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a b s t r a c t
The E-W trending Nanling Range, located in the southern part of the South China Block (SCB), is characterized by
widespread intra-continental Mesozoic granitoids and accompanying W–Sn polymetallic ore deposits. Detailed
studies are presented on trace elements, U–Pb ages and Lu–Hf isotopes in zircons from the Mesozoic A2-type like
granitoids (including the Qianlishan, Qitianling, Xianghualing, Huashan, Guposhan, Niumiao, Tong'an, Jinziling
and Jinjiling Plutons) from the western Nanling Range. LA–ICP–MS U–Pb analyses of zircon indicate that these
granites intruded mainly from ca 160–150 Ma. Two types of zircon (magmatic and late-magmatic hydrothermal)
with similar ages can be distinguished based on their zircon trace element compositions. The late-magmatic hydrothermal zircons have high contents of metallogenic elements (e.g., W and Sn) and may be closely related with the
ore deposits. The εHf(t) values of zircons from the Mesozoic granitoids are mildly negative to positive, indicating the
reworking of both old and young crustal components. The signiﬁcant involvement of Mesozoic juvenile mantle-derived materials in the source can be excluded because of the rare occurrences of maﬁc rocks with radiogenic isotopic
signatures in the area. The average crustal residence age patterns of the Mesozoic granites in the western Nanling
Range are similar to those of the Neoproterozoic magmatic rocks in the eastern part of the Jiangnan orogen,
which may represent the Neoproterozoic collisional belt between the Yangtze and Cathaysia blocks. Considering
the speciﬁc isotopic and metallogenic features of the Mesozoic granitoids in the study area, we propose that the
western Nanling Range may represent a western extension of Neoproterozoic arc–continent collisional belt in
South China. The Mesozoic granitoids of this area may have been generated mainly by reworking of deeply-buried
Neoproterozoic arc-related volcanic-sedimentary materials due to thermal perturbations triggered by the subduction of the Paleo-Paciﬁc Plate in Mesozoic time.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Intra-continental magmatism is a major process contributing to the
evolution of lithosphere, of which the magmatism and related tectonic
processes are closely linked to plate tectonics. As one of the major continents in Asia, the South China Block (SCB) has experienced signiﬁcant,
episodic intra-continental magmatism and deformation since Neoproterozoic time (e.g. Li and Li, 2007; Zhou, 2003; Zhou and Li,
2000; Zhou et al., 2006), making it a natural laboratory for studying
intra-continental geological processes. Moreover, it is an ideal place
to study intra-continental mineralization, with special metallogenic systems related to the magmatism (Hu et al., 2010). The intra-continental
magmatism in the SCB is characterized by huge volumes of Phanerozoic
granitoids, which indicate a widespread, episodic crustal reworking. The
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geodynamic mechanisms responsible for the reworking in the Caledonian, Indosinian and Yanshanian orogenies have received great attention
in the last two decades. The thermal contributions of underplating mantle
magmas often have been suggested to be the main factors in the genesis
of the granites in the SCB, providing heat and/or materials (e.g. Jiang et al.,
2006, 2008; Zhu et al., 2008); both EM-1 and EM-2 mantle sources have
been proposed (Wang et al., 2003). On the other hand, great attention
has also been paid to the Neoproterozoic amalgamation between the
Yangtze and Cathaysia blocks (Li et al., 2003, 2009a, 2009b; Wang et al.,
2006, 2007; Zheng et al., 2007, 2008; Zhou et al., 2004). One of the important advances on this aspect lies in the understanding of reworking of late
Mesoproterozoic to early Neoproterozoic crustal materials in early to
middle Neoproterozoic time (Zheng et al., 2008). However, little work
has been carried out on the links between the reworking of Neoproterozoic crust and the petrogenesis of Mesozoic granites in the interior of
the SCB. Detailed study of this aspect will shed light on the formation of
the huge granite province in the SCB.
The Nanling Range, in the southern part of the SCB, is well-known
for its extensive Mesozoic granitic magmatism and the genetically
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related rare-metal deposits (e.g., W, Sn, U, Nb, Ta, REE, Sb and Hg,
etc.). Gilder et al. (1996) originally proposed the existence of a belt of
granites with low Nd model ages (TDM) and less negative εNd(t) values
(−4 to −8) in the western part of the Nanling Range. This work was
subsequently supported by Chen and Jahn (1998) and Zhou et al.
(2006). The NE-striking belt of low-TDM granites occurs in the interior
of the SCB, which is different from the low-TDM volcanic rocks in the
coastal areas (Wang et al., 2001; Zhou and Li, 2000), and carries important information on the lithospheric evolution of the SCB. Thus, the lowTDM granites have received considerable attention in the last decade.
Hong et al. (2002) suggested that it represents the boundary of the
Yangtze and Cathaysia blocks in Neoproterozoic time, while Li et al.
(2009a, 2009b) and many scholars believe that the low TDM values of
the granites reﬂects the involvement of juvenile mantle materials.
In recent years, the Mesozoic low-TDM granites in the western Nanling Range have been geochemically regarded as A-type granites (Jiang
et al., 2008; Zhu et al., 2008). The term “A-type granite” was ﬁrst introduced by Loiselle and Wones (1979), and then discussed and reﬁned by
Collins et al. (1982) and Whalen et al. (1987). Eby (1990, 1992) proposed that A-type granite could be subdivided into A1 and A2 types.
Based on whole-rock geochemical data, Zhu et al. (2008) and Jiang et
al. (2008) proposed that the granites in the western Nanling low TDM
belt should belong to A2-type granite. However, the geochemical features of the granites may only reveal the characteristics of the magma
source, while their tectonic settings require further geological and geochemical constraints. At present, the characteristics of the magma
source have turned out to be the key issue in understanding the petrogenesis of the granites. What is the age of recycled crustal material?
What is its role in the generation of the low-TDM granites if the involvement of juvenile crustal materials indeed happened? Moreover, the
timing and mechanism of the related mineralization remain unclear.
Zircon is a unique mineral because of its physiochemical resilience,
high concentrations of important trace elements and two widely-used
radiogenic isotopic systems (U–Th–Pb and Lu–Hf). It therefore can provide information on the crystallization age, magma source and crustal
evolution. The Mesozoic low-TDM granitic plutons in the western Nanling Range generally have high SiO2 contents and Zr concentrations
(Jiang et al., 2008; Zhu et al., 2008), resulting in the crystallization
and/or preservation of abundant zircons. In this work, we have carried
out detailed analyses of trace elements, U–Pb geochronology and Hf isotopes in zircons from the Mesozoic low-TDM granites in the western
Nanling Range. We propose that these granites may be the products
of reworking of early Neoproterozoic arc crustal materials along the
arc–continent collisional belt between the Yangtze and Cathaysia
blocks.
2. Geological background
The South China Block is composed of two blocks involving the
Yangtze Block to the northwest and the Cathaysia Block to the southeast (Fig. 1a; Wang et al., 2007).. The granites of the interior of South
China Block are mainly distributed in the Cathaysia Block and the
Jiangnan orogen. The Jiangnan orogen has been widely accepted to
be the Neoproterozoic arc–continental collisional belt between the
Yangtze and Cathaysia blocks, and the area of the orogenic belt was
outlined mainly based on the distribution of Proterozoic magmatic
rocks and meta-sedimentary sequences between the two blocks
(Shu et al., 1995). However, the present western part of the Jiangnan
orogen (i.e., the Northern Guangxi and western Hunan Provinces)
lacks enough deﬁnite geological evidence (such as arc volcanic
rocks) to provide a good correlation with the eastern part of the
orogen.
At least two low-TDM magmatic belts have been identiﬁed in the
SCB (A–A' and B–B' belts in Fig. 1b) (Chen and Jahn, 1998; Chen
et al., 1999; Gilder et al., 1996). Both of them basically strike NE-SW
(Fig. 1b). Zhou et al. (2006) proposed another low-TDM magmatic
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belt in the central part of the South China Block (C–C'; Fig. 1b). It is
an E-W trending belt, conﬁned to the area of the Nanling Range.
The C–C' belt intersects with the lower part of the A–A' belt at the
western Nanling Range, where huge volumes of granitoids outcropped in a scale larger than 3000 km 2. Biotite granite is the dominant rock type in the area, with a few diorites, pyroxene diorites
and minor monzonite and granodiorite. Many studies have been carried out on the granitoids (e.g. Jiang et al., 2008; Li et al., 2009b; Zhao
et al., 2009; Zhou et al., 2006; Zhu et al., 1989, 2005, 2006a, 2006b,
2009 etc.). It has been proposed that they have been formed during
the subduction of the Paciﬁc Ocean Plate (Fig. 1c; Zhou et al., 2006).
The Mesozoic granitoids in the area are metaluminous to weakly peraluminous, with high abundances of SiO2, K2O, Na2O, high ﬁeld strength
elements (HFSEs, e.g., Zr, Nd, Ce, Y, Ta, Hf) and large ion lithophile elements (LILEs, such as Rb, Cs, etc.). Especially, the concentrations of W
and Sn in the Mesozoic granitoids are higher than those in the granites
of other generations in the belt. The high HFSE concentrations are commonly observed in A-type granites, and this has led some authors to interpret the Nanling Rocks as A-type granites (Jiang et al., 2008; Zhu et
al., 2008). However, this interpretation may be doubtful, because Atype granites can be produced by partial melting of granulites that
melted from sedimentary protoliths and underwent the extraction of
hydrous felsic melts prior to extraction of alkali-rich and anhydrous granitic melts. In this paper, we focus on the crustal reworking and growth
rather than the plutons' geochemical features and rock types. Some granitic plutons in the belt are composite multi-phase intrusions (e.g., Huashan Pluton; Fig. 1d); dioritic enclaves are found in the Qitianling and
Guposhan Plutons.
The granites of the NE-striking, ca 250 km long, low-TDM belt generally have two-stage Nd model ages of 1.6–1.0 Ga (Bai et al., 2005; Fu et
al., 2005; Li et al., 2004a, 2004b; Zhu et al., 1989, 2006b). Besides the
Yanshanian granitoids, a few Indosinian and Caledonian granitoids are
also found in the belt (Zhu et al., 2008). The typical W–Sn mineralization is closely related to the Yanshanian granitoids (Li et al., 2004a,
2004b; Liu et al., 1997, 2002). Zircon grains were separated from
some representative Yanshanian A-type-like plutons (including the
Qianlishan, Qitianling, Xianghualing, Huashan, Guposhan, Niumiao,
Tong'an, Jinziling and Jinjiling Plutons) within the low-TDM belt.
3. Analytical methods
Major elements of zircons were determined using a JEOL JXA-8100
electron microprobe at the State Key Laboratory for Mineral Deposits
Research (MiDeR), Nanjing University (NJU). All analyses were performed with an accelerating voltage of 15 kV, with a beam current
of 20 nA and a beam diameter of 1 μm.
Trace elements and U–Th–Pb isotopes in zircon were determined
using an Agilent 7500a ICP–MS coupled with a New Wave UP213
laser ablation system at MiDeR, NJU. He carrier gas was used to transport the ablated sample from the standard laser-ablation cell, and
then mixed with the Ar gas via a mixing chamber before entering
into the ICP–MS torch. All of the spot analyses were carried out
using a repetition rate of 5 Hz. The laser ablation beams are about
25 μm in diameter. NIST610 glass was used as external standard for
trace elements and Si contents (from EMPA) were used as the internal standard. GJ-1 was used as an external standard with a recommended 206Pb/ 207Pb age of 608.5 ± 1.5 Ma (Jackson et al., 2004).
Zircon standard Mud Tank (intercept age of 732 ± 5 Ma; Black and
Gulson, 1978) was used to monitor the analytical accuracy. U–Pb
ages were calculated from the raw signal data using the on-line software package GLITTER (ver. 4.4) (www.mq.edu.au/GEMOC; Grifﬁn
et al., 2008). The common Pb correction was carried out using the
EXCEL program ComPbCorr#3_15G (Andersen, 2002). The calculations of weighted average ages and plotting on Concordia were
done using the ISOPLOT program (ver. 2.06) of Ludwig (1999). The
results are reported with 1σ errors.
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Fig. 1. Simpliﬁed geological map of the study area. (a) Geological sketch map of the South China Block, comprising the Yangtze Block, Cathaysia Block and Jiangnan orogen (modiﬁed after Wang et al., 2007); J–X belt, Jiangshan–Shaoxing Fault. (b) The location of low-TDM (Nd) model age belts of South China (after Zhou et al., 2006). (c) Cartoons illustrating
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al., 2002 and Zhu et al., 2006a). The new zircon ages are shown beside the plutons.
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Lu–Hf isotopic analyses of zircon were carried out using a Geolas193
laser-ablation system attached to a Nu Plasma HR multi-collector ICP–
MS at the State Key Laboratory of Continental Dynamics, Northwest
University, Xi'an. Instrumental conditions and data acquisition in detail
are described by Yuan et al. (2008). Typical ablation time was about 30 s
for 200 cycles, with a 5 Hz repetition rate and a beam diameter of 44 μm
(predominantly). He gas was used as the carrier gas, then combined
with argon in a small mixing chamber prior to transport into the ICP
torch. To avoid the inﬂuence of isotopic fractionation or intersecting
cracks/inclusions, only the ﬂattest, most stable portions of the timeresolved signal were selected for integration. Isobaric interference
of 176Lu on 176Hf was corrected by measuring the intensity of the
interference-free 175Lu isotope and using a recommended 176Lu/175Lu
ratio of 0.02655 (Machado and Simonetti, 2001) to calculate 176Lu/177Hf
ratios. Correction for isobaric interference of 176Yb on 176Hf was performed in ‘real time’ as advocated by Woodhead et al. (2004) and developed by Iizuka and Hirata (2005). Zircon 91500 was used as the reference
standard, with a recommended 176Hf/177Hf ratio of 0.282306±10
(Woodhead et al., 2004). The analytical error for single Lu–Hf isotope
analysis results is given as 1σ. We have adopted a decay
constant for 176Lu of 1.865×10−11 year− 1 (Scherer et al., 2001). Initial 176Hf/177Hf ratios εHf(t) were calculated with reference to the
chondritic reservoir (CHUR) of Blichert-Toft and Albarede (1997) at
the time of zircon growth from the magma. Two-stage Hf model
age (T2DM) is calculated relative to the depleted mantle with present-day 176Hf/177Hf=0.28325 and 176Lu/177Hf=0.0384 (Grifﬁn
et al., 2000; Nowell et al., 1998), and bulk crust with presentday 176Lu/177Hf=0.015 (Grifﬁn et al., 2002).
4. Results
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Distributions of W and Sn in individual grains seem extremely irregular and show no systematic evolution (e.g., core-rim). The W
contents have a large variation from 0.07 ppm to 326 ppm, with a
mean value of 26.8 ppm. The large variations in W contents may be
ascribed to the highly heterogeneous W contents of the granitic
melts from which zircons precipitated. The Sn contents are generally
lower than W, ranging from 0.44 ppm to 30.6 ppm, with a mean value
of 3.14 ppm.
The LREE (La–Eu) contents in zircons vary greatly (Supplementary
Table 3), with the total contents ranging from 5.85 ppm to 695 ppm.
Most of the 104 zircon spot analyses can be divided into two groups.
Group 1 zircons (including 14 spots) have LREE contents (N100 ppm)
higher than Group 2 zircons, suggesting different crystallization conditions for the two groups. The LREE contents of Group 1 are mainly
dominated by Ce and Nd contents. The ΣREE of all samples are in
the range of 330–9466 ppm, with an average value of 1275 ppm.
Hoskin and Schaltegger (2003) concluded that zircons from crustal
rocks have highly variable ΣREE abundances, varying from as low
as 250 ppm to as high as 5000 ppm and averaging between 1500
and 2000 ppm. Zircon REE contents of this work fall within this
range.
Zircon preferentially accepts the HREE relative to the LREE. Thus
the chondrite-normalized ratios are commonly used to distinguish
zircon precipitation from different types of melt/ﬂuid. Relative to
chondrite values, our zircons are enriched in HREE and depleted in
LREE. The average LREE/HREE is 0.05, with individual analyses ranging from 0.01 to 1.31. There is an evident difference between zircons
from Group 1 and 2 (Fig. 2). Group 1 zircon has a relatively ﬂat pattern (Fig. 2a) whereas a steep chondrite-normalized pattern with signiﬁcantly positive Ce-anomaly and negative Eu anomaly for Group 2
zircon (Fig. 2b).

4.1. Major elements
Zircon is an important accessory mineral, being a host for signiﬁcant fractions of the whole-rock budgets of Zr, U, Th, Hf, and REEs
(Bea, 1996; O'Hara et al., 2001; Sawka, 1988). Zircon has a stoichiometric composition of 67.2 wt.% ZrO2 and 32.8 wt.% SiO2. In this
work 67 representative zircons, chosen on the basis of CL images,
have been analyzed for major elements. SiO2 contents of the zircons
have a large variation ranging from 26.0 wt.% to 33.5 wt.%, with a
mean value of 32.1 wt.% (Supplementary Table 2). A similar variation
is also shown in ZrO2 contents, with a range of 48.6 wt.% to 66.4 wt.%.
The relatively low ZrO2 contents of some zircons are consistent with
their high HfO2 contents. Hafnium-rich zircons were found in
07SZY-13 (n = 6) and 07SZY-07 (n = 2), with HfO2 contents (from
7 wt.% to 14 wt.%) much higher than other analyzed zircon grains
(HfO2 b 3 wt.%) in the two samples. Zr/Hf values of our zircons vary
from 17 to 66, with a mean value of 44. According to the experimental
results of Linnen and Keppler (2002), fractionation of Zr and Hf in zirconcrystallizing melts is related to the Zr/Hf activity coefﬁcient ratio in the
melt. During the fractional crystallization of metaluminous and peraluminous granitic magmas, the abundance of HfO2 in zircons crystallizing from
the residual melts would increase steadily (Hoskin and Schaltegger,
2003). Therefore, the high concentration of HfO2 in the samples from
the Shizhuyuan Pluton may reﬂect the high degree of fractional crystallization. The rims of these zircons with low Zr/Hf ratios are generally dark
in color and also have higher concentrations of uranium and hafnium
than the other zircons.
4.2. REE and trace elements
Seven samples from four plutons (Qianlishan, Qitianling,
Guposhan and Xianghualing) were analyzed for zircon REEs and
trace elements (Supplementary Table 3). Some large or super-large
W or Sn polymetallic deposits are found in or near these granitic
plutons.

4.3. Zircon U–Pb ages
4.3.1. Qitianling Pluton
Four samples (07AY-06, 07FR-03, 07FR-05 and 07BLS-03) were
selected from the Qitianling Pluton for zircon U–Pb dating. Zircons
from these samples have typical magmatic oscillatory zonation
(Fig. 3).
Zircons from 07AY-06 (a coarse-grained granite) have Th/U ratios
ranging from 0.25 to 0.69. 14 analyzed spots plot on or near the Concordia, and 13 of them analyses yield a weighted average 206Pb/238U age of
152 ±2 Ma (Fig. 4a; MSWD= 0.25, n =13). The other spot analysis is
from a zircon core and shows an early Neoproterozoic age (Fig. 4a;
910 ± 18 Ma). The age of 152 ± 2 Ma could represent the crystallization
age of the granite, and the early Neoproterozoic zircon core may be
inherited from the source rock.
Zircons from the sample 07FR-03 (a coarsely porphyritic biotite
granite) have Th/U ratios ranging from 0.39 to 3.38. 15 spot analyses
of the sample fall in a group, yielding a weighted average 206Pb/ 238U
age of 152 ± 1 Ma (Fig. 4b; MSWD = 0.49, n = 15).
Zircons from the sample 07FR-05 (a coarsely porphyritic biotite
granite) have Th/U ratios ranging from 0.22 to 1.07. 15 spot analyses
plot on or near the Concordia, yielding a weighted average 206Pb/ 238U
age of 155 ± 2 Ma (Fig. 4c; MSWD = 0.67, n = 15).
Sample 07BLS-03 is a biotite monzonitic granite. Th/U ratios of the
zircons range from 0.34 to 0.56. 18 analyzed points plot on or near the
Concordia, yielding a weighted average 206Pb/ 238U age of 153 ± 2 Ma
(Fig. 4d; MSWD = 0.32, n = 18).
4.3.2. Qianlishan Pluton
Sample 07QLS-05-2, a biotite granite, was selected from the
Qianlishan Pluton. Zircons from this sample have Th/U ratios ranging
from 0.15 to 0.85. 7 spot analyses plot near the Concordia, and 2 are
on the Concordia. The total 9 analyses show a weighted average

472

X.-J. Shu et al. / Lithos 127 (2011) 468–482
105

(a)

(b)

Sample/chondrite

104
103
102
101
100
10-1

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 2. Chondrite-normalized REE patterns for zircon samples from the western Nanling Range. Chondrite values are from Sun and McDonough (1989). a) Zircons with unusual REE
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Pb/238U age of 155 ± 2 Ma (Fig. 4e; MSWD = 1.19, n = 9), representing the crystallization age of the granite.
4.3.3. Guposhan Pluton
Sample 08GP-05 is a biotite granite from the main body of the
Guposhan composite Pluton. Zircons from this sample have Th/U ratios
ranging from 0.11 to 0.5. 14 analyzed spots fall into a group and yield a
weighted average 206Pb/238U age of 162 ± 2 Ma (Fig. 4f; MSWD= 1.2,
n = 14). This age could represent the crystallization age of the main
body of the Guposhan Pluton.
4.3.4. Xianghualing Pluton
Sample 07LZL-07 is a biotite granite from the Laiziling area of the
Xianghualing Pluton. Th/U ratios of the zircons range from 0.43 to

0.65. 10 analyses fall on the Concordia in a single group, yielding a
weighted average 206Pb/ 238U age of 152 ± 3 Ma (Fig. 4g;
MSWD = 0.14, n = 10). The remaining one analysis has a 206Pb/ 238U
age of 175 ± 6 Ma, and may have been incorporated from the wall
rock. The age of 152 ± 3 Ma may represent the crystallization age of
the granite (Supplementary Table 4).

4.4. Lu–Hf isotopes
Zircons from the granites in the western Nanling Range were further
analyzed for Lu–Hf isotopes (Supplementary Table 5). Some samples
are dated in this work, while the ages of the other samples or similar
rock types have been reported by other scholars.
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Fig. 3. Representative cathodoluminescence (CL) images of zircons from the granites, western Nanling Range. Solid circles show U–Pb analysis spots, and broken circles the Lu–Hf
analysis spots.
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4.4.3. Guposhan Pluton
Compared with the Qianlishan Pluton, zircons from the Guposhan
Pluton (08GP-05) show relatively high εHf(t) values (− 5.1 ± 0.3 to
1.4 ± 0.4; Fig. 5e), with a mean of − 1.8 ± 0.3. Two-stage zircon Hf
model ages range from 1122 ± 12 Ma to 1531 ± 16 Ma, with a mean
value of 1320 ± 14 Ma.

4.4.1. Qitianling Pluton
34 zircons from the three samples (07FR-05, 07AY-06 and 07BLS-02)
of the Qitianling Pluton have been analyzed. The Hf isotopes of different
samples are consistent with each other (Fig. 5a, b, c; Supplementary
Table 5). Calculated εHf(t) values are −4.17±0.3, −5.17±0.3 and
−5.3±0.5, respectively. Each of the samples shows Paleoproterozoic to
Mesoproterozoic two-stage Hf model ages: 1292±13 to 1708±16 Ma
for 07FR-05, 1409±11 to 1652±16 Ma for 07AY-06, and 1375±17 Ma
to 1820±25 Ma for 07BLS-02. The similarity of Hf isotopes in zircons
from different samples of the Qitianling Pluton suggests a relatively
homogeneous magma at the time of zircon crystallization.

4.4.4. Xianghualing Pluton
Seventeen zircon grains from sample 07LZL-07 were analyzed for
Lu–Hf isotopes. The calculated εHf(t) values are moderately negative,
within the range of − 5.7 ± 0.4 to 0.6 ± 0.4 (Fig. 5f), with mean value of
−2.2±0.4. The two-stage zircon Hf model ages vary from 1175±15 Ma
to 1559±23 Ma, with a mean of 1345±18 Ma.

4.4.2. Qianlishan Pluton
17 spot analyses were done for Lu–Hf isotopes of the sample
07QL-05-2 from the Qianlishan Pluton. The initial 176Hf/ 177Hf ratios
range from 0.282333 to 0.282540, with an average value of
0.282436. The calculated εHf(t) values have a relatively large variation
of − 4.8 ± 0.7 to − 12.1 ± 0.3 (Fig. 5d), with a mean of −8.5±0.4. Twostage Hf model ages are Paleoproterozoic to Mesoproterozoic, from
1507 ± 13 Ma to 1969 ± 31 Ma, with a mean value of 1739 ± 16 Ma.
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4.4.5. Huashan Pluton
Two samples (JZL-4 and HS-63) were selected from the main body
of the Huashan Pluton. SHRIMP zircon U–Pb dating results suggest an
age of 162 ± 1 Ma for the similar rocks of the Pluton (Zhu et al.,
2006a). 15 spot analyses were carried out for each sample. Zircons
from the sample JZL-4 have varied εHf(t) values of − 3.9 ± 0.3 to
4.5 ± 0.6 (Fig. 5g), with a mean of − 0.14 ± 0.4. Two-stage Hf model
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ages range from 926 ± 13 to 1458 ± 25 Ma, with a mean of 1218 ±
19 Ma. The initial 176Hf/ 177Hf values of sample HS-63 have a relatively narrow range and give εHf(t) values from − 1.6 ± 0.2 to 0.22 ± 0.4
(Fig. 5h), with a mean of 0.24 ± 0.3. Their two-stage Hf model ages
are in the range of 1030 ± 10 to 1310 ± 18 Ma, with a mean of
1194 ± 14 Ma.
Two pyroxene diorite samples (NM-42 and NM-46) were selected
from the Niumiao Pluton, which is located at the margin of the Huashan
Pluton. They have a SHRIMP zircon U–Pb age of 163 ± 4 Ma (Zhu et al.,
2006a). Initial 176Hf/177Hf values of zircon in NM-42 have a narrow
range (0.282713 to 0.282781). Correspondingly, the εHf(t) values range
from 1.5±0.3 to 3.9±0.4 (Fig. 5i), with a mean value of 2.5±0.3. The
two-stage zircon Hf model ages of the sample vary from 963±12 Ma to
1115±15 Ma, with a mean of 1051±13 Ma. The εHf(t) values of sample NM-46 vary from − 0.92 ± 0.3 to 4.2 ± 0.3 (Fig. 5j), with a mean
of 2.0±0.3. Two-stage model ages have a mean value of 1081±13 Ma,
consistent with that of sample NM-42.
Sample TA-302 is a quartz monzonite from the Tong'an Pluton
which intruded at the margin of the Huashan Pluton. Zircon SHRIMP
U–Pb dating yielded an age of 160 ± 4 Ma for the sample (Zhu et al.,
2005). 15 zircons were analyzed for Lu–Hf isotopes, showing εHf(t)
of −0.46 ± 0.3 to 4.1 ± 0.5 (Fig. 5k), with a mean of 1.5 ± 0.4. The calculated two-stage Hf model ages range from 946 ± 12 Ma to 1237 ±
20 Ma, with a mean of 1113 ± 15 Ma.
4.4.6. Jinjiling Pluton
Sample 09JJL-02 is from the Jinjiling Pluton. 20 zircons have been analyzed, with initial 176Hf/177Hf values ranging from 0.282426 to
0.282609, yielding an average value of 0.282529. The εHf(t) values
range from −2.5 ± 0.3 to −8.9 ± 0.4 (Fig. 5l), with a mean of −5.3 ±
0.3. The calculated two-stage model ages range from 1357 ± 13 Ma to
1764±14 Ma, with a mean of 1534 ± 13 Ma.
In summary, 185 zircon grains have been analyzed for Hf isotopes
in this study. The εHf(t) values of all analyses vary from −12.1 ± 0.2
to 4.5 ± 0.7. The corresponding two-stage Hf model ages vary from
926 ± 10 Ma to 1969 ± 31 Ma, which suggests that the granites may
be generated from juvenile crustal materials that formed during Proterozoic time.
5. Discussion
5.1. W–Sn in zircons: implication for mineralization
It has been widely accepted that the REE distribution patterns of
zircons provide important geochemical information on their genesis
and the related petrologic processes (e.g. Belousova et al., 1998,
2002, 2006; Hidaka et al., 2002; Wilde et al., 2001), although some

(a)
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believe that REE in zircons show large variations and no regular
rules, and thus are meaningless (Hoskin and Ireland, 2000). The
total REE abundances of zircons from the western Nanling Range
show a large variation of 330 ppm to 9466 ppm. The REE patterns of
most zircons in this work are characterized by depleted LREE relative
to HREE, with average (Sm/La)N of 36.7. Positive anomalies of Ce and
negative anomalies of Eu are evident, with mean values of Eu/Eu* and
Ce/Ce* varying from 0.033 to 0.086 and 4.8 to 12. 8, respectively, resembling the typical features of igneous zircons. Since Ce can be
both trivalent and tetravalent, the Ce anomalies may reﬂect its chemical fractionation from other REE due to a change of the oxidation
state from Ce 3+ to Ce 4+ under oxidizing conditions. The spot analysis
from the inherited zircon core in 07AY06-09 (Fig. 6a; 910 ± 18 Ma)
has REE contents similar to other magmatic zircons with Mesozoic
ages.
It should be noted that some spot analyses of zircons have ﬂat LREE
distribution patterns (Fig. 2a), with no evident positive Ce anomalies.
Correspondingly, the zircons are characterized by high contents of
total LREE, varying from 130 ppm to 935 ppm, with an average value
of 363 ppm, which is about ten times of the other spot analyses. They
are unlikely to be of metamorphic origin, because they exhibit obvious
igneous zoning (Fig. 6b). In order to study the genesis of such high contents of LREE, we selected two representative samples (07SZY-13 and
07AY-06) for further comparison. Zircons from 07AY-06 have normal
LREE distribution (Fig. 2b), while many spots from 07SZY-13 have no
evident positive Ce anomalies (Fig. 7).
One signiﬁcant difference between zircons from the two samples lies
in the CL images. Zircons from sample 07AY-06 have clear oscillatory
magmatic zoning (Fig. 6a). However, zircons from sample 07SZY-13,
which are related to W–Sn mineralization, generally have broad dark
rims, or turn dark at the zircon rims (Fig. 6b). The dark zircons and zircon rims may reﬂect the high contents of uranium and hafnium in
these zircons. The zircon grains from sample 07AY-06, which show
clear CL images, have U contents generally b400 ppm and Th contents b 200 ppm. However, the U contents of dark zircons and zircon
rims from 07SZY-13 vary from 8458 ppm to 39,188 ppm. Among
them, eight spot analyses have U contents N 10,000 ppm. The light
zircon cores from sample 07SZY-13 show normal magmatic oscillatory zoning and have normal trace element concentrations similar
to the zircons of 07AY-06. For example, the core (SZY-01) and rim
(SZY13-02) of one zircon (Fig. 6b) have U contents of 919 ppm and
17,177 ppm, respectively (Supplementary Table 3). Xia et al. (2010)
suggested that very high and variable contents of U and W in zircon
may suggest the involvement of supercritical ﬂuids, based on his
study in the Dabie orogen. Geochemically, our zircons resemble those
from Dabie (high contents of U, Hf,etc.). However, supercritical ﬂuids
may not be a plausible explanation for the high contents of U and W
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Fig. 6. Comparison of CL images for the sample 07AY-06 (a) and 07SZY-13 (b). Solid circles show U–Pb or trace-element analysis points, and broken circles the Lu–Hf points.
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5.2. Magma source
The Nanling Range is unique for its huge outcropping of Phanerozoic
granites and related ore deposits. Mesozoic, especially Yanshanian-aged,
granitic magmatism and mineralization becomes the key issue in understanding the petrogenesis of granites and the processes of oredeposit formation in the South China Block. Much work has been
done on the granites of this area in the past decades (e.g. Gu et al.,
2006; Li et al., 2009a, 2009b; Shen et al., 2000; Xu, 1943; Zhu et al.,
2005, Zhu et al., 2009). Available zircon U–Pb dating results can be
interpreted to provide a more detailed understanding of the crystallization ages of the Mesozoic rocks in the low-TDM belt of the western

07AY06

102

(Sm/La)N

of our zircons. Our zircons are generally characterized by magmatic oscillatory zoning. In addition, the W contents rise from 39 ppm to
238 ppm from core to rim.
In addition to the differences of CL images, as well as U, Th and W
contents, the REE contents of zircons from the two samples are also
signiﬁcantly different. The LREE abundances of zircons from sample
07SZY-13 are enriched by 1 to 3 orders of magnitude relative to
those from 07AY-06. Only two of thirteen zircons from 07SZY-13
have Ce/Ce* values larger than 5, while the rest fall below 2. However,
the Ce/Ce* values of zircons from 07AY-06 are larger than 5, with an
average of 6.7.
The high abundances of W and Sn in the dark zircons or zircon rims
suggest high abundances of these elements in the melt with which the
zircons equilibrated, thus corresponding to the W–Sn mineralization of
the granites. Therefore, the dark zircons or zircon rims may have formed
during the mineralization, in the presence of the ore-forming ﬂuids.
There are two possible mechanisms for the origin of zircons with
dark CL images. The ﬁrst correlates their formation with post-magmatic
alteration and ﬂuids, which requires that the mineralization happened
clearly later than the emplacement of the granitic bodies. The timing
of the W–Sn polymetallic deposits in the western Nanling Range is
one of the key issues of South China geology. The CL images suggest
that the dark zircon rims have euhedral shapes, and oscillatory zonation
can be distinguished in them (sometimes indistinct due to the high Th
and U contents), consistent with a magmatic origin for the zircon
cores. In addition, the dating results suggest the ages from the light sections of the zircons agree with those from the dark areas (Fig. 8). Therefore, we propose an alternative mechanism for the formation of zircons
with dark CL images: they may have crystallized at a late-magmatic
stage. At this stage, the magma was enriched in ore-bearing ﬂuids, in
which high-ﬁeld-strength elements (HFSEs), such as Ta, Hf, Th and U,
and ore-forming elements (e.g., W, Sn, Nb and Ta) were highly compatible due to the high F contents. Zircons crystallizing at this stage would
have high LREE, U, Th, W and Sn contents. Therefore, it can be suggested
that the zircon REE distribution patterns and high contents of ore-forming
elements may be an index for ore-deposit exploration in the granite
province.
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Fig. 8. Discrimination plots for magmatic and late-magmatic hydrothermal zircons
(modiﬁed from Hoskin, 2005).

Nanling Range. The published dating results and this work show that
the zircon U–Pb ages from 10 plutons in the area mainly fall within
the range of 160–150 Ma.
Only one inherited zircon core was found in this work. Similarly,
few Neoproterozoic inherited zircons have been reported. Zhu et al.
(2009) presented three early Neoproterozoic inherited zircon cores
(953 ± 15 Ma, 933 ± 13 Ma, 814 ±12 Ma) in the granites, and Zhao
et al. (2006) reported an inherited metamorphic zircon with a
SHRIMP U–Pb age of 907 ± 5 Ma. The fact that rather few inherited
zircons were preserved in the aluminous granitic rocks may reﬂect
the high magmatic temperatures, and the zircon crystallization temperature method yields values of about 812 °C (Zhu et al., 2010).
The inherited zircons of the area are basically of early Neoproterozoic
age, implying that Neoproterozoic crustal material may have been incorporated into the magma source.
As noted above, the origins of the ca 160–150 Ma granitic magmatic
event and related W–Sn mineralization is an important issue in the
geology of the South China Block. The geochemical features of the ca
160–150 magmatism can be summarized as follows: (1) the granites
are metaluminous to peraluminous, enriched in alkalies and potassium,
and have high contents of LILEs and HFSEs; (2) zircons from the unmineralized granites have normal REE patterns, with negative anomalies
in Eu and positive anomalies in Ce, while those from the mineralized
granites have high LREE, U, Th and W contents and some show ﬂat
LREE patterns; (3) the granites have relatively lower initial 87Sr/86Sr
and higher εNd(t) and εHf(t), as well as relatively young two-stage Nd
and Hf model ages (Jiang et al., 2008; Zhu et al., 2008 and this work).
Whole-rock Sr–Nd and zircon Lu–Hf isotopes can provide constraints
on the sources of the magmas. The whole-rock Sm–Nd isotopic system
does not change greatly during weathering, while the Lu–Hf isotopic system is not as stable since Hf is mainly concentrated in zircons. During the
weathering processes, zircons mainly concentrate in coarse-grained detrital sediments, but rarely in ﬁne-grained sediments, such as clay. Thus
the Lu/Hf ratio may change greatly relative to Sm/Nd, leading to Hf–Nd
isotopic decoupling (Patchett et al., 1984). The available whole-rock
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Sr–Nd isotopic data indicates variable (87Sr/86Sr)i (0.70472–0.71569)
and εNd(t) (−8.25– +0.91). The zircon Hf isotopes from this study correlate with the available whole-rock Nd-isotope data, yielding a linear
equation: εHf = 1.37 ∗ εNd +3.72 (Fig. 9), which is similar to the worldwide terrestrial samples (εHf = 1.36 ∗ εNd +3; Vervoort et al., 1999).
The coupling of Nd–Hf isotopes in the ca 160–150 Ma granites suggests
that their source may have not experienced signiﬁcant surface
weathering.
Model ages can give an estimate of the ages when new crust was
produced from the isotopically depleted asthenospheric mantle. The
model ages reﬂect the time of separation of melts from a reference
reservoir, such as the chondritic reservoir (CHUR) or the depleted
mantle (DM). The explanation of the model age has to be linked to
further geochemical analyses on the features of magma source, and
possible magma mixing and crustal assimilation. In the case of most
felsic igneous rocks and sedimentary rocks, model ages generally represent average crustal residence time, because the rocks are probably
composed of materials from different sources with different mantle
extraction ages and formed after at least one stage of recycling.
Under these circumstances, the model ages should be treated carefully. Calculations of two-stage model ages are commonly used for the
granites. Since most of the zircon εHf(t) values of this study are negative (Fig. 10), we adopt the two-stage model ages to reveal the source
features of the granitoids of the western Nanling Range. The calculated whole-rock Nd model ages are basically consistent with the Hf
model ages of zircons (Fig. 11), suggesting the Nd–Hf isotopes are
coupled and the source materials may have not experienced complex
recycling processes. Then, what is the source for the Mesozoic
granitoids?
The Sr–Nd–Hf isotopic compositions of the Mesozoic granitoids
fall within the range between typical upper crust and depleted mantle (Fig. 10; Table 1). Some scholars believe that Mesozoic depletedmantle components may have been incorporated into the source of
the granitoids, which led to the relatively low T2DM Nd and Hf
model ages (e.g. Jiang et al., 2008; Li et al., 2009a, 2009b; Zhu et al.,
2008). It might be questionable to conclude that the low Nd and/or
Hf model ages of the granitoids result from the involvement of mantle
materials because experimental petrology has demonstrated the impossibility of generating granitic melts directly by partial melting of
mantle peridotites (Johannes and Holtz, 1996). Reworking of juvenile
basaltic crust is a reasonable mechanism for producing granites with
positive εNd(t) and εHf(t) values. Generally, direct contribution from
the Mesozoic asthenospheric mantle to granites should be substantiated by the consistent occurrences of not only MORB-like positive εNd
(t) and εHf(t) values close to the evolution line of depleted mantle but
also MORB-like element patterns. There are no basaltic rocks with
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Fig. 10. εHf(t)-age diagram for zircons from the western Nanling Range.

MORB-like geochemical features known from the study area. Moreover, ﬁeld observations show that outcrops of any type of contemporaneous basaltic magmatism are rare in this area (e.g. Li et al., 2004a,
2004b; Wang et al., 2003, 2008). The fragmentally distributed basaltic
rocks in the area include the Ningyuan basalt (ca 175 Ma, εNd (t) = +5;
Wang et al., 2008), Daoxian basalt (ca 150 Ma, εNd(t) = −2; Wang et al.,
2008), Zhicun dolerite (ca 146 Ma, εNd(t) = −3; Wang et al., 2008), and
the Huilongyu lamprophyre (ca 170 Ma, εNd(t) = −1; Wang et al.,
2008). These data suggest that the mantle is not very depleted in this
area, with the highest εNd(t) = +6.
The process of direct mixing between old crust and magmas derived from the Mesozoic mantle needs to be constrained. Mixing of
basaltic magmas like the three basalts that have negative εNd(t)
could not generate granites with such radiogenic Nd isotopic features.
The mixing of depleted-mantle-derived magmas also seems impossible. Firstly there is only one basalt outcrop (Ningyuan basalt) in the
study area with relatively high εNd(t) suitable to be used in this
magma mixing modeling. But the outcropping area of the Mesozoic
granites is huge relative to this tiny basalt outcrop. More ﬁeld evidence such as more basalt outcrops with positive εNd(t) would be
expected if basaltic magmas similar to the Ningyuan basalt had
taken a signiﬁcant role in the formation of the Mesozoic granites
over such a large area. Secondly, there is no independent ﬁeld evidence
that these basalts are directly related with the local granites, and direct
contacts have not been found in the ﬁeld.
A calculation is presented here to further assess the mixing model. In
this model, it is not easy to identify the end-members of both crust and
mantle. Here we let the depleted mantle (Peucat et al., 1989) stand for
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Table 1
Summary of the zircon U–Pb ages, calculated Hf isotopic values of zircons, and whole-work T2DM Nd model ages for the Mesozoic granites of the western Nanling Range.
Pluton

Sample

Age (Ma)

εHf (t)

TDM (Hf) (Ma)

T2DM (Hf) (Ma)

εNd (t)

T2DM (Nd) (Ma)

Niumiao

NM-42
NM-46
TA-302
JZL-4
HS-63
09JJL-02
07FR-05
07AY-06
07BLS-03
07QL-05-2
07LZL-07
08GP-05

163 ± 4a

1.50 to 3.89 (2.51)
− 0.92 to 4.16 (2.03)
− 0.46 to 4.13 (1.49)
− 3.92 to 4.46 (− 0.14)
− 1.58 to 2.82 (0.24)
− 8.91 to − 2.46 (− 5.27)
− 7.98 to − 1.39 (− 4.17)
− 7.13 to − 3.27 (− 5.17)
− 9.78 to − 2.73 (− 5.30)
− 12.13 to − 4.79 (− 8.48)
− 5.65 to − 0.42 (− 2.24)
− 5.08 to − 1.37 (− 1.75)

664 to 751 (715)
661 to 874 (738)
648 to 832 (751)
640 to 1034 (842)
708 to 884 (808)
911 to 1290 (1043)
862 to 1187 (990)
930 to 1086 (1010)
911 to 1210 (1017)
1017 to 1411 (1219)
787 to 1098 (913)
777 to 1017 (894)

963 to 1115 (1051)
945 to 1268 (1081)
945 to 1237 (1113)
926 to 1458 (1218)
1030 to 1310 (1194)
1357 to 1761 (1534)
1292 to 1708 (1468)
1409 to 1652 (1529)
1375 to 1820 (1538)
1507 to 1969 (1739)
1157 to 1559 (1345)
1122 to 1531 (1320)

− 2.9 to 0.13

941 to 1191c,d

− 2.8 to 0.91
− 6.3 to –6.9
− 3.21 to − 2.67
− 6.6 to − 7.6
− 7.57 to − 6.93

982 to 1181c,d
1189 to 1242c,d
1410 to 1613f
1380 to 1564g

− 7.69 to − 6.39

1289 to 1460h

− 2.46

1152d

Tong'an
Jinziling
Huashan
Jinjiling
Qitianling

Qilianshan
Xianghualing
Guposhan

160 ± 4a
162 ± 4b
162 ± 1b
156 ± 2e
155 ± 2
152 ± 2
153 ± 2
155 ± 2
152 ± 3
162 ± 2

Note: The average values are indicated in the brackets.
a
Data from Zhu et al. (2005).
b
Data from Zhu et al. (2006a).
c
Data from Zhu et al. (1989).
d
Data from Zhu et al. (2006b).
e
Data from (Fu et al., 2004).
f
Data from (Fu et al., 2005).
g
Data from (Bai et al., 2005).
h
Data from (Mao et al., 1995).

the mantle end-member. A typical Darongshan S-type granite (εNd(t) =
−12, t = 230 Ma; Qi et al., 2007) from Guangxi province was selected to
represent the crust end-member because it has been suggested to be
purely formed by remelting of felsic crust (Qi et al., 2007).
The previous mixing model failed to consider the SiO2 contents
during modeling calculation (Fig. 12). According to the model, to produce the Sm–Nd isotopic features of the Mesozoic granites, at least
33% of the mantle component is needed in the magma source,
which lets the calculated SiO2 content drop to ca 63 wt.%, signiﬁcantly
lower than the values of most granitic rocks (commonly around
72 wt.%) in the area. In addition, the calculated amount of incorporated
depleted mantle component is up to 70% for some granitic plutons
(Fig. 12), which is fairly implausible. Li et al. (2004a, 2004b) dated the
Ningyuan basalt as ca 175 Ma by the 39Ar– 40Ar method, while Liu
et al. (2010) obtained LA–ICP–MS zircon U–Pb ages of 212 ± 1.7 Ma
and 205.5 ± 3 Ma for the basalt. Therefore, the direct incorporation of
contemporaneous mantle materials in the magma source of the Mesozoic
granitoids is questionable.
The Hf-isotope compositions of zircon in some samples may be
explained by the hybrid origin, for these samples do not show the normal distribution of εHf(t), although the effect of inadequate analyses
could not be excluded. If the depleted-mantle-derived magma did
play a major part in the source of the Mesozoic granitoids in the western
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Fig. 12. Calculation result of direct magma mixing model, based on the SiO2 content
and εNd(t) value. Hypothesis about this calculation is complete mixing between two
end-members (mantle end-member data from Peucat et al., 1998; crust end-member
data from Qi et al., 2007). Whole-rock Nd content used for calculation of mantle basalt
is 20 ppm, whole-rock Nd content used for calculation of Darongshan granite is 34 ppm
(Qi et al., 2007).

Nanling Range, zircons with very young Hf model ages would be
expected. However, the zircon Hf model ages are all signiﬁcantly older
than the crystallization ages, precluding the Phanerozoic depleted mantle materials as a major component in the sources of the granitic
magmas. Therefore, we favor the mixing of sources, rather than the direct mixing of mantle magmas, if mixing did occur. In this case, partial
melting of a hybrid source composed of materials derived from the depleted mantle and moderately old crustal components may generate
magmas corresponding to the major elements and isotopes like the
granites. The rare inherited early Neoproterozoic zircon cores (Zhao
et al., 2006; Zhu et al., 2009 and this work) and Proterozoic Nd–Hf
model ages lead us to correlate the Mesozoic granitic rocks with the
Neoproterozoic magmatic rocks in the South China Block. The Mesozoic
low-TDM granite belt and the eastern Jiangnan orogen constitute the
lower and upper part of the A–A' belt (Fig. 1b). The whole-rock Nd
model ages of the low-TDM granite belt are basically similar to those in
the eastern part of the Jiangnan orogen (shows in Fig. 1a as solid line)
that represents the Neoproterozoic arc–continent collisional belt between the Yangtze and Cathaysia blocks (Li et al., 2009a, 2009b;
Wang et al., 2007) with great amounts of early Neoproterozoic arc volcanic rocks and post-collisional granitoids developed in the area.
According to our zircon Lu–Hf isotope data and the published Lu–Hf isotope data (Chen et al., 2009a, 2009b; Li et al., 2009a, 2009b; Wu et al.,
2006a, 2006b), the Neoproterozoic magmatic rocks from the eastern
Jiangnan orogen (including the arc magmatic rocks in the Shuangxiwu
area and the ca 820 Ma granitoids in South Anhui Province) have Hf
T2DM ages similar to those of the study area (Fig. 13; all the samples use
T2DM for comparison), suggesting a similar average crustal residence
time for both areas. Zheng et al. (2008) suggested that the Neoproterozoic
granites and volcanic rocks in eastern Jiangnan orogen were produced by
reworking of the late Mesoproterozoic juvenile crust by rift melting process (i.e., ‘plate-rift’ model). In particular, the rocks from the Shuangxiwu
area are the products of typical arc magmatism (Li et al., 2009a, 2009b)
and the adjacent Jiangshan–Shaoxing (J–X) Fault (Fig. 1a) was regarded
as the boundary between the two blocks (e.g. Zhou et al., 2003) in Neoproterozoic time. So far, the southward extension of this fault from the
Pingxiang is still unclear. Some studies have suggested its southwestward
extension to the Western Hunan and Northern Guangxi provinces (Li,
1999; Zhou et al., 2004; Wang et al., 2007), while others suggest that it extends southward to link with the Chenzhou–Linwu fault in our study area
(e.g. HBGMR, Hunan Bureau of Geology, 1988; Wang et al., 2003, 2005,
2008; Yuan and Zhang, 1992; Zhang and Wang, 2007). The Chenzhou–
Linwu fault also is suggested to be the Mesozoic lithospheric boundary
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Fig. 13. Probability of Hf T2DM in eastern Jiangnan orogen and study area. Data sources
are from Chen et al., 2009a, 2009b; Li et al., 2009a, 2009b; Wu et al., 2006a, 2006b and
this study.

between the Yangtze and Cathaysia Blocks (Wang et al., 2003). The area
of the Jiangnan orogen is deﬁned by the occurrence of Neoproterozoic
magmatic rocks and sediments (Wang et al., 2007). However, arc magmatism similar to the Shuangxiwu arc volcanic rocks in the eastern Jiangnan
orogen has not been identiﬁed in the currently-deﬁned western part (to
the west of line 1 in Fig. 1a), although similar folds exist in the basement
sequences along the whole Jiangnan orogen (e.g. Wang et al., 2006, 2007).
U–Pb dating of detrital zircons indicates that the early Neoproterozoic
crustal materials may have also been incorporated into the source of the
sediments of the western Jiangnan orogen (Wang et al., 2007). Therefore,
early Neoproterozoic arc magmatism probably existed in the southwestern part of the Jiangnan orogen, as in the eastern part of the orogen. The
Mesozoic low-TDM belt in the western Nanling Range displays average
crustal residence times similar to the eastern Jiangnan orogen, suggesting
it may represent the western extension (line 2 in Fig. 1a) of the Neoproterozoic arc–continent collisional belt between the Yangtze and Cathaysia
blocks, and may have crustal characteristics similar to the eastern part of
the Jiangnan orogen.
Hong et al. (2002) proposed several lines of evidence for the
geological signiﬁcance of the low-TDM belt, including differences in
sedimentary features, magmatism, magnetic ﬁeld and heat ﬂow between the western and eastern parts of the belt. Moreover, the similarities of Nd–Hf isotopes between the belt and the eastern Jiangnan
orogen (Fig. 13) combined with the occurrence of early Neoproterozoic
U–Pb ages for inherited zircons, suggest that the belt might be the collisional belt between the two blocks in Neoproterozoic time. In this
case, the extension of the Jiangshan–Shaoxing fault may have been
linked with the Chenzhou–Linwu fault during Neoproterozoic time.
The granitic rocks in the belt may be derived from the reworking of
Neoproterozoic arc materials and sedimentary rocks from the southwestern extension (Fig. 1a) of the eastern Jiangnan orogen. The melting
of juvenile Neoproterozoic arc materials would lead to the relatively
low Nd and Hf model ages and the elevated εNd(t) and εHf(t).
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introduced a ﬂat-slab subduction model to explain the genesis of the Mesozoic magmatic province in the SCB. Both models hypothesized that the
subduction of Paciﬁc Plate was the major cause for the formation of the
Mesozoic magmatism. In the western Nanling Range, the subduction of
the Paciﬁc Plate may only have provided energy for the partial melting
of crustal materials to generate the Mesozoic granitoids. During the
early Neoproterozoic, the eastern Jiangnan orogen and the current Mesozoic low TDM belt represented the boundary between the Yangtze
and Cathaysia blocks (Fig. 1a). Following the amalgamation of the
two blocks, the Jiangnan orogen was constructed and a great amount
of early Neoproterozoic crustal materials were preserved and/or buried between the two blocks (Fig. 14). In Mesozoic time, the subduction of the Paciﬁc Plate initiated and led to the mantle convection
in the back-arc area. The high geothermal gradient in the back-arc
area due to the convection made the early Neoproterozoic arc-volcanic materials and sediments in the area easily melted. Since this area
is the early southwestward extension of the Jiangnan orogen between the Yangtze and Cathaysia blocks, the magma source may
contain a great amount of Neoproterozoic juvenile crustal material,
which would favor the formation of W–Sn polymetallic ore deposits
accompanying the Mesozoic granitoids. The variability of Nd–Hf isotopic signatures in the Mesozoic granitoids of the western Nanling Range
may indicate the diversity of crustal materials in the magma sources.
The partial melting of Neoproterozoic arc materials may have produced
the granites with positive εHf(t) values, and the addition of older continental materials may have led to the clearly negative εHf(t) values. The
mixing of magmas from different sources would generate intermediate
εHf(t) values. Therefore, the reworking of Neoproterozoic crustal materials may have played an important role in the petrogenesis of the Mesozoic granitoids in the low-TDM belt.
6. Conclusions
Zircon dating results suggest that the Mesozoic granitoids in western Nanling Range crystallized in the period from 160 Ma to 150 Ma.
REE and trace element analyses reveal two types of zircons. Common
magmatic zircons have depleted LREE patterns, positive Ce anomalies
and negative Eu anomalies, while the late-magmatic hydrothermal
zircons have high contents of metallogenic elements, without evident
positive Ce anomalies. The consistency of ages from the two types of
zircons suggests that the late-magmatic hydrothermal zircons may be
related to the W–Sn mineralization of the area.
Zircon Hf isotopes are coupled with the whole-rock Nd-isotope
analyses, showing late Mesoproterozoic average crustal residence
ages, absolutely coincident with the Neoproterozoic magmatic rocks
from the eastern part of the Jiangnan orogen, the eastern boundary
between the Yangtze and Cathaysia blocks. The low-TDM belt of the
western Nanling Range is proposed to be the southwestward extension of the Jiangnan orogen between the Yangtze Block and Cathaysia
Block in the Neoproterozoic. The 160–150 Ma granitoids of the western Nanling Range may have been generated by the reworking of
deeply-buried Neoproterozoic arc-related volcanic-sedimentary materials due to the upwelling of mantle material triggered by the subduction of the Paleo-Paciﬁc Plate in Mesozoic time.

5.3. Tectonic implications
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