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ARTICLE INFO ABSTRACT

Keywords: South China is famous for its large-scale mineralization genetically related to widespread Mesozoic granites. The
Mineralogy Jiulongnao complex is one of the largest intrusions in southern Jiangxi Province, and is closely associated with
Geochronology W-dominated polymetallic mineralization. The complex comprises four intrusive phases (I-IV). Phase I consists
Geochemistry

of medium- to coarse-grained, biotite granite, whereas medium- to coarse-grained, porphyritic, biotite granite
and muscovite-bearing granite comprise Phase II. Phase III is composed of medium- to fine-grained, porphyritic,
biotite granite and Phase IV consists of medium- to fine-grained, garnet- and biotite-bearing granite. These
intrusive phases have LA-ICP-MS zircon U-Pb ages of 160.9 + 0.6 Ma, 158.6 + 0.7 Ma, 157.0 + 1.5Ma and
154.1 = 1.2 Ma, respectively. All of the granites are enriched in Rb, Th, U, Ta and Pb, and significantly depleted
in Eu, Ba, Nb, Sr, P and Ti. They have eyg(t) and enq(t) values ranging from —17.9 to —8.2, and —10.7 to —9.8,
respectively, with two-stage Hf model ages of 1.7-2.3 Ga. They are S-type granites derived by partial melting of
Paleo-Proterozoic metasedimentary rocks. The four phases have T, of 746-760 °C, 712-802 °C, 798-810 °C, and
648-731 °C, respectively. Oxygen fugacities of Phases I to III display a decreasing trend but Phase IV has much
higher oxygen fugacity in its early stage, which decreased in the late stage. The four phases have different
accessory mineral assemblages: Phase I is characterized by an assemblage of zircon, apatite, fergusonite, thorite
and uraninite, whereas Phase II is rich in thorite, uraninite, REE-bearing minerals (e.g., monazite, fergusonite
and xenotime) and fluorite. Monazite is the main accessory mineral in Phase III, whereas Phase IV contains a
wide range of minerals, including thorite, uraninite, Nb-Ta-bearing minerals (e.g., fergusonite and pyrochlore),
cassiterite and rutile. These mineral assemblages, together with other geological and geochemical features,
suggest that W mineralization was genetically related to Phases I, II and IV, whereas U mineralization was most
extensive in Phase II. Sn, Nb and Ta mineralization was associated with the highly fractionated of magmas of
Phase IV.

Jurassic W-dominated deposits
Jiulongnao granitic complex
South China

1. Introduction

Silicate minerals may record the magmatic evolution of igneous
rocks and associated ores. The mineral assemblages and compositions,
coupled with whole-rock geochemistry, can be used to study the nature
of magma sources and tectonic settings (Wones and Eugster, 1965;
Abdel-Rahman and Cuney, 1994; Henry et al., 2005; Yang et al., 2016)
and to trace the magmatic evolution (Robinson and Miller, 1999; Wang
et al., 2001, 2003; Panina et al., 2017). Mineral chemistry is particu-
larly useful for constraining magmatic and mineralization processes.

South China is famous for the abundance of Mesozoic, large-scale,
W-dominated, polymetallic mineralization (Mao et al., 2011; Hu et al.,
2017), and the intensive mineralization is closely related to widespread

Jurassic granites (Chen et al., 1989; Yin et al., 2002; Li et al., 2004;
Zhao et al., 2017a), one of which is the Jiulongnao complex in southern
Jiangxi Province. In the Jiulongnao area, vein-type W deposits (e.g.,
Zhangdongkeng and Meishuping), skarn-type W deposits (e.g., Tian-
jingwo), greisen-type W deposits (e.g., Hongshuizhai) and hydro-
thermal U, Nb-Ta and Au-Ag mineralization (e.g., No. 321, Tianjingwo
and Shuangba) coexist in, or adjacent to, the Jiulongnao complex
(Fig. 2). The mineralization occurred at 151.1-158.3 Ma (Feng et al.,
2011a; Guo et al., 2011b; Li et al., 2014; unpublished data of our
project). The age of the first phase of the Jiulongnao complex was re-
ported to be 151.1-156.2Ma (Feng et al., 2011a; Guo et al., 2011a;
Wang et al., 2017a,b), but the respective ages of the other phases and
the relationship between granites and polymetallic mineralization are
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Fig. 1. (a) A schematic tectonic framework of South China; (b) Distribution of Jurassic granites and medium- to large-scale W-Sn deposits in southern Jiangxi Province.

still poorly constrained.

In this contribution, we present the results of a systematic study of
the rock-forming and accessory mineral compositions, whole-rock
geochemistry and zircon U-Pb dating of the four phases of the
Jiulongnao complex. We use these new data to constrain the empla-
cement ages of the intrusive phases, discriminate the granite types and
sources, and address the physicochemical conditions that existed during
magmatic evolution. We also present a preliminary discussion of the
mineralization processes.
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2. Regional geology

The South China Block (SCB) comprises the Yangtze Block in the
northwest and the Cathaysian Block in the southeast (Fig. la). Ex-
tensive Mesozoic felsic magmatism in this region was associated with
W, Sn, Mo, Bi, U, Nb, Ta, REE, Cu, Pb and Zn mineralization (Gilder
etal., 1991; Zhou and Li, 2000; Mao et al., 2011). The Mesozoic granitic
rocks in South China are mostly concentrated in the southeastern part
of the region, including Zhejiang, Fujian, Jiangxi, Guangdong and
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Fig. 2. Geological map of the Jiulongnao complex in southern Jiangxi Province, South China (modified after 1:200,000 geological map and 1:100,000 mining authority map of Chongyi

Zhangyuan Tungsten Co., Ltd).
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Fig. 3. Contact relations of different phases of the Jiulongnao complex. (a) Phase II intruded Phase I, with a chilled margin in Phase II; (b) Phase III intruded Phase I, with Phase I
xenoliths in Phase III; (c) Phase IV intruded Phase I; (d)-(g) Phase IV intruded Phase III, with a chilled margin and Phase III xenoliths in Phase IV; (h) Sharp boundary between Phases III
and IV. (a), (b) and (d) from an internal report of Geological Survey Party of South Jiangxi Province.

Hunan provinces, where they have a total outcrop area of
~218,090 km?. These granites were mainly intruded during two per-
iods, i.e. the Indosinian Period (251-205Ma) and the Yanshanian
Period (180-67 Ma) (Zhou et al., 2006; Faure et al., 2017).

The Nanling Range within the SCB is well known for its extensive
Jurassic to Cretaceous magmatic activity, which produced granitic
plutons with an aggregate outcrop area of about 64 x 10>km? (Zhou
et al., 2006). The distribution of these plutons was mainly controlled by
the Chenxi-Bobai, Changle-Nan’ao and Lishui-Haifeng faults, and they
become younger and larger from the northwest to the southeast (Chen
et al., 1989; Wang et al., 2007).

In southern Jiangxi Province, multi-stage intrusions are exposed
over about 30% of the entire area, and three periods of tectono-mag-
matism are recognized: the Caledonian Period (Cambrian-Silurian),
Indosinian Period (Late Permian-Triassic) and Yanshanian Period
(Jurassic-Early Cretaceous). Caledonian granites mainly occur as small
intrusions, stocks and sill-like bodies. Indosinian biotite and two-mica
granites occur as batholiths and stocks. Yanshanian granites are
dominant and occur as complex batholiths, stocks and dykes (Fig. 1b).
Emplacement of these granites is controlled by lattice faults with EW-,
NS-, NW- and NE-directions. Sedimentary strata in this region are
mainly Sinian, Cambrian, Ordovician, Devonian, Carboniferous, Per-
mian, Triassic, Tertiary and Quaternary in age. They are usually divided
into three units: (1) A folded basement sequence comprising the Sinian-
Cambrian-Ordovician Systems, which is dominated by flysch-like me-
tasandstone and slate, with some lenses of limestone; (2) A folded cover
sequence composed of Devonian-Carboniferous-Permian-Triassic clastic

416

and carbonate rocks, with locally interlayered silicalites; and (3) Ter-
tiary-Quaternary Systems consisting of discontinuous sedimentary se-
quences. The Sinian-Cambrian-Ordovician strata are the main ore-
bearing host rocks, containing crevasse- and quartz vein-type, W-Sn
deposits and skarn-type Sn-Ag-polymetallic deposits.

The Jiulongnao complex is located in southern Jiangxi Province, in
the middle section of the E-W-trending Nanling Range, within the
Cathaysian Block. The complex was emplaced into Sinian, Cambrian,
Ordovician and Devonian strata, and was controlled by NE-, NW-, NS-,
EW- and NNE-trending folds and faults. Granites of later phases com-
monly intrude earlier phases. Boundaries between the different phases
of granites are typically distinct, and marked by rapid changes in li-
thology (Fig. 3). Chilled margins and xenoliths can be observed in late-
phase bodies. On the basis of crosscutting relationships, the Jiulongnao
complex can be divided into four phases. Medium- to coarse-grained,
biotite granite comprises Phase I. Phase II consists of medium- to
coarse-grained, porphyritic, biotite- and muscovite-bearing granite.
Phase III is composed of medium- to fine-grained, porphyritic, biotite
granite and Phase IV of medium- to fine-grained, garnet- and biotite-
bearing granite. Detailed mineralogical and petrographic features of the
different granites are summarized in Table 1.

In the Jiulongnao ore field, quartz vein- and greisen-type W deposits
and hydrothermal U and Nb-Ta mineralization occur in granitic rocks,
whereas quartz vein-type W-Sn deposits occur in the Sinian-Cambrian
strata and skarn-type W deposit in Ordovician carbonates (Feng et al.,
2011a; Guo et al., 2011a,b; Wang et al., 2016, 2017a,b; Zhao et al.,
2017a,b).
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Table 1

Lithology and mineralogy of granites in the Jiulongnao complex.
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Sample

Lithology

Color

Texture

Rock-forming minerals

Accessory
minerals

Phase I

Phase II

Phase III

Phase IV

JLN-22
JLN-23
JLN-24
JLN-25

DYL601-180-1
DYL601-180-2
DYL801-36-1
DYL801-36-2
DYL801-160-1
DYL801-160-2

JLN-1
JLN-2
JLN-11
JLN-12
JLN-13
JLN-14

JLN-6
JLN-7
JLN-8
JLN-15
JLN-16
JLN-17
JLN-18

Biotite granite

Biotie granite

Biotite granite

Biotie granite

Garnet- and

biotite-bearing

biotite granite

Gray

Light salmon-
pink
Gray

Gray

Gray

Medium- to
coarse-grained
granitic texture

Porphyritic-like
texture, medium-
to fine-grained
texture for
groundmass

Porphyritic-like
texture, medium-
to fine-grained
texture for
groundmass

Medium- to fine-
grained granitic
texture

Quartz (45% =+ ,
anhedral, 4-8 mm), K-
feldspar (28% = ,
subhedral-snhedral,

3 x 3cm?-2 x 1cm?),
plagioclase (20% =+,
euhedral,

2.5 x 1mm*-5 X 2m-
m?), biotite (7% =* ,
euhedral-subhedral-
anhedral, 2-5 mm)

Phenocrysts: quartz
(5% = , subhedral-
anhedral, 5-8 mm), K-
feldspar (10% = ,
euhedral,

2% 0.8cm? +)
Groundmass: quartz
(30% =+, anhedral,
1-3.5 mm), K-feldspar
(35% =+, subhedral,
3.5 x 3mm? + ),
plagioclase (13% +,
euhedral,

2.5 x 1 mm? + ), biotite
(5% = , eubhedral-
anhedral,

1.5 x 1mm>5 X 3m-
mz), muscovite (2% =+,
anhedral)

Phenocrysts: quartz
(1-5%, anhedral,

4-7.5 mm), K-feldspar
(10% =, euhedral,
5-10 mm), plagioclase
(2-8%, euhedral,

5-10 mm)

Groundmass: quartz
(44-50%, subhedral-
anhedral, 0.5-2 mm), K-
feldspar (15-18%,
subhedral-anhedral,

2 X 1mm>-6 X 4mm?),
plagioclase (13-22%,
euhedral-subhedral,

1.5 X 0.6 mm>-2.5 X 2-
mm?), biotite (5-7%,
subhedral-anhedral,
0.5-2.5 mm)

Quartz (40-50%,
subhedral-anhedral,
0.5-2.5 mm), K-feldspar
(22-24%, subhedral-
anhedral, 1.5 x 1 mm?),
plagioclase (23-30%,
euhedral-subhedral,

0.5 X 0.5mm?-2 x 1.5-
mm?), biotite (3-4%,
anhedral, 0.5-2 mm),
garnet (1% = , euhedral,
0.3-1.5mm)

Zircon, apatite,
fergusonite,
uraninite

Zircon, apatite,
fluorite,
monazite,
fergusonite,
xenotime,
thorite,
uraninite

Zircon, apatite,
ilmenite,
monazite,
allanite, thorite

Zircon, apatite,
rutile,
monazite,
fergusonite,
xenotime,
pyrochlore,
uraninite,
cassiterite
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Fig. 4. Cathodoluminescence images and concordia diagrams of zircon U-Pb data for
representative granites of the Jiulongnao complex. (a)-(b) Phase I (JLN-22); (¢)-(d) Phase
1I (DYL801-36-2); (e)-(f) Phase III (JLN-11); (g)-(h) Phase IV (JLN-15). Circles denote the
LA-ICP-MS analyses for U-Pb dating, and ellipses indicate the LA-ICP-MS Lu-Hf analysis
spots.

3. Analytical methods
3.1. LA-ICP-MS zircon U-Pb-Hf analysis

Zircons for U-Pb analysis were separated by conventional magnetic
and density techniques and then handpicked under a binocular micro-
scope. The grains were mounted in an epoxy disc and polished to ap-
proximate half their thickness. The grains were examined under
transmitted and reflected light, and cathodoluminescence (CL) images
were used to select spots for U-Pb isotope analyses.

Zircon U-Pb dating was conducted by laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) at the MLR Key
Laboratory of Metallogeny and Mineral Assessment, Institute of Mineral
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Resources (IMR), Chinese Academy of Geological Sciences (CAGS),
Beijing, using a Thermo Neptune MC-ICP-MS and the associated
Newwave UP213 laser ablation system. The analytical spots are 30 pm
in diameter. Each analysis incorporated a background acquisition of
approximately 15s (gas blank) followed by 45s data acquisition from
the sample. See Hou et al. (2009) for details of the analytical proce-
dures. Data processing was conducted with the ICPMSDataCal program
(Liu et al., 2010), and the zircon concordia age diagrams were obtained
using the Isoplot 3.0 program of Ludwig (2003). The tested accuracy of
207ph,/206ph, 206pb/238y and 2°Pb/**>U from uniform zircon grains
(20) is about 2% and the standard zircon dating precision and accuracy
is at 1% (20). The standard zircon Plesovice was dated as an unknown
and yielded a weighted mean 2°°Pb/?*®U age of 337.13 + 0.37 Ma
(Slama et al., 2008).

Zircon Hf isotope analyses were carried out in-situ using a
NewWave UP213 laser-ablation microprobe, attached to a Thermo
Neptune multi-collector ICP-MS at the National Research Center for
Geoanalysis (NRCG), CAGS. Instrumental conditions and data acquisi-
tion techniques have been comprehensively described by Hou et al.
(2007). Lu-Hf isotopic measurements were carried out on the same
zircon grains previously analyzed for U-Pb isotopes, with ablation pits
of 20 um in diameter, a repetition rate of 4 Hz, and an ablation time of
32s. Zircon Plesovice was used as the reference standard during the

analyses, and yieldled a weighted mean '7°Hf/'”’Hf ratio of
0.282480 = 30 (20), agreeing well with the published value
(0.282482 + 13) (Slama et al., 2008).

3.2. Whole-rock major and trace element and Sr-Nd isotope analyses

Whole-rock major and trace element compositions were determined
at NRCG, CAGS. Major element analyses were determined by X-ray
fluorescence spectrometry (XRF) using fused glass discs, with precisions
of 1-2%. Trace element analyses were determined by inductively cou-
pled plasma-mass spectrometry (ICP-MS) (PE-300D). Precision for most
trace elements was generally better than 5% RSD (relative standard
deviation), and the measured values Zr, Hf, Nb and Ta are within 10%
of the certified values. The detailed sample preparation, instrument
operating conditions, and calibration procedures followed those es-
tablished by Qi et al. (2000).

Sr and Nd isotopic ratios were measured using the MAT262 mass
spectrometer and Nu Plasma HR MC-ICP-MS, respectively, at the Key
Laboratory of Isotope Geology, Institute of Geology (IG), CAGS fol-
lowing the procedure of He et al. (2007). The measured %”Sr/%%Sr and
143Nd/1*Nd ratios were corrected for mass fractionation using
88gr/86gr = 8.37521, and '*°Nd/!**Nd = 0.7219, respectively. During
the period of data collection, the measured values for SRM 987 SrCO;
and GSB 04-3258-2015 standards were %7Sr/%6Sr = 0.710231 + 12
(20), and '**Nd/***Nd = 0.512439 + 10 (20), respectively.

3.3. In-situ EPMA and fs-LA-ICP-MS analyses of minerals

Major element compositions of minerals were determined with a
JEOL-JXA-8230 electron microprobe at the IMR, CAGS. Prior to ana-
lysis, thin sections were carbon coated to create a conductive surface.
The electron microprobe was operated with an accelerating voltage of
15KV, a current of 20nA, and an electron beam with a diameter of 5 or
1 pm, according to mineral grain size. Natural minerals and synthetic
glasses were used as standards. ZAF corrections were applied to the raw
data.

Trace elements of minerals were measured at NRCG, CAGS. Laser
sampling was carried out by fs-LA-ICP-MS, using a femto-second laser
ablation system (ASI J200) coupled to an inductively-coupled mass
spectrometer (Thermo X series II). Helium was used as the carrier gas,
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Table 3
LA-ICP-MS zircon Lu-Hf data for granites of the Jiulongnao complex.

Spot tMa)  7°Yb/Y7Hf  YCLu/Y7Hf  YCHf/YHf 20 e C7°HE/Y7HE);  end0)  engt) frome Topm(Ga)
Phase I JLN-22-3 159.8  0.039877 0.001412 0.282340 0.000016  1.002987921  0.282336 -153 -119 -0.96 2.0
JLN-22-4 157.4  0.033664 0.001153 0.282312 0.000018  1.00294298 0.282309 -163 —129 -0.97 2.0
JLN-22-6 161.5  0.060327 0.002120 0.282350 0.000015  1.003019755  0.282344 -149 -116 -094 1.9
JLN-22-9 160.0  0.044659 0.001534 0.282334 0.000017  1.002991666  0.282329 -155 —122 -0.95 2.0
JLN-22-10 156.1  0.118787 0.004004 0.282338 0.000019  1.002918638  0.282326 -154 -123 -0.88 2.0
JLN-22-11 159.8  0.035697 0.001243 0.282313 0.000018  1.002988592  0.282309 -16.2 —-129 -0.96 2.0
JLN-22-12 160.9  0.032818 0.001135 0.282308 0.000016  1.003008621  0.282305 -164 —13.0 -097 2.0
JLN-22-13 161.9  0.052215 0.001839 0.282390 0.000018  1.003027919  0.282385 -135 -101 -0.94 1.8
JLN-22-15 164.7  0.037786 0.001331 0.282358 0.000019  1.003080289  0.282354 -146 -11.2 -096 1.9
JLN-22-17 161.1  0.026275 0.000918 0.282356 0.000018  1.003012502  0.282353 -147 -11.3 -097 1.9
JLN-22-20 163.6  0.061370 0.002179 0.282284 0.000017  1.003059081  0.282278 -17.2  -139 -093 21
JLN-22-22 162.6  0.055967 0.001923 0.282310 0.000018  1.003040262  0.282305 -163 —13.0 -0.94 2.0
JLN-22-23 160.5  0.023393 0.000807 0.282366 0.000015  1.003001623  0.282364 -143 -109 -098 1.9
JLN-22-27 163.3  0.057875 0.001959 0.282333 0.000018  1.003054078  0.282327 -155 —121 -0.94 2.0
Phase I DYL801-36-2-1 161.5  0.041899 0.001411 0.282318 0.000013  1.003019755  0.282314 -161 -127 —-0.96 2.0
DYL801-36-2-2 158.6  0.033692 0.001110 0.282300 0.000015  1.00296545 0.282297 -167 -133 -097 20
DYL801-36-2-4 156.0  0.021344 0.000754 0.282316 0.000017  1.002916766  0.282314 -161 -128 -0.98 2.0
DYL801-36-2-6 161.5  0.039291 0.001347 0.282333 0.000015  1.003019755  0.282329 -155 —121 -0.96 2.0
DYL801-36-2-7 159.3  0.045989 0.001501 0.282346 0.000018  1.002978558  0.282342 -151 -11.7 -095 1.9
DYL801-36-2-8 157.3  0.021464 0.000723 0.282355 0.000017  1.002941108  0.282353 -147 -114 -098 1.9
DYL801-36-2-9 159.3  0.033888 0.001162 0.282281 0.000017  1.002978558  0.282277 -174 -140 -096 2.1
DYL801-36-2-10  159.3  0.021758 0.000724 0.282353 0.000016  1.002978558  0.282351 -148 -114 -098 1.9
DYL801-36-2-12  158.7  0.030789 0.001050 0.282350 0.000017  1.002967323  0.282347 -149 -11.5 -097 1.9
DYL801-36-2-13  161.2  0.046858 0.001480 0.282346 0.000018  1.003014137  0.282341 -151 -11.7 -0.96 1.9
DYL801-36-2-14  158.9  0.036190 0.001181 0.282358 0.000016  1.002971068  0.282354 -147 -11.3 -096 1.9
DYL801-36-2-15  158.5  0.029368 0.000971 0.282335 0.000016  1.002963578  0.282332 -155 —121 -0.97 2.0
DYL801-36-2-16  158.8  0.030217 0.000999 0.282351 0.000018  1.002969195  0.282348 -149 -115 -097 1.9
DYL801-36-2-18  156.7  0.032218 0.001041 0.282378 0.000016  1.002929873  0.282375 -139 -106 -0.97 1.9
DYL801-36-2-22  158.0  0.023703 0.000803 0.282370 0.000016  1.002954215  0.282368 -142 -108 -098 1.9
DYL801-36-2-23  157.0  0.046766 0.001541 0.282307 0.000017  1.00293549 0.282302 -165 —132 -095 2.0
DYL801-36-2-26  160.7  0.033340 0.001130 0.282331 0.000018  1.003004774  0.282327 -156 —122 —-0.97 2.0
DYL801-36-2-27  158.0  0.044937 0.001393 0.282229 0.000016  1.002954215  0.282225 -19.2 -159 -0.96 2.2
DYL801-36-2-28  156.0  0.030671 0.001019 0.282340 0.000017  1.002916766  0.282337 -153 -120 -0.97 2.0
DYL801-36-2-29  158.0  0.038064 0.001230 0.282374 0.000017  1.002954215  0.282370 -141 -107 -0.96 1.9
DYL801-36-2-30  156.5  0.026422 0.000833 0.282314 0.000017  1.002926128  0.282311 -162 —129 -0.97 2.0
DYL801-36-2-24  310.7  0.026785 0.000904 0.282378 0.000016  1.005817626  0.282373 -139 -7.3 -097 1.8
Phase Il JLN-11-1 157.9  0.020178 0.000724 0.282293 0.000017  1.002952512  0.282291 -169 -136 -098 2.1
JLN-11-2 152.1  0.024446 0.000856 0.282319 0.000020  1.002844263  0.282316 -160 —128 -0.97 2.0
JLN-11-3 155.7  0.042841 0.001373 0.282391 0.000019  1.002911331  0.282387 -135 -102 -0.96 1.8
JLN-11-4 157.2  0.082629 0.002640 0.282420 0.000021  1.002940028  0.282412 -125 -9.3 -092 1.8
JLN-11-6 157.8  0.052475 0.001684 0.282435 0.000019  1.002950368  0.282431 -11.9 -86 -095 1.7
JLN-11-7 155.9  0.034132 0.001144 0.282422 0.000021  1.002914666  0.282419 -124 -9.1 -097 1.8
JLN-11-12 156.1  0.045102 0.001535 0.282426 0.000024  1.002917716  0.282422 -122 -9.0 -0.95 1.8
JLN-11-13 158.8  0.025180 0.000913 0.282341 0.000017  1.002968424  0.282338 -152 -11.9 -097 2.0
JLN-11-14 155.3  0.041192 0.001416 0.282294 0.000017  1.002903457  0.282290 -169 -136 -096 2.1
JLN-11-17 152.0  0.058130 0.001962 0.282417 0.000021  1.002842718  0.282411 -126 —9.4 -094 1.8
JLN-11-18 157.9  0.029848 0.001053 0.282358 0.000019  1.002952485  0.282355 -146 —-11.3 -097 1.9
JLN-11-21 156.0  0.042037 0.001427 0.282173 0.000024  1.002916766  0.282169 -212 -179 -096 23
JLN-11-23 157.2  0.030389 0.001079 0.282330 0.000018  1.002939235  0.282327 -156 —123 -097 2.0
JLN-11-25 159.8  0.046898 0.001575 0.282445 0.000025  1.002987921  0.282440 -11.6 8.2 -095 1.7
JLN-11-30 158.0  0.038369 0.001275 0.282316 0.000020  1.002954215  0.282313 -161 -128 -0.96 2.0
JLN-11-33 158.8  0.017601 0.000545 0.282323 0.000015  1.002969195  0.282321 -159 -125 -0.98 2.0
JLN-11-36 157.0  0.020752 0.000746 0.282344 0.000014  1.00293549 0.282342 -151 -11.8 -0.98 1.9
JLN-11-37 159.5  0.055972 0.001908 0.282408 0.000019  1.002982303  0.282402 -129 -96 -094 1.8
Phase IV JLN-15-2 154.3  0.035277 0.001178 0.282302 0.000020  1.002884934  0.282299 -166 —133 -096 2.0
JLN-15-3 153.1  0.031315 0.001043 0.282357 0.000017  1.002862466  0.282354 -147 -114 -097 1.9
JLN-15-5 153.8  0.091835 0.003199 0.282330 0.000015  1.002875573  0.282321 -156 —126 —0.90 2.0
JLN-15-6 154.4  0.068784 0.002410 0.282293 0.000022  1.002886807  0.282286 -169 -138 -093 21
JLN-15-8 158.2  0.036098 0.001209 0.282418 0.000018  1.00295796 0.282414 -125 -9.2 -096 1.8
JLN-15-9 157.0  0.023123 0.000789 0.282320 0.000017  1.00293549 0.282317 -160 -—126 -0.98 2.0
JLN-15-12 157.9  0.079431 0.002517 0.282373 0.000023  1.002952343  0.282365 -141 -109 -092 1.9
JLN-15-13 156.6  0.035133 0.001142 0.282286 0.000017  1.002928 0.282283 -17.2  -139 -097 21
JLN-15-14 1521 0.021059 0.000736 0.282325 0.000015  1.002843743  0.282323 -158 -126 -0.98 2.0
JLN-15-16 152.8  0.047325 0.001631 0.282344 0.000017  1.002856849  0.282339 -151 -120 -0.95 2.0
JLN-15-17 154.9  0.053090 0.001786 0.282421 0.000018  1.002896169  0.282416 -124 -9.2 -095 1.8
JLN-15-19 1525  0.041393 0.001404 0.282378 0.000021  1.002851232  0.282374 -139 -107 -0.96 1.9
JLN-15-20 157.3  0.046996 0.001522 0.282381 0.000015  1.002941108  0.282377 -138 -105 -0.95 1.9
JLN-15-28 150.2  0.067596 0.002211 0.282357 0.000017  1.00280817 0.282351 -147 -116 -0.93 1.9
JLN-15-31 155.6  0.048215 0.001636 0.282345 0.000018  1.002909276  0.282340 -151 -11.9 -095 2.0
JLN-15-37 155.6  0.105065 0.003446 0.282346 0.000020  1.002909276  0.282336 -151 -120 -0.90 2.0
JLN-15-40 164.2  0.056654 0.002027 0.282353 0.000011  1.003070318  0.282347 -148 -114 -094 1.9
JLN-15-33 231.4  0.029060 0.000817 0.282260 0.000025  1.004329584  0.282257 -181 -131 -098 2.1
JLN-15-10 3741  0.048122 0.001582 0.282740 0.000021  1.007008895  0.282729 -1.1 6.7 -0.95 0.9
JLN-15-11 309.3  0.020450 0.000860 0.283021 0.000018  1.005791336  0.283016 8.8 15.4 -0.97 0.3
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Table 4 (continued)

JLN-16 JLN-17 JLN-18

JLN-8

JLN-7

JLN-12 JLN-13 JLN-14 JLN-6

JLN-2

JLN-1

DYL801-36-1 DYL801-36-2 DYL801- DYL801-
160-2

DYL601-
180-2

JLN-22 JLN-23 JLN-24 JLN-25 DYL601-

Sample

160-1

180-1

Phase IV

Phase III

Phase II

Rock type Phase I

7.50
1.38
10.3

5.61
1.00
7.71
1.16
3.42
54.5

5.53
0.98
7.11
1.01
1.80
54.4

9.25
1.85
15.7

7.32
1.45
11.8

11.8

2.55
0.37
2.51
0.38
3.38
24.9

2.21
0.31
2.16
0.32
3.28
21.9

2.19
0.30
2.04
0.29
3.03
20.1

2.88
0.41
2.74
0.40
3.43
27.4

3.21
0.45
2.98
0.43
3.58
30.3

9.11
1.49
10.2

6.37
1.02
7.28
1.13
5.78
57.0

6.99
1.13
7.76
1.20
5.53
65.1

6.70
1.10
7.62
1.17
5.70
63.0

7.94
1.31
9.06
1.43
6.30
69.6

8.16
1.32
9.21
1.41
7.51
79.2

5.99
0.96
6.73
0.98
4.25
60.2

5.64
0.87
6.34
0.89
4.06
55.3

5.04
0.84
5.69
0.89
4.08
52.6

5.44
0.87
6.36
0.93
4.58
54.1

Er

241
20.1

Tm
Yb

1.56
3.95
73.0

2.60
3.78
57.9

1.96
3.36
47.8

3.29
2.82
71.4

1.55
6.95
83.2

Lu

Sc

1.09
1.13
683

1.08
1.12
704

1.08
1.12
648

1.09
1.15
727

1.08
1.15
731

1.08
1.14
726

1.18
1.27
810

1.15
1.27
799

1.17
1.29
802

1.18
1.31
798

1.17
1.31
804

1.03
1.18
746

1.05
1.22
712

1.04
1.19
737

1.03
1.19
726

1.06
1.25
802

0.97
1.24
720

1.06
1.22
754

1.07
1.25
759

1.07
1.24
746

1.10
1.27
760

A/CNK
A/NK
Tz(°C)
Nb/Ta
Rb/Sr
Zr/Hf
YZREE

1.09
75.4

0.57
66.8

0.81
95.3

2.63
349

2.62
379

2.61
434

6.23
4.53
27.4
257

6.98
4.19
29.0
250

7.40
3.96
29.0
253

7.41
4.46
29.1
239

7.57
4.18
29.7
264

1.30
23.4

1.39
27.6

1.47
17.7

1.39
20.0

1.58
17.8

1.44
14.6

3.37 4.40 3.79
10.5 121

10.5

3.56

12.4
2

8.30
71.2

11.2 6.09 4.71
61.0 66.5

11.7

10.6

17.4
126

16.8
123

19.4
138

19.1
129

19.1
127

17.9
124

20.8 20.4 20.2
115 148

117

1.6

52.6 55.8

69.1

120

0.45
1.28
0.39
0.04

0.68
1.55
0.41

0.59
1.27
0.48

0.10
1.02
0.14

0.12
0.82
0.21

0.09
0.91
0.14

13.6 19.5 18.0 16.5

14.1

0.95
1.29
0.78
0.07

1.75
2.09
0.78
0.09

1.75
1.86
0.91
0.09

1.71
1.97
0.83
0.11

1.29
1.82
0.72
0.09

1.16
1.63
0.75
0.11

2.53
2.25
0.88
0.14

1.85
1.83
0.83
0.15

2.24
2.03
0.89
0.17

99
97

1.

(La/Yb)n

4.97
1.64
0.32

4.85
2.10
0.31

4.83
2.33
0.31

4.68
1.64
0.32

4.68
1.75
0.29

1.

(La/Sm)y
(Gd/Yb)y

S8Eu

0.81
0.15

1.d.1.: lower than detection limits; LOI: loss on ignition.

Al,03/(Nay0 + K,0) (molar ratio); Tz(°C) = 12,900/(2.95 + 0.85 X M +1n(49,600/Zr ne1r)) (Watson and Harrison, 1983), where M = cation ratio (Na + K+2 X Ca)/(Al X Si) in whole

Al,03/(Ca0 + Na,0 +K,0) (molar ratio); A/NK =

A/CNK
rock.
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Fig. 5. Plots of A/CNK vs A/NK diagram of rocks from the Jiulongnao complex (after
Peccerillo and Taylor, 1976).

with a gas-flow of 0.87 L/min, and argon as the make-up gas; the two
were mixed via a T-connector before entering the ICP. The repetition
rate was 8 Hz, laser wavelength 343 nm, beam spot size 50 ym (dia-
meter), and the laser power was ~49mJ/cm? Each analysis in-
corporated a 30 s background acquisition (gas blank) followed by a 50 s
data acquisition from the sample. NIST SRM 610 and 612 glasses were
used as standard reference materials, and analyzed prior to and after
the sample measurements. The NIST SRM 612 was used as an external
standard and the average SiO, contents of minerals were used as an
internal standard. The data were processed using the ICPMSDataCal
program (Liu et al., 2008).

4. Analytical results
4.1. Zircon U-Pb dating

Four samples, one each from the four phases of the Jiulongnao
complex, were dated using LA-ICP-MS (Table 2).

Zircons from the Jiulongnao complex are euhedral, mostly
~100-200 um in length, with length-width ratios of 1:1 to 4:1. All of
the grains show clear oscillatory zoning (Fig. 4), and have variable Th
(58-3227 ppm) and U (131-6676 ppm), with average Th/U ratios of
0.40-0.77. The high Th/U ratios and the oscillatory zoning are in-
dicative of their magmatic origin (Rubatto, 2002).

Zircons from JLN-22 of Phase I, DYL801-36 of Phase II, JLN-11 of
Phase III, and JLN-15 of Phase IV yield weighted mean 2°°Pb/***U ages
of 160.9 * 0.6Ma, 158.6 = 0.7Ma, 157.0 = 1.5Ma and
154.1 = 1.2Ma, respectively (Fig. 4), which can be regarded as the
emplacement ages of the four phases.

4.2. Zircon Hf isotopes

In-situ zircon Hf data of the four dated samples are listed in Table 3.
Zircons of Phases I-IV have initial '7°Hf/'”’Hf ratios of
0.282278-0.282401, 0.282225-0.282375, 0.282169-0.282440 and
0.282283-0.282416, respectively, and epgt) values ranging from
-13.9to —9.5, =159 to —10.6, —17.9to —8.2and —13.9 to —9.1,
respectively. Two-stage Hf model ages (Topy) are 1.8-2.1Ga,
1.9-2.2 Ga, 1.7-2.3 Ga and 1.8-2.1 Ga, respectively.



N.-X. Guo et al.

1000

OPhasel APhase I11
OPhase II XPhase IV

Sample/Chondrite

01 N " L N " " N " N N N N
La Ce Pr NdSmEuGd Tb Dy Ho Er TmYb Lu
10000

b OPhasel A Phase 111
OPhase II XPhase IV

Sample/Primitive mantle

X0 |

RbThNb K Ce Pr P ZrSmTi Tb Y ErYb
Ba U Ta La Pb SrNd Hf EuGd Dy HoTmLu

Fig. 6. (a) Chondrite-normalized REE patterns and (b) primitive mantle-normalized trace
elements diagrams of rocks from the Jiulongnao complex. The normalization values are
from Sun and McDonough (1989).
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Table 5
Sr-Nd isotopes for granites of the Jiulongnao complex.
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4.3. Whole-rock major and trace element compositions

Whole-rock major and trace element analytical results of 21 samples
from the Jiulongnao complex are listed in Table 4.

All the rocks have high SiO, contents ranging from 74.13 wt% to
79.13 wt%. Alkali contents are also high (Na,O+K,0 = 7.33-8.79 wt
%), and K0 is always higher than Na,O (K;0/Na,0O = 1.04-2.38). A
plot of A/NK vs. A/CNK (A/NK = molar ratios of Al;03/(K,0 + Na,0);
A/CNK = molar ratios of Al;03/(CaO + K,0+ Na,0)) shows that most
samples are peraluminous (Fig. 5).

Rocks of Phases I and II have similar trace element characteristics.
Total REE contents are 115-148 ppm and 123-138 ppm; (La/Yb)y va-
lues are 1.85-2.53 and 0.95-1.75; SEu values are 0.14-0.17 and
0.07-0.11, respectively. Chondrite-normalized REE patterns (Fig. 6a)
are flat with large negative Eu anomalies. Samples of phase III have
high total REE contents ranging from 239 ppm to 264 ppm, with (La/
Yb)y values of 13.6-19.5 and S§Eu values of 0.29-0.32. The REE pat-
terns of these rocks display LREE enrichment with negative Eu
anomalies. Granites of Phase IV have low total REE contents ranging
from 53 to 71 ppm, and low (La/Yb)y and §Eu values of 0.09-0.68 and
0.04, respectively. The REE patterns display HREE enrichment with
negative Eu anomalies. In the primitive mantle-normalized trace ele-
ment diagram (Fig. 6b), all the rocks display negative anomalies in Ba,
Nb, Sr, P, Eu, Zr and Ti and positive anomalies in Rb, Th, U, Ta and Pb.

The Zr/Hf ratios of rocks from the four phases are 20.2-21.6,
16.8-19.4, 27.4-29.8, and 4.7-11.7, respectively, notably lower than
the Zr/Hf ratio of continental crust (36.7) (Rudnick and Gao, 2013).
The Nb/Ta ratios are 3.4-4.4, 1.3-1.6, 6.2-7.6, and 0.6-2.6, respec-
tively, significantly lower than the value of the upper crust (13.4)
(Rudnick and Gao, 2013).

4.4. Whole-rock Sr-Nd isotopes

Whole-rock Sr-Nd isotopic results are listed in Table 5. Samples JLN-
6 and JLN-16 of Phase IV have unrealistically high Rb/Sr and 7Sr/%Sr
ratios so their initial 87Sr/%°Sr ratios cannot be used for further dis-
cussion (Wu et al., 2002). The other samples have low to moderate
initial ”Sr/%6Sr ratios of 0.7046-0.7157, and eyq(t) values ranging from
—10.7 to —9.8.

4.5. Mineral chemistry

4.5.1. Biotite
Biotite occurs as euhedral flakes or irregular grains between

Sample Rb(ppm) Sr(ppm) ®Rb/%%Sr  ¥7Sr/%°sr  + 20  (¥’Sr/%°Sr); Sm(ppm) Nd(ppm) '¥Sm/'*Nd 'Nd/'*'Nd £ 20  ena(®
Phasel  JLN-22 449 36.2 35.9150  0.790584 14 0.7084 5.89 20.6 0.1740 0.512088 7 -10.3
JLN-25 473 39.0 35.1184  0.786877 15 0.7065 6.98 25.6 0.1659 0.512090 6 -10.1
Phase I DYL801-160-1 744 27.0 79.8277  0.886768 14 0.7068 5.61 18.0 0.1895 0.512106 12 -10.2
DYL601-180-1 616 42.2 42,2825  0.806455 15 0.7111 5.99 17.4 0.2093 0.512150 8 -9.8
DYL801-36-1 670 335 57.8919  0.835122 15 0.7046 6.09 19.4 0.1910 0.512095 10 -105
Phase I JLN-1 358 85.6 12.1101 0.742729 14 0.7157 8.26 46.6 0.1079 0.511999 6 -10.7
JLN-13 395 94.2 12,1418  0.742364 13 0.7153 7.38 40.8 0.1101 0.512000 6 -10.7
Phase IV JLN-6 782 1.80 1257.98  \ \ \ 1.74 3.01 0.3518 0.512280 14 -10.0
JL-16 776 8.14 276.04 \ \ \ 3.01 7.56 0.2423 0.512193 9 -9.6

424



N.-X. Guo et al. Ore Geology Reviews 94 (2018) 414-434

~
i

REEs mineral

Fig. 7. Photomicrographs and BSE image of biotite in rocks of Phases I, III and IV of the Jiulongnao complex. (a) Ferribiotite with small apatite inclusions in Phase I granites, (plain
polarized light, PPL); (b) Anhedral ferribiotite filling spaces between quartz and feldspar in Phase III granites, (PPL); (c) Small inclusion of siderophyllite in quartz in Phase IV granites,
(PPL); (d) Siderophyllite with inclusions of rare earth mineral. Ap-Apatite; Bt-Biotite; Chl-Chlorite; Kfs-K-feldspar; Pl-Plagioclase; Qtz-Quartz.

Table 6
FsLA-ICP-MS analyse (ppm) of biotite in granites of the Jiulongnao complex.

Rock Phase I Phase II Phase III Phase IV

Type

Spots JLN-22-  JLN-22- JLN-22- JLN-22- DYL601-180- DYL601-180- JLN-1-3-1 JLN-13- JLN-13- JLN-13- JLN-6- JLN-16-  JLN-16- JLN-16-2-
1-3 3-1 3-2 3-3 1-1-1 1-2-1 10-1 3-3 3-4 10-1 1-4 2-4-1 4-2

included in quartz

Rb 1492 890 2444 2122 913 1785 1430 2135 771 770 5199 5547 2722 3157

Sr 14 5 3 4 9 13 14 5 22 14 7 10 11 7

Y 23 5 3 31 2 2 5 90 237 97 102 22 6499 13

Nb 167 271 269 329 168 234 371 373 238 339 462 420 7467 403

Mo Ld.l Ld.l 1 1 4 2 1 Ld.l Ld.l Ld.l 1 Ld.l 3 1

Sn 292 399 345 423 426 462 150 166 100 154 525 412 114 126

Cs 145 127 132 117 66 86 92 174 64 90 739 1667 151 155

Ba 85 718 10 549 3791 56 360 188 438 1416 11 27 12 8

La 9 1 1 4 2 3 10 36 184 83 1 5 13 Ld.L

Ce 9 1 1 10 3 5 14 41 52 31 3 7 60 1

Pr 3 Ld.l Ld.l 3 Ld.l 1 2 11 39 21 Ld.l 1 17 Ld.l

Nd 14 2 1 15 2 2 9 47 150 74 2 7 158 1

Sm 5 1 Ld.L 6 Ld.L Ldl 1 15 33 20 2 4 234 1

Eu Ld.l. Ld.l Ld.l Ld.l. Ld.l Ld.l Ld.l 1 3 2 Ld.l. Ld.l Ld.l Ld.l

Gd 5 1 Ld.l 8 1d.1 1d.1 1 15 31 14 3 4 519 1

Tb 1 Ld.L Ld.L 1 Ld.lL Ld.L Ld.L 3 6 3 2 1 136 Ld.L

Dy 4 1 Ld.l 7 1d.l Ld.l 1 19 37 21 19 4 1088 2

Ho 1 Ld.l Ld.l 1 Ld.l Ld.l Ld.l 4 8 4 7 1 294 1

Er 2 1 Ld.l 3 1Ld.l Ld.L 1 8 23 11 33 2 782 2

Tm Ld.l Ld.L Ld.L Ld.lL Ld.L Ld.L Ld.L 2 4 2 6 Ld.L 120 Ld.L

Yb 2 Ld.l Ld.l 2 Ld.l Ld.l Ld.l 8 27 15 71 2 723 3

Lu Ld.l Ld.l Ld.l Ld.l Ld.l Ld.l Ld.l 1 4 2 11 Ld.l 98 Ld.l

Ta 61 80 99 85 10 59 59 56 37 47 246 524 801 80

w 5 2 4 5 2 2 5 7 4 6 53 35 452 7

Bi 2 1 Ld.l 1 Ld.l Ld.l Ld.l Ld.l Ld.l Ld.l 13 1 2 Ld.l

Pb 17 16 11 13 10 9 26 49 351 205 117 31 44 15

Th 2 1 2 2 1Ld.l 1 8 2 10 5 8 5 1266 1

U 1 1 1 1d.l 1d.lL Ld.lL 1 2 13 25 4 1 5608 1

1.d.1.: lower than detection limits.



N.-X. Guo et al.

Ore Geology Reviews 94 (2018) 414-434

Fig. 8. Photomicrographs of muscovite in rocks of Phases IT and IV from the Jiulongnao complex. (a) Primary muscovite in granites of Phase IV, (crossed nicols); (b) Secondary muscovite
replacing plagioclase in granites of Phase II, (PPL). Fl-Fluorite; Kfs-K-feldspar; Ms-Muscovite; Pl-Plagioclase; Qtz-Quartz.

feldspar and quartz in granites of Phases I and II (Fig. 7a). In Phases III
and IV, it occurs only as an interstitial mineral (Fig. 7b). Less common
are small, euhedral inclusions of biotite in quartz of Phase IV (Fig. 7c).
Major element compositions of biotite are presented in Guo et al.
(2017). Fs-LA-ICP-MS analyses of trace elements are listed in Table 6.
Biotite from granites of Phases I and III is ferribiotite. Biotite from
granites of Phases II and IV is siderophyllite, whereas biotite of Phase IV
is aluminium-rich (Guo et al., 2017). The total REE contents of biotite

Table 7
FsLA-ICP-MS analyse (ppm) of muscovite in granites of the Jiulongnao complex.

Rock Type  Phae II Phase IV

Spot DYL601- DYL601- DYL601- DYL601- JLN-6-11
180-1-2-2 180-1-2-3 180-1-6-3 180-1-6-4

Occurrence  Primary Ms Secondary Ms Primary Ms

Li 2349 1709 1083 1190 2995

Rb 1996 1675 2377 2381 4102

Sr 13 17 10 7 11

Y 1 2 1 1 5

Nb 47 32 36 35 39

Mo Ld.L Ld.lL Ld.lL Ld.L Ld.l

Sn 368 339 365 332 254

Cs 127 129 129 150 287

Ba 78 90 76 84 11

La 3 3 1 1 1

Ce 4 6 2 2 1

Pr Ld.L Ld.lL Ld.L Ld.L Ld.l

Nd 1 2 1 Ld.L 1

Sm Ld.L Ld.lL Ld.L Ld.L Ld.lL

Eu Ld.L Ld.l Ld.L Ld.L Ld.l

Gd Ld.L Ld.lL Ld.L Ld.L lLd.l

Tb Ld.L lLd.lL Ld.L Ld.L Ld.lL

Dy Ld.l Ld.lL Ld.lL Ld.lL 1

Ho Ld.L Ld.lL Ld.L Ld.L Ld.l

Er Ld.L Ld.lL Ld.L Ld.L 1

Tm Ld.lL Ld.lL Ld.lL Ld.lL Ld.lL

Yb Ld.L Ld.lL Ld.L Ld.L 2

Lu Ld.L Ld.lL Ld.L Ld.L lLdlL

Ta 12 11 9 12 9

w 21 22 15 14 16

Bi Ld.L Ld.l Ld.L Ld.L Ld.lL

Pb 7 7 7 7 17

Th 1 1 1 Ld.l 1

U Ld.L Ld.l Ld.L Ld.L Ld.lL

1.d.L: lower than detection limits.
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from granites of Phases I-IV are 5-61 ppm, 8-12 ppm, 40-599 ppm and
12-4243 ppm, respectively. The significantly high total REE of biotite
from sample JLN-16-2-4-1 of Phase IV was dues to micro-inclusion of
rare earth minerals (Fig. 7d). Most grains have relatively high Rb
contents, up to > 5000 ppm in Phase IV granites. Nb is also relatively
high and generally increases from Phase I to Phase IV.

4.5.2. Muscovite

There are two types of muscovite in the granites of the Jiulongnao
complex: (1) primary muscovite, and (2) secondary muscovite. The
primary grains occur in rocks of Phases II and IV, where they occur
along the margins of ferribiotite grains or as intergranular grains among
feldspar crystals (Fig. 8a). The secondary muscovite replaces feldspar
(Fig. 8b).

The primary muscovite is characterized by high Al,03, FeO and K,0
and very low TiO, and MgO, whereas the secondary grains have higher
Al,0O3 and distinctly lower FeO (Guo et al., 2017). Total REE contents
and most trace elements, except for Li, Rb, Ba and Cs are very low in
both varieties (Table 7).

4.5.3. Plagioclase

Plagioclase in the granites of Phases I, I and IV is all albite with
compositions of Abgg goAn;_190rg.1, whereas that in Phase III is mostly
more calcic oligoclase with compositions of Abgg 78An;1.200r1.19, ac-
companied by a few grains of albite (Guo et al., 2017). Total REE
contents of the plagioclase in granites of Phases I to IV are 16-17 ppm,
21-25 ppm, 10-44 ppm and 7-59 ppm, respectively, and §Eu values are
0.54-5.57, 0.39-0.72, 0.47-6.28 and 0.20-0.24, respectively. Both Rb
and Sr contents are low except in grains from Phase III (Table 8).

4.5.4. K-feldspar

The K-feldspars in the granites of the Jiulongnao complex include
both orthoclase and microcline, whose major element compositions are
similar in all four phases (Guo et al., 2017). Rb contents are relatively
high in all the grains and generally increase from Phase I to Phase IV
with a maximum of 1900 ppm, but Sr contents are all < 100 ppm. Ba
reaches a maximum of 575 ppm in rocks of Phase III and is lower in the
other rocks (Table 8).

4.5.5. Garnet

Garnet is present only in the rocks of Phase IV, where it occurs as
euhedral grains from 0.3 to 1.5mm across. Textural relationships in-
dicate that it crystallized before quartz, feldspar and siderophyllite,
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Table 8
FsLA-ICP-MS analyse (ppm) of feldspar in granites of the Jiulongnao complex.
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Rock Type Phase I Phase II Phase III Phase IV
Spot JLN- JLN- JLN- JLN- DYL601- DYL601- DYL601- DYL601- DYL601- JLN- JLN- JLN- JLN- JLN- JLN- JLN- JLN- JLN- JLN-
22-1- 22-4- 22-4- 22-4- 180-1-3-4 180-1-5-3 180-1-3-3 180-1-5-2 180-1-6-2 13-4- 1-1- 1-2- 13-2- 13-9- 6-10- 16-2- 6-10- 16-1- 16-2-
1 4 2 3 1 2 1 1 2 3 3 2 3 2
Mineral Kfs Kfs Pl Pl Kfs Kfs Pl Pl Pl Kfs Pl Pl Pl Pl Kfs Kfs Pl Pl Pl
Rb 420 1041 26 20 715 750 8 9 42 822 95 11 8 165 1725 1909 124 7 11
Sr 68 30 54 30 23 23 21 19 57 99 230 75 71 151 12 19 14 43 22
Y 3 5 1 5 1 1 1 4 9 15 4 1 1 5 18 1 28 2 1
Zr 17 5 2 22 41 34 14 18 20 3 12 11 11 17 11 8 12 9 14
Nb Ldl lLdl 1 Ld.l Ld.l 1 1 Ld.l 27 10 1 38 2 1 1 11 1 1
Mo 1 Ldl 1 1 2 Ldl Ldl Ld.l Ldl Ldl 1 1 lLdl lLdl 1ldl 1dlL 1 Ld.l
Sn 1 3 1 2 1 2 3 3 2 6 3 1 2 3 4 2 8 1 2
Cs 7 1 1 4 23 Ld.l 1 2 8 7 lLdl Ldl 10 20 67 11 Ldl Ldl
Ba 202 28 4 18 89 72 24 30 34 575 131 13 54 155 8 50 7 23 16
La 2 1 1 4 4 12 7 4 7 9 12 7 3 13 2 2 2 4 2
Ce 3 1 3 6 6 14 11 7 8 5 8 10 4 16 2 2 3 5 3
Pr Ldl Ldl 12 1 1 1 1 1 1 2 1 1 Ldl 3 Ldl ldl 1dl 1 Ld.l
Nd 1 1 1 3 2 11 3 3 4 8 5 2 2 7 1 1 2 2 1
Sm lLdl Ldl 1ldlL 1 Ld.l 2 Ld.l 1 1 2 1 Ldl ldl 1 lLdl 1ldl 1dlL 1 Ld.l
Eu Ldl Ldl 1ldl 1.dl 1dlL Ld.L Ld.l. Ld.lL Ld.lL 1 Ldl 1 Ldl 1 lLdl 1ldl 1dl Ldl LdL
Gd 1 Ldl ldlL 1 Ld.lL 1 Ld.L 2 1 3 1 ldl ldl 1 Ldl 1ldl 1 Ldl Ldl
Tb lLdl Ldl ldl 1lLdl LdlL Ld.l Ld.l Ld.l Ld.l lLdl Ldl ldl 1dl 1ldlL 1ldlL 1dl Ldl Ldl LdL
Dy Ldl Ldl 1.dl 1 Ld.l Ld.L Ld.l. 2 1 3 Ldl ldl 1ldlL 1 3 Ldl 6 lLdl LdlL
Ho Ldl Ldl 1ldl 1.dl 1dlL Ld.L Ld.l Ld.L Ld.lL 1 lLdl ldl 1.dl 1ldlL 2 LdlL 2 lLdl LdlL
Er lLdl Ldl 1ldl 1lLdlL LdL Ld.l Ldl 1 1 2 Ldl ldl 1ldlL 1ldlL 6 Ldl 11 Ldl Ldl
Tm lLdl Ldl 1ldl 1lLdl LdlL Ld.l Ld.l Ld.l Ld.l lLdl Ldl lLdl 1ldlL 1dlL 1 lLdl 3 Ldl Ldl
Yb Ldl Ldl 1ldl 1.dl 1dlL Ld.L Ld.L. 1 1 1 Ldl ldl 1ldlL 1 15 Ldl 25 Ldl LdlL
Lu lLdl Ldl ldl lLdlL LdL Ld.l Ldl Ld.l Ld.l Ldl Ldl ldl 1ldlL 1ldlL 2 Ldl 3 Ldl Ldl
Ta lLdl Ldl 1ldl 1lLdl LdlL Ld.l Ld.l Ld.l Ld.l 4 2 Ldl 2 lLdl Ldl 1ldlL 6 Ldl Ldl
W Ldl Ldl 1ldl 1.dl 1dlL Ld.l Ld.l. Ld.l Ld.L ldl. Ldl 1ldl Ldl LdlL LdlL 1 1 lLdl LdlL
Bi 3 Ldl ldl 1lLdl LlLdl Ld.l Ldl Ldl Ld.l Ldl Ldl ldl 1ldl 1ldlL 1ldlL 1.dl Ldl Ldl LdL
Pb 33 104 17 23 73 80 54 56 13 110 13 28 28 21 179 131 52 47 26
Th 1 2 Ldl 2 1 4 Ld.l 8 Ld.l 4 3 1 1 8 1 1 2 2 1
0) 1 Ldl ldl 1 Ld.l 13 Ld.l 98 Ld.L 3 1 Ldl ldl 1 18 Ldl 1 1 1

1.d.1.: lower than detection limits.

indicating its magmatic origin (Fig. 9a-b). It consists of approximately
equal amounts of almandine (42.18-47.18 M%) and spessartine
(51.09-55.71 M%) (Guo et al., 2017), thus resembling garnets from the
Xihuashan granites, and those occurring in rare-metal granitic pegma-
tites (Wang et al., 2003; Yang et al., 2013). The grains are clearly zoned
with high contents of total REE, W, U, Nb and Ta of 10739, 106, 64,
1144 and 227 ppm, respectively, all of which are strongly depleted in
the rims (Table 9) (Fig. 9c-d).

4.5.6. Fergusonite

Fergusonite occurs as discrete crystals in granites of Phases I and II
and commonly in Phase IV. It forms micro-inclusions (15-100 um) in
quartz, siderophyllite, feldspar and garnet, and in some cases, coexists
with uraninite (Fig. 10c-d). Niobium is a major constituent in this mi-
neral, ranging from 39.19 to 47.58 wt% Nb,Os and 1.52-8.77 wt%
Ta,0s. In addition, the fergusonite contains 0.62-4.03wt% WOs3,
0.47-2.38 wt% ThO,, and 0.89-3.96 wt% UO, (Table 10).

4.5.7. Uraninite

Uraninite occurs in granites of all four phases, where it appears in
three different modes: (1) as euhedral-subhedral grains (~100 um) in
siderophyllite (Fig. 10a); (2) as micro-inclusions in feldspar, zircon or
fergusonite (5-25pum) (Fig. 10d); and (3) intergrown with zircon
(~20 um) (Fig. 10b). The uraninite has UO, contents of 47.41-56.24 wt
%, ThO, contents of 5.15-8.98 wt%, PbO contents of 1.37-1.72 wt%,
Dy»03 contents of 0.79-1.29 wt% and Y»O3 contents of 4.00-7.56 wt%
(Table 11). The high contents of Th suggest that the uraninite

crystallized in equilibrium with uranium-bearing thorite (Wang et al.,
2003). Because U is a large ion lithophile element, it rarely substitutes
for other elements in ore-forming minerals. Thus, the relative abun-
dance of uraninite in these granites indicates enrichment of U in their
parental magmas.

4.5.8. Pyrochlore

Pyrochlore is only found in granites of Phase IV, where it is asso-
ciated with siderophyllite. It forms small (~40 um), euhedral crystals
that commonly display compositional zonation in BSE images
(Fig. 10e). The pyrochlore compositions are dominated by Nb,Os
(28.44-30.32 wt%), Tay0s (10.77-15.55 wt%), and PbO
(1.53-24.95 wt%), but most grains also contain small amounts of UO,,
ThO,, Y,03, WO3, and SnO,. Most grains are zoned with decreasing Nb,
Ta, Pb, Th, U and Sn contents and increasing W and Y from core to rim
(Table 12).

4.5.9. Ilmenite, rutile and cassiterite

Ilmenite occurs only in granites of Phase III, where it has two modes
of occurrence: (1) euhedral grains included in feldspar (Fig. 10f) and (2)
sheet-like inclusions in chloritized ferribiotite. The ilmenite consists
mainly of TiO,, FeO and MnO, with small amounts of Nb, Ta, Sn, and W
(Guo et al., 2017).

Rutile occurs only in granites of Phase IV where it forms grains
~50 um across, and is accompanied by chlorite, zircon and fergusonite
(Fig. 10g). It consists chiefly of TiO,, FeO and Nb,Os with small
amounts of Ta;Os, WO3 and SnO, (Table 13).
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Fig. 9. Photomicrograph, BSE image and compositional diagrams of garnets in rocks of Phase IV. (a) Photomicrograph of garnet, (PPL); (b) BSE image of garnet and biotite; (c) Chondrite-
normalized REE patterns of garnet in (b), showing strong enrichment in HREE and depletion in LREE. Also shown are core-rim variations in REE contents; d) Diagram showing variations

of W, Sn, U, Nb, Ta and Ce contents of the garnet grain in (b).

A few very small (~10 um) grains of cassiterite have been found in
granites of Phase IV, accompanied by siderophyllite (Fig. 10h). It
consist of SnO, (> 90wt%) and minor FeO, Nb,Os and Ta,Os
(Table 13). Its FeO content is lower than that of cassiterite in the
Huashan tin granite (2.16 wt%), whereas the Nb,Os and Ta,;Os contents
are higher (Wang et al., 2012).

5. Discussion
5.1. Ages of the Jiulongnao complex

Guo (2010) and Feng et al. (2011a) previously reported the for-
mation age of the Jiulongnao complex as 154.9 Ma and 155.8 Ma, re-
spectively. However, the dated samples were from one phase, leaving
unclear the age spectrum of the complex. In this study, precise LA-ICP-
MS zircon U-Pb dating shows that the four phases of the complex
(Phases I to IV) were emplaced at 160.9 = 0.6 Ma, 158.6 + 0.7 Ma,
157.0 = 1.5Ma and 154.1 *= 1.2 Ma, respectively, similar to the ages
of W-mineralized granites elsewhere in southern Jiangxi Province (Feng
et al., 2007; Liu et al., 2007; Feng et al., 2011b; Guo et al., 2011b, 2012;
Fang et al.,, 2014). Numerous mineralization ages for these granites
have also been obtained recently (Table 14). These new data suggest
that the major W-dominated polymetallic mineralization occurred be-
tween 157 and 150 Ma in southern Jiangxi Province (Feng et al., 2007,
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2011a; Zeng et al., 2009, 2011; Guo et al., 2011b; Wang et al., 2011; Li
et al., 2014; Wang et al., 2017a,b), without a distinct time gap between
the mineralization and related granitic magmatism.

5.2. Petrogenesis of the Jiulongnao complex

Mineral assemblages and compositions record magma compositions,
and can be used to study the nature of magma sources. The Jiulongnao
granites have primary muscovite, ilmenite and magmatic garnet.
Ferribiotie and siderophyllite have low MgO contents (0.28-4.59 wt%)
and Mg” values (0.02-0.22, which are lower than typical Mg” values
(0.4) for biotite from S-type granites (Whalen and Chappell, 1988).
Moreover, all the granites have relatively high K,0/Na,O ratios
(1.04-2.38, which is higher than the values (< 1.0) of I-type granites
(Chappell, 1999; Chappell et al., 2012). Most of the granites are per-
aluminous, with only a few metaluminous samples. These data indicate
that the Jiulongnao granites are S-type, as indicated in Fig. 11.

Ferribiotite and siderophyllite in the granites has low MgO and high
FeO, a feature of crust-derived granites elsewhere in South China (Guo
et al.,, 2017). The enq(t) values of the granites all plot in the field of
Precambrian crust of South China (Fig. 12b), and most zircons plot in
the area between upper and lower crust (Fig. 12a). Geochemical char-
acteristics of minerals (i.e. biotie and zircon) and whole-rock data in-
dicate a crustal origin. The two-stage Hf model ages are 1.7-2.3 Ga,
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Table 9
FsLA-ICP-MS analyse (ppm) of garnet in Phase IV granites of the Jiulongnao complex.

Spot JLN-6-7-1 JLN-16-8

(0] @ ® @
Rb 4 2 2 2 1
Sr 2 2 2 1 1
Y 6711 14,434 11,150 7723 3450
Zr 2 6 3 3 1
Nb Ld.lL 1144 7 1 Ld.L
Mo Ld.lL 1 1 Ld.lL 1
Sn 28 18 16 16 12
Cs Ld.L Ld.lL Ld.L Ld.lL Ld.L
Ba 1 Ld.lL Ld.lL Ld.lL Ld.lL
La Ld.L 1 Ld.L Ld.lL Ld.L
Ce Ld.lL 7 Ld.lL Ld.lL Ld.L
Pr Ld.lL 2 Ld.lL Ld.lL Ld.lL
Nd 1 21 1 1 Ld.L
Sm 9 41 8 6 3
Eu Ld.lL Ld.lL Ld.lL Ld.lL Ld.L
Gd 99 166 85 66 33
Tb 66 82 51 44 25
Dy 999 1070 790 691 415
Ho 395 429 349 289 183
Er 1799 2150 1786 1393 939
Tm 422 530 454 343 234
Yb 3832 5245 4466 3221 2260
Lu 646 996 830 553 378
Ta Ld.lL 227 1 Ld.lL Ld.L
w Ld.L 106 2 Ld.lL Ld.l
Bi Ld.L Ld.L Ld.L Ld.lL Ld.L
Pb 2 1 1 Ld.lL Ld.L
Th Ld.lL 31 5 Ld.lL Ld.L
0) Ld.L 64 Ld.L Ld.L Ld.L

1.d.L: lower than detection limits.

suggesting that the granites formed by partial melting of Paleo-Pro-
terozoic crust.

5.3. Physicochemical conditions of the parental magmas

Silicate minerals in granites have important implications for varia-
tions in physical and chemical conditions, such as temperature, oxygen
fugacity and pressure, during magmatic evolution (Zhao et al., 2005).
The Fe®t/(Fe?* +Fe®*) ratios of biotite from Phases I to IV are
0.09-0.12, 0, 0-0.09, and 0-0.27, respectively. Ferribiotite of Phase I
plots around the oxygen buffer line of Ni-NiO, in the Fe®*-Fe?*-Mg
triangular diagram, whereas siderophyllite trapped in quartz of Phase
IV plots around the line between Fe,03-Fe30,4, and others plot below
the line of Fe,Si04-SiO5-Fes04 (Guo et al., 2017). These observations
indicate that granites of Phases I to III crystallized under low oxygen
fugacity, whereas early Phase IV varieties crystallized under high
oxygen fugacity, but that the oxygen fugacity decreased in the later
stages. The presence of cassiterite in the rocks of Phase IV, supports the
interpretation of high oxygen fugacity in the early stages (Pichavant
et al., 1996).

On the basis of whole-rock composition, we have obtained zircon
saturation temperatures (T) of 746-760 °C, 712-802 °C, 798-810 °C,
and 648-731 °C for Phases I to IV, respectively. These temperatures
approximately represent the maximum temperature of the magma
(Watson and Harrison, 1983; Miller et al., 2003).

The different oxidation state and temperature of the granite may be
a consequence of different magma sources (Oyarzun et al., 2001;
Mungall, 2002; Sato, 2012; Romer and Kroner, 2016) and/or different
paths of magma evolution (Sun et al., 2004; Lee et al., 2010; Trail et al.,
2012). During the Early Mesozoic, the tectonic setting of East Asia
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switched from the Tethyan tectonic domain to the Paleo-Pacific tectonic
domain (Yang et al., 1998; Shu et al., 2006; Shu, 2012; Ji et al., 2017).
NE- and NNE-trending deep fractures developed in South China. The
Jiulongnao complex is situated between the NNE-trending Ganjiang
and Yingtan-Anyuan deep faults (Chen et al., 1989). Emplacement of
the Jiulongnao complex was obviously controlled by these faults,
especially the granites of Phases III and IV, which are located at the
intersections of NE-trending faults and NNE-, NW- NS-trending sec-
ondary ones (Fig. 2). Deep fractures resulted in re-melting of basic
materials in the lower crust, some proportion of which might be in-
volved in the formation of granites of later phases. The high ey(t) va-
lues of inherited zircon grains in granites of Phase IV support a change
of magma sources. Such a change might be cause for the fluctuation of
oxygen fugacity and temperature.

5.4. Highly fractionated magma and associated W-Sn-U-Nb-Ta
mineralization

Plagioclase in Phases I, I and IV is dominated by albite. Biotite has
ferribiotite-siderophyllie = compostions, with MF values of
0.0230-0.2195, similar to biotite of the Xihuashan granites (Guo et al.,
2012, 2017). Muscovite is rich in iron, with Mg# values of 0.21-0.23.
Spessartine-almandine in rocks of Phase IV, with a small amount of Nb,
is similar to garnet in the Xihuashan granites and in rare metal-bearing
pegmatite (Wang et al., 2003; Yang et al., 2013). This type of garnet
usually crystallizes from magmatic-hydrothermal fluids during crystal
fractionation (Tan, 1984). The assemblages and compositions of rock-
forming minerals in the Jiulongnao granites are similar to those of
granites related to W-dominated polymetallic deposits in South China
(Guo et al., 2014).

Granites of the Jiulongnao complex display remarkably Eu, Ba, Nb,
Sr, P and Ti negative anomalies, implying that the magmas underwent
intense fractional crystallization. Fractional crystallization of plagio-
clase and quartz in evolved melts will increase such elements as W, Sn,
Nb, Ta and U. Experiments have demonstrated that low oxygen fugacity
can promote the accumulation of W in hydrothermal fluids (Candela
and Bouton, 1990; Bali et al., 2012), whereas the solubility of cassiterite
in granitic melts would decrease with increased of oxygen fugacity.
Thus, primary cassiterite in the granite of Phase IV is a direct indicator
of high oxygen fugacity conditions (Pichavant et al., 1996). Uranium in
magma can occur in three different states, namely U**, U™, and U®*,
depending on the oxygen fugacity conditions (Calas, 1979). Uranium
would be dissolved and transported in the melts with high oxidation
states and would be deposited under reducing conditions. Thus, dif-
ferent mineral associations can be used to estimate the oxygen fugacity
of parental melts. Considering the geological features of W-dominated
polymetallic deposits around Phases I and II of the Jiulongnao complex
(Fig. 2), the ages of mineralization (151.1-158.8 Ma), the increasing W
concentrations of the granites from Phases I to IV (Table 4), and
scheelite in the granite (Wang et al., 2017a), we suggest that W mi-
neralization took place between the post-magmatic stage of Phase I and
the end of Phase IV. Low oxygen fugacities during Phases I and II
produced dominantly U**, which was advantageous for crystallization
of uraninite. Only sporadic uraninite crystallized during Phase I, in-
dicating that U accumulation was weak, but as the magma evolved,
more uraninite and thorite were formed and Nb mineralization was
initiated, as indicated by the appearance of fergusonite in rocks of
Phase II. In the late stage of crystallization (Phase IV), the oxygen fu-
gacity varied from high to low. High oxygen fugacity resulted in U
being included in pyrochlore in the form of U®* (Lumpkin et al., 1986),
resulting in weak U mineralization. At the same time, W°™ substituted
for Ti*" in rutile bringing large quantities of W™ into this mineral.
EPMA analyses show that W contents are up to 1.4% WO3 wt% in rutile
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Fig. 10. BSE images of accessory minerals in granites of the Jiulongnao complex. (a) Uraninite in biotite; (b) Uranium minerals included in altered biotite; (c)-(d) Fergusonite containing
or accompanying uraninite; (e) Xenotime and pyrochlore included in biotite; (f) Ilmenite with K-feldspar; (g) Rutile with chlorite; (h) Cassiterite included in biotite. Bt-Biotite; Chl-
Chlorite; Cst-Cassiterite; Fer-Fergusonite; Kfs-K-feldspar; Pyh-Pyrochlore; Rt-Rutile; Ur-Uraninite; Xen-Xenotime; Zrn-Zircon.
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Table 10
EPMA analyse (wt%) of fergusonite in granites of the Jiulongnao complex.

Ore Geology Reviews 94 (2018) 414-434

Rock type  Phase I Phase II Phase IV
Spot JLN-22-4-8 DYL601-180-1-5-7 DYL601-180-1-5-8 JLN-16-4-4-1 JLN-16-4-4-4 JLN-16-4-4-5 JLN-6-7-3 JLN-6-9-2
Occurrence Enclosed in Enclosed in K- Enclosed in K- Coexists with Enclosed in Enclosed in Enclosed in Enclosed in quartz
biotite feldspar feldspar zircon biotite biotite garnet

SiO, 0.27 7.21 0.17 2.30 2.01 0.21 Ld.l 3.01
CaO 0.25 6.00 0.47 1.20 1.70 0.72 0.39 0.95
FeO 1.29 0.91 0.04 0.29 0.13 0.00 0.46 0.01
Nb,Os 45.49 47.13 47.58 39.19 39.34 42.75 43.30 44.38
Tay0s 2.49 2.50 1.52 8.14 4.45 8.77 5.93 2.81
WO3 0.62 0.96 1.43 2.51 4.03 1.15 1.21 0.84
SnO, Ld.L 0.04 Ld.L 0.01 Ld.L Ld.L Ld.L Ld.lL
PbO 0.59 0.27 0.35 0.82 0.34 0.30 0.21 0.36
ThO, 2.18 2.38 1.49 1.22 0.97 0.47 0.54 1.16
U0, 0.89 3.96 1.42 0.96 0.90 0.91 1.02 3.02
LayO3 Ld.L Ld.lL Ld.L Ld.L 0.06 0.08 Ld.L 0.06
Ce;03 0.20 0.38 0.31 0.44 0.43 0.35 0.27 0.32
Pr,03 0.19 Ld.lL 0.04 0.03 0.09 0.05 0.17 0.09
Nd»03 1.05 0.43 0.98 0.86 0.69 0.89 0.78 0.66
Sm,03 1.53 0.77 0.92 0.97 0.86 0.96 1.44 0.53
Gd,03 2.92 1.09 2.72 1.43 2.14 1.97 1.61 2.08
Dy,03 5.14 2.24 5.18 4.00 4.61 5.43 6.11 3.77
Ho,03 1.67 0.54 1.34 1.15 1.24 1.67 1.49 1.00
Tm,03 0.56 0.22 0.53 0.83 0.41 0.83 0.82 0.49
Yb,03 3.02 1.35 2.05 2.87 2.68 3.48 4.91 2.41
Y,03 23.78 11.72 26.23 23.20 25.58 25.28 21.40 23.52
Scy03 Ld.L Ld.lL 0.02 0.03 0.06 0.05 0.02 0.01
Total 94.11 90.09 94.80 92.45 92.71 96.31 92.07 91.47

1.d.1.: lower than detection limits.

Table 11

EPMA analyse (wt%) of uraninite in the granites of the Jiulongnao complex.
Rock type Phase I Phase 11 Phase III Phase IV
Spot JLN-22-3-6 DYL601-180-1-4-5 DYL601-180-1-5-9 JLN-13-12-4 JLN-16-4-4-3 JLN-16-5-4
Occurrence Enclosed in biotite Enclosed in biotite Enclosed in K-feldspar Enclosed in zircon Enclosed in fergusonite Coexsits with zircon
SiO, Ld.l. Ld.l 0.62 2.78 0.18 0.19
PbO 1.72 1.60 1.61 1.37 1.58 1.71
ThO, 7.25 8.01 7.22 7.68 8.98 5.15
U0, 56.24 55.85 55.93 47.41 52.29 54.01
LayO3 0.09 0.06 0.04 Ld.L 0.05 0.02
Cez03 0.23 0.27 0.09 0.07 0.12 0.21
Pr,03 0.05 0.11 Ld.lL Ld.lL 0.07 0.14
Nd»03 0.37 0.29 0.28 Ld.lL 0.37 0.13
Sm,03 0.30 0.29 0.46 0.16 0.40 0.54
Gd,03 0.37 0.58 0.29 Ld.lL 0.51 0.45
Dy,03 1.03 0.79 1.24 1.03 1.24 1.29
Ho,03 0.25 0.40 0.46 0.09 0.35 0.71
Tm,03 0.03 0.15 0.27 Ld.lL Ld.lL 0.23
Yb,03 0.62 0.09 0.34 1.49 0.71 0.68
Y,03 4.00 4.90 4.99 7.56 7.39 6.14
Total 72.53 73.40 73.82 69.62 74.23 71.58

1.d.L: lower than detection limits.

from granites of Phase IV, equivalent to the value of rutile from granite
of the Yichun complex (Belkasmi et al., 2000; Wang et al., 2008). Pri-
mary cassiterite also crystallized under these high oxygen fugacity
conditions. Fergusonite, pyrochlore and columbite-tantalite all crys-
tallized during Phase IV (Zhao et al., 2017b), resulting in significant
accumulation of Nb and Ta in the granites.

The abundance of the ore-forming elements increased gradually
during evolution of the Jiulongnao granitic magmas, but the formation
of ore bodies depends on various other factors, e.g., hydrothermal ac-
tivity. W-Sn-polymetallic deposits in Nanling are characterized by re-
markable potassium alteration, silicification, greisenization and

fluoritization (Chen et al., 1989; Liu et al., 2015; Chen et al., 2016;
Legros et al., 2016; Tang et al., 2016; Xiang et al., 2017; Liu et al.,
2017). In the Jiulongnao ore field, extensive greisenization and po-
tassium alteration occur in the Xihuashan-Dangping and Taoxikeng
deposits, and fluoritization is extensive in the Wayaokeng and Ke-
shuling deposits. All of this alteration is due to post-magmatic hydro-
thermal fluids. Granites of Phase II have relatively high F (0.13-0.59 wt
%) and Cl (89-499 ppm) consistent with the occurrence of fluorite,
indicating the involvement of F-rich fluids. Ore-forming elements, in-
cluding W, Sn, Nb, Ta, were transported in the form of complex com-
pounds in the fluids, and preferentially deposited in the dome,
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Table 12

EPMA analyse (wt%) of pyrochlore in Phase IV granites of the Jiulongnao complex.

Spot JLN-16-1-6-1 JLN-16-1-6-2 JLN-16-1-6-3
Form core (-1) to rim (-3)

SiO, 6.72 5.92 20.01
Al,O3 1.18 0.99 Ld.lL
CaO 1.58 1.69 1.05
FeO 2.23 1.88 0.53
Nb,Os 30.32 29.44 28.44
TayOs 15.55 15.54 10.77
WO 1.00 1.15 1.23
SnO, 0.23 0.15 0.09
PbO 24.95 19.89 1.53
ThO,» 1.48 1.61 0.97
U0, 4.12 3.38 0.89
Lay03 0.22 0.08 0.14
Ce,03 0.32 0.44 0.37
Pr,03 0.30 0.17 0.02
Nd,O3 0.34 0.44 0.81
Sm,03 0.11 0.30 0.98
Gd,03 0.25 0.43 1.72
Dy»03 0.47 1.53 3.68
Ho,03 Ld.lL 0.13 1.09
TmyO03 0.32 0.35 0.71
Yb,03 0.33 0.32 2.85
Y,03 1.29 4.67 18.31
Total 93.30 90.51 96.16

1.d.1.: lower than detection limits.

Table 13

EPMA analyse (wt%) of rutile and cassiterite in granites of the Jiulongnao complex.

Mineral Rutile Cassiterite
Rock type Phase IV Phase IV
Spot JLN-16-6-9 JLN-16-6-8 JLN-16-4-2 JLN-16-1-11
SiO, 1.57 0.90 5.19 0.94

TiO, 69.01 71.38 82.38 n.d.

Al,O3 0.74 0.70 0.39 0.19

FeO 6.74 7.22 3.40 1.87

MnO 0.20 0.17 0.12 n.d.

MgO 0.09 ld.L ld.L 0.10
Nb,Os 10.41 9.91 3.90 1.33
TayOs 6.61 5.85 2.62 3.00

SnO, 0.83 0.86 0.42 90.76
WO 1.42 1.36 0.50 1d.l

Total 97.63 98.36 98.91 98.18

1.d.1.: lower than detection limits; n.d.: not determined.

Table 14
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Fig. 11. ACF classification diagram for granite. A = Al,03-Na,0-K,0 (mole/%); C = CaO
(mole/%); F = FeO+MgO (mole/%) (after Nakada and Takahashi, 1979). Note the sys-
tematic compositional evolution of the magmas from Phases I to IV.

transitional zone or fractures with different orientations.
6. Conclusions

(1) The Jiulongnao complex is composed of four intrusive phases (I, II,
III, IV) that were emplaced at 160.9 + 0.6 Ma, 158.6 + 0.7 Ma,
157.0 £ 1.5Ma and 154.1 = 1.2Ma, respectively. These four
phases consist of S-type granites and are formed by partial melting
of Paleo-Proterozoic rocks.

(2) The four phases of the Jiulongnao complex crystallized at tem-
peratures of 746-760 °C, 712-802 °C, 798-810 °C, and 648-731 °C,
respectively.

(3) Phases I, II and III crystallized under low oxygen fugacity condi-
tions, whereas Phase IV crystallized under high oxygen fugacity in
the early stage and relatively reduced fugacity in the later stage.

(4) W mineralization in the Jiulongnao area is genetically related to
Phases I, II and IV, whereas U mineralization was probably closely
associated with Phase II. Sn, Nb and Ta mineralization occurred
during the crystallization of Phase IV.

Representative geochronology data for W-dominated deposits and related granites in southern Jiangxi Province.

Deposit Name Deposit Type Method/Age(Ma)/Reference for Deposit Ore-forming Method/Age(Ma)/Reference for Granite
Granite
Hongshuizhai Greisen-type W Re-Os: 156.3 + 1.3 (Feng et al., 2011a) Jiulongnao U-Pb: 160.9 * 0.6-154.1 *= 1.2
Taoxikeng Quartz vein-type W-Sn Re-Os: 154.4 + 3.8 (Guo et al., 2011b) Taoxikeng U-Pb: 158.7 + 3.9-157.6 #+ 3.5 (Guo et al., 2011b)
Xihuashan Quartz vein-type W Re-Os: 157.0 (Wang et al., 2011) Xihuashan U-Pb: 161 + 3~158 *= 2 (Guo et al., 2012)
Zhangdongkeng  Quartz vein-type W Re-Os: 151.1 * 1.2 (Li et al., 2014) Jiulongnao U-Pb: 160.9 * 0.6-154.1 *= 1.2
Re-Os: 151.3 + 1.7 (Li et al., 2014)
Meishuping Quartz vein-type W-Mo Re-Os: 156.2 = 0.93 (Wang et al., 2017a)  Jiulongnao U-Pb: 160.9 = 0.6-154.1 = 1.2
Maoping Quartz vein-type and greisen-type ~ Re-Os: 156.8 (Zeng et al., 2009) Tianmenshan U-Pb: 152 * 2.6-150.8 = 1.8 (Liu et al., 2007)
W-Sn
Niuling Quartz vein-type W Re-Os: 154.9 + 4.1 (Feng et al., 2007) Hongtaoling U-Pb: 151.4 + 3.1 (Feng et al., 2007)
Pangushan Quartz vein-type W-Mo Re-Os: 158.8-157.75 (Zeng et al., 2011) Huangsha U-Pb: 164.8-153.8 (Fang et al., 2014)
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Fig. 12. Various discrimination diagrams for the sources of the Jiulongnao granitic
magmas. (a) t vs egg(t) diagram for zircons; (b) t vs enq(t) diagram for whole-rocks.
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