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The Zijinshan mineral field is a large porphyry-epithermal Cu\\Au\\Mo\\Ag ore system located in the south-
western Fujian Province, China. The Southeast (Cu\\Mo) Ore Segment (SOE) is a newly discovered section locat-
ed in the southeastern portion of the Zijinshanmineral field. Zircon U\\Pb andmolybdenite Re\\Os ages, as well
as the geochemical compositions of intrusive and volcanic rocks and zircon Hf isotope data are used to constrain
the timing, petrogenesis, tectonic setting and the relationship between magmatism and metallogenesis in the
SOE and Zijinshan mineral field.
Major and trace element geochemistry indicates that igneous rocks from SOE are mainly shoshonitic granitoids
that are LILE enriched (Rb, Ba, Th, U) with HFSE depletion (Nb, Ta, Zr, Hf and Y), indicating a subduction related
setting. NewU\\Pb zircon analyses yieldweightedmean ages of ca. 160Ma for the Caixi pluton, ca. 110Ma for the
Sifang granodiorite, ca. 107–105 Ma for the Luoboling granodiorite porphyry, ca. 105 Ma for the quartz diorite
porphyry, ca. 108–105 Ma for the dacite porphyry, ca. 98 Ma for the rhyodacite, and 97 Ma for the rhyolite in
the SOE. These dates, integrated with previous geochronological data, indicate that there were two main mag-
matic events in this area: (1) a Middle to Late Jurassic event (165–150 Ma), and (2) a Cretaceous event (110–
95 Ma) which can be further divided into two groups, i.e., the late Early Cretaceous event (110–105 Ma) and
the early Late Cretaceous event (100–95 Ma). The late Early Cretaceous intrusions contain higher εHf (t) values
(0.1 to−3.6), with TDM2 varying from 1.4 to 1.0 Ga, which may come frommixing between crustal and subduc-
tion-related mantle derived melts in contrast to the Middle to late Jurassic intrusions that may come from the
partial melting of the Cathaysia Block basement. The early Late Cretaceous intrusions display a broader range
of εHf (t) values (−0.9 to −9.4), with TDM2 varying from 1.8 to 1.2 Ga, suggesting a similar source to the late
Early Cretaceous rocks but with more crustal material.
The molybdenite Re\\Os ages for mineralization range from 110 Ma to 105 Ma, consistent with ages of the late
Early Cretaceous rocks. Zircon trace elements analyses imply that the early Late Cretaceous rocks (Ce4+/
Ce3+ = 113–1800) are characterized by higher oxygen fugacity with higher mineralization potential than the
late Early Cretaceous (Ce4+/Ce3+ = 9–545) and the Middle to Late Jurassic rocks. Variability in ages, geochem-
istry and oxygen fugacity indicate that theMiddle to Late Jurassic magmatic event represents pre-mineralization
intrusionswhereas the late Early Cretaceous is syn-mineralization and the early Late Cretaceous intrusions post-
mineralization.We propose that both theMiddle to Late Jurassic and the Cretaceousmagmatic eventsmay relate
to the subduction of the Pacific slab, and the changing direction of the subducted slabmay result in the different
sources for the two magmatic events.
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1. Introduction

The Zijinshan porphyry-epithermal Cu\\Au\\Mo\\Ag ore system is
located in the southwestern Fujian Province of China (Fig. 1; So et al.,
1998; Gao, 1999; Zhang et al., 2001, 2003; Zhong et al., 2014). By the
end of 2008, the proven reserves in the Zijinshan mineral field were
323 t Au (grading ca. 0.5 g/t), 2.36 Mt Cu (ca. 0.45%), 1554 t Ag (20 to
156 g/t), 4647 t Mo (0.032%), 6279 t Pb (3.47%), and 1747 t Zn
(3.75%) (Zhong et al., 2014). Since the discovery of the Zijinshan Cu\\Au
deposit in 1988, many researchers have investigated the geology, geo-
chemistry, alteration,mineralization, and characteristics of themineral-
izing fluids (Zhang et al., 1996; So et al., 1998; Zhang et al., 2003, 2005;
Liu and Hua, 2005; Chen et al., 2011; Zhong et al., 2011). Despite this
work there is still confusion as to the precise ages of different plutons.
For example, the Rb\\Sr ages for the Zijinshan granite complex
(Zhang et al., 2001) are not reliable due to intensive alteration and mo-
bility of the LILE. The geodynamic setting of the rocks and mineraliza-
tion in the Zijinshan mineral field are also the subject of debate. Zhang
et al. (2001) proposed that the Jurassic intrusions were emplaced in a
compressional tectonic setting and the Cretaceous granodiorite and vol-
canic rocks in an extensional tectonic setting. Mao et al. (2002) further
pointed out that the emplacement of the ca. 110Ma Sifang granodiorite
resulted from upwelling of the asthenosphere under the South China
Block, whereas others suggested that Cretaceous rocks formed in a
Fig. 1. (a) Tectonic map showing the location of the study area (modified after Mao et al., 20
subduction-related tectonic setting (Jiang et al., 2013; Li and Jiang,
2014a, 2014b; and Li et al., 2015). Consequently, more detailed studies
of these igneous rocks are necessary to establish a comprehensive tec-
tonic and metallogenic model for the Zijinshan mineral field.

The newly discovered Southeast Ore Segment (SOE) of the Zijinshan
district, located between the Zijinshan high sulfidation epithermal
Cu\\Au deposit and the Luoboling porphyry Cu\\Mo deposit, includes
most of the rock types in the Zijinshan mineral field. The currently ex-
plored SOE is a Cu\\Mo deposit with estimated reserves of about 0.1
Mt Cu metal at an average grade of 0.4% and 3000 t Mo at an average
grade of 0.012% (Zijin Mining Group Co., 2014). The SOE is spatially as-
sociated with the Luoboling granodiorite porphyry and Sifang granodi-
orite, which are also spatially associated with the Luoboling porphyry
deposit, but distinct from the Zijinshan Cu\\Au deposit that is hosted
by the Zijinshan granite complex (So et al., 1998). Based on a molybde-
nite Re\\Os isotopic isochron age of 104.9 ± 1.6Ma, the Luoboling por-
phyry Cu\\Mo deposit was interpreted to be coeval with the Luoboling
pluton (Liang et al., 2012). But the absence of good geochronology
means that the link between plutonism and the Cu\\Momineralization
in the SOE is unclear. The location of the SOE between the major
Zijinshan Cu\\Au and Luoboling Cu\\Mo deposits offers an excellent
chance to study the genetic relationship between the mineralization
and the various intrusions in the area and to utilize this to investigate
the tectonic setting during mineralization.
13). (b) Regional geological map of Fujian Province (modified after Zhong et al., 2011).

Image of Fig. 1
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Precise new zircon U\\Pb ages, geochemistry, zircon in-situ Hf iso-
tope data from igneous rocks, and Re\\Os ages of molybdenite from
the SOE, are used to establish a more accurate sequence of magmatism
at Zijinshanmineral field, discuss the petrogenesis of the igneous rocks,
and build a tectonic model for both the magmatic and the ore-forming
events.

2. Geological setting

2.1. Regional geology

The South China Block, which is located in the south part of China,
includes the Yangtze and Cathaysia blocks (Fig. 1a). The Cathaysia
Block can be divided into the Cathaysia Interior, the Cathaysia Fold
Belt, and the Coastal Magmatic Belt, which are separated by the Shi-
Hang Zone and Lishui-Haifeng Fault (Fig. 1a; Chen et al., 2008). TheMe-
sozoic geology of the Cathaysia Block is characterized bywidespread Ju-
rassic to Cretaceous igneous rocks, consisting predominantly of granites
and rhyolites and subordinate mafic lithologies (Li and Li, 2007). Meso-
zoic magmatism was concentrated in the Cathaysia Block with an
oceanward increase in magmatic activity (Zhou et al., 2006). Triassic
and Jurassic granitoids are primarily located in the inland region,
whereas Cretaceous intrusions and volcanic rocks are mostly concen-
trated in the coastal region (Zhou and Li, 2000).

The Zijinshan mineral field is located in the Cathaysia Fold Belt on
the northeastern margin of the Cretaceous Shanghang Volcanic Basin
and at the intersection of the Xuanhe Anticline and the Shanghang-
Yunxiao Fault (Fig. 1b). The transition from late Jurassic compression
to the Early Cretaceous extension is supported by the nappe structure
in northwestern Fujian (Zhang, 2014). The field consists of the Zijinshan
Fig. 2. Regional tectonic framework of the Zijinsh
high sulfidation (HS) epithermal Cu\\Au deposit (So et al., 1998; Zhang
et al., 2003), the Luoboling porphyry Cu\\Mo deposit (Zhong et al.,
2011), the Yueyang low sulfidation (LS) epithermal Ag\\Au\\Cudepos-
it (Lin, 2001; Liang et al., 2015), theWuziqilong Cu deposit (Chen et al.,
2011), the Ermiaogou Cu\\Au deposit (Lin et al., 2012), and the
Longjiangting Cu deposit (Zhang et al., 1996; Chen et al., 2015).

The exposed strata in the district consists of Neoproterozoic phyllite
and fine-grained metasandstone (Louziba Formation) unconformably
overlain by Devonian-Carboniferous clastic rocks and limestone
(Tianwadong Group and Landi Group; Fig. 2). The Early Cretaceous vol-
canic rocks crop out in the northwest part of the district and in the
Shanghang Volcanic Basin, where they unconformably overly the
Louziba Formation, Tianwadong Group and Landi Group (Zhang et al.,
2001). The Middle to Late Jurassic and Early Cretaceous magmatic
rocks are the dominant units in the Zijinshan mineral field (Zhang et
al., 2001; Chen et al., 2008; Jiang et al., 2013). The Middle Jurassic
Zijinshan granite complex, which is mainly located in the southeastern
part of the district, hosts the Zijinshan high sulfidation epithermal de-
posit (So et al., 1998), and comprises the Jingmei, Wulongsi, and
Jinlongqiao plutons, with multiple phases that grade outward from
coarse-grained to fine-grained granites (Zhang et al., 2001). Cross-cut-
ting relationships show that the Wulongsi pluton intruded into the
Jingmei pluton, and was intruded by the Jinlongqiao pluton (Zhang et
al., 2001) consistent with the published U\\Pb ages (ca. 165 Ma for
the Jingmei pluton, ca. 164 Ma for the Wulongsi pluton, ca. 157 Ma for
Jinlongqiao pluton; Jiang et al., 2013). The 150 Ma Late Jurassic Caixi
monzogranite (Zhao et al., 2007; Yu et al., 2013) is located in the north-
east area of the region and intruded into the Wulongsi pluton (Fig. 2;
Mao et al., 2004). The ca. 110 Ma Early Cretaceous NNE-trending Sifang
granodiorite (Jiang et al., 2013; Yu et al., 2013) crops out in the
an region (modified after Jiang et al., 2013).

Image of Fig. 2
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northeast of the region, and was emplaced into Neoproterozoic meta-
morphic rocks, Devonian-Carboniferous clastic rocks and limestone,
and theWulongsi and Caixi plutons (Zhang et al., 2001). The Cretaceous
Luoboling granodiorite porphyry is located in the northeast of the re-
gion and cuts the Sifang granodiorite (Fig. 2; Zhang et al., 2001). The
Luoboling pluton has yielded ages ranging from ca. 105 Ma to ca.
97 Ma (Zhang et al., 2001; Huang et al., 2013).

Many Late Cretaceous intermediate to felsic dikes, including porphy-
ritic quartz monzonite, porphyritic syenite, syenite, dacite porphyry, di-
orite and dolerite are present in the area where they cut the Sifang
granodiorite, the Luoboling granodiorite porphyry, and the Zijinshan
granite complex (Fig. 2).

2.2. Southeast ore segment geology

The SOE is located in the eastern part of the Zijinshan district, be-
tween the Zijinshan Cu\\Au deposit and the Luoboling Cu\\Mo deposit
(Fig. 2). North east-, NNE-, and E-trending faults are very common in the
study area (Fig. 3). The magmatic rocks in the SOE region are mainly
Mesozoic and comprise the Wulongsi granite (part of the Zijinshan
granite complex), the Sifang granodiorite, Luoboling granodiorite por-
phyry, Caixi monzogranite, quartz diorite porphyry, dacite porphyry,
rhyodacite and rhyolite (Figs. 3 and 4).

These igneous rocks show clear temporal and spatial relationships in
the SOE. The exposed plutons in the SOE are mainly the Wulongsi plu-
ton and the Sifang pluton (Fig. 3). TheWulongsi pluton has been intrud-
ed by the Sifang pluton (Figs. 3 and 4) whereas the latter has been
intruded by the Luoboling pluton at depth in the SOE (Fig. 4). In drill
hole ZK4806, the Sifang granodiorite was enclosed by the Luoboling
granodiorite porphyry on the cm-scale (Fig. 5a). In drill hole ZK3220
at about 90 m in elevation, the Caixi monzogranite was enclosed by
Fig. 3. Geologic map of the Southeast ore segment of Zijinshan M
the Luoboling pluton (Fig. 5b). Quartz diorite porphyry, rhyolite, dacite
porphyry and the rhyodacite are emplaced as stocks in the SOE (Fig. 4).
The quartz diorite porphyry was emplaced in the shallow part as stocks
intruded into the Sifang granodiorite (Fig. 4). The Sifang pluton in con-
tactwith the quartz diorite porphyry and locally has a fragmented struc-
ture (Fig. 5c). Rhyolite, dacite porphyry and rhyodacite are subvolcanic
rocks that outcrop in the SOE. The rhyolite cuts the Sifang granodiorite
in drill holes ZK4806 and ZK5605 (Figs. 4 and 5d), and the darkminerals
in the rhyolite were aligned parallel to the contact (Fig. 5e). The dacite
porphyry intruded into the Sifang granodiorite (Fig. 4), and also into
the Wulongsi pluton in drill hole ZK4017 (Fig. 5f). The rhyodacite is
emplaced as an approximately two meter long unit that cuts the
Luoboling pluton in dill hole of ZK3215 (not shown), indicating a late
magmatism event at SOE and Zijinshan.
3. Igneous samples and petrography

Samples for this study were collected from eight different drill cores
from the SOE (Table 1). Their petrographic characteristics are described
below:

The Caiximonzogranite (Fig. 6a, b), is enclosed by the Luobolingpor-
phyry in the deep part of drill hole ZK3220. It is pink in color with a
coarse-grained texture, consisting of K-feldspar (~35%), plagioclase
(~30%), quartz (~30%) and biotite (b5%), with accessory zircon, apatite
and titanite.

The Wulongsi pluton (Fig. 6c, d), part of the Zijinshan granite com-
plex, from drill hole ZK4806, has been subjected to alunite and dickite
alteration as well as silification. The main rock forming minerals have
been commonly altered to dickite or alunite, only leaving the shape of
the original minerals (Fig. 6d).
ineral field (modified from Zijin Mining Group Co., 2014).

Image of Fig. 3


Fig. 4. The northeastern trending sketch profile of the SOE.
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The fine- to medium-grained Sifang granodiorite (Fig. 6e, f) samples
have been subjected to intensive dickite and sericite alteration, and as a
result the mineral assemblages can only be approximately distin-
guished by the appearance of the residual crystal shapes. Based on pre-
vious studies, the fresh Sifang granodiorite (in the Zijinshan region) is
composed of 0.2 to 5 mmplagioclase (~40%), quartz (~25%), K-feldspar
(~20%), and biotite (~10%), with accessory minerals including titanite,
apatite and zircon (Jiang et al., 2013).

The Luoboling granodiorite porphyry in the SOE can be subdivided
into three types based on depth. At shallow depths (240 m to 50 m in
drill hole ZK4806; Fig. 6g, h), it contains 1–5mmphenocrysts of plagio-
clase (25%) and quartz (15%), with minor biotite (5%) and hornblende
(5%). Minerals in the groundmass are generally b50 μm, and mainly
comprise quartz (20%), K-feldspar (15%), plagioclase (10%) and biotite
(5%). Accessory minerals include magnetite, apatite and zircon, and
we define it as the P1 porphyry, which represents the shallow part of
the Luoboling granodiorite porphyry. At greater depths (below 100 m
in drill hole ZK3220; Fig. 6i, j), the groundmass is comprised of the
same minerals as the P1 porphyry but they are considerably larger
and up to 100 um distinguishing it from the P1 porphyry. Consequently
we term this the P2 porphyry, which forms the intermediate portion of
the Luoboling granodiorite porphyry. At depths below 160m (drill hole
ZK2409; Fig. 6k, l), the rock is more equigranular but with the same
dominant mineralogy and it is termed the P3 porphyry, and is the
deepest portion of the Luoboling granodiorite porphyry. Themain alter-
ationminerals in the Luobolingpluton are potassium feldspar,montmo-
rillonite, chlorite, and calcite. The P1 porphyry is characterized by
moderate sericite alteration of feldspar whereas the P2 and P3 porphyry
are somewhat less altered when compared to the P1 porphyry, the
Sifang and the Wulongsi plutons.

The quartz diorite porphyry was emplaced in the shallow parts of
the SOE as stocks and cuts the Sifang granodiorite. The quartz diorite
porphyry (Fig. 6m, n) is red in color, consisting of plagioclase (~10%),
K-feldspar (~10%), quartz (~15%), and biotite (3%–5%) phenocrysts
with a matrix of felsic aphanitic minerals. The dark minerals in the
quartz diorite porphyry have been altered to chlorite but primary crys-
tal shapes are preserved. The plagioclase and K-feldspar have been par-
tially altered to montmorillonite (Fig. 6n).

The dacite porphyry was emplaced as stocks in the SOE and cuts
both the Sifang granodiorite and the Wulongsi pluton. The dacite por-
phyry (Fig. 6o, p) is white in color, and has been intensely altered.
Both the phenocrysts and the groundmass have been altered to the
sericite and quartz with minor pyrite (Fig. 6p). There are at least two
types of the dacite porphyry, one went through intense alteration,
with only relic crystal shapes preserved; the other is less altered with
primary phenocrysts minerals of quartz, biotite and plagioclase pre-
served. These two types of the dacite porphyry intruded in different po-
sitions in the SOE, with the intensively altered rocks above 50 m in the

Image of Fig. 4


Fig. 5. Representative photographs showing the cross-cutting and contact relationships between the igneous rocks from the SOE. a) The Sifang granodiorite enclosed by the Luoboling
granodiorite porphyry on the cm-scale in drill hole ZK4806 in the boundary between the Luoboling pluton and the Sifang granodiorite. b) The Caixi monzogranite enclosed by the
Luoboling pluton in drill hole ZK3220. c) The Sifang pluton in contact with the quartz diorite porphyry locally has a fragmented structure in drill hole ZK4016. d) The rhyolite cutting
the Sifang granodiorite in drill hole ZK5605. e) The dark minerals in the rhyolite are aligned along the contact between the rhyolite and the Sifang granodiorite in drill hole ZK5605. f)
The dacite porphyry intruded into the Wulongsi pluton.
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SOE and the less altered below100m in the SOE. In the intensive altered
dacite porphyry the original minerals are pervasively replaced by
sericite, quartz and dickite. Since these two kinds of dacite porphyry
occur in different positions and have different degrees of alteration,
we define the intensively altered dacite porphyry as D1 porphyry and
the less altered dacite porphyry as D2 porphyry.
Table 1
Sample locations.

Sample Description

DN292 Medium-course-grained monzogranite
DN101 Medium-fine-grained granite
DN117 Granodiorite
DN011 Granodiorite
DN138 Granodiorite porphyry
DN291 Granodiorite porphyry
DN259 Granodiorite porphyry
DN040 Dacite porphyry
DN196 Dacite porphyry
DN114 Dacite porphyry
DN054 Quartz diorite porphyry
DN090 Rhyolite
DN178 Rhyodacite
The rhyodacite was emplaced only locally in the SOE and intruded
into the Luoboling pluton. The rhyodacite (Fig. 6q, r) is comprised of
quartz (~15%) and plagioclase (~30) as phenocrysts in a groundmass
of K-feldspar (~30%) microcrystals, exhibiting hyalopilitic texture (Fig.
6r). The rhyodacite has been intensively altered with montmorillonite
and calcite replacing the K-feldspar.
Location Note

ZK3220-841 m Caixi pluton
ZK4806-13 m Wulongsi pluton
ZK4806-356 m Sifang pluton
ZK4017-513 m Sifang pluton
ZK4806-538 m Luoboling pluton
ZK3220-880 m Luoboling pluton
ZK2409-595 m Luoboling pluton
ZK4014-30 m
ZK4808-136 m
ZK4806-197 m
ZK5605-54 m
ZK5605-468 m
ZK3215-366 m

Image of Fig. 5


Fig. 6. Representative photographs and photomicrographs of the rock types in the southeast ore segment of the Zijinshanmineral field. a) Caixi monzogranite (drill-hole sample). b) Caixi
monzogranite (transmitted light with crossed nicols). c)Wulongsi Medium-fine-grained granite was subjected to alunite alteration (polished surface). d)Wulongsi Medium-fine-grained
granite (transmitted lightwith crossednicols). e) Sifang granodioritewas subjected to dickite alteration (polished surface). f) Sifang granodiorite (transmitted lightwith crossed nicols). g)
The boundary between the Sifang pluton and the shallow Luoboling pluton (P1 porphyry) (drill hole sample). h) The shallow Luoboling pluton (P1 porphyry) (transmitted light with
crossed nicols). i) Deeper Luoboling pluton (P2 porphyry) (polished surface). j) Deeper Luoboling pluton (P2 porphyry) (transmitted light with crossed nicols). k) Deepest Luoboling
pluton (P3 porphyry) (polished surface). l) Deepest Luoboling pluton (P3 porphyry) (transmitted light with crossed nicols). m) Quartz diorite porphyry with weak alteration (polished
surface). n) Quartz diorite porphyry (transmitted light with crossed nicols). o) Dacite porphyry with weak alteration (drill hole sample). p) Dacite porphyry (transmitted light with
crossed nicols). q) Rhyodacite with weak calcite alteration (drill hole sample). r) Rhyodacite (transmitted light with crossed nicols). s) Rhyolite (polished surface). t) Rhyolite
(transmitted light with crossed nicols). Abbreviations in figures are based on Whitney and Evans (2010). Abbreviations: Hb = hornblende, Kf = K-feldspar, Pl = plagioclase, Chl =
chlorite, Mon = montmorillonite, Dic = dickite, Ser = sericite, Py = pyrite, Qz = quartz Cal = calcite.
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The rhyolite normally cuts the Sifang granodiorite in the SOE. The
rhyolite (Fig. 6s, t) is generally porphyritic, consisting of K-feldspar
(~20%), quartz (~25%), plagioclase (~15%), biotite (~10%), and horn-
blende (~5%) phenocrysts in a matrix of aphanitic felsic minerals. The
mafic minerals have been weakly altered to chlorite, and the feldspars
have been partially altered to montmorillonite.
4. Analytical methods

4.1. Zircon U\\Pb geochronology and in-situ Hf isotopes

All the samples were crushed, sieved and the heavymineral fraction
was separated using magnetic and heavy liquid separation methods in

Image of Fig. 6


Table 2
LA-ICP-MS zircon U\\Pb, in-situ Hf isotope analysis data.

Content (ppm) Isotopic ages (Ma) Isotopic ratio Model ages
(Ma)

Pb Th U Th/U 207Pb/206Pb ±1σ 207Pb/235U ±1σ 206Pb/238U ±1σ 176Lu/177Hf 176Hf/177Hf ±2σ εHf(t) TDM1 TDM2

DN292
1 3 108 74 1.46 302 148 162 9 155 3
2 3 148 76 1.93 165 150 157 9 158 3
3 3 86 83 1.03 72 156 154 11 161 4
4 8 141 236 0.60 200 96 158 6 159 2
5 10 188 282 0.67 206 74 166 5 163 2
6 6 97 181 0.53 298 138 167 7 158 2
7 2 64 73 0.87 165 −39 157 9 159 3
8 38 536 1072 0.50 187 66 185 5 183 2
9 4 81 111 0.73 317 115 171 8 160 3
10 5 138 163 0.85 209 119 163 7 160 2
11 11 164 326 0.50 298 86 192 7 183 3
12 4 79 93 0.86 235 134 182 10 182 4
13 11 253 335 0.76 167 85 158 6 159 2
14 12 316 343 0.92 187 114 164 5 163 2
15 5 193 136 1.42 300 133 169 9 161 2
16 8 194 244 0.80 72 89 152 5 158 2
17 7 274 163 1.68 406 111 175 7 159 2
18 4 74 129 0.58 298 120 169 9 158 2
19 7 121 201 0.60 372 96 173 7 159 2
20 3 96 95 1.01 239 131 164 9 161 3

DN117
1 17 444 756 0.59 109 −97 112 5 111 2 0.001371 0.282688 0.000009 −0.6 806 1211
2 17 432 753 0.57 400 −300 107 4 111 2 0.001748 0.282605 0.000008 −3.6 935 1401
3 14 409 651 0.63 87 100 107 4 108 2 0.001651 0.282648 0.000008 −2.1 870 1305
4 19 556 812 0.68 198 324 111 15 108 2
5 18 444 826 0.54 13 89 104 4 108 2
6 14 314 644 0.49 100 94 110 5 110 2
7 16 359 730 0.49 87 107 109 5 110 2 0.001542 0.282683 0.000009 −0.9 818 1226
8 14 343 639 0.54 54 113 108 5 110 2 0.001417 0.282617 0.000009 −3.2 909 1373
9 16 380 714 0.53 6 96 106 4 110 2 0.001638 0.282652 0.000009 −1.9 864 1294
10 24 752 1077 0.70 76 91 107 4 108 2
11 16 380 733 0.52 122 93 111 4 110 2 0.001348 0.282669 0.000009 −1.3 833 1255
12 11 257 520 0.49 80 107 106 5 107 2
13 16 399 705 0.57 78 106 117 6 118 2
14 16 481 648 0.74 17 126 115 6 119 2
15 15 356 716 0.50 122 98 108 4 108 2
16 26 865 1137 0.76 65 78 108 4 110 2
17 19 587 861 0.68 183 93 114 4 112 2
18 16 463 690 0.67 167 93 111 4 109 2 0.001650 0.282630 0.000010 −2.7 896 1344
19 27 706 1225 0.58 172 81 115 4 112 2
20 17 501 786 0.64 172 77 111 4 108 1

DN138
1 14 276 683 0.40 191 85 113 4 109 2
2 16 341 763 0.45 122 91 108 4 108 1 0.001022 0.282647 0.000009 −2.1 858 1305
3 9 170 444 0.38 109 124 107 5 107 2 0.000703 0.282650 0.000009 −2.0 845 1296
4 16 392 778 0.50 132 99 109 4 108 2 0.001001 0.282689 0.000008 −0.6 798 1210
5 14 306 669 0.46 272 122 119 6 111 2
6 13 312 619 0.51 309 122 119 5 110 2
7 14 338 699 0.48 283 113 114 5 106 2
8 14 282 700 0.40 54 93 105 4 107 2 0.001090 0.282655 0.000009 −1.9 847 1287
9 13 284 651 0.44 78 94 105 5 106 2
10 15 338 748 0.45 187 102 110 5 106 2 0.000987 0.282689 0.000010 −0.7 798 1212
11 10 199 494 0.40 298 140 116 5 108 2
12 13 330 640 0.52 217 135 113 7 106 2 0.000795 0.282712 0.000008 0.1 762 1159
13 16 399 805 0.50 122 −90 107 4 106 1 0.000834 0.282648 0.000008 −2.1 852 1303
14 11 233 543 0.43 50 93 103 4 105 2
15 12 289 607 0.48 154 106 108 4 107 2 0.000974 0.282704 0.000008 −0.1 775 1176
16 13 294 618 0.48 80 119 107 5 108 2
17 15 341 705 0.48 61 107 105 4 108 2
18 13 294 627 0.47 256 119 112 6 105 2 0.000867 0.282681 0.000008 −1.0 806 1230

DN291
1 15 379 733 0.52 76 100 105 4 106 2 0.000831 0.282675 0.000009 −1.2 814 1243
2 13 313 703 0.45 172 93 106 4 102 2 0.001595 0.282671 0.000009 −1.4 835 1255
3 14 325 677 0.48 191 94 110 4 106 2
4 18 325 885 0.37 165 138 110 4 107 2 0.000900 0.282672 0.000009 −1.2 819 1248
5 17 379 785 0.48 98 111 116 6 116 2
6 15 374 742 0.50 195 89 112 4 107 2
7 14 348 691 0.50 124 119 105 5 105 2

(continued on next page)
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Table 2 (continued)

Content (ppm) Isotopic ages (Ma) Isotopic ratio Model ages
(Ma)

Pb Th U Th/U 207Pb/206Pb ±1σ 207Pb/235U ±1σ 206Pb/238U ±1σ 176Lu/177Hf 176Hf/177Hf ±2σ εHf(t) TDM1 TDM2

8 12 255 614 0.42 128 117 106 5 105 2 0.000963 0.282660 0.000008 −1.7 838 1277
9 17 383 830 0.46 154 107 105 4 103 2
10 14 252 680 0.37 191 108 109 4 106 2 0.000749 0.282660 0.000008 −1.7 833 1276
11 14 304 684 0.44 206 111 110 5 106 2 0.000787 0.282688 0.000010 −0.7 795 1213
12 24 426 1193 0.36 146 83 109 4 107 2
13 12 308 633 0.49 298 140 109 5 102 3
14 19 513 871 0.59 139 114 108 5 107 2 0.000770 0.282701 0.000009 −0.2 776 1183
15 16 284 818 0.35 195 104 106 4 102 2
16 18 469 844 0.56 120 86 106 4 105 2 0.001127 0.282649 0.000009 −2.1 857 1303
17 23 541 1097 0.49 122 81 108 4 107 2
18 9 177 427 0.41 209 112 111 5 106 2 0.001022 0.282617 0.000009 −3.2 900 1374
19 14 336 707 0.48 100 98 105 5 104 2
20 14 337 687 0.49 200 118 108 4 107 2
21 28 567 1411 0.40 100 94 107 5 107 2
22 12 233 558 0.42 233 125 118 6 114 2
23 17 371 885 0.42 106 104 105 4 105 1
24 11 263 564 0.47 209 124 109 6 106 2 0.000897 0.282666 0.000008 −1.5 828 1263

DN259
1 8 216 385 0.56 72 100 105 4 107 2
2 9 264 416 0.63 176 89 109 4 106 1
3 11 158 582 0.27 211 82 111 4 107 1
4 7 144 340 0.42 176 127 110 4 107 1
5 8 219 400 0.55 98 96 106 4 106 1
6 7 284 294 0.96 233 96 108 4 103 1
7 13 610 531 1.15 20 102 102 4 106 1
8 9 262 417 0.63 122 93 105 4 104 1
9 11 457 496 0.92 72 94 105 4 106 1
10 11 171 348 0.49 33 83 155 5 163 2
11 6 171 299 0.57 9 96 100 4 104 1
12 6 153 284 0.54 76 107 104 5 105 1
13 9 216 400 0.54 32 91 102 3 105 1
14 9 322 386 0.83 132 107 108 5 106 2
15 7 137 326 0.42 228 92 112 4 106 1
16 13 234 638 0.37 139 89 106 4 105 1
17 6 151 288 0.52 209 112 108 5 103 2
18 7 188 333 0.57 65 107 104 5 106 2
19 22 25 51 0.48 1787 52 1825 26 1849 22
20 6 180 267 0.68 13 126 103 5 107 1

DN196
1 18 353 869 0.41 117 80 105 4 105 2 0.001241 0.282639 0.000008 −2.5 874 1326
2 15 312 748 0.42 139 106 107 5 104 2
3 29 436 1466 0.30 39 100 102 4 105 2 0.001396 0.282646 0.000008 −2.2 867 1310
4 21 463 1088 0.43 400 −200 103 5 106 2
5 12 257 627 0.41 100 113 103 4 104 2 0.000745 0.282672 0.000009 −1.3 815 1249
6 32 595 1688 0.35 35 87 102 3 104 2 0.001533 0.282661 0.000009 −1.8 849 1278
7 19 276 988 0.28 128 94 107 4 107 2
8 17 368 833 0.44 154 106 106 4 104 1
9 16 298 803 0.37 128 104 108 5 107 2 0.001328 0.282649 0.000008 −2.1 861 1301
10 11 202 540 0.37 109 118 108 5 109 2 0.001062 0.282644 0.000008 −2.2 862 1311
11 23 512 1164 0.44 195 75 109 4 105 2
12 21 381 1022 0.37 306 78 115 4 106 2
13 34 599 1735 0.35 198 70 108 3 105 2
14 17 338 828 0.41 146 84 108 4 106 2
15 13 241 632 0.38 76 96 105 4 106 2
16 34 563 1734 0.32 117 68 102 3 101 1
17 18 256 919 0.28 95 96 102 4 102 2
18 18 298 857 0.35 20 102 101 4 104 2
19 22 302 1069 0.28 124 89 106 4 104 2
20 17 346 791 0.44 200 94 102 4 101 2 0.000934 0.282627 0.000008 −3.0 883 1353
21 20 259 965 0.27 132 99 105 4 104 2
22 24 522 1197 0.44 6 93 99 4 104 2
23 19 280 945 0.30 32 89 103 4 106 2
24 21 381 1060 0.36 146 89 106 4 104 2 0.000893 0.282619 0.000010 −3.2 893 1369

DN040
1 19 244 984 0.25 87 85 109 4 110 2
2 28 463 1403 0.33 102 85 110 4 111 2
3 18 244 946 0.26 61 104 104 4 106 2 0.001325 0.282687 0.000010 −0.8 807 1216
4 24 339 1244 0.27 189 123 113 4 110 2 0.001197 0.282659 0.000009 −1.7 844 1276
5 25 393 1296 0.30 50 96 106 4 108 2
6 22 450 1076 0.42 233 55 112 4 107 2
7 20 308 1035 0.30 95 117 105 4 106 2
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Table 2 (continued)

Content (ppm) Isotopic ages (Ma) Isotopic ratio Model ages
(Ma)

Pb Th U Th/U 207Pb/206Pb ±1σ 207Pb/235U ±1σ 206Pb/238U ±1σ 176Lu/177Hf 176Hf/177Hf ±2σ εHf(t) TDM1 TDM2

8 26 406 1325 0.31 265 85 116 4 108 2
9 29 438 1493 0.29 256 81 116 4 108 2 0.001029 0.282645 0.000008 −2.2 860 1308
10 27 465 1367 0.34 172 77 111 4 107 2 0.001314 0.282670 0.000008 −1.4 832 1256
11 25 375 1225 0.31 198 87 113 4 109 2 0.001297 0.282610 0.000009 −3.4 916 1388
12 22 289 1080 0.27 165 90 110 4 107 1
13 19 401 865 0.46 139 94 112 4 111 2
14 27 418 1314 0.32 32 74 103 3 106 1 0.001469 0.282662 0.000008 −1.7 846 1275
15 25 460 1201 0.38 65 85 106 4 107 1
16 46 639 1785 0.36 206 36 137 4 132 2
17 19 267 916 0.29 98 −105 107 4 107 2
18 16 203 792 0.26 243 113 112 5 106 2 0.000951 0.282640 0.000007 −2.4 865 1321
19 29 422 1442 0.29 72 81 107 4 107 1 0.001285 0.282675 0.000010 −1.2 823 1242
20 23 467 1136 0.41 76 91 106 4 107 1

DN054
1 5 94 230 0.41 261 129 112 6 105 2
2 8 161 408 0.39 117 100 106 4 105 1
3 6 139 314 0.44 146 92 107 4 104 1
4 7 146 319 0.46 302 114 116 6 106 2
5 6 133 302 0.44 95 117 106 5 106 1
6 11 168 484 0.35 17 104 112 5 115 2
7 6 137 313 0.44 102 96 105 4 105 1
8 6 114 292 0.39 124 108 106 4 105 1
9 8 156 359 0.43 122 96 115 4 115 1
10 6 145 290 0.50 76 93 105 4 106 1
11 6 129 289 0.45 109 101 105 4 106 2
12 6 157 271 0.58 183 94 109 5 106 2
13 8 154 390 0.39 98 87 107 4 108 1
14 8 182 378 0.48 209 90 109 4 105 1
15 9 171 437 0.39 400 −298 103 4 107 1
16 7 179 333 0.54 169 107 110 5 107 1
17 6 153 304 0.50 167 98 109 4 106 1
18 7 122 341 0.36 256 82 113 4 106 1
19 6 142 283 0.50 83 93 105 4 105 1
20 7 120 344 0.35 58 93 113 4 115 2
21 6 156 288 0.54 65 124 104 5 106 2
22 10 179 449 0.40 400 −313 112 4 116 2
23 6 130 314 0.41 102 −103 106 4 105 1
24 9 144 473 0.30 132 91 107 4 106 1

DN090
3 24 1805 921 1.96 76 74 96 3 97 1
4 10 770 380 2.02 100 113 93 5 94 2
5 8 565 329 1.72 100 120 95 5 96 2
6 13 980 472 2.08 128 133 99 5 98 2
7 5 333 215 1.55 232 152 103 7 98 2 0.001318 0.282518 0.000010 −6.9 1047 1602
8 18 1105 711 1.56 6 117 95 4 99 2
9 6 449 259 1.73 76 144 94 5 96 2
10 10 722 395 1.83 120 −84 101 4 100 2 0.001924 0.282536 0.000010 −6.3 1038 1562
11 6 407 243 1.68 132 141 99 6 98 2
12 7 490 268 1.83 87 168 93 6 95 2 0.001277 0.282551 0.000009 −5.8 999 1529
13 7 525 285 1.84 183 145 100 6 98 2 0.001178 0.282522 0.000009 −6.8 1037 1592
14 14 472 526 0.90 117 80 122 4 123 2
15 17 482 682 0.71 165 87 115 4 113 2
16 19 1491 695 2.15 56 87 95 4 96 1
17 15 1284 511 2.51 256 100 105 5 98 2 0.002081 0.282502 0.000014 −7.5 1092 1640
18 20 1459 799 1.83 58 96 95 4 96 1
19 18 1067 746 1.43 317 80 106 4 96 1 0.001608 0.282547 0.000010 −5.9 1013 1538

DN178
1 12 835 467 1.79 154 113 97 5 96 2 0.001884 0.282509 0.000011 −7.3 1076 1625
2 10 652 409 1.60 100 109 97 5 98 2 0.001749 0.282449 0.000009 −9.4 1158 1758
3 8 578 338 1.71 191 133 98 5 96 2
4 13 266 596 0.45 122 80 107 3 108 2
5 16 438 814 0.54 106 83 101 3 101 2 0.001061 0.282686 0.000009 −0.9 804 1222
6 12 772 491 1.57 235 66 104 4 99 2 0.001932 0.282531 0.000010 −6.5 1046 1575
7 12 807 464 1.74 232 102 105 4 100 2 0.001796 0.282529 0.000010 −6.5 1045 1578
8 11 688 472 1.46 239 93 102 4 97 2
9 7 507 267 1.90 213 146 99 5 96 2 0.001575 0.282518 0.000010 −7.0 1054 1604
10 10 641 373 1.72 139 111 100 4 100 2 0.001103 0.282532 0.000010 −6.4 1021 1568
11 15 1420 535 2.66 257 108 101 4 95 2
12 16 341 772 0.44 254 90 117 4 111 2
13 23 1880 804 2.34 109 97 97 4 96 1
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Table 2 (continued)

Content (ppm) Isotopic ages (Ma) Isotopic ratio Model ages
(Ma)

Pb Th U Th/U 207Pb/206Pb ±1σ 207Pb/235U ±1σ 206Pb/238U ±1σ 176Lu/177Hf 176Hf/177Hf ±2σ εHf(t) TDM1 TDM2

14 17 1101 663 1.66 200 95 102 4 100 2
15 10 630 381 1.66 54 122 99 5 101 2
16 9 580 357 1.63 333 119 107 5 99 2
17 7 541 262 2.06 78 117 97 5 97 2 0.001107 0.282611 0.000011 −3.6 910 1392
18 22 1362 792 1.72 280 89 107 4 100 2 0.001781 0.282575 0.000010 −4.9 978 1474
19 9 620 338 1.83 167 126 99 5 97 2 0.001109 0.282574 0.000010 −4.9 962 1475
20 17 1529 540 2.83 146 106 101 4 98 2
21 6 412 233 1.77 283 176 102 7 97 2
22 31 2070 1013 2.04 328 89 122 5 111 2
23 11 658 422 1.56 280 124 107 5 100 2
24 13 880 499 1.76 211 103 103 4 99 2
25 13 1024 476 2.15 467 119 108 5 96 2

Notes: εHf(t) = 1000{[(176Hf/177Hf)S − (176Lu/177Hf)S × (eλt − 1)] / [(176Hf/177Hf)CHUR,0 − (176Lu/177Hf)CHUR × (eλt − 1)] − 1}.
TDM1 = 1/λ × ln{1 + [(176Hf/177Hf)S − (176Hf/177Hf)DM] / [((176Lu/177Hf)S − (176Lu/177Hf)DM)]}.
TDM2 = 1/λ × ln{1 + [(176Hf/177Hf)S,t − (176Hf/177Hf)DM,t] / [((176Lu/177Hf)c − (176Lu/177Hf)DM]} + t.
The 176Hf/177Hf and 176Lu/177Hf ratios of chondrite and depletedmantle at the present day are 0.282772 and 0.0332, and 0.28325 and 0.0384, respectively (Griffin et al., 2004).λLu= 1.867
× 10−11 year−1 (Soderlund et al., 2004). (176Lu/177Hf)C = 0.015 (Griffin et al., 2002). It is the crystallization age of zircon.
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order to concentrate zircons,whichwere then hand-picked under a bin-
ocularmicroscope. Themorphology and internal structure of the zircons
was studied via cathodoluminescence (CL) imaging using a JXA-8100
Electron Probe Microanalyzer with a Mono CL3 Cathodoluminescence
System for high resolution imaging and spectroscopy at the Guangzhou
Institute of Geochemistry, Chinese Academy of Sciences (GIGCAS).

LA-ICP-MS zircon U\\Pb dating for all the samples was performed
in the State Key Laboratory of Isotope Geochemistry, GIGCAS. Each
analysis included a background acquisition of approximately 20–30 s
followed by 50 s of data acquisition. NIST SRM 610 glass and Temora
zircon standards were used as external standards. Each block of five
unknowns was bracketed by analyses of standards. Off-line inspection
and integration of background and analysis signals, and time-drift cor-
rection and quantitative calibration for trace element analyses and
U\\Pb dating were performed using ICPMSDataCal (Liu et al., 2008).
Age calculation and plotting of concordia diagrams was performed
using Isoplot Ex 3.0 (Ludwig, 2003). Detailed analytical techniques
have been described by Yuan et al. (2004) and the analytical results
are presented in Table 2.

Zircon Lu\\Hf isotopic analyses were performed using a Nu Plasma
HR MC-ICP-MS (Nu Instruments, UK), coupled to a 193 nm excimer
laser ablation system (RESOlution M-50, Resonetics LLC, USA) in the
State Key Laboratory of Isotope Geochemistry, GIGCAS. The measured
isotopic ratios of 176Hf/177Hf were normalized to 179Hf/177Hf = 0.7325,
using exponential correction for mass bias. The measured in-situ
173Yb/172Yb ratio was used for mass bias correction for both Yb and Lu
because of their similar physicochemical properties. Ratios used for
the corrections were 0.5886 for 176Yb/172Yb (Chu et al., 2002) and
0.02655 for 176Lu/175Lu (Machado and Simonetti, 2001). The measured
176Lu/177Hf ratios and the 176Lu decay constant of 1.867 × 10−11 year−1

reported by Soderlund et al. (2004) were used to calculate initial
Table 3
Re\\Os isotopic data.

Sample Weight/g Re/μg g−1 187Re/μg g−1

Content 2σ Content

DN101 0.016 327.635 1.6657 205.932
DN105 0.0149 345.037 1.6062 216.869
DN086 0.0038 2128.98 8.4576 1338.14
DN209 0.0371 49.8754 0.2171 31.3486
176Hf/177Hf ratios. The chondritic values of 176Hf/177Hf = 0.0336 and
176Lu/177Hf = 0.282785 reported by Bouvier et al. (2008) were used
for the calculation of εHf(t) values. The depleted mantle line is defined
by present-day 176Hf/177Hf = 0.28325 and 176Lu/177Hf = 0.0384
(Griffin et al., 2004). Single-stage Hf model ages (TDM) were calculated
relative to the depletedmantle which is assumed to have linear isotopic
growth from 176Hf/177Hf = 0.279718 at 4.55Ga, to 0.283250 at present,
with a 176Lu/177Hf = 0.0384 (Griffin et al., 2004), and two-stage Hf
model ages (TDM) were calculated assuming a mean 76Lu/177Hf value
of 0.015 for the average continental crust (Griffin et al., 2002). The ana-
lytical results are presented in Table 2.

4.2. Molybdenite Re\\Os analytical method

Disseminatedmolybdenite crystals in the SOEwere found in the hy-
drothermally altered Sifang granodiorite and Luoboling granodiorite
porphyry with minor amounts in the quartz-dominated veins in the
Wulongsi pluton. To constrain their formation ages, four molybdenite
samples from three drill holes were selected for Re\\Os analyses. Sam-
plesDN086 andDN209 are disseminatedmolybdenite in sericite altered
granodiorite porphyry whereas DN101 and DN105 are molybdenite-
bearing quartz veins in dickite and alunite altered granite.

Detailed molybdenite Re\\Os analytical methods and results have
been presented by Sun et al. (2010). Mineral separates were obtained
by crushing the samples in a porcelain mill, gravity sorting, electromag-
netic separation, and finally hand-picked under a binocular microscope
(purity N 99%). Re\\Os sample dissolution and preparation were per-
formed at the Key Laboratory of Isotope Geochronology and Geochem-
istry, Guangzhou Institute of Geochemistry, Chinese Academy of
Sciences. Re and Os concentration and isotopic composition were mea-
sured using a XSeries-2 quadrupole ICP-MS (Thermo Scientific, USA).
187Os/ng g−1 Age/Ma

2σ Content 2σ Model T 2σ

1.047 377.384 0.303 109.9 0.57
1.0096 389.974 0.7875 107.84 0.55
5.3159 2360.3 8.1253 105.78 0.56
0.1365 55.963 0.2796 107.06 0.71
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Each sample was digested by the Carius tube method using concentrat-
ed HNO3. In a Carius tube, 185Re spike, natural Os standard solutions and
molybdenite (0.004–0.04 g) were accurately weighed. The lower half of
the tube was immersed in ethanol-liquid nitrogen slush. To this 10 ml
concentrated HNO3 was added. The sample-bearing tube was carefully
for sealed and opened following the method described by Shirey and
Walker (1995). The sealed tube was heated at 225–230 °C for 24 h.
After sample digestion, the tube was refrozen, and then opened. Subse-
quently, an approximate amount of supernatant was transferred to a
30-ml quartz beaker, heated to dryness at 150 °C, and then 0.5 ml
HNO3 was added and dried down. This step was repeated twice to en-
sure removal of Os as OsO4. The final solution was made up in 10 ml
of 2% HNO3 for ICP-MS determination of Re. The residual supernatant
was poured into a 50-ml distillation flask redesigned after Sun et al.
(2001, 2010) and distilled at 110 °C for 20min followed byOs extraction
with 5 ml of H2O chilled in a water-ice bath. The H2O solution was then
used for ICP-MS determination of Os isotope ratio.

Average blanks for the whole procedure were ca. 2.8 pg for Re and
0.7 pg for Os, which was negligible for the measured Re and Os abun-
dances. In order to eliminatememory effects of Os, the ICP-MS sampling
system was flushed with 0.5% H2NNH2 ⋅H2O in 10% ethanol and 5%
HNO3 alternately, until the counts of 190Os dropped to background
level regardless of Os introduction. The Os water solutions were mea-
sured to obtain 187Os/190Os ratios for molybdenite. Results are present-
ed in Table 3.

4.3. Whole-rock major and trace element analyses

The major and trace elements of the bulk rock samples were deter-
mined at the Mineral Division of ALS Chemex (Guangzhou) Co. Ltd.
Whole rock samples were first powdered to b200 mesh, then fluxed
with Li2B4O7 and LiBO2 to make homogeneous glass disks at 1050–
1100 °C. Themajor elementswere analyzed byX-rayfluorescence spec-
trometry on fused glass beads using a PANalytical Axios. The analytical
precision formajor elementswas better than 1%. For trace element anal-
yses, about 50 mg of powder for each sample was added to lithium
metaborate flux, mixed well and fused in a furnace at 1000 °C. The
resulting melt was then cooled and dissolved in 100 ml of 4% HNO3 so-
lution. The REE and trace element concentrations of the sample solu-
tions were determined by inductively coupled plasma mass
spectrometry (PerkinElmer Elan 9000) with the analytical precision
better than 5% for most trace elements. The results of whole-rock
major and trace elements analyses are listed in Table 4.

5. Results

5.1. Zircon U\\Pb geochronology

The representative zircon CL images and analyzed spots with
U\\Pb ages and Lu\\Hf isotope data for the eight samples are
shown in Fig. 7. The analyzed zircons have a wide range of U and
Th contents but the majority have high Th/U ratios (most N 0.4).
Rare earth element patterns are typically characterized by HREE en-
richment with positive Ce anomalies and negative Eu anomalies. Zir-
con grains are colorless, generally euhedral and predominantly
prismatic, consistent with a magmatic origin (Belousova et al.,
2002; Yang et al., 2014).

5.1.1. Caixi monzogranite (DN292)
Zircon crystals in the Caiximonzogranite are euhedral, ranging from

80 μm to 100 μm, with length to with ratios of 1:1 to 2:1 (Fig. 7a). Most
grains are transparent and have dark zoning in the rims suggesting the
interaction between the hydrothermal liquid and themagma in the late
stage of themagmatic evolving process (Shu et al., 2013). They have Th/
U ratios of 0.50 to 1.93. One zircon is distinct with a dark color (Fig. 7a)
and a significantly higher 206Pb/238U age of 183 ± 2 Ma. Two zircon
cores (Fig. 7a) yielded ages of 182 ± 4 Ma, 183 ± 3 Ma, and are
interpreted as inherited zircons. The remaining seventeen zircons
yielded a weighted mean age of 159.5 ± 1.1 Ma (1σ, MSWD = 0.81;
Fig. 8a), which is interpreted to represent the crystallization age for
the pluton.

5.1.2. Sifang granodiorite (DN117)
This samplehas euhedral zircons that are 150 to 300 μmlong andhave

length/width ratios between 2:1 and 3:1.Most grains have cores and nar-
row oscillatory zoning towards the rims, suggesting a magmatic origin
(Fig. 7b). They have Th/U ratios of 0.49 to 0.76. Twenty analyses on 20 zir-
cons yielded concordant 206Pb/238U dates ranging from 108 ± 2 Ma to
119 ± 2 Ma. Two zircons yielded significantly higher 206Pb/238U ages of
118 ± 2 Ma and 119 ± 2 Ma. These zircons are eroded and have oscilla-
tory growth zones characteristic of amagmatic origin and are interpreted
as inherited zircons. The remaining eighteen zircons yielded a weighted
mean age of 109.5 ± 0.8 Ma (1σ, MSWD = 0.83; Fig. 8b), which is
interpreted as the crystallization age for the pluton.

5.1.3. Shallow Luoboling granodiorite porphyry (P1, DN138)
This sample has euhedral zircons that are 100 to 200 μm long with

length/width ratios between 1:1 and 3:1 (Fig. 7c). They have Th/U ratios
of 0.38 to 0.52 and most of the grains have oscillatory growth zoning,
suggestive of amagmatic origin. Eighteen analyses on 18 zircons yielded
concordant 206Pb/238U ages ranging from 105 ± 2 Ma to 111 ± 2 Ma
with a weighted mean age of 107.0 ± 0.8 Ma (1σ, MSWD = 0.80; Fig.
8c), interpreted to be the crystallization age for the pluton.

5.1.4. Deeper Luoboling granodiorite porphyry (P2, DN291)
This sample has euhedral zircons that are 100 to 300 μm long and

have length/width ratios between 1:1 and 3:1 (Fig. 7d). They have Th/
U ratios of 0.35 to 0.59. Twenty-four analyses on 24 zircons yielded con-
cordant 206Pb/238U dates ranging from 102± 2Ma to 116± 2Ma. Two
of these analyses show significantly higher 206Pb/238U ages of 114 ±
2Ma, 116± 2Ma and are interpreted as inherited zircons. The remain-
ing twenty-two zircons yielded a weightedmean age of 105.4± 0.8Ma
(1σ, MSWD= 0.88; Fig. 8d) interpreted to be the crystallization age of
the pluton.

5.1.5. Deepest Luoboling granodiorite porphyry (P3, DN259)
This sample has euhedral zircons that are 100 to 150 μm long and

have length/width ratios between 1:1 and 2:1 (Fig. 7e). They have Th/
U ratios of 0.27 to 1.15. Some of the grains have oscillatory growth
zones and cores (Fig. 7e), suggestive of a magmatic origin. One zircon
shows a distinct unzoned inner structure with a higher 206Pb/238U age
of 1849 ± 22 Ma. Another inherited zircon core (Fig. 7e) yielded a
206Pb/238U age of 163 ± 2 Ma. The remaining eighteen zircons yielded
a weighted mean age of 105.4 ± 0.62 Ma (1σ, MSWD = 0.70; Fig. 8e),
which is interpreted to be the crystallization age for the pluton.

5.1.6. Dacite porphyry (D1 porphyry, DN040)
For this sample, the zircon crystals are euhedral, ranging from

100 μm to 250 μm in size, with length to width ratios of 2:1 to 3:1
(Fig. 7f). They have Th/U ratios of 0.25 to 0.46. All the grains have oscil-
latory growth zoning characteristic of a magmatic origin. Some grains
have cores. One zircon with a distinct dark color (Fig. 7f) and
subrounded shape yielded a significantly higher 206Pb/238U age of
132 ± 2 Ma. The remaining nineteen analyses yielded a weighted
mean age of 107.5 ± 0.7 Ma (1σ, MSWD = 0.89; Fig. 8f) interpreted
to be the crystallization age of the dacite.

5.1.7. Dacite porphyry (D2 porphyry, DN196)
This sample has euhedral zircons that are 150 μmto 250 μmlong and

have length/width ratios between 2:1 and 3:1 (Fig. 7g). They have Th/U
ratios of 0.27 to 0.44. Most of the grains have oscillatory growth zona-
tion suggestive of a magmatic origin. Twenty-four analyses on 24



Table 4
Major element (wt.%) and trace element (ppm) concentrations of the samples.

Rock JM pluton WL pluton JL pluton Caixi pluton Sifang pluton Dacite porphyry

Types ZJ10–13 ZJ10–14 ZJ10–15 DN101 ZJ10–26 SH-01 SH-02 SH-05 ZJ10–33 ZJ10–34 SH2–03 SH4–03 DN011 DN117 ZJ10–31 ZJ10–32

SiO2 71.11 78.54 75.04 76.43 74.87 70.11 68.56 68.97 69.41 69.18 66.89 68.27 62.65 65.19 63.89 65.64
Al2O3 14.37 10.15 13.06 15.22 16.03 14.77 14.42 14.31 14.45 14.39 15.17 15.17 21.64 18.08 15.54 16.59
Fe2O3 2.57 0.85 0.73 0.93 0.86 3.11 3.81 3.63 2.98 3.25 3.95 3.47 4.4 7.12 3.09 1.87
FeO 0.9 0 0.35 0 0.2 0 0 0 1.3 1.55 0 0 0 0 1.6 0.7
MgO 0.39 0.16 0.16 0.11 0.15 0.79 1.07 1.01 1.15 1.3 1.68 1.34 0.11 0.09 1.21 0.7
CaO 0.51 0.32 0.24 0.04 0.07 2.36 2.86 2.68 3.21 3.22 3.97 3.67 0.18 0.11 3.48 2.51
Na2O 4.38 0.18 3.96 0.06 0.06 2.91 3.13 2.95 3.25 2.75 2.97 3.06 0.14 0.12 2.29 2.48
K2O 4.03 7.87 5.64 1.74 3 4.54 4.16 4.4 3.68 3.67 3.63 3.77 1.05 0.86 4.52 5.1
MnO 0.44 0.03 0.06 0.08 0.01 0.07 0.09 0.1 0.09 0.09 0.11 0.1 0.03 0.14 0.38 0.2
TiO2 0.49 0.14 0.14 0.22 0.09 0.44 0.53 0.5 0.37 0.38 0.45 0.4 0.64 0.54 0.54 0.52
P2O5 0.13 0.04 0.04 0.06 0.08 0.13 0.17 0.17 0.16 0.18 0.19 0.17 0.29 0.22 0.21 0.22
LOI 1.32 1.32 0.69 4.3 4.65 0.9 0.67 0.84 0.99 1.36 1.01 0.52 8.58 7.45 4.53 3.89
Total 100.64 99.6 100.11 99.19 100.07 100.13 99.47 99.56 101.04 101.32 100.02 99.94 99.71 99.92 101.28 100.42
La 45.2 20 24.8 42.9 27.5 30.72 46.01 52.18 34.7 27.6 38.16 35.76 40.4 45.4 44.8 50.5
Ce 82.2 37.3 50.9 81.3 53.3 68.1 83.92 95.59 60.4 50.7 66.06 61.12 83.9 98.9 78.9 88.4
Pr 9.53 4.46 5.39 7.9 6.39 7.47 9.54 10.32 6.73 5.89 6.95 6.66 8.86 9.44 9.43 10.1
Nd 32.9 17 20.7 25.6 23.4 28.77 33.44 36.14 24.9 22.5 23.99 23.47 32.5 34.3 35.2 36.5
Sm 6.41 3.75 4.9 3.97 5.47 5.64 6.78 6.94 4.16 4.15 4.52 4.47 6.77 5.74 5.33 5.74
Eu 1.1 0.63 0.83 0.39 0.55 1.06 1.13 1.22 1.3 1.38 1.04 1.13 1.31 1.25 1.42 1.67
Gd 5.16 3.74 4.68 2.72 4.64 5.27 5.98 5.93 3.53 3.58 3.58 3.71 4.62 4.37 4.21 4.05
Tb 0.89 0.73 0.91 0.54 0.96 0.86 0.91 0.87 0.6 0.58 0.51 0.54 0.63 0.67 0.53 0.52
Dy 5.11 4.36 5.19 3.48 5.72 5.41 5.35 5.09 3.02 2.95 2.91 2.96 3.53 3.68 2.28 2.25
Ho 0.97 0.92 1.09 0.88 1.22 1.05 1.13 1.04 0.66 0.6 0.61 0.62 0.78 0.77 0.39 0.37
Er 2.84 2.83 3.03 2.75 3.26 3.13 3.22 2.96 1.82 1.66 1.79 1.84 2.14 2.08 1.17 1
Tm 0.49 0.49 0.61 0.53 0.61 0.48 0.55 0.52 0.31 0.27 0.3 0.31 0.39 0.32 0.16 0.14
Yb 3.21 3.25 3.83 3.88 3.85 2.97 3.7 3.19 2.12 1.82 2.01 2.07 2.58 2.49 0.99 0.87
Lu 0.47 0.47 0.57 0.55 0.67 0.45 0.55 0.47 0.33 0.29 0.32 0.31 0.38 0.37 0.14 0.12
Ta 4.81 3.79 5.53 2.61 8.55 1.95 1.95 1.84 1.02 1.33 1.35 1.31 0.6 0.51 1.05 0.98
Pb 39.9 82.1 47.5 100 860 17.9 27.34 33.31 15 14 13.81 14.16 153 81.3 23.4 280
Th 26.9 27.1 23.7 28.9 32.6 15.28 21.34 20.07 13.5 14 16.04 15.35 27.2 18 15.7 16.6
U 8.58 13.4 11.8 6.3 22.4 3.78 5.66 4.85 3.04 4.51 5.1 4.36 6.46 2.75 3.7 3.34
Zr 107 90.6 88.8 44.8 104 205 225 216 73.4 78.9 122 130 55.3 27.6 73 90.8
Hf 3.56 3.57 4.22 1.8 4.22 5.44 6.11 5.76 2.19 2.59 3.43 3.52 1.7 1 2.43 2.77
Ba 558 850 484 91.8 152 498.32 439.32 582.69 982 831 644.8 761.25 603 469 995 951
Rb 197 377 248 78.4 182 106.7 201.1 231.2 128 136 135.1 130.9 37.1 29.3 193 189
Sr 148 64.6 82.6 123.5 121 202.2 270.16 271.8 345 385 473.2 433.3 464 294 310 251
Y 28.3 26.5 32 5.9 37.5 27.21 30.29 27.15 18.2 16.4 15.59 16.76 11.8 10.2 11.5 10.4
Nb 26.4 19.8 22.4 15 44.1 18.5 21.54 19.57 14.2 14.4 13.36 14.13 6.7 6.4 12.5 12.1
REE 196.47 99.92 127.43 177.39 137.53 161.38 202.21 222.46 144.57 123.97 152.74 144.97 188.79 209.78 184.95 202.24
LREE 177.34 83.14 107.52 162.06 116.61 141.76 180.81 202.39 132.19 112.22 140.71 132.61 173.74 195.03 175.08 192.91
HREE 19.13 16.78 19.91 15.33 20.92 19.62 21.4 20.07 12.38 11.75 12.02 12.36 15.05 14.75 9.87 9.33
(La/Yb)N 9.49 4.15 4.37 7.45 4.82 6.97 8.37 11.03 11.04 10.22 12.82 11.65 10.56 12.29 30.66 38.96

(Tb/Yb)N 1.22 0.99 1.04 0.61 1.09 1.28 1.08 1.21 1.25 1.39 1.11 1.16
1.21 1.36 2.02 1.47
Eu/Eu* 0.19 0.17 0.17 0.12 0.11 0.19 0.18 0.19 0.34 0.36 0.26 0.28 0.23 0.25 0.30 0.34

Notes:
JM pluton refers to Jingmei pluton.
WL pluton refers to Wulongsi pluton.
JL pluton refers to Jinlongqiao pluton.
The dates abbreviate with “ZJ” from Jiang et al. (2013).
The dates abbreviate with “SH” and “ZK” from Zhao et al. (2007).
The dates abbreviate with “EMG” from Li et al. (2013b).
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zircons yielded concordant 206Pb/238U dates ranging from 101 ± 1 Ma
to 108.6 ± 2 Ma, giving a weighted mean age of 104.5 ± 0.7 Ma (1σ,
MSWD = 0.96; Fig. 8g), interpreted to represent the crystallization
age of the sample.

5.1.8. Quartz diorite porphyry (DN054)
Theses sample have euhedral zircons that are 150 μmto 300 μm long

with length/width ratios between 1:1 and 3:1 (Fig. 7h). They have Th/U
ratios of 0.30 to 0.58. Most of the grains have oscillatory growth zona-
tion in the rim and cores, suggestive of a magmatic origin. Four zircon
cores (Fig. 7h) yielded higher 206Pb/238U ages of 115 ± 2 Ma, 115 ±
1Ma, 115± 2Ma, 116± 2Ma, and are interpreted to be inherited crys-
tals. The remaining twenty zircons yielded a weighted mean age of
105.7±0.61Ma (1σ, MSWD=0.47; Fig. 8h), interpreted to be the crys-
tallization age of the pluton.

5.1.9. Rhyodacite (DN178)
This sample has subhedral to euhedral zircons that are 100 to

200 μm long with length/width ratios between 1:1 and 2:1 (Fig. 7i).
They have relatively high Th/U ratios of 1.71 to 2.15. Some of the grains
have oscillatory growth zonation and typical sector zoning, suggestive
of a magmatic origin. Twenty-five analyses yielded concordant
206Pb/238U dates ranging from 96.3 ± 2 Ma to 111 ± 2 Ma. Three of
these analyses show significantly higher 206Pb/238U ages of 108 ±
2 Ma, 111 ± 2 Ma, 111 ± 2 Ma, respectively, which are interpreted as
ages for the inherited zircons. The remaining twenty-two zircons
yielded a weighted mean age of 98.0 ± 0.8 Ma (1σ, MSWD = 1.03;
Fig. 8i), representing the crystallization age of the sample.

5.1.10. Rhyolite (DN090)
This sample has subhedral to euhedral zircons that are 50 μm to

100 μm long with length/width ratios between 1:1 and 2:1 (Fig. 7j).
They have relatively high Th/U ratios of 1.43 to 2.51. Most of the grains
have oscillatory growth zonation and sector zoning, suggestive of a
magmatic origin. Nineteen analyses yielded concordant 206Pb/238U
dates ranging from 94 ± 1 Ma to 101 ± 2 Ma. One zircon core (Fig.
7j) yielded an older 206Pb/238U age of 123 ± 2 Ma whereas a second
yielded a 206Pb/238U age of 113 ± 2 Ma (Fig. 7j), both of which are



Table 4
Major element (wt.%) and trace element (ppm) concentrations of the samples.

Dacite porphyry Luoboling pluton Rhyolite Rhyodacite Quartz diorite porphyry

EMG-1 EMG-2 DN040 DN114 DN196 ZK402–1 ZK402–2 ZK402–4 DN291 DN138 DN090 DN178 DN054

67.54 67.8 64.45 69.86 64.48 64.94 64.65 65.01 62.42 63.24 69.11 67.59 60.62
16.29 16.03 16.62 18.64 16.5 15.25 15.19 15.08 15.42 15.51 15.31 15.18 15.73
2.77 2.54 6.88 1.46 5.57 3.84 4.59 4.56 5.59 4.83 3.25 8.17 7.06
0 0 0 0 0 0 0 0 0 0 0 0 0
0.73 0.33 0.19 0.19 1.28 1.9 2.06 2.13 1.95 1.9 0.86 0.1 2.86
3.52 3.24 0.33 0.25 0.04 3.17 3.98 3.85 3.19 2.82 0.57 0.13 1.44
2.79 2.63 0.14 0.15 0.3 3.02 3 2.98 2.85 2.8 1.08 0.1 3.62
4.02 4.27 1.58 2.3 4.47 3.21 3.54 4.01 3.7 4.34 5.66 0.61 3.83
0.2 0.03 0.07 0.03 0.08 0.05 0.12 0.1 0.1 0.13 0.08 0.05 0.29
0.52 0.56 0.84 0.95 0.61 0.46 0.53 0.54 0.52 0.45 0.37 0.49 0.59
0.22 0.3 0.45 0.42 0.2 0.22 0.24 0.24 0.25 0.23 0.11 0.18 0.28
0.89 2.44 8.54 4.99 5.51 2.62 1.49 1.18 2.12 2.86 2.82 7.46 2.69
99.49 100.17 100.09 99.24 99.04 98.68 99.39 99.68 98.11 99.11 99.22 100.06 99.01
34.81 30.15 51.5 46.7 29.6 36.19 38.01 34.23 38.8 39.4 93.3 30.1 35.7
78.5 62.18 79.6 106 67.9 61.57 67.61 62.33 64.3 58.5 200 49.7 69.3
7.61 6.63 10.8 9.66 6.47 6.69 7.79 6.87 7.53 7.05 17.1 4.32 6.93
20.31 26.03 41.1 36.5 25 22.19 25.98 23.66 27.3 24.6 60.3 14.7 26.1
5.34 5.59 6.59 6.58 4.65 4.25 5.55 4.98 4.84 4.16 9.77 2.45 5.03
1.42 1.15 1.59 1.68 1.17 0.94 1.04 1.03 1.06 0.92 1.81 0.66 1.27
3.37 4.08 4.54 5.07 4.13 3.77 4.25 3.78 3.23 2.72 6.56 2.01 3.72
0.53 0.55 0.59 0.91 0.68 0.52 0.64 0.55 0.51 0.42 0.86 0.31 0.56
2.28 2.9 2.72 4.65 4.75 2.8 3.44 2.99 2.66 2.51 4.14 1.59 2.9
0.53 0.6 0.57 0.94 1.25 0.55 0.75 0.62 0.58 0.48 0.84 0.31 0.69
1.65 1.84 1.62 2.31 4.02 1.64 2.08 1.79 1.55 1.44 1.93 0.78 1.66
0.22 0.3 0.25 0.34 0.56 0.29 0.35 0.31 0.26 0.24 0.32 0.13 0.25
1.77 1.97 1.83 2.41 2.75 1.79 2.24 2.04 1.64 1.53 1.88 0.93 1.81
0.28 0.34 0.3 0.33 0.36 0.28 0.33 0.31 0.27 0.26 0.3 0.17 0.26
2.18 2.26 1.01 1.43 1.13 1.63 1.62 2.32 1.55 1.53 1.71 0.19 1.33
277 1411 190.5 80.6 585 20.22 17.35 18.34 52.6 18.6 20.6 14 26.9
15.78 16.36 13.2 21.7 16.65 20.81 19.76 22.71 22.2 23.3 29.3 25.1 19.15
7.56 8.02 4.86 5.91 5.96 7.9 5.85 8.87 8.33 8.31 5.3 2.72 7.1
127 136 207 113 77.2 152 179 158 31.6 33.1 202 22.3 71.7
3.19 3.86 5.1 3.1 2.4 4.07 4.65 4.29 1.2 1.2 5.4 0.8 2
135 167 386 728 624 638.01 738.22 765.17 693 808 1320 274 910
193 245 69.4 120 229 119.7 136.3 158.6 138 172 221 24.9 132
1391 1297 299 269 22.8 510.8 529 506.8 501 425 119.5 112 291
11.51 14.2 13.5 19.1 35.8 15.12 19.26 16.89 11.8 11.2 22.5 7 15.1
19.44 20.08 17.2 16.3 12.1 14.89 15.48 18.32 14 13.9 21.7 2 13.7
158.62 144.31 203.6 224.08 153.29 143.45 160.05 145.47 154.53 144.23 399.11 108.16 156.18
147.99 131.73 191.18 207.12 134.79 131.83 145.98 133.1 143.83 134.63 382.28 101.93 144.33
10.63 12.58 12.42 16.96 18.5 11.63 14.08 12.37 10.7 9.6 16.83 6.23 11.85
13.26 10.32 18.97 13.06 7.26 13.65 11.45 11.34 15.95 17.36 13.30 33.46 21.82
1.32 1.23 1.42 1.66 1.09 1.29 1.25 1.18 1.37 1.21 1.36 2.02 1.47
0.33 0.24 0.29 0.29 0.27 0.23 0.21 0.24 0.26 0.27 0.22 0.30 0.29
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interpreted as inherited zircons. The remaining zircons yielded a
weighted mean age of 97.3 ± 0.8 Ma (1σ, MSWD = 0.57; Fig. 8j),
which is interpreted the age of the rhyolite.

5.2. Zircon in-situ Lu\\Hf isotopes

Zircon Lu\\Hf isotopes were determined for 59 points from eight
samples on the same or similar domains of the zircon grains dated for
this study (inherited zircons not included). The analytical results are
listed in Table 2.

Eight spots were analyzed on zircon grains from the Sifang granodi-
orite (DN117), yielding εHf(t) values from −3.6 to −0.6 with an aver-
age value of −2.0 and calculated TDM2 ages ranging from 1.40 Ga to
1.21 Ga. Nine spots from the P1 porphyry (DN138) yielded εHf(t) values
from −2.1 to 0.1 with an average value of −1.2 and calculated TDM2

ages ranging from 1.31 Ga to 1.16 Ga. Ten spots from the P2 porphyry
(DN291) yielded εHf(t) values from −3.2 to −0.2 with an average
value of −1.5 and calculated TDM2 ages ranging from 1.37 Ga to
1.18 Ga. Eight spots from the D1 dacite porphyry (DN196) yielded
εHf(t) values from−3.2 to−1.3with an average value of−2.3 and cal-
culated TDM2 ages ranging from 1.37 Ga to 1.25 Ga. Eight spots from the
D2 dacite porphyry (DN040) yielded εHf(t) values from −3.4 to −0.8
with an average value of −1.8 and calculated TDM2 ages ranging from
1.39 Ga to 1.22 Ga. Six spots from the rhyolite (DN090) yielded εHf(t)
values from−7.5 to−5.8with an average value of−6.5 and calculated
TDM2 ages ranging from 1.64 Ga to 1.53 Ga. Ten spots from the
rhyodacite (DN178) yielded εHf(t) values from −9.4 to −0.9 with an
average value of −5.7 and calculated TDM2 ages ranging from 1.76 Ga
to 1.22 Ga. The εHf(t) values for Jingmei pluton, Wulongsi pluton and
Jinlongqiao pluton are −9.7 ~ −7.1, −11.9 ~−7.7 and −13.9 ~−8.1,
respectively (Li et al., 2015). The calculated TDM2 ages for Jingmei plu-
ton, Wulongsi pluton and Jinlongqiao pluton are 1.8 Ga–1.62 Ga,
1.93 Ga–1.67 Ga and 2.05 Ga–1.69 Ga, respectively (Li et al., 2015).

5.3. Molybdenite Re\\Os ages

Total 187Re and 187Os concentrations in all samples vary from 31 to
1338 μg and 55 to 2360 ng, respectively. The high radiogenic 187Os
values indicate that the content of commonOs can be ignoredwhen cal-
culating the Re\\Os model age. The molybdenite from two molybde-
nite-bearing quartz veins (DN101 and DN105) yielded model ages of
109.9 ± 0.57 Ma and 107.8 ± 0.55 Ma whereas the two disseminated
molybdenite samples (DN209 and DN086) yielded model ages of
107.0 ± 0.71 Ma and 105.7 ± 0.56 Ma (Table 3). The four samples
yielded a 187Re\\187Os isochron age of 105.5 ± 2.2 Ma (2σ, MSWD =
56; Fig. 9b) and a weighted average age of 107.7 ± 2.8 Ma (2σ,



Fig. 7. Representative zircon CL images and analyzed spots with U\\Pb ages and Lu\\Hf isotope data.

814 G. Duan et al. / Ore Geology Reviews 80 (2017) 800–827
MSWD = 37; Fig. 9a). The analytical errors of the samples are small
which may explain the high deviations between the samples and the
calculated regression line, and the high MSWD values (Wendt and
Carl, 1991) but would not affect the reliability of the 187Re\\187Os iso-
chron age as the four samples are located almost on the same regression
line (Fig. 9b).

Image of Fig. 7


Fig. 8. Concordia plots and age data bar charts for zircon LA–ICP-MS U\\Pb data from the intrusions and volcanic rocks in the Southeast Ore Segment.
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Image of Fig. 8
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5.4. Major and trace element contents

Eleven samples were analyzed for their major and trace element
contents. Since the Zijinshan granite complex and the Caixi
monzogranite have already beenwell-studiedwith abundant published
data, in this studywe focused on the Cretaceous igneous rocks from the
SOE (except for one sample from the Jurassic Wulongsi pluton). These
samples have variable LOI reflecting H2O+ CO2 contents, due to differ-
ent degrees of alteration. Major and trace element data for the Late Cre-
taceous plutons and volcanic rocks are listed in Table 4.

The Sifang granodiorite has been intensely altered (LOI N 7%), with
low Na2O-K2O-CaO contents (totaling b 2%). The Wulongsi pluton, the
dacite porphyry and the rhyodacite in the SOE have also been altered
(LOI N 4%). Since many of the major elements (i.e., Ca, Na, P, K and
Mg) are highly mobile during hydrothermal alteration (Middelburg et
al., 1988), the alteration box plot of Large et al. (2001) was used to
test this. Almost all of the rocks (except the Luoboling pluton and the
quartz diorite porphyry) lie outside the field of least altered rocks and
trend towards the fields of sericite, chlorite and pyrite alteration (Fig.
10a), consistent with the petrographic observations. Since the samples
are intensively altered, the TAS diagram cannot be used for
classification.

On a plot of SiO2 vs. Zr/TiO2 (Fig. 10b; Winchester and Floyd, 1977),
the Zijinshan granite complex and Caixi pluton (with data from Jiang et
al., 2013; Zhao, 2007) plot in the granite and granodiorite field; the
Sifang pluton samples (with data from Jiang et al., 2013; Zhao, 2007)
plot in the granodiorite field; the Luoboling pluton samples (with data
from Zhao, 2007) plot in the granodiorite and diorite field; the dacite
porphyry samples (with data from Li et al., 2013b; Jiang et al., 2013)
plot in the rhyodacite/dacite field; whereas the quartz diorite porphyry
plots in the diorite field, and the rhyolite and the rhyodacite (identified
in the field) samples fall in the rhyodacite/dacite field. Further, the stud-
ied rocks show shoshonitic character (Fig. 10c).

On primitive mantle-normalized multi-element plots (Fig. 11a),
the samples show characteristics of arc-related magmas (Pearce
and Peate, 1995; Villagómez et al., 2011) with large-ion lithophile
element (LILEs; e.g., Rb, K and Pb) enrichment and high field strength
element (HFSEs; e.g., Nb, Ta, and Ti) depletions. The Middle to
Late Jurassic Zijinshan granite complex and Caixi monzogranite
display consistent REE patterns, characterized by LREE enrichment,
flat HREE ((La/Yb)N = 4.15–11.03; (Tb/Yb)N = 0.61–1.28; Fig. 11b;
Table 4) and moderate negative Eu anomalies (Eu/Eu* = 0.11–0.19;
Fig. 11b; Table 4).

The late Early Cretaceous samples (including the Sifang pluton,
the Luoboling pluton, the dacite porphyry and the quartz diorite
porphyry) are also characteristic of arc-related magmas, with LILE
enrichment but stronger HFSE depletions than the Middle to Late
Jurassic rocks and the early Late Cretaceous rocks (Fig. 11c).
Chondrite normalized REE patterns for the late Early Cretaceous
rocks are enriched in LREE relative to HREE, with the (La/Yb)N =
7.26–38.96; (Tb/Yb)N = 1.08–2.63, and weak Eu anomalies (Eu/
Eu* = 0.21–0.36) (Fig. 11d; Table 4).

All the early Late Cretaceous samples (the rhyolite and the
rhyodacite) are enriched in Ba, Th, U and depleted in Nb, Ta, Zr, Hf
(Fig. 11e). Compared with the rhyodacite, the rhyolite has an obvious
Ti depletion. Chondrite normalized REE patterns for the late Early Creta-
ceous rocks are enriched in LREE relative to HREE, with the (La/Yb)N =
21.82–33.46; (Tb/Yb)N=1.47–2.02, andweak Eu anomalies (Eu/Eu*=
0.22–0.30) (Fig. 11f; Table 4).

5.5. Oxygen fugacity

The zircon CeIV/CeIII ratios can be used as measures of the oxidation
state of themagma (Ballard et al., 2002; Liang et al., 2006). The calculat-
ed results for eight samples are listed in Table 5. The CeIV/CeIII ratios
for the Sifang pluton range from 622 to 1236, 143 to 855 for the P1
porphyry, 277 to 1039 for P2 porphyry, 118 to 1800 for theD1porphyry,
267 to 1627 for the D2 porphyry and 113 to 1021 for the quartz diorite
porphyry. The early Late Cretaceous rocks (rhyodacite and the rhyolite)
generally have lower CeIV/CeIII ratios. The CeIV/CeIII ratios for the
rhyodacite range from 9 to 377 whereas ratios for the rhyolite range
from 26 to 545

The Sifang granodiorite has EuN/EuN* ranging from 0.5 to 0.7 and
CeN/CeN* of 44 to 1148. Zircon grains from the P1 porphyry display Ce
anomalies ranging from 1 to 758 and Eu anomalies of 0.4–0.7 whereas
the zircons in the P2 porphyry show EuN/EuN* values of 0.4–0.6 and
CeN/CeN* of 2–659. Zircon grains from D1 porphyry display Ce anoma-
lies ranging from 2 to 621 and Eu anomalies of 0.5–0.7 whereas the
grains in the D2 porphyry have an EuN/EuN* range of 0.5–0.7 and CeN/
CeN* range of 4–764. Zircon grains from rhyodacite display Ce anomalies
ranging from4 to 662 and Eu anomalies of 0.4–0.6whereas the grains in
the rhyolite showaEuN/EuN* range of 0.4–0.5 and CeN/CeN* range of 10–
915.

6. Discussion

6.1. Timing of the magmatic sequences and mineralization in SOE and
Zijinshan mineral field

Previous work has shown that there are two distinct magmatic
events in the Zijinshan mineral field, i.e., the Middle to Late Jurassic
and the Cretaceous (Jiang et al., 2013). Data from this study shows
that the Cretaceous event can be further divided into two events. There-
fore the magmatic events in the SOE can be divided into the Middle to
Late Jurassic (165–150 Ma), late Early Cretaceous (110–105 Ma), and
early Late Cretaceous (100–95 Ma) magmatic activity.

Rb\\Sr ages for the Jingmei and Wulongsi plutons of 157 ± 7.3 Ma
and 141 ± 6.7 Ma (Zhang et al., 2001), should be treated with caution
due to intensive alteration andmobility of the LILE. Jiang et al. (2013) re-
ported LA-ICP-MS zircon U\\Pb ages for the Jingmei, Wulongsi and
Jinlongqiao plutons of 165 ± 1 Ma, 164 ± 0.5 Ma, 157 ± 1 Ma, respec-
tively. Li et al. (2015) reported almost the same age for the Zijinshan
granite complex. In this study, we have found a ca. 163Ma inherited zir-
con in P3, similar to that of the Zijinshan granite complex. All of which
suggest the Zijinshan granite complex was emplaced between 165 Ma
to 155 Ma.

Zhao et al. (2007) reported a SHRIMP zircon age of 150 ± 3 Ma for
the Caixi monzogranite. This study yielded a 206Pb/238U age of
159.5 ± 1.1 Ma for an altered portion of the Caixi monzogranite.
Hence, we propose that the Caixi monzogranite at Zijinshan formed be-
tween 160 to 150 Ma. Three older inherited zircons found in the Caixi
plutonwith an average age of ca. 183Ma, suggesting aweak Early Juras-
sicmagmatism in the Zijinshan district, similar to the Jurassic magmatic
event (180–150 Ma) in the south of Nanling Belt close to the Zijinshan
district (Hua et al., 2005).

Zhang et al. (2001) reported an approximate whole rock Rb\\Sr iso-
chron age of 128± 9Ma for the Sifang granodiorite whereas Jiang et al.
(2013) presented a LA-ICP-MS zircon U\\Pb age of 112± 0.5Mawhich
is consistent with the 110± 0.7Ma reported here. This is interpreted to
represent the beginning of Early Cretaceous magmatic activity in the
SOE and the Zijinshan mineral field. In this study, we have found three
inherited zircon grains from the rhyodacite yielding an age of ca.
110 Ma (ranging from ca. 111 Ma to 108 Ma), broadly coeval with the
Sifang pluton. Two inherited zircons from the Sifang pluton yielded
ages of 119 Ma and 118 Ma, which do not match any magmatic event
found in Zijinshan district. According to Wang and Lu (1997), the colli-
sion event between the Fujian-Taiwanmicrocontinent and the Zhejiang
Mesozoic volcanic arc took place from 120 Ma to 100 Ma. Thus the
inherited zircons with an age of ca. 120 Mamay be linked to that event.

As for the Luoboling granodiorite porphyry, the weighted mean
206Pb/238U ages for the P1, P2 and P3 porphyries are 107 ± 0.7 Ma,
105 ± 0.7 Ma, 105 ± 0.6 Ma, respectively. The 107.5 ± 0.7 Ma and



Fig. 9. Re\\Os weighted mean model age diagram (a) and Re\\Os isotopic isochron diagram (b) of molybdenite separated from the Southeast Ore Segment.
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104.5 ± 0.7 Ma ages of the dacite porphyries are within error of the P1
and P2 and/or P3porphyries. Two inherited zircons from the P2 porphy-
ry from the quartz diorite porphyry yield an average age of ca. 115 Ma
(ranging from 114 Ma to 116 Ma), suggesting a small magmatism in
the Zijinshan district, that may be related to the collision event (120–
100 Ma) between the Fujian-Taiwan microcontinent and the Zhejiang
Mesozoic volcanic arc. Further, four inherited zircons from the quartz
diorite porphyry yield an average age of ca. 115 Ma (ranging from
115 Ma to 116 Ma), may also be related to the collision event. The
inherited zircon from the D1 porphyry has an age of ca. 132 Ma
which may be indicative of a small magmatic event in the Zijinshan
district generally consistent with the second episode (129–122 Ma)
of Cretaceous magmatism in southeast China (Li, 2000). The
Fig. 10. a) Plots of the studied rocks on the alteration box diagram (Large et al., 2001). In
(K2O + MgO + Na2O + CaO), chlorite-carbonate-pyrite (CCP) index = 100 ∗ (MgO + FeO*) /
segment (after Winchester and Floyd, 1977), data shown in grey and black collected from Zha
rocks in the Southeast ore segment (after Müller et al., 1992).
molybdenite Re\\Os ages show that the porphyry Cu mineralization
in the SOE and Zijinshan district occurred between 110 Ma to
105 Ma, coeval with the emplacement age of the Sifang granodiorite,
the Luoboling granodiorite porphyry, dacite porphyry and the quartz
diorite porphyry.

The ~98 Ma rhyodacite and ~97 Ma rhyolite in the SOE are clearly
post-mineralization and broadly coeval with the 95.9 ± 0.6 Ma
unmineralized Zhongliao porphyritic biotite-granodiorite in the
Luoboling area of the Zijinshan mineral field (Li and Jiang, 2014a).
Inherited zircons from the rhyolite yielded ages of ca. 123 Ma and ca.
113Ma, whichmay relate to the beginning and peak age of the collision
event between the Fujian-Taiwanmicrocontinent and the ZhejiangMe-
sozoic volcanic arc (120–100 Ma).
set box shows field of least altered rocks. Alteration Index = 100 ∗ (K2O + MgO) /
(MgO + FeO* + Na2O + K2O). b) SiO2 vs. Zr/TiO2*0.0001 diagram for the Southeast ore
o et al. (2007), Jiang et al. (2013)and Li et al. (2013b). c) Th/Yb vs. Ta/Yb diagram for the

Image of Fig. 9
Image of Fig. 10


Fig. 11.Chondrite-normalizedREEpatterns and primitivemantle-normalizedmulti-element diagrams for the rocks from the SOE. The greyfield is from the granites inNanling region (Li et
al., 2013a and the reference therein), and the yellow area represents mafic rocks from the Coastal Cathaysia Block (Chen et al., 2008). Data of average chondrite and primitive mantle are
from Sun and McDonough (1989).
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Based on the above discussion, we can conclude that the Middle to
Late Jurassic magmatic event in the Zijinshan district ranges from
165 Ma to 150 Ma, during which time the Zijinshan granite complex
and the Caixi pluton were emplaced. New data shows that the Creta-
ceous magmatic event in the Zijinshan district lasted for ~14 Ma be-
tween 110 Ma and 95 Ma, which differs from the range of 125 to
94 Ma suggested by Zhang et al. (2001), and 112 to 101 Ma by Jiang et
al. (2013). The Cretaceous event can be further divided into the late
Early Cretaceous event (110–105 Ma), which includes the Sifang gran-
ite, Luoboling granite porphyry, dacite porphyry and quartz diorite por-
phyry; and the early Late Cretaceous event (100–95 Ma), including the
rhyodacite and rhyolite. The molybdenite Re\\Os ages are consistent
with the ages of the late Early Cretaceous rocks. Thus the Middle to
Late Jurassic rocks, the late Early Cretaceous rocks and the early Late
Cretaceous rocks can also be defined as the pre-, syn- and post-mineral-
ization rocks, respectively.

6.2. Oxidation state of magmatic sequence

The zircon CeIV/CeIII ratios are primarily used as measures of the ox-
idation of the state of the magma. The syn-mineralization magmas (in-
cluding the Sifang pluton, Luoboling pluton, dacite porphyry and quartz
diorite porphyry) have relatively high CeIV/CeIII ratios compared to the
pre-mineralization magmas (the Zijinshan granite complex) (Zhong,
2014) and post-mineralization (including rhyodacite and rhyolite), sug-
gesting that the syn-mineralization magmatic activity is characterized
by relatively higher fO2 than the pre- and post-mineralization magmas
(Fig. 12a). On the other hand, the EuN/EuN* vs. CeIV/CeIII and EuN/EuN*
vs. CeN/CeN* zircon data of the syn-mineralization (P1 porphyry, P2 por-
phyry, D1 porphyry, D2 porphyry, Sifang pluton, and the quartz diorite
porphyry) rocks from the SOE mainly plot within the range defined by
zircon grains from ore related intrusions in northern Chile (Ballard et
al., 2002; Muñoz et al., 2012) (Fig. 12b and c) whereas the post-miner-
alization rocks mainly plot outside the field of the circle region (Fig.
12b), showing that the syn-mineralization rocks have higher EuN/EuN*
and CeIV/CeIII ratios than other rocks which cannot be effectively distin-
guished using the CeN/CeN* ratios (Fig. 12c). Thus, we conclude that the
pre- and post-mineralization rocks were derived from relatively re-
duced magmas, whereas syn-mineralization intrusions were derived
fromhighly oxidizedmagmas, and the high ƒO2 is probably a reliable in-
dicator for the mineralization of the Zijinshan field.

6.3. Petrogenesis of SOE and Zijinshan magmatism

6.3.1. Magma of pre-mineralization activity (165–150 Ma)
Pre-mineralization magmas (the Zijinshan granite complex and

Caixi monzogranite) have similar major and trace element geochemical
characteristics, such as enrichment of LILE and LREEs, depletion of HFSEs
and significant negative Eu anomalies. Furthermore, the Zijinshan gran-
ite complex and Caixi monzogranite have similar characteristics to con-
temporaneous granites in the Nanling region (Fig. 11). The lower total
REE contents (100–222 ppm) but enrichment of LREE, and higher Th
and U contents (Th = 15–32 ppm, U = 4–22 ppm) indicate that the
crustal materials may have played a significant role in the origin of
Zijinshan pre-mineralization rocks (Tchameni et al., 2001; Upadhyay
et al., 2006).

Image of Fig. 11


Table 5
Zircon trace elements of rocks from SOE.

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ce4+/Ce3+ CeN/CeN* EuN/EuN*

DN178
1 0.009 110.301 0.192 3.080 7.285 2.440 37.342 12.839 152.245 57.570 259.178 53.839 485.242 100.831 9344.766 122 662 0.5
2 0.012 105.453 0.210 3.362 5.914 2.086 33.420 10.859 132.350 50.554 231.635 48.601 445.609 93.245 9506.513 164 525 0.5
3 0.152 75.461 0.440 7.104 11.654 3.440 54.507 16.746 183.769 65.667 279.381 56.291 504.091 102.777 9360.536 33 72 0.4
4 1.072 32.116 0.294 2.038 2.076 0.877 11.750 4.430 54.223 24.141 124.319 31.274 343.385 83.300 11,042.728 377 14 0.5
5 0.010 127.573 0.243 4.635 8.824 3.423 43.931 15.580 184.425 70.593 315.666 64.956 594.336 123.272 8672.905 118 623 0.5
6 0.016 96.866 0.182 3.499 5.808 2.030 32.359 10.313 119.340 45.658 202.574 41.951 379.900 78.825 9621.408 132 433 0.5
7 0.014 116.293 0.210 3.930 7.757 2.459 38.258 12.578 150.785 60.194 271.693 56.481 520.657 108.737 9042.985 124 529 0.4
8 0.043 65.768 0.561 9.165 14.495 4.515 62.865 18.856 203.549 71.480 299.379 59.291 523.238 104.991 9208.321 19 103 0.5
9 0.036 103.323 0.430 6.619 11.249 3.548 51.640 16.062 182.494 67.289 289.754 58.757 524.664 106.516 8896.527 51 204 0.4
10 0.020 117.330 0.307 4.586 9.102 2.920 46.087 13.961 152.711 54.265 220.894 43.659 380.718 75.781 8906.163 62 368 0.4
11 0.037 150.745 0.304 5.846 10.811 3.608 55.937 17.914 199.133 72.503 310.177 63.053 559.660 114.745 9398.650 86 347 0.4
12 14.351 119.267 4.280 19.671 7.665 2.031 29.596 9.554 111.111 42.294 190.635 40.875 369.384 76.728 10,352.259 94 4 0.4
13 0.024 106.629 0.211 3.811 7.188 2.493 37.438 12.562 143.700 56.445 248.198 52.524 475.932 98.586 9131.356 119 368 0.5
14 0.027 93.654 0.241 4.811 8.578 3.245 45.544 14.389 164.062 61.368 268.220 55.942 510.317 107.661 8202.892 80 283 0.5
15 0.116 62.985 0.857 13.339 20.422 6.713 81.995 23.583 239.707 82.392 332.112 64.984 557.415 112.563 8569.836 9 49 0.5
16 0.034 115.467 0.224 3.796 6.889 2.644 41.276 13.562 162.911 62.442 282.572 59.640 553.163 115.336 9475.524 163 323 0.5
17 0.047 83.845 0.317 5.154 11.059 3.263 47.520 13.997 153.711 54.899 234.766 47.704 427.032 87.404 8580.711 35 168 0.4
18 0.017 130.642 0.406 7.052 11.246 3.989 56.193 16.668 182.955 64.417 268.538 52.861 452.997 91.358 8162.771 55 388 0.5
19 0.031 84.081 0.349 5.698 8.174 3.572 38.873 12.032 142.858 53.876 232.667 47.901 430.169 89.601 7917.867 66 197 0.6
20 0.359 86.149 0.461 6.190 10.735 3.617 50.101 15.521 173.629 63.771 274.792 57.076 518.359 107.753 8905.798 47 52 0.5
21 0.025 127.480 0.306 4.781 9.669 2.975 47.492 15.952 178.846 68.303 298.953 61.735 556.236 113.457 9135.730 91 360 0.4
22 0.135 84.803 0.528 6.765 11.214 3.913 47.474 14.840 164.480 60.582 261.909 54.199 485.613 101.800 8266.647 40 78 0.5

DN090
1 0.005 138.444 0.253 3.767 8.613 2.466 44.667 14.305 166.219 62.634 278.623 58.733 530.461 109.056 9881.108 265 915 0.4
2 0.074 98.416 0.824 13.523 19.959 6.688 91.087 26.452 277.933 98.174 404.465 80.556 697.098 139.571 9001.426 45 98 0.5
3 0.033 88.870 0.234 4.334 8.222 2.744 40.129 13.292 158.876 61.351 274.178 56.008 512.315 105.852 8273.038 181 248 0.5
4 0.148 100.760 0.340 5.040 8.256 2.807 39.210 12.853 144.289 52.628 227.679 45.858 402.578 82.789 8771.549 159 110 0.5
5 0.021 53.961 0.347 5.883 9.545 3.230 42.159 12.354 136.165 47.631 204.643 41.514 371.445 77.846 8828.511 60 153 0.5
6 3.919 148.655 1.216 8.961 9.443 2.816 45.082 14.950 176.669 68.590 312.601 66.373 623.818 128.271 9649.692 281 17 0.4
7 0.351 68.032 0.781 10.983 17.976 6.474 73.680 20.494 207.017 70.446 286.461 55.531 479.460 97.341 8719.600 26 32 0.5
8 4.754 114.510 1.522 10.143 9.630 3.167 42.979 13.037 146.395 54.770 240.743 49.497 438.563 90.552 9164.146 148 10 0.5
9 0.360 56.990 0.410 6.139 10.316 2.922 44.279 13.052 142.857 50.402 212.347 43.251 385.943 78.048 9206.910 55 36 0.4
10 0.065 74.832 0.618 9.755 15.552 5.287 64.483 18.950 201.313 71.087 295.331 60.124 518.725 105.598 8529.545 43 92 0.5
11 0.017 80.388 0.132 3.374 6.066 1.968 28.966 9.422 108.683 40.981 183.388 37.965 345.422 70.939 9570.023 203 416 0.5
12 0.019 128.739 0.261 4.905 9.207 3.074 43.973 13.657 159.621 56.807 246.298 49.375 438.335 88.890 9216.834 175 446 0.5
13 0.049 105.325 0.406 6.022 9.672 3.613 48.483 14.999 165.973 59.559 253.640 50.096 432.752 87.357 8259.804 127 184 0.5
14 0.023 114.324 0.196 2.927 6.468 1.955 35.532 11.448 136.458 51.211 233.387 48.453 453.299 92.642 10,266.216 328 419 0.4
15 0.032 100.510 0.169 2.313 5.072 1.651 30.769 10.514 126.345 50.700 240.591 52.407 504.283 107.464 10,606.787 545 333 0.4

DN040
1 10.995 40.134 2.638 11.119 3.274 0.976 10.897 3.979 54.580 24.322 129.507 32.804 361.977 90.710 11,505.999 530 2 0.5
2 0.017 35.477 0.028 0.767 2.564 1.192 15.607 5.999 84.241 36.961 195.671 48.894 519.150 125.444 11,061.333 987 396 0.6
3 0.264 21.135 0.111 0.726 1.103 0.803 10.697 3.797 56.266 25.759 140.310 35.362 400.461 100.796 11,590.574 2486 30 0.7
4 1.352 25.533 0.389 2.147 2.073 1.123 12.953 4.870 65.603 30.172 163.880 41.384 470.036 120.427 11,669.723 1061 9 0.7
5 4.920 35.724 1.412 7.162 3.744 1.250 14.870 5.572 70.919 31.823 168.363 42.317 475.308 117.782 11,567.058 463 3 0.5
6 0.094 27.571 0.063 1.059 2.212 0.976 10.365 4.074 53.574 23.609 123.044 30.240 325.592 79.147 11,255.118 668 88 0.6
7 0.007 25.435 0.056 0.649 2.019 0.956 14.868 5.461 73.912 31.646 169.065 41.392 462.482 112.270 11,470.528 1013 325 0.5
8 0.003 27.097 0.042 0.733 2.050 1.035 15.029 5.659 77.411 34.621 187.158 46.934 518.944 125.863 11,345.468 1175 569 0.6
9 0.504 38.356 0.180 1.407 2.412 1.201 15.389 6.214 84.492 37.899 203.686 52.064 561.520 135.376 11,143.325 1301 31 0.6
10 0.003 28.098 0.036 0.835 1.976 0.999 13.252 5.257 72.572 33.586 176.460 44.443 485.990 121.947 11,327.043 1277 619 0.6
11 0.007 20.777 0.010 0.493 1.433 0.724 9.983 3.854 52.950 24.358 135.366 34.145 385.250 97.822 11,724.726 1450 621 0.6
12 8.825 49.513 2.538 13.953 7.699 2.782 31.686 9.316 104.116 38.837 175.632 39.357 393.945 93.467 11,341.490 118 3 0.5
13 0.037 27.865 0.043 0.716 1.607 0.826 11.294 4.264 61.129 27.792 153.412 39.497 444.209 114.120 11,679.336 1800 170 0.6

(continued on next page)
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Table 5 (continued)

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ce4+/Ce3+ CeN/CeN* EuN/EuN*

14 0.021 34.937 0.059 0.643 2.302 1.009 15.431 5.486 76.226 32.757 174.007 42.825 458.137 111.915 11,097.729 1074 240 0.5
15 0.043 16.515 0.030 0.763 1.583 0.819 11.559 4.147 57.392 24.741 132.750 32.597 354.262 87.969 11,636.995 840 113 0.6
16 0.007 15.841 0.017 0.276 1.028 0.599 8.327 3.084 42.405 19.342 105.406 26.771 297.878 74.902 11,747.870 1622 364 0.6
17 0.082 26.544 0.070 1.636 3.088 1.255 17.625 6.112 78.601 33.149 169.625 41.789 447.256 108.128 10,833.817 446 86 0.5

DN117
1 0.014 28.797 0.042 0.590 1.881 0.910 12.222 4.772 62.543 28.105 153.187 38.793 421.521 107.775 11,191.412 668 289 0.6
2 0.333 36.965 0.126 0.966 2.364 1.183 16.356 6.303 87.723 39.946 212.417 53.606 579.600 144.460 11,060.410 718 44 0.6
3 0.016 23.533 0.082 1.309 3.053 1.255 15.415 5.795 71.819 31.557 167.895 42.495 467.828 119.238 11,367.984 235 158 0.6
4 0.004 32.205 0.013 0.846 1.955 0.859 12.365 5.053 72.153 33.234 186.203 47.712 531.601 136.087 11,261.665 870 1148 0.5
5 0.003 50.099 0.045 0.923 2.666 1.310 17.535 6.861 93.293 42.608 229.007 57.774 629.012 158.861 11,393.531 848 1007 0.6
6 0.003 30.750 0.023 0.927 1.682 0.875 11.649 4.774 67.573 31.880 177.987 46.715 521.714 134.267 11,237.277 1103 870 0.6
7 0.021 22.471 0.026 0.511 1.205 0.662 9.366 3.457 51.078 23.232 130.819 33.513 380.737 98.096 11,546.465 1140 239 0.6
8 0.007 25.775 0.022 0.771 1.248 0.823 11.125 4.142 54.585 25.810 145.355 38.079 427.806 110.577 11,380.646 1374 517 0.7
9 0.007 38.322 0.035 0.618 1.994 1.073 13.637 4.876 68.733 29.359 161.111 40.577 443.838 110.242 11,380.122 803 617 0.6
10 0.000 26.062 0.030 0.578 1.405 0.722 9.566 3.563 48.845 21.497 116.131 29.562 335.597 84.269 11,420.605 622 411 0.6
11 0.013 40.342 0.067 1.155 2.218 1.193 16.713 6.739 92.196 42.127 224.423 56.138 626.558 157.853 11,303.023 966 334 0.6
12 0.051 28.980 0.041 0.626 1.364 0.739 11.216 4.204 58.823 27.155 146.867 37.807 419.340 106.291 11,305.630 1236 156 0.6

DN138
1 0.204 37.389 1.709 1.486 2.486 0.641 8.722 2.886 40.006 17.550 93.938 24.293 273.991 69.178 11,583.551 427 16 0.4
2 0.051 27.835 0.066 0.792 1.876 0.770 10.468 4.021 51.891 24.068 123.636 32.085 352.532 87.653 11,252.752 672 118 0.5
3 0.010 26.837 0.061 0.945 1.875 0.813 10.725 3.951 49.629 22.019 116.419 28.747 316.623 78.257 10,787.174 579 264 0.6
4 1.404 25.385 0.327 1.836 1.664 0.761 9.439 3.506 44.073 19.278 100.167 25.042 272.806 67.127 11,253.990 595 9 0.6
5 0.003 23.556 0.044 0.556 1.630 0.592 8.872 3.282 42.758 18.628 101.449 26.261 289.059 72.057 11,171.491 622 471 0.5
6 0.003 24.677 0.020 0.844 1.500 0.661 9.168 3.459 49.807 21.568 116.479 29.863 330.772 81.856 11,349.011 855 758 0.5
7 0.007 17.558 0.028 0.609 1.190 0.665 7.831 3.017 39.027 16.940 92.712 23.311 262.445 65.418 11,240.317 774 316 0.7
8 49.200 116.997 10.286 41.491 7.590 1.516 13.457 3.877 46.162 19.602 98.919 24.425 264.482 64.667 11,149.709 143 1 0.5
9 0.024 31.132 0.021 0.914 2.403 0.923 11.851 4.354 58.805 25.953 137.071 34.817 388.186 94.467 10,924.641 498 343 0.5
10 3.283 28.810 0.697 5.649 2.321 0.619 10.455 3.418 45.786 19.817 104.700 26.370 288.142 70.199 11,241.362 372 5 0.4
11 95.031 197.330 18.662 72.778 11.471 2.134 15.309 3.923 49.189 20.015 100.437 25.392 272.499 67.759 10,885.409 114 1 0.5

DN291
1 0.004 28.435 0.075 0.730 1.759 0.835 10.190 3.642 48.511 21.265 113.635 28.355 307.951 77.872 10,527.040 815 430 0.6
2 0.034 26.145 0.054 0.685 1.837 0.778 9.676 3.607 49.434 22.026 116.197 29.785 322.039 81.208 11,167.497 719 150 0.6
3 16.000 55.976 3.388 13.509 3.542 0.968 11.312 3.716 48.618 19.846 102.321 26.006 272.417 67.455 11,545.467 361 2 0.5
4 0.004 23.388 0.032 0.495 1.351 0.621 9.761 3.377 45.122 19.711 104.216 26.407 290.364 72.385 11,461.900 1039 522 0.5
5 8.042 37.344 1.633 6.873 2.191 0.705 9.500 3.276 44.591 19.291 105.269 26.743 300.602 75.040 11,702.330 685 3 0.5
6 0.620 30.522 0.155 1.702 2.133 0.928 11.855 4.121 56.409 24.091 128.589 33.015 361.208 89.760 10,987.911 688 24 0.6
7 1.326 22.386 0.237 1.509 1.592 0.715 9.081 3.299 47.508 20.129 108.190 26.955 297.607 72.720 11,359.335 724 10 0.6
8 0.561 27.775 0.129 1.224 1.825 0.632 10.224 3.485 49.203 21.292 115.144 29.406 320.150 79.840 11,115.713 760 25 0.4
9 0.028 28.877 0.054 0.907 1.793 0.783 11.657 4.413 60.168 26.012 137.077 34.278 376.026 91.845 11,292.990 920 181 0.5
10 0.003 23.087 0.026 0.571 1.658 0.655 8.646 3.082 39.140 16.984 86.547 22.267 239.043 57.483 11,670.125 554 659 0.5
11 0.064 30.973 0.083 0.859 2.146 0.950 11.473 3.847 49.947 21.746 114.684 27.983 298.626 72.044 11,008.619 556 104 0.6
12 4.241 29.802 1.044 4.783 1.886 0.808 9.081 3.171 41.886 18.577 97.762 24.918 271.234 68.002 11,779.286 662 3 0.6
13 0.007 25.376 0.060 0.821 1.937 0.931 12.015 4.227 52.783 23.611 125.237 31.758 348.661 85.380 11,192.748 658 297 0.6
14 0.150 28.356 0.070 0.669 2.189 0.863 12.233 4.503 58.932 24.851 127.341 30.352 335.738 79.135 11,592.396 528 68 0.5
15 0.032 28.999 0.043 0.684 1.911 0.894 9.663 4.028 52.959 22.578 118.619 29.968 325.538 78.487 11,456.025 706 192 0.6
16 15.300 50.891 3.430 12.640 3.344 0.926 8.478 2.752 35.077 14.900 76.273 18.563 204.878 49.627 11,499.587 277 2 0.5

DN196
1 0.786 26.808 0.282 1.534 1.977 0.975 12.283 4.708 63.149 28.589 154.508 39.320 442.855 113.554 11,975.375 628 145 0.6
2 0.040 27.860 0.055 0.812 1.557 0.795 9.854 3.711 49.239 20.265 106.225 27.250 286.789 69.328 11,418.702 623 14 0.6
3 0.051 25.210 0.034 0.630 1.591 0.747 8.409 3.339 46.328 20.631 111.229 27.754 312.186 77.225 11,225.331 617 150 0.6
4 0.003 23.771 0.029 0.501 1.873 0.840 10.404 4.027 51.186 22.630 118.528 30.292 338.907 84.060 12,351.380 459 620 0.6
5 0.088 28.809 0.049 0.754 1.685 0.836 9.915 3.661 47.802 20.617 105.929 26.257 290.067 70.534 11,314.261 571 107 0.6
6 0.020 29.119 0.060 0.992 2.005 0.991 12.329 4.429 57.497 25.063 133.646 33.454 367.430 89.997 11,422.118 522 208 0.6
7 0.082 28.599 0.048 0.783 1.800 0.776 10.291 3.822 48.061 20.922 109.551 26.949 289.992 70.575 11,319.875 499 111 0.6

820
G
.D

uan
etal./O

re
G
eology

Review
s
80

(2017)
800–827



8 0.003 30.274 0.042 0.828 2.197 1.083 14.080 5.030 65.994 28.506 152.739 38.518 416.268 101.713 11,229.955 508 655 0.6
9 4.004 34.795 1.128 5.613 3.003 1.151 14.266 5.041 64.697 27.707 140.730 34.455 360.003 85.533 11,848.842 267 4 0.5
10 0.003 20.515 0.016 0.640 1.554 0.743 7.511 3.080 38.560 17.256 93.022 24.126 265.891 66.891 11,643.374 464 723 0.7
11 0.006 27.885 0.021 0.761 1.849 0.960 12.771 4.810 66.481 30.180 164.828 42.245 473.812 120.605 12,223.727 779 622 0.6
12 0.007 18.242 0.015 0.545 1.077 0.618 8.287 3.406 48.402 21.522 118.194 29.795 328.198 82.073 11,630.614 998 437 0.6
13 0.003 26.132 0.021 0.678 1.557 0.861 10.861 4.143 53.500 23.699 131.077 33.741 371.580 92.301 11,414.177 789 764 0.6
14 0.003 17.692 0.029 0.777 1.904 0.768 12.159 4.472 58.391 25.026 133.509 33.391 366.487 93.358 12,104.013 363 435 0.5
15 0.004 18.534 0.011 0.431 0.914 0.624 7.447 3.046 42.405 20.491 115.192 30.394 359.256 93.406 12,121.985 1627 740 0.7
16 0.044 17.072 0.057 0.501 1.548 0.751 8.810 3.343 44.118 20.035 109.763 27.730 317.054 82.609 12,016.012 476 84 0.6
17 0.006 29.863 0.058 0.828 2.127 0.956 13.135 4.869 66.488 29.512 160.268 40.142 448.191 112.110 11,521.264 591 388 0.6

DN054
1 0.054 13.442 0.030 0.467 0.906 0.424 5.407 1.995 26.542 11.842 62.484 15.930 173.435 43.026 4566.948 841 81 0.6
2 0.001 10.812 0.016 0.288 0.690 0.269 3.952 1.343 17.669 7.627 39.304 9.949 105.455 26.186 4681.844 715 592 0.5
3 0.045 11.703 0.027 0.367 0.738 0.290 4.378 1.575 20.972 9.053 46.737 11.482 124.174 30.394 4680.006 777 82 0.5
4 0.002 11.218 0.017 0.380 0.675 0.298 3.856 1.362 17.496 7.492 39.050 9.876 106.488 26.172 4673.622 773 538 0.6
5 0.003 11.064 0.029 0.526 1.191 0.504 5.747 2.062 26.114 11.471 59.266 14.593 157.490 38.838 4603.451 368 280 0.6
6 0.411 10.709 0.094 0.646 0.786 0.322 4.488 1.610 20.795 8.975 47.447 12.057 130.968 32.705 4702.101 682 13 0.5
7 0.002 10.790 0.019 0.343 0.711 0.263 3.998 1.366 17.637 7.750 39.803 10.040 107.376 26.819 4609.676 691 406 0.5
8 0.175 10.835 0.068 0.818 1.577 0.568 7.396 2.345 29.267 11.899 59.303 14.102 146.395 35.420 4716.340 188 24 0.5
9 0.002 12.587 0.022 0.347 1.048 0.420 5.582 2.063 26.986 11.869 60.922 15.241 161.642 39.879 4659.024 548 535 0.5
10 0.080 14.286 0.041 0.453 0.809 0.389 5.042 1.873 24.412 10.857 57.543 14.613 156.888 39.084 4624.531 1017 62 0.6
11 0.018 10.630 0.062 1.061 2.119 0.864 10.037 3.234 36.408 14.446 69.190 16.512 170.910 41.693 4888.795 120 78 0.6
12 2.389 16.476 0.473 2.114 0.990 0.355 4.058 1.392 17.715 7.539 38.450 9.453 100.138 24.582 4707.126 511 4 0.5
13 0.029 11.373 0.075 1.350 2.102 0.842 9.581 2.966 33.505 13.109 63.082 14.722 149.363 36.169 4576.164 113 59 0.6
14 0.006 10.265 0.032 0.677 1.298 0.530 6.090 2.202 26.721 11.202 56.397 13.648 144.526 35.122 4692.463 260 179 0.6
15 0.007 8.639 0.052 0.712 1.378 0.680 6.202 2.101 25.896 10.410 52.145 12.282 129.278 31.723 4421.298 175 110 0.7
16 2.816 15.701 0.626 2.593 1.013 0.323 4.002 1.374 17.385 7.481 38.156 9.597 101.619 24.872 4810.245 473 3 0.5
17 0.036 7.891 0.016 0.239 0.515 0.268 3.377 1.236 16.449 7.320 39.045 10.050 111.762 28.822 5140.806 1021 80 0.6
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Fig. 13. a) La/Sm vs. La diagram. b) Plots of YbN vs. (La/Yb)N for the igneous rocks in the Zijinshan Orefield. The diagrams are modified after Defant and Drummond (1990, 1993). Ore-
related porphyry data is from Dexing from Wang et al. (2006). c) Nb vs. Ta diagram. d) Hf vs. Zr diagram. Additional data for the Zijinshan complex is from Jiang et al. (2013).

Fig. 12. a) Zircon CeIV/CeIII ratios for rocks in the Southeast ore segment (data for the grey bar on the right for the Zijinshan granite complex are from Zhong, 2014). b) Zircon CeIV/CeIII vs.
EuN/EuN* c) CeN/CeN* vs. EuN/EuN*. Diagrams constructedusing individual zircons from igneous rocks in SOE. The data range of ore-related intrusions inNorthern Chile is from Ballard et al.
(2002) and Muñoz et al. (2012).

822 G. Duan et al. / Ore Geology Reviews 80 (2017) 800–827

Image of Fig. 13
Image of Fig. 12


Fig. 14.Hf isotope crustal model age (TDM2) histogram for zircon grains from the SOE. The
data for the Western Cathaysia and Eastern Cathaysia blocks from Xu et al. (2007). The
data range for the pre-mineralization intrusions is from Li et al. (2015).
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The Zijinshan granite complex and the Caixi monzogranite show
positive correlation between La and La/Sm (Fig. 13a), suggesting that
compositional variation of the pre-mineralizationmagmatism ismainly
controlled by partialmelting (Barberi et al., 1975). Experimental studies
have shown that partial melting of basaltic lower crust will generate
melts withMg# values of b40, irrespective of the degree of partialmelt-
ing (Rapp et al., 1991; Rapp andWatson, 1995). TheMg# for themagma
Fig. 15. Zircon Hf isotopic compositions of the SOE. The photograph shows the existence of them
pluton, Wulongsi pluton and Jinlongqiao pluton are from Li et al. (2015).
of pre-mineralization activities are lower than 40 (i.e. Mg#= 22− 36),
suggesting they were derived from the melting of mafic lower crust.

The crust of the Cathaysia block can be divided into the eastern
Cathaysia and thewestern Cathaysia (Chen and Jahn, 1998). The bound-
ary between the two is roughly along the Zhenghe-Dapu fault as defined
by Chen and Jahn (1998), placing the Zijinshan district in western
Cathaysia. The basement of eastern Cathaysia is dominantly
Paleoproterozoic (1850–1870 Ma, 2100–2400 Ma) in age with minor
Archean components, whereas the crust of western Cathaysia was gen-
eratedmainly during the Neoproterozoic, although it contains some Ar-
chean (2500–3500Ma) toMesoproterozoic components (Fig. 14a;Xu et
al., 2007). According to Xu et al. (2007), the Neoproterozoic crust itself
represents amixture of sources that involved both juvenile components
and the reworked Paleo- toMesoproterozoic crust. TheHfmodel ages of
Neoproterozoic zircons mainly range from 2.1 Ga to 1.4 Ga (Xu et al.,
2007), similar to the TDM2 ages (2.1–1.6 Ga; Li et al., 2015) for the Mid-
dle to Late Jurassic rocks at Zijinshan (Fig. 14b). Furthermore, the εHf (t)
for the pre-mineralization rocks lie below the 1.4 Ga crustal evolution
line (Fig. 15), consistent with a crustal source for the pre-mineralization
activity. Thus, it is likely that themixing of juvenile components and the
reworking of Paleo- to Mesoproterozoic crust produced the
Neoproterozoic crust of western Cathaysia, which in turn served as
the source for the Middle to Late Jurassic magma in the Zijinshan
district.

6.3.2. Magma of syn-mineralization activity and post-mineralization activ-
ity (110–95 Ma)

The syn- (110–105 Ma; including the Sifang pluton, the Luoboling
pluton, dacite porphyry and quartz diorite porphyry) and post-mineral-
ization magmas (100–95 Ma; including rhyolite and rhyodacite) are
characterized by high SiO2 (average = 67 wt.%) and relatively high
Mg# (average= 40). As shown in Fig. 13a, the late Early Cretaceous in-
trusionsmayhave been formed by significant degrees of partialmelting.
Thus the high Mg# may suggest a greater role mantle materials com-
pared to the Middle to Late Jurassic intrusions. The ca. 1849 Ma zircon
from the P3 porphyry also suggests that the Cathaysia Block basement
may have played a role in the source of the Cretaceous magma.

The zircons from the syn- and post-mineralization rocks show Hf
model ages (Fig. 14b) ranging from 1.8 Ga to 1.0 Ga, younger than the
model ages of the Middle to Late Jurassic rocks in the Zijinshan district,
suggesting a higher proportion of juvenile mantle. The εHf (t) are above
the 1.4 Ga crustal evolution line (Fig. 15), further precluding the crust as
the only source for the syn-mineralization activity. Furthermore, the
high total REE content (124–399 ppm), the existence of the mafic
microgranular enclaves in the syn-mineralization intrusions (Fig. 15),
and the heterogeneous Hf isotopic compositions (εHf (t) range of −9.4
to −0.9) of zircons from the rhyodacite (Fig. 15) also suggest magma
aficmicrogranular enclaves in the Luoboling granodiorite. The data ranges for the Jingmei

Image of Fig. 14
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mixing. Therefore, it is likely that a significant amount of mantle mate-
rial was involved in the generation of syn-mineralization and post-min-
eralization activity compared to the pre-mineralization magmatism.
The zircon Hf isotopic compositions of the post-mineralization magmas
are enriched relative to the syn-mineralization intrusions (Fig. 15). The
εHf (t) values for the syn-mineralization activity are between −3.6 to
0.1, whereas post-mineralization trachy-andesite and rhyolite have εHf
(t) values ranging from−7.5 to−5.8,−9.4 to−0.9, respectively, sug-
gesting that post-mineralization activity involvedmore crustal material
in the source than the syn-mineralization activity (Fig. 15).

As discussed before, the syn-mineralization magma is characterized
by the higher oxygen fugacities than the pre- and post-mineralization
magma. Subducted oceanic crust has variable but locally very high in-
trinsic fO2 due to equilibration with seawater during hydrothermal al-
teration and deposition of terrigenous sediment (Mungall, 2002).
Melts or fluids derived from the slab will carry this oxidizing potential
up into the overlying mantle (e.g., McInnes and Cameron, 1994). So
the high oxygen fugacity of the syn-mineralization rocksmay be related
to subducted oceanic crust. Furthermore, the syn-mineralization rocks
are characterized by strong enrichment of LILEs and depletion of the
HFSEs, with negative Ta\\Nb and Ti anomalies (Fig. 11), which are com-
mon features of the contemporaneous Cretaceous mafic suites in the
Cathaysia Block that are interpreted to have been generated by partial
melting of subcontinental lithosphere metasomatised by slab-induced
fluids and/or melts (Chen et al., 2008; Meng et al., 2012). Thus the
slab-induced fluids and/or melts may have played an important role in
the formation of the syn-mineralization magma.
Fig. 16. Schematic geodynamic model of the Southeast Ore Segment during the Jurassic
and Cretaceous (Modified after Sun et al., 2008).
During the subduction process, the slab component will be trans-
ferred into aqueous fluids, hydrous melts or supercritical liquids
(Kessel et al., 2005). In order to further investigate whether the high
fO2 of the syn-mineralization magma was inherited from the slab-in-
duced fluids or melts, we compared the syn-mineralization rocks in
the Zijinshan district with the high fO2 adakitic rocks in the Dexing por-
phyry Cu deposit (Wang et al., 2006).

The (La/Yb)N vs. YbN plot (Fig. 13b) show that the Luoboling pluton
and the quartz diorite porphyry plot along the boundary between the
adakite and the low Al TTD, but outside the field of the Dexing adakites,
whereas the Sifang pluton and the dacite porphyry plot in the Low Al
TTD field. Since the Luoboling pluton and Sifang pluton show atypical
adakite affinity compared to those in Dexing, they were less likely to
have formed from the partial melting of the subducted oceanic slab
that has been proposed for the formation of the Dexing adakite (Wang
et al., 2006; Zhou, 2011). Considering the high ƒO2 and the lack of
adakitic properties for the syn-mineralization rocks at Zijinshan, we
suggest that the highly oxidized supercritical fluids from the subducted
oceanic slab may have played an important role in generating the high
ƒO2 primary magma with weak adakite affinity, similar to the model
proposed by Bissig et al. (2003) in the Central Andes and Wu et al.
(2015) in the Halasu Cu belt, NW China. Furthermore, on the Zr vs. Hf
and Nb vs. Ta plots (Fig. 13c and d), all syn-mineralization intrusions
lie along the same trend, suggesting that they were likely derived
from the same magmatic source.

The geochemical data from this study suggests that the pre-mineral-
ization magmas were derived from the partial melting of the Cathaysia
basement crust with low fO2 whereas the syn-mineralization and post-
mineralization magmas were generated by mixing of subduction-relat-
ed high fO2 metasomatized mantle and crustal melts, with less mantle
component in the post-mineralization magma.

6.4. Geodynamic setting

The geodynamic setting of the Zijinshan mineral field has been the
subject of considerable debate with a number of models proposed.
Zhang et al. (2001) proposed that the Zijinshan district was in a com-
pressional environment during theMiddle to Late Jurassic but switched
to an extensional setting during the Cretaceous, but the reason for the
switchwas not clear. Jiang et al. (2013) proposed that the Zijinshan dis-
trict formed during Paleo-pacific subduction during the Middle to Late
Jurassic and the Cretaceous, but did not address the question ofwhether
it was under compression or extension.

In Southeast China, there are large scale nappe structures and a strat-
igraphic hiatus between the Middle Jurassic (J2) and overlying Early
Cretaceous (K1), which suggests a general compressional environment
during theMiddle to Late Jurassic (Li and Li, 2015). The geochemical fea-
tures of the Middle to Late Jurassic rocks at Zijinshan indicate that they
formed in a supra-subduction environment. A recent zircon U\\Pb age
of 187 ± 1 Ma from the Early Jurassic Jincheng Granite in the Fujian
Province has been used to suggest that the Paleo-Pacific plate started
to subduct underneath Eurasia in the Jurassic (Zhou and Li, 2000; Li
and Li, 2007; Liu et al., 2011). During subduction, melting of the mantle
wedge and basaltic underplating of the crust provided the necessary
heat to cause partial melting of the Cathaysia Block, and generation of
voluminous felsic magmas at Zijinshan, including the Zijinshan granite
complex and the Caixi pluton, which is consistent with the model pro-
posed by Zhou and Li (2000) for the Mesozoic magma in Southeastern
China. Circa 125 Ma ocean island chains suggest a northwest plate mo-
tion for the Paleo-Pacific plate (Sun et al., 2007), suggesting that in the
Middle to Late Jurassic Southeast China was probably in a relatively
compressional setting affected by the northwest subduction (Fig. 16a).

The presence of mantle-derived melts in the Cretaceous magmatic
sequences (syn-mineralization rocks and post-mineralization rocks)
suggests a switch to an extensional setting (Li, 2000). The large scale bi-
modal volcanism, basic dike swarms, and alkali granites during 110 Ma

Image of Fig. 16
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to 80 Ma all support an extensional setting in South China during the
Cretaceous (Li and Li, 2015). Upwelling of subduction-related astheno-
sphere is an effective way to generate extension and associated Early
Cretaceous magmatism in the SE China continent (Jahn, 1974; Zhou
and Li, 2000; Chen et al., 2008). Zhou and Li (2000) suggested that the
magmatic activity along the Southeast China continental margin mi-
grated southeast to the ocean as the slab dip angle of the Paleo-Pacific
plate increased from very low to medium. Sun et al. (2007) and Li and
Li (2015) proposed that changes in the direction of movement of the
Paleo-Pacific plate may have generated two compressional and three
extensional events in Southeast China during the LateMesozoic. During
theMiddle to Late Jurassic, the subduction direction of the Paleo-pacific
plate was northwest, and the direction changed multiple times. From
~110 Ma to ~100 Ma, the subduction direction of the Paleo-pacific
plate was southwest (Sun et al., 2007; Li and Li, 2015)

Although the mechanism is still unknown, the changing of drift di-
rection in the Early to Late Cretaceous may have cause slab rollback, in-
ducing extension, lithosphere thinning and related magmatism (Fig.
16b), similar to that modelled for the Cenozoic Andes (Sobolev and
Babeyko, 2005) and the Cretaceous North China craton (Sun et al.,
2008).

The geochemistry of early Late Cretaceous (syn-mineralization) vol-
canic rocks suggests a greater crustal component than late Early Creta-
ceous (post-mineralization) rocks in the SOE at Zijinshan. Li (2000)
proposed that magmatic activities dramatically declined at ~100 Ma in
southeast China, which may suggest attenuated rollback of the
subducted platewithweakeningmantle source addition in the Late Cre-
taceous. That is consistent with a higher proportion of crustal materials
in the source of the early Late Cretaceous rocks.

The following tectonic model is proposed for the Zijinshan district
from 165–95 Ma (Fig. 16): (1) In the Middle to Late Jurassic (ca. 165–
150 Ma), the Zijinshan district was under compression as a result of
northwest subduction of the Pacific plate. During this time underplating
by melts derived from the mantle wedge resulted in partial melting of
the Cathaysia Block basement to form the Zijinshan granite complex
and the Caixi pluton (Fig. 16a). (2) In the Cretaceous (110–95 Ma) a
change in the direction of subduction from northwest to southwest
put the Zijinshan district into extension. The change of subduction di-
rection may have caused slab roll back and the subsequent upwelling
of the asthenosphere (Fig. 16b). In the late Early Cretaceous (110–
105 Ma), the upwelling asthenospheric mantle triggered the partial
melting of the lithospheric mantle. With the addition of the highly oxi-
dized supercritical fluids derived from the subducted slab, the primary
magma was water-rich and highly oxidized. During ascent, the
magma underwent crustal contamination to form the Sifang pluton,
Luoboling pluton, dacite porphyry, and quartz diorite porphyry, togeth-
er with the associated Cu\\Mo mineralization. In the early Late Creta-
ceous (from 100 Ma to 95 Ma), the termination of slab rollback and a
return to a more compressional environment would have reduced the
mantle component and formed the rhyodacite and rhyolite.

7. Conclusions

1. LA-ICP-MS zircon U\\Pb dating has identified two magmatic events
in the Zijinshan district, a 165–150 Ma Middle to Late Jurassic and a
Cretaceous event which can be divided into late Early Cretaceous
rocks (110–105 Ma) and early Late Cretaceous rocks (100–95 Ma).

2. The late Early Cretaceous rocks formed from the mixing of subduc-
tion related metasomatized mantle derived high fO2 melts with
crustal melts, whereas the early Late Cretaceous rocks formed from
a similar source but with a greater input of crustal materials. The
Middle to Late Jurassic rocks were derived from the partial melting
of crustal materials.

3. Molybdenite Re\\Os ages andfield relationships suggest that the late
Early Cretaceous rocks (110 to 100 Ma) are coeval with mineraliza-
tion in the SOE. So the Middle to Late Jurassic event, late Early
Cretaceous event and the early Late Cretaceous event can also be de-
fined as the pre-mineralization magmatic event, syn-mineralization
magmatic event and the post-mineralization magmatic event.

4. The threemagmatic events formed above the Paleo-Pacific Plate sub-
duction zone beneath the Eurasian continent. The pre-mineralization
activity formed in a compressional setting (165–150 Ma), and the
syn-mineralization activity formed in a relatively extensional setting
(110–105 Ma), but the post-mineralization activity once again be-
came compressional (100–95 Ma) compared to the syn-mineraliza-
tion activity.
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