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a b s t r a c t

The Baoshan Cu-polymetallic deposit is a recently discovered skarn deposit in the northern Lesser Xing’an
Range, NE China. The orebodies are mainly hosted in the contact zone between granitic intrusions and
Lower Cambrian dolomitic crystalline limestones or skarns. We present here zircon U–Pb and molybden-
ite Re–Os age data, whole-rock geochemistry, and zircon Hf isotopic data to constrain the geodynamic
mechanisms of igneous activity and metallogenesis within the Baoshan Cu–polymetallic deposit.
LA–ICP–MS zircon U–Pb dating suggests that a hornblende–quartz monzonite and porphyritic biotite
granite were emplaced at 252.45 ± 0.70 Ma and 251.10 ± 0.98 Ma, respectively. Molybdenite separated
from ore-bearing quartz veins or skarn-type ores yields a weighted mean model age of 250.3 ± 3.4 Ma,
which coincide with the emplacement of the igneous rocks. These data suggest that the Late Permian-
Early Triassic magmatic and mineralization event led to the formation of the Baoshan Cu–polymetallic
deposit. Granitic intrusions are closely associated with this mineralization and have high contents of
SiO2 (60.90–68.98 wt.%), Al2O3 (15.15–16.98 wt.%) and K2O (2.77–4.17 wt.%), with A/CNK ratios of
0.86–0.96. These granites are classified as metaluminous and high-K calc-alkaline I-type granites, and
are enriched in Rb, Th, U, and K, and depleted in Nb, Ta, P, and Ti. Moreover, Moreover, the
hornblende–quartz monzonite and porphyritic biotite granite have geochemical characteristics similar
to adakites and island arc calc-alkaline rocks, respectively. In situ zircon Hf isotope data on the horn-
blende–quartz monzonite samples show eHf(t) values from +0.1 to +3.1, and porphyritic biotite granite
samples exhibit heterogeneous eHf(t) values from �5.4 to +1.1. The geochemical and isotopic data for
the Baoshan intrusions indicate that the Late Permian–Early Triassic continental–continental collision
caused over thickening and delamination of the lower crust. Partial melting of delaminated lower crust
formed the primary adakitic magmas, which may have reacted with surrounding mantle peridotite
during ascent. Hornblende–quartz monzonite was formed by the emplacement of the adakitic magmas,
whereas the formation of the porphyritic biotite granite was caused by the mixing of adakitic magmas
with ancient crustal materials during ascent. Moreover, ore-forming materials were typically derived
from the adakitic magmas with high oxygen fugacity, which incorporated significant amounts of
ore-forming elements. Based on the regional geological history and the new geochemical and isotopic
data from intrusions, we suggest that diagenesis and mineralization of the Baoshan Cu–polymetallic
deposit took place in a transitional tectonic setting from collisional orogeny to extension, after collision
of the North China Plate and Songnen Block, during the latter stages of the Xingmeng orogeny.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

The Lesser Xing’an Range is located in the eastern segment of
the Central Asian Orogenic Belt (CAOB; Fig. 1A, B), a complex tec-
tonic region formed during the evolution of the Paleo-Asian Ocean,
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Fig. 1. (A) Location of Northeast China with respect to the main tectonic units of China and Russia, modified after Wu et al. (2007a). ‘A’ and ‘M’ represent the Altaids and
Manchrids. (B) Tectonic sketch maps of Northeast China, modified after Shao and Tang (1995), Wu et al. (2000). (C) Simplified geological map of the Lesser Xing’an range,
modified after Zhang et al. (2010), Wu et al. (2011), Cui et al. (2013).
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closure of the Mongol–Okhotsk Ocean, and subduction of the Paci-
fic Plate, as well as Cenozoic supercrustal faulting (Scedilengör
et al., 1993; Jahn et al., 2000, 2004; Windley et al., 2007; Zhang
et al., 2008, 2009; Wu et al., 2011; Zhou et al., 2011a,b; Xu et al.,
2012). The multi–phase tectonic, magmatic, sedimentary, and
metamorphic events resulted in the Lesser Xing’an Range, which
is characterized by Paleozoic metamorphic rocks, late Mesozoic
continental intermediate–felsic volcanic rocks, Paleogene fluvial
and lacustrine clastic sedimentary rocks, and Phanerozoic granitic
plutons. These rocks are associated with banded iron formation
(BIF) ores, porphyry Mo, skarn Fe–polymetallic, and epithermal
Au deposits (Fig. 1C). Recent geochronological studies indicate that
the BIF deposits (e.g., Dongfengshan) formed in the late Paleozoic
(288–271 Ma; Wang et al., 2014), porphyry Mo deposits (e.g., Lum-
ing and Huojihe) in the Early–Middle Jurassic (187–174 Ma; Tan
et al., 2012; Liu et al., 2014; Sun et al., 2014; Hu et al., 2014a;
Zhang et al., 2014; Du and Zhang, 2015), epithermal Au deposits
(e.g., Dongan, Tuanjiegou, and Gaosongshan) in the Early Creta-
ceous (115–99 Ma; Zhang et al., 2010; Sun et al., 2013a,b; Hao
et al., 2016; Liu et al., 2015), and skarn Fe–polymetallic deposits
(e.g., Cuihongshan, Erguxishan, and Xulaojiugou) in the Early Juras-
sic (202–182 Ma; Shao et al., 2011; Hao et al., 2013; Hu et al.,
2014a,b; Liang, 2014).
The Baoshan Cu–polymetallic deposit is a recently discovered
small-scale skarn deposit, dominated by copper mineralization,
and located in the northern Lesser Xing’an Range, NE China. How-
ever, the skarn deposits in the Lesser Xing’an Range are character-
ized by having iron, zinc, and lead, associated with molybdenum,
tungsten, and copper. This gives rise to a number of questions, such
as why copper is the main ore element of the Baoshan deposit, the
mode of petrogenesis of the ores and host rocks, whether the min-
eralization age of the Baoshan deposit is consistent with other
skarn deposits in the Lesser Xing’an Range, and the prospecting
potential of the Baoshan deposit. To address these questions, we
present new LA–ICP–MS zircon U–Pb and molybdenite Re–Os age
data, whole-rock geochemical data, and in situ zircon Hf isotopic
compositions of the Baoshan deposit. On this basis, we discuss
the possible magmatic source of the intrusions and the timing of
mineralization. Furthermore, these new data can be used to con-
strain the geodynamic setting and regional metallogenic regimes.
2. Geological background

The study area is located in the northern Lesser Xing’an Range,
which straddles the Xing’an Block to the northwest and the Jiamusi
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Block to the east, and is separated from these blocks by the Hegen-
shan–Heihe and Jiayin–Mudanjiang faults, respectively (Fig. 1C).
The stratigraphy of this region is dominated by Early Cambrian
marine clastic–carbonate rocks, Ordovician continental volcanic–
sedimentary units, Permian terrigenous clastic–carbonate forma-
tions, Cretaceous continental intermediate–felsic volcanic rocks,
and Paleogene fluvial and lacustrine clastic sedimentary rocks
(HBGMR, 1993; Han et al., 1995). The Cambrian strata host numer-
ous medium- to large-sized skarn-type deposits (Zhao, 2009), and
the Cretaceous continental intermediate–felsic volcanic rocks are
closely associated with epithermal Au deposits (Zhang et al.,
2010; Sun et al., 2013a,b). The Lesser Xing’an Range is also charac-
terized by widespread plutonic rocks, which are distributed along a
N–S trending belt. When considered with the reported isotopic age
data, the intrusive magmatism can be divided into five stages: (1)
Middle Cambrian–Late Ordovician (508–450 Ma; Liu et al., 2008;
Wang et al., 2016); (2) Middle–Late Permian (266–252 Ma; Wei,
2012; Yu et al., 2013); (3) Early–Middle Triassic (244–231 Ma;
Wei, 2012; Ren et al., 2015); (4) Late Triassic (222–200 Ma; Sun
et al., 2004a; Wu et al., 2011; Wei, 2012); and (5) Early Jurassic
(186–175 Ma; Yu et al., 2012; Xu et al., 2013). Late Triassic and
Early Jurassic granites are widespread and closely associated with
porphyry and skarn deposits in the Lesser Xing’an Range. The
structure of the region is dominated by faults striking NNE, NE,
and approximately EW. The faults striking NNE and NE pre-date
the EW trending, and controlled the distribution of igneous rocks
and ore deposits.
3. Ore deposit geology

The Baoshan Cu–polymetallic deposit is hosted within the con-
tact zone between the Kuerbin sag and Baoshan uplift zone in the
Wudihe graben-hosted volcanic–sedimentary basin (Fig. 1C). The
exposed strata in the mining area are typically of the Lower
Cambrian Qianshan Formation, which consists predominantly of
dolomitic crystalline limestones, sandstones, siltstones, and slates
(Fig. 2). Mesozoic and Cenozoic strata are scattered and small in
volume, including Early Cretaceous Jiufengshanzu Formation
coal-bearing strata, Ningyuancun Formation continental interme-
diate–felsic volcanic rocks, Ganhe Formation continental mafic vol-
canic rocks, Paleocene Sunwu Formation fluvial and lacustrine
clastic sedimentary rocks, and Quaternary alluvial sediments.
Intermediate–felsic intrusive rocks are relatively widespread in
the mining area, which was formed by two episodes of magma-
tism. The Middle Ordovician gneissic granite mainly distributed
as bathliths, covering an area of about 4.5 km2 in the northwest
of the mining area. The Late Permian–Early Triassic granites are
distributed in the southeast part of the mining area, consisting of
hornblende–quartz monzonite, porphyritic biotite granite and
granite aplite. Among these, the hornblende–quartz monzonite is
spatially associated with the skarn and mineralization (Fig. 2),
which is considered as the causative intrusion of the mineraliza-
tion, and the skarn-type orebodies mainly occur in the contact
between the Qianshan Formation and hornblende–quartz mon-
zonite. In addition, a small amount of porphyritic biotite granite
intruded the hornblende–quartz monzonite, mainly as stocks and
dikes. In the mining area, the hornblende–quartz monzonite and
porphyritic biotite granite generally exhibit a low degree of alter-
ation. The extent of mineralization in the mining area is con-
strained by NE-trending secondary fractures of Atinghe Fault.

A total of 31 orebodies have been explored. These orebodies are
typically hosted in the contact zone between the hornblende–
quartz monzonite and the dolomitic crystalline limestones or
skarns (Fig. 2), and minor non-economic Mo orebodies (considered
as porphyry-type) are found in the porphyritic biotite granite
within deep drill core. The skarn-type Cu mineralization extends
down-dip for more than 250 m below the surface, and minor
porphyry-type Mo mineralization occur with porphyritic biotite
granite at ca. 400 m below the surface. The main skarn-type ore-
bodies are stratoid, lenticular, and veined, and they are controlled
by stratigraphic and lithological contacts. The main skarn-type ore-
bodies are 100–700 m long, 2–8 m thick, and generally NE–trend-
ing and NW dipping (at 45�–70�; Fig. 2A). The ore structures are
typically massive and disseminated, with some also being stock-
work and banding. The ore minerals are dominated by chalcopyrite
(Fig. 4E), pyrite, magnetite (Fig. 4G), molybdenite (Fig. 4F), pyrrho-
tite (Fig. 4H), and sphalerite (Fig. 4I), with minor bornite, chalcocite
(Fig. 4E), scheelite, galena, and malachite. The gangue minerals
consist of garnet (Fig. 4A, B), diopside (Fig. 4C), epidote (Fig. 4D),
quartz, and calcite, with minor chlorite (Fig. 4D), tremolite, phlogo-
pite, and actinolite. Wall-rock alteration typically occurred by
skarnization, silicification, epidotization, chloritization, and car-
bonation. Skarn alteration is the most widely distributed, and is
found along the contact zone between the hornblende–quartz
monzonite and the dolomitic crystalline limestones. Ore-forming
processes can be divided into five stages, according to cross-
cutting relationships and mineral assemblages: (I) a prograde
skarn stage; (II) a retrograde skarn stage; (III) an oxide stage; (IV)
a quartz–sulfide stage; and (V) a carbonate stage. Stage I was char-
acterized by the formation of abundant garnet, pyroxene, and wol-
lastonite. Stage II was marked by the formation of epidote, chlorite,
tremolite, actinolite, and minor quartz, together with significant
amounts of magnetite mineralization, replacing the anhydrous sil-
icate minerals of stage I. Stage III was dominated by magnetite,
with lesser amounts of scheelite, chalcopyrite, and pyrrhotite.
Stage IV was characterized by the precipitation of large amounts
of sulfides (e.g., chalcopyrite, molybdenite, pyrrhotite, pyrite, and
minor sphalerite) along with gangue minerals (e.g., quartz and
chlorite), and it represents the main ore-forming stage. Carbonate
veins were typically formed during stage V, but it was also associ-
ated with minor pyrite and sphalerite formation.
4. Samples and analytical methods

4.1. Samples and petrography

A hornblende–quartz monzonite sample (BZ23-1) was chosen
from a depth of �146 m in the drill core zk23-10 for zircon U–Pb
dating and in situ Hf isotopic analysis. A porphyritic biotite granite
sample (BZ23-2) was collected from a depth of 323 m in the drill
core zk23-10 for zircon U–Pb dating and in situ Hf isotopic analy-
sis. Four hornblende–quartz monzonite samples and six por-
phyritic biotite granite samples were collected from drill cores
zk23-10 and zk15-10, for major and trace element analyses. A total
of five molybdenite samples were selected for Re–Os analyses, col-
lected from the drill core zk23-10 and zk15-10, and molybdenite
was identified in quartz veins or as disseminated in the skarn–type
ores with associated pyrite (Fig. 4F).

The hornblende–quartz monzonite is dark–gray in colour, with
a medium–coarse–grained granitic texture, and a massive struc-
ture (Fig. 3A, B). The main rock–forming minerals are K–feldspar
(35–40%), plagioclase (20–25%), quartz (15–20%), hornblende
(10–15%) and biotite (�5%), with accessory magnetite, zircon,
titanite and apatite.

The porphyritic biotite granite are off–white–light pink in col-
our, and has a fine– to medium–grained porphyritic texture that
is defined by 45–50% phenocrysts. Phenocrysts are composed of
K–feldspar (35%–40%), plagioclase (30–35%), biotite (10–15%),
and hornblende (�5%). The groundmass is dominated by quartz,
K–feldspar and plagioclase. The porphyritic biotite granite also



Fig. 2. (A) Simplified geological map of the Baoshan Cu–polymetallic deposit; (B) Cross–section of the Baoshan Cu–polymetallic deposit.
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contains accessory magnetite, zircon and apatite (Fig. 3C, D). Some
samples preserve evidence of silicification, sericitic or potassium
alteration.

4.2. Zircon U–Pb dating

Zircons were extracted from the hornblende quartz monzonite
(BZ23-1) and the porphyritic biotite granite (BZ23-2) using stan-
dard densityand magnetic separation techniques followed by
handpicking using a binocular microscope at the Langfang Regional
Geological Survey, Hebei Province, China. Lots of zircons were
handpicked from each sample, and pasted on the resin disc under
the binocular microscope, and then polished to expose the grain
centres. Cathodoluminescence (CL) images of the zircon grains
were taken using a Mono CL3 detector (manufactured by Gatan,
USA) attached to a scanning electron microscope (manufactured
by JSM6510, JEOL, Japan) at the Beijing Geoanalysis Co., Ltd. These
images helped select suitable spots for in-situ U–Pb dating and
Lu–Hf analysis.

Zircon U–Pb dating from the sample BZ23-1 was performed on
an Agilient 7500c ICP–MS instrument coupled with a 193–nm ArF
Excimer laser with an automatic positioning system at the Key
Laboratory of Orogenic Belts and Crustal Evolution, Peking Univer-
sity, Beijing, China. Zircon U–Pb dating from the sample BZ23-2
were carried out using an Agilient 7900 ICP–MS instrument cou-
pled with a 193-nm ArF Excimer laser (COMPexPro 102, Coherent,
DE) with the automatic positioning system at MLR Key laboratory
of Mineral Resources Evaluation in Northeast Asia, Jilin University,
Changchun, China. Detailed analytical procedure of the two labs
were basically the same. During analysis, laser spot size was set



Fig. 3. Hand specimen photographs (A, C) and thin section photomicrographs (B, D;
cross–polarized light) of hornblende–quartz monzonite and the porphyritic biotite
granite of the Baoshan Cu–polymetallic deposit. Abbreviations: Bt = biotite;
Kfs = K–feldspar; Pl = plagioclase; Q = quartz.
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to 32 lm for most analyses, laser energy density at 10 J/cm2 and
repetition rate at 8 Hz, with data acquired over a duration of
80–120 s. Calibrations for elemental concentration analysis in zir-
con were performed using NIST 610 glass as an external standard
and 29Si as internal standard. U–Pb isotope fractionation effects
were corrected using zircon Plesovice (337 Ma) as external
standard. Zircon standard 91,500 was used as a secondary standard
Fig. 4. Photographs of skarn and mineralization features in the Baoshan Cu–polymetalli
(BSE) image showing typical oscillatory zoned garnet; (C) tabular and granular diopside
chlorite; (E) chalcopyrite replaced by bornite and chalcocite; (F) microscopic picture of
chalcopyrite and magnetite; (H) garnet replected by pyrrhotite; (I) chalcopyrite develop
Ep = epidote; Chl = chlorite; Cal = calcite; Ccp = chalcopyrite; Py = pyrite; Bn = bornite; C
to supervise the deviation of age measurement/calculation. Iso-
topic ratios and element concentrations of zircons were calculated
using software GLITTER (ver. 4.4.2, Macquarie University). Concor-
dia diagrams were constructed using Isoplot/Ex (3.0) (Ludwig,
2003). Common lead was corrected using LA–ICP–MS Common
Lead Correction (ver. 3.15), following the method of Andersen
(2002). The analytical data are presented on U–Pb Concordia dia-
grams with 2r errors. The mean ages are weighted means at 95%
confidence levels (Ludwig, 2003).
4.3. Molybdenite Re–Os dating

Five samples of molybdenite were collected for Re–Os dating
from the Baoshan Cu–polymetallic deposit. Gravity and magnetic
separation techniques were applied to crushed samples, and
molybdenite grains were handpicked under a binocular micro-
scope (purity > 99%). Re–Os isotope analyses were performed using
a inductively coupled plasma mass spectrometer (ICP–MS) at the
State Key Laboratory of Isotope Geochemistry, Guangzhou Institute
of Geochemistry, Chinese Academy of Sciences, China. The Carius
tubes method was used to digest sample (Shirey and Walker,
1995), and Re and Os were separated using the distillation tech-
nique described in Du et al. (2004). Details of the chemical proce-
dure were described by Sun et al. (2001, 2010). The average blanks
for Re and Os are 2.8 pg and 0.7 pg, respectively. These blanks have
negligible effect on the measured Re and Os abundances. The ana-
lytical reliability was tested by repeated analyses of the molybden-
ite standard HLP–5, which is a carbonate rock vein–type
molybdenum–lead deposit in the Jingduicheng–Huanglongpu area
of shanxi Province, China (Sun et al., 2001, 2010). The uncertainty
c deposit. (A) a typical oscillatory zoned garnet crystal; (B) back–scattered electron
crystals show simple twins and clustered twins; (D) calcite replaced by epidote and
paragenetic pyrite and molybdenite; (G) mineral assemblage consisting of pyrite,
ed in sphalerite as exsolution lamellae; Abbreviations: Grt = garnet; Di = diopside;
c = chalcocite; Mo = molybdenite; Po = pyrrhotite; Sp = sphalerite.



Table 1
LA-ICP-MS zircon U-Pb data of hornblende–quartz monzonite (BZ23–1) and porphyritic biotite granite (BZ23–2) from the Baoshan Cu-polymetallic deposit.

Spot Element
(ppm)

Th/U Isotope
ratio

Apparent age (Ma)

P b * Th U 207Pb/206Pb 1r 207Pb/235U 1r 206Pb/238U 1r 207Pb/206Pb 1r 207Pb/235U 1r 206Pb/238U 1r

BZ23-1, hornblende–quartz monzonite, 23 spots, weighted mean age = 252.45 ± 0.70 Ma, MSWD = 0.17
BZ23-1-01 7 94 129 0.73 0.05135 0.00223 0.28313 0.01192 0.03998 0.00054 257 97 253 9 253 3
BZ23-1-02 7 131 138 0.95 0.05191 0.00330 0.28338 0.01748 0.03959 0.00072 282 139 253 14 250 4
BZ23-1-03 7 158 138 1.15 0.05165 0.00339 0.28279 0.01804 0.03971 0.00074 270 144 253 14 251 5
BZ23-1-04 8 150 155 0.97 0.05196 0.00453 0.28662 0.02424 0.04000 0.00100 284 187 256 19 253 6
BZ23-1-05 4 44 73 0.61 0.05105 0.00394 0.28252 0.02125 0.04013 0.00084 243 169 253 17 254 5
BZ23-1-06 10 137 193 0.71 0.05167 0.00183 0.28415 0.00971 0.03988 0.00049 271 79 254 8 252 3
BZ23-1-07 15 233 281 0.83 0.05124 0.00206 0.28373 0.01099 0.04016 0.00055 252 90 254 9 254 3
BZ23-1-08 9 143 168 0.85 0.05137 0.00212 0.28307 0.01131 0.03996 0.00053 258 92 253 9 253 3
BZ23-1-09 8 136 163 0.84 0.05133 0.00238 0.28242 0.01268 0.03990 0.00057 256 103 253 10 252 4
BZ23-1-10 7 128 138 0.93 0.05164 0.00250 0.28413 0.01330 0.03991 0.00061 269 107 254 11 252 4
BZ23-1-11 9 156 171 0.91 0.05124 0.00243 0.28132 0.01295 0.03982 0.00059 252 106 252 10 252 4
BZ23-1-12 8 146 156 0.93 0.05126 0.00348 0.28265 0.01863 0.03999 0.00080 253 149 253 15 253 5
BZ23-1-13 10 124 199 0.62 0.05156 0.00388 0.28311 0.02060 0.03982 0.00089 266 164 253 16 252 6
BZ23-1-14 10 173 184 0.94 0.05122 0.00210 0.28304 0.01124 0.04007 0.00054 251 92 253 9 253 3
BZ23-1-15 7 127 141 0.90 0.05112 0.00237 0.28057 0.01265 0.03981 0.00055 246 103 251 10 252 3
BZ23-1-16 7 114 128 0.89 0.05101 0.00196 0.28064 0.01047 0.03990 0.00048 241 86 251 8 252 3
BZ23-1-17 24 374 482 0.78 0.05098 0.00131 0.28126 0.00691 0.04001 0.00043 240 58 252 5 253 3
BZ23-1-18 8 102 174 0.59 0.05120 0.00170 0.28296 0.00913 0.04008 0.00045 250 75 253 7 253 3
BZ23-1-19 7 122 141 0.86 0.05154 0.00274 0.28347 0.01469 0.03989 0.00059 265 117 253 12 252 4
BZ23-1-20 7 96 135 0.72 0.05094 0.00182 0.28068 0.00974 0.03996 0.00046 238 80 251 8 253 3
BZ23-1-21 6 80 118 0.68 0.05134 0.00190 0.28223 0.01012 0.03987 0.00048 256 83 252 8 252 3
BZ23-1-22 5 65 98 0.66 0.05116 0.00302 0.28124 0.01616 0.03987 0.00065 248 130 252 13 252 4
BZ23-1-23 29 457 579 0.79 0.05113 0.00090 0.28188 0.00464 0.03998 0.00038 247 40 252 4 253 2

BZ23-2, porphyritic biotite granite, 15 spots, weighted mean age = 251.10 ± 0.98 Ma, MSWD = 0.25
BZ23-2-01 6 66 107 0.62 0.05130 0.00314 0.28137 0.01652 0.03977 0.00086 255 135 252 13 251 5
BZ23-2-02 4 41 74 0.56 0.05121 0.00200 0.28144 0.01063 0.03985 0.00062 250 87 252 8 252 4
BZ23-2-03 7 144 114 1.27 0.05167 0.00170 0.28307 0.00902 0.03973 0.00057 271 74 253 7 251 4
BZ23-2-04 4 42 73 0.58 0.05129 0.00321 0.28153 0.01689 0.03981 0.00087 254 138 252 13 252 5
BZ23-2-05 4 50 73 0.68 0.05111 0.00265 0.28007 0.01396 0.03975 0.00076 246 115 251 11 251 5
BZ23-2-06 9 149 183 0.81 0.05181 0.00215 0.28019 0.01118 0.03922 0.00065 277 92 251 9 248 4
BZ23-2-07 5 73 107 0.68 0.05130 0.00301 0.28110 0.01579 0.03974 0.00083 255 129 252 13 251 5
BZ23-2-08 30 607 489 1.24 0.05202 0.00108 0.28502 0.00578 0.03974 0.00048 286 47 255 5 251 3
BZ23-2-09 19 351 324 1.08 0.05126 0.00103 0.28069 0.00556 0.03971 0.00048 253 46 251 4 251 3
BZ23-2-10 5 72 99 0.73 0.05136 0.00208 0.28088 0.01092 0.03967 0.00065 257 90 251 9 251 4
BZ23-2-11 6 86 117 0.74 0.05201 0.00351 0.28262 0.01826 0.03941 0.00094 286 147 253 14 249 6
BZ23-2-12 34 504 639 0.79 0.05096 0.00095 0.28013 0.00514 0.03987 0.00047 239 42 251 4 252 3
BZ23-2-13 3 37 58 0.65 0.05147 0.00319 0.28212 0.01676 0.03975 0.00087 262 136 252 13 251 5
BZ23-2-14 5 58 94 0.61 0.05125 0.00155 0.28067 0.00823 0.03972 0.00055 252 68 251 7 251 3
BZ23-2-15 5 69 101 0.68 0.05092 0.00153 0.27940 0.00811 0.03979 0.00055 237 68 250 6 252 3
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Table 2
Molybdenite Re-Os isotopic data for the Baoshan Cu-polymetallic deposit.

Sample Weight/g Re/lg g�1 187Re/lg g�1 187Os/ng/g Age/Ma

Content 2r Content 2r Content 2r Model T 2r

BS-1 0.0706 6.292 0.057 3.955 0.036 16.203 0.086 245.43 2.56
BS-2 0.0717 5.483 0.052 3.446 0.033 14.457 0.058 251.26 2.59
BS-3 0.0715 5.092 0.045 3.200 0.029 13.417 0.098 251.10 2.89
BS-4 0.0706 5.976 0.046 3.756 0.029 15.973 0.082 254.70 2.36
BS-5 0.0207 4.929 0.024 3.098 0.015 12.922 0.006 249.85 1.23
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in each individual age determination was about 0.35% including
the uncertainty of the decay constant of 187Re, uncertainty in iso-
tope ratio measurement, and spike calibrations. The average Re–
Os age for HLP–5 is 221.3 ± 0.3 Ma with confidence limit of 95%
(Stein et al., 1997). Median age and mean absolute deviation were
221.34 ± 0.12 Ma. The average Re concentration was
283.71 ± 1.54 ppb. The average Os concentration was
657.95 ± 4.74 ppb. Molybdenite model ages were calculated using
a 187Re decay constant of 1.666 � 10–11 per year (Smoliar et al.,
1996), following the equation t = [In(1 + 187Os/187Re)]/k, where k
is the decay constant of 187Re. The results of Re–Os dating of
molybdenite samples are summarized in Table 2.

4.4. Major and trace element determinations

Prior to geochemical and isotopic analysis, sample were cleaned
of altered surfaces and were crushed in an agate mill to a powder
(�200 diameter mesh) at the Langfang Regional Geological Survey,
Hebei Province, China. Major element analyses were determined
by XRF with analytical uncertainties ranging from 1% to 3%. Trace
element compositions were determined using an Agilent 7500a
inductively coupled plasma mass spectrometer (ICP–MS), with
detailed analytical procedures described in Gao et al. (2002). The
major and trace element compositions of intermediate–felsic
intrusive rocks associated with the Baoshan Cu–polymetallic
deposit are given in Table 3.

4.5. Zircon Lu–Hf isotope analyses

Zircon Lu–Hf isotope analyses were conducted using a New
Wave UP193FX laser ablation microprobe attached to a Neptune
multi–collector ICP–MS in the State Key Laboratory for Mineral
Deposits Research at Nanjing University. The instrumental condi-
tions and data acquisition were similar to those described by Wu
et al. (2006) and Hou et al. (2007). Analyses were performed
predominantly with a beam diameter of 35 lm anda repetition
rate of 8 Hz. Both He and Ar carrier gases were used to transport
the ablated sample from the laser–ablation cell via a mixing
chamber to the ICP–MS torch. Atomic masses 172, 173, 175 to
180 and 182 were simultaneously measured in the static–
collection mode. Corrections for isobaric interferences of 176Yb
and 176Lu on 176Hf referred to Iizuka and Hirata (2005), Wu et al.
(2006), and Hou et al. (2007). The reference zircon Mud Tank
(176Hf/177Hf = 0.282507 ± 6; Woodhead and Hergt, 2005) and the
standard zircon 91500 were used to monitor performance condi-
tions and analytical accuracy. The initial Hf values (in term of
eHf) were calculated using a decay constant of 1.865 � 10–11 per
year (Scherer et al., 2001) for 176Lu and a chondritic model with
176Hf/177Hf = 0.282772 and 176Lu/177Hf = 0.0332 (Blichert–Toft
and Albarède, 1997). Depleted mantle Hf model ages (TDM) were
calculated using the measured 176Lu/177Hf ratios of zircon, refer-
ring to a model of depleted mantle with a present–day 176Hf/177Hf
ratio of 0.28325, similar to that of an average MORB (Nowell et al.,
1998) and 176Lu/177Hf = 0.0384 (Griffin et al., 2000), and an average
crust fCC ratio of –0.55 (Griffin et al., 2002). All Lu–Hf isotope
results are reported with 2r uncertainties, and the results of the
zircon Hf isotope analyses undertaken during this are given in
Table 4.
5. Results

5.1. Zircon U–Pb dating

The Baoshan hornblende–quartz monzonite (BZ23-1) and por-
phyritic biotite granite (BZ23-2) were selected for LA–ICP–MS zir-
con U–Pb dating (Table 1). Zircon grains are typically euhedral–
subhedral, prismatic (50–200 lm long), and show aspect ratio of
3:2 to 3:1. Zircons exhibit clear oscillatory growth zoning in CL
images (Fig. 5), with varying concentrations of U (58–639 ppm)
and Th (37–607 ppm), and Th/U ratios from 0.23 to 1.27, indicating
a magmatic origin (Koschek, 1993; Hoskin and Schaltegger, 2003).
All analytical results plot near the concordia line (Fig. 6). Zircon
grains collected from the hornblende–quartz monzonite (BZ23-1)
yielded 206Pb/238U ages of 250–254 Ma, with a weighted mean
206Pb/238U age of 252.45 ± 0.70 Ma (n = 23), and a mean squared
weighted deviation (MSWD) of 0.17 (Fig. 6A). Zircon grains col-
lected from the porphyritic biotite granite (BZ23-2) yielded
206Pb/238U ages of 248–252 Ma, with a weighted mean 206Pb/238U
age of 251.10 ± 0.98 Ma (n = 15) and MSWD of 0.25 (Fig. 6B). We
therefore interpret the two weighted mean ages as representing
the emplacement ages of the hornblende–quartz monzonite and
porphyritic biotite granite.

5.2. Molybdenite Re–Os isotopic ages

The Re–Os isotopic data for five molybdenite samples from the
Baoshan Cu–polymetallic deposit are listed in Table 2 and plotted
in an isochron diagram in Fig. 7. The concentrations of 187Re and
187Os ranged from 3.10 to 3.96 lg/g and from 12.92 to 16.20 ng/
g, respectively. Five samples yielded model ages of 245.43 ± 2.56
to 254.70 ± 2.36 Ma, with a well-defined 187Re–187Os isochron
age of 245 ± 61 Ma (MSWD = 2.5) and an initial 187Os of
0.3 ± 3.5 ng/g (Fig. 7A). The data also yield a weighted mean model
age of 250.3 ± 3.4 Ma (MSWD = 7.4; Fig. 7B). Because of the large
error in the isochron age, the weighted mean model age has been
used to infer the timing of molybdenite mineralization. This model
age also suggests that the Baoshan Cu–polymetallic deposit was
mineralized during the Late Permian to Early Triassic.

5.3. Whole-rock geochemistry

The representative whole-rock geochemical data for the
Baoshan intrusive samples are presented in Table 3. The horn-
blende–quartz monzonites contain 60.90–63.03 wt.% SiO2, 16.06–
16.38 wt.% Al2O3, 2.77–3.61 wt.% K2O, and 7.40–8.31 wt.% Na2O
+ K2O. Compared with the hornblende–quartz monzonites, the
porphyritic biotite granite samples have higher concentrations of
SiO2 (67.97–68.98 wt.%) and K2O (3.92–4.17 wt.%), and lower
Al2O3 (15.15–15.54 wt.%). In a total alkalis vs. SiO2 (TAS) diagram



Table 3
Whole-rock geochemical data of intrusions from the Baoshan Cu-polymetallic deposit (major element: wt.%; trace elements: ppm).

Sample No. BS23-1 BS23-2 BS15-1 BS15-2 BS23-3 BS23-4 BS15-3 BS15-4 BS23-5 BS23-6

Rock type Hornblende quartz monzonite Porphyritic biotite granite

SiO2 61.55 60.90 63.03 62.67 68.84 68.22 67.97 68.98 68.47 68.46
Al2O3 16.98 16.92 16.06 16.38 15.35 15.15 15.54 15.38 15.16 15.39
FeO 2.67 2.81 2.41 2.16 1.10 1.38 1.42 1.21 1.35 1.38
Fe2O3 1.38 1.50 1.69 1.55 1.16 1.05 1.09 0.98 1.30 1.15
MgO 2.60 2.80 2.52 2.28 0.91 1.04 1.08 0.94 1.19 1.11
CaO 4.72 4.82 4.11 4.02 2.38 2.52 2.60 2.42 2.67 2.60
Na2O 4.63 4.55 4.61 4.71 4.48 4.54 4.39 4.42 4.39 4.46
K2O 2.77 2.91 3.22 3.61 3.95 4.09 4.15 4.17 3.92 4.01
MnO 0.06 0.06 0.07 0.06 0.03 0.03 0.04 0.03 0.04 0.04
TiO2 0.92 1.00 0.86 0.77 0.45 0.47 0.49 0.43 0.52 0.51
P2O5 0.06 0.06 0.07 0.06 0.03 0.03 0.04 0.03 0.04 0.04
LOI 1.27 1.25 1.01 1.37 1.06 1.18 0.91 0.72 0.66 0.58
Total 99.77 99.76 99.78 99.77 99.82 99.81 99.80 99.79 99.81 99.82
Na2O + K2O 7.40 7.46 7.83 8.31 8.43 8.63 8.54 8.58 8.31 8.47
A/NCK 0.88 0.87 0.87 0.86 0.96 0.92 0.95 0.95 0.93 0.94
A/NK 1.60 1.59 1.45 1.41 1.32 1.27 1.33 1.31 1.32 1.32
Mg# 54 55 53 53 43 44 44 45 46 45
Li 16.53 19.42 16.27 12.95 17.17 13.10 12.86 8.13 16.64 13.14
Be 1.79 1.79 2.64 2.13 3.57 3.06 3.65 2.73 3.24 2.32
Sc 7.93 8.58 6.50 5.96 3.66 3.70 4.68 2.97 4.64 2.80
V 73.39 81.43 87.82 80.71 43.51 37.88 51.93 47.62 53.84 48.89
Cr 37.75 40.01 44.19 32.60 15.80 13.23 17.88 12.40 19.74 10.96
Co 11.77 13.40 13.12 10.76 5.26 5.20 6.35 4.63 6.04 5.03
Ni 17.81 19.73 20.41 16.58 6.85 5.99 7.54 5.04 7.05 5.99
Cu 16.01 14.90 12.91 26.39 13.15 12.33 30.10 8.86 9.10 7.79
Zn 62.62 68.96 94.96 76.31 51.96 56.32 67.13 52.14 65.71 56.74
Ga 20.43 21.64 22.86 20.63 23.44 21.61 26.29 20.84 23.23 20.40
Rb 71.29 81.31 65.02 82.62 144.54 123.17 157.37 114.33 124.12 74.21
Sr 748.44 761.04 810.80 763.80 622.20 571.90 757.90 569.40 633.70 561.50
Y 8.78 10.47 10.37 11.12 16.76 14.87 24.44 12.57 15.94 15.70
Zr 164.65 216.02 209.65 209.72 172.13 199.17 185.74 176.49 186.26 179.43
Nb 7.04 7.94 9.37 8.08 11.60 10.32 15.30 9.92 11.29 9.63
Cs 1.90 2.61 2.48 2.39 3.19 2.54 2.69 1.77 2.10 1.74
Ba 754.60 801.60 900.60 914.76 838.00 796.39 988.48 790.97 817.00 723.43
La 26.31 31.52 28.59 32.18 32.55 26.84 32.97 29.30 32.66 30.93
Ce 52.06 61.74 55.69 61.78 57.33 50.86 65.21 52.82 61.54 59.55
Pr 5.88 7.10 6.77 7.27 6.37 6.00 7.66 6.00 7.10 6.97
Nd 22.22 26.44 25.55 27.33 23.03 21.07 27.49 21.09 25.65 25.08
Sm 3.81 4.65 4.17 4.58 3.89 3.56 4.98 3.39 4.24 4.23
Eu 0.92 1.14 1.04 1.08 0.87 0.82 1.04 0.75 0.98 0.95
Gd 2.95 3.56 3.33 3.78 3.56 3.36 4.52 3.26 3.77 3.40
Tb 0.40 0.48 0.45 0.47 0.56 0.50 0.77 0.46 0.57 0.51
Dy 1.80 2.10 2.10 2.48 2.87 2.54 4.20 2.20 2.86 2.76
Ho 0.30 0.37 0.39 0.43 0.58 0.51 0.85 0.44 0.56 0.54
Er 0.86 0.99 1.11 1.21 1.68 1.50 2.50 1.31 1.69 1.63
Tm 0.12 0.15 0.17 0.17 0.27 0.24 0.41 0.21 0.27 0.25
Yb 0.84 0.97 1.00 1.15 1.80 1.64 2.65 1.42 1.84 1.75
Lu 0.13 0.15 0.15 0.17 0.26 0.24 0.38 0.21 0.27 0.25
Hf 9.17 11.73 12.37 11.47 7.52 8.08 7.39 8.14 7.56 7.43
Ta 0.29 0.31 0.67 0.60 1.15 1.06 1.49 1.04 1.16 1.21
Pb 11.61 11.72 15.78 17.07 21.55 17.81 19.30 19.87 20.13 19.30
Bi 0.06 0.05 0.09 0.14 0.10 0.09 0.08 0.08 0.09 0.09
Th 13.54 13.22 10.90 10.46 25.01 20.75 24.94 20.12 23.33 17.43
U 3.52 3.94 3.88 3.60 10.36 8.20 14.29 6.76 9.36 6.56
P

REE 118.59 141.36 130.50 144.07 135.62 119.67 155.63 122.84 144.00 138.79
HREE 7.40 8.76 8.69 9.85 11.57 10.54 16.28 9.49 11.82 11.08
LREE 111.20 132.59 121.81 134.22 124.05 109.14 139.34 113.35 132.17 127.71
LREE/HREE 15.03 15.13 14.01 13.62 10.72 10.36 8.56 11.94 11.18 11.52
(La/Yb)N 22.48 23.22 20.53 20.14 12.94 11.73 8.93 14.82 12.71 12.68
Sr/Y 85.23 72.69 78.19 68.68 37.12 38.46 31.01 45.30 39.76 35.76
dEu 0.81 0.83 0.83 0.77 0.71 0.72 0.66 0.68 0.74 0.74

Note: LOI: Loss on ignition; A/CNK = molecular [Al2O3/(CaO + Na2O + K2O)]; A/NK = molecular [Al2O3/(Na2O + K2O)]; dEu = EuN/(GdN + SmN)1/2; (La/Yb)N = (La/0.237)/(Yb/
0.17); Mg# = 100 � molecular Mg2+/(Mg2+ + Fe2+).
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(Fig. 8A; Middlemost, 1994), data for two types of samples plot at
the junction of the quartz monzonite field with monzonite and
granite fields, and are classified as subalkaline (Irvine and
Baragar, 1971). The hornblende–quartz monzonite and porphyritic
biotite granite samples are classified as potassic suites using a K2O
vs. Na2O diagram(Fig. 8B; Middlemost, 1972). On a K2O vs. SiO2

variation diagram (Fig. 8C; Peccerillo and Taylor, 1976), data for
all samples fall in the high-K calc-alkaline series. Their A/CNK val-
ues range from 0.86–0.96, and plot within the metaluminous field
in an A/NK vs. A/CNK diagram (Fig. 8D; Maniar and Piccoli, 1989).

The rocks analyzed here have relatively low total rare earth ele-
ment (REE) abundances (RREE = 118.59–155.63 ppm; Table 3), and
display coherent chondrite-normalized rare earth element (REE)
patterns. These patterns are characterized by light rare earth ele-



Table 4
Hf isotopic data for zircons from intrusions from the Baoshan Cu-polymetallic deposit.

Spot Age/Ma 176Yb/177Hf 2r 176Lu/177Hf 2r 176Hf/177Hf 2r 176Hf/177Hfi eHf(0) eHf(t) TDM (Ma) TDMC (Ma) fLu/Hf

BZ23-1, hornblende–quartz monzonite, 252.45 ± 0.70 Ma
BZ23-1-01 252.7 0.016854 0.000111 0.000645 0.000005 0.282687 0.000026 0.282684 �3.0 2.4 794 1122 �0.98
BZ23-1-02 250.3 0.013574 0.000063 0.000515 0.000003 0.282667 0.000027 0.282664 �3.7 1.7 819 1168 �0.98
BZ23-1-03 251.0 0.017495 0.000430 0.000658 0.000017 0.282705 0.000030 0.282702 �2.4 3.0 769 1082 �0.98
BZ23-1-04 252.8 0.010705 0.000145 0.000410 0.000005 0.282660 0.000029 0.282658 �4.0 1.5 826 1179 �0.99
BZ23-1-05 253.7 0.015711 0.000069 0.000593 0.000003 0.282687 0.000031 0.282684 �3.0 2.5 793 1121 �0.98
BZ23-1-06 252.1 0.008158 0.000072 0.000320 0.000003 0.282667 0.000026 0.282666 �3.7 1.8 814 1163 �0.99
BZ23-1-07 253.8 0.014054 0.000093 0.000529 0.000004 0.282648 0.000026 0.282645 �4.4 1.1 846 1208 �0.98
BZ23-1-08 252.6 0.015594 0.000253 0.000581 0.000009 0.282640 0.000030 0.282637 �4.7 0.8 858 1227 �0.98
BZ23-1-09 252.2 0.010740 0.000519 0.000414 0.000020 0.282664 0.000025 0.282662 �3.8 1.6 821 1171 �0.99
BZ23-1-10 252.3 0.015623 0.000030 0.000580 0.000001 0.282674 0.000027 0.282671 �3.5 2.0 811 1151 �0.98
BZ23-1-11 251.7 0.015195 0.000053 0.000562 0.000002 0.282657 0.000026 0.282655 �4.1 1.4 833 1188 �0.98
BZ23-1-12 252.8 0.009027 0.000093 0.000338 0.000003 0.282659 0.000028 0.282657 �4.0 1.5 826 1181 �0.99
BZ23-1-13 251.7 0.008614 0.000044 0.000331 0.000002 0.282633 0.000025 0.282632 �4.9 0.6 862 1240 �0.99
BZ23-1-14 253.3 0.014296 0.000082 0.000518 0.000004 0.282690 0.000028 0.282688 �2.9 2.6 786 1112 �0.98
BZ23-1-15 251.6 0.013779 0.000020 0.000501 0.000000 0.282686 0.000025 0.282683 �3.1 2.4 793 1124 �0.98
BZ23-1-16 252.2 0.012039 0.000272 0.000444 0.000009 0.282656 0.000025 0.282654 �4.1 1.4 833 1190 �0.99
BZ23-1-17 252.9 0.016585 0.000193 0.000622 0.000007 0.282703 0.000024 0.282700 �2.5 3.0 771 1086 �0.98
BZ23-1-18 253.3 0.033235 0.001576 0.001227 0.000058 0.282692 0.000030 0.282686 �2.8 2.5 799 1117 �0.96
BZ23-1-19 252.2 0.008819 0.000373 0.000342 0.000013 0.282662 0.000025 0.282660 �3.9 1.6 822 1176 �0.99
BZ23-1-20 252.6 0.007498 0.000042 0.000295 0.000002 0.282621 0.000029 0.282620 �5.3 0.2 877 1265 �0.99
BZ23-1-21 252.0 0.005454 0.000012 0.000221 0.000000 0.282631 0.000024 0.282630 �5.0 0.5 862 1243 �0.99
BZ23-1-22 252.0 0.008901 0.000067 0.000350 0.000003 0.282672 0.000028 0.282670 �3.5 1.9 809 1154 �0.99
BZ23-1-23 252.7 0.023182 0.000294 0.000884 0.000011 0.282656 0.000027 0.282651 �4.1 1.3 843 1195 �0.97
BZ23-2, porphyritic biotite granite, 251.10 ± 0.98 Ma
BZ23-2-01 251.4 0.005166 0.000034 0.000213 0.000001 0.282630 0.000014 0.282629 �5.0 0.5 863 1245 �0.99
BZ23-2-02 251.9 0.018424 0.001015 0.000792 0.000050 0.282535 0.000029 0.282532 �8.4 �3.0 1009 1464 �0.98
BZ23-2-03 251.2 0.012757 0.000238 0.000506 0.000011 0.282611 0.000017 0.282609 �5.7 �0.3 896 1291 �0.98
BZ23-2-04 251.7 0.009506 0.000191 0.000368 0.000007 0.282586 0.000020 0.282584 �6.6 �1.1 928 1346 �0.99
BZ23-2-05 251.3 0.006155 0.000062 0.000238 0.000002 0.282560 0.000022 0.282559 �7.5 �2.0 961 1403 �0.99
BZ23-2-06 248.0 0.029629 0.001580 0.001271 0.000082 0.282498 0.000039 0.282492 �9.7 �4.5 1075 1555 �0.96
BZ23-2-07 251.2 0.013338 0.000273 0.000514 0.000009 0.282507 0.000037 0.282505 �9.4 �3.9 1041 1524 �0.98
BZ23-2-08 251.2 0.023520 0.000431 0.000917 0.000015 0.282556 0.000017 0.282552 �7.6 �2.3 984 1419 �0.97
BZ23-2-09 251.1 0.034625 0.003324 0.001301 0.000110 0.282469 0.000018 0.282463 �10.7 �5.4 1117 1618 �0.96
BZ23-2-10 250.8 0.010526 0.000085 0.000400 0.000003 0.282605 0.000018 0.282603 �5.9 �0.5 902 1304 �0.99
BZ23-2-11 249.2 0.013603 0.000238 0.000509 0.000009 0.282650 0.000016 0.282647 �4.3 1.1 843 1206 �0.98
BZ23-2-12 252.0 0.021641 0.000637 0.000966 0.000025 0.282491 0.000018 0.282486 �10.0 �4.6 1077 1566 �0.97
BZ23-2-13 251.3 0.008108 0.000117 0.000305 0.000005 0.282649 0.000016 0.282647 �4.4 1.1 840 1205 �0.99
BZ23-2-14 251.1 0.011899 0.000344 0.000476 0.000015 0.282606 0.000014 0.282604 �5.9 �0.4 902 1302 �0.99
BZ23-2-15 251.5 0.013583 0.000418 0.000495 0.000015 0.282581 0.000019 0.282578 �6.8 �1.3 939 1360 �0.99

eHf(t)=10000 � ({[176Hf/177Hf)S � (176Lu/177Hf)S � (ekt � 1)]/[(176Hf/177Hf)CHUR,0 � (176Lu/177Hf)CHUR � ((ekt � 1)] � 1}, TDM=1/k � In{1+[(176Hf/177Hf)S � (176Hf/177Hf)DM]/
[(176Hf/177Hf) S � (176Hf/177Hf)DM], TCDM = TDM � (TDM � t) � [(f cc � f s)/(f cc � fDM), f Lu/Hf = (176Lu/177Hf)S/(176Lu/177Hf)CHUR � 1, where, k = 1.867 � 10�11/year�1 (Soderlund et al.,
2004); (176Lu/177Hf)S and (176Hf/177Hf)S are the measured values of the samples; (176Lu/177Hf)CHUR = 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., 2002); (176Lu/177Hf)mean crust = 0.015; f cc = [(176Lu/177Hf)mean crust/(176Lu/177Hf)CHUR] � 1; f s = f Lu/Hf;
fDM = [(176Lu/177Hf)DM/(176Lu/177Hf)CHUR] � 1; and t = crystallization time of zircon.
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ment (LREE) enrichment and heavy rare earth element (HREE)
depletion (Fig. 8E; Boynton, 1984). The porphyritic biotite granite
samples are moderately fractionated, yielding LREE/HREE ratios
of 8.56–11.94, and (La/Yb)N ratios of 8.93–14.82, and weakly neg-
ative Eu anomalies (dEu = 0.66–0.74), indicative of the fractional
crystallization of plagioclase (Lightfoot et al., 1987; Li, 1992). In
comparison, the hornblende–quartz monzonite samples have
higher degrees of fractionation between LREEs and HREEs, with
smaller negative Eu anomalies (dEu = 0.77–0.83), LREE/HREE ratios
of 13.62–15.13, (La/Yb)N ratios of 20.14–23.22, and relatively low
concentrations of Y and Yb, suggesting the presence of residual
garnet in the magma source (Otamendi et al., 2002; Xiong et al.,
2005a,b).

In a primitive mantle–normalized trace element spider diagram
(Fig. 8F; Sun and McDonough, 1989), the hornblende–quartz mon-
zonite samples are enriched in Th, U, and large ion lithophile ele-
ments (LILEs; e.g., Rb and K) and depleted in high field strength
elements (HFSEs; e.g., Nb, Ta, P, and Ti). However, the trace ele-
ment composition of porphyritic biotite granite samples reveal
higher concentrations of Rb, Th, U, and Ta, but lower concentra-
tions of Ba than the host hornblende–quartz monzonite. The vari-
ation in concentrations of Ta across the hornblende–quartz
monzonite samples suggests that fractional crystallization of Ti-
bearing minerals occurred, leading to Ta enrichment during mag-
matic evolution (Li, 1992; Zhao, 1997). Middle Permian–Middle
Triassic granites in the Yichun–Hegang region(Wei, 2012), south
of the study area, are high-K calc-alkaline and sub-alkaline rocks,
and have similar concentrations of trace elements and REE as the
igneous rocks of the Baoshan Cu–polymetallic deposit (Shaded area
in Fig. 8).

5.4. Zircon Lu–Hf isotopic data

Lu–Hf isotopic analyses of zircons from the hornblende–quartz
monzonite (BZ23-1) and porphyritic biotite granite (BZ23-2) sam-
ples are shown in Fig. 9, and the zircon Hf isotopic data and calcu-
lation results are presented in Table 4. The magmatic zircons from
hornblende–quartz monzonite (252.45 ± 0.70 Ma) show a narrow
range of Hf isotopic compositions, with 176Hf/177Hf ratios ranging
from 0.282620 to 0.282702. The eHf(t) values and TCDM ages ranged
from +0.1 to +3.1 and from 1081 to 1267 Ma, respectively (Fig. 9).
The magmatic zircons from porphyritic biotite granite
(251.10 ± 0.98 Ma) have 176Hf/177Hf ratios that vary from 0.282469
to 0.282650, and eHf(t) values from �5.4 to +1.1. TCDM ages of the por-



Fig. 5. Cathodoluminescence (CL) images of zircons from (A) hornblende–quartz monzonite and (B) porphyritic biotite granite of the Baoshan Cu–polymetallic deposit. The
full line represent U–Pb age analytical spot, dash line represent Hf isotope analytical spot.

Fig. 6. Concordia diagrams of zircon U–Pb ages for (A) hornblende–quartz monzonite and (B) porphyritic biotite granite of the Baoshan Cu–polymetallic deposit.
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phyritic biotite granite range from 1205 to 1618 Ma (Fig. 9), which is
older than the hornblende–quartz monzonite. The analyzed zircons
have similar Hf isotopic compositions to zircons from Phanerozoic
igneous rocks in the CAOB (Fig. 9A; Xiao et al., 2004; Chen et al.,
2009; Yu et al., 2012), but are different to those of the Neoarchean
and Paleoproterozoic in the Paleozoic–Late Mesozoic strata of the
Yanshan fold and thrust belt (Yang et al., 2006).
6. Discussion

6.1. Timing, geodynamic setting of magmatism and mineralization

The timing of magmatism and mineralization is important
when considering ore deposit genesis, metallogenetic geodynami-
cal setting, regional metallogenic regularity, and in guiding mining



Fig. 7. (A) Re–Os isochron and (B) weighted mean model ages of molybdenite from the Baoshan Cu–polymetallic deposit.
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exploration. In this study, the zircons from the Baoshan intrusions
are euhedral–subhedral, and exhibit oscillatory growth zoning
(Fig. 5) and high Th/U ratios. These features suggest that the zircon
U–Pb ages represent the crystallization age of these intrusions. Our
new age data for the hornblende–quartz monzonite and por-
phyritic biotite granite are 252.45 ± 0.70 Ma and
251.10 ± 0.98 Ma, respectively. Five molybdenite samples yield a
weighted age of 250.3 ± 3.4 Ma. The zircon U–Pb and molybdenite
Re–Os ages are concordant within error, indicating that magma-
tism and mineralization of the Baoshan Cu–polymetallic deposit
occurred during the Late Permian–Early Triassic. Numerous
geochronological data have been obtained for hydrothermal
deposits in the Lesser Xing’an Range, and it is widely reported that
porphyry and skarn deposits were formed in the Early–Middle
Jurassic, while epithermal deposit formation was concentrated in
the Early Cretaceous (Zhang et al., 2010; Shao et al., 2011; Ma
and Chen, 2012; Chen et al., 2012; Yang et al., 2012; Sun et al.,
2013a,b; Hu et al., 2014a,b; Sun et al., 2014; Hao et al., 2016). Data
relating to Late Permian–Early Triassic mineralization are generally
lacking. During extensive exploration in recent years, the Baoshan
skarn Cu–polymetallic deposit and Gaoganshan porphyry Mo
deposit (Re–Os: 250.2 ± 1.4 Ma, Zhang et al., 2017;
250.7 ± 1.8 Ma, Hao et al., 2015) have been discovered in the north-
ern Lesser Xing’an Range. These new discoveries not only provide
data relating to Late Permian–Early Triassic mineralization in the
Lesser Xing’an Range, but also indicate a need for further
exploration.

The study area is located in the eastern segment of the CAOB,
which is situated between the North China Craton and Siberian
Craton. The tectonic history of the region is dominated by the evo-
lution of the Paleo-Asian Ocean during the Paleozoic, closure of the
Mongol–Okhotsk Ocean in the Late Paleozoic–Mesozoic, and
superposition of Mesozoic subduction of the Pacific Plate in the
Mesozoic–Cenozoic (Wu et al., 1999, 2011; Li, 2006; Xu et al.,
2012; Sun et al., 2013a,b). The tectonic framework of the study
area was mainly controlled by the evolution of the Paleo-Asian
Ocean, which was characterized by a large-scale island arc system
and continental margin accretion (Ren et al., 1999; Liu et al., 2004).
However, the timing and position of the closure of the Paleo-Asian
Ocean have long been controversial. In recent decades, many stud-
ies have investigated the tectonic setting and evolution, sedimen-
tology, magmatism, structural deformation, paleobiogeography,
and paleomagnetism of the CAOB. Data support the interpretation
that complete closure of the Paleo-Asian Ocean took place from the
Late Permian–Early Triassic, and the Suolunshan–Xar Moron Rive
r–Changchun–Yanji Belt represents the final suture zone between
the North China Craton and Siberia Craton (Wu et al., 2007b; Sun
et al., 2004b; Xiao et al., 2003, 2009; Li, 2006; Zhang et al.,
2009a,b; Liu et al., 2010; Chen et al., 2013; Cao et al., 2013). Since
the Jurassic, NE China has been tectonically overprinted by west-
ward subduction of the Pacific Plate (Zhao et al., 1994; Isozaki,
1997; Zhou et al., 2009; Wu et al., 2011; Xu et al., 2012).

The regional stratigraphy of the northern Lesser Xing’an Range
is characterized by a Permian terrigenous clastic–carbonate
formation and Cretaceous continental intermediate–felsic volcanic
rocks (HBGMR, 1993; Han et al., 1995). The absence of Triassic and
Jurassic strata indicates that the study area was undergoing conti-
nental collisional orogenesis during this period. According to the
study of the geochronology and geochemisytry of granitic rocks
in the Yichun-Hegang area, Wei (2012) pointed out that the Middle
Permian to Middle Triassic granitoids were related to collision of
North China Craton and Siberian Craton. In addiation, Zhang
et al. (2017) considered that the newly discovered Gaogangshan
Mo deposit is a Permian-Triassic collision-type porphyry Mo
deposit in the Lesser Xing’an Range metallogenic belt. This study
considers new geochronological data, together with existing
knowledge of the regional tectonics, and we suggest that the for-
mation of the Baoshan Cu–polymetallic deposit was related to
the Late Permian–Early Triassic continental collision between the
North China Craton and Songnen Block, during or after the closure
of the Paleo-Asian Ocean. Both the hornblende–quartz monzonite
and porphyritic biotite granite samples plot within the volcanic
arc granite field on a Rb vs. (Yb + Ta) diagram (Fig. 11E; Pearce
et al., 1984), and on a Rb vs. (Y + Nb) diagram within the
post-collision granite field (Fig. 11F), indicating that the Baoshan
intrusions were likely generated in the same tectonic setting.
Therefore, we infer that the diagenesis and mineralization of the
Baoshan Cu–polymetallic deposit took place in a transitional
tectonic setting from collisional orogeny to extension, and after
collision between the North China Craton and the Songnen Block,
during the latter stages of the Xingmeng orogeny.

6.2. Petrogenesis and source of the magma

Ascertaining the genetic type of granitoids is significant to
understanding the magma source region, magmatic process, and
tectonic setting (Pearce et al., 1984; Sylvester, 1998; Barbarin,
1999). All of the Baoshan intrusion samples are metaluminous,
with a narrow range of A/CNK ratios (A/CNK = 0.86–0.96; Fig. 8D),
and are classified as I-type granites (Chappell and White, 2001). In
addition, P2O5 concentration of the Baoshan samples decrease with
increasing SiO2 concentration (Fig. 10A). The concentration of Th
increases with increasing Rb (Fig. 10B), and these patterns are con-
sistent with the evolution of I-type magmas (Chappell and White,
1992; Li et al., 2007). Moreover, in a Ce + Y + Nb + Zr vs. TFeO/MgO
and (K2O + Na2O)/CaO petrogenetic discrimination diagrams
(Fig. 10C, D), the Baoshan intrusion samples plot in the field of
I-type granites, rather than that of A-type granites. Therefore, we



Fig. 8. (A) SiO2 versus (Na2O + K2O) plot (Middlemost 1994). (B) Na2O versus K2O plot (Middlemost, 1972). (C) SiO2 versus K2O plot (Peccerillo and Taylor, 1976). (D) A/CNK
versus A/NK plot (Maniar and Piccoli, 1989). (E) Chondrite–normalized REE patterns (normalized values are from Boynton, 1984). (F) Primitive–mantle–normalized trace
element patterns (normalized values are from Sun and McDonough, 1989). The shaded areas assoceiated with granite in Yichun–Hegang area is quoted from Wei, 2012.
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conclude that the Baoshan intrusions are metaluminous, high-K
calc-alkaline I-type granites. This interpretation is supported by
the presence of amphibole and biotite, and the absence of cordier-
ite and muscovite.

Experimental petrology has shown that high-K calc-alkaline I-
type granitoids are typically formed by the partial melting of
hydrous calc-alkaline to high-K calc-alkaline, basaltic to intermedi-
ate metamorphic rocks within the crust (Patiño Douce and Harris,
1998; Patiño Douce and McCarty, 1998). No mafic rocks are found
in association with the granitic intrusions in the mining area or
outside it, precluding the possibility that granitic intrusions were
generated solely by the fractional crystallization of mafic magmas.
Additionally, in a Th/Nd vs. Th plot (Fig. 11A), the Baoshan intru-
sion samples show a sloping trend, suggesting partial melting or
magma mixing was the dominant process during magmatic
evolution.

The geochemical characteristics of the hornblende–quartz mon-
zonite and porphyritic biotite granites also show obvious differ-
ences. In Sr/Y vs. Y and (La/Yb)N vs. YbN petrogenetic
discrimination diagrams (Fig. 11C, D), the hornblende–quartz
monzonite samples plot in the adakitic field, whereas the por-
phyritic biotite granite samples plot in the island arc calc-
alkaline field. This suggests that the former have a different source
and/or history than the latter. This interpretation is further sup-
ported by a (La/Yb)N vs. (Yb)N diagram, where hornblende–quartz
monzonite samples plot in the field defined by magmas associated



Fig. 9. eHf(t) versus crystallization age of zircons (A, B) for the Baoshan Cu–polymetallic deposit. The shaded areas assoceiated with granite in Yichun–Hegang area is quoted
from Wei, 2012.

Fig. 10. (A) SiO2 versus P2O5 plot. (B) Rb versus Th plot (Li et al., 2007). (C) TFeO/MgO versus Ce + Y + Nb + Zr plot (Whalen et al., 1987). (D) (K2O + Na2O)/CaO versus Ce + Y
+ Nb + Zr plot (Whalen et al., 1987).
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with garnet–amphibole to amphibole residual phases, but
porphyritic biotite granite samples are associated with
amphibole-only residual phases. The highly fractionated REE
patterns (LREE/HREE = 13.62–15.13; (La/Yb)N = 20.14–23.22),
depletion in Y (8.78–11.12 ppm) and Yb (0.84–1.15 ppm),
enrichment in Sr (748.44–761.04 ppm), and high Sr/Y ratios
(68.68–85.23) of the hornblende–quartz monzonites also indicate
that they are geochemically similar to adakites (Defant and
Drummond, 1990). Although adakites are generally believed to
form by partial melting of a subducted young and hot oceanic slab
(Defant and Drummond, 1990; Sajona and Maury, 1998), other
models for the genesis of adakites have been suggested, including
from thickened lower crust (Zhang et al., 2001; Xiong et al., 2001,
2005a,b; Zhao et al., 2006), or delaminated lower continental crust
(Kay and Kay, 1993; Xu et al., 2002; Gao et al., 2004; Wu et al.,
2004). The hornblende–quartz monzonites have high concentra-
tions K2O (2.77–3.61 wt.%) and low Na2O/K2O ratios (1.31–1.67),
which are inconsistent with slab-derived adakitic magmas (Na2O/
K2O > 2; Zhang et al., 2001; Wang et al., 2001). In a SiO2 vs. MgO
diagram, the hornblende–quartz monzonite samples fall within
the range of adakitic rocks formed by partial melting of
delaminated lower crust (Fig. 11B; Rapp and Watson, 1995; Rapp
et al., 1999; Martin et al., 2005; Wang et al., 2006). In addition,
the relatively high MgO (2.52–2.80 wt.%), Mg# (53.41–54.53), V
(73.39–87.82 ppm), Cr (32.60–44.19 ppm), Co (10.76–13.40 ppm),
and Ni (16.58–20.41 ppm) contents in the hornblende–quartz
monzonites are similar to adakites derived from the partial melting
of delaminated lower crust. In this case, a delaminated section of



Fig. 11. (A) Th versus Th/Nd plot (Schiano et al., 2010). (B) SiO2 versus MgO plot (Rapp and Watson, 1995; Rapp et al., 1999; Martin et al., 2005; Wang et al., 2006). (C) Sr/Y
versus Y plot (Defant and Drummond, 1990). (D) (La/Yb)N versus (Y)N plot (Defant and Drummond, 1990). (E) Yb + Ta versus Rb plot (Pearce et al., 1984). (E) Y + Nb versus Rb
plot (Pearce et al., 1984). The shaded areas assoceiated with granite in Yichun–Hegang area is quoted from Wei, 2012.
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the lower crust is heated by the relatively hot mantle and can be
partially melted (Kay and Kay, 1993). The melt passes through
the mantle as it rises to the surface, resulting in elevated MgO,
Ni, and Cr contents via interaction with mantle peridotites
(Kepezhinskas et al., 1995; Smithies, 2000; Defant and
Kepezhinskas, 2001; Defant et al., 2002; Xu et al., 2002; Gao
et al., 2004).

Previous studies have shown that Nb/Ta ratios can be very use-
ful in determining source regions (Eby et al., 1998). Nb/Ta ratios of
the hornblende–quartz monzonites (13.45–25.77) are close to the
average of the mantle (17.5; Sun and McDonough, 1989), indicat-
ing that they are generally mantle–derived magmas, while the
Nb/Ta ratios of the porphyritic biotite granites (7.95–10.25) are
closer to the average of crust (11; Taylor and Mclennan, 1985),
favoring a crustal origin. In addiation, Mg# values are a useful cri-
terion for distinguishing melt derived from crustal material alone
or from crustal material contaminated by mantle material. Melts
that form by the partial melting of basaltic lower crust usually
have a lower Mg# (<40) than those contaminated by mantle mate-
rial (Mg# > 40; Rapp and Watson, 1995; Rapp et al., 1999; Guan
et al., 2011; Zhu et al., 2009). All the porphyritic biotite granite
samples of the present study have high Mg# values (43–46), indi-
cating the involvement of mantle material. Based on the above,
the porphyritic biotite granites have the geochemical characteris-
tics of island arc calc-alkaline magmas, and they may be derived
from magma mixing.

These results are also supported by the zircon Hf isotopic data,
and the similarities with the Hf isotopic compositions of the
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Middle Permian–Middle Triassic granites in the Lesser Xing’an
Range (The shaded area in Fig. 9; Wei, 2012). The Hf isotopic com-
positions of the hornblende–quartz monzonites are characterized
by positive eHf(t) values (+0.1 to +3.1) and relatively young Hf
model ages (TCDM = 1081–1267 Ma), suggesting that the primary
magmas originated from a depleted mantle or newly underplated
basaltic crust. The porphyritic biotite granites possess heterogeneous
eHf(t) values that range from –5.4 to +1.1, and corresponding TCDM
ages are between 1205 and 1618 Ma. Most eHf(t) values of the por-
phyritic biotite granites are negative, indicating a contribution of
ancient crustal materials to their petrogenesis. Moreover, the several
positive eHf(t) values from the porphyritic biotite granites are consis-
tent with the hornblende–quartz monzonites, and imply the input of
mantle material.

Taking all the above evidence into account, we conclude that
the Late Permian–Early Triassic continental–continental collision
caused over thickening and delamination of the lower crust. Partial
melting of delaminated lower crust formed the primary adakitic
magmas, and the adakitic magma may have reacted with sur-
rounding mantle peridotites during ascent. Hornblende–quartz
monzonite was formed by the emplacement of the adakitic mag-
mas, whereas the porphyritic biotite granite formed by the mixing
of adakitic magmas with a large amount of ancient crustal material
during ascent.

6.3. Magmatism constraints on ore formation

Previous studies have shown that hydrous, sulfur-rich adakitic
magmas, with high oxygen fugacity, are closely associated with
Cu–Au mineralization (Oyarzun et al., 2001; Mungall, 2002;
Wang et al., 2007). Interactions between the adakitic magmas
and mantle peridotites likely took place during ascent of the adaki-
tic magmas through the mantle. We infer this from the elevated
concentrations of MgO, Cr, and Ni in the adakitic magmas. In addi-
tion, the Fe2O3 content of the adakitic magmas was likely released
into the mantle, and the oxygen fugacity of the latter increased.
This increase in oxygen fugacity oxidized metallic sulfides in the
mantle, and chalcophile elements such as Cu were incorporated
into the adakitic magmas. A large number of ore-forming elements
released from the magma during its ascent and evolution are favor-
able for extensive Cu–Au mineralization (Wyborn and Sun, 1994;
Sun et al., 2004c). Therefore, the ascent of the adakitic magmas
enriched in ore-forming elements (e.g., Cu), provided the mineral-
ization material for the Baoshan Cu–polymetallic deposit. This
explains why the dominant ore element of the Baoshan deposit
is copper, and different from the other skarn-type deposits in the
study area. In addition, Ni vs. V and Sc vs. Rb diagrams show that
the hornblende–quartz monzonites are in accordance with those
of typical skarn-type Cu deposits worldwide (Fig. 12; Meinert,
1995), also indicating that the Cu mineralization was likely related
Fig. 12. (A) Ni versus V and. (B) Sc versus Rb correlation diagrams for intrusions associ
compositions of plutons associated with skarn deposit types worldwide (Meinert, 1995
to the hornblende–quartz monzonites. Although the emplacement
ages of the hornblende–quartz monzonite and the porphyritic bio-
tite granite are concordant, the former is more widespread in the
mining area, and the skarn-type orebodies are hosted in the con-
tact zone between the hornblende–quartz monzonites and the
dolomitic crystalline limestones. In summary, the adakitic horn-
blende–quartz monzonites provided ideal conditions for the for-
mation of the Baoshan Cu–polymetallic deposit.

Considering the regional geological history, geological features
of the deposit, and our new geochemical and geochronological
data, we consider that the Baoshan Cu–polymetallic deposit was
formed in a Late Permian–Early Triassic continental collisional
regime, during or after the closure of the Paleo-Asian Ocean. The
lower crust at this time was likely overthickened, as a consequence
of continental collision between the North China Craton and Song-
nen Block. The increase in pressure and temperature under such
conditions likely led to metamorphism of mafic rocks in the lower
crust into amphibole-bearing eclogites. The high density of such
amphibole-bearing mafic rocks in the lower crust then led to
delamination (Kay and Kay, 1993; Xu et al., 2002; Wang et al.,
2004, 2006). Adakitic magmas most likely originated from partial
melting of delaminated lower crust, with garnet being the main
residual mineral and little to no plagioclase (Bergantz, 1989). Inter-
actions between adakitic magmas and mantle peridotites occurred
during the ascent of adakitic magmas through the mantle, result-
ing in oxidation of metallic sulfides, and incorporation of chal-
cophile elements, such as Cu, into the magmas. With the
emplacement of the adakitic magmas, hydrothermal fluids
exsolved from the magma and caused extensive alteration,
forming skarns and associated mineralization in the contact zone
between the hornblende–quartz monzonite and dolomitic
crystalline limestones. The difference in chemical activity of vari-
ous elements means that a variety of orebodies can be formed in
different structural zones during different stages of mineralization.
In addition, mixed magma comprising both adakitic magmas and
ancient crustal materials was emplaced into the shallow crust,
and caused the formation of the porphyritic biotite granite
(Fig. 13).

The wall rock in the Baoshan area is the Lower Cambrian
Qianshan Formation, which consists predominantly of dolomitic
crystalline limestones, sandstones, siltstones, and slates. The
well-developed interbedded structure was favorable for the trans-
portation of ore-forming fluids and metasomatism, and provided a
suitable location for the precipitation of ore-forming materials.
Large-scale alteration and mineralization occurred near the contact
zone between the intrusions and limestones, and the widely
distributed alteration minerals also provided conditions for the
precipitation of the ore-forming materials. Furthermore, minor
porphyry-type mineralization and related alteration have been
found in the porphyritic biotite granites within deep drill cores,
ated with Cu mineralization at Baoshan deposit, open circles indicates the average
).



Fig. 13. Sketch showing the genetic model and tectonic setting for the Late Permian–Early Triassic porphyry-skarn mineralizations in the Lesser Xing’an Range. NCC: North
China Crton; LZM: Lesser Xing’an Range–Zhangguangcai Range Massif; SC: Siberia craton.
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indicating that the Baoshan Cu–polymetallic deposit at depth also
has the potential to host porphyry-type ore bodies.
7. Conclusions

Integrating the new zircon U–Pb and molybdenite Re–Os dat-
ing, whole-rock geochemistry, and Hf isotopic data presented here,
with the results of previous research, leads to the following
conclusions:

1. Molybdenite samples yielded a weighted age of
250.3 ± 3.4 Ma, while zircons from the hornblende–quartz mon-
zonite and porphyritic biotite granite yielded U–Pb ages of
252.45 ± 0.70 Ma and 251.10 ± 0.98 Ma, respectively. The zircon
U–Pb and molybdenite Re–Os ages are concordant within error
limits, indicating that magmatism and mineralization of the
Baoshan Cu–polymetallic deposit occurred during the Late
Permian–Early Triassic.

2. The geochemical and isotopic data from the Baoshan intru-
sions imply that the primary magma of the hornblende–quartz
monzonite was derived from the partial melting of delaminated
lower crust, and that adakitic magma may have reacted with sur-
rounding mantle peridotites during ascent. The primary magma
of the porphyritic biotite granite likely originated from magma
mixing, comprising both adakitic magmas and ancient crustal
materials.

3. Based on the regional geological history, new geochemical
and isotopic data for the intrusions, we suggest that mineralization
of the Baoshan Cu–polymetallic deposit likely took place in a tran-
sitional tectonic setting from collisional orogeny to extension, after
collision of the North China Plate and Songnen Block, during the
latter stages of the Xingmeng orogeny.

4. Ore-forming materials were mainly derived from adakitic
magmas with high oxygen fugacity, which incorporated significant
amounts of ore-forming elements.
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