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Zircon U–Pb ages and Hf isotopic compositions of Mesozoic magmatic rocks from the Chizhou Area are sys-
tematically investigated to reveal the tectonic setting of magmatism and their relationship with Cu–Au min-
eralization in the Lower Yangtze River Belt, southeastern China. The samples cover nearly all types of
magmatic rocks in a 30×50 km2 region, including 6 granite porphyries, 6 dacites and 4 granites. The zircon
U–Pb geochronology yields a range of 151–124 Ma, with granite porphyries ranging from 151 to 146 Ma,
dacites from 132 to 127 Ma and granites from 127 to 124 Ma, indicating two magmatic episodes of the
late Jurassic and the early Cretaceous. The earlier episode mainly formed small granite porphyries (generally
b5 km) and is always associated with porphyry Cu–Au deposits. The later episode began with dacites and
was then dominated by large granite intrusions (generally >10 km), which are barren in mineralization.
The ore-barren dacites and the granites (131–124 Ma) are poor in inherited zircons. Zircons in these rocks
yield a very large εHf(t) variation of −20.8–0.4, suggesting a mixing between mantle-derived and
crustal-derived magmas. By contrast, the ore-bearing porphyries (151–146 Ma) are rich in inherited zircons.
The magmatic zircons have εHf(t) values of −8.8–0.9, and the inherited ones yield U–Pb ages of
1156–811 Ma with εHf(t) values of 2.5–11.5. The existence of quantitative inherited zircons indicates that
the crustal rocks of 1156–811 Ma significantly contribute to the formation of the ore-bearing porphyries, ei-
ther being source or contamination. Since these inherited zircons are igneous as indicated by their oscillatory
zonings, they may derive from components of the Grenvillian oceanic crust (ca. 1100–1000 Ma), i.e. the
Neoproterozoic magmatic rocks related to arc (970–890 Ma) and Nanhua rift (ca. 825 Ma). Recent studies re-
veal that the ore-baring porphyries of the Lower Yangtze River Belt have slab melt features and conclude that
they could derive from partial melting of the Pacific oceanic crust. Our results provide another possibility for
the origin of the ore-bearing porphyries: partial melting of Neoproterozoic crustal rocks that contain the
Grenvillian oceanic crust fragment beneath the Yangtze Block. Such a new model can well explain the obser-
vations that are difficult to be explained by other models: e.g., the slab melt features with enriched Sr–Nd iso-
topic composition of the ore-bearing porphyries, the west–east distribution of the Lower Yangtze River Belt.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The Lower Yangtze River Belt (LYRB) is one of the most important
metallogenic belts in eastern China, containing more than 200 poly-
metallic (Cu–Fe–Au, Mo, Zn, Pb, and Ag) deposits (Chang et al., 1991;
Mao et al., 2006; Pan and Dong, 1999; Sun et al., 2003). Most of these
deposits are spatially associated with, and are considered to be geneti-
cally related to the Late Jurassic to the early Cretaceous igneous rocks
(e.g., Chen et al., 1993; Li et al., 2011-this issue; Mao et al., 2006; Sun
et al., 2003, 2012; Q. Wang et al., 2006; Wang et al., 2012-this issue;
Wu et al., 2012-this issue; Xie et al., 2012-this issue). Many of the
ore-bearing igneous rocks in the LYRB are porphyries with adakitic
+86 10 62010846.
.
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characteristics (H. Li et al., 2010; Li et al., 2011-this issue; Ling et al.,
2009; Liu et al., 2010; Sun et al., 2010, 2012; Q. Wang et al., 2006).
Thus, the petrogenesis of these rocks may provide important informa-
tion on the ore mineralization of LYRB.

However, the origin of these ore-bearing intrusions is still contro-
versial. Several models have been proposed, including partial melting
of the delaminated lower continental crust (Q. Wang et al., 2006), or
the subducted Pacific oceanic crust (Li et al., 2011-this issue; Ling et
al., 2009; Liu et al., 2010; Sun et al., 2010, 2012), and fractional crystal-
lization of basaltic magmas (J.W. Li et al., 2009; Xie et al., 2008).

In addition, the available chronological data suggest that the Meso-
zoic magmatic activity in the LYRB lasted for ~30 Ma from 152 to
122 Ma (Chen et al., 1985; Di et al., 2005; Hou and Yuan, 2010; J.W. Li
et al., 2009; Liu et al., 2002; Lou and Du, 2006; Wang and McDougall,
1980; Wang et al., 2004b, 2006a; C.L. Wu et al., 2008; G.G. Wu et al.,
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2008;Wu et al., 2012-this issue; Xie et al., 2006b; Yan et al., 2009; Zhou
et al., 2008), while oremineralization took place in an interval from 144
to 133 Ma (Mao et al., 2006; Sun et al., 2003;Wu et al., 2012-this issue;
Xie et al., 2006a). Many of the magmatic rocks in the LYRB are
ore-barren. However, the spatial, temporal and petrogenetic relation-
ships between the ore-bearing and ore-barren magmatic rocks are
still unclear. A comparison of the ore-bearing with ore-barrenmagmat-
ic rocks will shed new light on themechanism of the ore mineralization
and provide a useful guide for ore exploration in the LYRB.

In order to reveal the tectonic setting of magmatic generation
and ore mineralization, we analyzed zircon U–Pb ages and Hf isoto-
pic compositions of the late Mesozoic magmatic rocks in Chizhou
area, LYRB. Our results indicate that there were two Mesozoic mag-
matic episodes occurred in the Chizhou area. The earlier episode
(151–146 Ma) is related to porphyry Cu deposits, while the later
episode (131–124 Ma) is barren in mineralization. The inherited
zircons and Hf isotopic data of both episodes are discussed to better
constrain their petrogeneses and the mechanism of the ore mineral-
ization in the LYRB.

2. Geological background and sample localities

Eastern China is composed of three major tectonic blocks: the North
China craton, the Yangtze Block and the Cathaysia Block (Fig. 1). The
Yangtze Block is separated from the North China craton to the north
by the Triassic Dabie-Sulu orogenic belt (Li et al., 1993), and from the
Cathaysia Block to the south by the Jiangshan–Shaoxing Fault (Zhang
et al., 2005).

The Yangtze Block consists of the Archean to Paleoproterozoic
high-grade metamorphic TTG (tonalite, trondhjemite and granodiorite)
gneisses, metasedimentary rocks and amphibolites (e.g., the Kongling
complex near the Yangtze Gorge Dam; Gao et al., 1999; Qiu et al., 2000)
and variably deformed, low- to middle-grade metamorphosed rocks
with late Paleoproterozoic to early Neoproterozoic ages around the
southern margin of the Yangtze Block. The Neoproterozoic magmatic
rocks developed along the southernmargin of the Yangtze Block are com-
posed of the ca. 1134–968 Ma Grenvillian oceanic crust as indicated by
ophiolites in southern Anhui and north-eastern Jiangxi Province (Chen
et al., 1991; Li et al., 1997), the ca. 970–890 Ma Shuangxiwu magmatic
Fig. 1. Simplified geological map of the Chizhou area showing the distribution of the Mesozo
study. Inset shows location of the Yangtze Block relative to other blocks and fold belts (mod
Belt, which includes seven ore districts: 1. Edong; 2. Jiujiang–Ruicang; 3. Anqing–Guichi; 4
deposit; MT: Matou Au deposit; AZS: Anzishan Cu deposit.
arc (X.-H. Li et al., 2009; Ye et al., 2007), the ca. 850 Ma Shenwu dolerites
(Li et al., 2008) and the mid-Neoproterozoic (ca. 820–790 Ma) Nanhua
rift volcano-sedimentary sequences and syn-rifting igneous intrusions
(Z.X. Li et al., 2003; Li et al., 2008).

The LYRB refers to the middle and lower reaches of the Yangtze
River extending ~400 km from the Hubei Province in the southwest to
the Jiangsu Province in the northeast. This belt makes up one of the
most important metallogenic belts in China and is composed of 7
major deposit districts form southwest to northeast along the Yangtze
River: 1. Edong; 2. Jiujiang–Ruicang; 3. Anqing–Guichi; 4. Luzong; 5.
Tongling; 6. Ningwu; 7. Ningzhen (Fig. 1). The ore deposits throughout
the LYRB mainly consist of contemporaneous skarn, porphyry and
strata-bound polymetallic (Cu, Au, Fe, Mo, Zn, Pb, and Ag) deposits. Dat-
ing of the ore-forming minerals indicates that they formed in the early
Cretaceous (146–133 Ma) (X.-H. Li et al., 2010; Sun et al., 2003; Xie
et al., 2007). The host intrusions are mainly dioritic adakite-like rocks
and have emplacement ages identical to the formation ages of associated
deposits, indicative of spatial and temporal associationwith ore deposits.

Chizhou area is situated in the Anqing–Guichi deposit district
(Fig. 1). Three major types of Mesozoic magmatic rocks distributed
in the area, i.e. granite porphyries, granites and dacites. The granite
porphyry intrusions are generally small (b5 km) and spatially associ-
ated with the ore deposits, while the granite intrusions are large
(>10 km) and ore-barren. The dacites are sporadically distributed
in the area (Fig. 1). Samples studied here include all three types of
the Mesozoic magmatic rocks in a 30×50 km2 region, including 6
granite porphyries (MJ04, MJ10, MJ14, MJ21, MJ22, MJ23), 6 dacites
(MJ01, MJ02, MJ03, MJ05, MJ06, MJ11) and 4 granites (MJ09, MJ16,
MJ17, MJ20).

The ore-bearing porphyries comprise 2 granodiorite porphyries
(MJ04, MJ22) and 4 granite porphyries (MJ10, MJ14, MJ21, MJ23).
Both kind of rocks contain 15–20% volume of phenocrysts. The phe-
nocrysts of granodiorite porphyries are mainly hornblende, plagio-
clase and quartz, and those of granite porphyries include K-feldspar,
plagioclase, and quartz. These rocks are significantly altered with
fuzzy mineral boundaries. The main alteration minerals are quartz,
sericite and chlorite.

The dacites are brown or gray in color, consisting of (6–12%) pla-
gioclase phenocrysts (b2 mm long) and (3–5%) quartz phenocrysts
ic magmatic rocks and sample localities. The ages are zircon U–Pb dating results of this
ified from (Li et al., 2002; Mao et al., 2006)). LYRB represents the Lower Yangtze River
. Luzong; 5. Tongling; 6. Ningwu; 7. Ningzhen. TT: Tangtian Au deposit; MS: Mashi Cu
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Fig. 2. Cathodoluminescence (CL) images of representative zircons of the Mesozoic magmatic rocks from the Chizhou area. Solid circles denote U–Pb analysis spots and dashed cir-
cles denote Lu–Hf analysis spots. All scale bars are 100 μm. The U–Pb ages and εHf(t) values are given for each spot. Data are from Table S1 and Table S2.
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Table 2
Summary of zircon U–Pb ages and Hf isotopic data of the magmatic rocks from the
Chizhou area.

Zircon origin Age (Ma) Grains εHf (t) TDM1 (Ma) TDM2 (Ma)

Zircons in the granite porphyries
Magmatic 141–158 85 −8.8–0.9 770–1150 1144–2097
Inherited 811–1156 17 2.5–11.5 1096–1489 1235–1706

19 Inconcordant

Zircons in the dacites
Magmatic 118–136 109 −20.8–1.1 834–1642 1254–2494
Inherited 140–2381 9 −9.7–3.5 1016–2575 1523–2708

Zircons in the granites
Magmatic 116–134 60 −9.5–0.4 886–1260 1160–1784

Table 1
Summary of zircon U–Pb results of the magmatic rocks from the Chizhou area.

Sample
name

Rock type Age
(Ma)

N Percentage of inherited
zircons

MJ04 Granite
porphyry

149.3±1.0 15 6.3%

MJ10 Granite
porphyry

149.5±2.1 5 76.2%

MJ14 Granite
porphyry

150.8±2.4 12 42.9%

MJ21 Granite
porphyry

149.4±1.2 14 30.0%

MJ22 Granite
porphyry

146.5±1.5 15 11.8%

MJ23 Granite
porphyry

146.2±1.1 27 10.0%

MJ01 Dacite 131.7±1.4 12 25.0%
MJ02 Dacite 130.6±0.9 16 0
MJ03 Dacite 127.4±1.0 17 5.6%
MJ05 Dacite 131.6±0.9 13 7.1%
MJ06 Dacite 128.8±1.0 15 0
MJ11 Dacite 127.2±0.9 14 6.3%
MJ09 Granite 125.5±1.3 15 0
MJ16 Granite 126.4±1.5 13 0
MJ17 Granite 126.9±1.1 16 0
MJ20 Granite 123.7±1.0 15 0
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(b1 mm), and minor biotite. The groundmass is aphanitic microcrys-
talline that composed of plagioclase and quartz.

The granites consist of 3 monozoitic granites (MJ16, MJ17, MJ20)
and one syenogranite (MJ09). They are all coarse-grained and com-
posed of K-feldspar (30–50%), plagioclase (20–35%), quartz (20–
30%) and minor biotite, magnetite and zircon.

3. Analytical methods

3.1. Zircon U–Pb dating

Zircons were separated using conventional magnetic and density
techniques, and then handpicked under a binocular microscope. Zir-
cons, together with standard zircon Temora were mounted in epoxy
mounts and then polished to section the crystals in half for analysis.
All zircons were documented with transmitted and reflected light mi-
crographs as well as cathodoluminescence (CL) images to reveal their
internal structures (Fig. 2), and the mount was vacuum-coated with
high-purity gold.

Measurements of U, Th and Pb were conducted using the Cameca
IMS-1280 SIMS at the Institute of Geology and Geophysics, Chinese
Academy of Sciences (IGG), following the procedure outlined by X.H.
Li et al. (2009); Q.L. Li et al. (2010). U–Th–Pb ratios and absolute abun-
dances were corrected using the standards Temora (Black et al., 2004)
and 91500 (Wiedenbeck et al., 1995), respectively. One spot on the
standard zircon Temora was analyzed after every three analyses of un-
known zircons. The mass resolution used to measure Pb/Pb and Pb/U
isotopic ratios was 5400 during the analyses. Measured compositions
were corrected for common Pb using non-radiogenic 204Pb. Corrections
are sufficiently small to be insensitive to the choice of common Pb com-
position. An average of present-day crustal composition (Stacey and
Kramers, 1975) is used for the common Pb assuming that the common
Pb is largely surface contamination introduced during sample prepara-
tion. Errors on individual spots are based on counting statistics and are
reported on the 1σ level. Isoplot program of Ludwig (2003) was used
for data processing and age calculation.

3.2. Zircon Hf isotopes

Lutetium–Hafnium isotopic analyses were carried out using a
Thermo-Finnigan Neptune MC-ICP-MS coupled with a 193 nm ArF
Excimer laser ablation system at IGG, described in detail by F.Y. Wu
et al. (2006). Data were collected in static mode for 172Yb, 173Yb, 175Lu,
176(Yb+Lu+Hf), 177Hf, 178Hf, 179Hf, 180Hf and 182W during 30s of abla-
tion with a spot size of 60–80 μm at laser repetition rate of 6–8 Hz. Both
He and Ar carrier gases were used to transport the ablated sample from
the laser-ablation cell via amixing chamber to the ICP-MS torch. In order
to correct the interferences of 176Lu and 176Yb on 176Hf, the isotopes
172Yb, 173Yb and 175Luwere simultaneouslymonitored during each anal-
ysis step to allow the isobaric correction. For instrumental mass bias cor-
rection Yb isotope ratios were normalized to 172Yb/173Yb=1.35272
(Vervoort et al., 2004) and Hf isotope ratios to 179Hf/177Hf=0.7325
using an exponential law. The mass bias behavior of Lu was assumed
to follow that of Yb because of their close chemical similarities. The
176Yb/172Yb=0.5887 (Vervoort et al., 2004), 176Lu/175Lu=0.02655
(Chu et al., 2002) and mean βYb value obtained during Hf analysis on
the same spot were applied for the interference correction of 176Yb,
176Lu on 176Hf (Gerdes and Zeh, 2006; Iizuka et al., 2005; Woodhead
et al., 2004), respectively. Multiple LA-MC-ICP-MS analyses of the inter-
national reference zircon GJ-1 during our analytical session gave a
176Hf/177Hf ratio of 0.282019±32 (2SD, n=35), which is identical,
within error, to the reference value of 0.282000±5 (Morel et al., 2008).

A decay constant for 176Lu of 1.865×10−11 y−1 (Scherer et al., 2001)
and the chondritic ratios of 176Hf/177Hf of 0.282772 and 176Lu/177Hf of
0.0332 as derived by Blichert-Toft and Albarede (1997) are used to
calculate initial 176Hf/177Hf ratios. Single stage model ages (TDM1) are
calculated relative to a model depleted mantle with a present-day
176Hf/177Hf=0.28325 and 176Lu/177Hf=0.0384 (Vervoort and Blichert-
Toft, 1999). Two stage model ages (TDM2) are calculated by projecting
the initial 176Hf/177Hf of the zircon back to the depleted mantle model
growth curve, assuming a mean 176Lu/177Hf value of 0.015 for the aver-
age continental crust (Griffin et al., 2000).

4. Results

In situ U–Pb and Hf data on zircons from the magmatic rocks are
listed in Table S1 and Table S2, respectively, summarized in Tables 1
and 2.

4.1. Zircon U–Pb age determination

U–Pb concordia diagrams of 6 selected samples are shown in Fig. 3,
including 2 granite porphyries (MJ04, MJ23), 2 dacites (MJ02, MJ11)
and 2 granites (MJ17, MJ20). In summary, the zircon U–Pb ages of the
Chizhou magmatic rocks yield a range of 150.8–123.7 Ma, with granite
porphyries ranging from 150.8 to 146.2 Ma, dacites from 131.7 to
127.2 Ma and granites from 126.9 to 123.7 Ma (Table 1).

Zircons in granite porphyries are either euhedral prismatic grains
or broken prisms with most of them being about 150 to 200 μm in
length (Fig. 2). They all show oscillatory zones (Fig. 2). Sixteen to
30 zircons of each sample were analyzed (Table S1), in which 5 to
27 grains gave concordant U–Pb ages and are selected for weighted
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Fig. 3. U–Pb zircon concordia diagrams for the Chizhou granite porphyries (a, b), dacites (c, d) and granites (e, f). Data are from Table S1.
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Fig. 4. U–Pb concordia diagrams for the inherited zircons from the Chizhou granite por-
phyries. Data are from Table S1.

(a)

(b)

(c)

Fig. 5. Relationship between εHf(t) values and U–Pb ages for zircons from the Chizhou
granite porphyries (a), dacites (b) and granites (c). Data are from Table S1 and Table
S2. Hf isotopic compositions of chondrite and depleted mantle are from Blichert-Toft
and Albarede (1997); Vervoort and Blichert-Toft (1999).
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average calculation (Fig. S1). All these granite porphyries (MJ04,
MJ10, MJ14, MJ21, MJ22, MJ23) produced similar late Jurassic weight-
ed mean 206Pb/238U ages of 149.3±1.0 Ma (2SD, n=15), 149.5±
2.1 Ma (2SD, n=5), 150.8±2.4 Ma (2SD, n=12), 149.4±1.2 Ma
(2SD, n=14), 146.5±1.5 Ma (2SD, n=15), 146.2±1.1 Ma (2SD,
n=27), respectively (Table 1). All the 6 samples contain inherited
zircons with percentages ranging from 6.3% to 76.2% (Table 1).
Among the inherited zircons, 17 grains gave concordant ages, ranging
from 1156 to 811 Ma (Table 2, Fig. 4).

Zircons in dacites are all prismatic with length of from ~100 μm to
~150 μm, showing oscillatory zoning in CL images (Fig. 2). Fifteen to
42 zircons from each sample were determined (Table S1), in which
12 to 17 grains gave concordant U–Pb ages and are selected for
weighted mean calculation (Fig. S1). The 6 dacite samples (MJ01,
MJ02, MJ03, MJ05, MJ06, MJ11) all yielded the early Cretaceous
ages, which are 131.7±1.4 Ma (2SD, n=12), 130.6±0.9 Ma (2SD,
n=5), 127.4±1.0 Ma (2SD, n=12), 131.6±0.9 Ma (2SD, n=14),
128.8±1.0 Ma (2SD, n=15), and 127.2±0.9 Ma (2SD, n=27), re-
spectively (Table 1). Few inherited zircons have been found in these
samples (Table 1).

Zircons from granite samples MJ09, MJ16, MJ17 and MJ20 are pris-
matic grains and 100 μm to 200 μm in size with typical oscillatory
zoning (Fig. 2). These samples yielded weighted mean 206Pb/238U
ages of 125.5±1.3 Ma (2SD, n=15), 126.4±1.5 Ma (2SD, n=13),
126.9±1.1 Ma (2SD, n=16), and 123.7±1.0 Ma (2SD, n=15), re-
spectively. No inherited zircon has been found in all of these samples.
4.2. Zircon Hf isotopes

Hf isotopic data are listed in Table S2, summarized in Table 2 and
plotted in Fig. 5.

Zircons in granite porphyries can be divided into two major groups
according to the age population, magmatic and inherited origin.
Among the total 116 zircons analyzed, 85 were crystallized from the
magma with U–Pb ages of 141 to 158 Ma and have εHf(t) values of
from −8.8 to 0.9. The other 31 zircons are inherited, among which 17
zircons yield concordant U–Pb ages of 1156–811 Ma with εHf(t) values
of 2.5–11.5 (Table 2 and Fig. 5a).
In dacites, only nine zircons among the total 118 grains analyzed
are inherited. They yield U–Pb ages of from 140 to 2381 Ma and
εHf(t) values of from −9.7 to 3.5 (Table S2, Table 2 and Fig. 4). The
other 109 zircons are magmatic. Although they yield a small variation
in U–Pb ages ranging from 118 to 136 Ma, a large variation in εHf(t)
values from −20.1 to −1.1 has been observed (Table 2 and Fig. 5b).

The zircons in granites gave U–Pb ages of from 116 to 134 Ma,
which are similar to those of the magmatic zircons in dacites. These
zircons have εHf(t) values of from −9.5 to 0.4 (Table 2 and Fig. 5c).
5. Discussion

Since ore-bearing intrusions have generally undergone significant
hydrothermal alteration, they are not always fresh enough for whole
rock analyses. Zircon is a refractory mineral and a highly robust phase
in many geological environments and thus is widely used in geochro-
nological studies. In addition, zircon Hf isotopic composition can
nearly represent that of the magma from which the zircon crystal-
lized because of negligible radiogenic growth due to its low Lu/Hf
ratio (Kinny and Maas, 2003), and is widely used as a geochemical
tracer to decipher magma source and petrogenetic processes (Kemp
et al., 2006).

Our samples cover nearly all types of magmatic rocks in a
30×50 km2 region (Fig. 1). The zircon U–Pb and Hf isotopic data of
these rocks could provide constraints on the timing and origin of these
magmatic rocks and their relationship with the Cu–Au mineralization.
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5.1. Coexistence of two episodes of Mesozoic magmatism in Chizhou area

Although geochronological studies would be very helpful for un-
derstanding the relationship between the Mesozoic magmatic event
and the Cu–Au deposit in the Chizhou area, no age result of Mesozoic
magmatic rock and ore deposit had been previously reported in
this area. Our data demonstrate that two episodes of Mesozoic
magmatism existed (Fig. 6). The first episode mainly is composed of
granite porphyries, which show close relationship with the Cu de-
posits. This episode occurred at the late Jurassic (151–146 Ma) as
identified by the 6 granite porphyries studied here. The second epi-
sode took place at the early Cretaceous with the dacites erupted at
first (131–127 Ma) and subsequent granites (127–124 Ma).

In contrast to the Chizhou area, considerable geochronological
data have been reported for the magmatic rocks from other regions
in the LYRB. These data indicate the presence of a long-termmagmat-
ic event lasting from 152 to 120 Ma (Fig. 6; Chen et al., 1985; Di et al.,
2005; Hou and Yuan, 2010; J.W. Li et al., 2009; X.-H. Li et al., 2010; Liu
et al., 2002; Lou and Du, 2006; Wang and McDougall, 1980; Wang et
al., 2004b, 2006a; C.L. Wu et al., 2008; G.G. Wu et al., 2008; Wu et al.,
2012-this issue; Xie et al., 2006b; Yan et al., 2009; Zhou et al., 2008).
The magmatism was marked by an early plutonic intrusion of from
152 to 132 Ma (Di et al., 2005; J.W. Li et al., 2009; X.-H. Li et al.,
2010; Lou and Du, 2006; Y. B. Wang et al., 2004; Q. Wang et al.,
2006; C.L. Wu et al., 2008; G.G. Wu et al., 2008) and subsequent vol-
canic eruption and granite emplacement during 140 to 120 Ma (Chen
et al., 1985; Hou and Yuan, 2010; Liu et al., 2002; Lou and Du, 2006;
Fig. 6. Histogram for ages of the magmatic rocks from the Lower Yangtze River Belt. Data
are from Table S1, Wang and McDougall (1980), Chen et al. (1985), Liu et al. (2002), Y.B.
Wang et al. (2004), Di et al. (2005), Lou and Du (2006), Q. Wang et al. (2006), Xie et al.
(2006b), G.G. Wu et al. (2008), C.L. Wu et al. (2008), Zhou et al. (2008), J.W. Li et al.
(2009), Yan et al. (2009), Hou and Yuan (2010).
Wang and McDougall, 1980; Xie et al., 2006b; Yan et al., 2009; Zhou
et al., 2008).

Our data, like the previous ones, also suggest two-period mag-
matisms, beginning with porphyries associated with ore deposits
and then dominated by ore-barren volcanic rocks and granites.
However, previous data indicate that the two periods are overlapped,
while our data suggest a hiatus of ~15 Ma between the twomagmatic
events. This is very important because it would be helpful to
identify whether there is any origin relationship between the two
periods of magmatism. This inconsistency between previous data
and ours may come from two aspects. First, there are several inconsis-
tent ages in the previous data. For example, the Zhuanqiao and
Shuangmiao volcanic rocks in Luzong have been investigated by sev-
eral studies. Liu et al. (2002) reported the Ar–Ar ages of 140.1±
0.8 Ma and 125.5±0.8 Ma, while Zhou et al. (2008) reported zircon
U–Pb ages of 134.1±1.6 Ma and 130.5±0.8 Ma obtained by
LA-ICP-MS. Lou and Du (2006) reported a zircon U–Pb SHRIMP age
of 135.5±4.4 Ma for the Jiguanshan granodiorites from Tongling,
while C.L. Wu et al. (2008) reported an age of 139.9±1.1 Ma by
using the same method. Second, the magmatism throughout the
LYRB might not be exactly coeval. For example, the first stage occurred
at 152–146 Ma in the Chizhou area, while it took place at 148–138 Ma
in Tongling (G.G. Wu et al., 2008). However, the database for each ore
district in the LYRB is presently too limited to clarify this issue. More
detailed studies are still required. Nevertheless, our data have recog-
nized two Mesozoic magmatic episodes at least in the Chizhou area,
which may represent two independent magmatic activities.

5.2. Origin of these two episode rocks

Besides the difference in emplacement ages, the two periods of
magmatism have many other distinctive characteristics. For example,
the early episode mainly is composed of granite porphyries, which
are generally associated with Cu–Au deposits. These porphyry intru-
sions are small in sizes, generally less than 5 km in diameter. All the
porphyries contain inherited zircons. By contrast, the late episode
mainly is composed of dacites and granites, which are ore barren.
The granite intrusions are generally large.

Miller et al. (2003) studied 54 intrusions worldwide and found that
inheritance-poor magma is generally hotter that inheritance-rich
magma. Both the dacites and granites are inheritance-poor, indicating
that they might be “hot” magmas. In general, “hot” magmas with
minimal inheritance probably require advective heat input into the
crust and readily erupt, whereas “cold”, inheritance-rich magmas re-
quire fluid influx and are unlikely to erupt (Miller et al., 2003). There-
fore, the magmas formed in the early episode are relatively cold,
whereas those in the late episode are hot. Below, we will discuss the
possible sources for these rocks based on the zircon Hf isotopic data.

5.2.1. Contribution of Neoproterozoic crustal materials to Cu–Au-bearing
granite porphyries

The magmatic zircons in Chizhou granite porphyries exhibit a rel-
atively small Hf isotopic variation with εHf(t) values ranging from −
8.8 to 0.9, which could represent the Hf isotopic composition of the
magma from which zircons crystallized. The 17 inherited zircons in
granite porphyries yielded concordant U–Pb ages of from 811 to
1156 Ma with εHf(t) values varying from 2.5 to 11.5.

In general, inherited zircons could be derived from a contributing
source material or be entrained from wall rock through late-stage
contamination. Since all these inherited zircons have ages from 811
to 1156 Ma with clear oscillatory zoning, the existence of them in
the granite porphyries indicated that some 811–1156 Ma igneous
rocks contribute to the origin of the granite porphyries, either being
source or contamination.

Two episodes of Neoproterozoic magmatism occurred in the
southern margin of the SCC. The first one is magmatic arc related to



Fig. 7. Histogram for ages of the inherited zircons in the granite porphyries from the
Chizhou area with reported zircons in the Yangtze craton. Data are from Table S1, Z.X. Li
et al. (2003), X.L. Wang et al. (2006), R.-X. Wu et al. (2006), Zhang et al. (2006), Zheng
et al. (2006), Ye et al. (2007), Li et al. (2007), X.-H. Li et al. (2009).
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the subduction of the Grenvillian ocean beneath the Yangtze Block,
whereas the second is associated with Nanhua rifting, respectively.
Typical arc magmatism along the active southeastern continental
margin of the Yangtze Block formed during 970–890 Ma (Chen et
al., 2009; Li and Li, 2003; X.-H. Li et al., 2009; Ye et al., 2007). The sec-
ond one is the Nanhua bimodal magmatism which formed at ca.
825 Ma (Z.X. Li et al., 2003). Therefore, the 970–811 Ma zircons
may come from the igneous rocks which are related to Grenvillian
ocean subduction and/or Nanhua rifting. In addition, the Hf isotopic
compositions of the 970–800 Ma inherited zircons are also similar
to those of zircons from Neoproterozoic granites (Fig. 8), indicating
that they may share a common source.

Notably, half of the inherited zircons (e.g. MJ10_01, MJ14_11) are
older than 1000 Ma and they are also igneous zircons as indicated by
their oscillatory zoning (Fig. 2). However, none of ca. 1100 Ma
Fig. 8. εHf(t) value vs U–Pb age diagram for inherited zircons in the Chizhou granite por-
phyries and zircons in the Neoproterozoic granites from the south margin of the Yangtze
Block. Data are from Table S2, R.-X. Wu et al. (2006).
magmatism has been found in the Yangtze Block. Although zircon U–
Pb geochronological data on detrital zircons for Cambrian to Silurian
sandstones from the Yangtze Block yield major clusters at ~2550,
~1860, ~1100 and ~860–780 Ma (Wang et al., 2010), the Grenville
age zircons with a peak at ~1100 Ma are metamorphic and considered
to come from metamorphic rocks, e.g. amphibolite and garnet pyroxe-
nite (Wang et al., 2010). The only igneous rocks of ~1100 Ma that can
be found in the Yangtze Block could be the Grenvillian oceanic crust
remnant. The ophiolites in southern Anhui and north-eastern Jiangxi
Province gave Sm–Nd ages of 1134–968 Ma (Chen et al., 1991; Li
et al., 1997), which is consistent with the Mesoproterozoic microflora
fossils found in the ophiolites belt (Yan et al., 2007).

In summary, the U–Pb age and Hf isotopic compositions of the
inherited zircons indicate that the Neoproterozoic crustal rocks, in-
cluding fragments of Grenvillian oceanic crust (ca. 1100–1000 Ma),
the Neoproterozoic magmatic arc (970–890 Ma) and Nanhua rift
(ca. 825 Ma) on the southern margin of the Yangtze Block, could con-
tribute to the formation of the granite porphyries, either being source
or contamination.

5.2.2. Constraints on the origin of magmatism of the early episode
Severalmodels have been proposed for the origin of ore-bearingpor-

phyries in the LYRB previously, e.g. partial melting of the delaminated
lower continental crust (Q. Wang et al., 2006), or the subducted Pacific
oceanic crust (Ling et al., 2009; Liu et al., 2010; Sun et al., 2010), and frac-
tional crystallization of basaltic magmas (J.W. Li et al., 2009; Y. Wang et
al., 2004; Xie et al., 2008).

The fractional crystallization of basaltic magma model could be
excluded here based on our geochronological data. The ore-bearing
granite porphyries were formed at 150–146 Ma. None of the basaltic
rocks with this age have been found in the Chizhou area or other ore
districts in LYRB. The high-precision U–Pb zircon dating indicates that
basaltic igneous rocks consisting of gabbros and alkali volcanic rocks
from other areas of the LYRB were formed at 131–125 Ma with a
peak of ~130 Ma (Zhou et al., 2008), which are clearly younger than
the ore-bearing granite porphyries. Therefore, there is no temporal
association between these granite porphyries and basaltic rocks. Sim-
ilarly, lack of basaltic rocks of 150–146 Ma also excludes mantle-crust
magma mixing for the origin of these ore-bearing porphyries.

Partial melting of both the delaminated lower continental crust
and the subducted Pacific oceanic crust have some difficulties in
explaining the current geochemical data of the ore-bearing porphy-
ries in the LYRB. For example, although melting of delaminated
lower continental crust offers a possible explanation of enriched
Nb–Sr isotope features of ore-bearing porphyries in the LYRB (Q.
Wang et al., 2006), it is not supported by the development of exten-
sional basins in the LYRB during the Jurassic to Cretaceous (Ling
et al., 2009), which do not facilitate to produce a dense eclogitic
lower crust. Similarly, several studies proposed that the ore-bearing
porphyries in the LYRB could be derived from partial melting of the
Pacific oceanic crust, because (1) they have some slab-derived melt
geochemical features, e.g. low K2O/Na2O, high Ce/Pb and Sr/La ratios
(Liu et al., 2010); (2) It has been widely accepted that slab-derived
melts/fluids favor Cu–Au mineralization (Ling et al., 2009); (3) The
only active subduction beneath the Yangtze Block at the Jurassic–
Cretaceous is Pacific plate subduction. However, partial melting of
the Pacific oceanic crust is difficult to explain the enriched Nb–Sr iso-
tope features of ore-bearing porphyries in the LYRB (Q. Wang et al.,
2006).

Since there are large amount inherited Neoproterozoic zircons in
the Chizhou porphyries, another possibility should also be taken
into account for the origin of the granite porphyries: partial melting
of Neoproterozoic crustal rocks that contain fragments of Grenvillian
oceanic crust. Although current data could not totally rule out the
possibility that the inherited zircons may come from the wall rock,
the following observations suggest that they are more likely to derive



Fig. 10. εHf(t) value vs U–Pb age diagram for the Chizhou dacite, MJ05. Data are from
Table S2.
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from the source than entrained from the wall rock. First, all these zir-
cons have similar characteristics. For example, they all have clear os-
cillatory zoning, indicative of igneous origins. If they come from the
wall rock, they are expected to have diverse origins. Second, they
have a small variation in age from 811 to 1156 Ma compared to the
age variation of zircons in the Yangtze Block (430–3253 Ma; Fig. 7),
which is expected to be a wide range if the inherited zircon comes
from the wall rock. Moreover, when a 176Lu/176Hf ratio of the average
continental crust (0.015) is assumed (Griffin et al., 2000), the Hf iso-
topic composition of these inherited zircons could evolve into the
same Hf isotopic composition as that of the magmatic zircons
(Fig. 5a).

Importantly, such a new model can explain the observations diffi-
cult to be explained by other models. For example, partial melting of
the delaminated lower crust cannot explain the slab-derived melt
geochemical features of ore-bearing porphyries in the LYRB, e.g. low
K2O/Na2O, high Ce/Pb and Sr/La ratios (Liu et al., 2010), whereas par-
tial melting of the Pacific oceanic crust is difficult to explain the
enriched Nb–Sr isotope features of ore-bearing porphyries in the
LYRB (Q. Wang et al., 2006). However, both the slab-derived melt
geochemical features and the enriched Nb–Sr isotope features of
ore-bearing porphyries can be explained by partial melting of
Neoproterozoic crustal rocks that contain fragments of Grenvillian
oceanic crust. The Neoproterozoic crustal rocks could have evolved
into such an enriched Nd isotopic composition at the Jurassic
(Fig. 9). In addition, the ore-bearing magmatism in the LYRB was de-
veloped in a nearly west–east trend. This is not consistent with a
south–north distribution as expected by partial melting of the Pacific
oceanic crust. However, the west–east distribution of the LYRB can be
easily explained by the newmodel, since the fragments of Grenvillian
oceanic crust mainly developed along the south margin of the
Yangtze Block.
5.2.3. Origin of late episode magmatism and its relationship with litho-
spheric thinning

The 109 magmatic zircons from the dacites yield a small variation
of U–Pb ages from 118 to 136 Ma, however large variations of εHf(t)
values from −20.8 to −1.1 have been observed. Even zircons from
one sample, e.g. MJ05, display a large Hf isotopic variation with
εHf(t) values from −20.8 to −1.8 (Fig. 10). This wide range in zircon
Hf isotopic compositions precludes a simple, common evolution by
Fig. 9. εNd(t) value vs age diagram for the ore-bearing porphyries in the LYRB and the
Neoproterozoic granites from the south margin of the Yangtze Block. Data of the
ore-bearing porphyries in the LYRB are from Wang et al. (2003); Q. Wang et al.
(2006), J.W. Li et al. (2009), Liu et al. (2010). Data of the Neoproterozoic granites are
from Li and Li (2003), X.-H. Li et al. (2003), R.-X. Wu et al. (2006). εNd(t) values of
the Neoproterozoic granites were calculated back to t=150 by using measured
147Sm/144Nd ratios.
closed-system fractionation processes, since such a mechanism
could not produce the variable isotopic compositions.

Zircons crystallizing in a melt retain a record of changes in ambi-
ent conditions during their growth. Zircons in the dacites have a
large range of εHf(t) values, indicative of a magma mixing of two dis-
tinct components. One component has εHf(t) value down to −20,
whereas the other has εHf(t) value up to 0. Given that the magmatism
occurred in the LYRB at this time period (131–124 Ma) is bimodal,
the two components could be the lower continental crust and the
mantle, respectively. Notably, one inherited zircon has U–Pb age of
2381 Ma with εHf(t) value of 3.5. When a 176Lu/176Hf ratio of the av-
erage continental crust (0.015) is assumed (Griffin et al., 2000), this
Hf isotopic composition could evolve into the same Hf isotopic com-
position as the lowest εHf(t) magmatic zircons (Fig. 5b).

The zircons in the granites gave U–Pb ages of from 116 to 134 Ma,
which are similar to those of the magmatic zircons in the dacites. In
contrast to zircons in dacites, these zircons yield a relatively small
εHf(t) variation of from −9.5 to 0.4 and no inherited zircon has
been found. Although these granites have similar zircon Hf isotopic
compositions to the 151–146 Ma granite porphyries, they may have
different origins. Previous studies indicate that the two types of
rocks are different in many geochemical features, e.g. K2O/Na2O, Ce/
Pb, Sr/La ratios (Liu et al., 2010). Since these granites (127–124 Ma)
formed shortly after the dacites (131–127 Ma), we propose that
both of them should be originated from magma mixing. The reason
why the zircons in these granites have a relatively small Hf isotopic
variation might be that the mixing between the mantle derived
magmas and the continental crust are totally completed in the
magma chamber before zircon crystallization .

5.3. Tectonic evolution of the LYRB and Cu–Au mineralization

Chalcophile elements (e.g., Cu and Au) are highly compatible in
magmatic sulfide phases, and incompatible in silicate and oxide min-
erals (Ballard et al., 2002; Fleet et al., 1996). Thus, removal of them
from the mantle can only occur under oxidized conditions where
the sulfate phases are dominant (Ballard et al., 2002; Mungall,
2002). Slab-derived melts/fluids, which have high oxygen fugacities,
are generally considered to favor Cu–Au mineralization (Ballard et
al., 2002; Kelley and Cottrell, 2009; Mungall, 2002; Oyarzun et al.,
2001). This could explain that the porphyry Cu–Au ore deposits are
always associated with adakitic intrusions in subduction zones
worldwide (Chiaradia et al., 2004; González-Partida et al., 2003;
Gutscher et al., 2000; Imai, 2002; Oyarzun et al., 2001; Rae et al.,
2004; Sajona and Maury, 1998).

Mungall (2002) suggested that if an arc magma has logfO2>SSO
(sulfide–sulfur oxide buffer), it must contain a component of melted
oceanic crust. Then Cu–Au deposits may by their very existence provide
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evidence for slab melting (Mungall, 2002). The ore-bearing porphyries
in the LYRB have some slab-derived melt geochemical features, e.g.
low K2O/Na2O, high Ce/Pb and Sr/La ratios (Liu et al., 2010).

The U–Pb age and Hf isotopic data of the inherited zircons in the
Chizhou ore-bearing porphyries indicate that the 1156–811 Ma igne-
ous rocks could significantly contribute to the formation of these por-
phyries, probably including components of the Grenvillian oceanic
crust (ca. 1100–1000 Ma), the Neoproterozoic magmatic rocks relat-
ed to arc (970–890 Ma) and Nanhua rift (ca. 825 Ma). Among them,
the Grenvillian oceanic crust is most likely to have genetic relation-
ship with the Cu–Au mineralization in LYRB. First, it should contain
a component of melted oceanic crust to generate a magma with
high oxygen fugacities (Mungall, 2002). Second, the Neoproterozoic
magmatic rocks related to arc (970–890 Ma) and Nanhua rift
(ca. 825 Ma) distribute widely in the Yangtze Block. If they have
much genetic relationship with Cu–Au mineralization, the Cu–Au
ore should also distribute widely. On the contrary, the fragments of
Grenvillian oceanic crust mainly developed along the south margin
of the Yangtze Block, which is consistent with the west–east distribu-
tion of the LYRB.

Therefore, our zircon U–Pb and Hf isotopic data provide a new
possibility that the slab-derived melt geochemical features of the
ore-bearing porphyries in the LYRB may derive from the Grenvillian
oceanic crust and that the old oceanic crust in or beneath the litho-
sphere could also be favorable for Cu–Au mineralization.

6. Conclusions

Systematically zircon U–Pb age and Hf isotope studies on the
Chizhou Mesozoic magmatic rocks allow us to draw the following
conclusions:

(1) Two episodes of magmatism: the late Jurassic and the early Cre-
taceous have been identified in the Chizhou area. The earlier ep-
isode (151–146 Ma) yielded relatively small granite porphyries
(generally b5 km) and was generally associated with porphyry
Cu deposits. The later episode began with dacites of 131–
127 Ma and was then dominated by granites of 127–124 Ma oc-
curring as relatively large intrusions (generally >10 km). Rocks
formed in this period are barren in Cu–Au mineralization.

(2) The ore-bearing porphyries are inheritance-rich. The U–Pb age
and Hf isotopic data of these inherited zircons indicate that the
1156–811 Ma igneous rocks could significantly contribute to
the formation of these porphyries, probably including compo-
nents of the Grenvillian oceanic crust (ca. 1100–1000 Ma), the
Neoproterozoic magmatic rocks related to arc (970–890 Ma)
and Nanhua rift (ca. 825 Ma).

(3) The barren dacites and the granites are inheritance-poor. The
zircons in these rocks yield a very large εHf(t) variation of −
20.8–0.4, suggesting a mixing between mantle-derived and
crustal-derived magmas.

(4) Our results provide another possibility for the origin of the
ore-baring porphyries: partial melting of Neoproterozoic crust-
al rocks that contain the Grenvillian oceanic crust fragment be-
neath the Yangtze Block. Such a new model can well explain
the observations that are difficult to be explained by other
models: e.g., the slab melt features with enriched Sr–Nd isoto-
pic composition of the ore-baring porphyries, the nearly west–
east distribution of the Lower Yangtze River Belt.

Acknowledgement

We thank Hong-Rui Fan, Fang-Fang Hu, Yan Xiao and Xin-Miao
Zhao for their assistances in field work, Sheng-Ao Liu, Fang Huang
for discussion, two anonymous reviewers, Wei-Dong Sun and Nelson
Eby for constructive comments. This work was supported by the Fund
from the Institute of Geology and Geophysics, Chinese Academy of
Sciences and the National Science Foundation of China (Grants
90714008, 41173012, 40803011).

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.lithos.2012.06.026.

References

Ballard, J., Palin, M., Campbell, I., 2002. Relative oxidation states of magmas inferred
from Ce(IV)/Ce(III) in zircon: application to porphyry copper deposits of northern
Chile. Contributions to Mineralogy and Petrology 144, 347–364.

Black, L.P., Kamo, S.L., Allen, C.M., Davis, D.W., Aleinikoff, J.N., Valley, J.W., Mundil, R.,
Campbell, I.H., Korsch, R.J., Williams, I.S., Foudoulis, C., 2004. Improved 206Pb/238U
microprobe geochronology by the monitoring of a trace-element-related matrix
effect; SHRIMP, ID-TIMS, ELA-ICP-MS and oxygen isotope documentation for a
series of zircon standards. Chemical Geology 205, 115–140.

Blichert-Toft, J., Albarede, F., 1997. The Lu–Hf isotope geochemistry of chondrites and
the evolution of the mantle-crust system. Earth and Planetary Science Letters
148, 243–258.

Chang, Y., Liu, X., Wu, Y., 1991. The Copper–Iron Belt of the Lower and Middle Reaches
of the Changjiang River. Geological Publishing House, Beijing.

Chen, J.F., Zhou, T.X., Foland, K.A., 1985. 40Ar/39Ar and Rb–Sr geochronology of the Qingyang
batholith, Anhui Province, China. Chinese Journal of Geochemistry 4, 220–235.

Chen, J.F., Foland, K.A., Xing, F.M., Xu, X., Zhou, T.X., 1991. Magmatism along the south-
east margin of the Yangtze block: Precambrian collision of the Yangtze and Cathysia
blocks of China. Geology 19, 815–818.

Chen, J.F., Zhou, T.X., Li, X.M., Foland, K.A., Huang, C.Y., Lu, W., 1993. Sr and Nd isotopic
constraints on source regions of the intermediate and acid intrusions from southern
Anhui province. Geochimica 22, 261–268.

Chen, Z., Xing, G., Guo, K., Dong, Y., Chen, R., Zeng, Y., Li, L., He, Z., Zhao, L., 2009. Petro-
genesis of the Pingshui keratophyre from Zhejiang: Zircon U–Pb age and Hf isotope
constraints. Chinese Science Bulletin 54, 610–617.

Chiaradia, M., Fontboté, L., Beate, B., 2004. Cenozoic continental arc magmatism and as-
sociated mineralization in Ecuador. Mineralium Deposita 39, 204–222.

Chu, N.C., Taylor, R.N., Chavagnac, V., Nesbitt, R.W., Boella, R.M., Milton, J.A., German,
C.R., Bayon, G., Burton, K., 2002. Hf isotope ratio analysis using multi-collector in-
ductively coupled plasma mass spectrometry: an evaluation of isobaric interfer-
ence corrections. Journal of Analytical Atomic Spectrometry 17, 1567–1574.

Di, Y.J., Wu, G.G., Zhang, D., Song, B., Zang, W.S., Zhang, Z.Y., Li, J.W., 2005. SHRIMP U–Pb
Zircon Geochronology of the Xiaotongguanshan and Shatanjiao intrusions and its
petrological implications in the Tongling area, Anhui. Acta Geologica Sinica 79,
795–802.

Fleet, M.E., Crocket, J.H., Stone, W.E., 1996. Partitioning of platinum-group elements
(Os, Ir, Ru, Pt, Pd) and gold between sulfide liquid and basalt melt. Geochimica et
Cosmochimica Acta 60, 2397–2412.

Gao, S., Ling, W., Qiu, Y., Lian, Z., Hartmann, G., Simon, K., 1999. Contrasting geochem-
ical and Sm–Nd isotopic compositions of Archean metasediments from the
Kongling high-grade terrain of the Yangtze craton: evidence for cratonic evolution
and redistribution of REE during crustal anatexis. Geochimica et Cosmochimica
Acta 63, 2071–2088.

Gerdes, A., Zeh, A., 2006. Combined U–Pb and Hf isotope LA-(MC-)ICP-MS analyses of
detrital zircons: comparison with SHRIMP and new constraints for the provenance
and age of an Annorican metasediment in Central Germany. Earth and Planetary
Science Letters 249, 47–61.

González-Partida, E., Levresse, G., Carrillo-Chávez, A., Cheilletz, A., Gasquet, D., Jones,
D., 2003. Paleocene adakite Au–Fe bearing rocks, Mezcala, Mexico: evidence from
geochemical characteristics. Journal of Geochemical Exploration 80, 25–40.

Griffin, W.L., Pearson, N.J., Belousova, E., Jackson, S.E., van Achterbergh, E., O'Reilly, S.Y.,
Shee, S.R., 2000. The Hf isotope composition of cratonic mantle: LAM-MC-ICPMS
analysis of zircon megacrysts in kimberlites. Geochimica et Cosmochimica Acta
64, 133–147.

Gutscher, M., Maury, R., Eissen, J., Bourdon, E., 2000. Can slab melting be caused by flat
subduction? Geology 28, 535.

Hou, K.J., Yuan, S.D., 2010. Zircon U–Pb age and Hf isotopic composition of the volcanic
and sub-volcanic rocks in the Ningwu basin and their geological implications. Acta
Petrologica Sinica 26, 888–902.

Iizuka, T., Hirata, T., Komiya, T., Rino, S., Katayama, I., Motoki, A., Maruyama, S., 2005.
U–Pb and Lu–Hf isotope systematics of zircons from theMississippi River sand: im-
plications for reworking and growth of continental crust. Geology 33, 485–488.

Imai, A., 2002.Metallogenesis of porphyry Cudeposits of thewestern Luzon arc, Philippines:
K–Ar ages, SO3 contents of microphenocrystic apatite and significance of intrusive
rocks. Resource Geology 52, 147–161.

Kelley, K.A., Cottrell, E., 2009. Water and the oxidation state of subduction zone
magmas. Science 325, 605–607.

Kemp, A.I.S., Hawkesworth, C.J., Paterson, B.A., Kinny, P.D., 2006. Episodic growth of the
Gondwana supercontinent from hafnium and oxygen isotopes in zircon. Nature
439, 580–583.

Kinny, P.D., Maas, R., 2003. Lu–Hf and Sm–Nd isotope systems in zircon. In: Hanchar,
J.M., Hoskin, P.W.O. (Eds.), Zircon. Mineralogical Society of America, Washington,
pp. 327–341.



47W. Yang, H.-F. Zhang / Lithos 150 (2012) 37–48
Li, W.-X., Li, X.-H., 2003. Adakitic granites within the NE Jiangxi ophiolites, South China:
geochemical and Nd isotopic evidence. Precambrian Research 122, 29–44.

Li, S.G., Xiao, Y.L., Liou, D.L., Chen, Y.Z., Ge, N.J., Zhang, Z.Q., Sun, S.S., Cong, B.L., Zhang, R.Y.,
Hart, S.R., Wang, S.S., 1993. Collision of the North China and Yangtse Blocks and forma-
tion of coesite-bearing eclogites – timing and processes. Chemical Geology 109, 89–111.

Li, X.-H., Zhao, J.-X., McCulloch, M.T., Zhou, G.-Q., Xing, F.-M., 1997. Geochemical and
Sm–Nd isotopic study of Neoproterozoic ophiolites from southeastern China: pet-
rogenesis and tectonic implications. Precambrian Research 81, 129–144.

Li, Z., Li, X., Zhou, H., Kinny, P., 2002. Grenvillian continental collision in south China:
new SHRIMP U–Pb zircon results and implications for the configuration of Rodinia.
Geology 30, 163.

Li, X.-H., Li, Z.-X., Ge, W., Zhou, H., Li, W., Liu, Y., Wingate, M.T.D., 2003a. Neoproterozoic
granitoids in South China: crustal melting above a mantle plume at ca. 825 Ma?
Precambrian Research 122, 45–83.

Li, Z.X., Li, X.H., Kinny, P.D., Wang, J., Zhang, S., Zhou, H., 2003b. Geochronology of
Neoproterozoic syn-rift magmatism in the Yangtze Craton, South China and corre-
lations with other continents: evidence for a mantle superplume that broke up
Rodinia. Precambrian Research 122, 85–109.

Li, Z.-X., Wartho, J.-A., Occhipinti, S., Zhang, C.-L., Li, X.-H., Wang, J., Bao, C., 2007. Early
history of the eastern Sibao Orogen (South China) during the assembly of Rodinia:
new mica 40Ar/39Ar dating and SHRIMP U–Pb detrital zircon provenance con-
straints. Precambrian Research 159, 79–94.

Li, X.-H., Li, W.-X., Li, Z.-X., Liu, Y., 2008. 850–790 Ma bimodal volcanic and intrusive
rocks in northern Zhejiang, South China: a major episode of continental rift
magmatism during the breakup of Rodinia. Lithos 102, 341–357.

Li, J.W., Zhao, X.F., Zhou, M.F., Ma, C.Q., de Souza, Z.S., Vasconcelos, P., 2009a. Late Meso-
zoic magmatism from the Daye region, eastern China: U–Pb ages, petrogenesis, and
geodynamic implications. Contributions to Mineralogy and Petrology 157, 383–409.

Li, X.-H., Li, W.-X., Li, Z.-X., Lo, C.-H., Wang, J., Ye, M.-F., Yang, Y.-H., 2009b. Amalgam-
ation between the Yangtze and Cathaysia Blocks in South China: constraints from
SHRIMP U–Pb zircon ages, geochemistry and Nd–Hf isotopes of the Shuangxiwu
volcanic rocks. Precambrian Research 174, 117–128.

Li, X.H., Liu, Y., Li, Q.L., Guo, C.H., Chamberlain, K.R., 2009c. Precise determination of
Phanerozoic zircon Pb/Pb age by multicollector SIMS without external standardi-
zation. Geochemistry, Geophysics, Geosystems 10, Q04010. http://dx.doi.org/
10.1029/2009GC002400.

Li, H., Zhang, H., Ling, M.-X., Wang, F.-Y., Ding, X., Zhou, J.-B., Yang, X.-Y., Tu, X.-L., Sun, W.,
2010a. Geochemical and zircon U–Pb study of the Huangmeijian A-type granite:
implications for geological evolution of the Lower Yangtze River belt. International
Geology Review 53, 499–525.

Li, Q.-L., Li, X.-H., Liu, Y., Wu, F.-Y., Yang, J.-H., Mitchell, R.H., 2010b. Precise U–Pb and
Th–Pb age determination of kimberlitic perovskites by secondary ion mass spec-
trometry. Chemical Geology 269, 396–405.

Li, X.-H., Li, W.-X., Wang, X.-C., Li, Q.-L., Liu, Y., Tang, G.-Q., Gao, Y.-Y., Wu, F.-Y., 2010c.
SIMS U–Pb zircon geochronology of porphyry Cu–Au–(Mo) deposits in the Yangtze
River Metallogenic Belt, eastern China: magmatic response to early Cretaceous
lithospheric extension. Lithos 119, 427–438.

Li, H., Ling, M.X., Li, C.Y., Zhang, H., Ding, X., Yang, X.Y., Fan, W.M., Li, Y.L., Sun, W.D., 2011.
A-type granite belts of two chemical subgroups in central eastern China: indication of
ridge subduction. Lithos 150, 26–36 (this issue).

Ling, M.X., Wang, F.Y., Ding, X., Hu, Y.H., Zhou, J.B., Zartman, R.E., Yang, X.Y., Sun, W.,
2009. Cretaceous ridge subduction along the lower Yangtze River belt, eastern
China. Economic Geology 104, 303.

Liu, H., Qiu, J.S., Lo, C.H., Xu, X.S., Ling, W.L., Wang, D.Z., 2002. Petrogenesis of the Me-
sozoic K-rich volcanic rocks in the Luzong basin, Anhui Province: geochemical con-
straints. Geochimica 31, 129–140.

Liu, S.-A., Li, S., He, Y., Huang, F., 2010. Geochemical contrasts between early Cretaceous
ore-bearing and ore-barren high-Mg adakites in central-eastern China: implica-
tions for petrogenesis and Cu–Au mineralization. Geochimica et Cosmochimica
Acta 74, 7160–7178.

Lou, Y.E., Du, Y.S., 2006. Characteristics and zircon SHRIMP U–Pb ages of the Mesozoic
intrusive rocks in Fanchang, Anhui Province. Geochimica 35, 359–366.

Ludwig, K.R., 2003. Isoplot 3.0 – A geochronological toolkit for Microsoft Excel. Berke-
ley Geochronology Center, Berkeley.

Mao, J., Wang, Y., Lehmann, B., Yu, J., Du, A., Mei, Y., Li, Y., Zang, W., Stein, H.J., Zhou, T.,
2006. Molybdenite Re–Os and albite 40Ar/39Ar dating of Cu–Au–Mo and magnetite
porphyry systems in the Yangtze River valley and metallogenic implications. Ore
Geology Reviews 29, 307–324.

Miller, C.F., McDowell, S.M., Mapes, R.W., 2003. Hot and cold granites? Implications of zir-
con saturation temperatures and preservation of inheritance. Geology 31, 529–532.

Morel, M.L.A., Nebel, O., Nebel-Jacobsen, Y.J., Miller, J.S., Vroon, P.Z., 2008. Hafnium iso-
tope characterization of the GJ-1 zircon reference material by solution and laser-
ablation MC-ICPMS. Chemical Geology 255, 231–235.

Mungall, J.E., 2002. Roasting the mantle: slab melting and the genesis of major Au and
Au-rich Cu deposits. Geology 30, 915.

Oyarzun, R., Márquez, A., Lillo, J., López, I., Rivera, S., 2001. Giant versus small porphyry
copper deposits of Cenozoic age in northern Chile: adakitic versus normal calc-
alkaline magmatism. Mineralium Deposita 36, 794–798.

Pan, Y., Dong, P., 1999. The Lower Changjiang (Yangzi/Yangtze River) metallogenic
belt, east central China: intrusion-and wall rock-hosted Cu–Fe–Au, Mo, Zn, Pb, Ag
deposits. Ore Geology Reviews 15, 177–242.

Qiu, Y., Gao, S., McNaughton, N., Groves, D., Ling, W., 2000. First evidence of >3.2 Ga
continental crust in the Yangtze craton of south China and its implications for
Archean crustal evolution and Phanerozoic tectonics. Geology 28, 11.

Rae, A.J., Cooke, D.R., Phillips, D., Zaide-Delfin, M., 2004. The nature of magmatism
at Palinpinon geothermal field, Negros Island, Philippines: implications for
geothermal activity and regional tectonics. Journal of Volcanology and Geothermal
Research 129, 321–342.

Sajona, F.G., Maury, R.C., 1998. Association of adakites with gold and copper minerali-
zation in the Philippines. Comptes Rendus de l'Académie des Sciences - Series IIA -
Earth and Planetary Science 326, 27–34.

Scherer, E., Munker, C., Mezger, K., 2001. Calibration of the lutetium–hafnium clock.
Science 293, 683.

Stacey, J.S., Kramers, J.D., 1975. Approximation of terrestrial lead isotope evolution by a
two-stage model. Earth and Planetary Science Letters 26, 207–221.

Sun, W.D., Xie, Z., Chen, J.F., Zhang, X., Chai, Z.F., Du, A.D., Zhao, J.S., Zhang, C.H., Zhou,
T.F., 2003. Os–Os dating of copper and molybdenum deposits along the middle
and lower reaches of the Yangtze river, China. Economic Geology 98, 175.

Sun, W., Ling, M., Yang, X., Fan, W., Ding, X., Liang, H., 2010. Ridge subduction and por-
phyry copper–gold mineralization: an overview. Science in China Series D: Earth
Sciences 53, 475–484.

Sun, W.D., Ling, M.X., Chung, S.L., Ding, X., Yang, X.Y., Liang, H.Y., Fan, W.M., Goldfarb,
R., Yin, Q.Z., 2012. Geochemical constraints on adakites of different origins and
copper mineralization. Journal of Geology 120, 105–120.

Vervoort, J.D., Blichert-Toft, J., 1999. Evolution of the depletedmantle: Hf isotope evidence
from juvenile rocks through time. Geochimica et Cosmochimica Acta 63, 533–556.

Vervoort, J., Patchett, P., Söderlund, U., Baker, M., 2004. Isotopic composition of Yb and
the determination of Lu concentrations and Lu/Hf ratios by isotope dilution using
MC-ICPMS. Geochemistry, Geophysics, Geosystems 5, Q11002. http://dx.doi.org/
10.1029/2004GC000721.

Wang, S., McDougall, I., 1980. K–Ar and 40Ar/39Ar ages on Mesozoic volcanic rocks from
the Lower Yangtze Volcanic Zone, southeastern China. Journal of the Geological So-
ciety of Australia 27, 121–128.

Wang, Q., Xu, J., Zhao, Z., Xiong, X., Bao, Z., 2003. Petrogenesis of the Mesozoic intrusive
rocks in the Tongling area, Anhui Province, China and their constraint on geo-
dynamic process. Science in China Series D: Earth Sciences 46, 801–815.

Wang, Y., Wang, Y., Zhang, Q., Jia, X., Han, S., 2004a. The geochemical characteristics of
Mesozoic intermediate-acid intrusives of the Tongling area and its metallogenesis-
geodynamic implications. Acta Petrologica Sinica 20, 325–335.

Wang, Y.B., Liu, D.Y., Meng, Y.F., Zeng, P.S., Yang, Z.S., Tian, S.H., 2004b. SHRIMP U–Pb
geochronology of the Xinqiao Cu–S–Fe–Au deposit in the Tongling ore district,
Anhui. Chinese Geology 2, 169–173.

Wang, Q., Wyman, D.A., Xu, J.F., Zhao, Z.H., Jian, P., Xiong, X.L., Bao, Z.W., Li, C.F., Bai,
Z.H., 2006a. Petrogenesis of Cretaceous adakitic and shoshonitic igneous rocks in
the Luzong area, Anhui Province (eastern China): implications for geodynamics
and Cu–Au mineralization. Lithos 89, 424–446.

Wang, X.L., Zhou, J.C., Qiu, J.S., Zhang, W.L., Liu, X.M., Zhang, G.L., 2006b. LA-ICP-MS U–Pb
zircon geochronology of the Neoproterozoic igneous rocks from Northern Guangxi,
South China: implications for tectonic evolution. Precambrian Research 145, 111–130.

Wang, Y., Zhang, F., Fan,W., Zhang, G., Chen, S., Cawood, P.A., Zhang, A., 2010. Tectonic set-
ting of the South China Block in the early Paleozoic: resolving intracontinental and
ocean closure models from detrital zircon U–Pb geochronology. Tectonics 29, TC6020.

Wang, G.G., Ni, P., Zhao, K.D., Wang, X.L., Liu, J.Q., Jiang, S.Y., Chen, H., 2012.
Petrogenesis of the Middle Jurassic Yinshan volcanic-intrusive complex, SE
China: implications for tectonic evolution and Cu–Au mineralization. Lithos 150,
135–154 (this issue).

Wiedenbeck, M., Alle, P., Corfu, F., Griffin, W.L., Meier, M., Oberli, F., Vonquadt, A.,
Roddick, J.C., Speigel, W., 1995. Three natural zircon standards for U–Th–Pb, Lu–
Hf, trace element and REE analyses. Geostandards Newsletter 19, 1–23.

Woodhead, J., Hergt, J., Shelley, M., Eggins, S., Kemp, R., 2004. Zircon Hf-isotope analysis
with an excimer laser, depth profiling, ablation of complex geometries, and con-
comitant age estimation. Chemical Geology 209, 121–135.

Wu, F.Y., Yang, Y.H., Xie, L.W., Yang, J.H., Xu, P., 2006a. Hf isotopic compositions of the stan-
dard zircons and baddeleyites used in U–Pb geochronology. Chemical Geology 234,
105–126.

Wu, R.-X., Zheng, Y.-F., Wu, Y.-B., Zhao, Z.-F., Zhang, S.-B., Liu, X., Wu, F.-Y., 2006b.
Reworking of juvenile crust: element and isotope evidence from Neoproterozoic
granodiorite in South China. Precambrian Research 146, 179–212.

Wu, C.L., Dong, S.W., Guo, H.P., Guo, X.Y., Gao, Q.M., Liu, L.G., Chen, Q.L., Lei, M.,
Wooden, J.L., Mazadab, F.K., Mattinson, C., 2008a. Zircon SHRIMP U–Pb dating of
intermediate-acid intrusive rocks from Shizishan, Tongling and the deep processes
of magmatism. Acta Petrologica Sinica 24, 1801–1812.

Wu, G.G., Zhang, D., Di, Y.J., Zang, W.S., Zhang, X.X., Song, B., Zhang, Z.Y., 2008b. SHRIMP
zircon U–Pb dating of the intrusives in the Tongling metallogenic cluster and its
dynamic setting. Science in China Series D: Earth Sciences 51, 911–928.

Wu, F.Y., Ji, W.Q., Sun, D.H., Yang, Y.H., Li, X.H., 2012. Zircon U–Pb geochronology and Hf
isotopic compositions of the Mesozoic granites in southern Anhui Province, China.
Lithos 150, 6–25 (this issue).

Xie, G.Q., Mao, J.W., Li, R.L., Zhang, Z.S., Zhao, W.C., Qu, W.J., Zhao, C.S., Wei, S.K., 2006a.
Metallogenic epoch and geodynamic framework of Cu–Au–Mo–(W) deposits in
Southeastern Hubei Province: constraints from Re–Os molybdenite ages. Mineral
Deposits 25, 43–52.

Xie, G.Q., Mao, J.W., Li, R.L., Zhou, S.D., Ye, H.S., Yan, Q.R., Zhang, Z.S., 2006b. SHRIMP zir-
con U–Pb dating for volcanic rocks of the Dasi Formation in southeast Hubei Prov-
ince, middle-lower reaches of the Yangtze River and its implications. Chinese
Science Bulletin 51, 3000–3009.

Xie, Z., Li, Q.Z., Chen, J.F., Gao, T.S., 2007. The geochemical characteristics of the Early-
Cretaceous volcanics in Luzong region and their source significances. Geological
Journal of China Universities 13, 235–249.

Xie, G., Mao, J., Li, R., Bierlein, F.P., 2008. Geochemistry and Nd–Sr isotopic studies of Late
Mesozoic granitoids in the southeastern Hubei Province, Middle-Lower Yangtze
River belt, Eastern China: petrogenesis and tectonic setting. Lithos 104, 216–230.

http://dx.doi.org/10.1029/2009GC002400
http://dx.doi.org/10.1029/2004GC000721


48 W. Yang, H.-F. Zhang / Lithos 150 (2012) 37–48
Xie, J.C., Yang, X.Y., Sun, W.D., Du, J.G., 2012. Early Cretaceous dioritic rocks in the
Tongling region, eastern China: implications for the tectonic settings. Lithos 150,
49–61 (this issue).

Yan, T.Z., Xu, X.M., Zhu, C.H.,Wang, J.G., 2007. Discover microflora in the Fuchuan opholite
belt and its age significance, Anhui. Resources Survey & Environment 28, 28–32.

Yan, J., Liu, H.Q., Song, C.Z., Xu, X.S., An, Y.J., Liu, J., Dai, L.Q., 2009. Zircon U–Pb geochro-
nology of the volcanic rocks from Fanchang–Ningwu volcanic basins in the Lower
Yangtze region and its geological implicaitons. Chinese Science Bulletin 54, 1–10.

Ye, M.-F., Li, X.-H., Li, W.-X., Liu, Y., Li, Z.-X., 2007. SHRIMP zircon U–Pb geochronolog-
ical and whole-rock geochemical evidence for an early Neoproterozoic Sibaoan
magmatic arc along the southeastern margin of the Yangtze Block. Gondwana Re-
search 12, 144–156.
Zhang, Z., Badal, J., Li, Y., Chen, Y., Yang, L., Teng, J., 2005. Crust-upper mantle seismic
velocity structure across Southeastern China. Tectonophysics 395, 137–157.

Zhang, S.B., Zheng, Y.F., Wu, Y.B., Zhao, Z.F., Gao, S., Wu, F.Y., 2006. Zircon isotope evi-
dence for >= 3.5 Ga continental crust in the Yangtze craton of China. Precambrian
Research 146, 16–34.

Zheng, J., Griffin, W.L., O'Reilly, S.Y., Zhang, M., Pearson, N., Pan, Y., 2006. Widespread
Archean basement beneath the Yangtze craton. Geology 34, 417–420.

Zhou, T., Fan, Y., Yuan, F., Lu, S., Shang, S., Cooke, D., Meffre, S., Zhao, G., 2008. Geochro-
nology of the volcanic rocks in the Lu-Zong basin and its significance. Science in
China Series D: Earth Sciences 51, 1470–1482.


	Zircon geochronology and Hf isotopic composition of Mesozoic magmatic rocks from Chizhou, the Lower Yangtze Region: Constra...
	1. Introduction
	2. Geological background and sample localities
	3. Analytical methods
	3.1. Zircon U–Pb dating
	3.2. Zircon Hf isotopes

	4. Results
	4.1. Zircon U–Pb age determination
	4.2. Zircon Hf isotopes

	5. Discussion
	5.1. Coexistence of two episodes of Mesozoic magmatism in Chizhou area
	5.2. Origin of these two episode rocks
	5.2.1. Contribution of Neoproterozoic crustal materials to Cu–Au-bearing granite porphyries
	5.2.2. Constraints on the origin of magmatism of the early episode
	5.2.3. Origin of late episode magmatism and its relationship with lithospheric thinning

	5.3. Tectonic evolution of the LYRB and Cu–Au mineralization

	6. Conclusions
	Acknowledgement
	Appendix A. Supplementary data
	References


