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Abstract: The Furong pluton, located in central Hunan, China, hosts numerous tungsten veins within and around the
granite, which are of great economic significance. However, its petrogenesis and related mineralization are poorly
constrained. In this study, we used U—Pb dating, petrological and geochemical methods to ascertain the emplacement
time, classification of granitic rock, nature of the source rocks, formation mechanism, and its geodynamic implications
for the Furong pluton. It is shown that the granite is precisely determined to be formed at ~210 Ma, and belongs to the
moderately-fractionated S-type granite. Combined with regional tectonic setting, it is concluded that the pluton was
formed due to crust extension and thinning followed by plate collision and compression in South China. It is also revealed
that tungsten mineralization and Indosinian granites exhibit a close temporal, spatial and genetic relationships, and further
exploration of tungsten deposits within and around the granite in central Hunan, even in South China, is urgently needed.
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1 Introduction

Mesozoic granites are widely distributed in
South China [1-3], and previous researches have
mostly focused on the Late Mesozoic (Yanshanian)
granite and its related mineralization during the
past several decades [4—7]. In contrast, the Early
Mesozoic (Indosinian) granite and its relevant
mineralization have been ignored for a long time due
to their relatively limited outcrop area [2,8,9]. In
recent years, many researchers have proposed that
Indosinian magmatism is relatively widespread in
South China [10—13]; however, up to now, the
affected scope and the intensity of the Indosinian

magmatic activity have been seriously under-
estimated [14], and its mineralization potential has
received less attention.

The Early Mesozoic granite mainly exhibits a
planar distribution in Hunan, Jiangxi, Guangdong,
Guangxi, and Fujian Provinces in South China [2,14],
with a small quantity and scattered distribution
[14,15]. Among them, the Xiangzhong area (central
Hunan, China) is the most important distribution
region, and many tungsten (W) mineralizations
related to these granites occur in this area. The
important tungsten deposits and their associated
granites include the Xingfengshan Au—W deposit
and the adjacent Baimashan pluton, the Baojinshan
Au—W deposit and the adjacent Ziyunshan pluton,

Corresponding author: *Jian-tang PENG, Tel: +86-851-85895405, E-mail: jtpeng@126.com;
**A-xiang HU, Tel: +86-15973114149, E-mail: axhu2010@163.com

https://doi.org/10.1016/S1003-6326(25)66985-8
Received 29 November 2024; accepted 16 September 2025

1003-6326/© 2026 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)


http://www.tnmsc.cn/
https://www.sciencedirect.com/journal/transactions-of-nonferrous-metals-society-of-china
mailto:jtpeng@126.com
mailto:axhu2010@163.com
https://doi.org/10.1016/S1003-6326(25)66985-8

Jian-xiong DU, et al/Trans. Nonferrous Met. Soc. China 36(2026) 614—627

the Darongxi W deposit and the adjacent Dashenshan
pluton, the Muguayuan W deposit and the adjacent
Sanxianba pluton, and the Situpu W deposit and the
adjacent Weishan pluton (Fig. 1 [16]). Although
some petrological and geochemical researches have
been carried out on these Early Mesozoic granites in
central Hunan, China in recent years [8,9,14], it is
still unclear whether there are multiple episodes of
granitic magma emplacement during the Early
Mesozoic, the nature of its magma source is still
ambiguous, and the associations between the granites
and tungsten mineralization are still disputed.

The Furong pluton, adjacent to the Weishan
pluton, was considered to be formed during the
Mesozoic, but robust geochronological constraints
on its emplacement are still absent. Many tungsten-
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bearing quartz veins occur within this pluton and
some occur along the contact zone between the
granite and the Neoproterozoic slate, forming a
medium-scale tungsten deposit [17]. Unfortunately,
the geological and geochemical features of the Furong
pluton are poorly constrained, and the relationship
between the pluton and the tungsten mineralization
is still ambiguous. Moreover, it is unclear whether
the Furong pluton is a part of the adjacent Weishan
pluton. The above problems seriously restrict our
understanding of the petrogenesis of the Furong
pluton and the relevant tungsten mineralization.
Numerous tungsten-bearing veins develop inside and
around the Furong pluton, and are of great economic
significance; however, the petrogenesis of the pluton
and its related mineralization are poorly constrained.
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In this study, based on the geological and
geochemical signatures of Furong pluton, we
determined the rock type, magma source, and
geodynamic setting of the pluton for the first time.
We also measured the emplacement time of Furong
pluton, and investigated the relationship between the
granite emplacement and tungsten mineralization
during the Early Mesozoic in central Hunan, South
China. These conclusions achieved in this study
will promote the further understandings regarding
the Early Mesozoic granites and its related
mineralization throughout South China, and provide
theoretical guidance for the exploration of tungsten
mineralization within or around the granitic pluton.

2 Geological setting and analytical methods

The Xiangzhong Metallogenic Province is
located in the central part of the Jiangnan Orogen.
This orogen is situated between the Yangtze and
Cathaysia blocks, provides a key to understanding
the crustal evolution, magmatic activity and
metallogenic effects in South China [18]. The
Proterozoic basement outcropped in central Hunan is
mainly composed of the Banxi Group (Pt;b) and
Lengjiaxi Group (Pts/n), and consists of low-grade
greenschist facies metamorphic rocks. The
magmatic activity in this region is intense and
frequent, and can be mainly divided into Indosinian
and Caledonian magmatisms [12,14]. A series of
Indosinian  granites have intruded into the
Proterozoic and Early Paleozoic strata around the
Xiangzhong Basin (Fig. 1), and some tungsten
deposits related to these granites have been newly
discovered in recent years [12,17,19,20].

The Furong pluton is located in Anhua County
(Hunan Province, China), approximately 6 km east
away from the Weishan pluton (Fig. 1). The Furong
pluton exhibits an irregular elliptical shape, about
4.4 km in north-south length, and 1.7 km in east-
west width, with an exposed area of 6 km?
Tectonically, the studied area is located in the middle
part of the arc-shaped Xuefengshan structural belt.
The exposed strata include the Wuqiangxi Formation
of the Neoproterozoic Banxi Group (Pt;bnw), and the
Jiangkou Formation (Zij), Xiangmeng Formation
(Z:x) and Hongjiang Formation (Z4) of the Lower
Sinian (Fig. 2 [17]). Structures are well developed
in this area, including NE-trending and EW-
trending faults, the Furong complex anticline and its

secondary folds (Fig. 2).

Tungsten mineralization predominantly occurs
in the form of scheelite—quartz veins within the
granitic pluton, and some ore veins are distributed in
the outer contact zone (Fig.2). Ore veins in the
Furong deposit are morphologically simple, mostly
occurring in the form individual veins or lenses.
Among all ore veins, No. | vein is the largest in scale,
with a length of more than 1300 m and a thickness of
0.6—5.5m [17]. Scheelite is the sole ore mineral,
with pyrite occurring locally. The gangue minerals
are predominantly quartz, with small amounts of
muscovite and sericite.

Hongjiang Formation, Xiangmeng Formation, Jiangkou Formation,
Lower Sinian Lower Sinian Lower Sinian

Wugiangxi Formation, Scheelite ore vein and
Banxi Group its number

Fault Drill hole
Fig. 2 Geological map of Furong tungsten deposit in
central Hunan, China (Modified from Ref. [17])

Furong granite

In this study, twenty samples were collected
from five boreholes within the Furong pluton. The
granite samples mainly consist of quartz (25—
35 vol.%), K-feldspar (25—-30 vol.%), plagioclase
(30—40 vol.%), biotite (4—10 vol.%) and muscovite
(0—5 vol.%), and are classified as monzonite granite
(Fig. 3). Accessory minerals include apatite, zircon,
tourmaline, garnet and ilmenite. Among them, ten
fresh samples were selected for the whole-rock
chemical analysis (major and trace elements, Sr and
Nd isotopes), including FR-1, FR-3 and FR-4 from
the borehole ZK401; FR-5, FR-6 and FR-8 from the
borehole ZK001; FR-11 from the borehole ZK801;
FR-14 and FR-16 from the borehole ZK802; FR-19
from the borehole ZK701.
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Fig. 3 Photographs of representative hand-specimen (a, b) and micrographs (c—f) of granite collected from Furong pluton
(Mineral abbreviations: Ap—Apatite; Bi—Biotite; Pl-Plagioclase; Qz—Quartz; Kf-K-feldspar)

Bulk analyses of major and trace elements,
Rb—Sr and Sm—Nd isotopes were conducted at
Guizhou Tongwei Analytical Technology Co., Ltd.,
China. The contents of major elements were
determined wusing an ARL Perform’X 4200
instrument (Thermo Fisher). The trace element
analysis was carried out via the inductively coupled
plasma mass spectrometry (ICP-MS) (Thermo
Fisher, X2). The standard samples utilized in
this study were W-2a, BHVO-2, and BCR-2, and
the analytical precision in this study was better
than 5%. Sr and Nd isotopic ratios were measured
using a Nu Instruments Plasma 3 multi-collector
(MC)—-ICP-MS. The analytical precision of the
isotopes ratio in this study is reported as 2o standard
errors.

Zircons selected from samples FR-3 and FR-19
were subjected to the laser ablation inductively
coupled plasma mass spectrometry (LA—ICP—MS)
U—Pb dating. After crushing, heavy liquid separation,
and magnetic separation of the samples, cathodo-
luminescence (CL) photography was performed.

Zircon U-Pb dating was completed via the
LA-ICP-MS, with a laser beam spot diameter of
30 um, and the energy density and frequency were
set to 10 J/em? and 10 Hz, respectively. Zircon particle
selection, target preparation, CL photography, zircon
trace element analysis, and U—PDb isotopic analyses
were all performed at Micro—Macro Geochemistry
Technology (Langfang) Co., Ltd., China.

3 Results

3.1 Zircon U—PDb ages

The w(Ce) concentrations of zircon grains from
the Furong pluton obtained in this study fall in
(6-165)x107¢ (mostly <50x107%), the Ce anomaly
(dce) and Eu anomaly (Jku) values vary in the range
of 1.0-134.4 and 0.2—0.5, respectively, which are
consistent with the values of those typical magmatic
zircons. The mass fraction ratios of Th to U
(W(Th)/w(U)) of the zircons in this study are
0.14-0.71 (>0.1), falling in the range of standard
magmatic zircons [14].
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Samples FR-3 and FR-19 in this study belong
to the biotite monzogranite in term of lithology.
Zircons from both samples display similar
morphology and internal structures under CL, and
most grains display well-developed crystal shapes
and obvious rhythmic bands, indicating that they are
of typical magmatic origin (Fig. 4).

For the zircon sample FR-3, the LA—ICP—-MS
analysis revealed that these zircon grains have highly
variable mass fractions of U (w(U)=(484-5445)x107),
and the w(Th)/w(U) ratios fall in the range of
0.14—0.71, mostly clustering within 0.14—0.49. And
26 analytical points yield a 2Pb/>*®*U concordia age
of (209.4+0.8) Ma (Fig. 4(a)). For sample FR-19,
zircons grains display highly variable w(U) values of
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(442-5605)x107%, and the w(Th)/w(U) ratios change
from 0.20 to 0.52, mostly clustering within
0.20—0.49. Most analytical points (28 of 30) define
a concordia age of (210.7+0.8) Ma (Fig. 4(b)). All
dates determined in this study are consistent within
the error, indicating that the Furong pluton was
emplaced at ~210 Ma.

3.2 Whole-rock geochemistry

The bulk analytical results of major elements
for the Furong pluton are presented in Table 1. It is
worthwhile to note that, the Weishan pluton shares
similar lithological signatures with the Furong
pluton, thus, both plutons are likely connected
at greater depth, as previously speculated [21]. To
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Fig. 4 Concordia diagrams for zircons collected from Furong pluton (MSWD is mean squared weighted deviation; n is

number of samples)

Table 1 Contents of major oxides for granite samples from Furong pluton (wt.%)

Oxide FR-1 FR-3 FR-4 FR-5 FR-6 FR-8 FR-11 FR-14 FR-16 FR-19
SiO, 73.9 73.3 71.4 72.9 72.5 71.3 73.1 71.7 71.9 72.4
TiO, 0.175 0201  0.242 0.156  0.159  0.175 0.252 0.233 0.195 0.244
ALO; 13.6 14.1 15.1 14.4 14.8 15.2 14.0 14.9 14.9 14.7
FexO3(T) 1.44 1.56 1.64 1.34 1.38 1.47 2.03 1.80 1.53 1.62
MnO 0.023  0.023 0.026 0.031 0.027 0.026 0.033 0.026 0.027 0.025
MgO 0.540  0.620 0.730 0550  0.630  0.630 0.810 0.750 0.640 0.690
CaO 1.92 2.18 2.51 1.76 2.25 2.24 2.37 2.47 221 2.35
Na,O 3.04 3.21 3.52 3.44 3.60 3.45 3.23 3.61 3.43 3.66
K,O0 3.60 3.44 3.31 3.90 3.00 3.69 2.80 3.00 3.51 2.97
P>0s 0.065 0.082 0.077 0.063 0.067 0.081 0.077 0.070 0.075 0.065
*LOI 0.826  0.654 1.337 0.783 1.16 1.20 1.18 0.775 1.00 1.06
Total 99.14 9937 9992 9929 99.63  99.46 99.87 99.34 99.40 99.72
A/CNK 1.09 1.08 1.08 1.10 1.12 1.10 1.10 1.09 1.10 1.08

*LOI=Loss on ignition; A/CNK=w(A1203)/(w(CaO)+w(Na20)+ w(K20))
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further ascertain the petrogenesis of the Furong
pluton, geochemical data for the Weishan pluton are
also referred in the following section.

The Furong granite exhibits relatively high
w(Si02), m(K>0) and w(NaxO)+w(K,O) contents;
low w(Al,03), w(Fe,03(T)) and w(MgO) contents.
All samples plot within the granite field on the

(W(Na20)+w(K>0))—w(Si0,) (TAS) diagram (Fig. 5).

Variable A/CNK  (W(ALO3)/(w(CaO)+w(Na,O)+
w(K20))) ratios for the Furong pluton range from
1.08 to 1.12, indicative of weakly peraluminous
signature. The studied pluton displays a moderately
differentiation index (D.1.=82—87) and low w(Mg),
w(Fe), w(Ti), w(Ca) and w(P) contents, suggesting
that the pluton underwent a relatively strong magma
differentiation [14].
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Fig. 5 TAS diagram of major elements for Furong pluton

and Weishan plutons [22] (Previous data for Furong

pluton adopted from Ref. [21]; Data for Weishan pluton

cited from Refs. [8,20,23,24])

Rare earth element (REE) and trace element
data for the Furong pluton are presented in Table 2.
The pluton displays moderate REE contents, and the
total REE content (3 REE) varies in the range of
(55.3-113.8)x107° (averaging 79.9x107%) (Table 2).
All samples show consistent chondrite-normalized
REE patterns (Fig. 6 [25]), and obviously exhibit
light rare earth element (LREE) relative enrichment
and heavy rare earth element (HREE) relative depletion
(w(Lan)/w(Ybn)=17.5-28.8). It is worthwhile to
note that, the internal fractionation of LREE
(w(Lan)/w(Smn)=5.0—6.5) is obviously higher than
that of HREE (w(Gdn)/w(Ybx)=2.21-3.61), thus, all
samples display steep LREE distribution patterns
and relatively flat HREE patterns (Fig. 6). The dgu
values change from 0.44 to 0.80, with an average of

0.71, thus the studied pluton exhibits weak negative
Eu anomalies, which indicates that there exists the
fractional crystallization of feldspar during magma
evolution, but the fractional -crystallization is
relatively weak.

On the primitive mantle-normalized spider
diagram (Fig. 7), the Furong pluton is relatively
enriched in Th, U, Pb, Nd, Zr and Hf, but is relatively
depleted in Ba, Nb, Sr, Eu and Ti. The adjacent
Weishan pluton shares similar geochemical
characteristics, as shown in Fig. 7.

3.3 Sr and Nd isotopic compositions

The Sr and Nd isotopic compositions of the
Furong pluton are presented in Table 3. The Furong
pluton exhibits the restricted present-day ’Sr/%6Sr
(0.719947-0.723171) and '*Nd/'"*Nd (0.512048—
0.512099) values, and its time-calibrated values
(¥’Sr/%Sr); range from 0.713582 to 0.714542, and the
calculated ena(?) (deviation of *Nd/'*Nd from the
standard value) values fall in the range from —9.4 to
—8.4 (Table 3). The two-stage Nd model ages (7>pm)
are calculated at 1.67—1.75 Ga (Table 3).

4 Discussion

4.1 Emplacement time of granitic plutons

The ages of (209.4+0.8) Ma and (210.7+0.8)
Ma obtained for the Furong pluton in this study are
consistent with zircon U-Pb ages ((210.8+0.8) Ma
and (210.6+1.9) Ma) for the Weishan pluton reported
by HU et al [26], and also show good agreement with
previously reported dates for the Weishan pluton,
including zircon U—Pb ages of (211.0£1.6) Ma and
(215.7£1.9) Ma [20] and (204.5+2.8)—(209.2+3.8)

a [24]. These dates are slightly younger than the
emplacement time of other Early Mesozoic in South
China (221.7-228.7 Ma) [9,12,14,27]. In spite of
these discrepancies, all dates above mentioned fall
within the range of the Indosinian period. Therefore,
the Late Triassic should be recognized as a critical
period for the granitic magmatism in the Furong—
Weishan area.

The question whether the Indosinian granites in
central Hunan were emplaced during a single
geological event or multiple events remains
controversial. Based on the dates obtained in this
study and other recently published radiometric data
of granites in central Hunan, we statistically
analyzed the formation time of the early Mesozoic
granites in the region (Fig. 8).
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Table 2 Contents of rare earth elements and trace elements for granite samples from Furong pluton (10°°)
Element FR-1 FR-3 FR-4 FR-5 FR-6 FR-8 FR-11 FR-14 FR-16 FR-19
La 14.6 25.0 23.6 19.5 17.2 13.6 293 20.9 20.2 21.8
Ce 25.7 433 40.9 342 30.0 24.5 52.1 36.6 353 38.2
Pr 2.62 4.35 4.05 3.43 3.12 2.56 5.27 3.67 3.56 3.87
Nd 8.89 14.5 13.5 11.5 10.4 8.89 17.9 12.3 11.9 13.0
Sm 1.67 2.50 2.27 2.09 2.11 1.71 3.25 2.19 2.14 2.27
Eu 0.407 0.500 0.503 0.418 0.413 0.396 0.420 0.511 0.460 0.514
Gd 1.35 1.80 1.65 1.55 1.82 1.34 2.35 1.65 1.56 1.68
Tb 0.200 0.238 0.225 0.232 0.291 0.193 0.309 0.237 0.223 0.234
Dy 1.01 1.12 1.07 1.18 1.58 0.980 1.42 1.19 1.09 1.18
Ho 0.179 0.195 0.183 0.200 0.286 0.173 0.235 0.208 0.183 0.207
Er 0.477 0.499 0.457 0.523 0.750 0.456 0.574 0.534 0.465 0.538
Tm 0.071 0.072 0.067 0.080 0.108 0.068 0.085 0.079 0.070 0.082
Yb 0.443 0.448 0.421 0.509 0.664 0.421 0.525 0.489 0.435 0.530
Lu 0.063 0.065 0.061 0.073 0.090 0.060 0.077 0.070 0.063 0.076
Y 5.54 5.83 5.50 6.25 8.73 5.29 7.08 6.29 5.62 6.41
Sc 3.46 3.65 3.87 3.54 3.39 2.99 4.53 4.48 3.75 4.35
Rb 194 185 186 269 161 165 168 182 204 198
Ba 335 591 485 649 257 412 334 435 557 457
Th 9.12 15.2 12.4 11.8 11.7 9.34 20.7 12.5 11.7 13.4
U 2.57 3.51 8.13 6.01 18.1 4.50 4.54 10.2 3.48 6.47
Ta 0.976 0.846 0.833 2.05 0.973 0.892 1.11 0.904 1.54 1.35
Nb 6.04 6.08 5.89 9.30 7.48 5.32 8.03 6.85 7.79 7.37
Pb 42.8 40.0 37.8 43.0 44.5 38.8 339 393 41.6 41.0
Sr 182 221 258 187 192 173 187 252 208 246
Zr 86.8 110 110 81.4 90.8 67.1 112 107 93.0 114
Hf 2.46 2.92 2.93 2.58 2.62 1.90 3.17 291 2.66 3.22
W 0.383 0.343 0.987 0.555 0.322 0.744 0.663 0.289 0.703 0.310
w(YREE) 57.7 94.6 89.0 75.5 68.8 553 113.8 80.6 77.7 84.2
OEu 0.80 0.69 0.76 0.68 0.63 0.77 0.44 0.79 0.74 0.77
w(La)n/w(Sm)n 55 6.3 6.5 5.9 5.1 5.0 5.7 6.0 5.9 6.0
w(Gd)n/W(YDb)N 2.5 3.2 32 2.5 2.2 2.6 3.6 2.7 2.9 2.6
Tz7./°C 743 760 757 736 746 719 763 756 746 761
Tz is the whole-rock Zr saturation temperature
103 10
— Furong pluton = —— Furong pluton
_?,:3‘ — Weishan pluton § 10° ¢ —— Weishan pluton
E 1 :g 107 ¢
2 E
% 10[ % 101 L
10° \glo—l L

Fig. 6 Chondrite-normalized REE patterns for Furong and

Weishan plutons (The normalized values cited from

Ref. [25];

data for Weishan pluton adopted from

Refs. [8,20])

Trace element
Fig. 7 Primitive mantle-normalized spider diagram for
Furong and Weishan plutons (The normalized values cited
from Ref. [25]; Data for Weishan pluton adopted from
Refs. [8,20])
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Table 3 Rb—Sr and Sm—Nd isotopic compositions of granite samples from Furong pluton

621

Sample SRbASr  ¥Sr/f6Sr  47Sm/'Nd INd/“Nd  (St/*6Sr)  (“SNJ/Nd);  ena (=210 Ma) topm/Ga
FR-1 3.086519  0.723171 0.113568 0.512076  0.713953 0.511920 —8.7 1.70
FR-3 2.423919 0.721115 0.104234  0.512062  0.713876 0.511918 —8.8 1.70
FR-4  2.087526  0.719947  0.101656  0.512071 0.713712 0.511931 —8.5 1.68
FR-5  4.165328 0.726022  0.109872  0.512084  0.713582 0.511933 —8.5 1.68
FR-6  2.428081 0.721688 0.122656  0.512099  0.714437 0.511931 —8.5 1.68
FR-8  2.761699  0.722789 0.116288 0.512048 0.714542 0.511888 -9.4 1.75
FR-11  2.601395 0.721926  0.109766  0.512066  0.714157 0.511916 —8.8 1.71
FR-14  2.091267  0.720105 0.107641 0.512075 0.713859 0.511927 -8.6 1.69
FR-16  2.839915 0.722799  0.108719  0.512074  0.714318 0.511924 -8.7 1.69
FR-19  2.330605 0.720818 0.105565 0.512084 0.713857 0.511939 -8.4 1.67

classified into I-type, S-type, A-type and M-type

S0r N\ [28,29]. A-type granites typically display high

a0l . w(Si02), W(Na,O)+w(K,0), w(Zr), w(Nb) and

w(Fe,O3(T))/w(MgO) values, low w(CaO) and

g 30k w(Sr) contents, significantly negative Eu anomaly,

& and high magma temperatures. Obviously, the
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Fig. 8 Histogram of emplacement time for Indosinian
granites in central Hunan

As shown in Fig. 8, all dates (»=181) for the
Mesozoic granites in central Hunan fall in a
relatively narrow range of 180—255 Ma, mostly
clustering at an interval of 210-230 Ma. Some
researchers have claimed that there existed two
different kinds of Indosinian granites in central
Hunan [8,14,23]: the early granite formed at
225-240 Ma, and the late granite was emplaced at
200—225 Ma. However, the emplacement time
exhibits a good normal distribution (Fig. 8), which
seems to rule out the possibility of two independent
magmatic events happened in the studied region,
thus, all Indosinian granites in the region are likely
to be formed during a continuous but prolonged
magmatic event.

4.2 Classification of granitic rocks
According to field survey, mineralogy,
geochemistry and isotopic data, granites can be

type granite (250x107°). In addition, its weak
negative Eu anomaly (dr=0.44—0.80) and lower
zircon-saturation temperatures (719-763 °C) also
preclude the possibility that the studied pluton
belongs to A-type granite.

In the w(Fe,O3(T))-w(MgO)—w(Al,Os) ternary
diagram, all samples in this study fall into the field
of S-type granite (Fig. 9 [30]), indicating the Furong
pluton should be classified into the S-type granite. Its
high w(Si0,) and w(K,O) contents, low w(P,0Os)
content, Rb, Th, U and Pb enrichment, and Ba, Sr
and Eu depletion, also indicate that the pluton is
a typical one of S-type granites. Moreover, some
peraluminous minerals, including white mica,
tourmaline and even garnet, can be observed in some
samples in this study, providing a more convincing
evidence for its S-type origin.

4.3 Nature of source rocks and formation mechanism

There are two distinct kinds of mechanisms for
the formation of granitic magma, including re-
melting of ancient continental and differentiation of
basaltic magma [31]. Some trace elements and
isotopes can be used to discriminate the above
formation mechanisms [31].
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Fig. 9 Ternary diagram of w(Fe.O3(T))—w(ALOs3)—
w(MgO) for Furong and Weishan plutons [30] (Previous
data for Furong pluton adopted from Ref. [21]; Data for
Weishan pluton cited from Refs. [8,20,23,24])

The (¥Sr/*¢Sr); values of the Furong pluton vary
in the range of 0.713582—0.714542, significantly
higher than that of mantle (0.704256; =210 Ma), and
even higher than the average value of the continental
crust, ruling out the possibility of those basaltic rocks
in mantle as the major source rocks. The Sr and Nd
isotopic compositions of the studied plutons are
similar to those of the Yangtze upper continental
crust (Fig. 10(a)). The Nd isotopic characteristics of
these granites are consistent with the Proterozoic
crustal evolutionary domain of South China
(Fig. 10(b)), thus the continental materials are
mainly responsible for the pluton formation. The
w(Nb)/w(Ta) ratios of the studied pluton fall within
the range of 4.5—7.7, significantly less than the average
value of continental crust (11-17.5), indicating
that the partial melting of the continental crust
is responsible for the formation of the studied
pluton [14,31]. As shown in Table 3, the pluton
exhibits relatively low enqg(?) values (from —8.4 to
—9.4), revealing that the granite is likely to be derived
from either partial melting of metasedimentary rocks
or partial melting of more juvenile crustal materials.
Many previous researches also confirmed that the re-
melting of crustal materials is the most important
mechanism for the formation of those tungsten-
associated granites [3,14,18]. The two-stage Nd
model ages (2pm) of 1.67—1.75 Ga (Table 3) further
revealed that the source rocks of the studied plutons
are of the Paleoproterozoic sedimentary origin.

However, those positive Pb anomalies in the spider
diagram (Fig. 7), as well as those small w(Y)/w(Nb)
ratios (0.67—1.17, averaging 0.90), also revealed that
the juvenile crustal materials were likely to be
involved in the initial magma [31].
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Fig. 10 Plots of (¥’Sr/*°Sr); versus end(f) (a) and age (?)
versus end(f) (b) of granite samples from Furong and
Weishan plutons (Modified after Ref. [32]; Data for
Weishan pluton adopted from Refs. [8,20,23])

Although that the formation mechanism is
dominated by the re-melting of ancient continental
crust, the fractional crystallization also played
certain role during the magma emplacement. For
example, the fractional crystallization of plagioclase
is indicative of those negative Eu anomaly in Fig. 6,
together with the obvious Sr and Ba depletion in
Fig. 7. The significant Nb, Ta and Ti depletion in
Fig. 7 indicates that there is the fractional
crystallization of Ti-rich minerals, such as ilmenite
and rutile. The P,Os depletion reveals the existence
of apatite fractional crystallization during the
formation of the Furong pluton.

As mentioned above, the Furong pluton
contains abundant tungsten resource (Fig.2).



Jian-xiong DU, et al/Trans. Nonferrous Met. Soc. China 36(2026) 614—627 623

Previous studies showed that the basement strata in
South China were rich in tungsten, tin (Sn) and other
ore-forming metals [6,15,33], and muscovite and
biotite were believed to be the most important
tungsten-bearing minerals in the source rocks [34].
The zircon-saturation temperatures of the studied
pluton change from 719 to 763 °C (averaging 749 °C)
(Table 2), which coincide well with the temperature
of the muscovite dehydration melting (~750 °C) and
are obviously less than that of the biotite dehydration
melting (~800 °C) [6,33]. During the partial melting
controlled by muscovite dehydration, the element W
will be released and transferred into the melt, while
Sn still remains in the residue [6]. Therefore, it can
be concluded that the Furong pluton was mainly
generated via the muscovite dehydration melting
rather than the biotite dehydration melting. The
silicate magma resulted from the muscovite
dehydration melting exhibits higher Pb and Al
concentrations and lower Ti concentrations [33], and
it is true for the studied pluton.

4.4 Geodynamic implications

The Jiangnan Orogen is located in the
amalgamation zone of the Yangtze block and the
Cathaysia block in South China, and it has
experienced at least three tectonic events since the
Phanerozoic [14,35]. From the Ordovician to the
Devonian, South China experienced intracontinental
orogeny, forming some extensive NNE-trending
structures in South China [36]. The South China
Plate was in an active stage from the Late Permian to
the Early Triassic, including collision with the North
China Plate along the Qinling—Dabie orogenic belt
to the north and collision with the Indochina Plate to
the west [35]. This activity peaked at 258—243 Ma,
forming the infancy of South China Plate [8]. From
the Early Indosinian (243—225 Ma) to the Late
Indosinian  (225—206 Ma), South China Plate
experienced intraplate orogeny and transformed
from a collision compression environment to a post-
collision extension environment [8,24,27]. On the
tectonic discrimination diagrams of w(Y)+w(Nb)
versus w(Rb) (Fig. 11(a)) and w(Rb)/30—w(Hf)—
3w(Ta) (Fig. 11(b)) of Furong pluton, all samples in
this study fall in the syn-collision and post-collision
fields. As stated above, the emplacement time of the
Furong pluton is determined at ~210 Ma, which is
14—20 Ma younger than the peak time of the high-
grade metamorphism in the Qinling—Dabie collision

zone (230—226 Ma) [14,35] and 15—33 Ma less than
the time of the Early Indosinian collision orogeny
(243—225Ma) in South China. Therefore, the
Furong pluton probably formed as a result of the
crustal extension and thinning after the intraplate
collision. All most the emplacement time for other
Indosinian granites in central Hunan was less than
225 Ma (Fig. 8), thus these granites in central Hunan
also formed under the tectonic background of post-
collision [12,14,27].
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Fig. 11 Tectonic discrimination diagrams for Furong
pluton: (a) w(Y)+tw(Nb)-w(Rb) [37]; (b) w(Rb)/30—
w(Hf)—3w(Ta) [38] (Data for Weishan pluton adopted
from Ref. [8,20])

4.5 Relationship between pluton and tungsten
mineralization
Tungsten is a clean energy source and an
indispensable strategic metal in the information
industry, national defense industry, and other
fields [39]. Tungsten mineralization researches have
been the focus of international mineral deposit
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researches in recent years [2,5,12,40]. South China
is the largest tungsten mineralization concentrated
region throughout the world, and the proven tungsten
reserves of this region account for more than 50% of
the global total reserves [2,6,7]. These tungsten
deposits are closely related to the Late Mesozoic
highly-differentiated granites, and usually occur in
the interior of granites or in the contact zone between
granites and wallrocks [2,11,27].

The moderately-differentiated Furong pluton
hosts a medium-sized tungsten deposit dominated by
scheelite mineralization. However, the absence of
suitable minerals in ores for the conventional dating
method precluded the possibility of direct
determination on the metallogenic age for the Furong
deposit. Luckily, we recently obtained the Ar—Ar
ages of 210 Ma and 209 Ma for muscovite collected
from two greisen samples in the adjacent Situpu
mining district (unpublished data). Both the Ar—Ar
ages for tungsten mineralization coincide well with
the emplacement time of the Furong and Weishan
plutons. Therefore, it can be concluded that the
tungsten mineralization in the Furong mining district
is contemporaneous with the emplacement time of
the Furong pluton.

In contrast to the tungsten mineralization
associated with Late Mesozoic highly-differentiated
granite in the Nanling Range, those tungsten deposits
associated with moderately-differentiated in central
Hunan were formed in the Early Mesozoic, except
for the Yangjiashan W—Cu deposit [41]. As mentioned
above, some important Indosinian tungsten deposits
include the Muguayuan tungsten deposit [12],
Baojinshan W—Au deposit [16], Xingfengshan
W—Au deposit [19], Situpu tungsten deposit [26],
Zanshi tungsten deposit [27], Darongxi tungsten
deposit [42] and Furong tungsten deposit in this
study. The mineralization ages of these tungsten
deposits are basically consistent with the intrusion
time of the surrounding granites. According to the
following evidences, the Indosinian tungsten
mineralization is closely related to the Early
Mesozoic granites in central Hunan. Firstly, the
basement strata in South China are rich in tungsten
and other metallogenic metals [6,33]. Secondly,
strong intraplate collisions and the suitable partial-
melting temperature are responsible for the effective
release of tungsten from the source rocks into the
original magma [6,14,33]. Finally, the magma rich in
water and volatile is conducive to further enrichment

of tungsten during the magma evolution [3,30,33,42].
The extensive tungsten mineralization in the Early
Mesozoic in central Hunan resulted from igneous
activity [10,14].

Tungsten is a lithophilic element in the
continental crust and usually acts as an incompatible
element. It usually tends to accumulate in residual
melt during the magma crystallization; therefore, it
is generally believed that those highly-differentiated
granites are conducive to tungsten mineralization
[33,34]. The Late Mesozoic tungsten-bearing granite
in the Nanling Range in China is a typical example.
However, a few recent studies have shown that some
granites with moderately-differentiation can also
form world-class tungsten deposits such as Cantung
and Mactung deposits in Northern Cordillera [43,44].
The Indosinian granites in central Hunan share
similar petrological and geochemical characteristics
with those tungsten-bearing deposits in Northern
Cordillera, and also display some significant
mineralization potential for tungsten resources; thus,
the Indosinian tungsten mineralization in the region
is of great economic significance, and its resource
potential was previously underestimated.

5 Conclusions

(1) The granite hosted tungsten mineralization
in the Furong mining district belongs to the S-type
granite. The emplacement time of the pluton is
precisely determined to be ~210 Ma. The
emplacement time of the Indosinian granites was
strictly restricted in the range of 180-255 Ma, and all
Indosinian granites in the middle section of Jiangnan
Orogen were formed during a continuous but
prolonged magmatic event.

(2) The partial melting of Paleoproterozoic
metasedimentary rocks through the muscovite-
dehydration is mainly responsible for the formation
of the studied pluton, and the granite may have
been derived from either partial melting of
metasedimentary rocks or partial melting of more
juvenile crustal materials. The granite emplacement
in the studied region resulted from the crustal
extension and thinning of after intraplate collision
and compression.

(3) Tungsten mineralization and the moderately
differentiated granites in central Hunan exhibit a
close spatial, temporal, and genetic relation-
ships. The significance of the Indosinian granites
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and its related mineralization were previously
underestimated, and the further prospecting of
tungsten mineralization within and around the Early
Mesozoic granite in central Hunan is urgently
needed.
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