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The Tuwu–Yandong porphyry Cu belt is located in the Eastern Tianshan mountains in the eastern Central Asian
Orogenic Belt. Petrochemical and geochronological data for intrusive and volcanic rocks from the Tuwu and
Yandong deposits are combined with previous studies to provide constraints on their petrogenesis and tectonic
affinity. New LA–ICP–MSzirconU–Pb ages of 348.3±6.0Ma, 339.3±2.2Ma, 323.6±2.5Ma and324.1±2.3Ma
have been attained from intrusive units associated with the deposits, including diorite, plagiogranite porphyry,
quartz albite porphyry and quartz porphyry, respectively. The basalt and andesite, which host part of the Cu
mineralization, are tholeiitic with high Al2O3, Cr, Ni and low TiO2 contents, enriched LREEs and negative HFSE
(Nb, Ta, Zr, Ti) anomalies consistent with arc magmas. Diorites are characterized by low SiO2 content but high
MgO, Cr and Ni contents, similar to those of high-Mg andesites. The parental magma of the basalt, andesite
and diorite is interpreted to have been derived from partial melting of mantle-wedge peridotite that was previ-
ously metasomatized by slabmelts. The ore-bearing plagiogranite porphyry is characterized by high Na2O, Sr, Cr
and Ni contents, low Y and Yb contents, low Na2O/K2O ratios and high Sr/Y ratios and high Mg#, suggesting an
adakitic affinity. The high εNd(t) (5.02–9.16), low ISr (0.703219–0.704281) and high εHf(t) (8.55–12.99) of the
plagiogranite porphyry suggest they were derived by a partial melting of the subducted oceanic crust followed
by adakiticmelt-mantle peridotite interaction. The quartz albite porphyry and quartz porphyry are characterized
by similar Sr–Nd–Hf isotope but lower Mg# and whole-rock (La/Yb)N ratios to the plagiogranite porphyry,
suggesting they were derived from juvenile lower crust, and negative Eu anomalies suggest fractionation of
plagioclase. We propose that a flat subduction that started ca. 340 Ma and resulted in formation of the adakitic
plagiogranite porphyry after a period of “steady” subduction, and experienced slab rollback at around 323 Ma.

© 2015 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

The Central Asian Orogenic Belt (CAOB), also referred as the Altaids
or the Altaid Tectonic Collage, formed by accretion of island arcs,
ophiolites, oceanic islands, seamounts, accretionary wedges, oceanic
plateaux and microcontinents (Windley et al., 2007). It is the largest
accretionary orogen in the world that records a long history of accre-
tionary orogenesis from the late Proterozoic to the Mesozoic (Xiao
et al., 2010, 2014; Xiao and Santosh, 2014; Xiao et al., 2015; Zhao
et al., 2015). The Eastern Tianshan mountains, situated along the
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southern margin of the CAOB, is one of the most important Cu–Ni–Au
metallogenic provinces in China (Qin et al., 2011). The Tuwu–Yandong
Cu belt, located in the Eastern Tianshan mountains, Xinjiang, China, is
the largest and economically most important porphyry Cu district in
the province, containing ~650 million tons grading 0.46 percent Cu
and 0.2 g/tonne Au, with significant amounts of Mo and Ag (Han et al.,
2006; Shen et al., 2014a). The Tuwu–Yandong belt forms part of the
east–west-trending Dananhu–Tousuquan island belt, which extends
along the southern margin of the Turpan–Hami basin (Fig. 1). The de-
posits are hosted in the Carboniferous Qi'eshanGroup and plagiogranite
porphyry (Han et al., 2006). Since its discovery in late 1990s, many
studies have been undertaken on the deposits to characterize the
geology (Rui et al., 2002), alteration (Han et al., 2006), Cu mineraliza-
tion (Shen et al., 2014b), geochemistry and geochronology of the
plagiogranite porphyry (Hou et al., 2005; Han et al., 2014; Shen et al.,
2014a,b; Wang et al., 2014), timing of mineralization (Rui et al., 2002;
Zhang et al., 2010), ore-forming fluids based on inclusions (Han et al.,
V. All rights reserved.
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Fig. 1. (a) Tectonic subdivision of the Eastern Tianshanmountains (Han et al., 2006); (b) geologicmap of the Tuwu–Yandong Porphyry Cu belt (Shen et al., 2014a); (c) geologicmap of the
Yandong deposit and (d) geologic map of the Tuwu deposit.
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2006; Zhang et al., 2010) and C-H-O-S stable isotopes (Han et al., 2006;
Zhang et al., 2010). To date, however, little research has focused on the
geochronology and petrogenesis of the diorite, quartz albite porphyry
and quartz porphyry within the deposits, which can, together with
the well-documented ore-bearing plagiogranite porphyry, provide
critical information on the magmatic evolution of the Tuwu–Yandong
Cu belt and the genesis of Cu mineralization.

In this study, we present new field observations, petrography,
geochemistry, and in situ zircon U–Pb–Hf laser-ablation inductively
coupled plasma mass spectrometer (LA–ICP–MS) analyses, as well as
Sr–Nd isotope analyses for the plagiogranite porphyry, diorite, quartz
albite porphyry, quartz porphyry and volcanic rocks in the Tuwu and
Yandong deposits. These results will be used to constrain the timing
and petrogenesis of the intrusions, and develop a model for the
magmatic evolution of this important porphyry Cu belt.

2. Regional geology

The Eastern Tianshanmountains have been the focus of many previ-
ous studies of petrology, geochemistry, metallogenesis, geochronology
and tectonics (Allen et al., 1993; Ma et al., 1997; Gao et al., 1998; Qin
et al., 2002; Rui et al., 2002; Shu et al., 2004; Li et al., 2005; Windley
et al., 2007; Mao et al., 2008; Gao et al., 2009; Xiao et al., 2009; Su
et al., 2011; Chen et al., 2012b; Xiao et al., 2013). These studies have
subdivided the Eastern Tianshan mountains from south to north into
the Middle Tianshan massif, the Aqishan–Yamansu belt, the Kanggur
shear zone and the Dananhu–Tousuquan island arc, with a series of
approximately east–west-trending faults defining the boundaries,
including the Aqikekuduke, Yamansu, Kanggur and Dacaotan faults
(Fig. 1a).

TheMiddle Tianshan massif, bound by the Aqikekuduke Fault in the
north, is characterized by calc-alkaline basaltic to andesitic volcanic and
volcaniclastic rocks, minor I-type granites and granodiorites, and Pre-
cambrian basement rocks. The Aqishan–Yamansu belt, located between
the Aqikekuduke Fault and the Yamansu Fault (Fig. 1a), is composed of
lavas, volcaniclastic rocks and terrigenous clastic sedimentary rocks in-
terbedded with limestones (Xiao et al., 2004). Several iron ore deposits
have been recognized in the volcanic rocks, including the Yamansu,
Kumutag, Bailingshan and Hongyuntan deposits (Hou et al., 2014).
The Kanggur shear zone, located between the Yamansu Fault and
the Kanggur Fault, contains marine lavas and pyroclastic rocks. Most
rocks of the Kanggur shear zone have undergone greenschist facies
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metamorphism and ductile deformation (Xiao et al., 2004) and are host
to both gold (Chen et al., 2012a) and Cu–Ni sulfide deposits (Mao et al.,
2008). The Dananhu–Tousuquan belt comprises Devonian to Carbonif-
erous volcanic and intrusive rocks, which host significant porphyry Cu
deposits, such as the Tuwu, Yandong, Linglong, Chihu and Fuxing
deposits (Wu et al., 2006; Shen et al., 2014a).

3. Deposit geology

The Tuwu and Yandong Cu deposits are located in the Dananhu–
Tousuquan island belt, about 1–4 km north of the Kanggur Fault
(Fig. 1b). Themain lithostratigraphic units in the region are the Carbon-
iferous Qi'eshan Group and the Jurassic Xishanyao Formation (Fig. 1b).
In the vicinity of the deposits, the Qi'eshan Group is east striking and
dips to the south at 43° to 63°, generallywithwell-developed schistosity
(Shen et al., 2014a). It is typically 600–2000m thick and can be divided
into five units. The diorite porphyrite defined in the literature (Shen
et al., 2014a,b) have similarmineral compositions and geochemical fea-
tures with the andesite in the Qi'eshanGroup,without intrusive contact
relationships between them. Therefore, we incorporate the so-called
diorite porphyrite into the Qi'eshan Group. The lowermost unit is
Fig. 2. Photographs showing the mineralogy and textural features of representative samples fro
(g and h) plagiogranite porphyry; (i and j) quartz albite porphyry; (k and l) quartz porphyry. Ab
composed of basalt intercalated with andesite, dacite and tuff, which
are overlain by pebbly sandstones intercalatedwith basalt and andesite.
The third unit is composed of pebbly sandstone intercalated with
volcaniclastic breccia which are overlain by lava breccias and conglom-
erates and the uppermost polymictic conglomerates. The basalt flows
are generally porphyritic with phenocrysts of plagioclase with minor
augite, biotite and amphibole, and a groundmass of plagioclase with
minor magnetite (Fig. 2a and b). The andesite is also porphyritic but
the phenocrysts and groundmass are typically plagioclase with minor
amphibole and quartz (Fig. 2c and d). Previous studies indicate that
the basalt and andesite of the Qi'eshan Group formed during the Early
Carboniferous, but the tectonic setting remains controversial (Xia
et al., 2004; Hou et al., 2006; Shen et al., 2014b). Some studies have
suggested that these volcanic rocks are associated with subduction
(Hou et al., 2006; Shen et al., 2014b), but others suggest that they are
rift-related (Xia et al., 2004). The Jurassic Xishanyao Formation ismainly
composed of sandstone, siltstone, mudstone, and conglomerate, and
is separated from the Qi'eshan Group by an angular unconformity
(Wang et al., 2014).

In the vicinity of the deposits, the Qi'eshan Group is intruded by the
diorites, plagiogranite porphyry, quartz albite porphyry and quartz
m the Tuwu and Yandong deposits. (a and b) basalt; (c and d) andesite; (e and f) diorite;
breviations: Qz, quartz; Pl, plagioclase; Ab, albite; Bt, biotite; Aug, augite; Amp, amphibole.

Image of Fig. 2
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porphyry. The diorite is composed of plagioclase (N90%) and amphibole
(5–10%) with accessory zircon (Fig. 2e and f). The widely-distributed
and ore-bearing plagiogranite porphyry, also referred to as tonalite
(Wang et al., 2014), is massive and porphyritic in texture. It contains
35–45% plagioclase, 25–35% quartz and about 5% biotite with accessory
zircon and apatite (Fig. 2g and h). The less-common quartz albite
porphyry is also massive and porphyritic in texture (Fig. 2i and j). It
contains 30–40% albite and 30–45% quartz with accessory zircon and
apatite. The quartz porphyry, mainly occurring at south of the Yandong
deposit (Fig. 1c), is also porphyritic in texture, but the phenocrysts are
mainly quartz (Fig. 2k and l).

The Tuwu and Yandong Cu deposits are mainly controlled by EW-,
NW- and NE-trending faults (Fig. 1c-d). The mineralization is dominat-
ed bydisseminated, veinlet-like and veinlet-disseminated typeswith no
distinct boundary between the ore bodies and the country rock. Using a
nominal cut-off grade of 0.50% Cu to outline the orebody, the main
orebody in the Yandong deposit extends for over 3000 m in length
and is 10–50 m wide (Fig. 1c). The Tuwu deposit comprises two main
orebodies. Orebody I is 1400m long, 10 to 130m thick, and dips toward
180° at angles of 65–80°, whereas orebody II extends for over 1000 m
and is 10 to 80 m in width (Fig. 1d; Zhang et al., 2006). In the Tuwu
deposit, 70% of the Cu ore is hosted in the Qi'eshan Group and 30% in
the plagiogranite porphyry whereas in the Yandong deposit 80% of the
Cu ore is hotsted in the plagiogranite porphyry and 20% in the Qi'eshan
Group. Ore minerals in the Tuwu and Yandong deposits are dominated
by pyrite, chalcopyrite and molybdenite with minor bornite, chalcocite,
magnetite, sphalerite, and galena. Gangueminerals aremainly composed
of quartz, sericite, chlorite, epidote, anhydrite, gypsum,muscovite, biotite,
apatite, sphene, dolomite, actinolite, barite, albite and calcite. Previous
studies have shown that propylitic and phyllic alteration aremostlywide-
spread in the Tuwu and Yandong deposits with the main ore horizons
within the phyllic zone (Han et al., 2006; Shen et al., 2014a,b). Compared
to the Tuwu deposit, potassic alteration is less developed in the Yandong
deposit. Fluid inclusions and C-H-O-S stable isotopes indicate that ore
fluids were mainly magma derived (Han et al., 2006; Zhang et al., 2010).
4. Samples and analytical methods

Thirty samples from the Tuwu–Yandong deposits were collected for
petrographic observation during this study. The fourteen least altered
samples were selected for whole-rock geochemical analysis by X-ray
fluorescence (XRF) and inductively coupled plasma–mass spectrometry
(ICP–MS). Four of these fourteen samples were also chosen for zircon
U–Pb–Hf isotope dating. Three sampleswere selected for Sr–Nd isotopic
analysis.

Major and minor elements geochemical analyses were undertaken
at ALS Mineral/ALS Chemex (Guangzhou) Co Ltd at Guangzhou, China.
Major oxide concentrations were measured by XRF spectrometer.
Fused glass disks with Lithium Borate were used and the analytical pre-
cisions were better than ± 0.01%, estimated from repeated analyses of
the standards GSR-2 and GSR-3. Trace element concentrations were de-
termined by inductively coupled plasma mass spectrometry (ICP–MS).
Analyses of USGS rock standards (BCR-2, BHVO-1 and AGV-1) indicate
precision and accuracy better than ± 5% for trace elements. Detailed
analytical method and procedure is given in Zhou et al. (2014).

Four zircon samples (diorite, plagiogranite porphyry, quartz albite
porphyry and quartz porphyry)were prepared for zirconU–Pb–Hf anal-
ysis. Prior to analysis, zircon grains were separated using standard den-
sity and magnetic separation techniques before hand-picking under a
binocular microscope. Representative zircon grains were mounted in
epoxy resin and polished to expose the centers of individual crystals.
Zircon morphology and internal structures were imaged using a JEOL
JXA-8100 Superprobe at the Guangzhou Institute of Geochemistry,
Chinese Academy of Sciences (GIG CAS); these images were used as
guides during LA–ICP–MS analysis. In situ U–Pb dating and Lu–Hf
isotopic analysis of zircon was undertaken at the State Key Laboratory
of Isotope Geochemistry, GIG CAS.

LA–ICP–MS zircon U–Pb dating and trace element analyses were
synchronously conducted on an Agilent 7500 ICP–MS equipped with a
193 nm laser. Laser ablation was operated at a constant energy of
80 mJ, with a repetition rate of 8 Hz and a spot diameter of 31 μm. The
zircon Temora standard was used for external standardization, the
Qinghu standard and NIST SRM 610 glass were used to optimize the
machine. Repeated analyses of standard zircon yielded 206Pb/238U age
of 416.9 ± 2.8 Ma for Temora (MSWD = 0.1, n = 22) and 160.6 ±
2.0 Ma for Qinghu (MSWD = 1.4, n = 9), which were in good agree-
ment with the recommended Temora 206Pb/238U age of 416.8 ± 1.1
(Y.S. Liu et al., 2010) and Qinghu 206Pb/238U age of 159.5 ± 0.2 Ma (Li
et al., 2013), respectively. The operating conditions for the laser ablation
system and the ICP–MS instrument, and the data reduction techniques
are as used by (Li et al., 2012). Concordia diagrams and weighted
mean calculations were constructed using Isoplot/Ex program 3.0
(Ludwig, 2003).

In situ zircon Hf isotopic analyses were conducted using a Neptune
MC–ICPMS, equipped with a 193 nm laser. All zircon grains were
analyzed using a single-spot ablation mode at a spot size of 44 μm.
The Penglai zircon standard was used for external standardization. The
obtained 176Hf/177Hf isotopic ratios of standard zircon grains were
0.282880 ± 0.000011 (2σ, n = 10) for Penglai, which were in good
agreement with the recommended Penglai 176Hf/177Hf isotopic ratios
of 0.282906 ± 0.000006 (Li et al., 2010). Detailed operating conditions
for the laser ablation system, the MC–ICP–MS instrument, and the
analytical method are given by (Tang et al., 2012).

Sr and Nd isotopic analyses were performed on a Micromass
Isoprobe multi-collector ICPMS at the GIG CAS, using analytical proce-
dures of Tang et al. (2012). Sr and REE were separated using cation
columns, and Nd fractions were further separated by HDEHP-coated
Kef columns. Measured 87Sr/86Sr and 143Nd/144Nd ratios were normal-
ized to 86Sr/88Sr = 0.1194 and 146Nd/144Nd = 0.7219, respectively. The
reported 87Sr/86Sr and 143Nd/144Nd ratios were adjusted to the NBS
SRM 987 standard of 87Sr/86Sr = 0.71025 and the Shin Etsu JNdi-1
standard of 143Nd/144Nd = 0.512115.

5. Hydrothermal alterations and element mobility

All the sampleswere collected from the Tuwu and Yandong deposits
and have undergone various degrees of hydrothermal alteration based
on petrographic observations (Fig. 2) and high LOI in some samples
(Supplementary Appendix 1). Consequently it is very necessary to eval-
uate the effects of hydrothermal alteration onmajor and trace elements
prior to discuss classification, petrogenesis and tectonic setting.

It is generally accepted that Zr is themost immobile element in low-
grade metamorphism and alteration process (Guo et al., 2013). Hence,
correlations between Zr and other elements can be used to discriminate
the mobility of elements during post-magmatic processes (Polat et al.,
2002; Liu et al., 2012). All of the samples analyzed during this study
show scattered trends between the alkali metals (such as Na; Fig. 3a)
and LILEs (such as Rb; Fig. 3b) with Zr, whereas the high field strength
elements (such as Ti and Nb; Fig. 3c and f), transition element (such
as Fe; Fig. 3d), REEs (such as Sm; Fig. 3e), are strongly correlated with
Zr. Moreover, Fe, Ti, Mg, P, Al and Ca exhibit good linear relationships
with SiO2 in the Harker diagram (Fig. 4), suggesting that these elements
were essentially immobile during hydrothermal alteration and can be
used for the petrogenetic interpretation and tectonic discriminations.

6. Results

6.1. Whole-rock geochemistry

Major and trace element data of the representative plutons in the
Tuwu and Yandong deposits are presented in Supplementary Appendix



Fig. 3. Covariation diagrams of Zr versus selected alkali metals (such as Na), LILEs (such as Rb), HFSE (such as Ti and Nb), transition element (such as Ti), REEs (such as Sm) forwhole-rock
samples. The data for previous studies are from Han et al. (2006), Li et al. (2006), Shen et al. (2014a), Shen et al. (2014b), Wang et al. (2014), Zhang et al. (2006), and Zhang et al. (2010).
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1. Since K and Na display significant remobilization, standard classifica-
tions such as the total alkali versus SiO2 and the K2O–SiO2 diagram
cannot be employed, whereas the HFSE and REE are immobile during
metamorphism and alterations. Consequently, we use the Zr/TiO2–
SiO2 diagram to classify the Tuwu and Yandong igneous rocks. In the
Zr/TiO2 vs. SiO2 diagram (Winchester and Floyd, 1977), the basalt,
andesite, diorite, plagiogranite porphyry, quartz albite porphyry and
quartz porphyry correspondingly plot in the Sub-alkaline basalt,
Andesite, Andesite, Rhyodacite/Dacite, Rhyolite and Rhyolite fields
(Fig. 5a), respectively, which is consistent with petrography observation.
The basalt has basaltic compositionswith a restricted range of SiO2 (from
43.0 to 52.2wt.%), relatively high contents of Al2O3 (14.1–19.2 wt.%) and
low TiO2 (1.02–2.07 wt.%), Fe2O3T (8.12–15.74 wt.%) and P2O5

(0.17–0.67 wt.%). The diorite show similar geochemistry features with
the andesite, which shows SiO2, Al2O3, Fe2O3T and TiO2 contents of
51.2–62.5 wt.%, 13.5–18.9 wt.%, 6.26–13.41 wt.% and 0.48–1.66 wt.%,
respectively. The plagiogranite porphyry display SiO2 = 64.3–74.4 %,
Al2O3 = 12.3–17.7 %, MgO = 0.46–2.2 % and K2O = 0.94–3.49 %. They
have Mg# (Mg-numbers) ranging from 16 to 63 (mostly between 40
and 63). In the SiO2 versus Mg# diagram, the plagiogranite porphyry
mainly plots within the Subducted slab-derived adakites field (Fig. 5b).
The quartz porphyry show similar geochemistry features to the quartz
albite porphyry, with high concentrations of SiO2 (65.5–76.3 wt.%)
and Na-enrichment (Na2O = 2.45–4.35 wt.%, Na2O/K2O = 2.6–4.0),
but low concentrations of TiO2 (0.08–0.12 wt.%), Fe2O3T (1.38–1.82
wt.%), MnO (0.08–0.09 wt.%), MgO (0.47–0.60 wt.%), and P2O5

(0.03–0.04 wt.%) and moderate Mg# (34–44).
All the intrusive and volcanic rocks display negative Nb, Ta, P and

Ti anomalies, and enrichment in the large ion lithophile elements
(LILE) on the primitive-mantle-normalized multi-element variation
diagrams. They are light REE (LREE)-enriched and heavy REE (HREE)-
depleted (Fig. 6). Compared with the basalt, andesite and diorite,
however, the plagiogranite porphyry, quartz albite porphyry, and
quartz porphyry show greater depletions in P and Ti. In addition, the
quartz albite porphyry and quartz porphyry show significantly negative
Eu anomalies.

6.2. Zircon trace elements

Zircon trace elements of the studied samples from the Tuwu and
Yandong deposits are presented in Supplementary Appendix 2. Zircon
grains in this study are enriched in HREE relative to LREE, with positive

Image of Fig. 3


Fig. 4. Harker diagrams for samples analyzed from previous and this study. Legends same as for Fig. 3.
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Ce and negative Eu anomalies (Fig. 7), which are common features of
magmatic zircon grains in igneous rocks (Hoskin and Schaltegger,
2003). The zircon Ce4+/Ce3+ ratios and Ti-in-zircon thermometer can
be used to determine magma forming temperatures and the oxidation
state (Ballard et al., 2002; Liang et al., 2006; Ferry and Watson, 2007).
Zircon Ce4+/Ce3+ ratios range from 8 to 208 (avg. 69, n = 21) in the
quartz albite porphyry and 3 to 69 (avg. 20, n = 19) in the quartz por-
phyry (Fig. 8a). Calculated Ti-in-zircon temperatures vary from 638 to
823 °C (avg. 726 °C, n = 21) in the quartz albite porphyry and 667 to
948 °C (avg. 764 °C, n = 19) in the quartz porphyry (Fig. 8b). Zircon
from the quartz albite porphyry and quartz porphyry both show a
wide range of δEu (Fig. 8c; 0.09–0.65). Compared with the quartz albite
porphyry and quartz porphyry, the diorite and plagiogranite porphyry
show higher zircon Ce4+/Ce3+ ratios (Fig. 8a) and a narrower range
of δEu (Fig. 8c). The diorite has higher Ti-in-zircon temperatures (765
to 812 °C, avg. 792 °C, n = 6) than the plagiogranite porphyry, quartz

Image of Fig. 4


Fig. 5. (a) Zr/TiO2versus SiO2 classification diagram, after Winchester and Floyd (1977); (b) SiO2 versus Mg#, after Wang et al. (2006). Legends same as for Fig. 3.
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albite porphyry and quartz porphyry. In the T vs. logƒO2 diagram (Trail
et al., 2011; Sun et al., 2015), the plagiogranite porphyry and diorite
mainly plot between the fayalite-magnetite-quartz (FMQ) buffer
curve and themagnetite–haematite (MH)buffer curve, while the quartz
albite porphyry and quartz porphyrymainly plot between FMQ and the
iron–wüstite (IW) buffer curve (Fig. 8d).

6.3. Zircon U–Pb–Hf isotopic systematics

The representative CL images of zircon grains are shown in Fig. 9
with zirconU–Pb analyses listed in Fig. 10 and SupplementaryAppendix
3. Lu-Hf isotopic analyses are given in Table 1 and shown in Fig. 11. In
situ Hf isotope analyses were undertaken on the same spots used for
LA–ICP–MS zircon U–Pb dating in order to match the Hf isotope data
with U–Pb ages.

Ten zircon grains separated from the diorite (sample YD13-91) are
generally transparent and prismatic with lengths of 50–100 μm and
widths of 30–60 μm, and show oscillatory magmatic zoning (Fig. 9a).
Six of these grains yielded concordant 206Pb/238U ages ranging from
351.8 to 345.2 Ma (Supplementary Appendix 3), returning a weighted
mean 206Pb/238U age of 348.3 ± 6.0 Ma (2σ; n = 6) with a MSWD
value of 0.13 (Fig. 10a). These analyses mostly show markedly positive
Ce anomalies and negative Eu anomalies (Fig. 7a) and high Th/U ratios
(0.53–0.78), indicative of a magmatic origin (Hoskin and Schaltegger,
2003). Therefore, we consider this age to indicate the timing of crystal-
lization of the diorite.

Zircon grains from the plagiogranite porphyry (sample YD13-114-1)
are generally euhedral, prismatic, with elongation ratios ranging from
1.5 to 3.8. The zircon grains display evidently oscillatory magmatic
zoning on CL images, indicative of magmatic genesis (Fig. 9b). A total
of twenty-five analyses of zircon grains separated from sample YD13-
114-1 were undertaken. Excluding one discordant analysis, the remain-
ing twenty-four analyses plot along a concordia line. Twenty-two of
these analyses yielded concordant 206Pb/238U ages ranging from 342.4
to 335.1 Ma (Supplementary Appendix 3), returning a weighted mean
206Pb/238U age of 339.3 ± 2.2 Ma (2σ; n = 22) with a MSWD value of
0.14 (Fig. 10b); these zircon show positive Ce anomalies and negative
Eu anomalies (Fig. 7b), and possess high Th/U ratios (0.17–0.69), indic-
ative of a magmatic origin. Therefore, we consider this age to indicate
the timing of crystallization of the plagiogranite porphyry. Two analysis
(#21 and #25) on two zircon grains with Th/U ratios of 0.41 and 0.42
yield 206Pb/238U ages of 364.4± 7.8Ma and 365.9± 7.1Ma, respective-
ly, suggesting that these zircon grains are inherited. Ten zircon Lu-Hf
isotopic analyses from sample YD13-114 yielded 176Yb/177Hf values of
0.034555–0.060595, and 176Hf/177Hf values of 0.282815–0.282938, but
with low 176Lu/177Hf values of 0.001422–0.002576 (Table 1). These
analyses yield εHf(t) values of 8.55 to 12.99, single-stage Hf isotopic
model (TDM1) ages of 633–451 Ma, and two-stage Hf isotopic model
(TDM2) ages of 800–516Ma. All the other analyses plot between deplet-
ed mantle (DM) and CHUR lines in a εHf(t) vs. age diagram (Fig. 11a).
The inherited zircon grains that yielded 206Pb/238U ages of 364.4 ±
7.8 Ma and 365.9 ± 7.1 Ma have εHf(t) values of 12.74 and 11.05, and
TDM2 ages of 552 Ma and 661 Ma, respectively.

Zircon grains from the quartz albite porphyry (sample YD13-1) are
generally transparent, euhedral or subhedral with a range in length to
width ratios of 2.0 to 5.0, and contain oscillatory magmatic zoning
indicative of magmatic genesis (Fig. 9c). A total of twenty-five analyses
of zircon grains separated from sample YD13-1 were undertaken. Ex-
cluding two discordant analyses, the remaining twenty-three analyses
plot along a concordia line. Twenty-one of these analyses yield concor-
dant 206Pb/238U ages ranging from 327.9 to 317.8 Ma (Supplementary
Appendix 3) and a weighted mean 206Pb/238U age of 323.6 ± 2.5 Ma
(2σ; n = 21) with a MSWD value of 0.13 (Fig. 10c). The zircon grains
show positive Ce anomalies and negative Eu anomalies (Fig. 7c), and
high Th/U ratios range of 0.47–1.50, indicative of a magmatic origin.
Therefore, we consider this age to indicate the timing of crystallization
of the quartz albite porphyry. Two analysis (#4 and #22) on two zircon
grains with Th/U ratios of 0.32 and 0.60 yielded 206Pb/238U ages of
359.0 ± 5.7 Ma and 360.6 ± 7.0 Ma, respectively. These zircon grains
are inherited. Ten zircon Lu-Hf isotopic analyses from sample YD13-1
yielded 176Yb/177Hf and 176Hf/177Hf values of 0.036489–0.080633 and
0.282806–0.282908, but low 176Lu/177Hf values of 0.001473–0.003300
(Table 1). These analyses yield εHf(t) values of 7.61 to 11.64, single-
stage Hf isotopic model (TDM1) ages of 674–494 Ma, and two-stage
Hf isotopic model (TDM2) ages of 849–592 Ma. All the other analyses
plot between depleted mantle (DM) and CHUR lines in a εHf(t) vs.
age diagram (Fig. 11b). The inherited zircon that yielded a 206Pb/238U
age of 360.6 ± 7.0 Ma has a εHf(t) value of 11.88 and a TDM2 age of
604 Ma.

Zircon grains from the quartz porphyry (sample YD13-165) are gen-
erally transparent, euhedral or subhedral with a range in length to
width ratios 1.0 to 4.0, and contain oscillatory magmatic zoning
(Fig. 9d) indicative of a magmatic genesis. A total of twenty analyses
of zircon grains separated from sample YD13-165 were undertaken.
All analyses plot along a concordia line (Fig. 10d). Nineteen of these
analyses yielded concordant 206Pb/238U ages ranging from 326.8 to
323.1 Ma (Supplementary Appendix 3), returning a weighted mean
206Pb/238U age of 324.1 ± 2.3 Ma (2σ; n = 19) with a MSWD value of
0.15; these zircon grains showmarkedly positive Ce anomalies and neg-
ative Eu anomalies (Fig. 7d), and possess high Th/U ratios (0.28–1.70),
indicative of a magmatic origin. Therefore, we consider this age to
indicate the timing of crystallization of the quartz porphyry. One
analysis (#8) on one zircon grain with Th/U ratios of 1.00 yielded
206Pb/238U ages of 362.9 ± 8.4 Ma Which means it is inherited.

Image of Fig. 5


Fig. 6. Chondrite-normalized REE and Primitive-mantle-normalized diagrams for samples from the Tuwu and Yandong deposits; chondrite and primitive mantle values are from Sun and
McDonough (1989).
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Eleven zircon Lu-Hf isotopic analyses from sample YD13-1 yielded
176Yb/177Hf and 176Hf/177Hf values of 0.041256–0.102302 and
0.282823–0.282893, but low 176Lu/177Hf values of 0.001679–0.003985
(Table 1). These analyses yield εHf(t) values of 8.13 to 10.86, single-
stage Hf isotopic model (TDM1) ages of 658–529 Ma, and two-stage Hf
isotopic model (TDM2) ages of 817–640 Ma. All the other analyses plot
between depleted mantle (DM) and CHUR lines in a εHf(t) vs. age
diagram (Fig. 11c). The inherited zircon that yielded a 206Pb/238U
age of 362.9 ± 8.4 Ma has a εHf(t) value of 9.84 and a TDM2 age of
736 Ma.

Image of Fig. 6


Fig. 7. Chondrite-normalized REE patterns of analyzed zircon.
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6.4. Sr–Nd isotope

Whole–rock Rb–Sr and Sm–Nd isotope compositions of the studied
samples from the Tuwu and Yandong deposits are presented in Table 2.
The initial 87Sr/86Sr ratios and εNd(t) values were calculated based on
Fig. 8. (a) Zircon age vs. Ce4+/Ce3+ ratios; (b) zircon age vs. T; (c) Zircon δEu vs. Ce4+/Ce3+ ratio
in Northern Chile are from Muñoz et al. (2012).
the zircon U–Pb ages. All the samples have relatively homogeneous Nd
isotopic compositions with 143Nd/144Nd ratios of 0.512724 to 0.512977,
corresponding to εNd(t) ranging from 5.02 to 9.85. Compared with the
basalt and andesite, the plagiogranite and quartz albite porphyry sam-
ples have higher 87Rb/86Sr ratios (0.08–1.05) and lower 147Sm/144Nd
s and (d) T vs. logƒO2 (Trail et al., 2012; Sun et al., 2015). Thedata for ore-related intrusions

Image of Fig. 7
Image of Fig. 8


Fig. 9. Cathodoluminescence images of representative zircon grains showing the inner structures and analyzed locations.
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(0.10–0.14). However, all the samples show a restricted ISr variation
(0.703173–0.703983), which is slightly enriched compared to N-MORB
(Fig. 12).

7. Discussion

7.1. Ages of the Tuwu–Yandong deposit belt

The geochronological data presented above, in conjunction with re-
cently obtained zircon U–Pb ages onmagmatic events andmolybdenite
Re-Os ages on mineralization from the Tuwu and Yandong deposits as
well as previously published K–Ar data, are herein used to constrain
the magmatic evolution of the Tuwu–Yandong porphyry Cu belt.

Based on the single grain zircon U–Pb data obtained from the volca-
nic rocks, Rui et al. (2002) suggested that 390–360Mamight be the best
estimate for the age of volcanic rocks in the Qi'eshan Group. In this
study, the inherited zircon grains of about 360 Ma are found in the
plagiogranite porphyry, quartz porphyry and quartz albite porphyry.
These inherited zircon grains are probably captured from the surround-
ing rocks during the emplacement the magma. Regional mapping indi-
cates that the Qi'eshan Group has been intruded by the plagiogranite
porphyry, quartz albite porphyry and quartz porphyry. Therefore, the
timing of crystallization of the inherited zircon grains may represent
the age of volcanic rocks in the Qi'eshan Group. Multiple ages of the
plagiogranite porphyry have been reported, including a single grain zir-
con U–Pb age of 361.8 ± 7.8 Ma (Rui et al., 2002), three SHRIMP zircon
U–Pb dates of 334± 3Ma, 333± 4Ma (Chen et al., 2005), and 335.0 ±
3.7 Ma (Wang et al., 2014), and four SIMS zircon U–Pb dates of 332.2 ±
2.3 Ma, 332.8 ± 2.5 Ma (Shen et al., 2014a,b), 338.3 ± 1.4 Ma and
339.3 ± 1.3 Ma (Han et al., 2014). As mentioned above, the single
grain zircon U–Pb data (361.8± 7.8 Ma) for the plagiogranite porphyry
may represent the timing of crystallization of the inherited zircon
grains. Meanwhile, we report new LA–ICP–MS zircon U–Pb ages of
339.3 ± 2.2 Ma for the plagiogranite porphyry, which is consistent
with the result of Han et al. (2014). Hence, the plagiogranite porphyry
formed during 340–332 Ma. Qin et al. (2002) reported a K–Ar age of
341.0 ± 4.9 Ma obtained for sericite in the phyllic alteration zone and
Zhang et al. (2008) reported molybdenite Re-Os ages of 341–334 Ma
which are consistent with the age of the plagiogranite porphyry,
indicating that the phyllic alteration and part of mineralization may be
related to the plagiogranite porphyry. The age of the quartz albite por-
phyry (324.1 ± 2.3 Ma) is obviously younger than the plagiogranite
porphyry (339.3 ± 2.2 Ma) and consistent with most of the molybde-
nite ages (323 Ma; Rui et al., 2002; Zhang et al., 2010), which indicate
there maybe two stages of mineralization existing in Tuwu–Yandong.
This conclusion is also consistent with our observation in alteration
andmineralizationparagenesis: thequartz albite porphyry also suffered
strong hydrothermal alteration and the mineral assemblages of
chalcopyrite + chlorite + anhydrite + calcite were found in the quartz
albite porphyry (Fig. 13a). The mineral assemblages of chalcopyrite +
chlorite+ anhydrite+ calcite are developed in themainmineralization
stage and overprinted the phyllic alteration in the early porphyry
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Fig. 10. 206Pb/238U versus 207Pb/235U concordia diagrams.
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mineralization (Fig. 13b). In the quartz + pyrite + chalcopyrite vein of
the plagiogranite porphyry (Fig. 13c), pyrites were replaced by
chalcopyrite + chlorite + anhydrite + calcite (Fig. 13d). In addition,
chalcopyrite intergrowth with molybdenite in the superimposed
mineralization stage (Fig. 13e), suggesting that molybdenite Re-Os age
(about 323 Ma) can represented the superimposed mineralization age.
Furthermore, we found coarse chalcopyrite + chlorite + anhydrite +
calcite in the superimposed mineralization stage cut early quartz +
sericite + sulfides (Fig. 13f), which is obviously different frommineral-
ization style of porphyry Cu deposit in the world (dominated by
quartz + sulfides; Sillitoe, 2010). These evidences indicate that the
quartz albite porphyry may be related to the late superimposed miner-
alization stage and the 323 Ma quartz albite porphyry was the late
magma production postdated the 340 Ma palgiogranite.

According to the intrusive relationships, and petrographic and geo-
chronological data, we suggested that the age sequence of magmatism
in Tuwu–Yandong district is: (1) the andesite and basalt (≥360 Ma);
(2) the diorite (348.3 ± 6.0 Ma); (3) the mineralized plagiogranite
porphyry (340–332 Ma); (4) the quartz porphyry and quartz albite
porphyry (~323 Ma). Therefore, the magmatic systems of the Tuwu–
Yandong porphyry Cu belt have continued for at least ca.25 Ma.

7.2. Petrogenesis and sources of magmatism

7.2.1. The basalt, andesite and diorite
The basalts are characterized by relatively low SiO2 (from 43.0

to 52.2 wt.%) and high Mg# (from 46 to 62), high Cr (N100 ppm) and
Ni (N100 ppm), low and homogeneous ISr(t) (~0.704), and high
εNd(t) (+6.11 to+9.85), suggesting only limited crustal contamination
was involved in their generation. This is confirmed by the lack of corre-
lations of ISr(t)with SiO2 andMgO. Therefore, the contribution of crustal
contamination in the generation of the basalts can be ignored and the
geochemical and Sr–Nd isotopic compositions could be interpreted to
reflect their near-primary source compositions. The basalts show
fractionated LREEs and HREEs, enrichment in LREEs relative to HREEs
(Fig. 6), and depletion of HFSE (Nb, Ta, Zr and Ti). In addition, they are
exclusively characterized by positive εNd(t) values and low initial
ISr(t) ratios. In the ISr(t) vs. εNd(t) diagram, the basalts plot in the OIB
field, close toMORB (Fig. 12). These characters of Sr–Nd isotope suggest
a juvenile source for the basalts, which is in good agreement with their
young Ndmodel ages (TDM) ranging from 0.66 to 0.52 Ga (Table 2). This
is supported by the fact that no Precambrian crystalline rocks are known
to occur in the Dananhu–Tousuquan belt. These trace element and Sr–
Nd isotopic signatures are similar to arc magmas (Kelemen et al.,
1993). In addition, in the YbN versus (La/Yb)N diagram, the basalts
plot within normal arc andesite and dacite field (Fig. 14a). The Ancient
Tianshan Ocean had subducted to the north beneath the Dananhu–
Tousuquan arc before the Early Carboniferous (Xiao et al., 2004). In
this scenario, the fluids and/or melts released from the subducted slab
would have metasomatised the overlying supra-slab depleted astheno-
sphere and sub-arc lithosphere mantle sources. Therefore, the
metasomatised mantle could have been the source for these basalts,
which is consistent with earlier workers who have advocated a similar
tectonic setting (Hou et al., 2006; Zhang et al., 2006; Shen et al.,
2014a). The similar Sr–Nd isotope data, simultaneous emplacement
and spatially adjacent occurrence are consistent with the basalt and an-
desite being related by fractional crystallization, following derivation
from a homogeneous source. The basalts and andesite show a narrow
La/Sm ratio range with variable La contents (Fig. 14b), suggesting that
the magmas that formed the basalts underwent significant fractional
crystallization (Schiano et al., 2010). The depletion of MgO, CaO, TiO2,
Fe2O3T, and P2O5 with increasing SiO2 contents (Fig. 4) indicates frac-
tionation of clinopyroxene, Fe-Ti oxides, and apatite, respectively. The
Nb/Ta and (Gd/Yb)N ratios of the basalt and andesite range from 2.43
to 37.3 and from 1.18 to 2.27, respectively. Such high Nb/Ta ratios can
only be explained by residual rutile in the subducting plate without
significant amounts of residual amphibole present (König and Schuth,
2011). Low Nb/La at low Zr/Sm ratios for the basalt and andesite also
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Table 1
Zircon Hf isotopic features.

Age (Ma) 176Yb/177Hf 1σ 176Lu/177Hf 1σ 176Hf/177Hf 1σ εHf(0) εHf(t) TDM1 TDM2 ƒLu/Hf

Albite quartz porphyry (sample YD13-1)
YD13-1-1 324.2 0.054814 0.000460 0.002223 0.000021 0.282850 0.000013 2.77 9.42 589 733 −0.93
YD13-1-2 325.3 0.037213 0.000628 0.001487 0.000023 0.282908 0.000012 4.80 11.64 494 592 −0.96
YD13-1-3 359.0 0.053581 0.000327 0.002112 0.000012 0.282857 0.000013 3.02 10.42 576 696 −0.94
YD13-1-4 325.0 0.046948 0.000447 0.001785 0.000012 0.282892 0.000012 4.25 11.02 521 632 −0.95
YD13-1-5 325.2 0.057578 0.000323 0.002241 0.000015 0.282843 0.000012 2.50 9.17 600 750 −0.93
YD13-1-6 323.2 0.064536 0.000770 0.002513 0.000020 0.282877 0.000013 3.71 10.28 554 677 −0.92
YD13-1-7 323.4 0.080633 0.001109 0.003300 0.000048 0.282806 0.000014 1.20 7.61 674 849 −0.90
YD13-1-8 321.4 0.036489 0.000416 0.001473 0.000019 0.282883 0.000011 3.91 10.67 530 651 −0.96
YD13-1-9 324.2 0.069448 0.000982 0.002810 0.000039 0.282847 0.000013 2.66 9.20 603 748 −0.92
YD13-1-10 360.6 0.047262 0.000529 0.001881 0.000012 0.282896 0.000013 4.39 11.88 517 604 −0.94
YD13-1-11 324.9 0.061498 0.000595 0.002559 0.000025 0.282823 0.000012 1.81 8.41 634 799 −0.92

Plagiogranite porphyry (sample YD13-114)
YD13-114-1 339.3 0.055317 0.000226 0.002184 0.000005 0.282877 0.000011 3.72 10.69 549 663 −0.93
YD13-114-2 338.0 0.061791 0.000718 0.002576 0.000031 0.282856 0.000013 2.96 9.82 586 718 −0.92
YD13-114-3 339.9 0.048205 0.000208 0.001970 0.000009 0.282888 0.000011 4.09 11.13 530 636 −0.94
YD13-114-4 340.7 0.034555 0.000264 0.001424 0.000012 0.282884 0.000011 3.97 11.15 527 635 −0.96
YD13-114-5 338.4 0.057729 0.000225 0.002361 0.000004 0.282885 0.000012 4.01 10.93 539 647 −0.93
YD13-114-6 338.9 0.036661 0.000737 0.001456 0.000026 0.282938 0.000010 5.86 12.99 451 516 −0.96
YD13-114-7 342.3 0.045620 0.000215 0.001882 0.000008 0.282899 0.000012 4.50 11.61 512 607 −0.94
YD13-114-8 341.0 0.034633 0.000413 0.001422 0.000017 0.282920 0.000012 5.22 12.40 477 555 −0.96
YD13-114-9 336.2 0.045169 0.000741 0.001871 0.000033 0.282849 0.000011 2.72 9.70 585 725 −0.94
YD13-114-10 364.4 0.039289 0.000187 0.001658 0.000009 0.282917 0.000012 5.11 12.74 484 552 −0.95
YD13-114-11 365.9 0.060595 0.000617 0.002474 0.000026 0.282874 0.000014 3.60 11.05 558 661 −0.93
YD13-114-12 338.4 0.043397 0.000381 0.001815 0.000020 0.282815 0.000011 1.51 8.55 633 800 −0.95

Quartz porphyry (sample YD13-165)
YD13-165-1 323.9 0.065080 0.000413 0.002564 0.000020 0.282858 0.000009 3.03 9.61 583 721 −0.92
YD13-165-2 322.6 0.064505 0.000767 0.002475 0.000023 0.282893 0.000011 4.29 10.86 529 640 −0.93
YD13-165-3 323.1 0.041256 0.000975 0.001679 0.000043 0.282855 0.000011 2.94 9.70 573 715 −0.95
YD13-165-4 322.8 0.102302 0.002394 0.003985 0.000093 0.282827 0.000009 1.95 8.20 654 810 −0.88
YD13-165-5 326.8 0.068448 0.000617 0.002664 0.000025 0.282883 0.000010 3.92 10.54 548 664 −0.92
YD13-165-8 362.9 0.077878 0.000194 0.003012 0.000018 0.282845 0.000011 2.57 9.84 610 736 −0.91
YD13-165-9 325.0 0.060066 0.001085 0.002439 0.000044 0.282880 0.000009 3.82 10.45 548 668 −0.93
YD13-165-10 325.1 0.050692 0.000196 0.001975 0.000011 0.282872 0.000010 3.54 10.27 553 680 −0.94
YD13-165-15 325.5 0.087577 0.000829 0.003466 0.000032 0.282863 0.000012 3.21 9.63 590 721 −0.90
YD13-165-16 325.8 0.048418 0.000140 0.001910 0.000006 0.282881 0.000010 3.87 10.63 538 657 −0.94
YD13-165-19 325.5 0.096523 0.001630 0.003866 0.000067 0.282823 0.000014 1.80 8.13 658 817 −0.88

Note:
εHf(0) = [(176Hf/177Hf)S/(176Hf/177Hf)CHUR,0 − 1] · 10000;
εHf(t) = {[(176Hf/177Hf)S − (176Lu/177Hf)S · (eλt − 1)]/[(176Hf/177Hf)CHUR,0 − (176Lu/177Hf)CHUR,0 · (eλt − 1)]− 1} · 10000;
TDM1 = 1/λ · ln{1 + [(176Hf/177Hf)S − (176Hf/177Hf)DM]/[(176Lu/177Hf)S − (176Lu/177Hf)DM];
TDM2 = TDM1 − (TDM1 − t) · (ƒcc − ƒs) · (ƒcc − ƒDM);
ƒLu/Hf = [(176Lu/177Hf)S/(176Lu/177Hf)CHUR,0] − 1;
where, (176Hf/177Hf)S and (176Lu/177Hf)S are measures values of samples, s = sample, t = crystallization time of zircon; (176Lu/177Hf)CHUR,0 = 0.0332 and (176Hf/177Hf)CHUR,0 = 0.282772
(Blichert-Toft and Albarède, 1997); (176Lu/177Hf)DM = 0.0384 and (176Hf/177Hf)DM = 0.28325 (Griffin et al., 2000); ƒcc = ﹣0.55 and ƒDM = 0.16; λ= 1.867 × 10-12yr-1 (Söderlund et al.,
2004) was used in the calculation.
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indicate partial melts coexist with residual rutile (Supplementary
Appendix 1).

The diorite contains SiO2 (51.0wt.%), highMgO (5.45wt.%) andMg#
(59), Cr (64 ppm), Ni (62 ppm), similar to those of high-Mg andesite
(Tang et al., 2010), such as the high-Mg andesite in the Setouchi
Volcanic Belt, Japan, which are interpreted to have been derived from
partial melting of subducting lithosphere, subsequent melt-mantle in-
teractions and equilibration with the upper-most mantle (Tatsumi,
2006). Meanwhile, the diorite has similar geochemical and mineral
composition with the basalt and andesite, indicating that they have
similar magma source. Thus, our favored mechanism for generating
the diorite is the partial melting of mantle wedge peridotite that was
previously metasomatized by slab melts, which is in accordance with
the mechanism for generating the basalt and andesite.

7.2.2. The porphyries and mineralization
The plagiogranite porphyry displays chemical features suggestive of

adakite affinity, characterized by relatively high Al2O3 (12.3–17.1 wt.%),
Na2O (3.5–4.6 wt.%), Sr (N419.6 ppm), low Y (11.3–17.2 ppm) and Yb
(1.2–1.8), low Na2O/K2O (0.19–0.70) and markedly high Sr/Y (15.4 −
158.2). In the ISr(t) vs. εNd(t) diagram (Fig. 12), the plagiogranite
porphyry plots in the adakite and Archean TTG fields. It is now widely
recognized that adakites or adakitic rocksmay be generated by a variety
of mechanisms (Castillo, 2012), such as (a) melting of subducted basal-
tic slab (Defant and Drummond, 1990), (b) crustal assimilation and
fractional crystallization processes (AFC) of parental basaltic magmas
(Castillo et al., 1999), (c) partial melting of delaminated continental
lower crust (Xu et al., 2002; Wang et al., 2006), (d) partial melting of
thickened lower crust (Petford and Atherton, 1996; Long et al., 2011)
and (f) partial melting of subducting continental crust (Wang et al.,
2008). Adakitic rocks derived by melting of lower crust are character-
ized by relatively lowMgOorMg# values similar to those of experimen-
tal melts from metabasalts and eclogites (Fig. 5), such as adakitic rocks
in southern Tibet (Hou et al., 2004). These are not consistent with the
plagiogranite porphyry from this study. The plagiogranite porphyry
has low 87Sr/86Sr, high 143Nd/144Nd ratios and εHf(t), similar to Cenozoic
subducting oceanic crust-derived adakites, whereas adakitic rocks de-
rived from lower crust or subducting continental crust should have
higher 87Sr/86Sr and lower 143Nd/144Nd ratios, and lower εHf(t) (Wang
et al., 2006; S.A. Liu et al., 2010). It is also unlikely that AFC processes



Fig. 11. Diagrams of zircon εHf(t) values vs. apparent ages of the individual zircon.
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of parental basaltic magmas produced the plagiogranite porphyry.
Adakitic magmas formed by AFC processes of parental basaltic magmas
would show significant systematic variations in geochemistry and Sr-
Nd isotopic compositions (Long et al., 2011), however, the plagiogranite
porphyry rocks have uniform εNd(t), ISr and εHf(t) values, a narrow
range in compositions (64.3–74.4 wt.% SiO2) and no mafic enclaves,
which are inconsistent with adakites from AFC processes of parental
basaltic magmas. Furthermore, the plagiogranite porphyry samples de-
fine a straightly positive correlation line on the La vs. La/Sm diagram
(Fig. 14b), implying that their compositional variations are mainly
controlled by the partial melting process. Moreover, the plagiogranite
porphyry falls within the subducted oceanic crust-derived adakites
field (Fig. 14a). In summary, the data imply that the plagiogranite por-
phyry was generated by partial melting of subducted basaltic (oceanic)
slab.

The plagiogranite porphyry has high εNd(t), low ISr, and K2O, gener-
ally coincide with the oceanic slab-derived adakites, such as those from
western Panama and southeastern Costa Rica (Defant et al., 1992)
and Cerro Pampa (Kay et al., 1993). The plagiogranite porphyry have
high Mg# and moderate to high Cr and Ni contents, consistent with
the interaction of slab partial melts and peridotite during ascent
through the mantle wedge. The plagiogranite porphyry has high SiO2

(64.3–74.4 wt.%) and low MgO (b2.25 wt.%), consistent with high-
SiO2-adakites (HSAs; Martin et al., 2005), and suggesting that the
plagiogranite porphyry derived from interactions between slab-
derived melts and mantle peridotites. The relatively high Sr/Y ratios
(Supplementary Appendix 1) of the plagiogranite porphyry are
explained by the presence of garnet in the source, and zero or positive
Eu anomalies are thought to be due to the absence of plagioclase in
themelt residue (Tang et al., 2010). On the other hand, the plagiogranite
porphyry has negative Nb, Ta and Ti anomalies, suggesting the presence
of residual rutile in the source (Xiong, 2006).

The similar Sr–Nd–Hf isotopes and geochemical features with the
plagiogranite porphyry indicate the quartz albite porphyry and quartz
porphyry may be also derived from a juvenile material. However, com-
pared with the plagiogranite porphyry, the quartz albite porphyry
and quartz porphyry exhibit lower Mg# (Fig. 5b) and whole-rock
(La/Yb)N ratios. In the SiO2 versus Mg# diagram, the quartz albite
porphyry and quartz porphyry all plot in the thick lower crust derived
adakites. Compared with the plagiogranite porphyry, the zircon from
the quartz albite porphyry and quartz porphyry show a wider range
of δEu (0.27–0.62) which is consistent with the fractionation of plagio-
clase (Hoskin and Schaltegger, 2003). Therefore, the data imply that the
quartz albite porphyry and quartz porphyry were generated by partial
melting of juvenile lower crust.

A large number of experimental andgeological studies have indicated
that the magnitude of Ce4+/Ce3+ ratio of zircon can be used as a proxy
for oxygen fugacity (Ballard et al., 2002; Liang et al., 2006; Trail et al.,
2011, 2012; Sun et al., 2015). Zircon grains from the ore-bearing
plagiogranite porphyry have higher Ce4+/Ce3+ ratios than zircon grains
from the quartz albite porphyry and quartz porphyry. These suggest the
ore-bearing plagiogranite porphyry formed frommore oxidizedmagma,
which suggests a more water-rich source for the plagiogranite porphyry
than the quartz albite porphyry and quartz porphyry (Wang et al., 2013).
This is consistent with the lower magmatic temperatures (as shown by
Ti-in-zircon thermometry) of the ore-bearing plagiogranite porphyry.
However, compared with adakitic intrusions related to porphyry Cu
deposit in Chile (Figs. 8c and 14a), it is worthy of note here that the
plagiogranite porphyry has lower zircon Ce4+/Ce3+ ratios and whole-
rock (La/Yb)N ratios.
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Table 2
Results of whole-rock Sr–Nd isotopic analysis.

Sample Rock type Rb Sr 87Rb/86Sr 87Sr/86Sr ISr Nd Sm 147Sm/144Nd 143Nd/144Nd fSm/Nd TDM ɛNd(0) ɛNd(t)
(ppm) (ppm) (ppm) (ppm) (Ga)

TW206-1a Basalt 8.11 978 0.02 0.703811 ± 14 0.703703 20.1 4.29 0.13 0.512855 ± 13 −0.34 0.53 4.23 7.17
TW206-2a Basalt 3.10 709 0.01 0.704022 ± 18 0.703965 21.0 4.90 0.14 0.512861 ± 13 −0.28 0.61 4.35 6.76
Bb-158b Basalt 0.08 0.704122 0.703771 0.14 0.512828 −0.29 0.66 3.71 6.21
Bb-162b Basalt 0.01 0.703679 0.703647 0.13 0.512854 −0.35 0.52 4.21 7.22
Bb-270b Basalt 0.01 0.703921 0.703881 0.11 0.512769 −0.42 0.59 2.56 6.11
Bb-185b Andesite 0.05 0.704031 0.703794 0.15 0.512861 −0.24 0.68 4.35 6.41
TW201a Andesite 4.20 707 0.02 0.703713 ± 13 0.703636 16.6 4.21 0.15 0.512859 ± 12 −0.22 0.74 4.31 6.20
R-01a Plagiogranite porphyry 20 624 0.09 0.703877 ± 12 0.703459 0.12 0.512944 −0.37 0.35 5.97 9.16
R-02a Plagiogranite porphyry 19 391 0.14 0.704099 ± 11 0.703465 0.11 0.512806 −0.43 0.52 3.28 6.94
R-03a Plagiogranite porphyry 26 457 0.16 0.703955 ± 14 0.703219 0.11 0.512812 −0.43 0.51 3.39 7.08
R-04a Plagiogranite porphyry 20 327 0.18 0.704175 ± 13 0.703374 0.12 0.512870 −0.40 0.44 4.53 7.97
R-06a Plagiogranite porphyry 58 452 0.37 0.704975 ± 11 0.703306 0.10 0.512767 −0.49 0.52 2.52 6.67
R-07a Plagiogranite porphyry 65 293 0.63 0.706739 ± 24 0.703853 0.10 0.512730 −0.47 0.58 1.79 5.83
YD203a Plagiogranite porphyry 20 473 0.12 0.704377 ± 17 0.703830 11.3 2.51 0.13 0.512757 ± 13 −0.32 0.76 2.32 5.02
TW208a Plagiogranite porphyry 40 630 0.18 0.704286 ± 11 0.703466 9.8 1.77 0.11 0.512744 ± 9 −0.44 0.59 2.07 5.87
TW203a Plagiogranite porphyry 31 321 0.27 0.704783 ± 10 0.703531 6.2 1.12 0.11 0.512773 ± 11 −0.44 0.55 2.63 6.43
TW204a Plagiogranite porphyry 38 552 0.19 0.704250 ± 12 0.703363 11.6 2.43 0.13 0.512824 ± 12 −0.35 0.58 3.63 6.64
TW219a Plagiogranite porphyry 19 679 0.08 0.703898 ± 13 0.703534 19.9 4.16 0.13 0.512872 ± 11 −0.36 0.49 4.56 7.62
YD13-114-1 Plagiogranite porphyry 51 140 1.05 0.709044 ± 8 0.704281 6.7 1.42 0.13 0.512809 ± 5 −0.35 0.61 3.33 6.31
YD13-1-1 Quartz albite porphyry 28 853 0.09 0.704120 ± 7 0.703693 13.1 2.92 0.13 0.512786 ± 3 −0.31 0.70 2.89 5.42
YD13-143 Quartz albite porphyry 39 739 0.15 0.704258 ± 7 0.703567 13.5 3.04 0.14 0.512771 ± 4 −0.31 0.75 2.59 5.07

Data marked by a and b are derived from Zhang et al. (2006) and Xia et al. (2004), respectively.
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7.3. Implications on tectonic setting

Carboniferous magmatic rocks are widely exposed in the Tuwu–
Yandong deposit area (Qin et al., 2002; Rui et al., 2002; Xia et al.,
2004; Xiao et al., 2004; Han et al., 2006; Wang et al., 2006; Han et al.,
2014; Shen et al., 2014a; Wang et al., 2014) and these rocks have been
suggested to have formed in a variety of different tectonic settings. Xia
et al. (2004) proposed out that in the Carboniferous, the Paleozoic
ocean basin, which is now the Tianshan area had already closed and
the Tianshan orogenic belt entered a post-orogenic rift (extensional)
stage. According to this model, the Carboniferous magmatic rocks in
the Tuwu–Yandong deposit area were formed in a continental rift
environment (Xia et al., 2008). However, during the Devonian to Early
Carboniferous, N-dipping subduction of the ancient Tianshan Ocean
occurred beneath the Dananhu–Tousuquan arc, giving rise to the
Kanggurtag forearc basin/accretionary complex. The rhyolitic porphyry
and mylonitic andesites in the Kanggurtag and Shiyingtan gold mines
formed between 299 and 285Ma, indicating that the Kanggurtag accre-
tionary process may have lasted to the Early Permian (Xiao et al., 2004).
Fig. 12. ISr versus εNd(t) diagram. Legends same as for Fig. 3. The data for the Subducting
oceanic crust-derived adakites in Cenozoic are from Wang et al. (2006).
In addition,Wang et al. (2002) reported isotopic ages of 276–254Ma for
large-scale ductile shear zones in the Kanggurtag area which they
thought were post-subduction structures. Thus, Xiao et al. (2004)
concluded that subduction ceased in the Early Permian as a result of col-
lision of the Dananhu–Tousuquan arc and the Middle Tianshan massif.
Most geologists argue that the Carboniferous magmatic rocks in the
Tuwu–Yandong deposit area were related to the subduction tectonic
setting (Xiao et al., 2004; Hou et al., 2006; Zhang et al., 2006; Xiao
et al., 2009; Qin et al., 2011; Han et al., 2014; Shen et al., 2014b; Wang
et al., 2014). The Carboniferous period is the main stage for the forma-
tion of arc-related porphyry Cu and epithermal Au and basin-related
VMS (volcanic massive sulfide) deposits in Tianshan and circum-
Junggar area (Qin et al., 2011). In this study, the geochronological and
geochemical evidence indicates that the subduction of an oceanic slab
may have been responsible for the generation of the basalt and andesite,
adakitic rocks (the plagiogranite porphyry), high-Mg diorite, quartz
albite porphyry and quartz porphyry in the Tuwu–Yandong deposit
area (Tang et al., 2010), similar to modern rock associations in Japan
(Tatsumi, 2006), which is not consistent with the rift model proposed
by Xia et al. (2004) and Xia et al. (2008).

As discussed above, the plagiogranite porphyry is derived from the
partialmelting of the ancient Tianshan oceanic slab. Numerical and petro-
logical studies of pressure-temperature-time (PTT) paths in subduction
zones suggest that partial melting of the subducted slab generally occurs
only with very young (≤5 Ma) lithosphere (Peacock et al., 1994). Song
et al. (2002) have reported an age based on zircon U–Pb SHRIMP data
of 358 ± 7 Ma for a granodiorite and 383 ± 9 Ma for a monzogranite in
the Dananhu–Tousuquan arc, which are interpreted to be related to the
subduction tectonic setting. This indicates that the subduction of the an-
cient Tianshan Ocean started in the Middle Devonian (Xiao et al., 2004;
Han et al., 2014) and the plagiogranite porphyry with adakitic features
formed at least 40m.y. later. Past research has shown that flat subduction
can produce the temperature and pressure conditions necessary for
fusion of moderately old oceanic crust (Gutscher et al., 2000; Li and Li,
2007). Hence, we propose a flat subduction that started ca. 340 Ma and
resulted in formation of the adakitic plagiogranite porphyry after a period
of “steady” subduction responsible for the basalt and andesite (Fig. 15a
and b). Flattening of the subducting slab could not only tectonically thick-
en the crust but also squeeze out the mantle wedge, and thus terminate
the arc magmatism in the volcanic front region with adakites being
generated as the ending phase (Wen et al., 2008). Gradual flattening of
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Fig. 13. Photomicrographs showing: (a) chalcopyrite+ chlorite+ anhydrite+ calcite in the quartz albite porphyry; (b) chalcopyrite+ chlorite+ anhydrite+ calcite intersect the phyllic
alteration in the early porphyry mineralization; (c) a quartz + pyrite + chalcopyrite vein in the plagiogranite porphyry; (d) pyrite replaced by chalcopyrite + chlorite + anhydrite +
calcite in the plagiogranite porphyry; (e) chalcopyrite + chlorite + molybdenite in the superimposed mineralization stage; (f) coarse chalcopyrite + chlorite + anhydrite + calcite
in the superimposed mineralization stage intersect quartz + sericite + sulfides. Anh = anhydrite, Cal = calcite, Ccp = chalcopyrite, Chl = chlorite, Mol = molybdenite, Py = pyrite,
Qz = quartz, Ser = sericite.
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the ancient Tianshan Ocean beneath the Dananhu arc could explain the
LILE and LREE enrichment recorded in the magma of the Tuwu–Yandong
deposit as this would result in squeezing out of the sub-arc mantle and
reduced circulation in the wedge. This also leaded to the generation of
oxidized melts that can transport copper, gold, and sulfur dioxide
from the mantle. As a result of flat subduction, large cumulative
volumes of hydrous fluids derived by dehydration of the downgoing
slab may have percolated through the non-convecting wedge rather
than being stripped out by the continuous replenishment of the
asthenosphere (Hollings et al., 2011). Flat subduction occurs as oceanic
plateau, seamount or ridge being subducted. However, further studies
are needed to confirm this issue in the Tuwu–Yandong district. After
flat subduction, the rollback of the subducted slab caused strong
upwelling of the asthenosphere, provoking strong asthenosphere–
lithosphere interaction and partial melting of juvenile lower crust
(Fig. 15c). The slab rollback model is compatible with that the quartz
albite porphyry and quartz porphyry have lower zircon Ce4+/Ce3+

ratios than the plagiogranite porphyry (Li et al., 2012). No younger
magmatism have been identified after 323 Ma in the Tuwu–Yandong
district, which may indicate a “quiet period” before final collision
along the Kangguer Fault in this area.
Fig. 14. (a) La/Sm versus La diagram. (b) (La/Yb)N versus YbN diagram, afterWang et al. (2006)
porphyry copper deposit in central Chile are from Reich et al. (2003).
8. Conclusions

(1) The Tuwu–Yandong porphyry Cu belt is located in the East
Tianshan mountains, in the eastern Central Asian Orogenic
Belt. The LA–ICP–MS zircon U–Pb isotopic analyses reveal that
the age sequence of magmatism in Tuwu–Yandong district
is: (1) the andesite and basalt (≥360 Ma); (2) the diorite
(348.3 ± 6.0 Ma); (3) the mineralized plagiogranite porphyry
(340–332 Ma); (4) the quartz porphyry and quartz albite
porphyry (~323 Ma).

(2) Whole-rock elemental and Sr–Nd–Hf isotope data, in conjunction
with mineral compositions suggest that the parental magma of
the basalt, andesite and diorite is interpreted to have been derived
from partial melting of mantle-wedge peridotite, while the
plagiogranites have been derived by a partial melting of the
subducted oceanic crust followed by adakitic melt-mantle perido-
tite interaction. The quartz albite and quartz porphyry are charac-
terized by similar Sr–Nd–Hf isotope but lower Mg# and whole-
rock (La/Yb)N ratios to the plagiogranite porphyry, suggesting
they were derived from juvenile lower crust, and negative Eu
anomalies suggest fractionation of plagioclase.
. Legends same as for Fig. 3. The data for Ore-related intrusions at the Los Pelambres giant
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Fig. 15. Illustrations of (a) the proposed tectonic context for the development of volcanic rocks in the Tuwu and Yandongdeposits, induced by “steady” subduction of the Ancient Tianshan
Ocean (b) partial melting of subducted slab, and subsequent melt–mantle interaction, producing the plagiogranite porphyry, induced by flat subduction, and (c) partial melting of lower
crust, induced by slab rollback.
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(3) Aflat subduction that started ca. 340Maand resulted in formation
of the adakitic plagiogranite porphyry after a period of “steady”
subduction, experienced slab rollback at around 323 Ma.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.gr.2015.09.003.
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