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ABSTRACT

Southern China experienced extensive, episodic, Mesozoic granitic magmatism and W–Sn polyme-

tallic mineralization, making this area an ideal natural laboratory for the study of granitic magma-

tism and related metallogenesis. The c. 2500 km2 Neoproterozoic Jiuling batholith in southern

China hosts Mesozoic intrusions, although the genetic relationship between these two episodes of

granitic magmatism within the batholith remains unclear. Here, we present new petrographic, min-

eralogical, geochronological, and geochemical data for the Mesozoic Shiqiao intrusion and the
Ganfang (GF)–Guyangzhai (GYZ) intrusive suite, and use these data to determine the petrogenetic

history of the intrusions and assess whether they are genetically related to the Neoproterozoic host

batholith. The Shiqiao intrusion crystallized at 148–147 Ma and is dominated by a granodiorite

phase and contains scarce old zircons or zircon cores. The GF–GYZ intrusive suite is composed of

the Ganfang and Guyangzhai intrusions, which crystallized at 147–144 and 147–146 Ma, respec-

tively. They are dominated by two-mica and muscovite granite phases and contain abundant old
(i.e. Neoproterozoic) zircon xenoliths or zircon cores. Numerous magmatic zircons within the GF–

GYZ intrusive suite contain homogeneous dark domains visible under cathodoluminescence (CL)

imaging, suggesting that they were generated during magmatic fluid-enriched later stages of mag-

matism. The Shiqiao granitoids define a distinct fractional crystallization trend from that of the GF–

GYZ intrusive suite granitoids, suggesting different magmatic evolution. Simulations using the

Rhyolite-MELTS and energy-constrained assimilation–fractional crystallization (EC-AFC) programs

indicate fractional crystallization and concurrent assimilation during the formation of granites in
the GF–GYZ intrusive suite. However, the first-stage Ganfang intrusion underwent different frac-

tional crystallization and assimilation processes from the second-stage Guyangzhai intrusion,

although they could be highly differentiated and possibly originate from the same source. Such

highly differentiated residual magmas could be enriched in fluids and generate the dark-CL zircon

domains in the granites. These processes lead to a model of magma chamber growth that can be

used to explain the geochemical and petrographic variations of granitic plutons worldwide. In addi-
tion, various geochemical indicators of granite-related mineralization, the highly differentiated
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magmatic compositions and the high metallic element concentration of the sources all favor the

formation of W–Sn mineralization, as evidenced by the presence of the world-class Dahutang W

deposit within the northeastern part of the Neoproterozoic Jiuling batholith.

Key words: granitic intrusive suite; heterogeneous zircon conservation; late magmatic fluids;
highly differentiated granites; magma chamber growth

INTRODUCTION

Determining the processes that occur during the forma-

tion and emplacement of granitic plutons is one of the

key issues in understanding the construction of conti-

nental landmasses (e.g. Petford et al., 2000; Michel

et al., 2008). Large granitic plutons (or intrusive suites)

are generally constructed from different pulses of

magma over intervals of tens to hundreds of millions of

years (e.g. Coulson et al., 2002; Coleman et al., 2004;

Glazner et al., 2004; Walker et al., 2007; Miller et al.,

2011; Zibra et al., 2014). As such, knowledge of the

magma sources and inheritance between different epi-

sodes of intrusion is critical to our understanding of the

evolution of felsic magmas and the processes involved

in crustal reworking.

Zircon is a ubiquitous mineral in the continental crust

(especially in granitoids) and as such has been widely

used to trace source and magmatic processes and the

related evolution of the crust (e.g. Kinny & Maas, 2003;

Wang et al., 2013c). However, the amount of zircon

inheritance can sometimes greatly exceed that

expected for common felsic volcanic rocks and granites

(e.g. Teipel et al., 2004; Bea et al., 2007). Miller et al.

(2003) proposed that the abundance of inherited zircons

within a magmatic system is related to the temperature

of the magma. Bea et al. (2007) also suggested that

changes in the abundance of inherited zircons relate to

heating and the cooling rate of the hosting magma.

However, the dominant control on the preservation of

zircon xenocrysts remains unclear. In addition, zircon

xenocrysts can yield different U–Pb dates from those

obtained from both euhedral zircons and zircon over-

growths that have homogeneous dark intensities under

cathodoluminescence (CL) imaging (hereafter called

dark-CL domains). This presents a challenge in deter-

mining the crystallization age of an intrusion, as Pb loss

and metamorphic and/or metasomatic recrystallization

can all generate dark-CL zircon domains (e.g. Mojzsis &

Harrison, 2002; Crowley et al., 2008; Gerdes & Zeh,

2009; Tulloch et al., 2010; Scott et al., 2011).

Both widespread granitic magmatism and associ-

ated late Mesozoic mineralization are recorded in

South China (e.g. Zhou et al., 2006; Mao et al., 2007;

Sun et al., 2012; Huang & Jiang, 2014). These are asso-

ciated with the largest W, Sb, and Sn reserves in the

world (i.e. more than 50% of the world’s total tungsten

and antimony reserves, and 20% of the world’s total tin

reserves; Sun et al., 2012). Tungsten mineralization is

generally related to evolved granites (e.g. Srivastava &

Sinha, 1997; Linnen, 1998; Kempe & Wolf, 2006; Neiva,

2008; Breiter, 2012; Fogliata et al., 2012; Xu et al., 2015;

Hulsbosch et al., 2016), although the magmatic con-

trols on the generation of W mineralization remain

unclear, meaning that studying the links between tung-

sten deposits and associated magmatism is necessary

to further our understanding of these metallogenic

systems.

The Jiuling batholith formed at c. 820 Ma, crops out

over an area of �2500 km2 (BGMRJX, 1984), and is one

of the largest granitic batholiths in southern China.

Some Mesozoic plutons intruded, or are closely associ-

ated with, the Neoproterozoic Jiuling batholith and are

related to one of the largest W deposits in China,

namely the recently discovered Dahutang deposit (Mao

et al., 2013; Huang & Jiang, 2014). The Dahutang

deposit has been studied intensively in recent years,

meaning that the associated, and potentially associated,

plutons represent an excellent natural laboratory for

research into granite genesis and related metallogene-

sis. Here, we present new zircon U–Pb and Hf isotopic,

mineral geochemical, whole-rock major and trace ele-

ment, and whole-rock Sr–Nd isotopic data for three Late

Jurassic intrusions in the central part of the

Neoproterozoic Jiuling batholith and use these data to

investigate the petrogenesis of these intrusions and

their relationships with the host Neoproterozoic batho-

lith. We also discuss possible controls on the heteroge-

neous preservation of zircon xenocrysts and the

presence of zircons that appear homogeneously dark in

CL images. The results of this study provide new

insights into magma chamber growth and the links

between magmatism and the generation of metallic

(e.g. tungsten) deposits.

GEOLOGICAL BACKGROUND

The nearly east–west-trending c. 1500 km long Jiangnan

Orogen divides the South China Block into the Cathaysia

and Yangtze blocks (Fig. 1a; Wang et al., 2014b). This

orogenic belt is dominated by sedimentary sequences

that have been metamorphosed under conditions of the

lower greenschist facies and Neoproterozoic (c. 960–750

Ma) magmatic rocks that record convergence and rifting

on the southeastern margin of the Yangtze Block

(Charvet et al., 1996; Wang et al., 2007, 2012, 2014b;

Li et al., 2009; Cawood et al., 2013). The metasedimen-

tary sequences within the orogen are divided by a promi-

nent regional angular unconformity (Wang et al., 2007);

the sequences beneath the unconformity [e.g. the
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Shuangqiaoshan (SQS) Group of northern Jiangxi

Province] are tightly folded (Wang et al., 2014b, and

references therein). The SQS Group is dominated by silty

slate, siltstone, mudstone, sandstone, conglomerate,

and minor tuff units with a total thickness of> 4 km.

These sediments were deposited between 860 and 815

Ma (Wang et al., 2014b; Li et al., 2016) and host the intru-

sive Neoproterozoic Jiuling batholith (c. 820 Ma; e.g. Li

et al., 2003; Zhong et al., 2005; Wang et al., 2013c, 2014b;

Zhao et al., 2013), which is in turn unconformably over-

lain by Sinian (680–543 Ma) sediments in the eastern

segment of the Jiangnan Orogen (BGMRJX, 1984; Li

et al., 2003; Zhong et al., 2005).

Mesozoic granitic intrusions in the central part of the

Neoproterozoic Jiuling batholith include the Shiqiao

intrusion (SQ) and the Ganfang–Guyangzhai (GF–GYZ)

intrusive suite (BGMRJX, 1984; Wu et al., 2003)

(Fig. 1b). The Shiqiao intrusion intrudes the folded

metasedimentary rocks of the SQS Group but has no

direct contact with the Neoproterozoic batholith visible

in the field. In contrast, the GF–GYZ intrusive suite

intrudes the Neoproterozoic Jiuling batholith and com-

prises the Ganfang intrusion and the Guyangzhai intru-

sion. The Ganfang intrusion represents the early stage

magmatic activity during the Mesozoic and was later

intruded by the Guyangzhai intrusion (BGMRJX, 1984).

Zhong et al. (2005) reported a zircon sensitive high-

resolution ion microprobe (SHRIMP) age of 820 6 10

Ma for the Ganfang intrusion, although the sample

dated during their study was a two-mica-bearing grano-

diorite that is atypical of lithologies within the intrusion.

Southern China contains two important metallo-

genic belts: the Middle–Lower Yangtze River Valley

and Qin–Hang belts (Mao et al., 2013; Fig. 1a). The

Jiuling batholith is aligned with the eastern part of the

Qin–Hang belt and is also located close to the Middle–

Lower Yangtze River Valley belt. In addition, the

Dahutang tungsten deposit was recently discovered

close to the present study area, within the northern

part of the Jiuling batholith. This deposit is one of the

largest known tungsten deposits in the world and has

total reserves of c. 2�0 million tons of WO3 resource

(e.g. Mao et al., 2013). The tungsten deposits in this

area are generally associated with late Jurassic (�148–

141 Ma) granitoids that intruded the Neoproterozoic

Jiuling batholith and are dominantly porphyritic biotite

granites, two-mica and muscovite granites (Feng et al.,

2012; Mao et al., 2013, 2015; Huang & Jiang, 2014). The

tungsten ores in this region are located at the contact

between the late Jurassic and Neoproterozoic gran-

itoids, and it is thought that this mineralization was

generated as a result of the differentiation of late

Jurassic granitic magmas (e.g. Feng et al., 2012) that

formed by partial melting of Neoproterozoic sedimen-

tary material (i.e. the SQS Group; e.g. Huang & Jiang,

2014). However, the relationship between metallogene-

sis and the Neoproterozoic granitoids in this area

remains unclear, and the dominant metallogenic proc-

esses that formed these deposits still need to be

identified.

PETROGRAPHY

Late Jurassic Shiqiao intrusion
The ca. 75 km2 Shiqiao intrusion was emplaced into the

SQS Group and does not have any visible direct contact

with the Neoproterozoic Jiuling batholith or with any

other Mesozoic intrusions in this area (Fig. 1b). It is

dominated by fine-grained granodiorite and has a simi-

lar mineral assemblage to the Neoproterozoic Jiuling

batholith, barring the absence of aluminum-rich miner-

als (e.g. garnet and cordierite). The Shiqiao granodior-

ites contain 45–60% plagioclase (An20–36, where Anx

represents the anorthite content of the plagioclase

expressed as a molar percentage), 20–30% quartz, 10–

15% biotite, 10–15% K-feldspar and 0–5% muscovite

(Table 1; Fig. 2a). Plagioclase is 0�3–2�5 mm long and

exhibits oscillatory zoning and Carlsbad–albite com-

pound twinning. The K-feldspar is 0�4–5 mm long,

shows tartan and simple twinning, and has a perthitic

Table 1: Petrological information for representative samples of the Jurassic intrusions

Sample GPS location Rock type Mineral assemblage Age (Ma) eHf(t) variation Mean eHf(t)

Shiqiao intrusion
11JL-07 28�29’57�32"N, Granodiorite 50% Plþ20% Qtz þ 15% Bt Late Jurassic 148�3 6 1�6 (–10�0 to –4�6) –7�3 6 0�7

114�17’28�92"E þ 14% Kfs þ 1% Ms
11JL-08 28�30’21�86"N, Granodiorite 45% Plþ25% Qtz þ 15% Kfs Late Jurassic 147�2 6 2�5 (–10�5 to –4�1) –7�7 6 1�4

114�18’19�88"E þ 12% Btþ3% Ms Neoproterozoic 817 6 11 þ6�6 þ6�6 6 0�8
Ganfang intrusion
09JL-09-1 28�40’17�5"N, Muscovite

granite
30% Qtz þ 30% Kfs þ 25% Pl Late Jurassic 146�7 6 2�9 (–14�8 to –9�5) –11�4 6 3�5

114�57’03�1"E þ 13% Msþ2% Bt Neoproterozoic 818�8 6 7�5 (þ1�2 toþ9�1) þ5�3 6 2�8
13JL-10-1 28�38’32�02"N, Two-mica

granite
35% Kfs þ 30% Qtz þ 18% Pl Late Jurassic 144�0 6 2�1 (–19�5 to –5�5) –9�6 6 1�6

114�50’42�25"E þ 10% Msþ7% Bt Neoproterozoic 824 6 12 (–6�9 toþ6�9) –1�2 6 4�8
Guyangzhai intrusion
13JL-1-1 28�42’10�71"N, Two-mica

granite
35% Kfs þ 30% Qtz þ 25% Pl Late Jurassic 147�0 6 2�0 (–11�8 to –5�4) –7�5 6 1�2

115�02’43�31"E þ 5% Btþ5% Ms Neoproterozoic 818�9 6 7�4 (–6�8 toþ9�1) þ2�1 6 2
13JL-5-1 28�41’30�92"N, Two-mica

granite
35% Kfs þ 25% Qtz þ 20% Pl Late Jurassic 146�0 6 1�2 (–14�1 to –5�1) –9�9 6 1�2

114�59’32�01"E þ 10% Btþ10% Ms Neoproterozoic 814 6 14 (–1�7 toþ9�0) þ4�3 6 5�3

Qtz, quartz; Pl, plagioclase; Bt, biotite; Kfs, K feldspar; Ms, muscovite.
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texture. The biotite is 0�5–2 mm long, is subhedral to

euhedral, and is brown. The intrusion also contains

anhedral muscovite that has lengths of 0�1–0�3 mm and

is commonly interstitial. Accessory minerals include

apatite, zircon, ilmenite and allanite. Biotite and quartz

commonly contain inclusions of short and columnar

apatite and zircon.

Late Jurassic Ganfang intrusion
The c. 153 km2 Ganfang intrusion intrudes into the

Jiuling batholith (Fig. 1b; BGMRJX, 1984) and is domi-

nated by medium- to coarse-grained muscovite and

two-mica granite phases (Fig. 2c and d) that contain 30–

35% quartz, 20–35% K-feldspar, 15–30% plagioclase

(An2–8), 5–15% muscovite and 0–10% biotite (Table 1).

The plagioclase is euhedral–subhedral, with length of

0�3–4 mm, and exhibits polysynthetic twins. The musco-

vite is subhedral, with length of 0�25–3 mm, and occurs

in aggregates, all of which differentiates this muscovite

from those within the Jiuling and Shiqiao intrusions.

The K-feldspar is 0�7–7 mm long and is perthite-

dominated. This intrusion contains a small amount of

biotite and accessory zircon, ilmenite, rutile, apatite,

and magnetite. Quartz, plagioclase, and K-feldspar con-

tain inclusions of apatite.

Late Jurassic Guyangzhai intrusion
The GYZ intrusion crops out over an area of c. 180 km2

and was emplaced into the Ganfang intrusion and the

Neoproterozoic Jiuling batholith (Fig. 1). This intrusion

sometimes cuts the lineation of the Ganfang intrusion

and there are fine-grained inner contact zones

(BGMRJX, 1984). It is dominated by a fine- to medium-

grained two-mica granite (Fig. 2b) that contains

K-feldspar (25–45%), quartz (25–35%), plagioclase

(An5–15; 15–25%), biotite (5–15%), and muscovite

(5–15%; Table 1). The plagioclase is 0�5–4 mm long,

with perfect cleavage, albite twins, and clearly visible

oscillatory zoning. The dominant K-feldspar is 1�8–3�5
mm long and perthitic. The muscovite (0�5–3 mm) and

biotite (0�45–1�5 mm) locally contain kink bands and/or

curved cleavages. In addition, the presence of recrystal-

lized quartz (50–250 mm) is indicative of dynamic meta-

morphism. The intrusion contains accessory apatite,

zircon, tourmaline, monazite, and magnetite. The biotite

contains inclusions of zircon and muscovite; biotite con-

tains inclusions of apatite.

ANALYTICAL METHODS

All of the analyses in this study were conducted at the

State Key Laboratory for Mineral Deposits Research,

Fig. 2. Representative photomicrographs (cross-polarized light) of samples from the Late Jurassic granitoids in the study area: (a)
granodiorite (sample 11JL-07) from the Shiqiao intrusion; (b) muscovite granite (15JL-9-2) from the Ganfang intrusion; (c) two-mica
granite (15JL-6-3) from the Guyangzhai intrusion; (d) plagioclase from the Guyangzhai intrusion. Pl, plagioclase; Kfs, K-feldspar; Bt,
biotite; Ms, muscovite; Qtz, quartz.
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Nanjing University. Detailed analytical procedures are

given in the Electronic Supplementary Material (supple

mentary data are available for downloading at http://

www.petrology.oxfordjournals.org).

Hand-picked zircon grains from crushed samples

were mounted in epoxy resin and then polished down to

approximately half-section thickness to expose the grain

centers. Transmitted and reflected light micrographs,

and CL images were acquired and used to target spots

suitable for U–Pb dating and Hf isotope analyses, avoid-

ing micro-inclusions and micro-cracks. In situ U–Th–Pb

isotope and trace element analyses in zircons were car-

ried out by laser ablation-inductively coupled plasma-

mass spectrometry (LA-ICP-MS) using an Agilent 7500a

ICP-MS system attached to a New Wave 213 nm LA sys-

tem (Table 2). Zircon standard GEMOC GJ-1 (207Pb/206Pb

age of 608�5 6 1�5 Ma; Jackson et al., 2004) was meas-

ured to correct for U–Pb fractionation, and NIST-612

glass was used for trace element concentration calcula-

tions with 29Si as the internal standard. All spot analyses

were carried out using a repetition rate of 5 or 7 Hz and a

beam size of 25 or 35 mm, depending on the size of the

zircon grains. Owing to high U concentration in zircon

leading to a matrix effect, a pulse-analog cross calibra-

tion for the ICP-MS collector was performed to yield reli-

able ages (Zhao et al., 2014). In situ Hf isotope analyses

in zircons were obtained on the same spots or in the

same domains as the U–Pb analyses, using a New Wave

ArF 193 nm LA system attached to a Neptune plus multi-

collector (MC)-ICP-MS system, with a beam diameter of

35 or 40 mm and a repetition rate of 5 Hz. Reference zir-

con Mud Tank (176Hf/177Hf¼0�282507 6 6; Woodhead &

Hergt, 2005) and zircon standard 91500 (Wiedenbeck

et al., 1995) were routinely monitored to ensure analyti-

cal accuracy. Initial Hf isotope ratios were calculated

based on a 176Lu decay constant of 1�867 � 10�11 per

year (Söderlund et al., 2004) and 176Hf/177Hf¼ 0�282785

and 176Lu/177Hf¼ 0�0336 (Bouvier et al., 2008) as chon-

dritic values. Two-stage Hf isotopic model ages (TDM2)

were calculated assuming a bulk crust 176Lu/177Hf ratio of

0�015 (Griffin et al., 2002).

The mineral element compositions were determined

by electron probe microanalysis (EPMA) using a JEOL

JXA-8100 system, with detection limits better than 0�02

wt % for the oxides of most elements and 0�1 wt % for F.

All rock samples were crushed in an agate shatterbox.

Major elements were analyzed by X-ray fluorescence

spectrometry (XRF) using a VF-320 system before 2012

and a Thermo Scientific ARL 9900 system after 2012. The

analytical precisions for most major elements are better

than 2%. Whole-rock trace elements were analyzed by

high-resolution (HR)-ICP-MS using a Finnigan MAT

Element II system, with analytical precision generally

better than 5%. Whole-rock Sr isotopes were analyzed by

thermal ionization mass spectrometry (TIMS, Finnigan

MAT Triton TI), and whole-rock Nd isotopic compositions

were analyzed using a Neptune (Plus) MC-ICP-MS sys-

tem, following procedures of Pu et al. (2005).

RESULTS

Zircon U–Pb dates and Hf isotopic compositions
All of the zircons analyzed during this study are euhe-

dral with length of 50–200 mm. It should be noted that

zircons from different intrusions show different charac-

teristics under CL imaging (Fig. 3). Zircons from the

Shiqiao granitoids have clear oscillatory zoning visible

during CL imaging, which is usually indicative of a

magmatic origin. In comparison, the GF–GYZ intrusive

suite granites contain many zircons with core–rim

structures in which the cores exhibit magmatic zona-

tion that appears bright in CL, surrounded by rims with

dark CL. Other zircons from the intrusive suite appear

entirely dark in CL. The proportions of bright-CL zircon

cores vary between the Ganfang and Guyangzhai

intrusions.

Shiqiao intrusion (samples 11JL-07 and 11JL-08)
Zircons from the Shiqiao intrusion have Th concentra-

tions of 107–755 ppm, U concentrations of 163–1328

ppm and Th/U ratios of 0�47–1�48 (Table 2). Some of

these zircons have very thin dark-CL rims (Fig. 3a and b)

that are too narrow to be analyzed (<10 mm). All of the

analyses of zircons from samples 11JL-07 and 11JL-08

are concordant (Fig. 4a and b), with 16 spot analyses

from sample 11JL-07 yielding a weighted mean
206Pb/238U age of 148�3 6 1�6 Ma (MSWD ¼ 1�3). Ten of

the 11 spot analyses from sample 11JL-08 yielded a

weighted mean 206Pb/238U age of 147�2 6 2�5 Ma

(MSWD ¼ 2�1; Table 2), with the remaining zircon core

spot analysis (11JL-08#01) yielding an older 206Pb/238U

age of 817 6 11 Ma. This indicates that the Shiqiao

intrusion was emplaced at c. 148–147 Ma. These Late

Jurassic zircons yielded eHf(t) values from –10�5 to –4�1
and two-stage Hf model ages (TDM2) from 1�9 to 1�5 Ga

(Table 3). The only analysis of the Neoproterozoic zircon

core (11JL-08#01) yielded an initial 176Hf/177Hf ratio of

0�282449 and an eHf(t) value ofþ 6�6 (Fig. 5), with a Hf

crustal model age of 1�3 Ga.

Ganfang intrusion of the GF–GYZ intrusive suite
(samples 09JL-09-1 and 13JL-10-1)
Sample 13JL-10-1 clearly contains more dark-CL zircons

or zircon domains than sample 09JL-09-1. The dark-CL

domains have high concentrations of Th (237–3690

ppm) and U (4562–57̂305 ppm, generally >10̂000 ppm),

and have low Th/U ratios (0�01–0�18, generally <0�1),

whereas the bright-CL zircon cores within these zircons

contain relatively low concentrations of Th and U (gen-

erally 68–897 ppm and 42–838 ppm, respectively) and

have high Th/U ratios >0�1 (Table 2).

A total of 12 and 24 spot analyses were undertaken

on zircons from samples 09JL-09-1 and 13JL-10-1,

respectively. All of these analyses plot on or near the

concordia (Fig. 4c and d). Zircons from sample 09JL-09-

1 contain cores (09JL-09-1#09) that yield a 206Pb/238U

age of 869 6 13 Ma, with the other two clusters of zircon

ages yielding weighted mean 206Pb/238U ages of 146�7
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Table 2: LA-ICP-MS zircon U–Pb dating results for the Late Jurassic granitoids

Analysis Th (ppm) U (ppm) Th/U Isotopic ratios Isotopic ages (Ma)

7/6 1r 7/5 1r 6/8 1r 7/6 1r 7/5 1r 6/8 1r

Shiqiao intrusion
Sample 11JL-07
11JL-07-02 755 1328 0�57 0�0484 0�0019 0�153 0�006 0�0229 0�0004 121 89 144 5 146 3
11JL-07-03 669 914 0�73 0�0492 0�0031 0�154 0�009 0�0227 0�0006 156 144 145 8 145 4
11JL-07-04 415 911 0�46 0�0488 0�0019 0�152 0�006 0�0226 0�0004 139 90 144 5 144 3
11JL-07-05 248 225 1�10 0�0494 0�0025 0�161 0�008 0�0236 0�0005 168 115 151 7 150 3
11JL-07-06 381 597 0�64 0�0494 0�0015 0�157 0�005 0�0230 0�0004 166 72 148 4 147 2
11JL-07-07 323 442 0�73 0�0495 0�0013 0�157 0�004 0�0231 0�0004 173 63 148 4 147 2
11JL-07-08 279 463 0�60 0�0487 0�0021 0�153 0�007 0�0228 0�0004 134 101 145 6 145 3
11JL-07-09 145 237 0�61 0�0494 0�0027 0�162 0�008 0�0237 0�0005 165 125 152 7 151 3
11JL-07-10 391 480 0�81 0�0497 0�0038 0�157 0�012 0�0230 0�0006 182 175 148 10 146 4
11JL-07-11 194 385 0�50 0�0492 0�0017 0�162 0�005 0�0239 0�0004 157 83 152 5 152 3
11JL-07-13 281 474 0�59 0�0486 0�0011 0�161 0�003 0�0240 0�0004 128 53 152 3 153 2
11JL-07-14 321 470 0�68 0�0498 0�0013 0�159 0�004 0�0232 0�0004 183 63 150 4 148 2
11JL-07-15 319 483 0�66 0�0491 0�0014 0�160 0�005 0�0237 0�0004 153 70 151 4 151 2
11JL-07-16 648 668 0�97 0�0494 0�0022 0�157 0�007 0�0231 0�0005 165 105 148 6 147 3
11JL-07-17 209 237 0�88 0�0510 0�0026 0�158 0�008 0�0224 0�0005 240 121 149 7 143 3
11JL-07-18 301 327 0�92 0�0491 0�0035 0�161 0�011 0�0238 0�0006 151 163 152 10 152 4
Sample 11JL-08
11JL-08-01 107 163 0�66 0�0668 0�0011 1�245 0�023 0�1351 0�0020 833 35 821 10 817 11
11JL-08-02 325 274 1�18 0�0498 0�0015 0�160 0�005 0�0233 0�0004 188 72 151 4 149 3
11JL-08-03 249 249 1�00 0�0486 0�0025 0�156 0�008 0�0233 0�0005 128 115 147 7 148 3
11JL-08-04 326 499 0�65 0�0491 0�0020 0�162 0�006 0�0240 0�0004 150 94 152 6 153 3
11JL-08-05 284 452 0�63 0�0490 0�0013 0�157 0�004 0�0233 0�0004 145 63 148 4 148 2
11JL-08-06 264 382 0�69 0�0502 0�0011 0�161 0�004 0�0233 0�0004 203 52 152 3 149 2
11JL-08-10 199 212 0�94 0�0493 0�0025 0�161 0�008 0�0238 0�0005 163 114 152 7 151 3
11JL-08-12 483 542 0�89 0�0508 0�0013 0�158 0�004 0�0225 0�0004 231 61 149 4 143 2
11JL-08-14 466 678 0�69 0�0489 0�0016 0�158 0�005 0�0235 0�0004 142 79 149 5 150 3
11JL-08-16 365 780 0�47 0�0512 0�0018 0�158 0�006 0�0223 0�0004 251 84 149 5 142 2
11JL-08-17 410 541 0�76 0�0505 0�0015 0�162 0�005 0�0233 0�0004 219 70 152 4 148 3
Guyangzhai intrusion
Sample 13JL-1-1
13JL-1-1-01 144 219 0�66 0�0665 0�0018 1�244 0�033 0�1357 0�0023 822 58 821 15 821 13
13JL-1-1-02 98 451 0�22 0�0659 0�0030 1�259 0�054 0�1388 0�0030 802 96 827 24 838 17
13JL-1-1-03 101 348 0�29 0�0686 0�0019 1�272 0�034 0�1345 0�0022 887 58 833 15 813 13
13JL-1-1-04 188 298 0�63 0�0671 0�0019 1�263 0�034 0�1366 0�0024 840 59 829 15 825 13
13JL-1-1-05 22 125 0�18 0�0667 0�0035 1�256 0�064 0�1366 0�0030 828 113 826 29 825 17
13JL-1-1-06 26 134 0�19 0�0659 0�0027 1�229 0�049 0�1354 0�0026 802 89 814 22 818 15
13JL-1-1-07 165 133 1�24 0�0656 0�0026 1�206 0�046 0�1335 0�0025 795 86 804 21 808 14
13JL-1-1-08 155 163 0�95 0�0657 0�0024 1�218 0�042 0�1345 0�0024 796 77 809 19 813 14
13JL-1-1-09 12 1110 0�01 0�0644 0�0050 1�202 0�090 0�1354 0�0040 753 170 801 41 819 23
13JL-1-1-10 45 51 0�88 0�0673 0�0040 1�302 0�076 0�1403 0�0031 847 128 847 33 846 17
13JL-1-1-12 14 162 0�08 0�0487 0�0099 0�154 0�031 0�0229 0�0010 135 362 145 27 146 6
13JL-1-1-13 32 141 0�23 0�0647 0�0037 1�207 0�067 0�1354 0�0031 765 125 804 31 819 18
13JL-1-1-14 40 138 0�29 0�0648 0�0038 1�205 0�068 0�1349 0�0031 768 127 803 31 816 18
13JL-1-1-15 219 1391 0�16 0�0487 0�0022 0�152 0�006 0�0227 0�0004 132 102 144 6 144 3
13JL-1-1-16 13 274 0�05 0�0662 0�0015 1�229 0�028 0�1347 0�0022 812 49 814 13 815 12
13JL-1-1-18 30 1333 0�02 0�0487 0�0016 0�157 0�005 0�0234 0�0004 134 79 148 4 149 3
13JL-1-1-19 34 1355 0�03 0�0489 0�0023 0�156 0�007 0�0231 0�0004 144 106 147 6 147 3
13JL-1-1-20 75 125 0�60 0�0678 0�0050 1�247 0�088 0�1339 0�0038 861 159 822 40 810 22
13JL-1-1-22 98 584 0�17 0�0485 0�0019 0�154 0�006 0�0230 0�0004 122 90 145 5 147 2
13JL-1-1-24 367 1047 0�35 0�0490 0�0026 0�158 0�008 0�0233 0�0005 150 120 149 7 148 3
13JL-1-1-25 228 646 0�35 0�0486 0�0029 0�153 0�009 0�0229 0�0005 128 136 145 8 146 3
13JL-1-1-26 26 347 0�08 0�0661 0�0026 1�220 0�045 0�1341 0�0024 808 85 810 21 811 14
13JL-1-1-27 33 104 0�31 0�0662 0�0025 1�235 0�045 0�1352 0�0025 813 80 817 20 817 14
13JL-1-1-28 210 538 0�39 0�0491 0�0048 0�153 0�014 0�0228 0�0007 151 220 145 12 145 4
13JL-1-1-29 19 851 0�02 0�0488 0�0024 0�154 0�007 0�0228 0�0004 137 113 145 6 145 3
Sample 13JL-5-1
13JL-5-1-01 220 21337 0�01 0�0501 0�0013 0�155 0�004 0�0224 0�0004 201 63 146 4 143 3
13JL-5-1-02 127 16373 0�01 0�0498 0�0025 0�151 0�007 0�0222 0�0005 186 115 143 6 142 3
13JL-5-1-03 116 8456 0�01 0�0493 0�0037 0�155 0�011 0�0232 0�0007 164 172 147 10 148 4
13JL-5-1-04 54 1998 0�03 0�0500 0�0021 0�152 0�006 0�0221 0�0004 197 97 144 5 141 3
13JL-5-1-05 77 5581 0�01 0�0497 0�0029 0�154 0�009 0�0225 0�0005 180 135 146 8 144 3
13JL-5-1-06 22 2242 0�01 0�0494 0�0015 0�154 0�005 0�0226 0�0004 169 73 146 4 144 2
13JL-5-1-07 70 2668 0�03 0�0484 0�0018 0�153 0�005 0�0229 0�0004 117 85 144 5 146 3
13JL-5-1-08 120 153 0�79 0�0666 0�0022 1�232 0�039 0�1343 0�0024 824 69 815 18 812 13
13JL-5-1-10 42 4820 0�01 0�0502 0�0029 0�162 0�009 0�0234 0�0006 202 133 152 8 149 4
13JL-5-1-11 36 5182 0�01 0�0486 0�0012 0�156 0�004 0�0233 0�0004 128 61 147 3 148 2

(continued)
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6 2�9 Ma (n ¼ 4, MSWD ¼ 0�23) and 817�5 6 7�5 Ma (n ¼
7, MSWD ¼ 0�33), respectively. Zircons from sample

13JL-10-1 yield two similar clusters of ages at 144�0 6

2�1 Ma (n ¼ 17, MSWD ¼ 0�84) and 824 6 12 Ma (n ¼ 7,

MSWD ¼ 0�34), respectively. All of the dark-CL domains,

and only few of the bright-CL domains, yield Late

Jurassic ages, whereas the Neoproterozoic ages

derived from these samples were all from bright-CL zir-

con domains. The Late Jurassic ages (c. 147–144 Ma)

from these zircons represent the emplacement age of

the Ganfang intrusion, as discussed below, whereas the

Neoproterozoic ages (c. 824–818 Ma) are consistent

with the timing of crystallization and/or the depositional

age of the Neoproterozoic wall-rocks in this region (i.e.

Table 2: Continued

Analysis Th (ppm) U (ppm) Th/U Isotopic ratios Isotopic ages (Ma)

7/6 1r 7/5 1r 6/8 1r 7/6 1r 7/5 1r 6/8 1r

13JL-5-1-12 23 2566 0�01 0�0484 0�0030 0�152 0�009 0�0229 0�0005 116 138 144 8 146 3
13JL-5-1-13 50 5401 0�01 0�0490 0�0019 0�157 0�006 0�0233 0�0005 146 90 148 5 149 3
13JL-5-1-14 31 52 0�60 0�0660 0�0058 1�235 0�105 0�1358 0�0041 806 190 817 47 821 23
13JL-5-1-15 101 115 0�88 0�0661 0�0022 1�224 0�039 0�1344 0�0024 808 70 811 18 813 13
13JL-5-1-16 119 6377 0�02 0�0492 0�0031 0�157 0�010 0�0231 0�0006 159 141 148 8 147 4
13JL-5-1-17 31 128 0�24 0�0673 0�0037 1�248 0�065 0�1344 0�0031 847 116 822 29 813 18
13JL-5-1-18 83 5655 0�01 0�0484 0�0015 0�155 0�005 0�0233 0�0004 117 75 147 4 149 3
13JL-5-1-19 139 5943 0�02 0�0488 0�0014 0�159 0�004 0�0236 0�0004 139 68 150 4 150 3
13JL-5-1-20 61 2218 0�03 0�0488 0�0014 0�155 0�004 0�0230 0�0004 137 67 146 4 147 2
13JL-5-1-21 73 6388 0�01 0�0496 0�0010 0�156 0�003 0�0228 0�0004 174 49 147 3 145 2
13JL-5-1-22 64 5908 0�01 0�0490 0�0015 0�154 0�005 0�0228 0�0004 147 72 145 4 145 2
13JL-5-1-24 67 7595 0�01 0�0503 0�0016 0�159 0�005 0�0230 0�0004 207 74 150 4 146 3
13JL-5-1-25 60 6692 0�01 0�0494 0�0018 0�159 0�006 0�0233 0�0005 167 88 149 5 148 3
13JL-5-1-26 51 9934 0�01 0�0491 0�0015 0�153 0�005 0�0226 0�0004 153 73 145 4 144 3
13JL-5-1-28 138 318 0�43 0�0659 0�0037 1�223 0�065 0�1346 0�0033 803 120 811 30 814 19
13JL-5-1-30 439 8140 0�05 0�0495 0�0026 0�159 0�008 0�0233 0�0006 169 121 150 7 148 3
Ganfang intrusion
Sample 09JL-09-1
09JL-09-1-01 147 278 0�53 0�0656 0�0012 1�237 0�022 0�1366 0�0018 795 38 817 10 826 10
09JL-09-1-03 897 488 1�84 0�0489 0�0039 0�152 0�012 0�0226 0�0006 141 179 143 10 144 4
09JL-09-1-04 68 42 1�61 0�0673 0�0026 1�247 0�046 0�1343 0�0023 848 82 822 21 813 13
09JL-09-1-05 439 18391 0�02 0�0513 0�0053 0�162 0�016 0�0229 0�0008 256 234 153 14 146 5
09JL-09-1-07 294 347 0�85 0�0677 0�0014 1�258 0�025 0�1349 0�0017 859 42 827 11 815 9
09JL-09-1-08 122 189 0�64 0�0666 0�0018 1�252 0�031 0�1364 0�0014 824 58 824 14 825 8
09JL-09-1-09 444 510 0�87 0�0685 0�0021 1�362 0�042 0�1443 0�0023 883 66 873 18 869 13
09JL-09-1-10 93 323 0�29 0�0668 0�0010 1�239 0�020 0�1345 0�0017 833 33 818 9 813 10
09JL-09-1-11 225 129 1�75 0�0671 0�0016 1�247 0�030 0�1348 0�0019 840 51 822 13 815 11
09JL-09-1-12 567 292 1�94 0�0491 0�0021 0�156 0�006 0�0231 0�0003 154 100 147 6 147 2
09JL-09-1-13 207 10394 0�02 0�0491 0�0029 0�155 0�009 0�0232 0�0005 154 134 147 8 148 3
09JL-09-1-15 80 498 0�16 0�0666 0�0029 1�241 0�050 0�1353 0�0021 826 93 820 23 818 12
Sample 13JL-10-1
13JL-10-1-02 1737 57305 0�03 0�0506 0�0027 0�154 0�008 0�0222 0�0005 224 122 146 7 141 3
13JL-10-1-03 667 41251 0�02 0�0504 0�0026 0�154 0�008 0�0221 0�0005 215 120 146 7 141 3
13JL-10-1-04 188 838 0�22 0�0678 0�0040 1�258 0�072 0�1346 0�0033 862 127 827 32 814 19
13JL-10-1-05 891 26263 0�03 0�0508 0�0037 0�155 0�011 0�0220 0�0006 231 166 146 10 141 4
13JL-10-1-06 89 4056 0�02 0�0671 0�0021 1�245 0�039 0�1345 0�0023 841 68 821 18 814 13
13JL-10-1-08 585 21095 0�03 0�0505 0�0053 0�155 0�015 0�0223 0�0008 219 240 146 14 142 5
13JL-10-1-09 354 16856 0�02 0�0484 0�0041 0�154 0�013 0�0232 0�0007 116 192 145 11 148 5
13JL-10-1-10 1270 14334 0�09 0�0496 0�0088 0�156 0�028 0�0228 0�0013 178 333 147 24 145 8
13JL-10-1-11 1360 20270 0�07 0�0512 0�0045 0�153 0�013 0�0216 0�0007 251 202 144 12 138 4
13JL-10-1-12 923 5391 0�17 0�0486 0�0041 0�153 0�012 0�0228 0�0007 127 192 145 11 145 4
13JL-10-1-13 1174 17680 0�07 0�0484 0�0047 0�155 0�014 0�0233 0�0008 118 214 147 13 148 5
13JL-10-1-15 237 4562 0�05 0�0479 0�0033 0�156 0�010 0�0237 0�0006 94 152 147 9 151 4
13JL-10-1-16 1415 19936 0�07 0�0512 0�0066 0�156 0�019 0�0221 0�0008 249 283 147 17 141 5
13JL-10-1-18 285 19859 0�01 0�0500 0�0037 0�158 0�011 0�0230 0�0006 194 169 149 10 146 4
13JL-10-1-19 312 675 0�46 0�0667 0�0025 1�257 0�045 0�1367 0�0026 827 79 826 20 826 14
13JL-10-1-20 217 7914 0�03 0�0495 0�0045 0�156 0�013 0�0229 0�0006 170 205 147 12 146 4
13JL-10-1-21 566 11339 0�05 0�0491 0�0041 0�156 0�013 0�0229 0�0007 152 188 147 11 146 4
13JL-10-1-22 692 37161 0�02 0�0499 0�0140 0�154 0�039 0�0219 0�0015 190 483 145 34 139 9
13JL-10-1-23 121 211 0�57 0�0657 0�0031 1�253 0�058 0�1385 0�0025 796 102 825 26 836 14
13JL-10-1-24 3690 20186 0�18 0�0490 0�0076 0�164 0�024 0�0244 0�0013 150 299 155 21 155 8
13JL-10-1-25 113 385 0�29 0�0672 0�0031 1�260 0�057 0�1361 0�0027 843 99 828 25 823 15
13JL-10-1-28 255 461 0�55 0�0489 0�0086 0�158 0�027 0�0235 0�0009 141 326 149 24 149 6
13JL-10-1-29 1340 17647 0�08 0�0664 0�0074 1�258 0�134 0�1375 0�0046 819 245 827 60 830 26

7/6, 207Pb/206Pb; 7/5, 207Pb/235U; 6/8, 206Pb/238U.

1788 Journal of Petrology, 2017, Vol. 58, No. 9

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article/58/9/1781/4671053 by N

anjing U
niversity user on 25 January 2021



the Neoproterozoic Jiuling batholith and the SQS

Group). The Late Jurassic and Neoproterozoic zircons

and zircon domains from these samples have initial
176Hf/177Hf ratios of 0�282124–0�282524 and 0�282070–

0�282519, respectively, with corresponding eHf(t) values

from –19�5 to –5�5 and from –6�9 toþ6�9, respectively

(Table 3; Fig. 5). The Late Jurassic analyses yield slightly

older two-stage Hf model ages (TDM2; 2�4–1�5 Ga) than

the Neoproterozoic analyses (2�2–1�1 Ga). One spot anal-

ysis (13JL-10-1#06) yields a 206Pb/238U age of 814 Ma

with a negative eHf(t) value of –6�9, which implies the

input or recycling of ancient crustal materials.

Guyangzhai intrusion of the GF–GYZ intrusive
suite (samples 13JL-1-1 and 13JL-5-1)
Zircons with dark-CL domains are common in the two

samples from the Guyangzhai intrusion, and sample

13JL-1-1 contains more bright-CL zircons or zircon

domains than sample 13JL-5-1. The bright-CL zircon

domains from the two samples contain relatively low con-

centrations of Th (12–188 ppm) and U (51–1110 ppm),

yielding Th/U ratios of 0�01–1�24 (generally >0�1).

However, the dark-CL zircon domains generally contain

higher concentrations of Th (14–439 ppm) and U (162–

21̂337 ppm, generally >1000 ppm) that yield relatively low

Th/U ratios (0�01–0�79, but generally 0�01–0�05; Table 2).

A total of 25 and 26 spot analyses were undertaken

on zircons from samples 13JL-1-1 and 13JL-5-1, respec-

tively, with the samples both yielding two separate age

clusters. All of the older ages were obtained from

bright-CL domains, yielding weighted mean 206Pb/238U

ages of 818�9 6 7�4 Ma (n ¼ 16, MSWD ¼ 0�98) for sam-

ple 13JL-1-1 and 814 6 14 Ma (n ¼ 5, MSWD ¼ 0�03) for

sample 13JL-5-1. All of the younger analyses were

derived from dark-CL domains, yielding mean 206Pb/238U

ages of 147�0 6 2�0 Ma (n ¼ 9, MSWD ¼ 0�27) for sample

13JL-1-1 and 146�0 6 1�2 Ma (n ¼ 21, MSWD ¼ 0�74) for

sample 13JL-5-1 (Fig. 4e and f). The Neoproterozoic ages

obtained from these zircons just overlap with the crystalli-

zation age of the host Neoproterozoic Jiuling batholith

and are close to the maximum depositional age of the

SQS Group. The Jurassic ages (c. 147–146 Ma) obtained

from the other zircons represent the crystallization age of

the Guyangzhai intrusion, as discussed below. The Late

Jurassic zircon domains within these samples yielded ini-

tial 176Hf/177Hf ratios of 0�282283–0�282539 with corre-

sponding eHf(t) values from –14�1 to –5�0 and Hf crustal

model ages (TDM2) of 2�1–1�5 Ga. In contrast, the

Neoproterozoic zircon domains yielded initial 176Hf/177Hf

ratios of 0�282069–0�282522, eHf(t) values from –6�8
toþ 9�1 (Fig. 5), and Hf crustal model ages (TDM2) of 2�2–

1�1 Ga (Table 3). One spot analysis (13JL-1-1#27) gave a
206Pb/238U age of 817 Ma and a negative eHf(t) value of –

6�8, which also indicates the input of an ancient crustal

component.

Alteration effects
As the investigated granitoids may be prospective for ore

deposits, it is necessary to evaluate the degree of altera-

tion of the samples. Microprobe images show some

phenomena indicative of alteration and metasomatism,

such as the replacement of plagioclase by K-feldspar,

Fig. 3. Representative CL images showing the internal structure and morphology of zircons analyzed during this study: (a, b) grano-
diorite (samples 11JL-07 and 11JL-08) from the Shiqiao intrusion; (c, d) muscovite granite (09JL-09-1 and 13JL-10-1) from the
Ganfang intrusion; (e, f) two-mica granite (13JL-1-1 and 13JL-5-1) from the Guyangzhai intrusion. Filled circles indicate sites of
U–Pb analyses and dashed circles indicate corresponding sites of Hf analyses; the U–Pb dates and eHf(t) values for each analysis
are shown in the figure.
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sericite, and muscovite, and the replacement of biotite by

chlorite and muscovite. Mineral compositions (such as

plagioclase) can be used to trace the alteration effect. The

compositions of plagioclase are given in Supplementary

Data Table S1.
Plagioclase in the Shiqiao intrusion has rims with

variable An contents (18–54 mol %) and shows abrupt

changes in An content in zones within the plagioclase.

In contrast, very few plagioclase crystals within the

GF–GYZ intrusive suite show optical zoning, with the

majority having restricted compositions (An contents of
1�2–9�3 for the Ganfang intrusion and 1�2–11�3 for the

Guyangzhai intrusion). All of these suggest that the

plagioclase grains within the GF–GYZ intrusive suite are

mostly albite. Three generations of albite can be distin-

guished in samples from the GF–GYZ intrusive suite.

The first generation is composed of sub- to euhedral

phenocrysts of �3 mm in length, with An contents of
3–9%. The second generation of albite, with An contents

of 1–5%, occurs as small tabular inclusions within

K-feldspar (known as ‘snowball texture’) and as ground-

mass minerals in the granites, 0�1–0�5 mm in length.

The third generation of albite, which replaces part of the

K-feldspar, is rare and anhedral, with a grain size of
0�1–0�3 mm. The majority of the albite belongs to the

first and second generations; these are interpreted as

Fig. 4. Zircon LA-ICP-MS U–Pb concordia diagrams for Late Jurassic granitoids.

1790 Journal of Petrology, 2017, Vol. 58, No. 9

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article/58/9/1781/4671053 by N

anjing U
niversity user on 25 January 2021

https://academic.oup.com/petrology/article-lookup/doi/10.1093/petrology/egx074#supplementary-data
https://academic.oup.com/petrology/article-lookup/doi/10.1093/petrology/egx074#supplementary-data


Table 3: LA-MC-ICP-MS zircon Hf isotopic compositions for the Late Jurassic granitoids

Analysis r/c/d t (Ma) 176Yb/177Hf 176Lu/177Hf 176Hf/177Hf 2r (�10–6) (176Hf/177Hf)i eHf(0) eHf(t) 2r TDM1 TDM2 2r fLu/Hf

Shiqiao intrusion
Sample 11JL-07
#02 r 146 0�035073 0�001042 0�282479 26 0�282476 –10�4 –7�2 0�9 1094 1655 37 –0�97
#03 r 145 0�041265 0�001344 0�282471 27 0�282468 –10�6 –7�6 1�0 1114 1675 38 –0�96
#04 r 144 0�038244 0�001402 0�282404 23 0�282400 –13�0 –10�0 0�8 1212 1827 33 –0�96
#05 r 150 0�033664 0�001056 0�282535 25 0�282532 –8�4 –5�2 0�9 1016 1529 35 –0�97
#06 r 147 0�035905 0�001101 0�282495 21 0�282492 –9�8 –6�7 0�8 1074 1621 30 –0�97
#07 r 147 0�032209 0�001005 0�282471 24 0�282468 –10�7 –7�5 0�9 1105 1673 34 –0�97
#08 r 145 0�042415 0�001663 0�282468 26 0�282464 –10�7 –7�7 0�9 1128 1685 37 –0�95
#09 c 151 0�033442 0�001295 0�282553 31 0�282549 –7�7 –4�6 1�1 997 1490 44 –0�96
#10 r 146 0�037110 0�001438 0�282487 25 0�282483 –10�1 –7�0 0�9 1094 1640 36 –0�96
#11 r 152 0�047122 0�001513 0�282512 25 0�282508 –9�2 –6�0 0�9 1061 1582 36 –0�95
#13 r 153 0�036469 0�001447 0�282485 29 0�282481 –10�1 –6�9 1�0 1097 1641 41 –0�96
#14 r 148 0�036095 0�001341 0�282479 26 0�282475 –10�4 –7�3 0�9 1103 1657 37 –0�96
#15 r 151 0�039785 0�001549 0�282446 30 0�282442 –11�5 –8�4 1�1 1156 1730 43 –0�95
#16 r 147 0�040837 0�001382 0�282458 25 0�282454 –11�1 –8�0 0�9 1134 1704 35 –0�96
#17 r 143 0�045811 0�001718 0�282482 22 0�282478 –10�2 –7�3 0�8 1109 1654 32 –0�95
#18 r 152 0�049557 0�001811 0�282457 26 0�282452 –11�1 –8�0 0�9 1148 1706 37 –0�95
Sample 11JL-08
#01 r 817 0�023760 0�000726 0�282460 23 0�282449 –11�0 6�6 0�8 1112 1298 32 –0�98
#02 r 149 0�059602 0�002197 0�282570 30 0�282564 –7�1 –4�1 1�1 996 1458 44 –0�93
#03 r 148 0�034112 0�001112 0�282501 25 0�282498 –9�6 –6�4 0�9 1065 1606 35 –0�97
#04 r 153 0�042658 0�001584 0�282386 28 0�282381 –13�7 –10�5 1�0 1243 1862 40 –0�95
#05 r 148 0�033769 0�001105 0�282417 22 0�282414 –12�5 –9�4 0�8 1183 1792 30 –0�97
#06 r 149 0�042342 0�001459 0�282504 19 0�282500 –9�5 –6�3 0�7 1071 1601 27 –0�96
#10 r 151 0�037481 0�001433 0�282425 21 0�282421 –12�3 –9�0 0�8 1182 1772 30 –0�96
#14 r 150 0�036079 0�001242 0�282448 30 0�282444 –11�5 –8�3 1�1 1144 1725 42 –0�96
#16 r 142 0�033068 0�001101 0�282489 26 0�282486 –10�0 –7�0 0�9 1082 1637 37 –0�97
#17 r 148 0�038866 0�001293 0�282465 26 0�282462 –10�8 –7�7 0�9 1121 1687 36 –0�96
Guyangzhai intrusion
Sample 13JL-1-1
#01 r 821 0�069783 0�001907 0�282438 26 0�282408 –11�8 5�3 0�9 1179 1387 38 –0�94
#02 r 838 0�041579 0�001135 0�282273 21 0�282255 –17�6 0�2 0�7 1386 1721 29 –0�97
#03 r 813 0�042415 0�001143 0�282397 18 0�282380 –13�3 4�1 0�7 1212 1457 26 –0�97
#04 c 825 0�034732 0�000999 0�282342 24 0�282327 –15�2 2�5 0�8 1284 1568 34 –0�97
#05 r 825 0�043418 0�001166 0�282292 22 0�282274 –17�0 0�6 0�8 1360 1687 30 –0�96
#06 r 818 0�038343 0�001031 0�282297 23 0�282281 –16�8 0�7 0�8 1349 1677 32 –0�97
#07 c 808 0�030347 0�000977 0�282246 26 0�282231 –18�6 –1�3 0�9 1418 1795 36 –0�97
#08 c 813 0�031285 0�000832 0�282305 21 0�282292 –16�5 1�0 0�8 1331 1654 30 –0�97
#09 r 819 0�034355 0�001233 0�282241 29 0�282222 –18�8 –1�4 1�0 1435 1809 41 –0�96
#10 c 846 0�070092 0�001936 0�282374 26 0�282343 –14�1 3�5 0�9 1272 1519 37 –0�94
#12 r 146 0�049416 0�001226 0�282533 20 0�282530 –8�4 –5�4 0�7 1023 1536 28 –0�96
#13 r 819 0�081038 0�002157 0�282350 21 0�282316 –14�9 2�0 0�7 1314 1596 30 –0�94
#14 r 816 0�045079 0�001214 0�282268 20 0�282250 –17�8 –0�4 0�7 1395 1748 28 –0�96
#15 r 144 0�060849 0�001709 0�282467 18 0�282463 –10�8 –7�8 0�6 1131 1687 26 –0�95
#16 r 815 0�044312 0�001223 0�282247 23 0�282228 –18�6 –1�2 0�8 1426 1797 32 –0�96
#18 r 149 0�054670 0�001360 0�282469 15 0�282466 –10�7 –7�6 0�5 1117 1677 21 –0�96
#19 r 147 0�088357 0�002285 0�282353 27 0�282347 –14�8 –11�8 0�9 1314 1942 39 –0�93
#20 c 810 0�047855 0�001312 0�282396 23 0�282376 –13�3 3�9 0�8 1219 1467 32 –0�96
#22 r 147 0�077917 0�001983 0�282521 25 0�282516 –8�9 –5�8 0�9 1062 1568 36 –0�94
#24 r 148 0�078612 0�002194 0�282479 22 0�282472 –10�4 –7�3 0�8 1129 1663 32 –0�93
#25 r 146 0�050345 0�001319 0�282464 20 0�282461 –10�9 –7�8 0�7 1123 1690 29 –0�96
#26 r 811 0�022732 0�000566 0�282531 16 0�282522 –8�5 9�1 0�6 1008 1135 22 –0�98
#27 r 817 0�038099 0�001047 0�282085 27 0�282069 –24�3 –6�8 1�0 1646 2153 38 –0�97
#28 r 145 0�105873 0�002784 0�282501 24 0�282493 –9�6 –6�7 0�9 1115 1619 36 –0�92
#29 r 145 0�109507 0�002550 0�282459 24 0�282452 –11�1 –8�1 0�8 1169 1710 35 –0�92
Sample 13JL-5-1
#01 d 143 0�094861 0�002625 0�282356 24 0�282349 –14�7 –11�8 0�9 1322 1940 35 –0�92
#02 d 142 0�102905 0�002656 0�282330 25 0�282323 –15�6 –12�8 0�9 1361 1998 36 –0�92
#03 d 148 0�097946 0�002574 0�282386 28 0�282379 –13�7 –10�7 1�0 1277 1871 41 –0�92
#04 d 141 0�076466 0�002292 0�282443 28 0�282437 –11�6 –8�8 1�0 1184 1746 41 –0�93
#05 d 144 0�155030 0�003472 0�282521 26 0�282512 –8�9 –6�0 0�9 1106 1577 39 –0�90
#06 d 144 0�072277 0�001976 0�282413 29 0�282408 –12�7 –9�7 1�0 1217 1809 41 –0�94
#07 d 146 0�128355 0�003202 0�282453 25 0�282444 –11�3 –8�4 0�9 1199 1726 37 –0�90
#08 d 812 0�047133 0�001409 0�282541 26 0�282520 –8�2 9�0 0�9 1016 1140 37 –0�96
#10 d 149 0�044779 0�001135 0�282369 29 0�282366 –14�3 –11�1 1�0 1252 1900 40 –0�97
#11 d 148 0�115149 0�002699 0�282440 22 0�282433 –11�7 –8�7 0�8 1201 1751 32 –0�92
#12 d 146 0�044272 0�001231 0�282287 29 0�282283 –17�2 –14�1 1�0 1371 2083 41 –0�96
#13 d 149 0�126699 0�002847 0�282424 26 0�282416 –12�3 –9�3 0�9 1230 1788 38 –0�91
#14 d 821 0�051179 0�001423 0�282374 28 0�282352 –14�1 3�3 1�0 1254 1514 39 –0�96

(continued)

Journal of Petrology, 2017, Vol. 58, No. 9 1791

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article/58/9/1781/4671053 by N

anjing U
niversity user on 25 January 2021



magmatic owing to the appearance of sub- to euhedral

albite phenocrysts, snowball textures and Carlsbad

twinning. However, the third generation of albite, with

An contents of 3–11%, is the product of albitization

alteration owing to interaction with late-stage magmatic

fluids (as discussed below).

Variable loss on ignition (LOI) values reflect variable

H2O þ CO2 contents and are possibly due to different

degrees of alteration (e.g. Zhou, 1999; Wang et al.,

2006). However, the analyzed samples have low LOI

(0�63–2�52 wt %; Table 4), which indicates negligible

alteration. Zhou (1999) pointed out that some major

elements (e.g. Ti, Al, Fe and Mn) are immobile during

hydrothermal alteration, whereas other major ele-

ments (e.g. Ca, Na and K) are readily transported

(Smith & Smith, 1976). However, there is no obvious

variation in the plots of major elements versus LOI

(Fig. S1 in Supplementary Data Appendix B). High field

strength elements (Zr, Hf, Nb, Ta and Y) and rare earth

elements (REE) tend to be immobile during hydrother-

mal alteration (e.g. Zhou, 1999), whereas the large ion

lithophile elements (e.g. Rb, Sr and Ba) are usually

mobile (Smith & Smith, 1976). The Li, Sr, Nd, Rb and

Ba concentrations of these Late Jurassic granitoids do

not show correlations with increasing LOI, indicating

that their compositions have not been influenced by

alteration. Thus, only those elements that are not

affected by alteration in these granitoids (e.g. Ti, Al, Fe,

Mn, Zr, Hf, Nb, Ta, Rb, Sr, Nd and Ba) are discussed

below.

Table 3: Continued

Analysis r/c/d t (Ma) 176Yb/177Hf 176Lu/177Hf 176Hf/177Hf 2r (�10–6) (176Hf/177Hf)i eHf(0) eHf(t) 2r TDM1 TDM2 2r fLu/Hf

#15 r 813 0�051704 0�001433 0�282452 26 0�282430 –11�3 5�9 0�9 1144 1343 37 –0�96
#16 r 147 0�086955 0�002769 0�282514 48 0�282506 –9�1 –6�2 1�7 1096 1589 71 –0�92
#17 c 813 0�050638 0�001336 0�282236 25 0�282215 –19�0 –1�7 0�9 1446 1827 35 –0�96
#18 d 149 0�095351 0�002508 0�282323 29 0�282316 –15�9 –12�9 1�0 1366 2010 42 –0�92
#19 d 150 0�102710 0�002967 0�282293 28 0�282285 –16�9 –13�9 1�0 1427 2077 42 –0�91
#20 d 147 0�109644 0�002924 0�282417 25 0�282409 –12�6 –9�6 0�9 1243 1804 36 –0�91
#21 d 145 0�087013 0�002279 0�282461 25 0�282455 –11�0 –8�0 0�9 1157 1703 36 –0�93
#22 d 145 0�088996 0�002092 0�282420 21 0�282414 –12�4 –9�5 0�7 1210 1794 31 –0�94
#24 r 146 0�091688 0�002002 0�282544 22 0�282539 –8�1 –5�0 0�8 1029 1516 32 –0�94
#25 d 148 0�098259 0�002748 0�282331 26 0�282323 –15�6 –12�6 0�9 1363 1994 39 –0�92
#28 d 814 0�089083 0�002523 0�282474 31 0�282436 –10�5 6�1 1�1 1146 1329 46 –0�92
Ganfang intrusion
Sample 09JL-09-1
#01 r 826 0�118006 0�003029 0�282404 33 0�282357 –13�0 3�6 1�2 1266 1499 50 –0�91
#03 r 144 0�024509 0�000956 0�282371 32 0�282369 –14�2 –11�1 1�1 1242 1895 45 –0�97
#04 r 813 0�047732 0�001555 0�282449 35 0�282425 –11�4 5�7 1�2 1152 1354 49 –0�95
#05 r 146 0�075303 0�002320 0�282420 28 0�282414 –12�4 –9�5 1�0 1218 1795 41 –0�93
#07 r 815 0�094613 0�003104 0�282566 31 0�282519 –7�3 9�1 1�1 1028 1140 46 –0�91
#08 r 825 0�027785 0�000970 0�282307 39 0�282292 –16�5 1�2 1�4 1333 1648 55 –0�97
#10 r 813 0�043713 0�001435 0�282400 23 0�282378 –13�2 4�0 0�8 1218 1462 32 –0�96
#11 r 815 0�043519 0�001369 0�282496 31 0�282475 –9�8 7�5 1�1 1079 1239 44 –0�96
#12 r 147 0�024016 0�000805 0�282265 39 0�282263 –17�9 –14�8 1�4 1385 2128 54 –0�98
#13 r 148 0�070019 0�002580 0�282348 41 0�282341 –15�0 –12�0 1�4 1332 1954 59 –0�92
Sample 13JL-10-1
#02 d 141 0�121867 0�002829 0�282470 25 0�282462 –10�7 –7�9 0�9 1162 1690 36 –0�91
#03 d 141 0�038969 0�001056 0�282375 19 0�282372 –14�0 –11�1 0�7 1241 1890 26 –0�97
#04 r 814 0�063145 0�001618 0�282272 20 0�282248 –17�7 –0�6 0�7 1405 1754 28 –0�95
#05 d 141 0�093041 0�002216 0�282422 25 0�282416 –12�4 –9�5 0�9 1212 1792 36 –0�93
#06 r 814 0�041510 0�001421 0�282092 25 0�282070 –24�1 –6�9 0�9 1652 2152 36 –0�96
#08 d 142 0�132147 0�003050 0�282475 17 0�282466 –10�5 –7�7 0�6 1162 1680 26 –0�91
#09 d 148 0�115819 0�003033 0�282452 27 0�282444 –11�3 –8�4 0�9 1195 1727 39 –0�91
#10 d 145 0�102930 0�002575 0�282384 24 0�282377 –13�7 –10�8 0�8 1279 1876 35 –0�92
#11 d 138 0�175234 0�003753 0�282443 24 0�282434 –11�6 –8�9 0�9 1233 1755 37 –0�89
#12 d 145 0�109427 0�003031 0�282433 14 0�282425 –12�0 –9�1 0�5 1223 1771 21 –0�91
#13 d 148 0�142670 0�003575 0�282534 28 0�282524 –8�4 –5�5 1�0 1090 1548 42 –0�89
#15 d 151 0�049771 0�001373 0�282481 19 0�282478 –10�3 –7�1 0�7 1100 1650 26 –0�96
#16 d 141 0�071578 0�001909 0�282318 21 0�282313 –16�0 –13�1 0�8 1350 2020 31 –0�94
#18 d 146 0�124944 0�002937 0�282424 24 0�282416 –12�3 –9�4 0�8 1234 1791 35 –0�91
#19 r 826 0�035497 0�001033 0�282283 21 0�282267 –17�3 0�4 0�7 1368 1702 30 –0�97
#20 d 146 0�136649 0�003287 0�282497 18 0�282488 –9�7 –6�8 0�6 1137 1630 27 –0�90
#21 d 146 0�095672 0�002387 0�282466 16 0�282459 –10�8 –7�9 0�5 1154 1694 23 –0�93
#22 d 139 0�153033 0�004067 0�282340 24 0�282329 –15�3 –12�6 0�9 1402 1986 37 –0�88
#23 r 836 0�061283 0�001738 0�282327 24 0�282299 –15�7 1�8 0�8 1332 1624 34 –0�95
#24 d 155 0�036532 0�001030 0�282127 22 0�282124 –22�8 –19�5 0�8 1585 2428 30 –0�97
#25 r 823 0�038909 0�001192 0�282222 21 0�282204 –19�4 –1�9 0�7 1459 1847 29 –0�96
#28 c 149 0�025934 0�000777 0�282377 24 0�282375 –14�0 –10�8 0�8 1229 1879 33 –0�98
#29 c 830 0�070798 0�002022 0�282479 23 0�282447 –10�4 6�9 0�8 1124 1293 32 –0�94
#30 d 139 0�140502 0�003579 0�282426 23 0�282417 –12�2 –9�5 0�8 1253 1792 34 –0�89

r, c and d represent rim, core and dark zircon domains, respectively.

1792 Journal of Petrology, 2017, Vol. 58, No. 9

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article/58/9/1781/4671053 by N

anjing U
niversity user on 25 January 2021

https://academic.oup.com/petrology/article-lookup/doi/10.1093/petrology/egx074#supplementary-data


Whole-rock geochemistry
Major elements
The Shiqiao granitoids have lower concentrations of

SiO2 (62�4–69�9 wt %) than the GF–GYZ intrusive suite

granites (70�8–76�1 wt %; Table 4) but have higher MgO

(0�95–2�00 wt %) and lower total alkali (Na2O þ K2O;

5�80–6�88 wt %) contents. The Shiqiao granitoids also

have restricted FeOT/MgO ratios (2�19–2�85, where FeOT

is total iron expressed as FeO) and 10̂000 � Ga/Al ratios

(2�12–2�45), and are classified as diorites and granodior-

ites in the total alkalis vs silica (TAS) diagram

(Supplementary Data Fig. S2a). In contrast, the GF–GYZ

intrusive suite granites have higher total alkali (Na2O þ
K2O) contents (7�20–9�59 wt %) than the Shiqiao

granitoids, lower MgO contents (0�09–0�52 wt %), and

more variable FeOT/MgO ratios (2�96–11�0) and 10̂000 �
Ga/Al ratios (1�80–4�25) than the Shiqiao granitoids. All

the investigated granitoids are strongly peraluminous

with aluminum saturation index (ASI) values of 1�11–1�48

[ASI ¼ Al2O3 (molar)/(CaO þ Na2O þ K2O) (molar)],

although the Shiqiao rocks show negative correlations

between P2O5 and SiO2 concentrations (Fig. 6d). In addi-

tion, all samples show negative correlations between

SiO2 and TiO2, Al2O3, Fe2OT
3 (total iron expressed as

Fe2O3) and MgO concentrations (Fig. 6). The Shiqiao

granitoids are geochemically similar to the

Neoproterozoic Jiuling granitoids (Fig. 6), whereas the

GF–GYZ intrusive suite granites are analogous to the

granites associated with the Dahutang tungsten deposit

(i.e. Dahutang granites with crystallization ages from c.

148 Ma to c. 141 Ma; e.g. Huang & Jiang, 2012, 2013,

2014; Mao et al., 2015).

Trace elements
The Late Jurassic granitoids in the study area have vari-

able trace element concentrations that correlate better

in the Shiqiao samples than in the others (Table 4;

Fig. 6). The chondrite-normalized REE patterns of

the Shiqiao granitoids are characterized by light REE

(LREE) enrichments relative to the heavy REE (HREE)

[(La/Yb)N ¼ 7�08–13�6; where subscript N denotes

chondrite-normalized values] and weak negative Eu

anomalies (Eu/Eu* ¼ 0�70–0�92, where Eu* ¼
1=2[(Sm)Nþ (Gd)N]) (Fig. 7a–c). These granitoids have

higher total REE concentrations than the Dahutang

granites. The GF–GYZ intrusive suite granites also have

low HREE concentrations and strongly fractionated REE

patterns [(La/Yb)N ¼ 6�34–48�5], but have prominent

negative Eu anomalies (Eu/Eu* ¼ 0�09–0�52). In detail,

the Guyangzhai granites have a REE geochemistry

more like the Dahutang granites, but the Ganfang gran-

ites have lower REE contents. All of the studied gran-

itoids have primitive-mantle-normalized multi-element

patterns that show significant positive U, Rb, K, and Pb

anomalies, and pronounced negative Nb anomalies;

they are moderately depleted in Sr, Ti, and Ba (Fig. 7d–

f). However, the GF–GYZ intrusive suite granites are

highly depleted in Eu and have more pronounced Sr

depletions than the Shiqiao granitoids (Fig. 7d–f). In

general, the GF–GYZ intrusive suite granites are similar

to the Dahutang granites in trace element geochemistry

(Fig. 7). In addition, variations in Ce þ Zr þ Y þ Nb con-

centrations and (Na2O þ K2O)/CaO ratios indicate that

the Shiqiao rocks are less fractionated than the GF–GYZ

granites (Supplementary Data Fig. S2b). It is worth not-

ing that some samples from the GF–GYZ intrusive suite

have extremely low HREE concentrations, possibly

owing to the fractional crystallization of accessory min-

erals, which is common in highly differentiated gran-

itoids (e.g. Wu et al., 2017), as discussed below.

Fig. 5. (a) eHf(t) vs U–Pb age diagram for the Late Jurassic
intrusions and the Neoproterozoic Jiuling batholith; (b, c)
close-up views of eHf(t) vs U–Pb age diagrams for Jurassic zir-
cons and Neoproterozoic zircon xenocrysts, respectively. Data
for the Jiuling batholith are from Li et al. (2003), Wang et al.
(2013c) and Zhao et al. (2013); data for the Dahutang granites
are from Huang & Jiang (2014).
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Whole-rock Sr and Nd isotopes
The initial 87Sr/86Sr ratios and eNd(t) are listed in Table

5. The Shiqiao granitoids have low Rb/Sr and initial
87Sr/86Sr ratios of 0�7114�0�7134. Their calculated

eNd(t) values range from �7�5 to�7�8 with two-stage

Nd model ages (TDM2) of 1�6�1�5 Ga (Table 5). In com-

parison, granites from the GF–GYZ intrusive suite have

high initial 87Sr/86Sr ratios of 0�7302� 0�7499, and rela-

tively variable 143Nd/144Nd ratios (0�512119–0�51310)

and calculated eNd(t) values (from �9�5 to� 5�6), yield-

ing TDM2 model ages of 1�7�1�4 Ga (Table 5).

Estimated melt temperature
The zircon saturation thermometer of Harrison &

Watson (1983) allows estimation of the temperature of

melting within granitic magmatic systems (e.g. Miller

et al., 2003, 2007; Walker et al., 2007; Anderson et al.,

2008; Boehnke et al., 2013). However, it should also be

noted that zircon saturation temperatures (TZr) only pro-

vide an estimate of the maximum or minimum melting

temperature of the sources of granitic rocks and are

dependent on whether the system is oversaturated or

not with respect to zircon (e.g. Miller et al., 2003;

Harrison et al., 2007). Rare preservation of older zircons

or zircon cores indicates that the Shiqiao rocks were

zircon-unsaturated or close to the saturation limit, yield-

ing a minimum melt TZr of 811–824 �C. In contrast, the

presence of abundant zircon xenocrysts in the GF–GYZ

intrusive suite indicates that the magmas were zircon-

saturated, yielding TZr values of 677–764 �C (Table 4)

Table 4: Major and trace element analyses for the Late Jurassic granitoids

Intrusion: SQ SQ SQ SQ SQ SQ SQ GF GF GF GF GF GF GF GF
Sample: 11JL-07 15JL-1-1 15JL-1-2 15JL-1-3 15JL-2-1 15JL-3-1 15JL-4-1 09JL-10-1 13JL-8-1 13JL-9-1 13JL-10-1 15JL-8-1 15JL-9-1 15JL-9-2 15JL-11-1

Major elements (wt %)
SiO2 62�3 67�5 68�6 69�9 64�2 63�0 65�9 70�8 75�4 73�7 75�0 71�4 73�8 73�0 75�6
TiO2 0�73 0�45 0�42 0�36 0�58 0�72 0�58 0�11 0�13 0�16 0�17 0�16 0�07 0�08 0�07
Al2O3 17�0 16�5 15�4 15�3 17�0 17�3 16�3 15�7 13�5 14�3 14�0 15�7 15�0 15�0 13�6
Fe2OT

3 5�52 3�41 3�39 3�01 4�45 5�36 4�09 1�10 0�85 1�02 1�20 0�97 0�39 0�73 0�75
MnO 0�10 0�07 0�07 0�06 0�09 0�11 0�09 0�06 0�04 0�03 0�08 0�02 0�01 0�05 0�05
MgO 1�98 1�36 1�07 0�95 1�51 2�00 1�68 0�09 0�25 0�31 0�30 0�28 0�18 0�20 0�19
CaO 3�57 1�88 1�43 1�20 1�81 3�12 3�31 0�62 0�47 0�43 0�54 0�71 0�79 0�74 0�74
Na2O 2�64 2�62 1�89 2�56 2�58 2�73 2�80 4�84 3�47 3�36 3�51 3�16 5�05 3�91 3�78
K2O 3�16 3�82 4�34 4�32 4�21 3�34 3�69 4�75 4�01 4�77 3�75 5�63 3�00 4�49 4�25
P2O5 0�29 0�22 0�23 0�10 0�28 0�30 0�22 0�41 0�25 0�26 0�28 0�27 0�22 0�27 0�26
LOI 2�16 2�35 2�52 2�32 2�19 1�98 1�35 1�38 0�77 0�77 0�96 0�99 0�78 1�16 1�55
Sum 99�55 100�20 99�33 100�00 98�96 99�98 99�99 99�89 99�10 99�06 99�76 99�27 99�31 99�56 100�76
ASI 1�20 1�39 1�48 1�38 1�41 1�26 1�11 1�11 1�23 1�24 1�29 1�25 1�15 1�18 1�11
TZr(

�C) 811 790 788 764 794 801 770 683 686 723 743 744 677 679 664
Trace elements (ppm)
Li 51�5 94�3 83�1 62�4 126 89�1 87�0 114 114 59�0 180 98�0 88�9 182 309
Be 2�57 7�03 5�25 6�10 6�39 3�47 4�71 7�39 15�0 10�3 8�66 10�3 8�13 12�7 17�1
Sc 11�5 11�3 10�6 9�74 12�0 12�5 10�4 6�39 1�32 2�37 2�40 7�10 10�2 6�99 3�72
V 95�1 60�5 53�7 48�8 72�3 99�2 78�0 4�27 2�09 4�59 5�32 8�25 3�97 2�80 2�68
Cr 12�1 10�2 8�26 7�60 12�7 13�5 17�6 4�56 1�23 1�09 1�32 4�69 2�17 3�45 3�15
Co 10�9 4�52 5�02 4�28 8�23 10�9 8�14 0�69 0�17 0�78 0�81 0�97 0�43 0�58 0�58
Ni 5�35 4�11 4�69 3�52 5�12 7�03 5�12 0�004 0�29 0�64 0�61 2�22 1�50 1�62 2�94
Cu 4�81 4�58 4�07 4�13 4�54 8�98 5�02 0�27 2�05 3�58 4�98 4�58 2�92 2�79 3�30
Zn 63�0 63�1 57�9 46�5 63�3 79�2 62�3 42�4 35�1 51�4 45�0 38�2 28�9 48�7 48�8
Ga 20�3 21�4 19�8 18�5 22�1 19�9 18�3 19�5 13�0 21�1 25�4 24�5 24�7 24�1 19�7
Rb 126 208 208 196 232 142 167 406 305 430 508 574 266 480 500
Sr 386 244 200 224 231 369 341 20�3 23�4 55�2 55�4 35�6 20�0 30�2 31�3
Y 15�9 16�7 11�4 13�6 11�4 24�0 19�6 4�66 4�30 9�63 11�4 6�92 8�52 7�09 4�73
Zr 207 130 117 93�7 139 176 135 42�0 35�6 59�9 72�8 80�7 34�7 35�1 29�3
Nb 14�5 17�1 14�9 12�4 14�2 15�3 13�8 17�4 8�30 12�1 20�9 15�7 11�2 16�3 12�9
Sn 3�13 0�60 0�55 0�49 0�63 0�31 0�47 30�2 21�3 13�2 39�5 2�61 1�11 3�35 3�23
Cs 6�14 20�7 20�5 15�6 23�8 11�2 13�6 60�8 61�6 27�7 64�1 55�7 15�0 81�7 118
Ba 536 410 407 378 502 559 439 42�7 42�8 99�7 83�0 144 10�5 64�1 76�7
Hf 5�42 4�47 3�79 3�07 3�96 4�51 3�58 1�63 1�07 1�69 2�08 2�46 1�32 1�28 1�11
Ta 1�18 2�37 2�04 1�67 1�32 1�46 1�37 6�27 3�07 2�09 6�07 3�49 1�32 5�61 6�03
W 0�56 28�2 21�3 3�16 5�25 0�83 0�64 4�28 1�84 2�04 3�99 4�86 3�15 5�53 5�44
Pb 19�2 43�5 42�7 43�40 37�3 26�2 34�0 17�0 12�3 24�5 22�7 33�6 18�2 24�7 24�4
Bi 0�13 10�1 1�91 6�37 0�38 0�16 0�31 1�93 3�02 2�63 5�59 4�17 3�78 6�34 5�02
Th 10�5 18�4 9�01 7�44 10�0 8�30 8�80 2�57 2�71 4�79 5�96 13�0 3�42 4�52 3�94
U 2�38 6�88 6�45 4�19 3�72 3�35 3�77 6�22 9�24 13�9 18�0 9�80 8�72 12�7 8�44
La 32�6 24�6 19�8 15�9 29�4 22�8 28�5 2�88 3�79 7�41 9�56 14�5 4�79 5�10 5�54
Ce 62�2 47�8 34�8 31�90 56�4 46�7 52�6 5�59 9�79 17�2 22�5 31�5 8�32 10�4 10�1
Pr 7�38 5�66 4�51 3�67 6�47 5�31 5�94 0�70 0�91 1�60 1�94 3�61 1�07 1�19 1�19
Nd 27�5 22�1 16�6 13�7 23�3 21�0 22�6 2�61 3�42 6�03 7�31 13�1 3�74 4�19 4�14
Sm 4�90 4�61 3�29 2�95 4�25 4�93 4�41 0�69 0�88 1�62 1�88 3�01 1�11 1�13 0�99
Eu 1�36 0�99 0�86 0�76 0�93 1�25 1�03 0�09 0�10 0�21 0�22 0�27 0�06 0�14 0�15
Gd 3�91 3�85 2�56 2�70 3�37 4�50 3�82 0�69 0�82 1�50 1�77 2�17 1�13 1�07 0�89
Tb 0�50 0�600 0�39 0�43 0�48 0�74 0�58 0�13 0�15 0�30 0�34 0�31 0�23 0�20 0�15
Dy 3�15 3�19 2�13 2�40 2�40 4�19 3�11 0�76 0�84 1�65 1�83 1�38 1�38 1�13 0�80
Ho 0�64 0�61 0�39 0�47 0�43 0�81 0�6 0�14 0�13 0�25 0�28 0�21 0�23 0�19 0�12
Er 1�86 1�85 1�24 1�43 1�24 2�38 1�74 0�35 0�36 0�64 0�74 0�56 0�62 0�51 0�35
Tm 0�27 0�28 0�19 0�22 0�18 0�35 0�26 0�05 0�05 0�09 0�11 0�07 0�09 0�08 0�05
Yb 1�67 2�13 1�49 1�60 1�27 2�31 1�75 0�32 0�32 0�54 0�70 0�48 0�54 0�52 0�33
Lu 0�26 0�34 0�24 0�25 0�19 0�33 0�26 0�04 0�05 0�08 0�10 0�07 0�07 0�07 0�05

(continued)
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that represent the maximum estimated melt tempera-

tures for these intrusions.

Titanium-in-zircon thermometry (TTi-in-zrc) has been

used to estimate the temperature of formation of natu-

ral zircons (e.g. Watson & Harrison, 2005; Watson

et al., 2006; Harrison et al., 2007). Calculations using

this method yield temperatures of 681–826 �C for mag-

matic zircons from the Shiqiao intrusion

(Supplementary Data Table S2). The Jurassic zircon

domains of granites within the Guyangzhai intrusion

yield temperatures of 737–840 �C, whereas the

Neoproterozoic zircon cores yield temperatures of

617–964 �C. The broad variation in TTi-in-zrc is diagnos-

tic of a magma that cooled from high temperature

(Harrison et al., 2007).

DISCUSSION

Homogeneously dark-CL domains: genesis and
significance

As discussed above, the majority of the Late Jurassic zir-

cons within the GF–GYZ intrusive suite granites appear

homogeneously dark in CL, contrasting with both the

Shiqiao zircons and the Neoproterozoic zircon domains

within samples from the study area. Three possible

mechanisms can generate dark-CL zircon domains such

as these: (1) late-stage metamorphic events (e.g. Hoskin

& Black, 2000); (2) Pb loss from the protolith (i.e.

Neoproterozoic) igneous zircons; (3) post-magmatic (e.g.

during interaction with externally derived hydrothermal

fluids; Hoskin & Schaltegger, 2003) or late-stage

Table 4: Continued

Intrusion: GF GYZ GYZ GYZ GYZ GYZ GYZ GYZ GYZ GYZ GYZ GYZ GYZ GYZ GYZ
Sample: 15JL-12-1 13JL-1-1 13JL-2-1 13JL-5-1 13JL-6-1 13JL-6-2 13JL-7-1 13JL-7-3 15JL-6-1 15JL-6-2 15JL-6-3 15JL-7-1 15JL-10-1 15JL-13-1 15JL-14-1

Major elements (wt %)
SiO2 72�5 71�9 73�8 72�8 71�8 72�9 75�6 76�1 70�9 74�4 73�5 73�2 72�2 74�3 72�1
TiO2 0�09 0�16 0�20 0�15 0�22 0�23 0�08 0�16 0�29 0�15 0�09 0�17 0�21 0�18 0�20
Al2O3 14�9 15�2 15�0 15�4 15�2 14�7 13�8 12�9 15�2 14�0 14�6 14�8 15�8 14�1 14�9
Fe2OT

3 0�93 1�08 1�42 1�20 1�67 1�61 0�57 0�99 1�72 1�03 0�66 1�30 1�04 1�17 1�52
MnO 0�07 0�02 0�03 0�04 0�05 0�04 0�04 0�06 0�03 0�03 0�03 0�03 0�03 0�03 0�03
MgO 0�25 0�27 0�32 0�26 0�46 0�49 0�11 0�24 0�38 0�36 0�24 0�34 0�52 0�34 0�45
CaO 0�79 0�82 0�35 0�36 0�69 0�81 0�33 0�43 0�71 0�56 0�71 0�53 0�48 0�50 1�02
Na2O 3�52 3�89 2�88 4�04 3�43 3�48 3�94 3�25 2�74 2�30 3�61 2�17 2�78 2�59 3�12
K2O 4�84 5�16 4�94 3�94 4�79 4�40 4�48 3�95 5�28 5�30 4�79 5�16 5�17 5�11 4�98
P2O5 0�32 0�14 0�17 0�34 0�26 0�20 0�31 0�26 0�32 0�14 0�18 0�19 0�31 0�14 0�21
LOI 1�19 0�73 1�39 0�93 0�86 0�68 0�63 0�76 1�98 1�59 1�16 2�00 1�36 1�19 0�78
Sum 99�42 99�40 100�44 99�50 99�42 99�45 99�87 99�09 99�47 99�86 99�60 99�84 99�89 99�73 99�33
ASI 1�20 1�13 1�40 1�33 1�26 1�22 1�16 1�24 1�32 1�33 1�18 1�46 1�43 1�32 1�20
TZr(

�C) 695 742 800 728 782 764 719 713 806 712 677 751 783 764 739
Trace elements (ppm)
Li 482 119 159 174 285 183 212 176 318 273 178 198 400 266 272
Be 12�5 8�17 8�91 9�05 18�6 9�35 15�4 3�80 11�0 7�68 11�8 5�89 15�8 9�39 11�3
Sc 4�53 1�98 3�75 2�85 4�21 2�84 2�37 2�02 6�14 4�89 5�85 4�84 5�10 4�85 6�02
V 5�45 6�94 11�25 5�14 21�2 13�3 3�79 3�54 22�5 8�20 4�21 8�02 14�5 10�6 15�7
Cr 5�37 1�09 2�30 1�26 4�08 2�74 1�30 0�82 11�4 6�72 3�04 4�86 8�52 6�58 9�78
Co 0�80 1�13 2�60 0�65 4�03 2�57 0�59 0�53 1�98 1�42 0�80 1�67 2�38 1�54 2�66
Ni 2�27 0�52 0�96 0�50 1�88 1�28 0�65 0�32 5�99 4�27 2�94 2�74 6�24 7�23 5�42
Cu 4�97 2�91 6�85 5�72 15�1 4�72 1�95 1�80 4�64 9�98 2�09 3�80 7�62 6�30 7�66
Zn 60�8 43�7 72�9 62�8 94�9 59�8 58�3 47�9 90�3 54�5 41�9 65�8 66�4 50�4 60�2
Ga 24�6 19�4 29�2 21�1 28�6 18�6 31�0 18�1 24�4 19�9 21�5 23�0 23�7 23�5 21�0
Rb 638 326 428 387 606 285 947 422 469 438 427 439 455 453 318
Sr 39�2 57�9 68�8 9�40 83�4 54�5 58�0 35�8 69�4 40�0 32�1 31�8 40�6 41�3 63�3
Y 7�44 15�5 19�2 8�66 16�1 12�0 10�7 7�74 10�5 3�50 6�29 3�03 9�73 5�29 8�33
Zr 43�6 87�0 136 60�9 126 103 60�0 50�3 157 47�9 33�8 73�2 111 92�7 77�3
Nb 18�6 11�0 18�7 17�0 18�6 10�2 23�6 15�2 16�9 11�8 11�1 15�0 13�5 12�2 10�1
Sn 3�49 12�6 19�8 29�6 88�6 15�6 71�5 29�6 1�98 1�52 1�66 1�54 3�14 2�72 1�60
Cs 123 36�8 33�3 69�2 201 50�5 177 45�7 44�1 55�3 55�0 47�1 97�2 69�9 58�9
Ba 109 313 295 11�1 311 212 127 65�7 375 91�5 60�6 98�8 244 243 229
Hf 1�61 2�99 4�92 1�80 4�48 3�10 1�99 1�46 4�21 1�72 1�18 2�31 3�38 2�83 2�37
Ta 5�78 1�77 2�98 3�88 8�96 2�11 13�6 5�10 3�44 2�34 4�02 2�77 2�51 4�09 1�88
W 6�22 1�04 1�72 2�92 3�23 1�72 4�63 2�78 89�2 2�82 2�36 1�95 5�36 4�10 3�07
Pb 29�6 36�1 48�8 14�0 51�6 36�4 33�8 18�3 35�9 34�4 33�4 33�7 31�7 28�8 49�8
Bi 3�98 1�32 4�10 4�04 2�88 2�37 3�91 3�83 1�00 0�69 1�94 3�17 2�12 2�56 2�80
Th 5�54 17�6 30�0 3�00 13�9 9�28 4�62 4�16 24�1 6�56 4�89 13�2 19�4 15�0 9�29
U 11�9 4�13 9�26 4�60 6�63 4�32 23�6 16�3 8�74 3�35 2�94 2�97 9�26 5�62 3�63
La 7�52 30�4 39�9 6�29 32�6 21�2 6�78 6�52 25�7 9�41 6�72 15�6 25�3 18�5 15�1
Ce 15�5 44�5 77�2 15�5 48�8 47�2 16�5 15�7 48�1 18�2 13�3 32�1 52�3 35�3 32�0
Pr 1�69 5�11 9�31 1�37 5�92 4�01 1�44 1�38 5�92 2�04 1�53 3�76 5�81 4�15 3�58
Nd 6�09 18�8 34�6 5�27 22�5 15�4 5�45 5�17 20�5 7�36 5�62 13�87 21�0 14�7 13�3
Sm 1�53 3�89 7�08 1�41 5�07 3�59 1�57 1�27 4�43 1�82 1�47 3�16 4�38 3�00 3�24
Eu 0�18 0�49 0�69 0�04 0�70 0�48 0�23 0�12 0�68 0�22 0�17 0�26 0�40 0�30 0�47
Gd 1�50 3�46 5�98 1�35 4�48 3�22 1�52 1�21 3�27 1�39 1�35 2�06 3�41 1�96 2�89
Tb 0�26 0�51 0�80 0�27 0�66 0�49 0�31 0�24 0�58 0�20 0�22 0�24 0�47 0�26 0�41
Dy 1�37 2�43 3�41 1�49 2�88 2�22 1�72 1�29 2�1 0�85 1�14 0�84 2�10 1�05 1�80
Ho 0�22 0�39 0�52 0�22 0�42 0�32 0�27 0�20 0�43 0�12 0�18 0�11 0�32 0�16 0�26
Er 0�52 1�10 1�47 0�56 1�09 0�83 0�71 0�52 0�94 0�30 0�47 0�26 0�84 0�44 0�65
Tm 0�07 0�14 0�18 0�07 0�13 0�10 0�11 0�07 0�22 0�04 0�07 0�03 0�10 0�06 0�08
Yb 0�45 0�90 1�23 0�46 0�84 0�63 0�66 0�45 0�89 0�26 0�42 0�23 0�68 0�39 0�52
Lu 0�06 0�13 0�18 0�06 0�12 0�09 0�10 0�06 0�2 0�03 0�05 0�03 0�09 0�05 0�07

Fe2OT
3 represents all Fe reported as trivalent Fe oxide; SQ, Shiqiao intrusion; GF, Ganfang intrusion; GYZ, Guyangzhai intrusion;

TZr(
�C) calculated by zircon saturation thermometer (Harrison & Watson, 1983).
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Fig. 6. (a–e) Diagrams showing the chemical variations in samples from the Late Jurassic intrusions. Arrows in (e) illustrate increas-
ing degrees of batch partial melting. Data for the Jiuling batholith are from Li et al. (2003); data for the Dahutang granites are from
Huang & Jiang (2014), Mao et al. (2015) and Xiang et al. (2015). Symbols as in Fig. 5.

Fig. 7. Chondrite-normalized REE (a–c) and primitive-mantle-normalized multi-element element patterns (d–f) for samples of the
Late Jurassic granitoids. Chondrite and primitive mantle values are from McDonough & Sun (1995). Data for the Jiuling granitoids
are from Li et al. (2003); data for the Dahutang granites are from Huang & Jiang (2014) and Mao et al. (2015).
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magmatic (e.g. Corfu et al., 2003) fluids that commonly

contain high concentrations of Th and U. These scenar-

ios need to be considered when interpreting the zircons

from the study area, and they can also provide insights

into whether the ages of homogeneous dark zircon

domains represent the timing of intrusion crystallization.

Metamorphic origin for dark-CL zircon domains?
Zircons with homogeneously dark CL domains can form

during medium- to high-grade metamorphism. New zir-

con growth is rare under pressure–temperature condi-

tions below those of upper amphibolite- and granulite-

facies metamorphism, meaning that new zircon is rare

and the recrystallization of protolith zircons is generally

responsible for the generation of metamorphic zircon

(Hoskin & Schaltegger, 2003). However, the Late Jurassic

intrusions and surrounding wall-rocks in the study area

have only undergone lower greenschist-facies metamor-

phism. In addition, zircons in low-grade metamorphic

rocks are commonly resorbed or have thin metamorphic

overgrowths (Hoskin & Schaltegger, 2003) rather than

becoming chemically homogenized. However, the GF–

GYZ intrusive suite granites contain zircons that appear

entirely dark in CL. In addition, optical microscopy obser-

vations indicate that some of the quartz grains within the

rocks contain recrystallization textures and that some of

the plagioclase (i.e. albite), biotite, and muscovite grains

in these intrusions have curved cleavage planes and con-

tain kink bands. These phenomena are only partially

developed, indicating that these intrusions have under-

gone dynamic metamorphism that was not sufficient to

generate new zircons or zircon overgrowths. This in turn

indicates that the dark-CL zircons in the study area were

most probably not the result of regional metamorphism.

Did the dark-CL zircon domains originate from Pb
loss?
The loss of Pb from zircons is generally caused by ther-

mal perturbation, radiation damage, recrystallization,

annealing, hydrothermal alteration, and/or chemical

leaching (e.g. Cherniak & Watson, 2001; Gerdes & Zeh,

2009; Ault et al., 2012; Wang et al., 2014a). Although the

partial loss of radiogenic Pb is frequently observed, it is

rare for entire zircons to undergo complete Pb loss

(Ashwal et al., 1999). In addition, if the dark-CL domains

in these zircons were caused by Pb loss then the trace

element ratios of the dark-CL zircon rims or cores

should be similar and their U–Pb ages should also have

been reset (Scott et al., 2011). However, the zircon

domains that appear homogeneously dark during CL

imaging have different trace element ratios from the

magmatic cores of zircons from the study area (Fig. 8)

and they yield consistent U–Pb and Pb–Pb ages. In addi-

tion, the study area does not record any significant tec-

tonism since the Late Jurassic, and zircons from the

Shiqiao granitoids do not record Pb loss. Consequently,

it is unlikely that the dark-CL zircon domains are the

result of Pb loss.

Hydrothermal or magmatic fluid origin for dark-CL
zircon domains?
Hydrothermal zircons (including zircons precipitated

from late-stage magmatic fluids) are texturally distinct

from magmatic zircons and often occur as murky

brown-colored, translucent, 20–50 mm thick mantles on

magmatic zircon cores and less commonly as entire zir-

cons (Hoskin, 2005). Some of the zircons within the GF–

GYZ granites have these characteristics, although some

(e.g. samples 13JL-10-1 and 13JL-5-1) contain zircon

populations that are dominated by grains that appear

completely dark during CL imaging (Fig. 3d and f), in

contrast to the typical appearance of hydrothermal zir-

cons. In addition, some of the dark-CL zircon domains

have similar trace element compositions to magmatic

zircon cores in the study area (Fig. 8). Post-magmatic

hydrothermal zircons are also generally formed at rela-

tively low temperatures (<500 �C; Geisler et al., 2003; Fu

et al., 2009; Sun et al., 2015), whereas the dark-CL zircon

Table 5: Whole-rock Nd isotopic data for the Late Jurassic granitoids

Sample Rb
(ppm)

Sr
(ppm)

87Rb/
86Sr

87Sr/
86Sr

2r(10–6) (87Sr/
86Sr)i

Sm
(ppm)

Nd
(ppm)

147Sm/
144Nd

143Nd/
144Nd

2r
(10–6)

(143Nd/
144Nd)i

TDM2

(Ma)
eNd(t)

Shiqiao intrusion
11JL-07 126 386 0�95 0�713546 3 0�71157 4�90 27�5 0�108 0�512170 6 0�512066 1545 �7�5
15JL-1-1 208 244 2�46 0�717366 5 0�71222 4�61 22�1 13�362 0�512185 3 0�512063 1550 �7�5
15JL-2-1 232 231 2�90 0�719499 6 0�71343 4�25 23�3 14�087 0�512155 9 0�512049 1573 �7�8
15JL-3-1 142 369 1�11 0�713687 4 0�71136 4�93 21�0 12�697 0�512202 3 0�512065 1547 �7�5
Ganfang intrusion
09JL-10-1 0�69 2�61 0�160 0�512130 20 0�511978 1688 �9�2
13JL-8-1 305 23�4 37�6 0�827434 19 0�74994 0�88 3�42 0�156 0�512148 10 0�512000 1653 �8�8
13JL-9-1 430 55�2 22�5 0�785123 15 0�73877 1�62 6�03 0�163 0�512119 11 0�511964 1709 �9�5
13JL-10-1 508 55�4 26�5 0�798657 7 0�74407 1�88 7�31 0�155 0�512310 21 0�512163 1395 �5�6
Guyangzhai intrusion
13JL-1-1 3�89 18�8 0�125 0�512244 2 0�512124 1455 �6�4
13JL-2-1 7�08 34�6 0�124 0�512238 4 0�512119 1462 �6�4
13JL-5-1 1�41 5�27 0�161 0�512220 8 0�512065 1548 �7�5
13JL-6-1 606 83�4 21�0 0�773904 5 0�73017 5�07 22�5 0�136 0�512159 4 0�512028 1606 �8�2
13JL-6-2 285 54�5 15�1 0�763555 3 0�73210 3�59 15�4 0�141 0�512158 3 0�512023 1615 �8�3
13JL-7-3 422 35�8 34�1 0�815439 4 0�74448 1�27 5�17 0�149 0�512186 10 0�512043 1582 �7�9
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domains within the granites from the Guyangzhai intru-

sion yield calculated Ti-in-zircon temperatures of 737–

840 �C (Supplementary Data Table S2), indicating that

these zircons did not form from low-temperature hydro-

thermal fluids (e.g. metamorphic fluids).

Although the majority of the dark-CL zircon domains

are classified as hydrothermal in Fig. 8 and have flat

LREE patterns with low (Sm/La)N ratios (0�18–101,

mainly <5; Fig. 8), some dark-CL zircon domains have

compositions that plot in magmatic fields in Fig. 8. In

addition, the dark-CL zircon domains have significant

negative Eu anomalies and weak to strong positive Ce

anomalies (Ce/Ce* ¼ 1�03–49�6, but generally <2�6,

where Ce*
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðSmÞN � ðGdÞN

p
; Fig. 8), suggesting that

they formed from high-temperature magmatic fluids

derived from evolved magmas. Both tetrad effects

(TE1,3) and K/Rb ratios can be used to identify the effects

of, or the segregation of, magmato-hydrothermal fluids

(e.g. Bau, 1996, 1997; Irber et al., 1997; Irber, 1999). The

granites from the GF–GYZ intrusive suite have whole-

rock TE1,3 values of 0�96–1�20 (some >1�10), K/Rb ratios

of 39–131 (generally >50), and Nb/Ta ratios of 1�74–8�53

(generally <5), all of which suggest the differentiation,

to variable degrees, of granitic melt and interaction with

magmatic fluids. Moreover, only two albite grains

belong to the third generation and these have restricted

and high albite contents (An3–11), which overlap with

the compositions of the first and second generations

(An1–7). If the third generation of albite was sourced

from post-magmatic fluids or metasomatic processes,

they would not have similar albite contents to those of

magmatic plagioclase. Consequently, the third

generation was possibly sourced from late magmatic

fluids, which also provide evidence of late magmatic

fluids.
In summary, the geochemical signatures of the dark-

CL zircon domains are consistent with their generation

from late-stage magmatic fluids. Such an origin indi-

cates that their ages are indicative of the timing of crys-

tallization of the GF–GYZ intrusive suite. In addition, this

type of zircon is commonly associated with evolved

granitic magmas that are also commonly associated

with the generation of W mineralization (Hoskin &

Schaltegger, 2003), as discussed below.

Implications for the inheritance of heterogeneous
dark-CL zircon
As discussed above, both the tetrad effect (TE1,3) and

K/Rb ratios are sensitive to the effects of, and the gen-

eration of, magmato-hydrothermal fluids. However,

only TE1,3 and ASI values have a positive correlation

with the abundance of dark-CL zircons within an intru-

sion (Table 6; Fig. 9). Samples from the GF–GYZ intru-

sive suite that contain abundant dark-CL zircons or

zircon domains (i.e. sample 13JL-10-1 from the

Ganfang intrusion and 13JL-5-1 from the Guyangzhai

intrusion) have higher TE1,3 values than samples with

fewer dark-CL zircon domains (i.e. samples 09JL-09-1

and 09JL-10-1 from the Ganfang intrusion and sample

13JL-1-1 from the Guyangzhai intrusion). This sug-

gests that higher abundances of dark-CL zircon

domains are indicative of more intense interactions

between the host magma and late magmatic fluids. In

addition, there is no clear linear trend between the

Fig. 8. (a) (Sm/La)N vs La and (b) Ce/Ce* vs (Sm/La)N diagrams for rims and cores of zircons from the Shiqiao and Guyangzhai intru-
sions. Continuous lines indicate magmatic and hydrothermal zircon fields, and dashed lines show limited extensions of these pos-
sible magmatic and hydrothermal fields, with the hydrothermal field also including the late-stage magmatic fluid field (Hoskin,
2005). (c, d) Chondrite-normalized REE patterns for zircons of the Shiqiao and Guyangzhai intrusions normalized to the chondrite
composition of McDonough & Sun (1995).
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percentage of dark-CL zircon domains and the esti-

mated TZr values and total alkali contents of the GF–

GYZ intrusive suite (Fig. 9). The dark-CL zircon

domains within the GF–GYZ intrusive suite yield TTi-in-

zrc values (737–840 �C) that are roughly consistent with
those of the Shiqiao intrusion (681–826 �C). This indi-

cates that temperature was not a significant control on

the abundance of dark zircon domains, suggesting that

the abundance of dark-CL zircons in an intrusion may

be a proxy for the extent of the influence of late mag-

matic fluids on a given intrusion. In summary, the het-

erogeneous preservation of Neoproterozoic zircons
within the GF–GYZ intrusive suite was possibly influ-

enced by the intensity of late-stage magmatic fluid

activity and the compositions of the hosting melt (e.g.

ASI and total alkali concentrations).

Zircons with dark-CL domains crystallized during the

late stages of magmatic evolution, which were fluid
enriched as a consequence of intense magmatic differ-

entiation (e.g. Monecke et al., 2011; Wu et al., 2017).

From the early stage Ganfang to the late-stage

Guyangzhai intrusion, there are progressively increas-

ing trends in Cr, Ni, Co, Sr, Ba, Zr and REE concentra-

tions, and decreasing trends in Li, Rb and Cs
concentrations, which also indicate magmatic differen-

tiation (e.g. Gelman et al., 2014; Lee & Morton, 2015).

Moreover, Ballouard et al. (2016) suggested that Nb/Ta

ratios decrease during magmatic differentiation of gran-

itic melts. The majority of the GF–GYZ intrusive suite

granites have very low Nb/Ta ratios (<5), which also

indicate highly fractionated melts. A high degree of frac-
tionation is also indicated by the presence of accessory

minerals, such as high-U and -Th zircons (Wang et al.,

2016), which are referred here as dark-CL zircons.

Therefore, the GF–GYZ intrusive suite granites are

highly fractionated and the granites of the Ganfang

intrusion are more evolved than those of the
Guyangzhai intrusion. Moreover, highly differentiated

granites (e.g. the Dahutang granites; Huang & Jiang,

2014) are potentially related to ore deposits, and ore-

forming materials (e.g. W, Sn and U), as discussed

below.

Relationships between the Neoproterozoic

batholith, SQS Group wall-rocks and the Late

Jurassic granitoids

As discussed above, all the Late Jurassic granitoids are

peraluminous, as is the Neoproterozoic Jiuling batho-

lith (e.g. Wang et al., 2013c). Field relations indicate that

the Late Jurassic intrusions in the study area were

emplaced into the Jiuling batholith and/or the sedi-

ments of the SQS Group. In addition, with the exception

of a single c. 869 Ma zircon core, all of the zircon xeno-

crysts within the Late Jurassic granitoids yield a

weighted mean 206Pb/238U age of c. 820 Ma, identical to

the crystallization age of the Neoproterozoic Jiuling

batholith (e.g. Li et al., 2003; Wang et al., 2014b) and

consistent with the maximum depositional age of the

SQS Group (Wang et al., 2013b, 2014b). Using an age of

c. 146 Ma yields eNd(t) and eHf(t) values for the SQS

Group sediments of –10�4 to –2�2 (Chen & Jahn, 1998)

and –32�1 toþ 2�3 (Wang et al., 2013b), respectively. The

Jiuling batholith has similar eNd(146 Ma) and eHf(146

Ma) values from –8�9 to –7�0 (Li et al., 2003) and from –

35�1 to –1�6 (Wang et al., 2013c), respectively. These iso-

topic compositions are roughly similar to the composi-

tions of all Late Jurassic granitoids in the study area [–

9�5 to –5�6 and –19�5 to –4�1 for eNd(t) and eHf(t), respec-

tively; Fig. 5]. These similarities suggest that the Late

Jurassic granitoids have a genetic relationship with the

surrounding Neoproterozoic granitoids and the SQS

Group. The following section focuses on the possible

nature of these relationships between the

Neoproterozoic and Late Jurassic granitoids in the

study area.

Three processes may have generated the Late

Jurassic granitoids: (1) reworking of the

Neoproterozoic granitoids facilitated by late-stage

magmatic fluids; (2) low-temperature anatexis of the

Neoproterozoic granitoids; (3) melting of sources that

are the same as or similar to those that generated the

Neoproterozoic granitoids. These hypotheses are eval-

uated below.

Table 6: Percentage of dark-CL zircon domains in the Late Jurassic granitoids

Sample Total amount of
zircon grains

Dark-CL zircon
domains (%)

TE1,3 ASI Na2O þ K2O TZr(
�C)

Shiqiao intrusion
11JL-07 206 0 0�93 1�20 5�80 811
Ganfang intrusion
09JL-10-1 47 27 1�06 1�11 9�59 683
13JL-8-1 148 43 1�17 1�23 7�48 686
13JL-9-1 147 73 1�18 1�24 8�13 723
13JL-10-1 168 56 1�16 1�29 7�26 743
Guyangzhai intrusion
13JL-1-1 139 17 0�96 1�13 9�05 742
13JL-5-1 191 96 1�20 1�33 7�98 728
13JL-6-1 34 26 0�98 1�26 8�22 782
13JL-7-3 225 36 1�17 1�24 7�20 713
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Granitization of Neoproterozoic granitoids by
magmatic fluids?
Granitization is defined as the process by which solid

rocks are converted to rocks of granitic character with-

out passing through a magmatic stage (Read, 1948).

Perhaps the most convincing criterion indicating granit-

ization is the continuation of relic country-rock struc-

tures (e.g. bedding and schistosity) from wall-rocks into

or through the igneous-appearing rock (Stringham,

1953). However, there are no prominent continuous

relic country-rock structures in the Late Jurassic intru-

sions. Moreover, the GF–GYZ intrusive suite has visible

direct contacts with the Neoproterozoic intrusions in

this area, and grain size becomes coarser from the con-

tacts towards the inner part of each intrusion, both of

which are inconsistent with the occurrence of granitiza-

tion. In addition, granitization occurs under conditions of

high-grade metamorphism, such as the amphibolite

facies (e.g. Crowder, 1959). In the study area, the

Neoproterozoic and Mesozoic granitoids underwent only

lower greenschist-facies metamorphism, which could

not result in granitization. Therefore, the Late Jurassic

granitoids could not be the products of granitization of

the Neoproterozoic granitoids.

Anatexis of Neoproterozoic granitoids?
The generation of Late Jurassic granitic magmas by par-

tial melting of Neoproterozoic granitoids at the level of

emplacement would result in medium- to high-grade

regional metamorphism of the latter, which is not evident

in the study area. This is evidenced by the fact that all

wall rocks (including the Neoproterozoic Jiuling batholith

and the SQS Group) record only low-grade greenschist-

facies metamorphism, which precludes this possibility.

The possibility of anatectic melting of Neoproterozoic

granitoids was investigated through modeling the Ba

and Rb contents of melts generated by batch melting

(Hanson, 1978) of bulk-rock compositions similar to the

Neoproterozoic granitoids in the study area. These mod-

els generally assume that chemical equilibrium was

reached between trace elements in the melts generated

during this process and in the coexisting solid phases

at some stage of magma genesis (Harris & Inger, 1992).

We assumed that the Neoproterozoic granitoids repre-

sent sources, with the modeling being simplified

by assuming that these sources were compositionally

homogeneous. The two samples with the highest and

lowest SiO2 contents from Li et al. (2003) were chosen to

represent the source compositions of two possible end-

members. The extent of melting (F) was estimated by

assuming equilibrium partial melting of homogeneous

Neoproterozoic granitoid material using the following

batch melting equation:

C l

Co
¼ 1

Ds=lð1� FÞ þ F
(1)

D ¼ RWjKdi (2)

where C� is the original concentration in the solid

phase, Cl is the concentration in the liquid, F is the melt

fraction (i.e. mass of melt/total mass), Ds/l is the bulk dis-

tribution coefficient for a given element, Wj is the abun-

dance by weight of mineral j in the rock, and Kdi is the

partition coefficient of element i within mineral j. The

Fig. 9. Variations in (a) TE1,3, (b) ASI, (c) total alkalis and (d) TZr(
�C) values compared with the percentage of dark-CL zircon domains

within zircons analyzed in this study.
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average mineral proportions of the Neoproterozoic

granitoid sources and the partition coefficients used

during modeling are given in Table 7. Calculated tem-

peratures for the investigated intrusions are below

850 �C, corresponding to dehydration of muscovite and/

or biotite (Clemens, 2006). The zircon saturation tem-

peratures of some granites of the GF–GYZ intrusive

suite are relatively low (<720 �C), which is more com-

patible with muscovite dehydration melting.

Modelling results show that anatexis of the two

model Neoproterozoic granitoid sources would lead to

elemental concentration trends (e.g. Rb vs Ba) different

from those of the Jurassic intrusions (Fig. 6). This sug-

gests that the Late Jurassic intrusions did not form

through simple partial melting of Neoproterozoic gran-

itoid material.

Partial melting of similar source materials to the
Neoproterozoic granitoids?
Research into the sources of the Neoproterozoic Jiuling

batholith by Li et al. (2003) suggested that the

Neoproterozoic granitoids were characterized by a

strong peraluminous nature, high CaO/Na2O (>0�3), and

low Rb/Sr (0�5–2�7) and Rb/Ba (0�1–0�7) ratios, indicating

partial melting of clay-poor, psammitic source materi-

als. The Shiqiao intrusion also shows these geochemi-

cal characteristics, indicating a similar source. The

Shiqiao granitoids exhibit less radiogenic Sr isotope

compositions than the GF–GYZ intrusive suite granites,

which indicate that their sources are different.

Moreover, as illustrated in Fig. 6, there is no such defi-

nite evolutionary trend between the Shiqiao intrusion

and the other two intrusions, indicating that the Shiqiao

intrusion was generated from a source different from

that of the GF–GYZ intrusive suite. In comparison, the

GF–GYZ intrusive suite granites have low CaO/Na2O

and high Rb/Ba ratios, distinct from the Shiqiao intru-

sion but within the compositional ranges of the

Dahutang granites, indicating similar sources and/or

magmatic processes in both cases. As indicated by

Huang & Jiang (2014), a pelite-rich source, such as the

phyllite and slate of the SQS Group, could serve as the

source materials for these rocks. This is also consistent

with their high SiO2 concentrations (>70 wt %) and high

aluminum saturation index.

Magmatic evolution of the Late Jurassic
granitoids
The geochemical compositions of granitoids are con-

trolled mainly by their mineral assemblages, pressure,

temperature and fluid composition of the magmas, as

well as by magmatic processes such as the assimilation

of crustal material and fractional crystallization (e.g.

Collins, 1996; Kemp et al., 2007; Clemens & Stevens,

2012). To shed light on the evolution of the investigated

Late Jurassic intrusions, the energy-constrained assimi-

lation–fractional crystallization (EC-AFC) model proposed

by Spera & Bohrson (2001) and the thermodynamic

modeling software Rhyolite-MELTS were used to model

the trace element and isotopic evolution and to track the

occurrence of magmatic processes (e.g. Bohrson &

Spera, 2001; Spera & Bohrson, 2001; Gualda & Ghiorso,

2015).

Fractional crystallization and crustal assimilation
In addition to geochemical variations, the GF–GYZ intru-

sive suite granites differ from the Shiqiao granitoids in

that they contain abundant Neoproterozoic zircon cores.

Considering more occurrences of these old cores on the

margins of the GF-GYZ suite, the preservation of abun-

dant zircon xenocrysts provides evidence of bulk assim-

ilation (Beard et al., 2005). The GF–GYZ intrusive suite

granites were possibly generated by assimilation and/

or local anatexis of crustal material during magma

ascent and emplacement. It should be noted that assim-

ilation could be accompanied by strong differentiation

of the magma. As the low temperature during the later

stages of magmatic differentiation cannot digest refrac-

tory minerals such as zircon, anatexis or assimilation of

sedimentary wall-rocks at the intrusion margin could

add a significant number of captured zircons to the

magma. This is consistent with our observations, in that

most of the samples with abundant zircon xenocrysts

are located at the margin of the intrusion, whereas very

few zircon xenocrysts are observed in samples from the

center of the GF–GYZ intrusive suite.

Prior to assessing the influence of fractional crystalli-

zation and crustal assimilation, we constrained thermo-

dynamic parameters (e.g. liquidus and solidus

temperatures, specific heat capacity, and crystallization

and fusion enthalpy; Supplementary Data Table S3) for

the GF–GYZ intrusive suite using the Rhyolite-MELTS

software. The formation pressure of the magmas has

been estimated at �0�3 GPa (BGMRJX, 1984). The

appropriate equilibrium temperatures (Teq) in different

systems can be broadly estimated from the maximum

melting temperatures (TZr) of samples with analyzed

isotopes. As Ballouard et al. (2016) proposed that the

Nb/Ta ratio decreases during the magmatic differentia-

tion of granitic melts, samples 11JL-07 and 13JL-2-1

were chosen to represent the starting compositions of

the Shiqiao and Guyangzhai intrusions. The sedimen-

tary rocks of the SQS Group (wall-rocks of the Late

Jurassic intrusions) are of variable composition (Chen

& Jahn, 1998, and references therein); consequently,

three end-member compositions (i.e. sandstone, phyl-

lite and slate) were considered in our modelling. In the

EC-AFC model, Sr is compatible in the magma, which is

consistent with the abundance of plagioclase. However,

Sr is incompatible during melting of the country rock

(the SQS Group) owing to high assimilant liquidus tem-

peratures (>1000 �C), possibly indicating an intermedi-

ate to mafic composition, and the scarcity of

plagioclase. The EC-AFC results describe the range of

Sr–Nd and Nd–143Nd/144Nd well for most granites from

the Ganfang intrusion (line 1 in Fig. 10). It is worth
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noting that different assemblages of SQS Group end-

members have variable trace element concentrations

and isotopic signatures. For example, if assimilants

consisting of �45% phyllite and �55% slate were incor-

porated into the primary Guyangzhai magma, this

would reproduce the variation of Sr and Nd concentra-

tions and Nd isotopes (line 3) in the EC-AFC model.

Fractional crystallization with concurrent assimilation

(assimilants of �43% sandstone and �57% slate) could

also account for the variation in the Shiqiao samples

(line 4). Compositional heterogeneity of assimilants is

also required to account for an outlier Ganfang sample

(with radiogenic Nd isotopes; line 2 in Fig. 10).

In summary, the Shiqiao, Ganfang and Guyangzhai

intrusions underwent fractional crystallization and

assimilation, and the Ganfang and Guyangzhai granites

possibly share the same source, but underwent variable

assimilation.

Implications for tungsten mineralization
associated with Late Jurassic intrusions
Fractionated granites commonly host ore deposits, in

particular Sn–W mineralization (e.g. Kempe & Wolf,

2006; Fogliata et al., 2012; Hulsbosch et al., 2016). The

newly discovered Dahutang deposit in the northern part

of the Neoproterozoic Jiuling batholith of the Jiangxi

Province is one of the largest polymetallic tungsten

deposits in the world, and is thought to be related to the

Late Jurassic granitoids in this area (e.g. Mao et al., 2013;

Huang & Jiang, 2014). Srivastava & Sinha (1997) pro-

posed a geochemical characterization index (GCI) (GCI ¼
log10[(Rb3 � Li�104)/(Mg � K � Ba � Sr)]) to discrimi-

nate between tungsten-bearing granites and barren

granites. Highly differentiated granites from the GF–GYZ

intrusive suite have positive GCI values, indicating their

potential to host W mineralization. In addition, granites

from the GF–GYZ intrusive suite are similar to the

Dahutang granites in terms of geochemistry (Fig. 11),

and fall within the fertile field in the Ba and Sr versus Rb

diagrams (Fig. 11a and b) and the Sn–W field in the Na2O

þ K2O versus SiO2 diagram (Fig. 11d) (Baker et al., 2005).

Furthermore, a Nb/Ta ratio of �5 appears to be a good

marker to discriminate mineralized from barren peralu-

minous granites as proposed by Ballouard et al. (2016),

and most Ganfang and Guyangzhai granites belong to

the field of granites related to Sn–W(–U) mineralization

(Fig. 11c). Moreover, the GF–GYZ intrusive suite and the

Dahutang granites show many similarities in field rela-

tionships to the SQS Group and the Neoproterozoic

batholith and in geochronology, major and trace element

concentrations, and possible sources (as discussed

above). In addition, the Dahutang granites have negative

eNd(t) values varying from �9�4 to�5�1, with TDM2 ages

of 1�7�1�4 Ga and calculated initial 87Sr/86Sr ratios from

0�680113 to 0�788563 (Huang & Jiang, 2012, 2013, 2014;

Mao et al., 2015), both of which are analogous to those

of the GF�GYZ intrusive suite granites. The zircon Hf iso-

topes [eHf(t) values of�8�4 to �2�1] of the Dahutang

granites are also comparable with those of the GF�GYZ

intrusive suite granites. The above similarities to the

Dahutang tungsten-related granitoids suggest that the

Late Jurassic GF�GYZ intrusive suite within the

Neoproterozoic Jiuling batholith can provide insights

into the tungsten prospectivity of this area. In fact, it has

been reported that there is some mineralization of Sn,

W, Nb, Ta and Li in some parts of the GF�GYZ intrusive

Table 7: Compositions and parameters used for the EC-AFC modelling

Thermal parameters line 1, line 2, line 3, line 4,
primary GF–GYZ primary GF–GYZ primary GF–GYZ primary Shiqiao

magma (13JL-2-1) magma (13JL-2-1) magma (13JL-2-1) magma (11JL-07)

Magma liquidus temperature (�C), Tl,m 938 938 938 1069
Magma initial temperature (�C), Tm

� 938 938 938 1069
Solidus temperature (�C), Ts 670 670 670 670
Equilibration temperature (�C), Teq 720 750 770 790
Crystallization enthalpy, Dhcry (J kg–1) 548000 548000 548000 768000
Isobaric specific heat of magma (J kg–1 K–1), Cp,m 1226 1226 1226 1245

Assimilant slate sandstone phyllite þ slate slate þ sandstone
Assimilant liquidus temperature (�C), Tl,a 1149 1090 1141 1124
Assimilant initial temperature (�C), Ta

� 300 300 300 300
Fusion enthalpy (J kg–1), Dhfus 893000 787000 890000 847000
Isobaric specific heat of assimilant (J kg–1 K–1), Cp,a 1218 1264 1223 1238

Compositional parameters Sr Nd Sr Nd Sr Nd Sr Nd

Magma initial concentration (ppm), Cm
� 68�8 34�6 68�8 34�6 68�8 34�6 386 27�5

Magma isotope ratio, em 0�512119 0�512119 0�512119 0�512066
Magma trace element distribution coefficient, Dm 1�9 2�2 1�9 2�2 1�9 2�2 1�7 2
Enthalpy of trace element distribution reaction, DHm 0 0 0 0 0 0 0 0
Assimilant initial concentration (ppm), Ca

� 62�1 38 157�5 32�6 73�7 35�8 103�3 35�9
Assimilant isotope ratio, ea 0�511916 0�512180 0�512000 0�512045
Assimilant trace element distribution coefficient, Da 0�1 0�5 0�1 0�5 0�05 0�09 1�5 0�25
Enthalpy of trace element distribution reaction, DHa 0 0 0 0 0 0 0 0

The compositions of assimilants are from Supplementary Data Table S3.
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suite (Zhou et al., 2011). The three main controls on the

generation of polymetallic tungsten mineralization and

their implications for the prospectivity of the study area

are discussed below.
The first control is the magma source. The

Neoproterozoic SQS Group sediments contain higher

concentrations of W, Sn, and Cu (11�8 ppm, 21�4 ppm,

and 231 ppm, respectively; Liu et al., 1982) than typical

crustal rocks (Rudnick & Gao, 2003). The fact that the

magmas that formed the Late Jurassic intrusions in this

area were probably derived from the SQS Group indi-

cates that these intrusions are also likely to be enriched

in these metals. Second, some magmatic progresses

(e.g. fractional crystallization, assimilation and partial

melting) in the GF–GYZ intrusive suite can concentrate

ore-forming elements within the melt phase, primarily

because many of these elements (e.g. W and Sn) are

incompatible during melting. The GF–GYZ intrusive

suite granites are highly differentiated and formed from

the residual melt via fractional crystallization. For exam-

ple, the W–Sn enrichment in the Bom Jardim granite in

the eastern Amazonian Craton resulted from fractional

crystallization (Lamar~ao et al., 2012). Partial melting of

sources can also cause metal enrichments (Huang &

Jiang, 2014), as exemplified by the Chalukou porphyry

molybdenum deposit in northeastern China, which

formed from magmas generated by the partial melting

of juvenile lower crustal material (Li et al., 2014). Lastly,

late-stage magmatic fluid activities can lead to the effi-

cient redistribution of elements and the deposition of

economic elements such as tin and tungsten (Monecke

et al., 2011; Ballouard et al., 2016; Hulsbosch et al.,

2016). The highly differentiated granites of the GF–GYZ

intrusive suite crystallized in an environment enriched

in magmatic fluids during the later stages of magmatic

evolution, which was favorable for the concentration of

trace metals in the magmas.

In spite of the similarities in geochemistry, zircon inher-

itance and mineralization potential between the GF�GYZ

intrusive suite and the Dahutang granites, the tungsten

mineralization of the GF�GYZ intrusive suite is not com-

parable with that of the Dahutang granites. Slight differen-

ces in the degree of magmatic differentiation might exist

between them (Fig. 7b�f), but this could not be the major

reason. One possible explanation is that the highly differ-

entiated Dahutang granites were emplaced at a shallower

crustal level as supported by their porphyritic texture. In

addition, the Dahutang granites experienced strong altera-

tion (commonly with greisenization, K-feldspar alteration,

silicification, carbonatization, chloritization and

Fig. 10. (a, b) Sr vs Nd data and results of EC-AFC simulations for the Late Jurassic granitoids. EC-AFC parameters are listed in
Tables 4 and 5. (c) Nd vs (143Nd/144Nd)i data and EC-AFC simulations for the Late Jurassic granitoids with analyzed isotopes.
Arrows indicate the direction of decreasing Tm. Symbols as in Fig. 5. Descriptions of line 1–4 are given in the text.
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fluoritization) (e.g. Mao et al., 2013, 2015; Huang & Jiang,

2014). It is necessary to carry out further exploration of

the GF�GYZ intrusive suite to find similar rock types to

the Dahutang granites.

Magma chamber growth model for the Late
Jurassic intrusions
The origin of intermediate to silicic magmatic rocks is a

key question in igneous petrology (e.g. Annen et al.,

2006). Brown (2013) used experimental research to pro-

pose that granitoids are produced mainly by partial

melting of diverse crustal rocks, rather than by crystal

fractionation of mantle-derived magmas. However, the

longevity of granitic magma chambers and the mecha-

nisms by which these chambers grow remain unclear

(e.g. Coleman et al., 2004; Michel et al., 2008; Memeti

et al., 2010).

Annen et al. (2006) proposed a deep crustal hot zone

(DCHZ) model to account for the genesis of intermedi-

ate and silicic magmas in continental arc areas. These

DCHZs are thought to be locations where basalt injec-

tions generate melts within the lower crust. This model

could also apply to intracontinental areas that have sim-

ilar settings that can also lead to the generation of

hydrous mafic magmas. Underplating of basaltic mag-

mas is thought to have been the heat source for the vol-

uminous (>64̂100 km2) Late Jurassic crustal melting

event in southern China (e.g. Zhou & Li, 2000; Zhou

et al., 2006; Jiang et al., 2015) and could have generated

such a geological setting (DCHZ), which has not previ-

ously been recognized beneath the South China Block.

This DCHZ contained hydrous mafic magmas that

provided heat and volatiles that initiated melting of

lower- to middle-crustal material to form magmas. The

studied area contains crustal material that has a similar

composition to that of the SQS Group, which is domi-

nated by metasedimentary rocks. The partial melting of

Proterozoic psammitic sedimentary rocks (e.g. grey-

wacke) within this DCHZ generated granitic magmas at

c. 148–147 Ma, some of which are compositionally simi-

lar to the Late Jurassic Shiqiao intrusion. The magmas

underwent fractional crystallization and concurrent

crustal assimilation, although they were emplaced as,

and crystallized as, granodiorites within the Shiqiao

intrusion. The sustained underplating of basaltic mag-

mas caused the melting boundary in the lower crust to

migrate to a pelite-dominated layer. Partial melting of

pelites can take place at relatively low temperatures

Fig. 11. Late Jurassic granitoid samples plotted in diagrams of (a) Ba vs Rb, (b) Sr vs Rb (modified after Fogliata et al., 2012), (c) Nb/
Ta vs Zr/Hf (modified after Ballouard et al., 2016) and (d) Na2O þ K2O vs SiO2 (modified after Baker et al., 2005; Fogliata et al., 2012)
to differentiate barren and ore-bearing granites.
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owing to muscovite-dehydration melting to generate

other granitic magmas adjacent to the Shiqiao magma,

although the connection between the late-stage and

early stage magmas is unclear. These late-stage granitic

magmas underwent a series of complex magmatic

processes that included fractional crystallization. This

differentiation was more intense than that in the already

ascending Shiqiao magma, resulting in these residual

magmas becoming enriched in magmatic fluids. Part of

the fluid-enriched magmas and the highly differentiated

upper part of the magma chamber migrated upward,

possibly owing to thermal disturbance, and evolved to

compositions similar to those of the Ganfang intrusion.

The partially fluid-enriched magma ascended, accom-

panied by crustal assimilation (e.g. sandstone and slate

of the SQS Group and the granitoids of Neoproterozoic

Jiuling batholith), and was emplaced into the

Neoproterozoic Jiuling batholith to form the �147–144

Ma Ganfang intrusion. The residual magmas in the

magma chamber with relatively mafic characteristics

continued to evolve. Fractional crystallization formed a

new differentiated upper part of the magma chamber.

Magmas in this part were also fluid enriched and their

ascent along faults at a relatively shallow crustal level

formed the medium- to fine-grained Guyangzhai intru-

sion. This phase of magmatic activity intruded into both

the Neoproterozoic Jiuling batholith and the Ganfang

intrusion during the early stage. The zircons or zircon

domains with homogeneous dark-CL crystallized in

such fluid-enriched magmas.

This model describes several million years of mag-

matic evolution of magma chambers and can explain

the continuous evolutionary series of granitoids in the

study area. It supports an incremental assembly model

with a duration of several million years (e.g. Coleman

et al., 2004; Glazner et al., 2004; Lipman, 2007; Miller

et al., 2011) and explains the role of late-stage mag-

matic fluids in the generation of the granitoids. This

model sheds light on the formation of Late Jurassic

granitic rocks in other areas of southern China and fur-

thers our understanding of the genesis of intrusions in

other areas (e.g. the Pan-African Cape Granite Suite)

that also contain heterogeneously preserved zircon xen-

ocrysts. In addition, several features of the granitoids in

this model, namely their sources (rich in metallic ele-

ments), and specific magmatic processes (e.g. fractional

crystallization and late-stage magmatic fluids), mean

that the Late Jurassic intrusions formed by this model

(especially the GF–GYZ intrusive suite) could be pro-

spective for metallic mineralization.

CONCLUSIONS

Late Jurassic granitoids intruded the Neoproterozoic

Jiuling batholith in southern China and some of them

are potentially related to ore deposits. This study

presents new zircon LA-ICP-MS U–Pb geochronology,

petrography, mineralogy, whole-rock geochemistry,

isotopic, and field data for the Shiqiao intrusion and the

Ganfang–Guyangzhai (GF–GYZ) intrusive suite and

reveals the sequence of formation of these intrusions.

The Shiqiao granitoids do not contain zircon xeno-

crysts, formed at c. 148–147 Ma, and are mainly grano-

diorite. In comparison, the Ganfang and Guyangzhai

granites contain abundant zircon xenocrysts, formed at

c. 147–144 Ma, and are dominated by two-mica granite

and muscovite granite. Magmatic zircons within the

Ganfang and Guyangzhai granites appear homogene-

ously dark in CL images, indicating that they crystallized

during the fluid-enriched, late stages of magmatism.

The heterogeneous preservation of zircons within these

plutons may be the result of the intensity of magmatic

fluid activity and the composition of the host melt dur-

ing the later stages of the evolution of the magmatic

system that formed all the intrusions. The different pet-

rography, geochemistry and Nd–Hf isotopic

Fig. 12. Schematic model for the evolution of the Jurassic granitoids. (a) In a deep crustal hot zone (DCHZ), the Shiqiao granodior-
ites formed from magmas generated by partial melting of crustal rocks (e.g. greywackes of the SQS Group) at c. 148–147 Ma; (b)
other magmas, formed by partial melting of pelites in the DCHZ, underwent fractional crystallization to form fluid-enriched mag-
mas, which migrated, assimilated, and intruded into the Jiuling batholith, forming the Ganfang muscovite granites; (c) residual
magmas continued evolving and formed the Guyangzhai two-mica granites (see text for detailed discussion).
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characteristics of the Ganfang and Guyangzhai intru-

sions are indicative of different episodes of granitic

magmatism that spanned a range of time within the

same magma chamber.

Our model of magmatism in this area involves the

growth of a magma chamber in a deep crustal hot zone

(DCHZ) beneath the South China Block (Fig. 12). The gran-

odioritic magmas generated in the deeper crustal levels of

the DCHZ ascended before stalling in a shallower part of

the upper crust, forming the Shiqiao intrusion. The other

magmas formed by the migration of the melting boun-

dary in the DCHZ and underwent fractional crystallization,

which generated highly differentiated magmas that were

fluid enriched at the top of the magma chamber. Some of

the fluid-enriched highly differentiated magmas migrated

upward, assimilated crustal material, and formed the

Ganfang granites. The rest of the magma in the chamber

continued evolving, producing a similar differentiation

trend to that of the Ganfang magma. This evolved

magma, which also experienced crustal assimilation,

intruded the Ganfang intrusion to form the Guyangzhai

intrusion. This model of magma chamber growth could

account for some of the geochemical and petrographic

variations observed in granitic intrusions elsewhere, as

well as providing insights into the relationship between

highly differentiated granites (e.g. the evolved GF–GYZ

intrusive suite) and possible metallogenesis.
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& Vigneresse, J. L. (2016). Nb–Ta fractionation in peralumi-

nous granites: A marker of the magmatic-hydrothermal
transition. Geology 44, 231–234.

Bau, M. (1996). Controls on the fractionation of isovalent trace

elements in magmatic and aqueous systems, evidence from
Y/Ho, Zr/Hf, and lanthanide tetrad effect. Contributions to
Mineralogy and Petrology 123, 323–333.

Bau, M. (1997). The lanthanide tetrad effect in highly evolved
felsic igneous rocks—A reply to the comment by Y Pan.

Contributions to Mineralogy and Petrology 128, 409–412.
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