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The Fe-Cu mineralization of the Laoshankou district is located in the Dulate Late Paleozoic island arc at the
northernmargin of East Junggar terrane, Northwest China and is hosted by volcanic rocks of theMiddleDevonian
Beitashan Formation. LA-ICP-MS U–Pb dating of zircon constrains the timing of crystallization of biotite diorites
and quartz syenites in the Laoshankou district to 379 ± 2 Ma and 376 ± 2 Ma, respectively.
The volcanic rocks are calc-alkaline in composition and are characterised by LILE and LREE enrichments andHFSE
depletions, consistentwith a subduction-related affinity. The relatively depleted Nb, Ta, Zr, Hf and Th, enriched Sr
and Ba, elevatedMg#, positive εNd(t) values (5.5 and 5.6), low (87Sr/86Sr)i ratios (0.7042 and 0.7044) andMORB-
like Pb-isotope characters all suggest that they were derived from a depleted mantle wedge metasomatized by
slab-derivedfluids, without crustal contamination. The biotite diorite shows slightlymetaluminous compositions
and is geochemically similar to the volcanic rocks, suggesting that they were derived from the same depleted
mantle source. The lack of correlation between SiO2 and initial Sr, Nd ratios suggests that fractional crystallization
dominated the petrogenesis of the biotite diorite with only weak crustal contamination. The geochemical
characteristics of the quartz syenite are distinct from the volcanic rocks and the biotite diorite. The positive
εHf(t), εNd(t), high Th/La (0.17–0.53), Th/Yb (1.62–4.39), low Ce/Th (2.87–10.13) ratios and positive trends of
SiO2 versus (87Sr/86Sr)i and (143Nd/144Nd)i indicate the quartz syenite is likely the product of a depleted mantle
wedge metasomatized by slab-derived fluids and subducted sediment-derived melts that underwent crustal
contamination during passage through the crust.
The low abundance of Th, Yb, Ta and La, indicate that all the intrusive rocks from379 to 376Ma in the Laoshankou
district formed in an island arc rather than a continental margin arc. The northern margin of East Junggar was
related to the southward subduction of the Kuerti-Erqis Ocean (a branch of the Paleo-Asian Ocean) between
the Altay and the Dulate arcs in this period, consistent with the presence of Nb-enriched basalts and boninites
in the north of the Dulate arc and the island arc rather than back arc setting of the igneous rocks in the
Laoshankou district.
For metallogenesis in the northernmargin of East Junggar, arc-related Fe-Cu-Au and porphyry Cumineralization
was dominated. There is large potential to find several Late Paleozoic arc-related Fe-Cu-Au mineralizations in
North Xinjiang.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The Central AsianOrogenic Belt (CAOB; Fig. 1a), the largest Paleozoic
to Mesozoic accretionary orogeny in theworld, is situated between two
major Precambrian cratons: the Siberian to the north and the North
China-Tarim to the south and extends from the Urals in the west to
the Pacific Ocean in the east. The belt contains numerous tectonic
units including island arcs, ophiolites, accretionary complexes, oceanic
plateaus, and continental blocks or microcontinents (Huang et al.,
2014; Jahn et al., 2000; Sun et al., 2008; Wang et al., 2006; Windley
et al., 2002; Xiao et al., 2008). Since the 1990s, the CAOB has been the
subject of considerable study as it is critical to the understanding of
the development of accretionary orogenies in central Asia. However,
the allochthonous nature of many of the terranes and their complicated
collisional history make unraveling the tectonic evolution of the CAOB
difficult. A number of models have been proposed to explain the devel-
opment of the area, including (1) successive accretion of the long-lived
Kipchak-Tuva-Mongol arc (Sengor and Natalin, 1996; Sengor et al.,
1993); (2) the accretion-collision of multiple-subduction systems,
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similar to the present-day SW Pacific archipelago (Sun et al., 2008;
Windley et al., 2002) and (3) fore-arc accretion punctuated by opening
and closing of back-arc basins (Long et al., 2012; Yakubchuk, 2004). In
order to develop a better understanding of the history of the CAOB,
these models need to be tested and augmented with new geochemical
data.

The Junggar block, in the central-north part of the CAOB, is one of the
largest terranes in the belt and traditionally has been divided into the
East Junggar, the West Junggar and the Junggar Basin (Fig. 1b). The
East Junggar terrane is located in the northeast of the Junggar block.
Over the past several decades, considerable research has been under-
taken to clarify the tectonic evolution of the East Junggar and concluded
that it is closely associated with the evolution of the Paleo-Asian Ocean.
Despite significant advances, some critical problems remain unsolved,
including two main issues: (1) whether the tectonic setting of the
northern margin of East Junggar in the Late Paleozoic was an island
arc (Windley et al., 2002; Zhang et al., 2009) or an active continental
margin (Chen and Jahn, 2004)? and (2) whether the northern margin
of East Junggarwas formed by the northward subduction of the Junggar
Ocean (Wan et al., 2011; Zhang et al., 2009) or the southward subduc-
tion of Kuerti-Erqis Ocean, a branch of the Paleo-Asian Ocean (Long
et al., 2012; Xu et al., 2001, 2013)? Hence, more work is required to
clarify these controversial issues, to better understand themetallogenesis
in the East Junggar and its relationship to the tectonic evolution of the
Late Paleozoic.

The Laoshankou district is a significant Fe-Cu-Au district on the
northern margin of East Junggar, which is hosted by volcanic rocks of
the Beitashan Formation and extensive Late Paleozoic intrusive rocks.
Previous work showed that mineralization of the Laoshankou deposit
has a close temporal relationship with these igneous rocks (Li et al.,
2015). Investigation of these igneous rocks can help unravel the tectonic
setting of the Laoshankou deposit and also reconstruct the tectonic
evolution of the northern margin of East Junggar. More importantly, it
will establish the relationship between the Fe-Cu-Au mineralization
and the tectonic environment in the East Junggar in the Late Paleozoic.

We present new zircon U–Pb ages, Lu-Hf isotopes, whole-rockmajor
and trace elements and the Sr-Nd-Pb isotopic data for the volcanic and
intrusive rocks of the Laoshankou deposit in order to investigate the
emplacement ages, tectonic environment, petrogenesis and magmatic
evolution of these rocks. These data also provide constraints on the
relationship between the Fe-Cu-Au mineralization and the geodynamic
setting of the Late Paleozoic East Junggar.

2. Regional geology

The East Junggar terrane is located between the Chinese Altay arc
and the Harlik arc and separated by the Erqis Fault to the north and
the Kelameili fault to the south (Fig. 1b). The East Junggar comprises
Devonian to Permian volcanic rocks and abundant igneous intrusions,
including intermediate-mafic lavas and tuffs, minor sandstones, lime-
stone lenses, cherts and conglomerates. It is composed of the Dulate
arc in the north and the Yemaquan arc in the south separated by the
Armantai fault (Fig. 1b).

The northern margin of East Junggar terrane is located within the
Late Paleozoic Dulate island arc, separated from the southern Altay to
the north by the Erqis Fault (or Irtysh Fault). The Erqis Fault zone is
over 650 km long and up to 50 km wide making it one of the largest
transcurrent faults in the CAOB and consists of high-grademetamorphic
rocks, abundant two-mica-garnet granites and rare pre-Devonian
A-type granites (Bai, 1996).
Fig. 1. (a) Simplified tectonic divisions of the Central Asian Orogenic Belt (CAOB) (modified from
and the East Junggar (modified fromWanet al., 2011;Windley et al., 2002). (c) Regional geologi
terrane, northern Xinjiang (modified from Li et al., 2015; Liu et al., 2013; Zhang et al., 2009
Hongshanzui Fault; Ab, Abagong Fault; T, Tesibahan Fault; E, Erqis Fault; F, Fuyun Fault; A,
Qiongkuer-Abagong Terrane; ET, Erqis Terrane; L, Laoshankou deposit.
To the south of the Erqis Fault, the northern margin of East Junggar
terrane comprises dominantly Late Paleozoic volcano-sedimentary
rocks and intrusions (Fig. 1c). The Late Paleozoic volcanic sequence
consists of, from the bottom to top, marine pyroclastic and sedimentary
rocks of the Lower Devonian Tuoranggekuduke Formation; mafic to
intermediate volcanic, pyroclastic and carbonate rocks of the Middle
Devonian Beitashan Formation; shallow marine fine-grained clastic
rocks intercalated with intermediate and mafic volcanic rocks of the
Middle Devonian Yundukala Formation; pyroclastic rocks (dominantly
tuffs), interbedded sandstones, basaltic andesites, andesites and dacites
of the Late Devonian Jiangzierkuduke Formation; volcano-sedimentary
rocks of the Early Carboniferous Nanmingshui Formation; basalts and
basaltic andesites with minor interbedded andesites, rhyolites, tuffs,
siltstones and carbonaceous shales of the Late Carboniferous
Batamayineishan Formation and Permian continental coal-bearing
sedimentary rocks (Li et al., 2015; Zhang et al., 2009).

Abundant igneous intrusions are exposed in the northern margin of
East Junggar terrane, consisting dominantly of felsic rocks, with rare
intermediate-mafic rocks (Li and Chen, 2004). The tectonic evolution
of the East Junggar area can be divided into three stages: island arc,
collisional and post-collisional (Lu et al., 2013; Xu et al., 2001). Previous
studies have shown two peaks of Paleozoic magmatism at 390–370 Ma
and 320–270 Ma in the East Junggar (Lu et al., 2012; Xue et al., 2010).
The older pulse is likely related to the subduction of the Junggar oceanic
crust under the Yemaquan arc, whereas the younger pulse is thought to
be related to collisional and post-collisional events (Lu et al., 2012; Xue
et al., 2010).

3. Deposit geology

The Laoshankou district is situated 41 km to the southwest of Qinghe
City at the intersection between the Erqis and Fuyun faults (Fig. 1c). The
deposit is hosted by the Lower Devonian Tuoranggekuduke Formation
and the Middle Devonian Beitashan Formation. The Tuoranggekuduke
Formation, located northeast of the F1 fault, consists of a succession of
shallow coastal facies continental clastic rocks intercalated with flysch
and intermediate-mafic pyroclastic rocks or lavas, and is in unconform-
able faulted contact with the overlying Beitashan Formation (Fig. 2b).
The Beitashan Formation is well exposed in the Laoshankou district
where it generally hosts the ore bodies and is composed of
intermediate-mafic volcanic rocks including picrites, basalts, basaltic
andesites, andesites, basaltic and andesitic breccias, limestones and
siltstones in the lower part of the formation, whereas the middle part
consists of siltstones, tuffs, siliceous rocks and pebbly sandstones, and
the upper part comprises rare siliceous rocks.

There are two large NW-striking faults in the area, the Fuyun
Fault (F1) in the north and the Shanqian Fault (F2) in the south, both
associated with W-striking and N-striking branching faults (Fig. 2a). In
the region, the location of volcanic edifices and magmatism appears to
have been controlled by the NW-striking faults. The Fuyun Fault strikes
from 310° to 340° with dips of 60°–70°, whereas the Shanqian Fault has
dips of ~70° with similar strikes. These W-striking and N-striking
secondary faults occur between the two main faults and separate the
ore district into a number of distinct sectors. Two secondary faults, the
W-striking F5 and the N-striking F6, occur within the Laoshankou
Fe-Cu-Au deposit, and have controlled the spatial distribution of the
magmatism and mineralization.

The intrusive rocks in the deposit are mainly intermediate to mafic,
and include biotite diorites and quartz syenites that occur along the sec-
ondary faults, F5 and F6. The biotite diorites crop out as dykes, apophyses
Chen and Jahn, 2004; Jahn et al., 2000). (b) Simplified geologicalmap of the Chinese Altay
cal andmetallogenicmapof the southeastern Altay orogenic belt andnortheastern Junggar
). Abbreviations: E. Euro Craton, East European Craton; NE China, Northeast China; H,
Armantai Fault; K, Kelameili Fault; NT, Norte Terrane; CA, Central Altay Terrane; QAT,



Fig. 2. (a) Simplified lineamentmap of the Laoshankou Fe-Cu-Au deposit. (b) Geologicalmapof the Laoshankou Fe-Cu-Au deposit (modified fromaGeologicalMap produced by theGeophysical Prospecting Party, Geological Survey Bureau of Xinjiang,
2005). Abbreviations: F1, Fuyun Fault; F2, Shanqian Fault; F3, F4, F5, unnamed secondary faults.
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and stocks (plutons), with a total outcrop area of 2.6 km2. They cut
across the Beitashan Formation and are generally crosscut by the quartz
syenites with clear contact relationship. The quartz syenites occur as
dykes and apophyses, with an outcrop area of 0.8 km2.

4. Samples and analytical methods

Based on field and petrographic observations, eleven least altered
samples from the Laoshankou district, including two basalts, two
andesites, one basaltic-andesitic tuff, two biotite diorites and four
quartz syenites, were selected for whole-rock major and trace element
geochemistry, zircon U–Pb dating and Sr-Nd-Pb-Hf isotope analysis
(Table A.1).

4.1. Whole-rock major and trace element analysis

Eleven whole-rock samples were crushed to about 200 mesh in an
agate mill. Whole-rock major and trace element analyses were deter-
mined at ALS Chemex (Guangzhou) Co., Ltd., China. Major element
compositions were measured by wavelength dispersive X-ray fluores-
cence spectrometry (XRF) on fused glass disks after 0.2 g samples of
rock powder were fused with 1.5 g LiBO2. Major element compositions
have analytical uncertainties of b5%. The loss on ignition (LOI) was
determined after heating the samples to 1000 °C for three hours. For
trace element analyses, about 50 mg of whole-rock powder was
dissolved in capped Savillex Teflon beakers using four acid digestion
and then analysed by inductively coupled plasma mass spectrometry
(ICP-MS). Precision for all trace elements is estimated to be 5%.

4.2. Sr-Nd-Pb isotopic analysis

Six samples were selected for radiogenic isotope analysis. Sr-Nd-Pb
isotopic compositions were measured on a Micromass IsoProbe Multi-
Collector ICP-MS at the State Key Laboratory of Isotope Geochemistry,
Guangzhou Institute of Geochemistry, Chinese Academy of Sciences.
For Sr-Nd isotopic analysis approximately 50mg of whole-rock powder
was dissolved in distilled HF-HNO3 at 150 °C for five days. After
complete dissolution, the samples were dried and dissolved in 2.5 N
HCl. Strontium and neodymium was extracted by conventional ion
exchange chromatographic techniques. The measured Sr and Nd
isotopic ratios were normalized to 86Sr/88Sr = 0.1194 and 146Nd/
144Nd = 0.7219, respectively. The reproducibility of 87Sr/86Sr and
143Nd/144Nd during measurement was monitored by analysis of the
standards NBS987 for Sr and Shin Etou for Nd yielding average values
of 0.710243 ± 14 (2σ) and 0.512124 ± 11 (2σ), respectively. Total
procedural blanks were 0.5 ng and 0.3 ng for Sr and Nd. Separation
and purification of Pb was carried out on Teflon columns with a
100 μL (separation) and 40 μL bed (cleaning) of Bio-Rad AG1-X8 (100
to 200 mesh) anion exchange resin using HBr-HCl ion exchange. Lead
was loaded with a Si gel onto a pre-conditioned Re filament and
measured in single filament mode. A factor of 1‰ per atomic mass
unit was applied for correction of instrumental mass bias using NBS
SRM 981 as a reference material. Total procedural blanks for Pb were
between 20 and 40 pg. Sample reproducibility is estimated at ±0.02,
± 0.015, and ±0.03 (2σ) for 206Pb/204Pb, 207Pb/204Pb, and 208Pb/ 204Pb
ratios, respectively. Details of the analytical techniques are described
by Liang et al. (2003).

4.3. Zircon U–Pb geochronology

Quartz syenite (TS-002) and biotite diorite (TS-003) samples were
collected from the Laoshankou district for LA-ICP-MS zircon U–Pb and
Hf analysis. Prior to analysis, zircons were separated through
conventional magnetic and density separation techniques before
hand-picking under a binocular microscope. Selected zircon grains
were enclosed in epoxy resin and polished to expose the center of
individual crystals. Cathodoluminescence (CL) images were used to
observe the morphology and internal structures of the polished zircon
grains.

U–Pb dating and in-situ trace element analyses of all zircon grains
was performed using an Agilent 7500a ICP-MS coupled with a
Resonetics RESOlution M-50 (193 nm ArF excimer) laser ablation
system (LA) at the State Key Laboratory of Isotope Geochemistry,
Guangzhou Institute of Geochemistry, Chinese Academy of Sciences.
Laser ablation was conducted at a constant energy of 81 mJ/cm−2

with a repetition rate of 10Hz and a spot diameter of 31 μm. The ablated
material was carried by He-Ar gas to the ICP-MS via a Squid system to
homogenize the signal. Each analysis incorporated a background
acquisition time of approximately 20–30 s (gas blank) followed by
50 s of data acquisition during ablation of the samples. The detailed
analytical procedures followed those described by Liu et al. (2010).
Off-line selection and integration of background and analyzed signals,
and time-drift correction and quantitative calibration for trace element
analyses and U–Pb dating were performed using an in-house program
ICPMSDataCal 8.3 (Liu et al., 2010). The zircon standard Temora
(417 Ma; Black et al., 2003) was used for an external calibration and a
Qinghu standard was used for an internal calibration during U–Pb
dating. The absolute abundances of U, Th and rare earth elements
were determined using an external standard glass NIST SRM 610, and
29Si was used as the internal standard. Common Pb correction and age
of the sample was calculated using ComPbCorr#3_17 (Andersen,
2002). Concordia diagrams and weighted mean calculations were
derived using Isoplot/Ex_ver3.0 (Ludwig, 2003). Concordances are
listed in Table A.4 and the weighted mean ages are quoted at the 95%
confidence level.

4.4. Zircon Lu-Hf isotope analysis

The in-situ Hf isotope analyses were performed using a Neptune
Plus MC-ICP-MS (Thermo Fisher Scientific, Germany) in combina-
tion with a Resonetics RESOlution M-50 (193 nm ArF excimer)
laser ablation system (LA) at the State Key Laboratory of Isotope
Geochemistry, Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences. The analyses for zircons were conducted
using a single-spot ablation mode, and beam diameter of 44 μm,
10 Hz repetition rate and energy of 100 mJ/cm−2. Helium was
used as the carrier gas in the ablation cell and was merged with
Argon (makeup gas) downstream of the ablation cell. In order to
evaluate the reliability of the analytical data, the zircon standard
Penglai was used for external standardization, and yielded a
weighted mean 176Hf/177Hf ratio of 0.082906 ± 50 (σ). Each mea-
surement consisted of 20 s of acquisition of the background signal
followed by 50 s of ablation signal acquisition. Data were normal-
ized to 179Hf/177Hf = 0.7325, using exponential correction for
mass bias (Segal et al., 2003). The 176Lu decay constant of
1.865 × 10−11 yr−1 (Scherer et al., 2001) was used to calculate ini-
tial 176Hf/177Hf ratios. The chondritic values of 176Hf/177Hf =
0.0332 and 176Lu /177Hf = 0.282772 reported by Blichert-Toft and
Albarède (1997) were used for the calculation of εHf(t) values.
The depleted mantle Hf model ages (TDM) were calculated using
the measured 176Lu/177Hf ratios of zircon based on the assumption
that the depleted mantle reservoir has a linear isotopic growth
from 176Hf/177Hf = 0.279718 at 4.55 Ga to 0.283250 at present,
with 176Lu/177Hf = 0.0384 (Griffin et al., 2000). However, this
TDM model age can only give a minimum age for the source material
of the magma from which the zircon crystallized because fraction-
ation between Lu and Hf occurs when zircons form. In order to cir-
cumvent such a problem, the Hf model age TDM

C was calculated,
which is derived from projecting the initial 176Hf/177Hf of a zircon
(after determination of its U/Pb age) back to the depleted mantle
model growth line by using a 176Lu /177Hf ratio of 0.008, the mean
value for upper continental crust (Rudnick and Gao, 2003).
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5. Results

5.1. Petrography

The basalts are green to grey in color with porphyritic textures and
variable amounts of phenocrysts (50%–60%) of pyroxene, plagioclase,
hornblende and rare titanite in a matrix of plagioclase, pyroxene and
irregular granular magnetite (Fig. 3a, b). In the trachybasalt (Fig. 3b),
plagioclase shows simple twinning and alteration rims of melanocratic
clay minerals. Amygdaloidal chlorite, epidote and calcite occur sporadi-
cally in the basalts. Calcite occasionally occurs as veinlets.

The andesites are red-grey in color and porphyritic, with phenocrysts
(50%–55%) of Na-rich plagioclase showing simple and polysynthetic
twinning and alteration rims of melanocratic clay minerals, hornblende
and pyroxene in a fine-grained matrix of plagioclase and minor magne-
tite (Fig. 3c). Accessory minerals include apatite and titanite.

Pyroclastic rocks, including tuffs, are a major part of the Beitashan
Formation. The tuffs are dark gray in color and consist of ~15% basaltic
and andesitic detritus, 25%–40% crystal fragments, and volcanic ash
(~50%; Fig. 3d). The crystal fragments have a mineral assemblage of
plagioclase (simple and polysynthetic twinning), alkali-feldspar, horn-
blende, with rare quartz and apatite.

The quartz syenite is pink with coarse, granular textures and
massive structures (Fig. 3e). They are mainly composed of K-
feldspar (carlsbad, gridiron and simple twinning), Na-rich plagio-
clase (simple and polysynthetic twinning), hornblende, biotite
and quartz. Accessory minerals include zircon, apatite and titanite.
Plagioclase, quartz mineral inclusions are poikilitically enclosed by
the K-feldspar (Fig. 3e).

The biotite diorite is generally green-grey in color, with
medium- to coarse-grained granular textures and massive struc-
tures. They comprise Ca-rich plagioclase, Na-rich plagioclase, K-
feldspar, hornblende and biotite (Fig. 3f). Accessory minerals include
Fig. 3. Photomicrographs of the main facies types under cross-polarized light for samples from
Beitashan Formation (TS-006); (b) hornblende, pyroxene andplagioclase phenocrysts of the tra
phenocrysts of amphibole, pyroxene and plagioclase in the andesites of the Beitashan Formatio
clase and quartz are enclosedwithin K-feldspar in the quartz syenite (LS-030); (f) plagioclase, bi
Hbl – hornblende; Pl – plagioclase; Px – pyroxene; Fsp – feldspar; Kfs – K-feldspar; Bt – biotite
zircon, apatite and titanite. Plagioclase laths show simple or
polysynthetic twinning and are typically zoned. Biotite shows a banded
structure and is cut by plagioclase. Plagioclase, hornblende and biotite
mineral inclusions are commonly embedded in K-feldspar.

5.2. Whole-rock geochemistry

Whole-rockmajor, trace, and REE element composition of represen-
tative samples from the Laoshankou district are presented in Tables A.2
and A.3.

5.2.1. Volcanic rocks
Basaltic rocks of the Laoshankou district show a limited range of

SiO2 from 47.55 to 52.97 wt.% and a wide range of Al2O3 from 8.44
to 18.21 wt.%. Their A/CNK ratios mostly range from 0.38 to 0.77
and A/NK values show a range of 1.20 to 2.22, consistent with
metaluminous compositions. The sum of K2O and Na2O varies
from 2.99 to 7.24 wt.% with Na2O/K2O ratios ranging from 0.7 to
30, reflecting the large variation in Na2O from 2.40 to 6.50 wt.%.
On the Nb/Y-Zr/TiO2 diagram (Fig. 4a) the rocks mostly fall in the
sub-alkaline basalt or andesite fields. They have high concentra-
tions of FeOT and MgO (4.62 to 11.15 wt.% and 3.26 to 15.91 wt.%,
respectively), and low TiO2 contents of 0.50 to 1.20 wt.%, following
a calc-alkaline trend (Fig. 4b–d). Mg# values vary from 51 to 75.

Compared to the basaltic rocks, andesitic rocks from the
Laoshankou district are characterized by higher SiO2 contents
from 55.44 to 62.10 wt.% and higher total (Na2O + K2O) from
6.36 to 9.73 wt.%, but lower Na2O/K2O ratios from 0.4 to 14. More-
over they have lower FeOT (4.43 to 7.41 wt.%), much lower TiO2 and
MgO contents (0.41 to 0.84 wt.% and 2.11 to 2.77 wt.%, respective-
ly) than the basaltic rocks. Most samples plot in the andesite or ba-
salt fields (Fig. 4a), and follow a calc-alkaline trend on the Co/Th,
the Laoshankou district. (a) hornblende and plagioclase phenocrysts of the basalts in the
chybasalts in the Beitashan Formation (LS-022); (c)fine-grainedmatrix of plagioclasewith
n (LS-025); (d) andesitic detritus in the basaltic-andesitic tuff (LS-017); (e) laths of plagio-
otite, hornblende and sphene are enclosedwithin K-feldspar in the biotite diorite (TS-003).
; Spn – sphene; Qtz – quartz; Chl – chlorite.



Fig. 4. (a) Nb/Y versus Zr/TiO2*0.0001 diagram (Winchester and Floyd, 1977). (b) Co versus Th discrimination diagram (Hastie et al., 2007). (c) TiO2 versus FeOT/MgO diagram (Miyashiro
and Shido, 1975). (d) Ta/Yb versus Ce/Yb diagram (Pearce, 1982). Com/Pant: Comendite/Pantellerite; TrachyAnd: TrachyAndesite; Ban/Nph: Basanite/Nephelinite; Alk-Bas: alkaline-
basalt; IAT: island arc tholeiite; CA: calc-alkaline; H-K: high-K calc-alkaline; SHO: shoshonite; B: basalts; BA: basaltic andesites; A: andesites; D: dacites; R*: rhyolites. Field in gray
represents the volcanic rocks of the Beitashan Formation. Data for volcanic rocks in the Laoshankou are from Zhang et al. (2009) and Chai et al. (2012). Data for volcanic rocks of the
Beitashan Formation are from Chai et al. (2012) and Zhang et al. (2009).
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Ta/Yb-Ce/Yb, FeOT/MgO-TiO2 diagrams (Fig. 4b–d). Mg# varies
from 42 to 57, which is lower than in the basaltic rocks.

Total REE contents of the basaltic rocks vary from 34.9 to 63.2 ppm
(averaging 48.9 ppm)with (La/Yb)N ratios from 1.09 to 4.26 (averaging
2.46), variable Eu anomalies (δEu = 0.72 to 1.16, averaging 0.97) and
slightly positive Ce anomalies (δCe = 0.99 to 1.07, averaging 1.02;
Fig. 5a, c).

Compared with the basaltic rocks, the andesitic rocks are character-
ized by higher ∑REE contents from 60.3 to 87.9 ppm (averaging
72.0 ppm) and higher (La/Yb)N ratios from 3.47 to 5.85 (averaging
4.73). They also display slightly depleted Eu anomalies (δEu = 0.83 to
1.06, averaging 0.94) and positive Ce anomalies (δCe = 0.99 to 1.60,
averaging 1.13).

Multi-element variation diagrams of all volcanic samples are charac-
terized by an enrichment in large-ion lithophile elements (LILEs; Ba, K
and Sr) relative to high field strength elements (HFSEs; Nb, Ta, Zr, Ti,
Th and Y) and heavy rare earth element (HREEs; Yb and Lu; Fig. 5b, d)
with positive P anomalies.
5.2.2. Intrusive rocks
The quartz syenite is characterized by SiO2 contents ranging from

59.94 to 63.60 wt.% and Al2O3 contents from 17.67 to 19.13 wt.%. All
samples show elevated K2O + Na2O contents varying from 11.65
to 13.02 wt.% and low Na2O/K2O varying from 0.6 to 0.9. A/NK and
A/CNK range from 1.09 to 1.19 and 0.90 to 1.01, respectively, indicative
of slightly metaluminous compositions. Whole rock Mg# ranges from
27 to 35. Total REE contents of the quartz syenite vary from 22.8 to
65.4 ppm (averaging 35.4 ppm) with (La/Yb)N ratios from 4.77 to
6.94, averaging 6.01. They are characterized by variable Eu anomalies
(δEu= 0.79 to 1.73, averaging 1.33) and slightly depleted Ce anomalies
(δCe = 0.70 to 1.03, averaging 0.85; Fig. 5e).

Biotite diorites have SiO2 concentrations between 51.68 and
55.10 wt.%, are metaluminous with A/NK and A/CNK values ranging
from 1.44 to 1.63 and 0.72 to 0.81, respectively, and have moderate
Al2O3 (15.71–17.64 wt.%). Contents of K2O and Na2O (Na2O = 2.98–
3.83 wt.%; K2O = 4.45–5.73 wt.%) are lower than quartz syenites with
lower Na2O/K2O ratios ranging from 0.54 to 0.76. They have MgO and



Fig. 5. Chondrite-normalized rare earth element (REE) and primitivemantle-normalized trace element spider diagrams for volcanic rocks and intrusive rocks from the Laoshankou district
(normalizing values from Sun and McDonough, 1989). (a)-(b) basaltic rocks; (c)-(d) andesitic rocks; (e)-(f) quartz syenites; (g)-(h) biotite diorites. Data of volcanic rocks in the
Laoshankou district are from Zhang et al. (2009) and Chai et al. (2012). Data for intrusive rocks in the Laoshankou district are from Lu et al. (2013).
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Mg# ranging from 3.79 to 6.22 wt.% and 60 to 62, respectively, higher
than those of quartz syenites. The biotite diorite has higher total REE con-
tents than the quartz syenite (52.6 and 69.5 ppm, averaging 62.1 ppm)
with (La/Yb)N ratios from 5.34 to 6.81, averaging 5.86. All biotite diorites
display slightly depleted Eu anomalies from 0.88 to 1.02, averaging 0.95
but no Ce anomalies (δCe = 0.96 to 1.01, averaging 0.99; Fig. 5g).
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The primitive mantle-normalized multi element diagrams (Fig. 5f, h)
for the intrusive rocks from the Laoshankou district are broadly similar,
with enriched LILEs and P relative to HFSEs.

5.3. Zircon morphology, geochemistry and geochronology

The U–Pb data for zircon grains from samples TS-002, TS-003 in
the Laoshankou district are listed in Table A.4. Typical CL images are
presented in Fig. A.1, together with 206Pb/238U ages and εHf(t) values for
the relevant spots.

5.3.1. Quartz syenite
These zircon grains from the quartz syenite are generally euhedral

and dark to light brown in color, with grain sizes ranging from 100 to
200 μm in length. Cathodoluminescence images of zircon grains reveal
generally magmatic oscillatory, banded, sector zoning (Fig. A.1),
suggesting that the zircon grains are generally of magmatic origin. The
chondrite-normalized REE diagrams (Fig. 6e) are also consistent with
magmatic zircons as they have normalized patterns characterized by a
steeply-rising slope from the LREEs to the HREEs and with pronounced
positive Ce anomalies and minor depleted Eu anomalies. Uranium
concentrations of zircons from sample TS-002 vary widely from 446 to
1570 ppm and Th concentrations range from 215 to 1684 ppm, with
Th/U ratios of 0.33 to 1.28 consistent with a magmatic origin. 206Pb/
238U ages can be divided into three groups (Fig. 6a), with weighted
mean ages of 407 ± 5 Ma, 391 ± 5 Ma and 376 ± 2 Ma (MSDW =
0.13). The youngest age of 376 ± 2 Ma (MSDW =0.13) with the
most analytical spots is interpreted to be the crystallization age of the
quartz syenite. The core-overgrowth structures with homogeneous
cores and banded rims in the CL images (sp. 4, 8, 25; Fig. A.1) indicate
that the quartz syenite magma inherited zircons from older crustal
rocks or from early crystallized magmas (Belousova et al., 2002). The
oldest age of 407 ± 5 Ma is interpreted to represent inherited zircons
from an older magmatic event, consistent with the work of Lu et al.
(2012). The 391 ± 5 Ma ages, are similar to the Beitashan Formation,
and are interpreted to have been inherited from that unit or similar
Middle Devonian host rocks.

5.3.2. Biotite diorite
The zircons from the biotite diorite samples have euhedral, pris-

matic shapes and are partly broken, ranging from light to dark
brown in color under CL. They are generally 50 to 150 μm in length
with magmatic oscillatory and banded zoning. Some zircon grains
contain dark homogeneous cores with distinct core-rim structures
(sp. 18; Fig. A.1). The chondrite-normalized REE patterns with rel-
atively enriched HREE, positive Ce and depleted Eu (Fig. 6f) indi-
cate a magmatic origin for all zircons from the biotite diorite.
Uranium concentrations of zircons vary widely from 118 to
482 ppm, with one up to 771 ppm (sp. 18; Fig. A.1) and Th concen-
trations range from 46.3 to 394 ppm, with one up to 809 ppm
(sp. 18; Fig. A.1). Th/U ratios range from 0.38 to 1.05, with the ma-
jority greater than 0.1, consistent with a magmatic origin. The U–Pb
zircon ages of sample TS-003 can be separated into three different
groups (Fig. 6c). The younger group yielded 206Pb/238U ages of
379 ± 2 Ma (MSDW =0.80), which is likely the emplacement age
for the biotite diorite (Fig. 6d). The older zircons have 206Pb/238U
ages from 407 ± 6 Ma to 391 ± 4 Ma, which are similar to the
inherited ages of the quartz syenite, suggesting these zircon ages
are inherited from older rocks, consistent with the core-
overgrowth structure in the older zircons (sp.11, 18; Fig. A.1).

5.4. Zircon Hf isotopic compositions

The Hf isotopic data for zircon grains from samples TS-002 and TS-
003 in the Laoshankou district are listed in Table A.5 and illustrated in
Fig. 7a. Twelve in situ Hf isotope analyses were determined on zircon
grains from the quartz syenite (sample TS-002). They exhibit positive
εHf(t) values of 7.95 to 12.72, yielding TDM

C model ages ranging from
868 to 561Ma and 176Hf/177Hf ratios ranging from0.282798 to 0.282904.

Twelve in situ Hf isotope analyses were determined on zircon grains
from the biotite diorite (sample TS-003), and yielded εHf(t) values of
9.74 to 13.26, and TDM

C model ages of 761 to 530 Ma with 176Hf/177Hf
ratios ranging from 0.282817 to 0.282920.

5.5. Sr-Nd-Pb isotope compositions

The results of Sr-Nd and Pb isotope analyses are reported in Tables A.6
and A.7 and illustrated in Fig. 7b–d. Initial isotopic ratios were calculated
back to the crystallization ages of intrusive rocks (this study) and the
proposed age (385 Ma) of volcanic rocks (Zhang et al., 2009).

Volcanic rocks for Laoshankou yielded initial 87Sr/86Sr ratios of
0.7042–0.7044, εNd(t) values of 5.5–5.6 and two-stage depleted mantle
Nd model ages (T2DM) of 685–681 Ma. Calculated initial Pb isotope
ratios of (206Pb/204Pb)t, (207Pb/204Pb)t and (208Pb/204Pb)t are 17.87–
17.95, 15.456–15.460, and 37.58–37.62, respectively.

Quartz syenites for Laoshankou yielded initial 87Sr/86Sr ratios of
0.7046–0.7053, εNd(t) values of 5.6–6.3 and two-stage depleted mantle
Ndmodel ages (T2DM) of 673–609Ma. The (206Pb/204Pb)t, (207Pb/204Pb)t
and (208Pb/204Pb)t ratios range from 17.98–18.00, 15.458–15.462 and
37.55–37.56, respectively.

Biotite diorites in Laoshankou yielded initial 87Sr/86Sr ratios of
0.7041–0.7049, εNd(t) values of 5.2–6.5 and two-stage depleted mantle
Nd model ages (T2DM) of 704–603 Ma, with similar (206Pb/204Pb)t
(17.94–18.02), (207Pb/204Pb)t (15.452–15.462), (208Pb/204Pb)t (37.59–
37.61) ratios to the quartz syenite.

6. Discussion

6.1. Timing of magmatism and mineralization

The abundant crinoid stems, coral, shellfish and radiolarian fossils in
the outcrops of the Laoshankou district have been used to place the
Beitashan Formation into the Middle Devonian (Chai et al., 2012). This
is consistent with a zircon U–Pb age of 381 ± 2 Ma (MSWD =1.4)
reported for a basalt in the Laoshankou district by Chai et al. (2012).
The new ages of 376 ± 2 Ma and 379 ± 2 Ma ages from this study
most likely represent the emplacement ages of the quartz syenite and
biotite diorite, respectively and are consistent with previous work in
the Laoshankou Fe-Cu-Au deposit, including zircon U–Pb ages of
379.3 ± 2.3 Ma and 379.7 ± 3 Ma for the biotite diorite and the diorite
porphyry (Lu et al., 2012). Regional geochronological data for intrusive
rocks in ore deposits along the northern margin of East Junggar is
compiled in Table A.8 and is broadly comparable to the data generated
in this study. The combined results suggest a voluminous early Late
Paleozoic magmatic event (390–370 Ma) in the northern margin of
East Junggar (Lu et al., 2012; Xue et al., 2010).

Yang et al. (2012a) proposed that the Late Devonian Kalaxianger
porphyry Cu metallogenic belt formed in an oceanic island arc at the
northern margin of East Junggar between 378 to 374 Ma, coeval with
the Late Paleozoic magmatic event. Geochronological data for the
deposits includes a Re-Os isochron age of 376.9 ± 2.2 Ma for molybde-
nite in the Halasu porphyry copper ore district (Wu et al., 2008) and
Re-Os ages of 378.3 ± 5.6 Ma and 373.9 ± 2.2 Ma for molybdenite in
the Halasu and Yulekenhalasu porphyry copper deposits, respectively
(Yang et al., 2012b). For the Laoshankou Fe-Cu-Au deposit, Li et al.
(2015) has reported a molybdenite Re-Os age of 383.2 ± 4.5 Ma.
These previous Re-Os ages for molybdenite are consistent with the
zircon LA-ICP-MS U–Pb ages of the mineralization-related Beitashan
basalts (381 ± 2 Ma; Chai et al., 2012), diorite porphyry (379.7 ±
3.0 Ma; Lu et al., 2012), quartz syenite (376 ± 2 Ma, this study) and
biotite diorite (379 ± 2 Ma, this study) in the Laoshankou district.
This indicates a possible Late Devonian Fe-Cu-Au metallogenic event



Fig. 6. (a)-(d) LA-ICP-MS zircon U–Pb concordia diagrams and 206Pb/238U average ages for the quartz syenite (a, b) and the biotite diorite (c, d) from the Laoshankou
district. (e)-(f) Chondrite-normalized rare earth element (REE) of zircon grains for quartz syenite (e) and the biotite diorite (f) from the Laoshankou district. The group
plotted in (b) and (d) represent the emplacement ages of the quartz syenite has been underlined by red square in (a) and (c).
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on the northern margin of East Junggar, which formed in an oceanic
island arc environment coevally with the porphyry Cu mineralization.
The coexistence of contemporaneous Fe-Cu-Au and porphyry Cu
deposits has also been identified in the Mesozoic Central Andes,
suggesting a close relationship between these styles of mineralization
and arc magmas (Chen et al., 2013).



Fig. 7. (a) Diagram of εHf(t) values versus crystallizing ages for zircons of intrusive rocks. (b) εNd(t) vs (87Sr/86Sr)i diagram (White and Hofmann, 1982; Zindler andHart, 1986) for volcanic
and intrusive rocks. Fields for asthenospheric and lithospheric mantle melting from Wilson (1989) and Davies and von Blanckenburg (1995); fields for MORB, OIB, EM I and EM II from
Zindler and Hart (1986); the data for Qiaoxiahala fromWan and Zhang (2006); the data for the East Junggar from Chen and Jahn (2004), Han et al. (1997), the data for Chinese Altai from
Wang et al. (2009);mantle array fromArculus and Powell (1986) andWilson (1989). (c)-(d) plots of (206Pb/204Pb)t vs. (207Pb/204Pb)t and (208Pb/204Pb)t ratio diagrams (Zartman andDoe,
1981; Zindler andHart, 1986) for volcanic and intrusive rocks. Fields for A, B, C, D,Mature Arc andMORB fromZartman andDoe (1981); Fields forDM, EM I and EM II fromZindler andHart
(1986). Abbreviations: DM: depleted mantle; CHUR: chondritic uniform reservoir; MORB: mid-ocean-ridge basalt; OIB: ocean island basalts; EM I: enriched mantle I; EM II: enriched
mantle II. Dashed lines in (c) and (d) enclose probable average values (A = mantle; B = orogene; C = upper crust; and D = lower crust).
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6.2. Petrogenesis

6.2.1. Petrogenesis of the volcanic rocks
The volcanic rocks of theBeitashan Formation fall in the calc-alkaline

field, are comprised dominantly of basalt-andesite-dacite-rhyolite
(BADR) volcanic series rocks, and are typical of subduction-related arc
volcanic rocks (Fig. 4; Green and Ringwood, 1968). The majority of
volcanic rocks from the Laoshankou district lie in the field of calc-
alkaline island arc basalts on a range of discrimination diagrams
(Fig. 11). Samples that plot outside of the island arc field (mainly andes-
ites) are likely the result of fractional crystallization as discussed below.

We treat themostmafic basalt samples as primarymagma composi-
tions, as they have high MgO, Ni and Cr contents. Most major oxide and
trace elements showwell-defined positive or negative correlationswith
increasing SiO2 contents (Figs. 9 and 10), likely the result of fractional
crystallization of different mineral phases during the evolution from
basaltic primarymagma to andesites. The negative correlation between
MgO, MnO, Fe2O3

T and SiO2 are interpreted to be the result of
hornblende fractionation whereas decreasing CaO and increasing
Na2O, K2O, Bawith increasing SiO2 suggest that fractional crystallization
was dominated by clinopyroxene and calcic plagioclase, with only a
minor role for K-feldspar (Figs. 9 and 10; Kaygusuz et al., 2014;
Temizel et al., 2012). Fractionation of clinopyroxene is consistent with
the negative correlations between Zr/Hf ratios and Sc concentrations
and positive correlations between Zr/Hf and Nb/Ta ratios, whereas
fractionation of hornblende is supported by negative correlations
between Zr/Hf and Nb/Ta ratios, since Nb will preferentially partition
into hornblende relative to Ta. As Sc is compatible in clinopyroxene,
fractionation of these minerals will result in low Sc and Nb/Ta in
coexisting melts (Fig. 8c, d; Green, 1995; Tiepolo et al., 2000). The
weak negative correlation between Ni and SiO2 (Fig. 10) indicates that
fractional crystallization of olivine did not play a major role during
this process (Kaygusuz et al., 2014; Temizel et al., 2012). All these
variations can be explained by fractionation of the common mineral
phases clinopyroxene ± plagioclase ± hornblende in the andesite
(Fig. 3b). Using trace elements compositions in the FC–AFC–FCA and



Fig. 8. Diagrams of (a) SiO2 vs (87Sr/86Sr)i, (b) SiO2 vs (143Nd/144Nd)i, (c) Zr/Hf vs. Nb/Ta and (d) Zr/Hf vs. Sc showing possible fractional crystallization (FC) and assimilation-fractional
crystallization (AFC) trends for volcanic and intrusive rocks from the Laoshankou district.
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mixing modeler (Ersoy and Helvacı, 2010) to model the fractional
crystallization (FC) process, we estimate that 45% plagioclase, 25–30%
clinopyroxene and 25–30% hornblende were fractionated from the
residual magma consistent with the composition of the andesite.

The similar trends on the chondrite-normalized REE and primitive
mantle-normalized multi element diagrams (Fig. 5) suggest that all
the volcanic rocks were likely derived from a similar magmatic source,
or even the same magma chamber. Three potential source components
may have contributed to the genesis of subduction zone magmatism:
(1) the mantle wedge above the subducted slab, (2) the subducted
slab (melts and fluids), and (3) the arc crust (Defant and Drummond,
1990). In order to minimize the effects of fractional crystallization, we
use the incompatible elements (Nb, U, Ce, Th and HREE) to assess the
petrogenesis.

Experimental studies have shown that the Mg# can be used to
discriminate between melts derived purely from the crust and those
derived from the mantle (Rapp andWatson, 1995). Melts from basaltic
lower crust are characterized by low Mg# (b 40) regardless of the
degree of melting, whereas those with high Mg# (N 40) require a
mantle component (Rapp and Watson, 1995). The volcanic rocks from
Laoshankou have relatively high Mg# (42–75, averaging 58) indicating
derivation of the melts from mantle wedge. This is consistent with the
enriched LILEs and LREEs relative to HFSEs and HREEs for the volcanic
rocks, which indicate subduction relatedmetasomatism by slab derived
fluids (Münker et al., 2004; Schiano et al., 1995). Moreover, elevated
Ce/Th (6.6–25.5), Ba/Th (109–1460) and the absence of pronounced
depleted Ce anomalies suggest that there has been no significant assim-
ilation of subducted sediment, as this would result in elevated Th and
low Ce/Th (~8), Ba/Th (~111) ratios and depleted Ce anomalies (Plank
and Langmuir, 1998). The low Nb (1.16–8.00 ppm) contents of the
volcanic rocks suggest the absence of melts derived from subducted
oceanic crust, which can metasomatize themantle wedge and generate
Nb-enriched basaltic magmas (Hollings and Kerrich, 2000; Wyman
et al., 2000). Assimilation of crustal material is an important process
for modifying the trace element and isotopic composition of mantle-
derived magmas (Thirlwall et al., 1994). The volcanic rocks of
Laoshankou are characterized by low Th, U, Rb and Nb/U ratios, and
higher Sr and Ba contents compared to continental crust (Hofmann,
1988; Rudnick and Gao, 2003), suggesting that crustal assimilation did
not play a significant role in their evolution. Similarly, the positive
εNd(t) values (5.5 and 5.6) and low (87Sr/86Sr)i ratios (0.7042 and
0.7044; Fig. 7b) overlap with the range of MORB values, consistent
with a significant input of depleted mantle and precluding a crustal
origin (Liu and Liu, 2014). Similarly, the weak correlations between



Fig. 9.Harker diagrams for CaO,MgO, Al2O3, Fe2O3
T, TiO2, P2O5, Na2O, K2O andMnO versus SiO2 for samples from the Laoshankou district. Solid area: red for basaltic rocks; blue for andesitic

rocks; yellow for quartz syenite and green for biotite diorite.
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(87Sr/86Sr)i and (143Nd/144Nd)i values with SiO2 (Fig. 8) indicate
that assimilation played a minor role in the generation of the volcanic
rocks.

In summary, the geochemical data suggests that calc-alkaline volca-
nic rocks from Laoshankouwere derived from a depletedmantle wedge
metasomatized by slab-derived fluids, with no crustal contamination.
Compositional variations within Laoshankou volcanic rocks can be
explained by fractional differentiation.

6.2.2. Petrogenesis of the intrusive rocks
The intrusive rocks of the Laoshankou district are characterized by

enrichment in LILEs relative to HFSEs and HREEs and marked depleted
Nb, Ta and Ti anomalies with positive Sr anomalies (Fig. 5f, h), consis-
tent with an island arc setting (Pearce and Peate, 1995). Moreover,
the intrusive rocks plot within the volcanic arc granite fields on the Yb
vs. Ta diagram (Fig. 11d). On the La/Yb vs. Th/Yb diagram (Fig. 11e),
the samples show a trend to island arc rather than continental margin
arc affinity.

Adakites are characterized byhigh SiO2 (≧ 56wt.%), Al2O3 (≧ 15wt.%,
rarely lower), Sr (rarely b400 ppm) and Sr/Y (N 40), and low MgO
(b 3 wt.%, rarely above 6 wt.%), Y (≦ 18 ppm), HREE (Yb ≦
1.9 ppm) and low HFSEs (Castillo, 2006). The Laoshankou quartz syenite
and biotite diorite display similar geochemical characteristics with SiO2
(59.94–63.60 wt.%; 51.68–55.10 wt.%), Al2O3 (17.67–19.13 wt.%; 15.71–
17.64 wt.%), Sr (165–507 ppm; 685–954 ppm), Sr/Y (averaging 43, 66),
MgO (0.36–1.02 wt.%; 3.79–6.22 wt.%), Y (4.57–15.0 ppm; 11.1–
15.0 ppm), HREE (Yb, 0.61–1.71 ppm; 1.19–1.60 ppm) and HFSE deple-
tions. On the Sr/Y-Y diagram, intrusions in the Laoshankou district
mostly plot in the adakite field whereas volcanic rocks plot in the island
arc field (Fig. 11b).

Various models have been proposed for the petrogenesis of
adakites including partial melting of the subducted slab (Defant
and Drummond, 1990), crustal assimilation and fractional crystal-
lization from parental basaltic magmas (Richards and Kerrich,
2007), partial melting of thickened lower crust (Petford and
Atherton, 1996) and delamination of lower crust (Kay and Kay,
1993).

The biotite diorites have relatively high Al2O3 (≧ 15 wt.%), MgO
(3.79–6.22 wt.%), Cr (77–193 ppm), and Mg# (51–65, averaging 59)
values, with no pronounced depleted Eu (0.88–1.02) anomalies and
the absence of extremely high Sr/Y and La/Yb ratios characteristic of
pure slab-derived melts precludes pure partial melting of thickened
crust or delamination of lower crust in an intracontinental orogenic
belt as a source for these rocks (Liu and Liu, 2014; Stern and Kilian,
1996). Previous studies have shown that magma derived from sources
metasomatized by slab-derived fluids would have elevated Ba content



Fig. 10.Harker diagrams for Ni, Th, Zr, Rb, Sr, Y, Eu, Ba, Nb, Hf and Ta versus SiO2 for samples from the Laoshankou district. Solid area: red for basaltic rocks; blue for andesitic rocks; yellow
for quartz syenite and green for biotite diorite.
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and high Ba/Th (N 170), whereas those derived from the sources
modified by the subducted sediments should exhibit elevated Th
contents, high Th/Yb (N 2), low Ce/Th (b 8) ratios and depleted Ce
anomalies (Plank and Langmuir, 1998). The high Ba (760–1083 ppm),
Ba/Th (178–645), Ce/Th (5.96–14.32, averaging 10.06) and low Th/Yb
(1.19–2.73, averaging 1.81) and absence of Ce anomalies (0.96–1.01)
in the intrusive rocks is consistent with the addition of the slab-
derived fluids rather than subducted sediments-derived melts.
The similar REE, trace element patterns and the spatial and temporal
association of the intrusive rocks with the volcanic rocks of the
Beitashan Formation (Fig. 7b–d) also suggests that they were derived
from the same supra-subduction zone mantle wedge modified by
slab-derived fluid and subsequently underwent extensive fractional
crystallization.

The positive trend of SiO2 versus (87Sr/86Sr)i and (143Nd/144Nd)i
(Fig. 8a, b), and inherited zircons indicate the crustal assimilation plus
fractional crystallization or mixing processes modified the intrusive
magmas. This is consistent with the zoned plagioclase and mineral
inclusions within K-feldspar, which have been interpreted to be the
result of mixing processes (Baxter and Feely, 2002). However, positive
εHf(t) values (9.74–13.26, averaging 11.55) and εNd(t) values (5.2–6.5)
indicate a depleted mantle source, and suggest that assimilation of



Fig. 11. (a) Th/Yb versus Ta/Yb discrimination diagram for volcanic rocks (Pearce et al., 1984). (b) Sr/Y-Y diagrams (Defant and Drummond, 1990) for the volcanic and intrusive rocks.
(c) Zr/4-Y-Nb*2 discrimination diagrams for volcanic rocks (Meschede, 1986). (d) Ta vs. Yb (Pearce et al., 1984), and (e) (La/Yb) vs. (Th/Yb) (Brown et al., 1984) discrimination
diagrams for intrusive rocks from the Laoshankou district. Abbreviations: IAB: island arc basalts; IAT: island arc tholeiites; ICA: island arc calc-alkaline series; SHO: shoshonitic series;
WPB: within-plate basalts; MORB:mid-ocean ridge basalts; TH: tholeiites; TR: transitional basalt; ALK: alkaline basalts; A1: within-plate alkaline basalts; A2: within-plate alkaline basalts
and tholeiites; B: enriched MORB; C: within-plate basalts and arc basalts; D: enriched MORB and arc basalts; C + D: arc basalts; VAG: volcanic-arc granites; Syn-COLG: syn-collisional
granites; WPG: within-plate granites; ORG: ocean-ridge granites.
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ancient crust was unlikely to have played a major role in the formation
of the biotite diorite and that the assimilant was likely juvenile lower
crust, consistent with the slightly older ages of the inherited zircons
(Condie, 1989; Ketchum et al., 2013; Rapp and Watson, 1995). In
summary, the biotite diorite is proposed to be the product of fractional
crystallization from parental basaltic magmas, a depleted mantle
wedge metasomatized by slab-derived fluids, with minor assimilation
of juvenile lower crust.

The quartz syenites display trace element characteristics that are
distinct from the volcanic rocks and the biotite diorite and consequently
it is unlikely that they formed by fractional crystallization from the same
parental basalticmagmas as the biotite diorite. The positive εHf(t) values
(7.95–12.72, averaging 10.65), initial (87Sr/86Sr)i ratios (0.7046–
0.7053), positive εNd(t) values (5.6–6.3) and Pb isotopic data are consis-
tent with a depletedmantle wedge source (Fig. 7). However, the quartz
syenite exhibits a shift to higher (87Sr/86Sr)i at a given εNd(t) value than
the mantle array suggesting addition of a component with high
(87Sr/86Sr)i ratios, which could be either slab-derived fluids or crustal
material (Fig. 7b; Arculus and Powell, 1986). The relative enrichment
of LILE to HFSE and LREE to HREE also implies a minor aqueous fluid
component in the mantle source. The high Th/La (0.17–0.53), Th/Yb
(1.62–4.39), low Ce/Th (2.87–10.13) ratios, low Nb and depleted Ce
anomalies (0.70–1.03, averaging 0.85), indicate the addition of melts
derived from subducted sediments instead of subducted oceanic crust
(Hollings and Kerrich, 2000; Plank and Langmuir, 1998; Wyman et al.,
2000). The low Nb/Ta (12.7–21.2, N 6.0), and high Th/U (2.57–4.91) in
conjunction with the positive trend for SiO2 versus (87Sr/86Sr)i and
(143Nd/144Nd)i (Fig. 8a, b) are consistent with the crustal assimilation
or mixing processes, as the ratios of Nb/Ta and Th/U for crust are 6.00
and 12.0–14.0, respectively (Rapp and Watson, 1995; Rudnick and
Gao, 2003). The inherited zircons and mineral inclusions within
K-feldspar are also consistent with crustal assimilation or mixing
processes (Baxter and Feely, 2002). The positive εHf(t) and εNd(t) values
as well as the Pb isotopic data suggest that the crustal contamination
signature may be juvenile crust due to the partial melting of
thicker Dulate arc crust in the Middle Devonian (Liu and Liu, 2014).
In summary, quartz syenites are proposed to be the product of a
depleted mantle wedge metasomatized by slab-derived fluids and
subducted sediment-derived melts subsequently modified by crustal
contamination.

6.3. Tectonic evolution and metallogenesis

The geodynamic evolution of the East Junggar is closely associated
with the evolution of the Paleo-Asian Ocean and this collage contains
two Palaeozoic arc systems: the southernAltay and thenorthernmargin
of East Junggar (Xiao et al., 2008). The current consensus is that the two
arcs were created by independent subduction systems that were later
amalgamated by collision (Cai et al., 2010; Long et al., 2012; Sun et al.,
2008; Wan et al., 2011).

The Erqis suture zone, that separates the southern Altay and the East
Junggar, includes abundant ophiolites, such as those in Kuerti,
Qiaoxiahala, Buergen and Habahe, which have yielded SHRMP U–Pb
ages of 352–372 Ma (Wang et al., 2011, 2012; Wu et al., 2006; H.
Zhang et al., 2003). As ophiolites represent fragments of ancient oceanic
crust, these ages suggest that the Kuerti-Erqis Ocean, one branch of the
Paleo-Asian Ocean, still existed before 352Ma (Early Carboniferous). As
discussed above, the geochemistry of the calc-alkaline volcanic and



Fig. 12.The tectonic evolution of the East Junggar in the Late Paleozoic. AF: Armantai Fault; KF: Kelameili Fault; EF: Erqis Fault; H: Halasu; Y: Yulekenhalasu; K:Kalasayi; Q:Qiaoxiahala; Ka:
Kalatongke; X: Xilekuduke; S: Suoerkuduke.
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intrusive rocks in the Laoshankou district support a subduction-related
oceanic island arc setting, rather than a continental arc origin. Combined
with the precise geochronology of the volcanic and intrusive rocks of
the Laoshankou district, we can conclude that from 381 to 376 Ma the
northern margin of East Junggar was situated in an oceanic island arc
environment. The rollback of the northward subduction zone in the
Junggar Ocean (Xiao et al., 2008) and the absence of magmatism and
mineralization in theDulate arc during the Early Ordovician to Early De-
vonian suggests that the Dulate arc was no longer affected by the north-
ward subduction of the Junggar Ocean after the Early Devonian
(Fig. 12a).Moreover, the Lower Devonian potassic basalts andDevonian
adakites, Nb-enriched basalts and boninites to the north of the Dulate
arc (the northern margin of East Junggar) suggest an arc- to fore arc
setting (Xu et al., 2001; Zhang et al., 2006), which implies southward
subduction of the Kuerti-Erqis Ocean after the Early Devonian
(Fig. 12b). The oldest inherited zircon age of ~407 Ma in the quartz
syenite and biotite diorite from the Laoshankou district may constrain
the initiation of the southward subduction.

The dominantly arc-related magmatism in the northern margin
of East Junggar from 381 to 376 Ma is coeval with mineralization
dominated by arc-related Fe-Cu-Au systems and porphyry Cu de-
posits. On the basis of the above considerations, the northern margin
of East Junggar has the potential to host a Late Paleozoic Fe-Cu-Au
metallogenic belt together with the porphyry Cu mineralization.
The Fe-Cu-Au metallogenic belt in East Junggar has many features
in common with the Central Andean belt, including: (1) formation
in a subduction-related arc environment, (2) strong structural con-
trol on the distribution of mineralization and magmatism, and
(3) mineralization hosted mainly in volcanic and volcaniclastic
rocks (Sillitoe, 2003; Williams et al., 2005). Given the presence of
the Late Paleozoic Heijianshan arc-related Fe-Cu-Au deposit in the
East Tienshan (Zhao et al., submitted) and the Late Paleozoic
Qiaoxiahala arc-related Fe-Cu-Au deposit in the East Junggar (Li
et al., 2014), there is considerable potential to find several Late Pa-
leozoic arc-related Fe-Cu-Au mineralizations in the East Junggar as
well as the North Xinjiang in general.

7. Conclusions

On the basis of the petrological, geochronological and geochemical
data for the Late Paleozoic volcanic and intrusive rocks from the
Laoshankou district, the following conclusions can be drawn.

(1) Zircon U–Pb geochronology indicates that the volcanic rocks
of the Beitashan Formation and the intrusive rocks of the
Laoshankou district were emplaced from 381 Ma to 376 Ma.

(2) Sr-Nd-Pb-Hf isotopic and geochemical data of volcanic and intru-
sive rocks in Laoshankou show that the calc-alkaline volcanic
rockswere derived from a depletedmantlewedgemetasomatized
by slab-derived fluids and the variable lithofacies were generated
mainly through fractional crystallization. The biotite diorite is
proposed to be the product of fractional crystallization from
parental basaltic magmas with only minor assimilation of juvenile
lower crust, whereas the quartz syenites are proposed to be
the product of a depleted mantle wedge metasomatized by slab-
derived fluids and subducted sediments-derived melts with
minor crustal contamination.

(3) From381 to 376Ma thenorthernmargin of East Junggar formed in
a subduction related island arc environment rather than continen-
tal margin arc.
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(4) The arc-related Late Paleozoic magmatism and mineralization
on the northern margin of East Junggar were formed by the
southward subduction of the Kuerti-Erqis Ocean (a branch
of Paleo-Asian Ocean) lithosphere beneath the Junggar plate.

(5) There is considerable potential to find a Late Paleozoic Fe-Cu-Au
metallogenic belt together with the porphyry Cu mineralization
in the East Junggar.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lithos.2016.08.021.
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