
Journal of Asian Earth Sciences 74 (2013) 210–224
Contents lists available at SciVerse ScienceDirect

Journal of Asian Earth Sciences

journal homepage: www.elsevier .com/locate / jseaes
Crustal formation in the Nanling Range, South China Block: Hf isotope
evidence of zircons from Phanerozoic granitoids
1367-9120/$ - see front matter � 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.jseaes.2013.01.016

⇑ Corresponding author at: State Key Laboratory for Mineral Deposits Research,
School of Earth Science and Engineering, Nanjing University, Nanjing 210093,
China. Tel.: +86 25 83686336; fax: +86 25 86809916.

E-mail address: xlwangnju@yahoo.com.cn (X.-L. Wang).
Xu-Jie Shu a, Xiao-Lei Wang a,b,⇑, Tao Sun a, Wei-Feng Chen a, Wei-Zhou Shen a

a State Key Laboratory for Mineral Deposits Research, School of Earth Science and Engineering, Nanjing University, Nanjing 210093, China
b WiscSIMS, Department of Geoscience, University of Wisconsin, 1215 W. Dayton Street, Madison, WI 53706, USA
a r t i c l e i n f o

Article history:
Available online 8 February 2013

Keywords:
U–Pb age
Hf isotopes
Granitoids
Crustal evolution
Reworking
South China Block
a b s t r a c t

Granitic rocks are the principle agent of crustal differentiation, therefore their origins yield important
information on crustal formation and reworking. An extensive survey of zircon Hf isotopes from granitic
rocks in a large region can provide a profile of crustal characteristics that may be further linked to pre-
vious crustal evolution. In this study, we measured U–Pb ages and Hf isotope compositions of zircon
grains extracted from twenty-five Jurassic, five Triassic and two Ordovician granitic plutons from the
Nanling Range, South China Block (SCB). Combined with the published Lu–Hf isotopic data for the granitic
rocks in the studied and adjacent areas, three domains with different crustal formation histories have
been identified in the southern part of the SCB: eastern side, middle part and western side. The eastern
side extends to the coastal area of the SCB, with dominant Hf crustal model ages (TDM2) in zircons falling
within the range of 2.2–1.6 Ga. The middle part is partly coincided with the low-Nd model age belt pro-
posed by Chen and Jahn (1998), with zircon Hf TDM2 ranging from 1.6 to 1.0 Ga. The western side covers
the westernmost Nanling Range and the western end of the Jiangnan orogen, in which the granitoids have
zircon Hf TDM2 model ages spanning 2.2–1.8 Ga. The Paleo- to Meso-Proterozoic model ages of the Phan-
erozoic granitoids in the Nanling Range imply a long-term crustal reworking. Zircons from the western
and eastern sides have an average eHf(155 Ma) at around �10, about 4 epsilon units lower than the mid-
dle part (eHf(155 Ma) = �6). Hf TDM2 histogram from the western Nanling Range is similar to that of the
Neoproterozoic granitoids in northern Guangxi Province to the west but much lower to the granites in the
middle part to the east. The eastern side has a broader range of Hf model ages in zircons, with the main
peak low to ca 1.6 Ga, suggesting the reworking of Mesoproterozoic crust. However, granitoids in the
middle part have zircon Hf TDM2 ages at 1.6–1.0 Ga, which indicates the incorporation of younger crust
materials into the magma sources. The Hf model ages of granitoids, as well as four zircon xenocrysts with
ages around 920 Ma within the Mesozoic granitoids in the middle part, indicate that the middle part has
similar crustal features with the eastern Jiangnan orogen. We propose that this low TDM2 granite belt is
probably part of the early Neoproterozoic arc-continent collision belt between different continents (pos-
sibly Yangtze and Cathaysia) during the early assembling processes, while the granitoids in the western
and eastern sides have similar crustal compositions.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The continental crust constitutes about 40% of the Earth’s sur-
face (Rudnick, 1995), sustains life on it and matter exchange be-
tween the lithosphere and atmosphere (Hawkesworth and Kemp,
2006), therefore its evolution has received great attention for a
long time (e.g., Vervoort and Patchett, 1996; Rudnick and Gao,
2003). Granitoids (or granitic rocks) are an important constituent
of the continental crust and contribute greatly to the understand-
ing of crustal evolution. Radiogenic isotopes, especially the Sm–Nd
and Lu–Hf isotopic systems, have been widely used in tracing crus-
tal evolution (e.g., Kinny and Maas, 2003; Zhang et al., 2006; Li
et al., 2007; Gerdes and Zeh, 2009). In particular, Lu–Hf isotopic
study and U–Th–Pb isotopic dating for zircons have been prevalent
in recent years due to the rapid development of analytical tech-
niques (e.g., Black et al., 2003; Wang et al., 2008b). In situ oxygen
isotopic analysis has also been introduced to distinguish whether
the sources have experienced supracrustal processes or not (e.g.,
Kemp et al., 2006, 2007).

Compared with whole-rock Sm–Nd isotopic system, which only
allows rough characterization of provenance (Gerdes and Zeh,
2006), zircon Lu–Hf and U–Th–Pb isotopic systems are more stable
even under middle-grade metamorphism and thus provide more
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reliable interpretations. Its high Hf concentration and very low Lu/
Hf ratio (0.001) result in a very small 176Hf/177Hf error caused by
age uncertainties (Wu et al., 2007). Hafnium, oxygen, and U–Pb
isotopic data can be extracted from one single zircon grain and
are more informative than that from the whole-rock Sm–Nd isoto-
pic system. Particularly, Lu–Hf isotopes of zircons may be helpful
to understand the relative contributions of juvenile and old crustal
materials in magma sources (Goodge and Vervoort, 2006). Since
the growth of juvenile crust generally takes place at subduction
zones or mantle plumes, it is possible that a systematic review of
Lu–Hf isotopes of magmatic zircons could give some clues in early
crustal evolution and related tectonic events.

Two-stage zircon Hf model ages (i.e. TDM2) are used to discuss
the crustal features because zircon Lu/Hf ratio is too low relative
to the Lu/Hf ratio of the host rocks. However, there are drawbacks
in the Hf model ages because we do not know the true Lu/Hf ratio
of the parental source. In this paper, an average crustal Lu/Hf ratio
of 0.015 (Griffin et al., 2002) is applied to calculate the model ages
for all zircon spot analyses. Granitoids are commonly generated
from partial melting of mid- to lower crust, although the input of
mantle-derived components have also been discussed (e.g., Griffin
et al., 2002; Shaw and Flood, 2009). Therefore, Hf model ages of zir-
cons can reveal the characteristics of deep-buried mid- to lower
crust. For a large area with voluminous granitoids (granitic prov-
ince?), a systematic survey in the magmatic zircon Hf isotopes
from individual plutons could possibly give us a transverse profile
of crustal characteristics for the mid- to lower curst. This profile
could in turn provide some important information for the early
crustal evolution and tectonic processes in the area.

South China Block (SCB), especially the Nanling Range and its
adjacent areas, is one of the best natural laboratory for studying
crustal evolution because of its huge outcropping area of granitic
rocks with ages ranging from Neoproterozoic to Cretaceous
(Fig. 1). Particularly, the Mesozoic granitoids have a cropping area
of about 135,000 km2 (Zhou et al., 2006). However, their origins
and petrogenic relations with associated mineralization remain
unclear. Early studies on whole-rock Nd isotopes and paleomag-
netic data in the SCB identified a NE-trending belt (named as the
‘‘Shi–Hang zone’’; Gilder et al., 1996), in which the Mesozoic grani-
toids have high Sm (>8 ppm) and Nd (>45 ppm) and relatively high
eNd(t) values (�4 to �8) compared with the adjacent granitoids
(Fig. 1). Chen and Jahn (1998) presented a synthetic study on the
extensively compiled whole-rock Nd–Sr isotopic data in SE China
and proposed some low Nd model age belts in the SCB, which were
confirmed by Zhou et al. (2006). However, these studies did not
give a clear definition on which plutons in the Nanling Range be-
long to the low Nd TDM2 belt. The origin and tectonic significance
of the Nanling granitoids are still unclear and few systematic Hf
isotopic studies have been done. Previous studies on the Shu-
angxiwu arc volcanic rocks in the northern Zhejiang Province indi-
cated that the northern part of the Shi-Hang zone (Fig. 1a;
generally following the Jiangshan–Shaoxing Fault) represents a
Neoproterozoic arc–continent collisional belt between the Yangtze
and Cathaysia blocks (e.g., Wang et al., 2007; Li et al., 2009). Late
Mesoproterozoic to Early Neoproterozoic growth of the juvenile
crust accompanied with this subduction-orogeny event may be
the major reason for the decreasing Nd model ages of igneous rocks
in this area. However, the genesis and geological significance of the
southwestern extension of the Shi-Hang zone, partly coinciding
with the Nanling low zircon Hf TDM2 age belt (LTB for short), are
ambiguous and open to discussion.

The LTB Mesozoic granitoids are characterized by high concen-
tration of SiO2, K2O, Na2O, field strength elements (HFSEs, e.g., Zr,
Nd, Ce, Y, Ta, Hf) and large ion lithophile elements (LILEs, e.g., Rb
and Cs, etc.), resembling typical A2-type metaluminous to peralu-
minous granites defined by Eby (1992). The LTB granitoids are
especially well-known for its giant ore deposits (e.g., W, Sn, U,
Nb–Ta, REE, Sb and Hg, etc.). These Mesozoic granitoids were
mainly formed within 165–150 Ma, possibly corresponding to a
back-arc extensional setting due to the westward subduction of
the Pacific Plate (Jiang et al., 2006; Zhu et al., 2008; Jiang et al.,
2008). Different petrogenic models have been proposed for the
Mesozoic LTB granitoids. Some authors suggested that their
sources had been mixed by mantle-derived components (e.g.,
Zhu et al., 2006; Zhao et al., 2012), while others believed that this
area represents part of the Neoproterozoic boundary between the
Yangtze and Cathaysia blocks (e.g., Hong et al., 2002; Shu et al.,
2011). Most of the previously published zircon Hf isotopic data
were just measured from individual granitic plutons, therefore
not be able to provide a large picture of the crustal characteristics
throughout this area and adjacent areas. In addition, Precambrian
crustal features and affinities in different areas of the SCB are still
under debate (Wang et al., 2007; Xu et al., 2007; Yu et al., 2010).
However, we can connect the Precambrian crustal feature and
the granitoids by zircon Hf isotopes because the granitoids can re-
flect the affinities of deep buried crust. In this paper we present a
systematic Lu–Hf isotopic survey on magmatic zircons from the
Phanerozoic granitoids in the Nanling Range, mostly from the
LTB and its adjacent area, and try to make a traverse Hf isotopic
profile for the crust in the southern part of the SCB. This study will
shed light on the crustal formation and reworking in the area.
2. Geological background

South China Block (SCB) consists of the Yangtze Block to the
north, the Cathaysia Block to the south and an orogenic belt (the
Jiangnan orogen) between them (Fig. 1). The geological evolution
between the Yangtze and Cathaysia blocks has been a hot topic
since 1990s (Charvet et al., 1996; Shu and Charvet, 1996). It has
been widely accepted that the assembly of the Yangtze and Cat-
haysia blocks took place during 0.95–0.82 Ga (Wang et al., 2004,
2007, 2012; Zhou et al., 2004; Zheng et al., 2008; Li et al., 2009),
resulting in the formation of Neoproterozoic Jiangnan orogen
(JO). The JO is characterized by the widespread Neoproterozoic
(0.86–0.78 Ga) peraluminous granitoids and a few arc-related
(0.97–0.88 Ga) volcanic rocks, while the Cathaysia Block is featured
by the widespread voluminous Phanerozoic granitoids. The Nan-
ling Range is located in the southern part of the Cathaysia Block
(Fig. 1b), and its western margin connects to the western end of
the JO, where voluminous Neoproterozoic granitoids occur in the
northern Guangxi Province (Guibei for short). The Phanerozoic
granitoids in the Nanling Range are episodic, with ages mainly of
Ordovician, Triassic and Jurassic. The basement rocks of the Yan-
gtze and Cathaysia blocks in the studied area are not well pre-
served and are considered as of Paleo- to Mesoproterozoic based
on the one-stage Nd model ages relative to depleted mantle (Chen
and Jahn, 1998).

At present, it is generally accepted that the northeastern bound-
ary of the Yangtze and Cathaysia blocks is represented by the Jiang-
shan–Shaoxing fault, where arc volcanic rocks (912–875 Ma)
(Cheng, 1993) and ophiolites (1000–830 Ma) are exposed (Chen
et al., 1991; Zhou and Zhu, 1993; Li et al., 1994; Ding et al.,
2008; Zhang et al., 2012b; Fig. 1). However, the southwestern
extension of the boundary is still unclear. Some scholars (e.g., Zhou
et al., 2009) suggested that the boundary may have extended to the
northeastern Guizhou Province, southeastern Hunan Province and
northern Guangxi Province according to the outcrops of the Prote-
rozoic magmatic rocks and sedimentary strata. The Nanling Range
is well known for the huge Mesozoic granitoid province and the
genetically related rare metal deposits. Studies on the granitoids
and associated ore deposits have been carried out since t early



Fig. 1. Simplified geological sketch map of the South China Block (modified from Jiang et al. (2006) and Wang et al., 2008a). (Faults: 1 – Jiangshan–Shaoxing fault; 2 –
Chenzhou–Linwu fault; 3 – Heyuan–Guangfeng fault; 4 – Zhenghe–Dapu fault; 5 – Changle–Nao’ao fault.)

212 X.-J. Shu et al. / Journal of Asian Earth Sciences 74 (2013) 210–224
twentieth century (e.g., Xu, 1943; Xu et al., 1963), and continued
until present days (e.g., Zhou and Li, 2000; Zhou et al., 2006; Jiang
et al., 2009). Our studied area includes the southwestern part of the
Shi–Hang zone, the main part of the Nanling Range, and the wes-
tern end of the Jiangnan orogen. Half of the studied area consists
of granitoids and Precambrian strata (Fig. 2). There is a NNE-trend-
ing major fault named Chenzhou–Linwu fault (Fig. 1) across this
area. Hong et al. (2002) considered it as the Neoproterozoic bound-
ary between the Yangtze and Cathaysia blocks based on geophysics
and geochemical evidences. Wang et al. (2003) suggested that it
represents the Mesozoic lithospheric boundary between the Yan-
gtze and Cathaysia blocks based on investigations of the Mesozoic
mafic rocks.

In this study, we aim to give a synthetic survey of Hf isotopes in
magmatic zircons from the granitoids. Thirty-two samples from
the Nanling Range were collected for this study, with sampling
locations indicated in Fig. 2. Most of the samples are granites with
SiO2 > 70%, belonging to the dominant rock type of their hosted
plutons, and only a few samples from the Niumiao and Tong’an
plutons are pyroxene diorite or quartz monzonite. A compilation
of rock types, ages and Hf isotopes of zircons can be referred in
Table 1.
3. Analytical methods

3.1. LA–ICP–MS U–Pb zircon dating

Zircon grains were separated using conventional heavy liquid
and magnetic techniques, then mounted in epoxy resin and pol-
ished down to expose the grain centers. Cathodoluminescence
(CL) photos were acquired with a Mono CL3 + (Gatan, USA) at-
tached to a scanning electron microscope (Quanta 400 FEG) at
the State Key Laboratory of Continental Dynamics, Northwest Uni-
versity, Xi’an.

Zircon U–Th–Pb isotopes were determined by using an Agilent
7500a ICP–MS coupled with a New Wave UP213nm laser ablation
system at the State Key Laboratory for Mineral Deposits Research



Fig. 2. Simplified geological map showing the distributions of granitoids in the southern part of the South China Block.
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(MiDeR), Nanjing University (NJU). Helium carrier gas was used to
transport the ablated sample from the standard laser–ablation cell,
and then mixed with the argon gas via a mixing chamber before
entering the ICP–MS torch. All of the spot analyses were carried
out with a repetition rate of 5 Hz. The laser ablation beams are
18 lm or 25 lm in diameter according to the sizes of individual
zircons. Zircon standard GJ-1 was used as 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 accu-
racy as a reference standard. U–Pb ages were calculated from the
raw signal data through the on–line software package GLITTER
(ver. 4.4) (www.mq.edu.au/GEMOC). The common Pb correction
was carried out through the EXCEL program of ComPbCorr#3_15G
(Andersen, 2002). The calculation for the weighted average ages
and plotting on Concordia were done through the ISOPLOT pro-
gram (ver. 2.06) developed by Ludwig (1999). The results are re-
ported in 1r error.
3.2. LA–MC–ICP–MS zircon Lu–Hf isotopes

Zircon Lu–Hf isotopic analyses were carried out using a Geolas
193 nm 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 in 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 lm (predominantly).
Helium gas was used as the carrier gas, and then combined with
argon gas in a small mixing chamber prior to transporting into
the ICP torch. In case of the influence of isotopic fractionation or
intersecting cracks/inclusions, only the flattest, most stable por-
tions of the time–resolved signal were selected for integration. Iso-
baric interference of 176Lu on 176Hf was corrected by measuring the
intensity of the interference–free 175Lu isotope and using a recom-
mended 176Lu/175Lu ratio of 0.02655 (Machado and Simonetti,
2001) to calculate 176Lu/177Hf ratios. Correction for isobaric inter-
ference of 176Yb on 176Hf was performed in ‘real time’ as advocated
by Woodhead et al. (2004) and developed by Iizuka and Hirata
(2005). This involves measuring the interference–free 172Yb and
173Yb during the analysis, calculating mean bYb value from 172Yb
and 173Yb and using a recommended 176Yb/172Yb ratio of 0.5886
(Chu et al., 2002) and mean bYb value to calculate 176Yb/177Hf ratios
(Wu et al., 2006a). Zircon standard 91,500 was used as the refer-
ence standard afterwards, 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 in 1r. We have adopted a
decay constant for 176Lu of 1.867 � 10�11 year�1 (Söderlund et al.,
2004). Initial 176Hf/177Hf ratios eHf(t) were calculated with refer-
ence to the chondritic reservoir (CHUR) proposed by Bouvier
et al. (2008) (176Lu/177Hf = 0.0336 and 176Hf/177Hf = 0.282785) at
the time of zircon crystallized from the magma. Two-stage Hf mod-
el age (TDM2) is calculated relative to the depleted mantle with
present-day 176Hf/177Hf = 0.28325 and 176Lu/177Hf = 0.0384 (Now-
ell et al., 1998; Griffin et al., 2000), bulk crust with present-day
176Lu/177Hf = 0.015 (Griffin et al., 2002).
4. Results

Representative zircon grains were selected for U–Pb dating
based on their CL images. All of the zircons have magmatic
oscillatory zoning in their CL images, even for the dark zircons
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Table 1
A compilation for the zircon U–Pb and Hf isotope analyses and whole-rock Nd isotopes for the Phanerozoic granitoids in the Nanling Range.

Sample Pluton GPS Rock type SiO2

(%)
ASI Age

(Ma)
eHf(t) Average Hf TDM ages

(Ma)
Average Hf TDM Ages

(Ma)
Average eNd(t) Nd TDM2

ages (Ma)
Refs.

West side
09MES-

21
Miao’ershan N26�1004900

E110�3302400
Granite 75.29� 1.17� 200 ± 5 �17.1 to

�8.0
�13.4 ± 0.4 1195–1892 1577 ± 16 1744–2288 2059 ± 16 1, 2

Middle Part
HBMS-

18a
Baimashan N27�2404400

E110�2804300
Fine biotite
monzogranite

67.25� 0.99� 223 ± 2 �6.6 to
�2.3

�4.3 ± 0.3 961–1112 1024 ± 12 1399–1653 1505 ± 12 �10.99� 1900� 3

HYMS-
1

Yangmingshan N26�1002000

E112�0904200
Tourmaline
muscovite granite

76.03� 1.23� 242 ± 3 �9.2 to
�2.1

�5.3 ± 0.3 965–1243 1089 ± 14 1379–1817 1582 ± 14 �11.3� 1931� 3

HYMS-
5

Yangmingshan N26�1101500

E112�0805400
Muscovite granite 74.33� 1.25� 222 ± 3 �7.1 to

�1.2
�5.4 ± 0.3 912–1145 1080 ± 13 1307–1681 1571 ± 13 �12.1� 1992� 3

09DYS-
1

Dayishan N26�0400100

E112�3803800
Biotite granite 73.85� 1.1� 159 ± 1 �5.7 to

�1.3
�2.9 ± 0.3 845–1015 911 ± 13 1264–1536 1367 ± 13 4

07AY-
06

Qitianling N25�2604800

E112�4801600
Granite 68.36 0.92 152 ± 2 �7.6 to

�3.7
�5.6 ± 0.3 929–1085 1009 1409–1652 1529 ± 12 �7.97 to

�6.93�
1564–1380� 5

07BLS-
02

Qitianling N25�2804200

E112�4904300
Granite 69.69 0.96 153 ± 2 �10.2 to

�3.2
�5.7 ± 0.5 910–1208 1016 1375–1820 1538 ± 19 5

07FR-
05

Qitianling N25�3000600

E112�5100200
Granite 75.72 1.06 155 ± 2 �8.4 to

�1.8
�4.7 ± 0.3 861–1186 992 1292–1708 1474 ± 13 5

07LZL-
07

Laiziling N25�3901400�3901

E113�1901700
Granite 75.9 1.07 152 ± 3 �6.1�0.01 �2.7 ± 0.4 786–1097 912 1175–1559 1345 ± 17 5

09JJL-
02

Jinjiling N25�1601000

E111�5505800
Biotite granite 76.15� 1.16� 152 ± 2 �11.4 to

�2.9
�6.4 ± 0.3 910–1360 1087 1357–1895 1582 ± 13 �7.6 to

�6.6�
1613–1410� 6, 7

NM-46 Niumiao � Pyroxene diorite 60.78� 0.78� 163 ± 4 �1.3 to
�3.7

1.6 ± 0.3 660–873 737 945–1268 1081 ± 12 �3.21 to
0.91�

1242–941� 8, 9

NM-42 Niumiao N24�3205200

E111�0705300
Pyroxene diorite 59.56� 0.73� 160 ± 2 1.0�3.4 2 ± 0.3 664–751 715 965–1117 1053 ± 12 8, 9

JZL-04 Jinziling Biotite
monzogranite

65.04� 0.96� 163 ± 2 �4.3 to
�3.1

�0.56 ± 0.4 639–1033 841 926–1458 1218 ± 18 8, 9

HS-63 Huashan N24�3703200

E111�0703700
Biotite granite 73.52� 0.99� 166 ± 2 �2.0 to

2.5
�0.09 ± 0.3 707–883 807 1028–1308 1192 ± 14 8, 9

TA-302 Tong’an N24�3502500

E110�5703000
Quartz monzonite 62.88� 0.87� 160 ± 1 �0.87 to

3.7
1.1 ± 03 647–831 750 945–1237 1113 ± 14 8, 9

08GP-
05

Guposhan N24�4005100

E111�4403600
Ganite 74.38� 1.01� 162 ± 2 �5.5 to

0.96
�2.2 ± 0.3 777–1016 893 1122–1531 1320 ± 13 8, 9

HD-1 Hedong N24�4204600

E112�1500000
Granite 77.23� 1.06� 140 �10.2 to

�0.94
�5.0 ± 0.5 838–1705 1169 1226–1808 1481 ± 23 �3.6� 1232� 10

LY-18 Lianyang � Coarse biotite
granite

73.5.5� 1.03� 104 ± 3 �8.2.2 to
�3.1

�5.4 ± 0.3 888–1194 1007 1335–1652 1480 ± 14 �9.1 to
�7.6�

1680–1560� 11
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East side
07QL-

05-2
Qianlishan N25�4404100

E113�0904700
Biotite granite 75.86� 1.08� 155 ± 2 �12.6 to

�5.2
�8.9 ± 0.3 1016–1410 1218 1507–1969 1739 ± 15 �7.69 to

6.39�
1460–1289� 12

07WXL-
42

Wangxianling N25�4404100

E113�0503100
Coarse biotite
granite

72.95 1.3 156 ± 3 �18.3 to
�2.1

�10.3 ± 0.4 902–1557 1246 1312–2327 1830 ± 14 �11.02 to
�10.61

1836–1868

07WXL-
31

Wangxianling N25�2804200

E112�4904300
Granite porphyry 75.41 1.22 158 ± 2 �9.4 to

�1.3
�5.2 ± 0.3 868–1170 1017 1261–1775 1509 ± 12

07WXL-
37

Wangxianling N25�4402000

E113�0405300
Fine granite 72.91 1.27 159 ± 3 �14.6 to

�2.5
�8.7 ± 0.3 956–1505 1196 1395–2159 1750 ± 17

07YGX-
01

Yaogangxian N25�3901400

E113�1901700
Granite 75.17 1.07 152 ± 2 �11.1 to

�6.7
�9.1 ± 0.3 1050–1253 1170 1596–1875 1747 ± 14 �9.26 1694

DDS-4 Dadongshan – Biotite
monzogranite

73.5� 1.05� 158 ± 3 �15.4 to
�7.8

�11.8 ± 0.3 1103–1557 1323 1674–2152 1926 ± 12 �11.5 to
�9.3�

1890–1700� 13

LY-14 Lianyang-
baijiang

Fine biotite granite 76.32� 1.01� 91 ± 1 �13.4 to
�7.4

�9.9 ± 0.3 1023–1413 1212 1594–1968 1751 ± 11 �9.8 to
�7.8�

1710–1540� 11

NG-3 Ninggang – Monzogranite 71.5� 1.14� 435 ± 4 �12.7 to
�2.3

�6.5 ± 0.4 1127–1613 1317 1544–2203 1811 ± 14 �9.27 to
�8.24�

1909–1838� 14

JF-02 Jiufeng – Biotite granite 70.09� 1.12� 163 ± 2 �11.4 to
�6.0

�9.3 ± 0.4 1055–1256 1176 1566–1902 1768 ± 14 �10.5 to 10� 1800 to
1780�

15

FG-3 Fogangnapu – Biotite 75.66� 1.03� 155 ± 2 �16.8 to
�1.9

�8.6 ± 0.5 916–1828 1292 1298–2229 1717 ± 20 �10.9� 1840� 10

FG-8-1 Fogang – Granite 70.9� 1.02� 133 ± 2 �12.9 to
�5.6

�9.5 ± 0.3 1023–1360 1188 1537–1977 1763 ± 14 �88 to 8.8� 1670� 10

707 Guidong – Granite 67.93� 0.95� 164 ± 1 �8.2 to
�4.5

�6.5 ± 0.3 979–1117 1056 1470–170 1595 ± 11 16

XZ-3-
10

Guidong-
maofeng

– Granite 75.62� 1.11� 234 ± 4 �10.4 to
�1.9

�8.1 ± 0.4 1138–1365 1227 1525–1894 1770 ± 18 �11.2� 1904� 10

GP-2 Guangping – Biotite granite 70.23� 0.96� 442 ± 5 �9.7 to
�2.1

�5.7 ± 0.4 1142–1507 1322 1537–2022 1767 ± 17 �9.35� 1660� 17

Note: Some of the SiO2 contents, ASI (Aluminum saturation index) values and most of the Nd isotopic data were used as the average values from literatures.
Reference list: 1 – Xie et al. (2008); 2 – Chen et al. (2007a); 3 – Chen et al. (2007b); 4 – Wu et al. (2005); 5 – Bo et al (2005); 6 – Zhang et al. (2001); 7 – Fu et al. (2005); 8 and 9 – Zhu etal. (1989, 2006); 10 – Lin et al. (2006); 11 –
Gao et al. (2005); 12 – Mao et al. (1995); 13 – Huang et al. (2008); 14 – Shen et al. (2008); 15 – Yin et al. (2010); 16 – Xu et al. (2003); 17 – Geng et al. (2006). For Hf depleted mantle model ages we used 176Hf/Hf and 176Lu/Hf for
the individual zircon samples to calculate their 176Hf/Hf(i) ratios at their crystallization ages. For calculation of eHf values we used 176Hf/177Hf CHUR(0) = 0.282785 and 176Lu/177Hf CHUR(0) = 0.0336.
Projection back from zircon crystallization was calculated using 176Lu/177Hf = 0.015. The depleted mantle Hf evolution curve was calculated from present-day depleted mantle values of 176Hf/177HfDM(0) = 0.28325 and
176Lu/177HfDM(0) = 0.0384. We adopted a decay constant for 176Lu of 1.867 � 10�11 year�1. The formulas used are listed below:

eHf ðtÞ ¼
176 Lu=177 Hfð Þi

176 Lu=177 Hfð ÞtCHUR
� 1

� �
� 104

TDM ¼ 1
k ln

176 Hf=177 Hfð Þ0R� 176 Hf=177 Hfð Þ0DM
176 Lu=177Hfð Þ0R� 176Lu=177 Hfð Þ0DM

þ 1
� �

T2DM ¼ 1
k ln 1þ
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177 Hf

� �
s
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S or R – sample, C – average crust, DM – depleted mantle.
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Fig. 3. Representative cathodoluminescence images of magmatic zircons in the Nanling Range. Solid circle stands for the U–Pb analysis spot while broken circle stands for the
Lu–Hf analysis spot.
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(e.g., zircons from MES-21 and FG-03) that may have been formed
during the later fluids-enriched stage of magmas (Fig. 3). The dark
images of the zircons may reflect high contents of Th and U, as
reported in Shu et al. (2011). Most of the zircons have Th/U ratios
larger than 0.1, also suggesting the magmatic origin (Crofu et al.,
2003; Rubatto and Gebauer, 2000).

Detailed U–Pb and Lu–Hf isotope analyses of zircons from the
studied granitoids are listed in Table S1 and Table S2 (Appendix),
respectively. All of the U–Th–Pb analyses are concordant and plot
on Concordia (Fig. S1 in Appendix). A total of 493 dated zircons
were further analyzed for Hf isotope composition (Table S2 in
Appendix). As indicated in Table 1, the U–Pb ages for these studied
plutons vary from 430 Ma to 90 Ma, representing the age distribu-
tion for granitic rocks in the Nanling Range. Model age can give an
estimate for the timing of extraction of crust from the depleted
mantle reservoir. However, the model age may not be precise be-
cause that Hf isotopes and Lu/Hf in the depleted mantle reservoir
may not follow a linear trend with time (Scherer et al., 2001;
Söderlund et al., 2004), which may bias the calculated model ages
by tens to hundreds of millions of years (Nebel et al., 2007). More-
over, if rocks were formed from mixed sources, their calculated Hf
model ages can only give the average crustal residence age for their
sources, and the absolute values of the model ages may be
meaningless.

Therefore, the model ages can be useful to make a contrast on the
mid- to lower crust throughout the studied area. According to our
data, the studied area can be subdivided into three parts with two
boundaries: Changning–Daoxian–Gongcheng and Yongxing–Lin-
wu–Lianshan (as shown in Fig. 2). The criteria used here were based
on the zircon Hf isotopes and the distribution of plutons. Zircon eHf(t)
could not be used for a comparison due to different ages. The
176Hf/177Hf ratios (176Lu/177Hf = 0.001) in zircon won’t change much
after zircon formation but the Lu/Hf ratio (0.015 for average crust) in
bulk rock will change a lot relative to zircon. For a fair comparison,
we calculated all the eHf(t) to 155 Ma. Here we assume that Lu/Hf will
not change significantly after the mantle-crust differentiation,
which is also the fundamental assumption to use Hf TDM2 to discuss
the source of the granitoids. Plutons in the western side has weight
average zircon eHf(t = 155 Ma) lower than �10 (mean TDM2 from
1.9 to 2.0 Ga), middle part are generally lager than �6 (mean
TDM2 < 1.6 Ga) while the eastern side is similar to the western part
with eHf(t = 155 Ma) value close to �10 (TDM2 from 1.6 to 1.9 Ga).
Although we only have one sample selected from the western side
(Miao’ershan Pluton), more previously published data showed that
the Miao’ershan and Haiyangshan (Fig. 2) plutons (Zhang et al.,
2012a) should belong to the western side because they have lower
zircon 176Hf/177Hf ratios than granites in the LTB. In addition, the
Miao’ershan and Haiyangshan granitoids also have similar Hf TDM2

ages with the Guibei Neoproterozoic granitoids to the west (Fig. 2).
Besides, as for the Baimashan and Yangmingshan plutons, which
have slightly decoupling Nd–Hf, we applied Hf isotope in zircon
rather than whole-rock Nd isotopes to trace crustal evolution as dis-
cussed above.

4.1. Middle part

Two samples (NM-42 and NM-46) were collected from the Niu-
miao Pluton which belongs to Huashan composite pluton, and give
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mean ages of 160 ± 2 Ma (n = 15, MSWD = 0.47; Fig. S1b, all Con-
cordia plots are listed in Appendix as Fig.S1) and 163 ± 4 Ma
(n = 15, MSWD = 0.55; Fig. S1e), respectively. Fifteen Lu–Hf spots
were analyzed on zircons from the sample NM-42, giving uniform
eHf(t) values from 1.02 to 3.41, with a mean value of 2.0 ± 0.3. Their
calculated crustal Hf model ages (TDM2) range from 1117 Ma to
965 Ma, with a mean age of 1053 ± 13 Ma. Fifteen Lu–Hf spots
were analyzed for zircons from the sample NM-46, showing re-
stricted eHf(t) values of �1.33 to 3.74, with a mean value of
1.6 ± 0.3. The calculated TDM2 ages range from 1268 Ma to
945 Ma, with a mean value of 1081 ± 13 Ma.

Sample TA-302 is a quartz monzonite collected from the Ton-
g’an pluton, another unit within the Huashan composite pluton.
The 206Pb/238U age of TA-302 is 160.3 ± 1.4 Ma (n = 10,
MSWD = 0.33; Fig. S1f). Fifteen Lu–Hf spot analyses were obtained
on zircons from this sample, showing a narrow range of eHf(t)
(�0.87 to 3.72), with a mean value of 1.1 ± 0.3. These zircons have
Hf TDM2 ages ranging from 1237 Ma to 945 Ma, with a mean value
of 1113 ± 15 Ma.

The sample JZL-04 is a biotite monzogranite from the Jinziling
Pluton of the Huashan composite pluton, with a weighted average
206Pb/238U age of 163 ± 2 Ma (n = 10, MSWD = 0.88; Fig. S1s). Fif-
teen Lu–Hf spot analyses on the dated zircons were obtained,
and the eHf(t) values range from �4.33 to 4.05, with a mean value
of �0.54 ± 0.4. The calculated Hf TDM2 ages of zircons from this
sample range from 1458 Ma to 926 Ma, with a mean value of
1218 ± 15 Ma.

Sample HYMS-1 is a tourmaline muscovite granite and sample
HYMS-5 is a muscovite granite. Both of them were collected from
the Yangmingshan pluton. The mean 206Pb/238U age of HYMS-1 is
242 ± 3 Ma (n = 7, MSWD = 0.2; Fig. S1p). Thirty spot analyses of
Hf isotopes were obtained, yielding eHf(t) from �9.23 to �2.09,
with a weighted mean of �5.3 ± 0.3. The calculated Hf TDM2 model
ages show a bit large span (1817–1379 Ma), with a weighted mean
value of 1582 ± 15 Ma. The other sample HYMS-5 yields a
weighted mean 206Pb/238U age of 222 ± 3 Ma (n = 9, MSWD = 0.58;
Fig. S1q). The eHf(t) values (fifteen spots) of this sample range from
�7.13 to �1.20, yielding a mean value of �5.4 ± 0.3. Their calcu-
lated Hf TDM2 ages fall within the range of 1681–1307 Ma, with a
mean value of 1571 ± 15 Ma. It is clear that the two samples from
the Yangmingshan Pluton show similar average crustal residence
ages.

Zircons from the sample 09JJL-02 of the Jinjiling Pluton show
concordant to mildly discordant U–Pb ages. One analysis gives
206Pb/238U age of 417 ± 13 Ma. The other spots yield a weighted
mean 206Pb/238U age of 152 ± 2 Ma (n = 11, MSWD = 0.45;
Fig. S1h). Sixteen Lu–Hf spots were analyzed, showing negative
eHf(t) values from �11.4 to �2.87, with a mean value of
�6.44 ± 0.3. The calculated TDM2 ages range from 1895 Ma to
1357 Ma, with a mean value of 1582 ± 13 Ma.

HBMS-18a was collected from the Baimashan pluton. Zircons
from this rock give an average 206Pb/238U age of 223 ± 2 Ma
(n = 17, MSWD = 2.5; Fig. S1n). Twenty Lu–Hf spots were analyzed,
yielding eHf(t) of �6.61 to �2.26, with a mean of �4.3 ± 0.3. The Hf
TDM2 ages range from 1653 Ma to 1399 Ma, with a mean of
1510 ± 13 Ma.

The mean 206Pb/238U age of zircons from HS-63 (Huashan plu-
ton) is 166 ± 2 Ma (n = 11, MSWD = 0.52; Fig. S1o). Fifteen Lu–Hf
spots were analyzed. The eHf(t) values of �1.95 to 2.49 were ob-
tained with a mean of �0.09 ± 0.3 and Hf TDM2 ages range from
1308 Ma to 1028 Ma, with a mean of 1192 ± 14 Ma.

Most of the zircons from HD-1 (Hedong Pluton) are not concor-
dant in U-Th-Pb isotopes for their high U concentration (more than
10,000 ppm). There are two analyses with concordant ages at
133 ± 2 Ma and 139 ± 2 Ma respectively and are consistent with
the age (ca 140 Ma) reported by Ling et al. (2006). The eHf(t) values
of this sample range from �10.2 to �0.94. Hf TDM2 ages vary from
1808 Ma to 1226 Ma, with a mean of 1481 Ma.

The mean 206Pb/238U age of 09DYS-1 (Dayishan Pluton) is
159 ± 1 Ma (n = 17, MSWD = 1.07; Fig. S1a). The eHf(t) values (20
spots) range from �5.68 to �1.29 (mean at �2.93 ± 0.3), and the
corresponding Hf TDM2 ages range from 1536 Ma to 1264 Ma (mean
at 1367 ± 14 Ma).
4.2. The western side

Miao’ershan is the biggest composite pluton (3000 km2) in the
western side of Nanling Range. Its age ranges from 400 to
150 Ma (Xu and Zhang, 1994) and the ca 210 Ma unit has the most
closed relationship to the W-Mo ore deposit (Wu et al., 2012). We
chose one Triassic sample from the Miao’ershan Pluton for its cor-
relation with ore deposits. Two clusters of ages were obtained from
this sample, with one giving a weighted mean 206Pb/238U age of
200 ± 5 Ma (n = 9, MSWD = 3.9) and the other of 229 ± 5 Ma
(n = 3, MSWD = 0.71) (Fig. S1u). The age of 200 ± 5 Ma is thought
to represent the formation age of the pluton, and the ca 229 Ma zir-
cons may be inherited from the magma source. In addition, two Or-
dovician inherited zircons were found, with 206Pb/238U ages of
429 ± 11 Ma and 422 ± 7 Ma, and corresponding eHf(t) of �3.07
and �7.95, respectively. The eHf(t) values of zircon formed at ca
200 Ma have a large variation of �17.1 to �8.04 and their Hf
TDM2 ages range from 2228 Ma to 1743 Ma.
4.3. The eastern side

The east side includes the middle and eastern parts of the Nan-
ling Range. Fifteen samples were analyzed in this area, including
07QL05-2 (U–Pb data of this sample was published in Shu et al.,
2011), 07WXL-31, 07WXL-37, 07WXL-42, 07YGX-01, DDS-4, LY-
14, LY-18, NG-3, FG-8-1, 0707, XZ-3-10 and GP-2 from west to east.

Wangxianling Pluton is composed of two main units, formed in
235 Ma and 155 Ma respectively (Zheng and Guo, 2012). Our three
samples (07WXL-42, 07WXL-37, 07WXL-31) were collected from
the 155 Ma aged units (Fig. S1b–d). 07WXL-42 is coarse-grained
biotite granite. Six inherited zircons and/or zircon cores have been
found in this sample (203 ± 4 Ma, 216 ± 4 Ma, 232 ± 5 Ma,
417 ± 10 Ma, 417 ± 9 Ma and 948 ± 16 Ma), while the other spots
yield a weighted average 206Pb/238U age of 156 ± 3 Ma (n = 4,
MSWD = 0.48). The eHf(t) values of zircons from this sample have
large variations and show no correlations with U–Pb ages. All of
the zircons, whatever their ages, have Hf model (TDM2) ages at ca
1.8 Ga. Sample 07WXL-37 is a fine-grained granite. The
206Pb/238U ages of 13 zircons from this sample can be divided into
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two groups, with one averaged at 234 ± 2 Ma (n = 7, MSWD = 4.3)
and the other at 159 ± 3 Ma (n = 4, MSWD = 0.27). The eHf(t) values
of these zircons range from �14.6 to �2.51, with corresponding Hf
TDM2 model ages ranging from 2.1 to 1.4 Ga. Sample 07WXL-31 is a
granite porphyry. Four inherited zircons and/or zircon cores were
found (222 ± 3 Ma, 418 ± 5 Ma, 422 ± 2 Ma and 427 ± 8 Ma). The
other spots yield a mean 206Pb/238U age of 158 ± 2 Ma (n = 8;
MSWD = 3.2). Fifteen Lu–Hf spot analyses were made on 07WXL-
31. The eHf(t) values (only for magmatic zircons) range from
�9.42 to �1.27, with a weighted mean value of �5.19 ± 0.3. Their
calculated Hf TDM2 model ages range from 1775 Ma to 1261 Ma,
with a weighted mean value of 1509 ± 13 Ma.

Zircons from the sample 07YGX-01 (Yaogangxian Pluton) have
concordant to weakly concordant U–Th–Pb ages, yielding a
weighted average 206Pb/238U age of 152 ± 2 Ma (n = 4,
MSWD = 0.22; Fig. S1g). The eHf(t) values of nine spot analyses
range from �11.1 to �6.65, yielding a peak of �9.0 ± 0.3. The cal-
culated TDM2 Hf model ages vary from 1875 Ma to 1596 Ma, with
a mean value of 1747 Ma.

Zircons from the sample DDS-4 (Dadongshan Pluton) yield a
weighted 206Pb/238U age of 158 ± 3 Ma (n = 13, MSWD = 2.1;
Fig. S1j). The eHf(t) values of magmatic zircons from this sample
vary from �15.44 to �7.82 (n = 20), yielding a mean value of
�11.8 ± 0.3. Their calculated Hf TDM2 model ages range from
2152 Ma to 1674 Ma, with a mean value of 1926 Ma.

Sample LY-14 is selected from the Lianyang–Baijiang Pluton.
Zircons from this sample give a weighted average 206Pb/238U age
of 91 ± 1 Ma (n = 13, MSWD = 1.18; Fig. S1t). All of the spot analy-
ses show negative eHf(t) values, ranging from �13.4 to �7.4
(n = 15), with a mean value of �9.9 ± 0.3. The calculated Hf TDM2

model ages range from 1968 Ma to 1594 Ma, with a mean value
of 1751 ± 11 Ma. LY-18 was selected from the Lianyang Pluton. Zir-
con from this sample yield a mean 206Pb/238U age of 104 ± 3 Ma
(n = 9, MSWD = 2.2; Fig. S1v). Negative eHf(t) values (Fifteen spots)
of �8.20 to �3.13 were obtained with a mean of �5.43 ± 0.3, and
TDM2 ages range from 1652 to 1335 Ma, with a mean of
1480 ± 15 Ma.

Zircons from the sample NG-3 (Ning’gang Pluton) have concor-
dant U–Th–Pb ages, yielding a weighted average 206Pb/238U age of
435 ± 4 Ma (n = 11, MSWD = 0.27; Fig. S1w). Fifteen Lu–Hf spot
analyses give eHf(t) values ranging from �12.7 to �2.3, with a
weighted mean value of �6.5 ± 0.3. Their calculated Hf TDM2 model
ages vary from 2203 Ma to 1544 Ma, with a weighted mean value
of 1811 ± 15 Ma.

Zircons from the sample JF-2 (Jiufeng Pluton) give a weighted
average 206Pb/238U age of 163 ± 2 Ma (n = 16, MSWD = 0.38;
Fig. S1r). Twenty-spot analyses of zircons from this sample give
negative eHf(t) values of �11.4 to �6.04, with a weighted mean va-
lue of�9.1 ± 0.3, and their calculated TDM2 Hf model ages vary from
1902 Ma to 1566 Ma, with a weighted mean value of 1768 ± 15 Ma.

Fogang is a composite pluton in Guangdong Province and sam-
ples of this study were from its two different units. The 206Pb/238U
ages of spot analyses from the sample FG-03 (Fogang Pluton) are
divisible into two groups, with weighed means at 155 ± 2 (n = 12,
MSWD = 0.18) and 147 ± 2 Ma (n = 3, MSWD = 0.25; Fig. S1l),
respectively. Actually these two age clusters are much similar to
each other within analytical uncertainties. We applied
155 ± 2 Ma as the crystallization age of this pluton as most zircons
are concentrated at this age. The eHf(t) values (sixteen spots) have
large variations from �16.8 to �1.89. The calculated Hf TDM2 ages
range from 2.3 Ga to 1.3 Ga. Another sample from the Fogang Plu-
ton (FG-8-1) also gives two 206Pb/238U age populations in zircons,
with one group averaged at 133 ± 2 Ma (n = 10, MSWD = 2) and
the other group concentrated at 157 ± 2 Ma (n = 5, MSWD = 4),
respectively (Fig. S1k). The younger age for FG-8-1 is considered
to be the crystallization age of the pluton, while the elder one is
considered from detrital zircons. The two age clusters do not show
difference in Hf isotopes. The fifteen dated zircons were analyzed
by laser Hf isotopes, and their calculated eHf(t) values range from
�12.9 to �5.60, with a weighted mean of �9.45 ± 0.3. Their Hf
TDM2 ages range from 1977 Ma to 1537 Ma, with a mean value of
1763 ± 15 Ma.

Zircons from the sample 0707 (Guidong Pluton) have concor-
dant U–Th–Pb ages (Fig. S1i), yielding a weighted average
206Pb/238U age of 164 ± 1 Ma (n = 10, MSWD = 1.6). The eHf(t) val-
ues of fifteen spot analyses fall within a narrow range of �8.15
to �4.50, with a mean value of �6.5 ± 0.3. Their calculated Hf
TDM2 ages vary from 1700 Ma to 1470 Ma, with a mean value of
1595 Ma.

The 206Pb/238U age of XZ-3-10 (Guidong–Maofeng pluton) is
234 ± 4 Ma (n = 9, MSWD = 1.5; Fig. S1y). One detrital zircon has
been found with 206Pb/238U age of 440 ± 7 Ma and eHf(t) values of
�1.56. The other twelve analyses have eHf(t) values ranging from
�10.4 to �7.11, with a peak of ca �8.76. Hf TDM2 ages of these spot
analyses vary from 1894 Ma to 1690 Ma, with a mean of
1794 ± 18 Ma.

Zircons form the sample GP-2 (Guangping Pluton) are all con-
cordant (Fig. S1m). The mean 206Pb/238U age of GP-2 is
442 ± 5 Ma (n = 10, MSWD = 0.077). The eHf(t) values (thirteen
spots) of �9.38 to �1.72 were obtained, with a weighted mean
of �5.4 ± 0.4. Their Hf TDM2 ages range from 2022 Ma to 1537 Ma,
with a weighted mean of 1767 ± 19 Ma.

4.4. Summary

The ca. 420 Ma age and ca. 200 Ma age zircons have low initial
176Hf/177Hf ratios, and plot below the Chondrite Hf-isotope evolu-
tion curve (Fig. 4), indicating that they are mainly derived from
reworking of older crust (Hf TDM2 model ages > 1.6 Ga). The Yansh-
anian magmatic zircons also have scattered initial 176Hf/177Hf ra-
tios and some of them are above the Chondrite curve (Fig. 4),
suggesting the possible incorporation of relative juvenile sources,
such as relatively younger crust (Hf TDM2 ages < 1.5 Ga). The most
important results arising from these data are summarized below:

(1) U–Pb dating results can be divided into three clusters: Cale-
donian (442–417 Ma), Indosinian (241–205 Ma) and Yansh-
anian (166–90 Ma). Two samples (GP-2; NG-3) belong to the
Caledonian period, four samples (HYMS-5, HYMS-1, HBMS-
18a, 09MES-21) belong to the Indosinian period and the
other twenty-five samples belong to the Yanshanian period.
The dating results are basically consistent with the age dis-
tribution of granitoids in the Nanling Range (e.g., Zhou
et al., 2006; Hsieh et al., 2008). Most of the granitic plutons
in the middle part formed during the early Yanshanian per-
iod (ca. 155 Ma).

(2) Inherited zircon xenoliths and/or zircon cores are rare for the
granitoids in the study area. Only sixteen inherited zircons
were found in this work, including nine from the Wangxian-
ling Pluton (five in sample WXL-42 and four in WXL-31), five
from the Miao’ershan Pluton (MES-21) and one from the Jinj-
iling and Xiazhuang plutons (09JJL02 and XZ-3-10 respec-
tively). The ages of the inherited zircon xenoliths and zircon
cores concentrate between 200 Ma and 420 Ma, and only
one zircon grain in the sample WXL-42 have Neoproterozoic
age of 948 ± 16 Ma. The Caledonian and Indosinian inherited
zircons have magmatic zoning and constitute subgroups
within one sample, suggesting the possible reworking of early
granitic magmatic rocks. Similar Neoproterozoic inherited
zircons have also been reported by Zhu et al. (2009), in which
two zircons with Neoproterozoic ages of 953 ± 15 Ma and
933 ± 13 Ma in the Qitianling Pluton. Rather few inherited
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Neoproterozoic (Li et al., 2008; Chen et al., 2009a,b).
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zircons were preserved in the aluminous A2-type granitic
rocks may reflect the high magmatic temperatures. The Meso-
zoic granitoids in the middle part have magmatic tempera-
tures at 780–830 �C according to the whole-rock Zr
saturation temperature thermometer (Watson and Harrison,
1983; Zhu et al., 2010).

(3) Over all, there is no clear correlation in 176Hf/177Hf with
time, and large 176Hf/177Hf variations were commonly
observed in individual samples.

5. Discussion

5.1. Variations of Hf isotopes within individual samples: which value
should we choose?

An evaluation of Hf isotopic data should be made before using
them to trace crustal evolution. It is noted that almost all of the
studied samples have large variations of Hf isotopes in zircons.
As indicated in Table 1, about one-third of our samples have zircon
Hf isotope variations up to 10 eHf units. For example, the sample
NG-03 have eHf(t) of�12.40 to �1.94. The large variations in Hf iso-
topes of zircons from granitic magmas have been commonly attrib-
uted to magma mixing (e.g., Griffin et al., 2002; Shaw and Flood,
2009; Kemp et al., 2007; Chen et al., 2008; Sun et al., 2010). Griffin
et al. (2002) suggested that the varied 176Hf/177Hf ratios corre-
spond to magma mixing during transport in magma conduits.
Shaw and Flood (2009) found that 249 ± 3 Ma granites in a zoned
granitic pluton, eastern Australia have Hf isotope variations up to
11 eHf units, and interpreted them as a result of magma mixing
of silicic melts from two sources. Kemp et al. (2007) reported a var-
iation in zircon eHf of 10 units from an I-type granite in the Lachlan
Fold Belt and considered the variations be resulted from the input
of mantle-derived magmas. In these cases, magma mixing is often
adopted to explain the large ranges of eHf values. Our new data
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indicate that the granitoids in the southern part of the SCB mostly
have large variations in Hf isotopes, despite of the different zircon
U–Pb ages. However, two intermediate rocks, Niumiao pyroxene
diorite and Tong’an monzonite from the Huashan composite plu-
ton, have relatively narrow Hf composition ranges (less than 5
eHf units). If magma mixing did happen, larger variations of Hf iso-
topes should be expected in intermediate rocks than felsic rocks.
Field evidence supporting the magma mixing such as mafic micro-
granular enclaves or larger scale basic rocks js rarely reported in
the area. On the contrary, the intermediate magmas should have
higher forming temperature than that of the felsic ones. Therefore,
it is reasonable to attribute the large Hf isotope variations to the
isotopic disequilibrium within the magma system. Since the grani-
toids are mainly from the crustal materials with different ages and
mineral assemblages, the Hf isotopic equilibrium may be difficult
to reach in the granitic magmas. Zircon crystallized in different
batches of melt should have different Hf isotopic features. When
the magma temperature increases, the equilibrium would be easier
to be accomplished.

Which value should be chosen while Hf isotopes have a large
variation (larger than 10 eHf units)? Should we pick the peak value
or use the average value? During our previously studies on zircon
Hf isotope analysis, we found that the granitic magmas may some-
times experience two-stage evolution as the composition of mag-
ma sources changes (Wang et al., 2013). As for some
Neoproterozoic granitoids in the eastern segment of the Jiangnan
orogen, the large variations of Hf isotopes in zircon cores can gen-
erally reflect the source features, and their average values are con-
sistent with those from the zircon rims (Wang et al., 2013).
Therefore, the average values of Hf isotopes of zircons from granitic
magmas can be used to trace the average crustal residence ages of
their magma sources, even if these analyses did not show normal
distribution. Moreover, according to our unpublished data, normal
distribution of the Hf isotopes could be reached if more analyses
(>50) were obtained. Which means multiple peaks of eHf values
will become to one peak and this peak value is close to the mean
value. Therefore, we decide that the mean value in discussion
and the mean values of eHf(t) and TDM2 are both useful to distin-
guish their source features. Instead of the magma mixing, we pre-
fer a magma disequilibrium origin for the large variation in Hf
isotopes.

5.2. A construction of Hf isotopic profile

Since the granitoids are commonly derived from the partial
melting of mid- to lower crust, it would be possible to recover
the characteristics of deep crust with the compositions of grani-
toids. Zircons preserve the initial Hf isotope compositions of their
magma sources, and thus can be used to trace the ages, features
and structures of the mid- to lower crust. South China Block
(SCB) is characterized by the widespread granitic plutons and asso-
ciated W–Sn–Tb poly-metal deposits. The sources of granitoids are
of great importance to the formation of giant ore deposits in this
area because the granitoids were thought to be their dominant
source. Therefore, understanding the origin of the granitoids is fun-
damental for understanding of the formation of ore deposits.

With the systematic studies on Hf isotopes of zircons from
granitoids throughout the southern part of the SCB, including the
Nanling Range and the western end of the JO, we can construct a
profile of Hf isotopes in this area (Fig. 5).

From west to east, there is a steep increase in eHf(t) (Fig. 5A) and
decrease in TDM2 (Fig. 5C–E). Most of the Hf isotope features are
consistent with the whole-rock Nd isotopic results of these grani-
toids (Table 1), except for samples (HYMS-18a, HYMS-1, HYMS-5)
which have Nd TDM2 model age ca 300 Ma older than Hf TDM2 mod-
el ages as discussed above. Some authors have suggested the input
of Mesozoic mantle-derived materials for the low TDM2 middle part
(e.g., Jiang et al., 2008; Zhu et al., 2008). However, as discussed
above, this model lacks evidence from the field geology and petro-
logic modeling. In particular, there is no steady variation from the
middle part to the eastern side in the eHf(t) and TDM2, which is con-
flicting with the possible mafic magmatism related to the west-
ward subduction of the Pacific Plate. Besides, the Hf isotopes of
zircons from the middle part are similar to those in the eastern part
of the JO. Therefore, it would be reasonable to interpret the middle
part as a segment of the Neoproterozoic amalgamation belt in the
area, possibly related to the Neoproterozoic assembling processes
between Yangtze and Cathaysia blocks.

The construction of Precambrian crust in the SCB has been
greatly debated in recent years. It is not clear why the western seg-
ment of the JO has different crustal composition compared to the
eastern segment. In addition, the Cathaysia Block was suggested
to be subdivided into the Wuyi terrane to the north and the Nan-
ling–Yunkai terrane to the south (Yu et al., 2010). In this study, it
is noticed that the western side (i.e. the western end of the JO)
has similar crustal compositions with the eastern side (i.e. the
main part of the Nanling–Yunkai terrane). This may imply that
the western end of the JO has similar crustal evolution history dur-
ing Precambrian time. If so, it will be easy to understand why the
Neoproterozoic folded sequences in the western end of the JO
has more Grenville-aged detrital zircons than the eastern JO, but
similar to those in the Nanling–Yunkai terrane.

5.3. Crustal evolution and origin of the granitoids

There are two aspects for the meaning of crustal evolution:
crustal growth (or crustal generation) and crustal reworking. Haw-
kesworth et al. (2010) suggested that the term ‘‘crust growth’’ is
commonly used to denote the formation of new continental crust
in a generic sense; that is, the emplacement of new mafic magma
directly from the depleted mantle. Have the juvenile crustal mate-
rials been incorporated into the magma source of these Mesozoic
granitoids in the Nanling Range? Rudnick (2005) suggested three
main ways for the growth of continental crust: (1) fractional crys-
tallization of primary basaltic melt, (2) mixing between partial
melts of pre-existed crust and mantle-derived magmas, or their
differentiate, and (3) partial melting of young, mantle-derived ma-
fic protoliths in the crust. The third case is indeed crustal rework-
ing, but it transformed the average crustal compositions from
mafic to intermediate. Paleo- to Mesoproterozoic zircon Hf model
ages preclude significant involvement of juvenile crust for the
Mesozoic plutons in the eastern and western sides of the Nanling
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Range, but support widespread crustal reworking of pre-existing
old crust. However, most of zircons in the LTB show relatively
low TDM2 Hf model ages and relatively high initial 176Hf/177Hf ra-
tios. The model of fractional crystallization of primary mafic melts
can be easily precluded because it would request much more
basaltic rocks in the area, which is not supported by the field geol-
ogy and geophysical analyses. This may have occurred in the
southwestern part of the SCB (i.e. the E’meishan area), where more
mantle component have been involved (Shellnutt et al., 2009). The
second and third ways of Rudnick (2005) are both possible. The
mantle-derived magma mentioned in the second way is the con-
temporaneous magma during the granite formation. As to the mag-
ma mixing model, the mostly important precluding evidence is the
lack of field evidence of significant contemporaneous mafic mag-
matism. Our eHf(t) values also indicate that contemporaneous man-
tle component was not important to the granitic sources,
otherwise we would have granitoids with neutral to positive eHf

values. Besides, a systematical study of combined d18O and Lu–Hf
isotopes on zircons from the Jiuyishan Pluton of the SCB indicated
that the granites may have been generated from melting of granu-
litic metasedimentary rocks rather than magma mixing processing,
without significant incorporation of juvenile crust (Huang et al.,
2011).

As discussed above, even the A2-type granites in the LTB of the
Nanling Range cannot represent products of mixing with mantle-
derived magmas. Zircon U–Pb geochronology constrains the for-
mation age of the granitoids, and Lu–Hf isotope of zircons shows
the crustal reworking in the Nanling Range. Initial 176Hf/177Hf ra-
tios in zircons were decreased from the LTB to the east and west
sides. As we know from the available published data, no juvenile
crust forming geological events (e.g., ophiolite represents for su-
ture zone or arc rocks represent for subduction zone) took place
in the SCB during Mesozoic time. Therefore, we concluded that
the Mesozoic depleted mantle contributed little to the formations
of the Nanling Mesozoic granitoids. This conclusion is consistent
with the calculation of Shu et al. (2011). Previous whole-rock Nd
isotope analyses also implied that the Proterozoic metamorphic
rocks have played an important role in the generations of Phanero-
zoic granitic rocks in Cathaysia Block (Chen and Jahn, 1998), and
the Nanling granitoids generally did not incorporate mantle com-
ponent in their source (Hsieh et al., 2008). If so, the mineralization
source should mainly come from the deep buried Proterozoic strata
rather than the alleged Mesozoic mantle input.

Since Hf model ages can give an approximate estimation on the
average crustal residence time of the granite sources, we illus-
trated Hf model age histograms of the magmatic rocks in South
China in Fig. 5 for a comparison. The model age histogram of Neo-
proterozoic igneous rocks from the eastern JO is very similar to the
histogram of granitoids in the LTB, suggesting similar source area
for both areas. However, the Neoproterozoic granitoids from the
Guibei area show relatively older Hf and Nd model ages, distin-
guishing themselves from the eastern JO. It is possible that the
Mesozoic granitoids in the LTB with positive eHf(t) could be formed
by the re-melting of sources which are similar to the igneous rocks
from South Anhui granitoids and the Shuangxiwu arc-related vol-
canic rocks. Most of the zircon Hf isotopes from Mesozoic grani-
toids in the LTB fall within the crustal evolution area of the
Neoproterozoic rocks (Fig. 6, including the Shuangxiwu arc mag-
matic rocks and the ca 820 Ma granitoids in South Anhui Province
from the eastern JO). The Early Neoproterozoic crustal growth can
be correlated with the amalgamation of the Yangtze and Cathaysia
blocks (Wang et al., 2007; Zheng et al., 2008). Therefore, the Jiang-
shan-Shaoxing fault in the eastern JO may have been linked with
the present Chenzhou–Linwu district during the Neoproterozoic
time (Fig. 1), representing the suture zone between the Yangtze
and Cathaysia blocks. The correlation between the Jiangshan-Sha-
oxing and Chenzhou–Linwu faults are based on geography given
that the Jiangshan–Shaoxing fault is a Proterozoic fault and the
Chenzhou–Linwu fault is a Phanerozoic fault. In our hypothesis,
granitoids in the Chenzhou–Linwu area were the products of the
reworking of rocks which are similar to the arc rocks in the Jiang-
shan–Shaoxing area. These two areas were connected in Neoprote-
rozoic after the amalgamation of Yangtze and Cathaysia blocks. But
their geological evolution differentiated after amalgamation: the
arc rocks in present ‘‘Chenzhou–Linwu fault’’ area were reworked
at late Yanshanian period because of the intensive back-arc exten-
sion; the Neoproterozoic arc rocks in the Jiangshan–Shaoxing area
were preserved until present days. Therefore, the Mesozoic granitic
rocks in the southern Shi-Hang zone may be derived from the
reworking of Neoproterozoic arc materials and sedimentary rocks
from the southwestern extension of the eastern JO. The melting
of juvenile Neoproterozoic arc materials could explain the low Hf
model ages and the elevated eHf(t) of the granitoids.

The granitoids outside of the LTB in the Nanling Range have old-
er Hf TDM2 model ages (>1.6 Ga) and relatively low negative eHf(t)
values. The major peak of Hf TDM2 model ages in the western side
occur at about 1.9 Ga, while it turns to be mostly between 1.6 and
1.9 Ga in the eastern side. Similarly, our preliminary Hf isotope
studies of detrital zircons revealed similar crustal growth events
both in the southern part of the Yangtze Block and the Nanling–
Yunkai terrane in the Cathaysia Block. This difference supports that
the middle part was the amalgamation zone between the Yangtze
and Cathaysia blocks in Neoproterozoic.
6. Conclusions

The zircon Lu–Hf and U–Pb isotopic data from the Phanerozoic
granitoids allows us to present a synthesis of crustal evolution in
the Nanling Range. There is no systematic correlation between zir-
con Hf isotopic evolution and U–Pb ages for the granitoids in the
Nanling Range. Zircons Hf isotopes indicate that these granitoids
are products of reworking of old crust in the area, without signifi-
cant input of contemporaneous depleted mantle.

The southern part of the SCB could be subdivided into three
parts with two boundaries: Changning–Daoxian–Gongcheng and
Yongxing–Linwu–Lianshan. The middle part is located in the cen-
tral-western Nanling Range, showing Hf TDM2 in zircons less than
1.6 Ga, while the eastern and western sides both have relatively
higher Hf TDM2 in zircons (>1.8 Ga). The granitoids in the middle
part could have been generated from reworking of the Early Neo-
proterozoic arc-related rocks, and this area may represent the wes-
tern extension of the Neoproterozoic amalgamation zone between
the Yangtze and Cathaysia blocks. The granitoids from the eastern
and western sides imply the reworking of the Paleoproterozoic
crust, and their basement rocks have similar crustal affinities. Be-
sides, there is a need of further studies on the origin of the large
variation of eHf(t) in Nanling granitic plutons, since it could not
be explained simply by magma mixing with mantle-derived
magmas.
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