Mandalehai granites are composed
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Figure 2. (Colour online) Geological sketch map of the Mandalehai and Huiteng granites (Fig. 2a), and the Zhepujileke, Tuergen and
Zhagesitai granites (Fig. 2b).

Figure 3. (Colour online) Hand specimen photos and photomic-
rographs (cross-polarized and magnification of 50) of granites
in the Chinese Altai: (a, b) the Mandalehai granites; (c, d) the
Huiteng granites; (e, f) the Tuergen granites; (g, h) the Zhagesi-
tai granites; and (i, j) the Zhepujilieke granites.

of quartz (33–42 vol. %), plagioclase (38–43 vol. %),
biotite (3–5 vol. %) and muscovite (5–10 vol. %),
with accessory cordierite (Fig. 3b). The Huiteng
granites consist of quartz (33–38 vol. %), K-feldspar
(5–10 vol. %), plagioclase (32–37 vol. %), biotite
(5–9 vol. %) and muscovite (3–5 vol. %), with silli-
manite as an accessory mineral (Fig. 3d).

The Tuergen granites consist of K-feldspar
(30–35 vol. %), quartz (30–40 vol. %), plagioclase
(5–10 vol. %), biotite (2–5 vol. %) and muscovite
(5–8 vol. %), with garnet as an accessory mineral
(Fig. 3f). The Zhagestai granites are composed of
quartz (25–30 vol. %), plagioclase (30–35 vol. %),
K-feldspar (20–25 vol. %), biotite (2–4 vol. %) and
muscovite (2–5 vol. %); accessory minerals are mainly
sillimanite (Fig. 3h). The Zhepujilieke granites consist
of K-feldspar (35–45 vol. %), quartz (20–25 vol. %),
plagioclase (15–20 vol. %), biotite (4–6 vol. %) and
muscovite (5 vol. %), with garnet as an accessory
mineral (Fig. 3i).

4. Analytical methods

4.1. Major and trace element analyses

Whole-rock major and trace element compositions of
the granite samples were determined at the State Key
Laboratory of Ore Deposit Geochemistry, Institute
of Geochemistry, Chinese Academy of Sciences (IG-
CAS) (Table 2). Major elements were analysed using
a Leeman Prodigy inductively coupled plasma optical
emission spectrometer, with high-dispersion Echelle
optics. Analytical uncertainties were generally less
than 1 % for most oxides, except for TiO2 (1.5 %) and
P2O5 (2.0 %), based on repeated analyses of US Geolo-
gical Survey (USGS) standards BCR-1 and AVG-2 and
the Chinese National Rock Standard GSR-3. Trace ele-
ments were analysed using an Agilent-7500a induct-
ively coupled plasma mass spectrometer (ICP-MS).
Data quality was assessed via repeated measurements
of USGS reference materials BCR-1 and BHVO-1.
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The analytical precision for most trace elements was
more than 95 %.

4.2. Zircon U–Pb dating

Zircon grains were isolated using standard heavy li-
quid and magnetic separation methods. Using a bin-
ocular microscope, we selected transparent zircon
grains that were free of cracks, then fixed them in
epoxy resin and polished the surface to expose the
grain centres. The grain mount was then cleaned
and photographed. Cathodoluminescence (CL) images
were obtained using a LEO1450VP scanning elec-
tron microscope, to reveal internal structures within
individual zircon grains (Fig. 4). Isotope data were
collected using a laser ablation multi-collector (LA-
MC) ICP-MS at the State Key Laboratory of Ore De-
posit Geochemistry, IGCAS. U and Pb concentrations
and isotope ratios were measured simultaneously, with
an Agilent 7500a quadrupole (Q)-ICP-MS instrument.
Details of the analytical procedure are described in
Yuan et al. (2004) and Xie et al. (2008)

The 207Pb/206Pb and 206Pb/238U ratios were calcu-
lated using the GLITTER 4.0 program (Macquarie
University, Australia) and zircon standards 91500, GJ-
1 and NIST SRM 610. Age distribution histograms and
concordia plots were constructed using the ISOPLOT
3.0 program, with standard Pb corrections as described
by Andersen (2002) (Fig. 5). All zircon U–Pb data are
reported in Table 3; all weighted mean ages are ex-
pressed with 95 % confidence intervals.

4.3. Sr–Nd isotopic analyses

The Sr and Nd isotopic compositions of the studied
granite samples were measured at the Experimental
Test Center, Tianjin Institute of Geology and Mineral
Resources (Tianjin, China), using a VG 354 thermal
ionization mass spectrometer (TIMS) in static mode.
For each sample, c. 100–150 mg of powdered whole
rock was dissolved in an HF–HClO4 solution, in a
screw-top Teflon beaker. The Rb, Sr, Sm and Nd con-
centrations were determined using the isotope dilution
method, with a 87Rb–84Sr–149Sm–144Nd spiked solu-
tion (Zhang et al. 2001). The 143Nd/144Nd and 87Sr/86Sr
ratios were normalized to 146Nd/144Nd = 0.7219 and
86Sr/88Sr = 0.1194, respectively. Detailed analytical
methods are described in Chen & Jahn (2002). Meas-
urements were corrected using standards NBS 607,
with a 87Sr/86Sr ratio of 1.20032 ± 28 (2σ), and BCR-
1, with a 143Nd/144Nd ratio of 0.512626 ± 9 (2σ).
The analytical precision of the measurements was
∼99 % for the 87Rb/86Sr ratio, and ∼99.5 % for the
147Sm/144Nd ratio. Two-stage depleted mantle (TDM)
Nd model ages were calculated using a 143Nd/144Nd
ratio of 0.513151 and a 147Sm/144Nd ratio of 0.21357
for the present-day depleted mantle, and an av-
erage crustal 147Sm/144Nd ratio of 0.118 (Jahn &
Condie, 1995).

4.4. In situ zircon Hf isotopic analyses

In situ zircon Hf isotopic analyses of granite samples
were conducted at Nanjing University, using a Neptune
MC-ICP-MS equipped with a 193 nm laser. A laser en-
ergy of 100 mJ and a repetition rate of 10 Hz were used
for all measurements; spot sizes were 32–63 µm. Raw
count rates for 172Yb, 173Yb, 175Lu, 176(Hf + Yb + Lu),
177Hf, 178Hf, 179Hf, 180Hf and 182W were collected,
and corrections for the isobaric interference 176Lu and
176Yb on 176Hf were precisely determined. 176Lu was
calculated using the 175Lu value, while mean Yb value
obtained for each spot was applied when correcting
for 176Yb interference; the 176Yb/172Yb ratio was as-
sumed to be 0.5887 (Iizuka & Hirata, 2005). Measured
176Hf/177Hf and 176Lu/177Hf ratios for zircon standard
91500 were 0.282294 ± 15 (2σ, n = 20) and 0.00031,
respectively. This 176Hf/177Hf value agrees well with
the accepted 176Hf/177Hf ratios of 0.282302 ± 8 and
0.282306 ± 8 (2σ), obtained using the solution method
(Goolaerts et al. 2004). The notations εHf(t), fLu/Hf, and
TDM are defined as in Yang et al. (2007), with single-
stage Hf model ages interpreted from positive εHf(t)
values.

5. Results

5.1. Major and trace elements

The granite samples are strongly peralumin-
ous, with A/CNK ratios of 1.08–1.53 (molar
Al2O3/CaO + Na2O + K2O; Fig. 6b). They are com-
posed of 66.54–76.13 % SiO2, 2.90–5.64 % K2O,
1.24–3.86 % Na2O, 1.05–4.90 % TFe2O3, 0.02–0.14 %
MnO, 0.41–1.40 % MgO, 0.01–0.67 % TiO2 and 0.01–
0.22 % P2O5. Mg# [Mg/(Mg + Fe)] values of these
granites range from 28.69 to 53.33 (Table 1). All of
the studied samples plot within the ‘subalkalic granite’
field on the (Na2O + K2O) v. SiO2 plot (Fig. 6a).

The total rare earth element (REE) contents of the
five studied granites are quite high, ranging from 92.01
to 282.05 ppm, and all samples show a characteristic
enrichment in light REEs relative to heavy REEs, with
(La/Yb)N ratios ranging from 4.26 to 11.75 (Fig. 7b).
In addition, the granites show strong depletions in Nb
and Ta, which are typical characteristics of subduction-
related magmas (Fig. 7a).

5.2. Zircon U–Pb ages

Zircon grains in our granite samples are typically
pale yellow, transparent, subhedral to euhedral, and
80–100 μm in size. All zircons exhibit bright cath-
odoluminescence, with clear concentric oscillatory
zones (Fig. 4). Th concentrations of all the ana-
lysed zircons vary from 36 to 1801 ppm, while U
concentrations range from 83 to 2202 ppm, yield-
ing relatively high Th/U ratios (0.33–1.82). Zir-
con xenocrysts are common in the CL images; the
Th/U ratios of these xenocrysts range from 0.65
to 0.93, suggesting that they are magmatic zircons.
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Figure 4. (Colour online) CL images of zircons from (a) the Mandalehai granites, (b) the Huiteng granites, (c) the Tuergen granites,
(d) the Zhagesitai granites and (e) the Zhepujilieke granites.

After excluding discordant ages, LA-ICP-MS U–Pb
dating of zircons yielded ages of 408.2 ± 4.8 Ma
for the Mandalehai granites, 327.7 ± 5.6 Ma for the
Huiteng granites, 400.1 ± 3.5 Ma for the Tuergen
granites, 449.8 ± 4.5 Ma for the Zhagesitai granites
and 433 ± 5.9 Ma for the Zhepujilieke granites (Fig. 5;
Table 3). The U–Pb ages of the xenocrysts yielded a

wider range of ages, from 1294 to 913 Ma, indicating
zircon crystallization in the source magma (Table 3).

5.3. Sr–Nd isotopic compositions

All samples yielded high initial 87Sr/86Sr ratios
(0.714998–0.743426), and negative εNd(t) values (−3.3
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Table 1. The major chemical compositions (in wt %) and calculated parameters of the five studied granites

Sample number MDLH-01 MDLH-02 MDLH-03 MDLH-04 HT-01 HT-02 HT-03 HT-04

SiO2 75.63 77.47 74.76 74.15 72.71 72.97 73.29 70.52
Al2O3 14.94 14.96 15.95 16.16 13.66 13.63 14.32 14.91
TiO2 0.15 0.10 0.13 0.16 0.25 0.25 0.23 0.32
TFe2O3 1.45 1.31 1.38 1.51 2.50 2.08 2.40 3.37
MgO 0.64 0.53 0.69 0.50 0.69 0.63 0.74 0.61
CaO 1.32 1.25 1.45 1.44 1.17 1.31 1.43 1.33
Na2O 1.25 1.24 1.26 1.27 3.11 3.15 3.02 3.33
K2O 5.39 5.32 5.24 5.64 4.20 4.26 3.47 4.24
MnO 0.02 0.02 0.03 0.03 0.08 0.07 0.09 0.09
P2O5 0.01 0.01 0.01 0.01 0.12 0.11 0.09 0.11
LOI 1.11 0.73 0.14 0.76 1.14 0.78 1.18 0.81
Total 99.76 99.89 99.95 100.18 99.68 99.30 99.87 99.59
A/CNK 1.45 1.48 1.53 1.49 1.16 1.12 1.26 1.19
A/NK 1.89 1.91 2.06 1.97 1.41 1.39 1.64 1.48
Mg# 49.52 47.34 52.63 42.39 38.02 40.23 40.66 28.69
K2O + Na2O 6.64 6.56 6.5 6.91 7.31 7.41 6.49 7.57
Na2O/K2O 0.23 0.23 0.24 0.23 0.74 0.74 0.87 0.79

Sample number TEG-01 TEG-02 TEG-03 TEG-04 ZGST-01 ZGST-02 ZGST-03 ZGST-04
SiO2 72.97 73.26 73.04 71.84 68.70 68.60 69.75 66.54
Al2O3 12.43 12.68 13.02 13.91 14.39 14.84 15.85 16.18
TiO2 0.37 0.45 0.38 0.53 0.57 0.58 0.56 0.67
TFe2O3 4.09 4.33 3.94 4.90 4.11 4.20 3.96 4.75
MgO 1.00 1.03 1.05 1.01 1.35 1.40 1.40 1.38
CaO 0.78 0.97 0.81 0.98 2.09 2.46 2.85 2.50
Na2O 3.11 3.64 3.02 3.86 3.15 3.18 3.06 3.37
K2O 4.29 3.06 3.75 2.90 3.94 3.69 3.21 3.60
MnO 0.09 0.12 0.10 0.14 0.10 0.09 0.11 0.11
P2O5 0.06 0.04 0.06 0.04 0.18 0.18 0.22 0.19
LOI 0.54 0.63 0.55 0.67 1.20 1.38 1.24 1.38
Total 99.81 100.28 99.83 100.31 99.86 100.68 100.05 100.98
A/CNK 1.11 1.14 1.24 1.23 1.08 1.08 1.16 1.16
A/NK 1.27 1.36 1.44 1.46 1.52 1.61 1.86 1.71
Mg# 35.21 34.58 37.19 31.42 42.19 42.55 44.00 39.23
K2O + Na2O 7.40 6.70 6.77 6.76 7.09 6.87 6.27 6.97
Na2O/K2O 0.72 1.19 0.81 1.33 0.80 0.86 0.95 0.94

Sample number ZPJLK-01 ZPJLK-02 ZPJLK-03 ZPJLK-04
SiO2 76.13 75.30 75.03 72.41
Al2O3 14.60 14.54 15.33 15.74
TiO2 <0.01 <0.01 <0.01 0.01
TFe2O3 1.05 1.25 1.20 1.21
MgO 0.54 0.43 0.59 0.41
CaO 1.20 1.39 1.42 1.19
Na2O 3.37 3.30 3.59 3.61
K2O 4.13 4.32 3.99 4.05
MnO 0.02 0.03 0.04 0.03
P2O5 <0.01 <0.01 0.01 <0.01
LOI 0.05 0.47 0.48 1.53
Total 101.14 100.63 101.03 101.23
A/CNK 1.20 1.15 1.20 1.26
A/NK 1.46 1.44 1.50 1.52
Mg# 53.33 43.32 52.21 42.95
K2O + Na2O 7.50 7.62 7.58 7.66
Na2O/K2O 0.82 0.76 0.90 0.89

Note: A = Al2O3, C = CaO, N = Na2O, K = K2O (all in molar proportion), Mg* = 100 Mg2+/(Mg2+ + Fe2+).

to −0.9; Fig. 8a; Table 4). The uniformly negative
εNd(t) values and wide range of initial 87Sr/86Sr ra-
tios in the samples can be interpreted in the context
of a two-component mixing model (Han et al. 1997).
The depleted mantle Nd model (TDM2) yields quite old
ages for the studied granites, ranging from 1120 to
1290 Ma.

5.4. Zircon Hf isotopic compositions

The measured Hf isotopic compositions of the five
studied granite samples are shown in Figure 8b; ana-
lytical results are listed in Table 5. The εHf(t) values
were calculated using the U–Pb ages of the zircons,

and range from −7.4 to +8.0. The depleted mantle
Hf model ages (TDM2) of the granite samples range
from 948 to 1801 Ma. However, the εHf(t) values and
depleted mantle Nd model ages (TDM2) of the zircon
xenocrysts are distinct; εHf(t) values range from −30.6
to −13.7, and TDM2 ages range from 2190 to 3243 Ma.

6. Discussion

6.1. Peraluminous granitic magmatism in the Chinese Altai

The zircon U–Pb dating results for the five peralu-
minous granites in this study reveal that these in-
trusions were emplaced between 449 and 327 Ma.
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Table 2. Trace element compositions (in ppm) of the five studied granites

Sample number MDLH-01 MDLH-02 MDLH-03 MDLH-04 HT-01 HT-02 HT-03 HT-04

Li 59.06 48.52 60.52 57.04 70.72 68.40 71.98 77.93
Be 3.01 2.65 3.35 2.48 3.25 2.34 3.61 2.17
Co 0.65 0.65 1.46 1.55 3.70 4.10 4.84 5.26
Ga 27.40 24.95 34.04 27.23 14.75 13.75 20.59 15.93
Ge 0.17 0.22 0.17 0.31 0.19 0.22 0.19 0.31
Rb 90.00 73.00 86.00 69.00 94.00 82.00 104.00 107.00
Sr 200.60 240.40 230.61 260.10 73.10 86.00 76.64 86.47
Y 33.66 34.87 38.45 35.30 38.50 40.70 42.10 36.40
Zr 87.55 75.05 77.70 67.20 23.40 23.40 27.86 13.66
Nb 13.33 8.80 12.58 11.93 9.70 8.30 9.27 11.38
Cs 3.59 3.31 4.95 2.82 10.45 9.75 12.32 9.28
Ba 640.00 640.00 682.00 629.00 270.00 350.00 294.00 345.60
La 29.29 51.50 32.76 58.15 29.00 29.40 32.53 33.20
Ce 48.77 95.72 54.17 114.68 63.10 64.00 70.19 76.69
Pr 6.53 11.95 7.26 13.38 7.50 7.72 8.4 8.65
Nd 26.46 48.40 29.62 54.32 30.90 31.60 34.67 35.47
Sm 5.60 10.45 6.34 11.84 7.18 7.32 8.13 8.29
Eu 1.40 2.14 1.57 2.40 1.36 1.49 1.53 1.67
Gd 5.17 8.78 5.80 9.92 6.81 6.93 7.64 7.83
Tb 0.76 1.06 0.86 1.20 1.07 1.06 1.21 1.20
Dy 5.06 5.90 5.73 6.72 6.57 6.45 7.44 7.35
Ho 1.09 1.09 1.22 1.22 1.28 1.24 1.44 1.39
Er 3.59 3.23 3.99 3.59 3.75 3.66 4.17 4.07
Tm 0.55 0.45 0.61 0.50 0.54 0.51 0.60 0.57
Yb 3.94 3.18 4.18 3.55 3.40 3.25 3.78 3.63
Lu 0.65 0.51 0.74 0.58 0.48 0.45 0.54 0.51
Hf 6.24 4.10 5.95 4.67 1.20 1.20 1.26 1.58
Ta 1.21 0.55 1.27 0.45 0.96 0.75 1.02 0.64
Pb 101.08 112.97 271.97 217.16 22.30 24.80 24.97 27.01
Th 20.84 14.10 18.96 17.69 7.28 8.81 5.98 11.71
U 3.63 2.40 3.16 2.19 2.90 3.00 2.47 2.91

Sample number TEG-01 TEG-02 TEG-03 TEG-04 ZGST-01 ZGST-02 ZGST-03 ZGST-04
Li 36.00 41.20 37.98 49.37 52.00 54.00 53.66 62.81
Be 1.00 1.37 1.11 1.21 1.94 1.93 2.16 1.77
Co 4.60 4.00 5.82 5.15 8.30 8.80 9.86 10.24
Ga 15.25 16.15 21.12 18.36 16.15 16.95 22.08 19.17
Ge 0.15 0.16 0.15 0.23 0.23 0.24 0.23 0.33
Rb 112.00 91.00 93.00 86.00 112.00 118.00 90.00 93.00
Sr 126.50 127.50 130.57 127.14 181.50 158.50 186.12 157.52
Y 37.90 40.60 33.64 35.20 35.90 34.10 40.77 34.66
Zr 5.20 3.40 8.93 12.65 20.10 20.50 24.42 11.02
Nb 11.30 15.90 10.74 13.70 11.20 11.40 10.65 14.79
Cs 5.39 5.35 6.89 4.87 6.42 7.35 7.99 6.87
Ba 530.00 370.00 567.00 365.00 420.00 460.00 451.00 453.00
La 23.80 30.30 26.70 34.21 15.10 24.50 16.94 27.66
Ce 52.20 64.40 58.06 77.17 37.80 58.20 42.05 69.74
Pr 6.20 7.35 6.90 8.23 4.10 6.42 4.50 7.19
Nd 25.80 30.50 28.94 34.23 15.80 24.90 17.73 27.95
Sm 5.75 6.67 6.51 7.56 3.73 5.90 4.22 6.68
Eu 1.47 1.62 1.65 1.82 0.72 0.82 0.81 0.92
Gd 5.85 6.54 6.56 7.39 3.79 5.56 4.25 6.28
Tb 0.90 0.99 1.02 1.12 0.64 0.89 0.72 1.01
Dy 5.55 5.98 6.28 6.82 3.96 5.19 4.48 5.92
Ho 1.13 1.21 1.27 1.36 0.77 1.00 0.86 1.12
Er 3.44 3.55 3.83 3.94 2.34 2.91 2.60 3.23
Tm 0.46 0.50 0.51 0.56 0.36 0.44 0.40 0.49
Yb 2.96 3.09 3.29 3.45 2.54 3.04 2.82 3.40
Lu 0.46 0.48 0.52 0.54 0.36 0.44 0.41 0.50
Hf 0.69 0.70 0.71 0.82 0.90 0.90 0.96 1.26
Ta 0.59 0.77 0.65 0.82 0.90 0.96 0.96 0.84
Pb 24.40 17.70 27.05 19.77 35.20 23.10 37.74 25.28
Th 13.90 14.75 12.33 18.42 12.35 11.70 10.84 14.97
U 2.30 2.30 1.88 2.08 1.40 1.40 0.99 1.00

Sample number ZPJLK-01 ZPJLK-02 ZPJLK-03 ZPJLK-04
Li 96.00 99.70 100.50 106.81
Be 4.32 4.32 4.81 4.13
Co 0.20 0.30 1.25 1.02
Ga 41.60 40.30 48.21 43.72
Ge 0.14 0.17 0.19 0.19
Rb 90.00 110.00 88.00 87.00
Sr 210.00 240.00 270.00 230.00
Y 28.20 24.30 20.30 26.70
Zr 48.60 54.70 61.45 35.68
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Table 2. Continued

Sample number ZPJLK-01 ZPJLK-02 ZPJLK-03 ZPJLK-04

Nb 11.70 11.30 11.20 9.90
Cs 11.60 12.10 14.23 11.02
Ba 550.50 680.40 945.00 648.60
La 27.30 25.10 30.63 28.34
Ce 56.50 54.80 62.85 65.67
Pr 6.50 6.34 7.20 7.10
Nd 25.30 25.50 28.38 28.62
Sm 5.11 5.66 5.79 6.41
Eu 1.05 1.06 1.18 1.19
Gd 4.65 5.59 5.22 6.32
Tb 0.69 0.92 0.78 1.04
Dy 4.18 5.90 4.73 6.71
Ho 0.80 1.17 0.90 1.31
Er 2.28 3.40 2.54 3.78
Tm 0.32 0.46 0.36 0.51
Yb 2.04 2.90 2.27 3.20
Lu 0.31 0.39 0.35 0.44
Hf 5.80 5.50 5.32 6.41
Ta 0.79 0.82 0.69 0.99
Pb 77.70 111.50 113.08 81.17
Th 20.40 24.00 22.12 24.69
U 1.50 3.40 3.06 1.00

Figure 5. U–Pb concordia diagrams for zircons from (a) the
Mandalehai granites, (b) the Huiteng granites, (c) the Tuergen
granites, (d) the Zhagesitai granites and (e) the Zhepujilieke
granites.

Synchronous felsic volcanism is also apparent in the
form of peraluminous rhyolites in the study area,
which have yielded U–Pb zircon ages of 406 to 412 Ma
(Chai et al. 2009; Long et al. 2010; Wang et al. 2011;
Cai et al. 2012). Other peraluminous and S-type gran-
ites have also been dated, and given comparable zir-
con U–Pb ages (507 Ma to 392 Ma; Tong et al. 2007;
Cai et al. 2011a; Zhang et al. 2016). Peraluminous
granitic magmatism appears to have occurred over a

Figure 6. (Colour online) Chemical classification diagrams for
the studied granite samples. (a) Total alkali (K2O + Na2O) v.
SiO2 diagram (compositional fields from Middlemost, 1994);
(b) A/NK v. A/CNK diagram (Maniar and Piccoli, 1989).

long period in the Chinese Altai, spanning from 507 to
327 Ma.

All of the studied peraluminous granites plot in the
‘VAG + syn-COLG’ field on the Nb v. Y and ‘VAG’
field Rb v. (Y + Nb) plots (Fig. 9a, b), and in the ‘Clas-
sical island arc’ and ‘Normal arc magmas’ field on
the (La/Yb)N v. (Yb)N and Sr/Y v. Y plots (Fig. 10a,
b), indicating that these granites are most likely pet-
rogenetically associated with arc magmatism. These
results agree well with the subduction tectonic setting
inferred for the Chinese Altay during the Palaeozoic
(Yuan et al. 2007; Sun et al. 2008; Cai et al. 2011a,b;
Xiao et al. 2011; Xiao & Santosh, 2014; Zhang et al.
2016).

6.2. Petrogenesis

6.2.1. Magma sources

Previous studies have suggested that peraluminous
granites are mainly generated by the partial melt-
ing of metasedimentary rocks such as metapelite
and metagreywacke, with the possible addition of
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Table 3. U-–Pb dating results of the studied five granites

Ratio Age (Ma)

Sample Th(ppm) U(ppm) Th/U 207Pb/206Pb 1σ 207Pb/235U 1σ 206Pb/238U 1σ 207Pb/235U 1σ 206Pb/238U 1σ

Mandalehai
Mandalehai-01 307.86 446.27 0.69 0.055443 0.002292 0.502391 0.021888 0.065315 0.002127 413.3 4.8 407.9 2.9
Mandalehai-02 303.95 321.36 0.95 0.052020 0.003049 0.473447 0.029098 0.065847 0.002721 393.6 2.1 411.1 2.5
Mandalehai-03 4087.71 4468.47 0.91 0.285157 0.014686 2.122275 0.139530 0.252815 0.009744 1156.1 25.3 1048.6 19.2
Mandalehai-04 780.23 600.13 1.30 0.058034 0.002080 0.530938 0.024387 0.065993 0.002624 432.4 3.2 412.0 2.9
Mandalehai-05 1200.15 784.03 1.53 0.055978 0.001850 0.506456 0.021628 0.064961 0.002070 416.1 4.6 405.7 2.5
Mandalehai-06 476.29 542.87 0.88 0.051461 0.002231 0.464114 0.020339 0.065136 0.002010 387.1 4.1 406.8 2.2
Mandalehai-07 3955.4 4341.7 0.91 0.277777 0.013001 2.056184 0.130423 0.252441 0.008555 1134.4 33.3 1095.7 15.4
Mandalehai-08 129.16 295.32 0.44 0.051919 0.003612 0.472828 0.031546 0.065679 0.001529 393.1 2.8 410.1 6.3
Mandalehai-09 1801.08 989.87 1.82 0.058133 0.002331 0.527371 0.024709 0.065292 0.002171 430.1 3.4 407.7 3.1
Mandalehai-10 289.77 438.68 0.66 0.052797 0.002033 0.484207 0.018178 0.065575 0.001765 401.0 2.4 409.4 4.7
Mandalehai-11 292.32 310.28 0.94 0.052401 0.002929 0.474075 0.028883 0.065057 0.002744 394.0 2.9 406.3 3.6
Mandalehai-12 774.02 594.70 1.30 0.056774 0.001911 0.514399 0.020679 0.065085 0.002255 421.4 3.9 406.5 3.7
Mandalehai-13 1254.15 783.89 1.60 0.055735 0.001877 0.506820 0.022731 0.065241 0.002360 416.3 5.3 407.4 4.3
Mandalehai-14 484.35 543.65 0.89 0.052129 0.001958 0.472630 0.019508 0.065073 0.001778 393.0 3.5 406.4 3.8
Mandalehai-15 127.31 289.52 0.44 0.051966 0.003032 0.474247 0.027794 0.065507 0.001444 394.1 9.1 409.0 8.7
Mandalehai-16 1713.3 971.02 1.76 0.057517 0.002069 0.524883 0.020571 0.065496 0.001613 428.4 3.7 409.0 9.8
Mandalehai-17 258.76 429.87 0.60 0.052929 0.001901 0.481100 0.016115 0.065134 0.001468 398.8 5.0 406.8 5.9
Mandalehai-18 263.28 301.90 0.87 0.051721 0.002434 0.470559 0.023754 0.065447 0.002260 391.6 56.4 408.7 3.7
Mandalehai-19 749.63 576.40 1.30 0.057512 0.001742 0.522585 0.019338 0.065343 0.002020 426.9 2.9 408.0 2.2
Mandalehai-20 1296.23 776.86 1.67 0.055806 0.001920 0.502955 0.020994 0.065177 0.002250 413.7 4.2 407.0 3.6
Mandalehai-21 778.33 568.16 1.37 0.053923 0.001880 0.490799 0.018946 0.065386 0.001466 405.5 2.9 408.3 5.9
Mandalehai-22 121.17 278.47 0.44 0.052970 0.002634 0.484691 0.025778 0.065456 0.001269 401.3 7.6 408.7 7.7
Mandalehai-23 1644.26 944.15 1.74 0.058190 0.001798 0.528986 0.019708 0.065286 0.001632 431.1 3.1 407.7 4.9

Huiteng
Huiteng-01 85.48 142.54 0.60 0.046431 0.003476 0.329755 0.023801 0.052033 0.001649 289.4 6.2 327.0 5.1
Huiteng-02 98.56 258.01 0.38 0.047999 0.002994 0.338929 0.021917 0.051962 0.001997 296.4 4.6 326.6 2.2
Huiteng-03 258.41 656.69 0.39 0.050078 0.003183 0.356370 0.025465 0.052069 0.002399 309.5 4.1 327.2 4.7
Huiteng-04 1248.23 1902.8 0.66 0.274942 0.011836 2.739708 0.174094 0.270474 0.005602 1339.3 25.9 1274.6 22.3
Huiteng-05 50.83 96.17 0.53 0.059777 0.005943 0.425522 0.044432 0.051970 0.001832 360.0 1.7 331.6 3.2
Huiteng-06 1258.57 1940.46 0.65 0.269821 0.020242 2.653696 0.292720 0.268579 0.003380 1315.7 41.5 1293.5 17.6
Huiteng-07 230.69 529.65 0.44 0.050000 0.002325 0.363570 0.019559 0.052039 0.001412 314.9 4.6 327.0 4.7
Huiteng-08 106.53 178.20 0.60 0.051374 0.002647 0.368728 0.018297 0.052196 0.001531 318.7 3.6 328.0 4.4
Huiteng-09 68.92 120.43 0.57 0.049772 0.004396 0.354117 0.032904 0.052097 0.002944 307.8 4.7 327.4 3.0
Huiteng-10 105.81 272.98 0.39 0.050230 0.003603 0.356963 0.025540 0.052097 0.002492 309.9 4.1 327.4 5.3
Huiteng-11 35.74 83.67 0.43 0.047508 0.007896 0.317731 0.041513 0.051779 0.002159 280.2 4.0 325.4 3.2
Huiteng-12 2530.79 3631.72 0.70 0.184585 0.008602 1.811861 0.148637 0.270016 0.008478 1049.75 23.2 936.2 21.0
Huiteng-13 238.49 524.21 0.45 0.048272 0.003364 0.349980 0.027775 0.052016 0.002357 304.7 5.9 326.9 4.4
Huiteng-14 110.77 173.79 0.64 0.056073 0.004389 0.399990 0.028507 0.051895 0.002470 341.6 4.7 326.1 5.1
Huiteng-15 86.71 143.47 0.60 0.047120 0.003385 0.336236 0.023927 0.052071 0.001673 294.3 6.2 327.2 5.2
Huiteng-16 98.47 259.86 0.38 0.046131 0.002914 0.323662 0.018975 0.052106 0.002186 284.7 4.6 327.4 3.4
Huiteng-17 258.39 658.48 0.39 0.049123 0.003497 0.349658 0.028236 0.052202 0.002709 304.5 6.2 328.0 6.6
Huiteng-18 50.79 96.01 0.53 0.058284 0.006512 0.415533 0.048180 0.052420 0.001857 352.9 4.6 329.4 7.4
Huiteng-19 232.10 527.48 0.44 0.049598 0.002578 0.361765 0.021525 0.052223 0.001572 313.5 6.1 328.2 6.6
Huiteng-20 107.64 178.57 0.60 0.052663 0.002676 0.379990 0.018722 0.052448 0.001680 327.0 3.8 329.5 5.3 593
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Table 3. Continued

Ratio Age (Ma)

Sample Th(ppm) U(ppm) Th/U 207Pb/206Pb 1σ 207Pb/235U 1σ 206Pb/238U 1σ 207Pb/235U 1σ 206Pb/238U 1σ

Tuergen
Tuergen-01 158.83 307.84 0.52 0.056541 0.002650 0.499624 0.027956 0.063886 0.002063 411.4 5.9 399.2 5.5
Tuergen-02 506.62 587.98 0.86 0.058509 0.002758 0.512226 0.019899 0.063971 0.001479 419.9 3.4 399.7 4.0
Tuergen-03 231.86 311.26 0.74 0.057836 0.002899 0.510912 0.024166 0.064235 0.001453 419.1 6.2 401.3 5.8
Tuergen-04 518.08 595.40 0.87 0.055368 0.002456 0.490971 0.023888 0.063949 0.001470 405.6 5.3 399.6 5.9
Tuergen-05 1246.82 1836.65 0.68 0.276123 0.014386 2.733563 0.208052 0.269914 0.006865 1337.6 26.6 1244.3 21.1
Tuergen-06 379.42 478.18 0.79 0.054221 0.001886 0.481738 0.017765 0.064155 0.001129 399.3 2.2 400.8 3.8
Tuergen-07 646.71 646.85 1.00 0.057884 0.001971 0.514704 0.020925 0.064193 0.001680 421.6 4.0 401.1 4.2
Tuergen-08 488.09 564.12 0.87 0.071843 0.006727 0.615274 0.048005 0.063407 0.001857 486.9 5.2 396.3 6.3
Tuergen-09 155.95 304.99 0.51 0.055035 0.002304 0.484518 0.023201 0.063699 0.001647 401.2 5.9 398.1 5.0
Tuergen-10 485.84 568.15 0.86 0.058048 0.002362 0.508998 0.018468 0.063850 0.001227 417.8 7.4 399.0 7.4
Tuergen-11 219.19 300.70 0.73 0.059766 0.003006 0.529260 0.029098 0.063991 0.001270 431.3 4.3 399.9 2.7
Tuergen-12 543.68 599.56 0.91 0.054243 0.002108 0.479370 0.019304 0.064005 0.001409 397.6 3.3 399.9 6.5
Tuergen-13 3440.14 4428.18 0.78 0.201205 0.007283 1.952109 0.110338 0.270028 0.009949 1099.17 38.0 1017.3 17.8
Tuergen-14 362.74 464.04 0.78 0.055325 0.001726 0.491697 0.017430 0.064149 0.001218 406.1 5.9 400.8 5.4
Tuergen-15 637.81 644.88 0.99 0.057571 0.001910 0.508637 0.018113 0.064039 0.001570 417.5 2.2 400.1 4.5
Tuergen-16 452.74 544.74 0.83 0.075071 0.007118 0.636417 0.048055 0.063770 0.001754 500.1 9.8 398.5 10.6
Tuergen-17 152.23 300.83 0.51 0.055443 0.002112 0.490520 0.020280 0.064160 0.001497 405.3 3.8 400.9 4.1
Tuergen-18 450.54 538.68 0.84 0.056190 0.001885 0.496828 0.016199 0.064048 0.000851 409.6 7.0 400.2 5.2
Tuergen-19 210.20 292.16 0.72 0.066710 0.004525 0.596408 0.048962 0.063777 0.001384 475.0 4.2 398.6 3.4
Tuergen-20 561.70 601.71 0.93 0.055373 0.001868 0.489861 0.017941 0.063929 0.001183 404.8 3.2 399.5 5.2
Tuergen-21 359.37 459.82 0.78 0.053201 0.001622 0.471598 0.016269 0.063937 0.001119 392.3 6.2 399.5 4.8
Tuergen-22 638.22 643.83 0.99 0.058997 0.002212 0.516486 0.017990 0.063948 0.001555 422.8 2.0 399.6 3.4
Tuergen-23 431.84 532.57 0.81 0.074758 0.006130 0.633179 0.040035 0.064005 0.001706 498.1 4.9 399.9 3.3

Zhagesitai
Zhagesitai-01 185.33 561.23 0.33 0.071860 0.003856 0.657065 0.029999 0.068647 0.002465 512.8 6.4 428.0 4.9
Zhagesitai-02 313.26 387.52 0.81 0.061482 0.002326 0.594361 0.030401 0.069602 0.002055 473.6 6.4 433.8 3.4
Zhagesitai-03 204.81 233.73 0.88 0.064790 0.002614 0.626097 0.029864 0.069668 0.001748 493.7 4.7 434.2 5.5
Zhagesitai-04 81.31 160.97 0.51 0.055081 0.003124 0.533473 0.035049 0.069785 0.001976 434.1 3.2 434.9 3.9
Zhagesitai-05 354.37 417.62 0.85 0.096020 0.004013 0.939925 0.054930 0.069986 0.002317 672.8 5.8 436.1 4.0
Zhagesitai-06 116.14 125.74 0.92 0.063214 0.003921 0.606413 0.039720 0.069549 0.001925 481.3 5.1 433.4 4.6
Zhagesitai-07 252.76 336.65 0.75 0.055566 0.002721 0.533309 0.028324 0.069703 0.002005 434.0 8.8 434.4 2.1
Zhagesitai-08 162.45 445.00 0.37 0.066239 0.004229 0.640162 0.044715 0.069932 0.001816 502.4 7.7 435.7 2.9
Zhagesitai-09 355.95 399.68 0.89 0.059265 0.003011 0.569108 0.037933 0.069749 0.003003 457.4 4.6 434.6 8.1
Zhagesitai-10 184.37 209.74 0.88 0.056341 0.003560 0.547391 0.044630 0.069595 0.002315 443.3 9.3 433.7 4.0
Zhagesitai-11 82.20 160.91 0.51 0.056115 0.004145 0.537298 0.045373 0.069523 0.002318 436.6 5.0 433.3 4.0
Zhagesitai-12 96.79 120.26 0.80 0.078731 0.005596 0.740290 0.054303 0.069542 0.003590 562.6 3.7 433.4 2.6
Zhagesitai-13 294.60 367.34 0.80 0.052170 0.003432 0.498935 0.038884 0.069783 0.003263 411.0 6.3 434.8 4.7
Zhagesitai-14 164.04 479.23 0.34 0.078839 0.009217 0.735785 0.082633 0.069415 0.002931 559.9 4.4 432.6 6.7
Zhagesitai-15 336.99 404.13 0.83 0.060870 0.002343 0.585567 0.032706 0.069315 0.002324 468.0 3.9 432.0 4.0
Zhagesitai-16 210.42 238.32 0.88 0.063790 0.002901 0.613310 0.032258 0.069550 0.001922 485.6 4.3 433.4 5.6
Zhagesitai-17 82.44 163.24 0.51 0.053872 0.003504 0.515773 0.037823 0.069231 0.001917 422.3 5.3 431.5 3.6
Zhagesitai-18 384.71 446.15 0.86 0.092572 0.004295 0.896782 0.057619 0.069511 0.002520 650.0 5.9 433.2 5.2
Zhagesitai-19 98.36 117.78 0.84 0.070405 0.004628 0.661835 0.041192 0.069444 0.002297 515.7 5.2 432.8 3.8
Zhagesitai-20 273.61 355.04 0.77 0.052716 0.002802 0.499498 0.029304 0.068899 0.002098 411.4 9.8 429.5 2.7
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Table 3. Continued

Ratio Age (Ma)

Sample Th(ppm) U(ppm) Th/U 207Pb/206Pb 1σ 207Pb/235U 1σ 206Pb/238U 1σ 207Pb/235U 1σ 206Pb/238U 1σ

Zhepujilieke
Zhepujilieke-01 321.99 615.57 0.52 0.066280 0.003486 0.660597 0.035700 0.072370 0.001748 515.0 5.8 450.4 5.5
Zhepujilieke-02 394.44 681.62 0.58 0.055781 0.002119 0.553207 0.019510 0.072342 0.001231 447.1 2.8 445.3 4.4
Zhepujilieke-03 3111.4 3999.8 0.78 0.194340 0.006825 1.781895 0.092095 0.266209 0.012415 1038.9 28.6 913.3 14.6
Zhepujilieke-04 242.48 511.45 0.47 0.057022 0.005029 0.557541 0.041207 0.072367 0.002405 449.9 6.9 457.4 4.5
Zhepujilieke-05 1085.78 1287.45 0.84 0.051674 0.001699 0.511704 0.016079 0.072347 0.001378 419.6 5.8 450.3 4.3
Zhepujilieke-06 583.92 1713.93 0.34 0.058176 0.002634 0.582275 0.034940 0.072164 0.001920 465.9 2.4 449.2 2.5
Zhepujilieke-07 1486.77 2193.17 0.68 0.053297 0.001607 0.527877 0.017438 0.072158 0.001310 430.4 5.6 449.1 5.9
Zhepujilieke-08 331.76 648.08 0.51 0.063297 0.002970 0.625990 0.029778 0.071655 0.001560 493.6 8.6 446.1 4.4
Zhepujilieke-09 445.05 627.99 0.71 0.058228 0.001727 0.583231 0.018962 0.072463 0.001310 466.5 2.2 451.0 5.9
Zhepujilieke-10 240.95 511.20 0.47 0.055726 0.004013 0.545389 0.032539 0.072055 0.001913 442.0 4.4 448.5 3.5
Zhepujilieke-11 1006.84 1228.32 0.82 0.050735 0.001509 0.504658 0.014104 0.072478 0.001307 414.9 3.5 451.1 2.9
Zhepujilieke-12 564.63 1549.99 0.36 0.056938 0.002221 0.567883 0.029232 0.071818 0.001865 456.6 5.9 447.1 2.2
Zhepujilieke-13 3827.48 4121.06 0.93 0.274770 0.011437 2.039759 0.120293 0.252342 0.011435 1128.8 40.2 1028.9 10.8
Zhepujilieke-14 1358.56 2114.01 0.64 0.052621 0.001450 0.524326 0.015732 0.072296 0.001228 428.0 4.5 450.0 3.4
Zhepujilieke-15 248.25 560.73 0.44 0.056440 0.002669 0.564608 0.028871 0.072358 0.001783 454.5 8.7 450.3 5.7
Zhepujilieke-16 233.37 494.33 0.47 0.057979 0.006471 0.565142 0.053635 0.072189 0.002829 454.9 4.8 449.3 7.0
Zhepujilieke-17 1197.09 1368.03 0.88 0.052587 0.001847 0.523289 0.019775 0.072457 0.001554 427.3 3.2 450.9 6.3
Zhepujilieke-18 588.81 1770.57 0.33 0.055422 0.002279 0.553013 0.027979 0.072473 0.001871 447.0 4.3 451.0 3.2
Zhepujilieke-19 1538.57 2202.94 0.70 0.052275 0.001889 0.519557 0.020012 0.072538 0.001508 424.9 3.4 451.4 4.1
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Table 4. Sr–Nd isotopic compositions of the five studied granites

Sample 87Rb/86Sr 87Sr/86Sr 2σ (87Sr/86Sr)i
147Sm/144Nd 143Nd/144Nd 2σ (143Nd/144Nd)i fSm/Nd εNd(t) TDM1(Ga) TDM2(Ga)

MDLH-1 1.304 0.720027 4 0.715018 0.1282 0.512383 8 0.512207 − 0.34808 − 1.4 1.37 1.14
MDLH-2 0.880 0.720014 4 0.716635 0.1305 0.512376 5 0.512197 − 0.33644 − 1.7 1.42 1.15
MDLH-3 1.080 0.720040 7 0.715890 0.1294 0.512384 4 0.512206 − 0.34217 − 1.4 1.38 1.14
MDLH-4 0.768 0.720037 8 0.717085 0.1318 0.512388 4 0.512207 − 0.33011 − 1.5 1.42 1.14
HT-1 3.734 0.745423 9 0.731079 0.1405 0.512389 7 0.512196 − 0.28587 − 2.5 1.58 1.14
HT-2 2.766 0.733433 8 0.722809 0.1400 0.512394 8 0.512202 − 0.28808 − 2.4 1.56 1.14
HT-3 3.941 0.745410 8 0.730272 0.1418 0.512381 9 0.512186 − 0.27932 − 2.7 1.63 1.16
HT-4 3.589 0.733308 5 0.719521 0.1413 0.51239 5 0.512196 − 0.28171 − 2.5 1.60 1.15
TEG-1 2.565 0.720379 7 0.710527 0.1347 0.512409 7 0.512224 − 0.31505 − 1.3 1.43 1.12
TEG-2 2.068 0.720389 8 0.712447 0.1322 0.512414 8 0.512232 − 0.32789 − 1.1 1.37 1.11
TEG-3 2.063 0.720366 5 0.712440 0.1360 0.512403 7 0.512216 − 0.30866 − 1.5 1.46 1.13
TEG-4 1.960 0.720392 4 0.712865 0.1335 0.51241 4 0.512227 − 0.32122 − 1.2 1.40 1.12
ZGST-1 1.787 0.715011 5 0.708148 0.1427 0.512322 8 0.512126 − 0.27447 − 3.2 1.77 1.28
ZGST-2 2.155 0.714998 7 0.706718 0.1432 0.512317 8 0.512120 − 0.27179 − 3.3 1.80 1.29
ZGST-3 1.400 0.715024 8 0.709646 0.1439 0.512323 5 0.512125 − 0.26851 − 3.2 1.80 1.28
ZGST-4 1.709 0.715021 7 0.708455 0.1445 0.512325 7 0.512126 − 0.26549 − 3.2 1.81 1.28
ZPJLK-1 1.244 0.743416 4 0.738636 0.1221 0.51237 4 0.512202 − 0.37926 − 0.9 1.30 1.14
ZPJLK-2 1.331 0.743426 7 0.738314 0.1342 0.512376 7 0.512192 − 0.31784 − 1.5 1.48 1.18
ZPJLK-3 0.946 0.743403 8 0.739768 0.1233 0.512364 8 0.512194 − 0.37299 − 1.1 1.32 1.15
ZPJLK-4 1.098 0.743429 9 0.739210 0.1354 0.512371 9 0.512185 − 0.31167 − 1.7 1.51 1.19

εNd(t) values were calculated using present-day (147Sm/144Nd)CHUR = 0.1967 and (143Nd/ 144Nd)CHUR = 0.512638.
TDM values were calculated using present-day (147Sm/144Nd)DM = 0.2137 and (143Nd/144Nd) DM = 0.51315.

Figure 7. (Colour online) Primitive mantle-nomalized trace ele-
ment spidergram patterns and chondrite-normalized REE pat-
terns of the studied granites: (a, b) the Mandalehai granites;
(c, d) the Huiteng granite; (e, f) the Tuergen granite; (g, h) the
Zhagesitai granite; and (i, j) the Zhepujileke granite.

Figure 8. (Colour online) Plot of (a) εNd(t) v. Age (Ma) and
(b) εHf(t) v. Age (Ma) for the studied granites from the Chinese
Altai.

metaigneous rocks such as orthogneiss, and amphibol-
ite (Miller, 1985; Patiño Douce & Johnston, 1991;
Sylvester, 1998). All of the peraluminous granites in-
cluded in this study are compatible with the ‘sediment
involvement’ trend on the Ba/Th v. (La/Sm)N plot,
indicating a substantial addition of sediments to the
source magmas (Fig. 11a). This interpretation is sup-
ported by the presence of aluminium-saturated min-
erals in thin sections, i.e. cordierite, garnet, muscov-
ite and sillimanite (Fig. 3). Previous studies have pro-
posed that the strongly peraluminous felsic rocks in
the Chinese Altai were derived from thermal melting
of local metasediments (e.g. the Habahe Group), due
to heating from the asthenosphere upwelling through
a slab window (Cai et al. 2011b; Yu et al. 2016).
However, the low zircon saturation temperature (537–
765 °C; Fig. 11b) and the existence of residual zircon
does not support a high-temperature magmatic event in
the Chinese Altai. The metasedimentary rocks of the
Habahe Group are overwhelmingly Neoproterozoic to
Early Palaeozoic in age, with a prominent detrital zir-
con age peak around 465–542 Ma (with zircon εHf(t)
values of −25 to +15; Jiang et al. 2011b). There-
fore, the oldest zircon xenocrysts in the studied gran-
ites, with U–Pb ages from 1294 to 913 Ma and εHf(t)
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Table 5. Zircon Hf isotopic compositions of the five studied granites

Sample name 176Hf/177Hf 1s 176Yb/177Hf 1s 176Lu/177Hf 1s ɛHf(t) TDM1 TDM2

Mandalehai
MDLH-1 0.282606 0.000014 0.118654 0.005832 0.006320 0.000176 1.51 1065.09 1302.81
MDLH-2 0.282373 0.000019 0.046606 0.001953 0.002117 0.000069 − 5.58 1279.68 1750.06
MDLH-3 0.282144 0.000015 0.066174 0.000586 0.001956 0.000025 − 13.77 1601.31 2258.62
MDLH-4 0.282661 0.000021 0.122804 0.004351 0.004715 0.000139 3.90 928.94 1151.86
MDLH-5 0.282606 0.000017 0.118437 0.000940 0.001018 0.000029 2.97 915.31 1210.79
MDLH-6 0.282486 0.000021 0.097852 0.001865 0.002021 0.000068 − 1.55 1113.65 1496.55
MDLH-7 0.282137 0.000014 0.056682 0.000723 0.001714 0.000008 − 13.95 1600.83 2270.11
MDLH-8 0.282623 0.000025 0.104631 0.002570 0.002785 0.000088 3.09 935.20 1203.44
MDLH-9 0.282681 0.000017 0.035227 0.000757 0.000820 0.000034 5.68 805.32 1039.13
MDLH-10 0.282601 0.000017 0.129265 0.002153 0.002333 0.000071 2.43 955.68 1244.85
MDLH-11 0.282591 0.000023 0.175445 0.002137 0.002316 0.000069 2.09 969.81 1266.94
MDLH-12 0.282734 0.000019 0.108668 0.002215 0.002401 0.000071 7.12 762.73 947.70
MDLH-13 0.282655 0.000020 0.160885 0.001617 0.001752 0.000057 4.51 863.06 1113.73
MDLH-14 0.282437 0.000022 0.081582 0.001584 0.001717 0.000058 − 3.20 1174.53 1600.61
MDLH-15 0.282599 0.000020 0.091553 0.000703 0.000762 0.000026 2.80 918.92 1222.02
Huiteng
HT-1 0.282603 0.000013 0.117621 0.005361 0.005810 0.000164 − 0.03 1052.28 1333.20
HT-2 0.282370 0.000018 0.046200 0.001796 0.001946 0.000064 − 7.44 1277.04 1800.75
HT-3 0.282598 0.000016 0.128141 0.001979 0.002145 0.000066 0.59 954.09 1294.49
HT-4 0.282025 0.000012 0.047367 0.000399 0.001361 0.000004 − 19.54 1742.80 2558.39
HT-5 0.282588 0.000022 0.173918 0.001965 0.002129 0.000064 0.24 968.19 1316.66
HT-6 0.281713 0.000012 0.043451 0.000547 0.001307 0.000005 − 30.57 2174.66 3243.26
HT-7 0.282620 0.000024 0.103720 0.002363 0.002561 0.000082 1.28 932.76 1250.89
HT-8 0.282678 0.000016 0.034920 0.000696 0.000754 0.000032 3.72 807.14 1096.10
HT-9 0.282434 0.000021 0.080872 0.001456 0.001578 0.000053 − 5.09 1173.43 1653.23
HT-10 0.282596 0.000019 0.090757 0.000646 0.000701 0.000024 0.83 920.65 1279.26
HT-11 0.282658 0.000020 0.121736 0.004000 0.004335 0.000129 2.24 922.20 1189.99
HT-12 0.282193 0.000014 0.054365 0.000562 0.001613 0.000023 − 13.65 1517.30 2190.26
HT-13 0.282652 0.000019 0.159485 0.001487 0.001611 0.000053 2.61 863.06 1166.18
HT-14 0.282603 0.000016 0.117407 0.000864 0.000936 0.000027 1.03 916.54 1266.79
HT-15 0.282483 0.000020 0.097001 0.001715 0.001858 0.000063 − 3.42 1112.03 1547.70
Tuergen
TEG-1 0.282603 0.000020 0.049234 0.001395 0.001511 0.000049 1.32 931.72 1264.25
TEG-2 0.282625 0.000014 0.041375 0.000715 0.000775 0.000025 2.27 882.84 1204.24
TEG-3 0.282604 0.000017 0.076475 0.001782 0.001932 0.000071 1.26 940.92 1268.13
TEG-4 0.282636 0.000014 0.022988 0.000068 0.000074 0.000003 2.82 851.69 1169.35
TEG-5 0.282059 0.000012 0.059628 0.000632 0.001809 0.000021 − 16.91 1715.61 2448.49
TEG-6 0.282657 0.000015 0.030945 0.000390 0.000422 0.000013 3.48 830.29 1127.33
TEG-7 0.282678 0.000018 0.063424 0.000457 0.000495 0.000003 4.21 802.65 1081.26
TEG-8 0.282628 0.000021 0.086151 0.000916 0.000992 0.000029 2.32 883.70 1200.68
TEG-9 0.282641 0.000022 0.054823 0.000180 0.000195 0.000007 2.97 847.48 1159.91
TEG-10 0.282724 0.000027 0.070754 0.001760 0.001908 0.000054 5.51 766.96 998.60
TEG-11 0.282666 0.000020 0.064829 0.000275 0.000298 0.000015 3.83 815.14 1105.31
TEG-12 0.282727 0.000036 0.069511 0.001035 0.001122 0.000035 5.80 746.65 980.35
TEG-13 0.281932 0.000014 0.052547 0.000579 0.001567 0.000025 − 21.34 1883.13 2724.53
TEG-14 0.282745 0.000034 0.063257 0.001633 0.001769 0.000071 6.28 733.81 949.37
TEG-15 0.282677 0.000041 0.035125 0.000263 0.000285 0.000019 4.22 799.64 1080.43
Zhagesitai
ZGST-1 0.282651 0.000009 0.071273 0.001184 0.001283 0.000032 4.90 857.08 1102.78
ZGST-2 0.282654 0.000007 0.037349 0.000043 0.000047 0.000002 5.34 826.32 1074.83
ZGST-3 0.282649 0.000012 0.069799 0.000350 0.000380 0.000022 5.08 839.92 1091.27
ZGST-4 0.282594 0.000007 0.031392 0.000049 0.000053 0.000009 3.22 908.66 1209.08
ZGST-5 0.282592 0.000009 0.048602 0.000291 0.000315 0.000006 3.09 916.82 1216.99
ZGST-6 0.282578 0.000009 0.030684 0.000191 0.000206 0.000041 2.63 933.70 1246.66
ZGST-7 0.282686 0.000009 0.046781 0.001015 0.001100 0.000004 6.19 803.26 1020.66
ZGST-8 0.282650 0.000011 0.058227 0.003056 0.003312 0.000002 4.26 908.56 1143.16
ZGST-9 0.282685 0.000007 0.049793 0.000660 0.000715 0.000008 6.24 797.54 1017.53
ZGST-10 0.282680 0.000010 0.049255 0.001043 0.001130 0.000011 5.95 813.41 1036.27
ZGST-11 0.282597 0.000007 0.050628 0.000532 0.000577 0.000027 3.19 916.46 1211.05
ZGST-12 0.282622 0.000007 0.044864 0.000277 0.000300 0.000054 4.14 875.62 1150.53
ZGST-13 0.282685 0.000010 0.065547 0.001838 0.001992 0.000045 5.90 824.13 1038.98
ZGST-14 0.282763 0.000015 0.144635 0.003839 0.004161 0.000014 8.01 757.19 905.43
ZGST-15 0.282629 0.000009 0.060422 0.000401 0.000435 0.000038 4.36 868.74 1136.87
Zhepujilieke
ZPJLK-1 0.282481 0.000019 0.096157 0.001576 0.001708 0.000058 − 1.61 1110.81 1500.84
ZPJLK-2 0.282618 0.000023 0.102818 0.002172 0.002354 0.000076 3.07 930.82 1205.70
ZPJLK-3 0.282114 0.000012 0.049079 0.000517 0.001507 0.000016 − 13.83 1624.38 2293.63
ZPJLK-4 0.282676 0.000015 0.034616 0.000639 0.000693 0.000030 5.58 809.06 1046.63
ZPJLK-5 0.282596 0.000015 0.127026 0.001819 0.001972 0.000061 2.39 952.92 1248.31
ZPJLK-6 0.282586 0.000021 0.172405 0.001806 0.001957 0.000059 2.04 966.99 1270.45
ZPJLK-7 0.282650 0.000018 0.158097 0.001367 0.001481 0.000049 4.44 863.33 1118.74
ZPJLK-8 0.282703 0.000017 0.104218 0.001733 0.001878 0.000052 6.21 796.12 1006.75
ZPJLK-9 0.282432 0.000020 0.080168 0.001339 0.001451 0.000050 − 3.27 1172.68 1605.71
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Table 5. Continued

Sample name 176Hf/177Hf 1s 176Yb/177Hf 1s 176Lu/177Hf 1s ɛHf(t) TDM1 TDM2

ZPJLK-10 0.282594 0.000018 0.089967 0.000594 0.000644 0.000022 2.69 922.49 1229.66
ZPJLK-11 0.282601 0.000012 0.116598 0.004929 0.005341 0.000152 1.64 1041.15 1295.72
ZPJLK-12 0.282568 0.000017 0.045798 0.001651 0.001789 0.000059 1.45 988.43 1307.79
ZPJLK-13 0.282066 0.000011 0.052865 0.000487 0.001596 0.000001 − 15.55 1695.97 2401.31
ZPJLK-14 0.282656 0.000019 0.120676 0.003677 0.003985 0.000120 3.96 916.42 1148.99
ZPJLK-15 0.282601 0.000015 0.116385 0.000794 0.000860 0.000025 2.88 917.94 1217.75

The 176Hf/177Hf and 176Lu/177Hf ratios of chondrite and depleted mantle at present are 0.282772 and 0.0332, 0.28325 and 0.0384;
(176Lu/177Hf)LC = 0.019; λ= 1.867 × 10−11 a−1; t = crystallization time of zircon.
εHf(t) = {[(176Hf/177Hf)S − (176Lu/177Hf)S × (eλt − 1)]/[(176Hf/177Hf)CHUR − (176Lu/177Hf)CHUR × (eλt − 1)] − 1} × 10000.
TDM1 = 1/λln{[(176Hf/177Hf)S − (176Hf/177Hf)DM]/[(176Lu/177Hf)S − (176Lu/177Hf)DM] + 1}.
TDM2 = t + 1/λln{[(176Hf/177Hf)S − (176Hf/177Hf)DM]/[(176Lu/177Hf)LC−(176Lu/177Hf)DM] + 1}

Figure 9. (Colour online) Trace element diagrams for tectonic
discrimination: (a) Nb v. Y and (b) Rb v. Y + Nb.

Figure 10. (Colour online) Trace element discrimination dia-
grams: (a) (La/Yb)N v. (Yb)N; (b) Sr/Y v. Y.

Figure 11. (Colour online) Trace element discrimination dia-
grams: (a) Ba/Th v. (La/Sm)N; and (b) diagram for variations in
zircon saturation temperatures for the studied granites from the
Chinese Altai.

values ranging from −30.6 to −13.7 (TDM2 = 2190–
3243 Ma), are likely to be exotic.

Oceanic sediments mixing into the source magma
via dehydration melting are expected to have a com-
position reflecting their origin as weathering products
of upper continental crust (Asahara et al. 1999; Bayon
et al. 2002). The studied granites are characterized
by high initial 87Sr/86Sr ratios (0.714998–0.743426),
negative εNd(t) values (−3.3 to −0.9) and εHf(t) val-
ues (−30.6 to −13.7), all of which are typical geo-
chemical characteristics of oceanic sediments (Asa-
hara et al. 1999; Bayon et al. 2002). Additionally, the
Nd/Hf ratios of these granites are both relatively high

Figure 12. (Colour online) Trace element discrimination dia-
grams: (a) Ba/Nb v. Ba/La; (b) Nb/Th v. Nb/La.

and quite variable (from 4.26 to 43.57), which is typ-
ical of Indian Ocean sediments (Nd/Hf = 6–42, n = 9;
Ben Othman, White & Patchett, 1989; Gasparon &
Varne, 1998; Plank & Langmuir, 1998). These various
lines of evidence support the presence of an oceanic
sediment component in the magma sources.

However, the isotopic features of Sr and Nd in
whole-rock samples, and Hf in zircons, strongly sug-
gest a heterogeneous source. Previous studies have
suggested that mantle-derived components or juven-
ile crust played an important role in the genera-
tion of granites in the CAOB (Sengör, Natal’in &
Burtman, 1993; Hu et al. 2000; Jahn, Wu & Chen,
2000b; Windley et al. 2007). The positive zircon
εHf(t) values (+0.24 to +8.01), young Hf model ages
(905–1317 Ma) and high Mg# values (28.69–53.33)
of the studied granites strongly suggest a mantle-
derived component. In particular, the characteristics
of the zircon Hf isotopic system are consistent with
those of other Palaeozoic arc granites from the re-
gion (εHf(t) =−1.4 to +12.9, TDM2 = 765–2122 Ma,
n = 14; Cai et al. 2011b; Wang et al. 2011; Lv et al.
2012). Therefore, we proposed that the granites were
derived from mixed magmas, incorporating materials
from both the partial melting of subducting oceanic
sediments and the overlying mantle wedge.

Sr is a more sensitive indicator of fluid introduction
than Hf and Nd (Woodhead et al. 2001; Münker et al.
2004; Turner et al. 2009). The initial 87Sr/86Sr ratios
of the studied granites (0.706718–0.739768) demon-
strate a wider range than the initial 143Nd/144Nd ra-
tios (0.512120–0.512232), possibly reflecting the ad-
dition of fluids into the magma sources (Zhang et al.
2016). However, as shown by the plots of Ba/Th v.
(La/Sm)N (Fig. 11a) and Ba/Nb v. Ba/La (Fig. 12a), the
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Figure 13. (Colour online) Trace element discrimination dia-
grams: (a) Rb/Sr v. Sr; (b) Ba v. Sr.

granites are not plotted on the ‘fluid involvement’ or
‘fluid enrichment’ lines. This indicates that, although
aqueous fluids were important in the generation of ini-
tial magma, they did not significantly alter their chem-
ical compositions.

6.2.2. Assimilation of continental crust and fractional
crystallization

Previous studies have suggested that correlations
between selected major and trace element ratios (such
as La/Sm, Nb/La, Th/Ta, Sm/Nd, SiO2/MgO and
Nb/U) can be used to assess the effects of crustal con-
tamination in magmas (Yin et al. 2015). No correla-
tion is observed in plots of Sm/Nd v. Nb/La, La/Sm
v. Nb/La or Nb/U v. SiO2/MgO (not shown), ruling
out the possibility of significant crustal contamination.
On the Nb/Th v. Nb/La plot (Fig. 12b), peraluminous
granites plot well away from the ‘crustal contamina-
tion’ trend, indicating that assimilation of the contin-
ent crust was minimal. This is further supported by the
uniform εNd(t) values and low zircon saturation tem-
peratures (537–765 °C) of the peraluminous granites,
which indicate that the magmas did not suffer from
assimilation of the surrounding rocks during its intru-
sion. Therefore, we conclude that the crustal affinit-
ies of the peraluminous granites are mainly attribut-
able to melting of oceanic sediments rather than crustal
assimilation.

The peraluminous granites show a wider range
in MgO contents (0.41–1.40 wt %) and Mg# (28.69–
53.33), suggesting that their precursor magmas prob-
ably underwent a higher degree of fractional crystal-
lization. The Rb/Sr v. Sr and Ba v. Sr plots (Fig. 13)
indicate that fractional crystallization of plagioclase,
K-feldspar and biotite played a dominant role in the
evolution of the peraluminous magmas.

6.3. Decoupling of Nd and Hf isotopic systems

All samples included in this study showed significant
Nd–Hf decoupling (Fig. 8). This signal may have been
inherited from the magma source, or may be the result
of disequilibrium melting processes (Su et al. 2015;
Yu et al. 2016). Melts may show higher 176Hf/177Hf ra-
tios than the source rock if dissolution of zircons is in-
complete during partial melting, because the very low
Lu/Hf ratio of zircon can result in low, non-radiogenic
176Hf/177Hf ratios (e.g. Tang et al. 2014; Yu et al.

2016). The high Nd/Hf ratios (4.87–37.70) and low Hf
concentrations (0.75–3.87 ppm) of the studied gran-
ites can be explained by sequestration of Hf in resid-
ual zircon, which would lower the concentrations of
Hf relative to Nd in melts. Zircon xenocrysts often
appear in CL images of the studied granites (Fig. 4),
suggesting that the decoupled Nd–Hf isotopic fea-
tures may be inherited from disequilibrium melting
processes.

These results suggest that the studied granites were
produced by partial melting of subducting oceanic sed-
iments, as well as the overlying mantle wedge. The old
Hf model ages (TDM2 = 2190−3243 Ma) and negative
εHf(t) values (−30.6 to −13.7) of these xenocrysts sug-
gest a crustal affinity, and a possible derivation from
oceanic sediments. Numerous studies have reported
significant disequilibrium in the Sr, Nd and Pb iso-
topic systems during sedimentary or crustal anatexis
(e.g. Hogan & Sinha, 1991; Hammouda, 1994; Knesel
& Davidson, 1996; Tommasini & Davies, 1997; Dav-
ies & Tommasini, 2000). The rate of zircon dissol-
ution is controlled by several factors, including zir-
con solubility, temperature, zircon crystal size, and the
melt and solid phase composition (e.g. Ayres & Har-
ris, 1997; Zeng, Asimow & Saleeby, 2005a; Zeng,
Saleeby & Asimow, 2005b; Farina & Stevens, 2011).
A variable rate of zircon dissolution in a single magma
source may result in variable Hf isotopic composi-
tions in different batches of melts (Tang et al. 2014).
Tollstrup & Gill (2005) calculated Zr solubility in
a granitic melt using the parameters given by Wat-
son & Harrison (1983), and suggested that for sub-
ducted sediments containing 65–165 ppm Zr, temper-
atures must be lower than 780 °C for any zircon to
survive. This finding was supported by Johnson &
Plank (1999), who reported sediment melting at 780–
825 °C for peraluminous to metaluminous material
at 3–4 GPa.

Based on this study, we conclude that zircons from
oceanic sediments may have survived in the crystal
phase during partial melting, then served as nuclei
for recrystallization at the low zircon saturation tem-
perature of the studied granites (Fig. 11b). During the
melting process, a significant amount of 177Hf was re-
tained at the source by residual zircons (Tang et al.
2014), while the 176Hf/177Hf ratio of the melts be-
came correspondingly elevated, and decoupled from
the 143Nd/144Nd ratio. Residual zircon can explain the
wide range of εHf(t) values and Hf model ages seen in
these granites, which cannot represent the geochem-
istry of the primary magma.

In contrast with 177Hf, which can be retained at the
source, Nd concentrations cannot be altered by resid-
ual zircon during the melting of oceanic sediments.
Furthermore, the model ages of the studied granites
and their uniform εNd(t) values suggest only minor as-
similation of continental crust and fluids during mag-
matic processes. Consequently, whole-rock Nd iso-
topic ratios likely represent mixing processes in the
parent magmas of the studied granites.
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6.4. Implications for the recycling of oceanic sediments

The growth of the Chinese Altai was driven by sub-
duction processes along the margins of the Palaeo-
Asian ocean, from the Cambrian (or earlier) through
the Devonian (Xiao et al. 2004, 2008; Yuan et al. 2007;
Sun et al. 2008, 2009; Cai et al. 2010, 2011a; Su et al.
2011, 2012; ). Recent studies have suggested that ridge
subduction was probably the dominant tectonic con-
trol in the geodynamic evolution of the Chinese Al-
tai. When an actively spreading ocean ridge is dragged
into a subduction zone, the oceanic slabs on both sides
cease to grow (Dickinson & Snyder, 1979; Thorkelson,
1996; Cai et al. 2010; Santosh & Kusky, 2010). High-
temperature metamorphism and several types of mag-
matism will commence, as diverse components of the
mantle and downgoing slab are melted by upwelling
of hot asthenosphere through the slab window (Geng
et al. 2009; Zhao et al. 2009; Jiang et al. 2010; Yin
et al. 2010; Zhang et al. 2010).

However, the low zircon saturation temperature
(537–765 °C) of the studied granites does not sup-
port the type of high-temperature magmatic event that
would be produced by the upwelling of hot astheno-
sphere in a ridge subduction setting. This is further
supported by the appearance of the zircon xenocrysts
in CL images (Fig. 4). In addition, Early to Middle Pa-
laeozoic A-type granites and high-temperature meta-
morphic rocks are scarce in the Chinese Altai (Yuan
et al. 2007; Sun et al. 2008; Cai et al. 2011a,b, 2012,
Wang et al. 2011; Lv et al. 2012), which also suggests
‘cold’ magmatism during this interval. Experimental
studies (Osamu, 1995; Karsten, Klein & Sherman,
1996) have revealed that melts formed in a subduc-
tion ridge setting typically develop under low-pressure
conditions, whereas the major element composition of
the studied granites implies that they formed in a high-
pressure environment, most likely a normal subduction
zone rather than a ridge subduction setting. Therefore,
the ridge subduction model is not supported by the
studied granites.

It is generally accepted that subduction is a ‘high-
pressure’ but relatively ‘low-temperature’ tectonic pro-
cess, and under most circumstances subducting crustal
rocks are too cold to melt. However, recent model-
ling studies, combined with an improved understand-
ing of the chemistry and petrography of subduction-
zone fluids and melts, indicate subduction zones likely
meet the conditions for deep slab melt, so long as free
fluid is available at sub-arc depths. (Pearce et al. 1999;
Kempton et al. 2002; Nebel et al. 2007; Pearce, Kemp-
ton & Gill, 2007; Spandler & Pirard, 2013). Subduc-
tion zones are sites where chemical components are
transferred from the downgoing slab back to the sur-
face (Spandler & Pirard, 2013). Experiments by Grassi
& Schmidt (2011) and Hofmann (1997) indicated that
subducting slab components can be mechanically or
diffusively mix into the ambient mantle, or can return
to the continent crust, in the form of chemical com-
ponents within arc magmas.

Previous studies have proposed that only 15 % of
sediment-derived Hf originating in subducting vol-
canoclastic debris is transported back to the crust via
arc magmatism, whereas ∼85 % is introduced into the
mantle. Since a large amount of Hf can be retained in
residual zircons under low-temperature conditions, the
proportion of Hf returning to the crust is likely to be
lower than 15 %. Therefore, Hf may not be an effect-
ive tracer in sediment recycling (Chauvel et al. 2009;
Handley et al. 2011; Zhang et al. 2016). In contrast, the
concentration and isotopic composition of Nd in arc
magmas cannot be altered by residual zircon effects.
As a result, Nd may more reliably constrain the relat-
ive proportion of recycled oceanic sediment in mixed-
source arc magmas. In this study, we have outlined
a model to explain how Hf is transferred out of the
subducting slab. The significant decoupling between
Nd and Hf isotopic compositions in the studied per-
aluminous granites from the Chinese Altai shows that
partial melting of oceanic sediment is a major factor
controlling the relationship between the two isotopic
systems in island arc environments.

Based on these results, we consider oceanic sedi-
ment recycled back into the arc crust was an important
component of the source magmas for the studied gran-
ites. Approximately 40 % of exposed rocks in the Altai
Orogenic Belt are granite, suggesting that over 40 %
of continental growth in the orogenic belt is attribut-
able to felsic arc magmatism. This demonstrates that
oceanic sediment recycling was an important process
in the continental growth of the Chinese Altai, an as-
pect that has been completely overlooked in previous
studies.

7. Conclusions

1. The studied peraluminous granites in the Chinese
Altai were emplaced between 449 and 327 Ma. Their
parental magmas might be derived from the par-
tial melting of oceanic sediments and the associated
mantle wedge in an active subduction zone.

2. A significant amount of 177Hf was retained by re-
sidual zircons in the subducting slab, leading to signi-
ficant decoupling of the Hf and Nd isotopic systems in
the peraluminous granites. Whole-rock Nd isotopic ra-
tios can faithfully reflect mixing processes within the
parent magma of the peraluminous granites.

3. Oceanic sediment recycling may have played an
important role in the crustal growth in the Chinese Al-
tai during the early and middle Palaeozoic.
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