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Abstract: The Jiuyishan complex massif, located in the northern section of the Nanling region, is a combination of 

five plutons, namely, the Xuehuading, Jinjiling, Pangxiemu, Shaziling and Xishan plutons. Whole-rock 

geochemistry, mineral electron microprobe analysis, zircon U-Pb dating and Hf isotope analysis were carried out 

for the Jinjiling and Pangxiemu plutons. The zircon U-Pb dating yields weighted mean ages of 152.9±0.9 Ma for 

the Jinjiling pluton and 151.7±1.5 Ma for the Pangxiemu pluton, with a narrow gap between them. The Jinjiling 

and Pangxiemu plutons both have geochemical characteristics of high SiO2, Al2O3, Na2O, K2O and low TiO2, MgO, 

CaO, P2O5 contents, with intense depletions in Sr, Ba, Ti, Eu and enrichments in Ga, FeOT and HFSE, and these 

characteristics reflect an A-type affinity. From the Jinjiling to the Pangxiemu pluton, the mineral composition of 

mica changes from lepidomelane to zinnwaldite, with increases in F, Li2O and Rb2O contents. The mineral 

composition of zircon changes from low Zr/Hf to high Zr/Hf, with increasing HfO2, P2O5 and UO2+ThO2+Y2O3 

contents. The mineral composition of feldspar indicate that the Pangxiemu pluton contains more alkali feldspar 

than the Jinjiling pluton. The whole-rock geochemistry and mineral compositions reveal a higher degree of 

differentiation for the Pangxiemu pluton. The nearly uniform εHf(t) indicates the same source region for the two 

plutons: both were derived from partial melting of the lower crust, with small contributions of mantle materials. In 

addition, higher F, lower Nb/Ta and Zr/Hf ratios in the Pangxiemu Pluton reveal a closer relationship with the rare 

metal mineralization than for the Jinjiling pluton. 
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1 Introduction 

Highly evolved granites are usually related to nonferrous and rare metal mineralization, such as 
W-Sn-Cu, Nb-Ta, Li-Rb-Cs and Zr-Hf deposits. Due to their enormous economic benefits, an 
increasing number of studies have focused on highly evolved granites in recent years (Zhao et al., 2012; 
Chen et al., 2014; Huang et al., 2014; Yang et al., 2014; Xie et al., 2018). However, many authors were 
concentrated on the petrogenesis and tectonic setting of these granites (Zhao et al., 2012; Chen et al., 
2014), while the important issues of the mineralization capacity and significance remain controversial. 
Some authors believe that the mineralization of highly evolved granites was mainly controlled by the 
crystal fractionation (Wang et al., 2017; Xie et al., 2018); however, a hydrothermal metasomatism 
viewpoint has also been put forward (Huang et al., 2014; Yang et al., 2014). When studying highly 
evolved granites, not only the petrogenesis and tectonic setting, but also the mineralization capacity 
and significance are indispensable. 

The Nanling region is famous for its large-scale magmatic events and genetically related rare metal 
mineralization. The granites in the Nanling region are temporally widely distributed, from the 
Neoproterozoic to the Mesozoic. There were several magma outbreak periods in the Nanling region, 
namely, the Jingningian period, the Caledonian period, the Indosinian period and the Yanshanian period 
(Wang et al., 2010; Shu et al., 2011; Song et al., 2016). Although a few W-Sn deposits are related to the 
Caledonian and Indosinian granites, the majority of the W-Sn and rare metal mineralization is related to 
the Yanshanian granite. 

The Jiuyishan district, an important rare metal metallogenic prospective area, developed a complex 
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massif of multiple intrusive bodies from the Paleozoic to the Mesozoic. From west to east, these 
intrusions are the Xuehuading, Jinjiling, Shaziling and Xishan plutons, and the Pangxiemu pluton was 
intruded into the Jinjiling pluton. Polymetallic deposits such as Li-Rb-Cs, W-Sn and U deposits are 
widely developed in this district (Fu Jianming et al., 2005), particularly around the Jinjiling and 
Pangxiemu plutons; for example, the Zhengchong Li-Rb-Cs deposit and Niutoujiang U deposit are 
directly developed inside the Jinjiling pluton and close to the Pangxiemu pluton (He Jianjun et al., 2008; 
Wen Chunhua et al., 2016). Previous researches have mainly concentrated on the chronology, petrology 
and geochemistry of the Jinjiling pluton, and few studies have been done on the Pangxiemu pluton 
(Zhang Bangtong et al., 2001; Fu Jianming et al., 2004; Wang Chuansheng et al., 2004; Fu Jianming et 
al., 2005). Furthermore, the petrogenesis and evolutionary relationships of these two plutons still 
remain unclear, as well as their mineralization capacity and significance. Thus, more study and further 
discussion on the relationship between these two plutons and their mineralization significance are 
needed. In this paper, whole-rock geochemistry, mineral EMPA and zircon U-Pb-Hf isotope analyses 
were undertaken to reveal the formation age, genetic type and differentiation degree of these two 
plutons. More discussion about the relationship of their genesis and evolution, as well as their 
mineralization capacity and significance was also carried out in order to provide a basic diagenesis and 
mineralization model for the rare metal granites.  

2 Geological background 

The South China block consists of the Yangtze block in the northwest and the Cathaysia block in the 
southeast, separated by the Neoproterozoic amalgamated orogenic belt named the Jiangnan orogen. The 
Nanling region is located in the south-central part of the South China block, with the Qingling-Dabie 
orogen to the north, the Pacific plate to the southeast, and the Songpan-Ganzi plate to the west (Figure 
1a). The strata of the Nanling region present an obvious dual structure: the basement composed of 
Sinian to Silurian clastic and meta-clastic rocks, and the overlying rocks are composed of Devonian to 
Triassic carbonates and muddy limestones with interlayers of clastic rocks. In addition, the Jurassic to 
Cretaceous clastic rocks, volcanic rocks and red bed rocks inside the fault basins are sporadically 
exposed (Mao Jingwen et al., 2007). The fractures in the Nanling region were mainly E-W-trending 
before the Middle Jurassic under the influence of the Indosinian orogeny. After the Middle Jurassic, the 
Nanling region was under the influence of both subduction of the ancient Pacific Ocean and 
intracontinental extension; when a large-scale NNE-trending fracture belt, granite belt and rift basin 
were formed (Shu Liangshu et al., 2006; Mao Jingwen et al., 2007). The granites of the Nanling region 
were mainly formed during the Yanshanian period, with only a few formed during the Caledonian and 
Indosinian periods (Gao, 2016). Gilder (1996) first discovered a granite zone within the Nanling region 
that has high Sm-Nd, εNd(t) and low TDM2, 

87
Sr/

86
Sr values, namely, the Shi-Hang zone. This granite 

zone can be divided into two parts called the Gang-hang zone in the north and the Xiang-Gui zone in 
the south. The Xiang-Gui zone is mainly composed of plutons named Qianlishan, Qitianling, Jinjiling, 
Shaziling, Xishan, Hushan and Guposhan, with an overall NE-trending distribution (Jiang Shaoyong et 
al., 2008). 

The Jinjiling and its internal exposed Pangxiemu pluton are located in the Jiuyishan district, which is 
the northern margin of the Nanling region. The strata of this district are mainly composed of Sinian to 
Silurian marginal sea basin facies sandstone and mudstone, and Devonian to Middle Triassic shallow 
sea platform facies carbonates; a few Upper Triassic and Jurassic land facies sedimentary rocks are 
sporadically exposed in the fault basins (Fu Jianming et al., 2004). The fault structure of this district is 
mainly NE-trending, with multiple granites exposed in an area, named the Jiuyishan complex massif, 
which is composed of the Xuehuading, Jinjiling, Pangxiemu, Shaziling and Xishan plutons (Figure 
1b).   
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Figure 1. (a) Geological map of the South China block; (b) Geological map of the Jiuyishan complex massif 

(After Guo et al., 2016). 

3 Geological features and sample petrography 

The Jiuyishan complex massif is composed of five plutons named Xuehuading, Jinjiling, Pangxiemu, 
Shaziling and Xishan. The Xuehuading pluton intruded into the Cambrian stratum with a NNW trend 
(Figure 1b), the lithology is medium- to fine-grained hornblende-bearing biotite monzonitic 
porphyritic granite. Dark enclaves commonly appear, which were discovered to derive from a source 
region of diorite. The zircon SHRIMP U-Pb age of this pluton is 432±21 Ma, so the pluton formed in 
the Caledonian period (Fu Jianming et al., 2004). The Shaziling pluton comprises the east margin of the 
Jinjiling pluton, and trends S-N (Figure 1b). The lithology is medium-grained hornblende biotite 
granite and granodiorite with a zircon SHRIMP U-Pb age of 156±2 Ma (Fu Jianming et al., 2004), 
which belongs to the early Yanshanian period. The Xishan pluton is located in the eastern part of the 
complex massif (Figure 1b), with lithologies of biotite granite in the middle, granite porphyry and 
quartz porphyry in the periphery; several volcanic rocks are also exposed. The zircon SHRIMP U-Pb 
age of this pluton is 156±2 Ma (Fu Jianming et al., 2004), and the pluton is believed to be derive from a 
Paleoproterozoic metamorphic basement (Jiang et al., 2011). The Jinjiling pluton is located in the 
middle of the complex massif between the Xuehuading pluton and the Shaziling pluton, which were 
intruded into the Sinian, Cambrian and Devonian strata with lithologies of quartz sandstone, siltstone, 
slate and siliceous rocks (Zhang et al., 2001). The Pangxiemu pluton is intruded in the interior of the 
Jinjiling pluton with a distinct contact relation, but no chilled margin was observed in the field (Fu 
Jianming et al., 2005). In this study, fifteen samples were collected from the Jinjiling pluton, and six 
samples were collected from the Pangxiemu pluton; the samples are all fresh with minor or no 
alteration, and the sampling locations are marked in Figure 1b. 

Samples of the Jinjiling pluton are mainly medium- to coarse-grained biotite monzonitic granite; 
porphyritic, graphic and granitic textures can be observed, with massive structure (Figure 2a). The 
mineral composition of the matrix is quartz (30~40%), K-feldspar (25~45%), plagioclase (15~30%) 
and biotite (~5%), and the phenocrysts are mainly composed of quartz and plagioclase. Zinnwaldite can 
only be observed in a few samples (JJL39 and JJL49). The accessory minerals are mainly zircon, rutile 
and ilmenite (Figure 2c). In microscopic views of these samples, quartz is mostly xenomorphic and 
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granular. K-feldspar is characterized by euhedral granular textures, with typical Carlsbad twinning, and 
argillization can be observed in several samples. Plagioclase is characterized by euhedral granular 
textures with typical polysynthetic twinning and several examples of muscovite replacement can be 
observed. Biotite is characterized by obvious pleochroism, with tiny chloritization (Figure 2e).  

Samples of the Pangxiemu pluton are mainly medium- to fine-grained biotite monzonitic granite; 
porphyritic and granitic textures can be observed, with massive structure (Figure 2b). The mineral 
composition of the matrix is quartz (35~40%), K-feldspar (25~40%), plagioclase (15~35%) and 
zinnwaldite (~5%), and the phenocrysts are mainly composed of quartz, K-feldspar and plagioclase. 
Biotite can only be observed in sample PXM16. The accessory minerals are mainly zircon, rutile and 
ilmenite (Figure 2d). In microscopic views of these samples (Figure 2d), quartz is mostly 
xenomorphic and granular. K-feldspar is characterized by euhedral granular textures, with typical 
Carlsbad twinning. Plagioclase is characterized by euhedral granular textures with typical polysynthetic 
twinning. Zinnwaldite is characterized by platy or tabular shapes, with inconspicuous pleochroism 
from colorless to pale yellow; several zinnwaldite grains filling in plagioclase can be observed (Figure 
2f).  

 

Figure 2. Hand specimens and photomicrographs of granites from the Jinjiling and Pangxiemu plutons.  
(a) Hand specimen of the Jinjiling granite; (b) Hand specimen of the Pangxiemu granite; (c) Photomicrograph of the Jinjiling granite 

(cross-polarized light); (d) Photomicrograph of the Pangxiemu granite (cross-polarized light); (e) Photomicrograph of biotite from the 

Jinjiling granite (plane-polarized light); (e) Photomicrograph of zinnwaldite from the Pangxiemu granite (plane-polarized light). 

Abbreviations: Bt-biotite; Kfs-K-feldspar; Pl-plagioclase; Qtz-quartz; Zwd-zinnwaldite. 
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4 Analytical methods 

4.1 Whole-rock major and trace element analysis 
All fifteen samples from the Jinjiling pluton and six samples from the Pangxiemu pluton were 

selected for whole-rock major and trace element analysis. The whole-rock major and trace element 
compositions were analyzed at ALS Chemex, Guangzhou, China. The samples were crushed in a 
milling machine to pass 200 mesh before major element contents were measured using a Panalytical 
Axios Max X-ray fluorescence (XRF) instrument with an analytical accuracy of 1-5% approximately. 
Trace element compositions were measured using ICP-MS (Perkin Elmer Elan 9000), with an 
analytical accuracy of better than 5%. 

4.2 Zircon U-Pb isotope and trace element analysis 
Two samples from the Jinjiling pluton (JJL16 and JJL24) and two samples from the Pangxiemu 

pluton (PXM06 and PXM10) were selected for zircon U-Pb dating and trace element analysis. Before 
the analysis, the zircon grains from these samples were separated by conventional magnetic and heavy 
liquid techniques; then, they were hand-picked under a binocular microscope at Langfang Integrity 
Geological Services Co. Ltd. Next, they were mounted into epoxy resin blocks and polished to obtain 
flat surfaces. The cathodoluminescence (CL) imaging technique was used to visualize the internal 
structures of individual zircon grains, with a scanning electron microscope (SEM) housed at 
Chongqing Yujing Science and Technology Services Co. Ltd.  

The U-Pb geochronology of zircon was determined by LA-ICP-MS at Nanjing FocuMS Technology 
Co. Ltd. A Teledyne Cetac Technologies Analyte Excite laser-ablation system (Bozeman, Montana, 
USA) and an Agilent Technologies 7700x quadrupole ICP-MS (Hachioji, Tokyo, Japan) were 
combined for the experiments. The 193 nm ArF excimer laser, homogenized by a set of beam delivery 
systems, was focused on the zircon surface with a fluence of 6.0J/cm

2
. The ablation protocol employed 

a spot diameter of 35 μm at an 8 Hz repetition rate for 40 s (equating to 320 pulses). Helium was 
applied as the carrier gas to efficiently transport the aerosol to the ICP-MS. Zircon 91500 was used as 
an external standard to correct instrumental mass discrimination and elemental fractionation during the 
ablation. Zircon GJ-1 was treated as a quality control for the geochronology. The lead abundance in 
zircon was externally calibrated against NIST SRM 610 with Si as the internal standard, while Zr was 
the internal standard for other trace elements (Liu et al., 2010a; Hu et al., 2011). Raw data reduction 
was performed off-line with the ICPMSDataCal software (Liu et al., 2010a, 2010b). 

4.3 Zircon Lu-Hf isotope analysis  
Representative zircon grains with good concordance from samples JJL16, JJL24, PXM06 and 

PXM10 were selected for Lu-Hf isotope analysis. Hafnium isotopic ratios of zircon were measured by 
LA-MC-ICP-MS at Nanjing FocuMS Technology Co. Ltd. A Teledyne Cetac Technologies Analyte 
Excite laser-ablation system (Bozeman, Montana, USA) and a Nu Instruments Nu Plasma II 
MC-ICP-MS (Wrexham, Wales, UK) were combined for the experiments. The 193 nm ArF excimer 
laser, homogenized by a set of beam delivery systems, was focused on the zircon surface with a fluence 
of 6.0J/cm

2
. The ablation protocol employed a spot diameter of 50 μm at an 8 Hz repetition rate for 40 

s (equating to 320 pulses). Helium was applied as the carrier gas to efficiently transport the aerosol to 
MC-ICP-MS. Two standard zircons (from among GJ-1, 91500, Plešovice, Mud Tank and Penglai) were 
treated for quality control after every ten unknown samples. 

4.4 Mineral electron microprobe analysis 
Quantitative analyses of feldspar and mica, back-scattered-electron imaging were carried out at the 

Key Laboratory of Metallogenic Prediction of Nonferrous Metals and Geological Environment 
Monitoring, Ministry of Education, Central South university with a JEOL JXA-8100 Superprobe. The 
operating conditions were as follows: 15 kV accelerating voltage, 20 nA beam current, 1 μm beam 
diameter, 10 s counting time. The ZAF correction procedure was used for data reduction. The analytical 
procedures are described in detail in Li et al. (2015). 

5 Analytical results 

5.1 Zircon U-Pb dating 
The zircon U-Pb analytical results are presented in Supplementary Table 1, and CL images of 

representative zircons are shown in Figure 3a. The zircons from the Jinjiling samples are euhedral and 
prismatic, 100 to 200μm in size, with length to width ratios of 1:1 to 2:1. Most of them are transparent 
and colorless, and show distinct oscillatory zoning. A total of twenty-three zircons from sample JJL16 
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and twenty-three zircons from sample JJL24 were analyzed. Twenty-one zircons from sample JJL16 
and twenty-two zircons from sample JJL24 yielded high concordance ages, a few discordant zircons 
were excluded. These zircons have significant variation in Th and U contents (Th: 49.23~674.16 ppm, 
U: 71.14~1018.17 ppm) with high Th/U ratios of 0.36~0.86, which indicate a magmatic origin 
(Belousova et al., 2002; Hoskin et al., 2000). The weighed mean 

206
Pb/

238
U ages of JJL16 and JJL24 

are 153.0±0.9 Ma and 152.9±0.9 Ma, respectively (Figure 3b, c), indicating that the Jinjiling pluton 
was formed at 153 Ma approximately. 

 
Figure 3. Representative cathodoluminescence (CL) images and LA-ICP-MS zircon U-Pb concordia diagrams. 
(a) Representative cathodoluminescence (CL) images of zircons from the Jinjiling and Pangxiemu granites; (b) LA-ICP-MS zircon U-Pb 

concordia diagram of sample JJL16; (c) LA-ICP-MS zircon U-Pb concordia diagram of sample JJL24; (d) LA-ICP-MS zircon U-Pb 

concordia diagram of sample PXM06; (e) LA-ICP-MS zircon U-Pb concordia diagram of sample PXM10.  

 

The zircons from the Pangxiemu samples are subhedral to euhedral, 100 to 200μm in size, with 
length to width ratios of 1:1 to 2:1. Some of the zircons from the Pangxiemu pluton show ambiguous 
and dark areas in transmitted light, and patchy or spongy zoning in CL images, indicating a radiation 
damage (Wang et al., 2014); these zircons were avoided for U-Pb dating. A total of twenty-three 
zircons from sample PXM06 and eight zircons from sample PXM10 were analyzed. Twenty-one 
zircons from sample PXM06 and six zircons from PXM10 yielded high concordance ages, a few 
zircons with low concordance were excluded. These zircons have significant variation in Th and U 
contents (Th: 36.72~4385.68 ppm, U: 58.91~9503.29 ppm) with Th/U ratios of 0.16~0.71, indicating a 
magmatic origin. The weighed mean 

206
Pb/

238
U ages of PXM06 and PXM10 are 151.1±1.2 Ma and 

152.1±1.8 Ma, respectively (Figure 4d, e), indicating that the Pangxiemu pluton was formed at 152 Ma 
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approximately. 

5.2 Whole-rock major and trace elements 
The major and trace element analytical results are presented in Supplementary Table 2. The major 

elements of the two plutons have similar characteristics of high SiO2 (68.20~78.36%), Al2O3 

(11.7~14.56%), Na2O (2.78~4.03%) and K2O (3.68~6.68%), yielding K2O+Na2O values of 
7.30~10.02%. These rocks belong to subalkaline granite, except for one that plots in the quartz syenite 
field (Figure 4a). The K2O/Na2O average ratio is 1.65, significantly higher than the values for granites 
around the world (1.18) and in the Nanling region (1.48). These granites are rich in K and belong to the 
high-K calc-alkaline to shoshonitic series (Figure 4b). In addition, these granites have features of low 
MgO (0~0.56%), TiO2 (0~0.37%) and P2O5 (0~0.12%), with slightly high A/CNK values (0.98~1.21), 
belong to the metaluminous-peraluminous series (Figure 4c). The F contents of the Jinjiling granite are 
mostly below the detection limit, and the Pangxiemu granite has higher F contents (0.1~0.6%) in 
comparison. 

 

Figure 4. (a) Total alkalis-SiO2 (TAS) diagram (after Middlemost, 1994); (b) SiO2 vs K2O diagram (after 

Peccerillo and Taylor, 1997); (c) A/NK vs A/CNK diagram (after Maniar and Piccoli, 1943). 

 

The primitive mantle-normalized trace element spider diagram is presented in Figure 5a; the 
samples from the two plutons exhibit enrichment in Rb, Th, U, Ta, Nb, Zr, Hf and depletion in Ba, Sr, P, 
Ti. A few samples from the Pangxiemu granite have P contents below the detection limit. Samples from 
the Pangxiemu pluton have more distinct Rb, Ta enrichment and Ba, Sr, Ti depletion, with lower Zr/Hf 
and Nb/Ta values. The chondrite-normalized rare earth element (REE) distribution pattern diagram are 
presented in Figure 5b, The Jinjiling granite has total REE contents (89.82~651.56 ppm), higher than 
those of the Pangxiemu granite (71.91~314.15 ppm), and they both have negative Eu anomalies 
(Eu/Eu

*
=0.01~0.57) with distinct tetrad effects. The Jinjiling granite has obvious fractionation of 

HREE and LREE, with ΣLREE/ΣHREE=1.08~12.90 and LaN/YbN=0.67~19.92, exhibiting a 
right-dipping REE pattern. In comparison, the Pangxiemu granite has inconspicuous fractionation of 
HREE and LREE, with ΣLREE/ΣHREE=1.25~4.23 and LaN/YbN=0.57~3.99, exhibiting a flat REE 
pattern with higher Eu depletion. 
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Figure 5. (a) Primitive mantle-normalized trace element spider diagram; (b) chondrite-normalized rare earth 

element distribution pattern diagram. The Chondrite-normalized and primitive mantle-normalized values are from 

Sun and McDonough (1989). 

5.3 Zircon Lu-Hf isotopes 
Zircons dated with concordant U-Pb ages were selected for Lu-Hf isotope analysis, with the results 

given in Supplementary Table 3. Initial 
176

Hf/
177

Hf ratios, denoted as εHf(t) values, and Hf model 
ages were also calculated based on the crystallization ages from U-Pb dating. The zircons of the 
Jinjiling granite have 

176
Lu/

177
Hf and 

176
Hf/

177
Hf ratios of 0.000516~0.002531 and 0.282478~0.282579, 

respectively, and εHf(t) values of -3.6~-7.1 (with an average of -5.5); the two-stage model ages (TDM2) 
are between 1427 and 1649 Ma (with an average of 1546 Ma). The zircons of the Pangxiemu granite 
have 

176
Lu/

177
Hf and 

176
Hf/

177
Hf ratios of 0.000823~0.004022 and 0.282480~0.282555, respectively, 

and εHf(t) values of -4.5~-7.3 (with an average of -5.8), the two-stage model ages (TDM2) are between 
1480 and 1661 Ma (with an average of 1566 Ma). 

5.4 Mineral chemistry  
5.4.1 Mica 

Representative electron microprobe analyses and chemical formulae calculated for micas from the 
Jinjiling granite and the Pangxiemu granite are listed in Supplementary Table 4. The micas of the two 
granites have variable contents, changing among lepidomelane, protolithionite, siderophyllite, 
zinnwaldite and Li-phengite (Figure 6a). However, the micas of the Jinjiling granite are mostly 
lepidomelane, with slight amounts of protolithionite, siderophyllite, zinnwaldite and Li-phengite. The 
micas in the Pangxiemu granite are mostly protolithionite, with slight amounts of siderophyllite, 
zinnwaldite and Li-phengite, but no lepidomelane appears. The calculated F, Li2O and Rb2O contents 
of micas from the Pangxiemu granite are higher than those from the Jinjiling granite, with averages as 
follows: F (3.82%), Li2O (1.86%), Rb2O (0.79%) in the Pangxiemu granite and F (1.77%), Li2O 
(1.76%), Rb2O (0.40%) in the Jinjiling granite. (Figure 6b, c). 
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Figure 6. (a) Classification diagram of mica (after Tischendorf et al., 1997); (b) F vs Li2O diagram of mica; (c) F 

vs Rb2O diagram of mica. 

5.4.2 Feldspar 
Representative electron microprobe analyses and chemical formulae calculated for feldspar from the 

Jinjiling granite and the Pangxiemu granite are listed in Supplementary Table 5. The feldspars in the 
two granites can be divided into two types. Feldspars of the first type have contents of K2O 
(14.53~16.05%), Na2O (0.23~1.43%) and CaO (0~0.05%); with calculated components of Or 
(86.82~96.9%), Ab (2.11~13.02%) and An (0~0.26%), they plot in the orthoclase field (Figure 7a, b). 
The second type of feldspars have contents of K2O (0.07~0.56%), Na2O (9.23~11.97%) and CaO 
(0.01~4.08); with calculated components of Or (0.39~2.19%), Ab (78.94~99.37%) and An 
(0.03~19.28%), they mostly plot in the albite field except for one that plots in the oligoclase field 
(Figure 7a, b). In conclusion, all feldspar grains from the Pangxiemu granite and most feldspar grains 
from the Jinjiling belong to the alkali feldspar series, but a few feldspar grains from the Jinjiling granite 
belong to the plagioclase series (Figure 7b). 
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Figure 7. Classification diagram of feldspar.  
(a) Feldspar Or-Ab-An ternary diagram; (b) Feldspar An-Ab-Or ternary diagram. 

5.4.3 Zircon 
Representative LA-ICP-MS trace element analyses for zircons from the Jinjiling granite and the 

Pangxiemu granite are listed in Supplementary Table 6. The zircons of the Jinjiling granite have 
variable contents of Th (73.33~674.16 ppm), U (71.14~1018.17 ppm), Hf (8704~12782 ppm) and Y 
(546.01~3128.15 ppm), with Th/U ratios of 0.28~1.18. In the chondrite-normalized rare earth element 
(REE) distribution pattern diagram (Figure 8a), most of the zircons have low LREE contents and high 
HREE contents, with distinct positive Ce anomalies and negative Eu anomalies. A few zircons exhibit 
high LREE contents with morderate Ce anomalies. In the SmN/LaN vs Ce/Ce

*
 and La vs SmN/LaN 

diagrams, most of the zircons plot in the magmatic zircon field, although a few plot in the hydrothermal 
zircon field (Figure 8c, d).  

The zircon of the Pangxiemu granite have variable contents of Th (53.94~4385.68ppm), U 
(85.25~9503.29 ppm), Hf (9145.77~18096.59 ppm) and Y (2923.33~5287.27 ppm), with Th/U ratios of 
0.15~0.90. In the chondrite-normalized rare earth element (REE) distribution pattern diagram (Figure 
8b), most of the zircons have low LREE contents and high HREE contents, with distinct positive Ce 
anomalies and negative Eu anomalies. A few zircons exhibit high LREE content with morderate Ce 
anomalies. In the SmN/LaN vs Ce/Ce

*
 and La vs SmN/LaN diagram, most of the zircons plot in the 

magmatic zircon field, although a few plot in the hydrothermal zircon field (Figure 8e, f). 
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Figure 8. (a) Chondrite-normalized rare earth element distribution pattern diagram of zircons from the Jinjiling 

granite; (b) Chondrite-normalized rare earth element distribution patterns diagram of zircons from the Pangxiemu 

granite; (c) SmN/LaN vs Ce/Ce* diagram of zircons from the Jinjiling granite; (d) La vs SmN/LaN diagram of 

zircons from the Jinjiling granite; (c) SmN/LaN vs Ce/Ce* diagram of zircons from the Pangxiemu granite; (d) La 

vs SmN/LaN diagram of zircons from the Pangxiemu granite. The Chondrite-normalized values are from Sun and 

McDonough (1989). C~f are after Hoskin (2005) and Fu et al. (2009). 

6. Discussion 

6.1 Petrogenetic type: S-type, I-type or A-type？ 
Granites have been classified as I-, S-, A- and M- type based on their chemical and mineralogical 

criteria, to distinguish their protolith and their genesis (Chappell and White., 1974; White, 1983; 
Whalen. 1985; Whalen et al., 1987). The M-type granite is defined as granite which were directly 
derived from mantle mafic magma (Whalen, 1985). However, the lack of mafic minerals and the low 
εHf(t) values can exclude this genesis. 

S-type granite is defined as granite that forms by the remelting of sedimentary rocks, which 
frequently occurs in the upper crust (Chappell et al., 2012). In this case, S-type granite usually contains 
abundant Al-rich minerals such as muscovite, garnet and cordierite (Zen, 1988; Clemens, 2003; 
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Ishihara, 2007), which would produce high A/CNK values (>1.1). In addition, the S-type granite 
usually has high P2O5 content because apatite reaches saturation in metaluminous and mildly 
peraluminous magmas but remains highly soluble in strongly peraluminous melts (Chappell, 1999; 
Wang et al., 2017). In this study, the Jinjiling and Pangxiemu granites have extremely low P2O5 

(bdl~0.12%) contents and slightly high A/CNK values (0.98~1.21), and no Al-rich minerals are 
observed, excluding an S-type affinity. 

I-type granite is defined as granite that forms by the remelting of igneous rocks, which frequently 
occurs in the lower crust (Chappell et al., 2012). In this case, the I-type granite is often granodiorite and 
contains abundant hornblende (Chappell and white, 2015). Moreover, I-type granite usually has low 
A/CNK (<1.1), FeO

T
 values (<1%), and K2O/Na2O ratios (<1) (Wang Qiang et al., 2000). In this study, 

the Jinjiling and Pangxiemu granites have slightly high FeO
T
 values (0.47~3.01) and high K2O/Na2O 

ratios (0.94~2.00), and no hornblende is observed; thus, an I-type affinity can also be excluded. 
A-type granite was first proposed by Loiselle and Wones. (1979) to define a series of granitic rocks 

that is distributed in extensional tectonic environments such as anorogenic backgrounds or rift zones. 
The A-type granite usually has high SiO2, K2O+Na2O, FeO

T
/MgO and low CaO content; enriched in 

Ga, Zr, Nb, Ta, Y, Ce, F, REE and depleted in Ba and Sr (Douce, 1997; Loiselle and Wones., 1979; 
Whalen et al., 1987). In the diagrams of 10000Ga/Al vs (K2O+Na2O)/Ca and Zr+Nb+Ce+Y vs 
FeO

T
/MgO, the Jinjiling and Pangxiemu granites all plot in the A-type field (Figure 9a, b). Frost et al. 

(2001) also considered that the A-type granites have high contents of Na2O+K2O-CaO and 
FeO

T
/(FeO

T
+MgO), in the SiO2 vs Na2O+K2O-CaO and SiO2 vs FeO

T
/(FeO

T
+MgO) diagrams (Figure 

9c, d), the Jinjiling and Pangxiemu granites also plot in the A-type field. Moreover, A-type granites 
usually have higher crystallization temperatures than I-type and S-type granites (Skjerlie and Johnston., 
1993). Calculating the crystallization temperatures of the Jinjiling and Pangxiemu granites using 
zirconium saturation termometer yielded crystallization temperatures for the Jinjiling pluton of 
737~900℃ and for the Pangxiemu pluton of 723~781℃. Considering the crystallization differentiation 
process, the true crystallization temperatures should be higher than the caculated values above (King et 
al., 1997; Zhou et al., 2015), which would conform to the high-temperature feature of A-type granites 
(>760℃) (King et al., 1997). Petrographically, A-type granites usually contain alkali feldspar and lack 
inherited zircon cores (Williams, 1992); these features are coincident with our samples. In summary, 
the Jinjiling and Pangxiemu granites exhibit an A-type affinity.  

 

 

Figure 9. Geochemical classification for the A-type granites (after Whalen et al., 1987 and Frost et al., 2001). 
(a) 10000Ga/Al vs (K2O+Na2O)/Ca diagram; (b) Zr+Nb+Ce+Y vs FeO

T
/MgO diagram; (c) SiO2 vs Na2O+K2O-CaO diagram; (d) SiO2 vs 

FeO
T
/(FeO

T
+MgO) diagram. 
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6.2 Genetic relationship of the two plutons 
6.2.1 Fractional crystallization process  

Many A-type granites in the Nanling region or even worldwide often show characteristics of highly 
evolved magmas (Zhao et al., 2012; Chen et al., 2014; Huang et al., 2014; Yang et al., 2014; Xie et al., 
2018). Magma that experienced a high degree of crystal fractionation has enhanced SiO2, K2O, Na2O, 
Rb, Nb, Ta, Zr, Hf and reduced MgO, CaO, Ba, Sr, REE content. This process completely changes the 
composition, making it quite different from that of the primary magma (Chen, 2013). In the major 
element Harker diagrams (Figure 10a~d), the Jinjiling granite samples show negative correlations of 
Al2O3, CaO, TiO2 and Fe2O3

T
 with SiO2, indicating the fractional crystallization of Al-rich minerals 

(mica, feldspar), Ca-rich minerals (feldspar, titanite), Ti-rich minerals (ilmenite, titanite) and Fe-rich 
minerals (biotite, Fe-oxide); however, the pangxiemu granite samples are totally in a tight cluster with 
unobvious correlations, especially in the SiO2 vs CaO, SiO2 vs TiO2 and SiO2 vs Fe2O3

T
 diagrams, this 

may caused by the reason that the Ca, Ti and Fe-bearing minerals are crystallized earlier than the 
Al-bearing minerals, so the highly fractionation Pangxiemu granite samples are extremely lack of Ca, 
Ti and Fe and plot in a cluster. In the Sr vs Ba and Sr vs Rb diagrams (Figure 10e, f), the Jinjiling and 
Pangxiemu granites show synchronous decreases in Sr, Ba and increases in Rb, conforming to the 
tendency for K-feldspar and plagioclase fractionation, with a more depleted degree in the Pangxiemu 
granite. In the Eu/Eu

*
 vs Ba (Figure 10g) diagram, the synchronous decreases in Eu/Eu

*
 and Ba are 

controlled by both K-feldspar and plagioclase fractionation. In the chondrite-normalized REE diagram, 
the extreme depletion in Eu confirms the high fractionation of K-feldspar and plagioclase, and this 
process also causes depletions in Ba and Sr. Moreover, the depletions in Ti and P may caused by the 
fractionation of ilmenite, titanite and apatite (Guo et al., 2012). However, the possibility of depletion in 
the magma source cannot be excluded. In comparison with the Jinjiling granite, the Pangxiemu granite 
is more depleted in CaO, TiO2, Fe2O3

T
, Ba, Sr, P and Eu; more enriched in F, Rb, Nb and Ta; which 

also has lower Zr/Hf and Nb/Ta ratios, indicating a higher degree of crystal fractionation. The mineral 
chemistry also exhibits similar evidences, which is discussed below. 
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Figure 10. Characteristics of elements resulting from fractional crystallization. (a) SiO2 vs CaO diagram; (b) SiO2 

vs Al2O3 diagram; (c) SiO2 vs TiO2 diagram; (d) SiO2 vs Fe2O3
T

 diagram; (e) Sr vs Ba diagram; (f) Sr vs Rb 

diagram; (g) Eu/Eu* vs Ba diagram. 

 

In the crystal fractionation process, changes in the chemical components of the magma are also 
reflected in the mineral chemical components. For mica, with the increasing degree of magma 
evolution, the Li-rich micas such as zinnwaldite and Li-phengite gradually replace the Li-poor micas 
such as lepidomelane, protolithionite and siderophyllite. A highly evolved granite contains more Li-rich 
micas than a less evolved granite (Tischendorf Getal., 1997), with higher F, Li2O and Rb2O contents in 
the micas (Li et al., 2015). In the chemical reaction, this process is controlled by several replacement 
reactions such as: (1) F

-
 replaces OH

-
; (2) Li+Al

VI
 replaces Fe

2+
+Mg; and (3) Rb

+
 replaces LILE such 

as K
+
 and Na

+
 (Černý et al., 2003; Lichtervelde., 2008; Pesquera et al., 1999；Li et al., 2015). In the 

mica EMPA analysis results, the micas of the Pangxiemu granite are mainly protolithionite and 
zinnwaldite (Figure 6a); however, the micas of the Jinjiling granite are mainly lepidomelane and 
siderophyllite. The F, Li2O and Rb2O contents in the micas have increasing trends from the Jinjiling 
granite to the Pangxiemu granite (Figure 6b, c); in particular, the Rb2O contents in the micas of the 
Pangxiemu granite are much higher than those of the Jinjiling granite, indicating a much higher 
differentiation degree for the Pangxiemu granite. 

Not only micas are affected, the crystal fractionation process also changes the trace element content 
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of zircons. With increasing magma differentiation degree, Zr is replaced by increasing contents of Hf, 
Th, U, Y and P in zircons (Li Jie et al., 2013; Li et al., 2015). In this case, a highly evolved granite 
usually has zircons with higher HfO2, P2O5, UO2, ThO2, Y2O3 contents and lower Zr/Hf ratios. In the 
Zr/Hf vs HfO2, Zr/Hf vs UO2+ThO2+Y2O3 and Zr/Hf vs P2O5 diagrams (Figure 11), the zircons of the 
Pangxiemu granite have higher HfO2, P2O5 ,UO2+ThO2+Y2O3 contents and lower Zr/Hf ratios, 
although with some extents of overlap, indicating a much higher differentiation degree.  

As for feldspar, previous researches have found that highly evolved granite usually contains 
abundant alkali feldspar when compared to less evolved granite (Zhou et al., 2015). Feldspar grains 
from the Pangxiemu granite all belong to the alkali feldspar series, but a few feldspar grains from the 
Jinjiling granite belong to the plagioclase series (Figure 7), this difference can also prove that the 
Pangxiemu granite has a higher differentiation degree than the Jinjiling granite. 

 

Figure 11. Characteristics of zircon trace elements. (a) Zr/Hf vs HfO2 diagram; (b) Zr/Hf vs UO2+ThO2+Y2O3 

diagram; (c) Zr/Hf vs P2O5 diagram. 

6.2.2 Magma source region 
Several mechanisms have been proposed to explain the genesis and magma source of  A-type 

granite, due to the diverse and complicated constituent of A-type granites worldwide, These 
mechanisms include: (1) direct fractionation of mantle-derived mafic magma (Pearce, 1984; Eby, 1992); 
(2) mixing between mantle-derived and crustal magma (Qiu et al., 2004); (3) low-degree partial 
melting of lower crustal granulitic residue from which a granitoid melt was previously extracted 
(Collins et al., 1982; King et al., 1997); and (4) partial melting of the lower crust with or without 
mantle-derived materials (Huang et al., 2011). 

In this study, the genesis of direct fractionation from mantle-derived mafic magma can firstly be 
excluded. An A-type granite direct fractionation from mantle-derived mafic magma is usually spatially 
associated with extensive mafic rocks that have much larger volume than the A-type granite itself (Xue 
Fuhong et al., 2015). However, no extensive mafic rocks are found in the Nanling region; thus, the 
Jinjiling and Pangxiemu A-type granites cannot be fractionated from mantle-derived magma. Secondly, 
an A-type granite formed from mixing between mantle-derived and crustal magma usually have large 
variations in εHf(t) values, and dark mafic enclaves can often be found in the granite. However, the 
Jinjiling and Pangxiemu granites have steady εHf(t) values of -3.6~-7.1 and -4.5~-7.3, and no mafic 
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enclaves appear in them; thus, a magma mixing genesis can also be excluded. Thirdly, an A-type 
granite formed from the remelting of granulitic residue after the previous extraction of granitoid 
magma is usually spatially associated with a distinct older I-type granite, and the two granites have 
similar εHf(t) values, which indicate the same magma source. However, I-type granite in the district is 
quite rare. The Shuikoushan granitoid, which belongs to I-type granite, has much lower 
εHf(t)=-8.1~-10.2, and has a similar crystallization age of 158.3±1.2 Ma (Yang et al., 2016). These 
evidences indicate that the Jinjiling and Pangxiemu granites could not have formed in relation to the 
previously extracted Shuikoushan granite. Nevertheless, as the eligible I-type granite may not have 
been found, this factor cannot be entirely excluded.  

Lastly, the Jinjiling and Pangxiemu granites have similar εHf(t) values of -3.6~-7.1 and -4.5~-7.3, 
respectively, and the TDM2 ages are between 1.4 and 1.7 Ga. In the age vs εHf(t) diagram (Figure 12a), 
these granites both plot above the ~2.5Ga lower crust line, which is considered as the lower crust 
evolution line in South China (Yang et al., 2016), indicating a similar source region in the lower crust, 
with contributions of mantle-derived material. In addition, the Nb/U, Nb/Ta and Nb/Th ratios of the 
Jinjiling granite and the Pangxiemu granite are 1.23~4.78, 4.0~12.71, 0.26~1.32 and 1.32~5.77, 
3.43~5.56, 0.46~2.24, respectively; these values are much closer to the average ratios of the continental 
crust (Nb/U=10, Nb/Ta=11~12 and Nb/Th=3) and lower than the average ratios of the primitive mantle 
(Nb/U=30, Nb/Ta=17.5 and Nb/Th=1) (Gu et al., 2017). In the SiO2 vs Mg

#
 diagram (Figure 12b), the 

Jinjiling granite and the Pangxiemu granite plot below the lower crust remelting area; the extremely 
low Mg

#
 may be caused by the fractional crystallization of Mg-bearing minerals (Jiang et al., 2011). 

Some additional evidence can also demonstrated using zircon oxygen isotope: the zirconδ18
O values 

of the Jinjiling and Pangxiemu granites are 8.0‰ to 9.8‰, reflect a highly oxidized source, distinct 
from the mantle materials, huang et al. (2011) considered that the Jinjiling and Pangxiemu granites 
were generated from the decompression melting of majority granulitic metasedimentary rocks and 
minor tholeiitic rocks in their source region, due to their high temperature, low pressure and high 
zirconδ18

O values. 
In conclusion, the Jinjiling pluton and the Pangxiemu pluton have almost identical magma source 

regions in the lower crust, with small contributions of mantle-derived material. The Jinjiling pluton was 
formed slightly earlier than the Pangxiemu pluton with ages of 153 Ma and 152 Ma, respectively, and 
the Pangxiemu pluton has a much higher differentiation degree than the Jinjiling pluton.  

 

Figure 12. Magma source region discrimination.  
(a) Zircon εHf(t) values vs U-Pb ages diagram; (b) Whole-rock SiO2 vs Mg

# 
diagram. The data of the crust evolution lines are after Yang 

et al. (2018); Mg
#
=Mg/(Mg+Fe

T
), the data of the crust partial melting areas are after Jiang et al. (2009).  

6.3 Tectonic environment 
A-type granites were originally defined as alkaline, anhydrous and anorogenic (Loiselle and wones, 

1979); however, an extended definition was proposed by Eby (1992) and Whalen (1987). These authors 
divide the A-type granites into two types: the A1-type granite formed in an anorogenic environment, 
usually related to an intracontinental rift valley or a mantle plume; the A2-type granite formed in a 
postorogenic environment, usually related to back-arc extension or postorogenic extension. In the 
diagrams of Nb-Y-Ce and Nb-Y-3Ga (Figure 13a, b), most of the Jinjiling and Pangxiemu granites plot 
in the A2-type area, indicating a postorogenic environment. Only one Pangxiemu granite sample plots 
in the A1-type granite area, which may due to the high Nb content caused by a high degree of 
fractional crystallization. In the Y+Nb vs Rb, Y vs Nb and R1 vs R2 diagrams (Figure 13c~e), the 
Jinjiling and Pangxiemu granites plot in the within-plate and the syn-collision to postorogenic areas, 
also indicating an intracontinental extensional environment. Previous researches have found an A2-type 
zone in the Nanling region named the Shi-Hang zone; the A2-type granites in the Shi-Hang zone were 
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formed during the slab roll back of the subducted Paleo-Pacific plate (Jiang et al., 2009; Zhao et al., 
2012; Gu et al., 2017; Yang et al., 2018). In this case, the Jinjiling and Pangxiemu plutons were also 
formed in a back-arc extensional environment during the roll back of the subducted oceanic plate. 

 

Figure 13. Tectonic environment discrimination diagrams (after Eby, 1992 and Pearce et al., 1984).  
(a) Nb-Y-Ce diagram; (b) Nb-Y-3Ga diagram; (c) Y+Nb vs Rb diagram; (d) Y vs Nb diagram; (e) R1 vs R2 diagram; 

R1=4Si-11(Na+K)-2(Fe+Ti); R2 = 6Ca+2 Mg+Al; after Bachelor and Bowden (1985). Abbreviations: VAG, volcanic-arc granitoids; 

Syn-COLG, syn-collisional granitoids; WPG, withinplate granitoids; ORG, ocean-ridge granitoids; OIB, ocean island basalt; and MORB, 

mid-ocean ridge basalt. 

 

South China experienced two tectonic movements during the Mesozoic, namely, the Indosinian 
movement in the early Mesozoic and the Yanshanian movement in the late Mesozoic. During the 
Indosinian movement, several blocks were continuously colliding and amalgamation with the South 
China block caused abundant S-type granites (Carter et al., 2001; Wang et al., 2001; Zhou et al., 2006). 
However, Shu et al. (2016) believe that the S-type granites in the internal of the South China block 
during the Indosinian period were caused by intracontinental orogenic movements due to interaction 
between the Yangtze and Cathaysia blocks. During the Yanshanian movement, the Paleo-Pacific plate 
started to subduct beneath the South China block. Mao et al. (2013) proposed a three-stage subduction 
model to explain the asynchronous and various types of igneous rocks in the Nanling region. The first 
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stage occurred during 175~160 Ma, when the Paleo-Pacific plate started to subduct beneath the South 
China block at a gentle angle; this process caused the thickening of the continental crust and formed a 
mass of S-type granites and adakites that are related to the Cu-W-Mo-Au-Ag mineralization. The 
second stage occurred during 160~150 Ma, due to subducted slab break-up, delamination and roll-back, 
the intracontinental thickened crust started to thin and extend. The extension of the intracontinental 
crust caused the upwelling of the asthenosphere, and a mass of A2-type granites was formed in this 
environment, which are related to the W-Sn-Nb-Ta mineralization. The third stage was during 135~80 
Ma; when the Paleo-Pacific Ocean was closed, the Pacific plate started to subduct beneath the South 
China block at a steep angle. This process caused another episode of S-type granites and adakites, with 
related Cu-Mo-Au-Ag mineralization. 

In conclusion, the Jinjiling and Pangxiemu plutons formed in the tectonic environment of 160~150 
Ma back-arc extension, due to slab roll-back and asthenospheric upwelling. The upwelling 
mantle-derived magma heated and remelted the lower crust to form the numerous A2-type granites in 
the Nanling region.  

6.4 Mineralization significance 
Previous researches have found that highly evolved rare-metal granites are commonly associated 

with high F content (Zaraisky et al., 2010; Chen et al., 2014; Xie et al., 2015; Ballouard et al., 2016; 
Wu et al., 2017; Huang et al., 2018; Wang et al., 2018). Experimental petrology has confirmed that the 
high F content in the magma can: (1) notably reduce the viscosity of the magma and promote the 
diffusion of the ions (Wu et al., 2017); (2) reduce the solidus temperature to change the composition of 
the melt (Wang et al., 2018); and (3) complex with the incompatible elements, enhance their solubility 
and transfer with them (Ballouard et al., 2016). In the late period of the magmatic crystallization, 
Ballouard et al. (2016) considered that an F-rich hydrothermal fluid can exsolve from the melt, and a 
continuous reaction between the fluid and the residue melt can occur. Under these conditions, in the 
reduced F-rich fluid, the solubility and hydrothermal transfer of Nb and Ta are greatly enhanced by up 
to three orders of magnitude with some fractionation of Nb over Ta because Ta is less soluble. A similar 
process can occur between Zr and Hf (Zaraisky et al., 2010), with a consequent distinct decrease in 
whole-rock Nb/Ta and Zr/Hf ratios. However, Rb can first enter into the crystallized mica lattice, so it 
can avoid being dissolved by the F-rich fluid; the high Rb content is usually accompanied by high F 
content (Liu et al., 2018; Wang et al., 2018). Ballouard et al. (2016) have proposed Nb/Ta<5 as an 
indicator of melt-fluid interaction, and it can also be a good proxy for discriminating barren from 
mineralized granites. In addition, Zr/Hf<18 can be a boundary between rare-metal granites and W-Sn 
granites, lower Nb/Ta and Zr/Hf ratios are believed to correspond to a better rare-metal capacity. 

Many W-Sn, U and rare-metal deposits have been found around the Jinjiling and Pangxiemu plutons; 
however, the relationship between the mineralization and the two plutons is still obscure. In the F vs 
Nb/Ta, F vs Zr/Hf and F vs Rb diagrams (Figure 14a~c), the Jinjiling granite has higher Nb/Ta, Zr/Hf 
ratios and lower Rb, F contents than the Pangxiemu granite, indicating that the Pangxiemu granite have 
experienced a higher differentiation degree and been enriched in ore-forming elements. Moreover, in 
the Zr/Hf vs Nb/Ta diagram (Figure 14d), samples of the Jinjiling granite mostly plot in the barren 
granite area, but samples of the Pangxiemu granite mostly plot in the rare-metal related granite area. In 
summary, we discovered that the Pangxiemu granite has a higher differentiation degree than the 
Jinjiling granite, with higher F, Rb content and lower Nb/Ta, Zr/Hf ratios in the former. The extensive 
mineralization may directly related to the Pangxiemu pluton rather thanthe Jinjiling pluton. 
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Figure 14. (a) F vs Nb/Ta diagram; (b) F vs Zr/Hf diagram; (c) F vs Rb diagram; (d) Zr/Hf vs Nb/Ta diagram. The 

fields are after Ballouard et al. (2016).  

6.5 Intruding and ore forming process 
Based on the indistinguishable zircon U-Pb ages and εHf(t) values between these two plutons, we 

believe that the Jinjiling and Pangxiemu plutons were derived from a uniform magma chamber in the 
lower crust. The magma chamber can activate up to 10 Myr, resulted into multiple magma intruding 
events (Wang et al., 2018). The Jinjiling granite may represent the early stage intruding magma, 
because of the low differentiation degree. After the intruding of the early stage magma, the thermal and 
gravitational convection retained its activity in the magma chamber, allowing the high-melting-point 
minerals to crystallize and sink to the bottom of the magma chamber. Conversely, the incompatible 
elements, which includes alkali (Na, K, Li), halogens (F, Cl, B), metal elements (W, Sn, Nb, Ta, REE) 
and aqueous fluid, remained in the melt and concentrated upwards toward the top of the magma 
chamber, leading the later stage magma highly differentiated (Wang et al., 2018). The Pangxiemu 
granite may represent the later stage of the intruding magma due to the alkali, halogens, metal elements 
and aqueous fluid enrichment, and directly related to the mineralization when compared to the Jinjiling 
granite. 

Thus, a intruding and mineralization model is proposed: the remelting of the lower crust formed the 
primitive magma chamber, and the magma chamber was activated and upwelled into two stages; the 
former stage magma was emplaced into the strata and formed the Jinjiling pluton at 153 Ma with no 
obvious mineralization. Subsequently, the latter stage magma experienced a higher differentiation 
degree, was enriched in ore-forming elements, and was emplaced into the former Jinjiling pluton at 152 
Ma. The ore-forming enriched fluid was exsolved from the magma and caused the latter large-scale 
mineralization (Figure 15). 
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Figure 15. Diagenesis and mineralization cartoon diagrams of the Jinjiling and Pangxiemu plutons. 

7. Conclusions 

(1) LA-ICP-MS zircon U-Pb dating yields weighted mean ages of 153.0±0.9 Ma and 152.9±0.9 Ma 
for the Jinjiling pluton, 151.1±1.2 Ma and 152.1±1.8 Ma for the Pangxiemu pluton, indicating that the 
two plutons were emplaced at quite similarages, with the Jinjiling pluton formed a slightly earlier. 

(2) The Jinjiling and Pangxiemu granites have similar geochemical features of high SiO2, Al2O3, 
Na2O, K2O, Ga, FeO

T
 and HFSE, and depletedin Sr, Ba, Ti and Eu, indicating an A2-type affinity. 

These granites both experienced fractional crystallization of K-feldspar, plagioclase and multiple Al, 
Ca, Ti, Fe-bearing minerals.  

(3) Whole-rock geochemistry and mineral chemistry reveal a higher differentiation degree for the 
Pangxiemu granite than for the Jinjiling granite. The zircon Hf isotopes reflect their similar source 
region in the lower crust, with small contributions of mantle-derived material. 

(4) The Jinjiling and Pangxiemu plutons were formed in the 160~150Ma tectonic environment of 
back-arc extension due to slab roll-back and asthenospheric upwelling. The upwelling mantle-derived 
magma heated and remelted the lower crust to form the numerous A2-type granites in the Nanling 
region. The Pangxiemu granite may have directly caused the mineralization but the Jinjiling granite 
may not. 
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华南九嶷山两期 A 型花岗岩岩石成因及成矿意义：来自全岩地球化学，

矿物化学成分和锆石 U-Pb-Hf 同位素的约束 

刘烨 1,2，赖健清 1,2,*，肖文舟 1,2,*，Jeffrey M.Dick
1,2，杜日俊 1,2，李双连 1,2，刘

超云 1,2
, 文春华 3
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摘要：九嶷山复式岩体位于南岭北段，由雪花顶、金鸡岭、螃蟹木、砂子岭、西山五个岩体

组成，其中螃蟹木岩体产出于金鸡岭岩体内部。本文对金鸡岭和螃蟹木两个岩体进行了

LA-ICP-MS 锆石年代学、全岩地球化学、单矿物电子探针分析及锆石 Hf 同位素研究。锆石

U-Pb 定年结果表明，金鸡岭岩体结晶年龄为 152.9±0.9Ma，螃蟹木岩体结晶年龄为 151.7

±1.5Ma，二者基本同期形成。金鸡岭岩体和螃蟹木岩体都具有高 SiO2、Al2O3、Na2O、K2O，

低 TiO2、MgO、CaO 和 P2O5的特点；都强烈亏损 Sr、Ba、Ti、Eu，富集 Ga、FeO
T、HFSE；

主微量元素分析表明两个岩体具有 A 型花岗岩的特征。从金鸡岭到螃蟹木岩体，云母类型

从铁黑云母过渡到铁锂云母，且云母中 F、Li、Rb2O 含量呈上升趋势；锆石成分从低 Zr/Hf

向高 Zr/Hf 演化，并伴随有 HfO2、P2O5 、UO2+ThO2+Y2O3 的增加。长石类型上螃蟹木岩体

较金鸡岭岩体具有更多的碱性长石。结合全岩地球化学特征以及单矿物化学成分学分析，螃

蟹木岩体具有更高的分异演化程度。锆石 Hf 同位素研究结果显示两岩体类似的 εHf(t)，体

现了相同的源区，二者均源于下地壳部分熔融，并有少量地幔物质加入。此外，螃蟹木岩体

高 F、低 Nb/Ta 和 Zr/Hf 等特征表明其与稀有金属成矿关系更为密切。 

 

关键词：金鸡岭岩体；螃蟹木岩体；锆石 U-Pb 定年；矿物化学成分；A 型花岗岩；稀有金

属成矿 
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