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The Limu granite complex spans three granitic stages, forming the largest Indosinian Ta-Nb-Sn-W ore field in
South China. There includes quartz-vein W—Sn (type-1) mineralization associated with second-stage granite,
as well as Ta-Nb-Sn-W mineralization associated with third-stage granite including quartz-feldspar-vein
(type-2), pegmatite dike (type-3), and disseminated (type-4) mineralization. To elucidate the magmatic evolu-
tion and genesis of these types of mineralization, we obtained muscovite “°Ar/*°Ar ages, zircon LA-ICP-MS U—Pb
ages, and Lu—Hfand Nd isotopic, trace-element, and geochemical compositions of the Limu granite complex. The
Limu granites are peraluminous (A/CNK > 1.1) with negative eNd(t) values (—8.5 to —9.7) and Tpw ages of
1780-1685 Ma, suggesting that they were derived mainly from partial melting of Paleoproterozoic basement.
Magmatic-hydrothermal transition Remnants of Caledonian zircons (429.4 4 5.6 Ma) indicate Caledonian granite melting in the source. Low Zr/Hf
Ore-forming age (<13) and Nb/Ta (<5) ratios and the tetrad effect in rare-earth-element patterns of the second- and third-stage
Limu granites indicate that the magmas were highly evolved and underwent late-stage exsolution of fluids. Muscovite
from type-1 ore yielded an “°Ar/*°Ar age of 213.7 + 1.1 Ma. Two hydrothermal zircons and two muscovite sam-
ples from third-stage granite containing type-4 mineralization yielded similar U—Pb ages of ca. 203 Ma and
4OAr/*°Ar ages of ca. 208 Ma, respectively. We conclude that type-1 mineralization was formed at ca. 214 Ma
and was hydrothermal in origin, whereas Ta-Nb-Sn-W mineralization was formed at ca. 208-203 Ma and was
of magmatic-hydrothermal origin. Mantle-derived heat from a long-lived magma chamber was essential for
the high-temperature anatexis that formed Ta-Nb-Sn-W-rich melts, with the combined effects of crustal thick-
ening during the Indosinian Orogeny, local delamination, asthenospheric upwelling, and deep faulting facilitating
the continuous supply of heat.
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1. Introduction

Ta and Nb are becoming increasingly important in modern society,
and their ore forming processes are attracting greater attention (e. g.,
Linnen, 1998). Rocks related to Ta—Nb deposits are mainly pegmatites,
granites, and carbonatite. South China is well known for large-scale
granite-related rare metal mineralization (e. g., Zhang et al., 2006;
Mao et al.,, 2011; Zhou et al., 2016; Huang et al., 2017a; Wu et al,,
2018a; Xie et al, 2018). Caledonian (490-390 Ma), Indosinian
(257-200 Ma), and Yanshanian (200-135 Ma) magmatism occurred
in South China, with most rare-element deposits being genetically re-
lated to Yanshanian granites (Mao et al., 2007), such as in the Yichun
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(Wu et al., 2018a), Dajishan (Wu et al., 2017), Renli giant (Liu et al.,
2018), Xiangdong, Xianghuapu, and the Xianghualing Ta—Nb deposits
(Chen et al., 2008).

The Limu ore field in Guangxi Province (Fig. 1A) hosts the largest
Indosinian-granite related rare-metals sources in South China, and con-
tains three large Ta-Nb-Sn-W deposits and a series of Ta-Nb-Sn-W
ore occurrences (Fig. 1B). Factors controlling the large-scale
Indosinian-granite Ta-Nb-Sn-W mineralization in the Limu district
are still poorly constrained. Furthermore, ores rich in W—Sn and Ta-
Nb-Sn-W co-exist in the Limu ore field, unlike most other granite-
related rare-metal deposits in South China, which host predominantly
W but little Ta—Nb mineralization (e. g., Li et al., 2015a; Wu et al,,
2017). This distinct association of W—Sn and Ta-Nb-Sn-W mineraliza-
tion warrants further investigation.

Here, we describe the textures, geochemistry, and geochronology
of Limu mineralized granites, including muscovite 4°Ar/3°Ar ages,
zircon laser-ablation-inductively coupled plasma-mass spectrometry
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Fig. 1. (A) Sketch map showing tectonic units of South China, and location of the Nanling Range. (B) Sketch map showing granitic rocks and main Ta-Nb-Sn-W deposits in the Nanling

Range (modified after Sun, 2006). (C) Sketch map showing the regional tectonic background of the Limu ore field. (D) Geological maps of the Limu ore field (modified after Dong and
Ding, 2016).

(LA-ICP-MS) U—Pb ages, and Lu—Hf and Nd isotopic, trace element, relationship between magmatic evolution and the different types of
and geochemical compositions of the Limu granite complex. These mineralization, and constrain the key factors controlling formation of
new data, together with results of previous studies, elucidate the the abundant Ta-Nb-Sn-W deposits of the Limu ore field.
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2. Geological background and ore field geology

The Limu ore field lies located at 37 km northeast of Gongcheng
County, in the Guangxi Zhuangzu autonomous region of the South
China Block (SCB). The SCB includes the Yangzi Block in the northwest
and the Cathaysia Block (CB) in the southeast, separated by the
NE-striking Jiangshan-Shaoxing Fault (Fig. 1A). The CB is composed of
crystallized basement and Neoproterozoic to Mesozoic sedimentary
rocks. The basement is largely Paleoproterozoic in age (2.0-1.8 Ga) and
is composes greenschist- to lower-amphibolite-facies gneisses,
migmatites, and plagioclase amphibolites that are un-conformably or
pseudo-conformably overlain by Neoproterozoic-Mesozoic sediments.
The cover sequence comprises Cambrian phyllitic mudstone and silt-
stone, Ordovician sandstone and siltstone, Devonian-Permian limestone
and sandstone, and Triassic-Jurassic clastic rocks.

The SCB underwent three stages of magmatism: Caledonian
(490-390 Ma), Indosinian (257-200 Ma), and Yanshanian (200-65 Ma)
(e.g., Lietal, 2007; Li and Li, 2007; Shu et al., 2008; Wang et al., 2013a,
2013b). Yanshanian granites are more widely distributed in the CB than
Caledonian or Indosinian granites, with most rare-metal deposits being
genetically linked to the Yanshanian granites. The CB rare-metal deposits
are distributed mainly along the E-W-trending Nanling ore belt (e. g., Guo
etal, 2012; Huang et al., 2018; Li et al., 2015b; Mao et al., 2011; Mao et al.,
2007).

The Limu ore field lies in the western Nanling ore belt, in the north-
eastern Guangxi region (Fig. 1B), which is the largest Indosinian Ta-Nb-
Sn-W production area in South China. The NE-striking Guanyingge-
Zhuhou fault zone, which is >550 km long and 11 km wide, traverses
the ore field (Fig. 1C). A series of lamprophyres and granites occur
along the Guanyingge-Zhuhou fault, indicating that it is a lithospheric
fault (GXGBMR, 1985; Xu et al., 2017).

Three large-scale (Laohutou, Shuiximiao and Jingzhuyuan) and two
medium-scale Ta-Nb-Sn-W deposits, as well as numerous Sn—W ore
occurrences, have been found in the Limu ore field within an area of
60 km? (Fig. 1D). The ore field has estimated total reserves of >4300 t
Ta,0s with an average grade of 0.013%-0.019%, >4700 t Nb,Os with a
grade of 0.011%-0.014%, >50,000 t Sn with a grade of 0.21%-0.28%,
and > 18,900 t WOs (Internal Reports of the Guangxi No. 271 geological
team, 1990).

Strata in the Limu ore field contain Cambrian metamorphic sand-
stone, siltstone, shale, and argillaceous limestone; Devonian limestone,
sandstone, and conglomerate; and Carboniferous limestone, pelite,
and siliceous shale (Fig. 1D; e.g., Wang et al., 2008; Feng et al., 2013).
NE-EW-trending and E-W-trending fault structures are well-
developed in the Limu ore field (Fig. 1D).

Quaternary
D Devonian
Ij Second stage granite
- Third stage granite
I:I Ta-Nb-Sn ore body
B so-(7a-Nb) ore body
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Fig. 2. Schematic vertical section of the Limu deposit (modified after Zhu et al., 2001).

The Limu granite complex occurs as stocks and dikes in the center of
the ore field (e.g., Lin, 1996; Zhu et al., 2001; Fig. 2), intruding Cambrian
and Devonian-Carbonaceous sediment rocks with a total surface area of
~1.5 km?. Drill-cores indicate that these stocks and dikes are surface ex-
posure of a concealed granite complex with an area of ~8 km?.

The Limu granite complex spans three granitic stages (Li and Pan,
1994; Wang et al., 2008; Zhang et al., 2013; Zhu et al., 2001). The first
stage crops out at Paoshuiling in the middle of the ore field with a sur-
face area of 0.1km? (Fig. 1D) and comprises medium-grained porphy-
ritic muscovite granite that has undergone strong argillaceous
alteration (Fig. 3A, B). The second occurs around first-stage granite
with a surface area of 1.22 km? (Fig. 1D, Zhang et al., 2013) and com-
prises medium-grained lepidolite granite and porphyritic lepidolite
granite. The white lepidolite granite (Fig. 3C) has a mineral assemblage
of plagioclase (andesine) (~32 vol%), perthite (~30 vol%), quartz
(~31 vol%), lepidolite (~5 vol%), topaz (<1 vol%), annite (<1 vol%)
(Fig. 4A). Third-stage granite occurs as a stock in the Laohutou domain
with a surface area of 0.1 km? (Fig. 1D) and locally intrudes first-stage
granite in the Paoshuiling area (Fig. 3F), with drilling having revealed
two other concealed stocks in the Jinzhuyuan and Shuiximiao areas
(west and southeast of Laohutou, respectively) (Fig. 1D, Zhang et al.,
2013). It has a fine-medium-grained texture (Fig. 3E), with fine-
grained euhedral albite crystals being locally hosted (entrapped) by
large-grained xenomorphic quartz crystals (Fig. 4C), suggesting that
the albite crystallized under sub-solidus quartz conditions. Third-stage
granite comprise plagioclase (albite-oligoclase; 38-48 vol%), K-
feldspar (20-28 vol%), quartz (22-34 vol%), lepidolite (3-5 vol%) and
topaz (<3 vol%) (Fig. 4B-F), and can be classified as topaz-bearing lepid-
olite granite (“topaz-lepidolite granite”).

Mineralization in the Limu ore field can be divided into four types:
(1) W—Sn quartz-vein mineralization; and (2) quartz-feldspar vein,
(3) granite-pegmatite dike, and (4) disseminated Ta-Nb-Sn-W miner-
alization (e.g., Li and Pan, 1994; Liang et al., 2017; Lin, 1996).

The quartz-vein W—Sn mineralization (type-1) occurs in second-
stage granite and in the contact zone around it. Sixty W—Sn quartz
veins have been found in the Niulanping, Xiantanling, and
Sangehuangniu domains of the Limu ore field, with lengths of
60-80 m and thicknesses of 0.3-1 m. They have proven total reserves
of 11,041 t WO5 and 7895 t Sn, with a WOs3/Sn ratio of 1.40.

The other three types of mineralization are closely associated with
third-stage topaz-lepidolite granite.

The quartz-feldspar vein mineralization (type-2) occurs in the
Shuiximiao and Sangehuangniu areas, mainly in fractures in Devonian
limestone and marble covering the upper third-stage granite. Alteration
includes carbonate re-crystallization, fluoritization, and lepidolitization.

The granite-pegmatite dike mineralization (type-3) occurs in the
Shuiximaio area, in fractures in Devonian limestone or marble around
third-stage topaz-lepidolite granite.

The disseminated Ta-Nb-Sn-W mineralization (type-4) occurs
mainly in the Laohutou, Shuiximaio, Jingzhuyuan, and Shiziling areas
(Fig. 1D) where orebodies occur on top of third-stage granite, with an
area of 750 m x (330-480) m and thickness of 2-80 m (Zhu et al.,
2001). Type-4 can be divided into Ta-Nb-rich and Ta-Nb-poor do-
mains on the basis of Ta—Nb and Sn—W contents, with the former usu-
ally occurring in the middle of orebodies and the latter on the margins,
and with the former having lower Sn contents compared with the latter
(Table 1). Columbite-tantalite crystals occur with K-feldspar and albite,
or are semi-enclosed by quartz (Fig. 4C). No alteration or reaction rims
have been found among columbite-tantalite, albite, or quartz.

Ore grade and reserves of the different mineralization types are
given in Table 1. The main ore minerals include cassiterite, tantalum
niobite, niobite, tantalum, rutile, wolframite, huebnerite, scheelite, and
associated arsenopyrite, pyrrhotite, magnetite, chalcopyrite, pyrite,
bismuthinite, and molybdenite. Gangue minerals include feldspar,
quartz, muscovite, fluorite, and topaz. Some Ta and Nb minerals are
hosted as inclusions in cassiterite.
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Fig. 3. Representative photographs of (A) rock with strong kaolinization alteration; (B) muscovite granite; (C) lepidolite granite; (D) quartz-vein W—Sn ores hosting in the lepidolite
granite; (E) topaz-lepidolite granite; (F) the contact relationship between third-stage topaz-lepidolite granite and the first-stage muscovite.

3. Samples and analytical methods
3.1. Zircon U—Pb dating and trace-element compositions

One sample of first-stage muscovite granite from the Paoshuiling
area (sample L-7), and two of third-stage topaz-lepidolite granite
from the Shuiximiao (sample LM-2) and Laohutou (sample LM-3)
areas were collected for U—Pb dating and trace-element analysis. Zir-
cons from a first-stage granite sample with strong kaolinization (sample
LM-1, Fig. 3A) were also selected for U—Pb dating.

Zircons were separated from ~2 kg of crushed and sieved samples
using conventional heavy-liquid and magnetic separation techniques.
Euhedral, clear zircon grains were hand-picked under a binocular mi-
croscope, and >100 grains were mounted in epoxy resin and polished.
Zircon internal structures were imaged by cathodoluminescence (CL)
before isotopic analysis.

Single zircon grains were analyzed by LA-ICP-MS at the State
Key Laboratory of Isotope Geochemistry, Guangzhou Institute of

Geochemistry, Chinese Academy of Sciences (GIG-CAS), Guangzhou,
China, using procedures described by Tu et al. (2011) with 31 um
spots, a repetition rate of 8 Hz, and a beam flux of 8 Jem~2. US
National Institute of Standards and Technology (NIST) standard ref-
erence material (SRM) 610 (Jochum et al., 2011; Pearce et al.,
1997) and Temora zircon (Black et al., 2003) were used as external
standards.

Off-line inspection and integration of background and analytical sig-
nals and quantitative calibrations for trace-element analyses and U—Pb
dating, were performed using ICPMSDataCal software (Liu et al., 2010).
Concordia diagrams were plotted and associated weighted-means ages
calculated using Isoplot/Ex_ver3 (Ludwig, 2003). Data with >10% dis-
cordance in 2°°Pb/238U versus either 2°7Pb/22°U or 2°Pb/232Th plots
were excluded from age calculations (Liang et al., 2006). Cumulative
probability plots were used to identify Pb inheritance and loss (Zou
et al,, 2017). Zircons mostly exhibited a linear distribution with a posi-
tive slope in cumulative probability plots, with outliers above and
below the line representing inherited cores and Pb loss, respectively.
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Fig. 4. Representative transmitted-light photomicrographs of (A) quartz-K feldspar-plagioclase-lepidolite assemblage of second-stage lepidolite-granite; (B) quartz-albite-K feldspar-
lepidolite-topaz assemblage of third-stage topaz-lepidolite granite; (C) close up view of albite entrapped in a large grained xenomorphic quartz crystal; (D) close up view of topaz in
topaz-lepidolite granite; (E) columbite-tantalite crystal semi-enclosed by quartz; (F) cassiterite crystal in the K-feldspar and albite. Abbreviations: Ab = albite, Cst = cassiterite, Kfs =

K-feldspar, Mus = muscovite, Q = quartz, Toz = topaz.

Such outliers were excluded from U—Pb age and mean-square-
weighted-deviation (MSWD) calculations.

3.2. Muscovite “°Ar/*°Ar dating

One muscovite sample from type-1 ore (sample LM-20) and two
from third-stage topaz-lepidolite granite (samples L-6 and L-11) were
selected for “°Ar/3°Ar dating, with muscovite being hand-picked from
crushed samples. Muscovite (~50 mg) samples were irradiated for
24 h in channel B4 of the Beijing 49-2 reactor at the Chinese Academy
of Nuclear-Energy Sciences, Beijing, China. Muscovite standard ZBH-25
(132.7 Ma; Sang et al., 2006) was used to monitor neutron flux.

Total-fusion analyses were performed by MS (Isoprobe VG 5400,
Isotopx, United Kingdom) at GIG-CAS. Detailed analytical methods
and data correction procedures were as described by Qiu and

Wijbrans (2006). Data processing was performed using ArArCALC 2.4
software (Koppers, 2002), and °Ar/3®Ar-3°Ar/3®Ar isochron diagrams
were plotted using Isoplot 4.0 (Ludwig, 2003).

3.3. Major- and trace-element analyses

Two samples of first-stage muscovite granite (samples L-7 and L-8),
four of second-stage lepidolite granite (samples L-10 to L-13), and five
of third stage topaz-lepidolite granite (samples L-1 to L-4, L-6, L3-2,
and L4-2) were selected for analysis. After removal of weathering
rinds, 100 g of each sample was crushed to 200 mesh in a jade mill.
Major- and trace-element analyses were conducted at GIG-CAS.

For major-element analyses, samples were fluxed with Li;B407 (1:8)
to make homogeneous glass disks at a temperature of ~1200 °C. The
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Table 1

Main characteristic of the three stages granites and associated mineralization in Limu ore field.

W. Huang et al. / Lithos 352-353 (2020) 105321

Rock type Mineral assemblage ~ Age  Associated Ore Estimated reserves Domains Grade Ta,05/Nb,0s WOs5/Sn
(Ma)  type Tay0s Nb,Os Sn WO,
First stage Plagioclase, quartz, ca. - Paoshuiling - - - - - -
porphyritic K-feldspar, muscovite 230
muscovite
granite
Second stage Andesine, perthite, ca. Quartz vein type 7895 tSn, 11,041 t Niulanping, 1.40
lepidolite quartz, lepidolite, and 225 W-Sn W03 Xiantanling, and
granite minor topaz (< 1vol  to ca. Sangehuangniu
%) 214
Third stage Albite-oligoclase, ca. Pegmatite or Ta,05 > 4300 t, Shuiximiao 0.0188% 0.0138% 0.135% 0.011% 1.36 0.08
topaz-bearing K-feldspar, Quartz, 210  Keldspar-quartz  Nb,Os > 4700 t,
lepidolite lepidolite, and topaz  toca. vien type Sn > 42,186 t,
granite (<3 vol%). 203  Ta-Nb-Sn-W WOs3 > 3300 t
Ganite Laohutou 0.0126% 0.0103% 0.205% 0.025% 1.12 0.12
disseminated Shuiximiao Ta-Nb 0.0104% 0.0114% 0.113% 0.013% 0.91 0.12
type rich
Ta-Nb-Sn-W Ta-Nb 0.0079% 0.0087% 0.260% 0.023% 0.91 0.09
poor
Jinzhuyiang Ta-Nb 0.0145% 0.0117% 0.054% 0.007% 1.24 0.13
rich
Ta-Nb  0.0072% 0.0081% 0.280% 0.011% 0.89 <0.01
poor

Data of ore grade (%) or total reserves (t) are from Li and Pan (1994), Wang et al., (2008) and the internal reports of the Guangxi No. 271 geological team.
Age data are from Feng et al. (2013), Feng et al. (2019), Ma et al. (2013), Yang et al. (2009), Zhang et al. (2013), and Zhang et al. (2014).

dikes were analyzed by wavelength-dispersive X-ray fluorescence
(Rigaku ZSX 100e) with relative standard derivations of <5%.

For trace-element analyses, the powered samples were digested in
HF + HNOs in Teflon bombs at 100 °C for 7 d (Liu et al., 1996). Trace-
elements compositions were determined by ICP-MS (Perkin-Elmer
Sciex ELAN 6000). Standards GSR-1, BHVO-2, and OU-6 were used as
reference materials, and pure Rh standard solutions for internal calibra-
tion. Analytical precision was better than 3%.

3.4. Bulk-rock Nd isotopic compositions

Nd isotopic compositions of samples from the first (samples L-7 and
L-8) and second (samples L-10, L-12, and L-13) stages of Limu granites
were determined. Powdered samples were dissolved HF + HNO3 in Tef-
lon bombs. Rare-earth-elements (REEs) were separated by cation-
exchange chromatography using procedures of Wei et al. (2002). Nd
isotopic ratios were determined by multicollextor (MC) -ICP-MS (VG-
354) at GIG-CAS using procedures described by Liang et al. (2003).
The mass-fractionation correction was based on '°°Nd/!*‘Nd =
0.7219 Shin Etsu JNdi-1 was used as a standard with *>Nd/'4*Nd =
0.512090 4+ 0.000003 (20; n = 3).

3.5. Zircon Lu—Hf isotopic compositions

Zircon Lu—Hf isotopic compositions of first-stage granite (sample L-
7) were determined by MC-ICP-MS (Thermo Fisher, Finnigan Neptune)
with a RESOlution M50 laser-ablation system at GIG-CAS, with 40 um
ablation pits, 30 s ablation time, 8 Hz repetition rate, and beam flux of
4] cm™2. Procedures were as described by Wu et al., 2006 and (Zhang
et al., 2015). Penglai zircons were used as the standards. The measured
176Hf/177Hf ratios of 0.282918 & 0.000035 (20; n = 25) is consistent
with the certified ratio of 0.282906 4 0.000010 (20) (Li et al., 2010).

4. Results
4.1. Zircon morphology, trace-element compositions, and U—Pb ages

Representative zircon images are shown in Fig. 5. Their trace-
element compositions are given in Appendix 1, and U—Pb dating

results in Appendix 2. Analyses of zircons from samples LM-1, —2,
—3, and —7 are described separately here.

Zircons from sample LM-1, with strong kaolinization are euhedral
and display clear oscillatory zoning in CL images (Fig. 5A), consistent
with a magmatic origin (Hoskin, 2005). These zircons have Hf, total
REE ()_REE), and Y contents of 7848-11,176 ppm of 919-3595 ppm,
and 1115-4240 ppm, respectively, with mean Nb and Ta contents of
7.59 ppm and 4.69 ppm, respectively. Twenty-one of these zircons
were selected for U—Pb dating. Fourteen zircons with concordance of
>90% have U contents of 1069-6066 ppm with Th/U ratios of
0.02-0.72. Anomalous ages of two zircons (77.3 4+ 0.8 Ma and
1677.3 £ 12.6 Ma) were attributed to Pb loss and an inherited zircon,
respectively. The remaining 12 zircons yielded a U—Pb age range of
411.9 + 3.3 to 457.7 4+ 6.9 Ma with a weighted-mean age of 430.7 +
7.7 Ma (MSWD = 12.40; Fig. 6A; Appendix 2). The high MSWD value
implies that analysis spots may encompass different age groups. In a cu-
mulative probability plot (Fig. 6A), the four points at the extremes of the
range indicated possible Pb loss or inheritance and, with exclusion of
these points, the remaining eight zircons yielded a weighted-mean
age of 429.4 £ 5.6 Ma (MSWD = 6.20).

Most zircons from the first-stage muscovite granite (sample L-7) are
euhedral and characterized by dark rim overgrowth of bright cores or
overall darkness in CL images (Fig. 5B). These zircons have mean Hf,
Nb, Ta, and Ca contents of 47,862 ppm, 69.9 ppm, 131 ppm, 501 ppm,
repectively, higher than those of the Caledonian zircons of sample LM-
1. Their mean Th and U contents (269 and 1383 ppm) are also higher,
but their mean ) REE and Y contents (1840 and 2379 ppm) are
lower. Twenty-five LA-ICP-MS U—Pb analyses were performed on
these zircons. Four zircons with concordance <90% were excluded
from calculations, with the remaining 21 zircons yielding Th/U ratios
of 0.01-0.78. One zircon yields an age of 564.5 + 20.0 and is clearly an
inherited zircon. The remaining 20 zircons yielded U—Pb ages of
206.0 + 4.6 to 249.1 4+ 4.6 Ma (Appendix 2) with a weighted-mean
age of 227.6 4+ 5.4 Ma (MSWD = 6.5). A cumulative probability plot
(Fig. 6B) indicates four extreme spots with Pb loss or inheritance and,
with the exclusion of these points, the remaining 16 zircons constrain
the U—Pb age of muscovite granite to 227.7 + 4.5 Ma (MSWD = 3.27).

Zircons from the third-stage topaz-lepidolite granites (samples LM-
2 from Shuiximiao and LM-3 from Laohutou) appear fairly opaque and
re-brown in transmitted light, with no oscillatory growth zonation
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Fig. 5. CL images of representative zircons (A) from rock with strong kaolinization alteration; (B) from the muscovite granite, and (C, D) from the topaz-lepidolite granite. Sample number

are shown at the top left of each panel.

visible in CL images (Fig. 5C, D). They have mean Hf, Nb, Ta, and Ca con-
tents of 64,994 ppm, 228 ppm, 588 ppm, and Ca 3493 ppm, respectively,
higher than those of zircons from first-stage muscovite granite. Their
> REE and Y contents are very low, averaging 14.8 ppm and
11.3 ppm, respectively.

LM-2 zircons have U contents of 774-16,467 ppm with Th/U ratios of
0.02-0.20 (Appendix 2). Of the 25 analysis spots, 12 have concordances
of >90%, with U—PDb ages of 161.8 + 1.8 to 211.7 & 2.5 Ma, of which 4
Pb-loss cases are identified in a cumulative probability plot (Fig. 6C).
The remaining eight zircons yielded ages of 196.2 + 1.9 to 211.7 +
2.5 Ma with a weighted -mean age of 202.9 + 3.8 Ma (MSWD = 4.94).

LM-3 zircon compositions are similar to those of LM-2 zircons, with
U contents of >3150 ppm and Th/U ratios of 0.02-1.45 (Appendix 2).
Fourteen of the 25 analyzed spots have concordances of >90% with
U—Pb ages of 184.8 + 10.1 to 218.1 4 2.2 Ma, including one case
each of Pb loss and inheritance indicated in a cumulative probability
plot (Fig. 6D). The remaining 12 analyses yielded ages of 195.5 + 2.3
to 212.4 + 2.0 Ma with a weighted-mean age of 203.1 £+ 3.0 Ma
(MSWD = 5.65).

4.2. Muscovite “°Ar/°Ar ages

Results of “°Ar/*°Ar analyses of muscovite grains from the type-1 ore
(sample LM-20) and topaz-lepidolite granites (samples L-6 and L-11)
are presented in Appendix 3 and illustrated in Fig. 7.

Stepwise heating of muscovite sample LM-20 produced a flat age
spectrum with a main plateau comprising 11 successive steps with
98.62% of >%Ar released, yielding an °Ar/>°Ar plateau age of 214.08 +
1.05 Ma (MSWD = 1.44; Appendix 3; Fig. 7A) consistent with the cor-
responding isochron age of 213.66 + 1.10 Ma (MSWD = 1.11;
Fig. 7B). The initial “°Ar/3®Ar ratio of 348.2 + 46.6 (Fig. 7B) is higher
than the atmospheric Ar ratio of 295.5 (Renne et al., 2009), indicating
that the muscovite includes some inherited or excess “°Ar, with the pla-
teau age thus representing the oldest possible muscovite crystallization
age.

Sample L-6 yielded an “°Ar/?°Ar plateau age of 208.82 + 1.02 Ma
(MSWD = 0.39) with 91.52% of *°Ar released over 11 steps age heating
steps (Fig. 7C), identical within error to the corresponding isochron age
0f208.37 + 1.23 Ma (MSWD = 0.28; Fig. 7D). The initial “°Ar/3®Ar ratio
of 322.8 + 41.4 is within error of the atmospheric Ar ratio, suggesting
that the muscovite age may be considered as being 208.82 + 1.02 Ma.

Sample L-11 yielded an °Ar/*°Ar plateau age of 208.16 & 1.01 Ma
(MSWD = 0.25) with 96.91% of 2°Ar released over 12 heating steps
(Fig. 7E), consistent with the isochron age of 208.01 + 1.04 Ma
(Fig. 7F). The initial “°Ar/*®Ar ratio of 307.5 & 28.26 (Fig. 7F) is similar
to the atmospheric Ar ratio, indicating that the muscovite did not in-
clude substantial inherited or excess “°Ar and that, the plateau age of
208.16 + 1.01 Ma is a reliable crystallization age for the muscovite.

4.3. Major- and trace-elements compositions

Major- and trace-element compositions of muscovite granite, lepid-
olite granite, and topaz-lepidolite granite are listed in Table 2 and
shown in Figs. 8 and 9. The trace element compositions of reference ma-
terials and replicate samples are listed in Appendix 4.

All of the samples have high SiO, and Al,O5 contents with variable
but low MnO and TiO, contents (Table 2, Fig. 8), indicating that their
magmas were highly evolved.

The two analyzed first-stage muscovite granite samples (L-7 and L-
8) have loss-on-ignition ratios of 2.38 and 3.27 wt% (Table 2), indicating
late-stage alteration. Their highly variable SiO-, K50, and N,O contents
(Fig. 8D) therefore cannot be considered as representing the original
magma. Therefore, only immobile and insoluble elements, such as
REEs are considered here for the first-stage granites. Their chondrite-
normalized REE patterns are shown in Fig. 9A with (La/Yb)y ratios of
7.59 and 9.92 and Euy/Eu* ratios of 0.27 and 0.5.

The four analyzed second-stage lepidolite granite samples have sim-
ilar SiO,, Ca0, Fe,03, Al;05, Nay0, and K;0 contents (Table 2, Fig. 8),
with A/CNK ratios of >1.57 indicating peraluminous affinity (Fig. 8D).
Their mean Nb and Ta contents are 32.01 ppm and 15.62 ppm, respec-
tively, with Nb/Ta ratios of 1.25-3.42, whereas Zr/Hf ratios are



(A)

0.078

No.LM-1
t=429.4+5.6Ma

o 0.074 n=8,MSWD=6.20
>
o 0.070
0.066
4 0 1
0.062 i
0.48 052 056 060 0.64 0.68
207Pb/235U
0.046
(C)
27
0.042 No. LM-2

t=202.9+3.8Ma
n=8,MSWD=4.94

W. Huang et al. / Lithos 352-353 (2020) 105321

-2

1

40
Stdev,

0.30

0.18 0.26

0..22
207Pb/235U

(B) 30
0.045} i ki
O' -
t=227.7+4.5Ma 26
5 n=16,MSWD=3.27
3 0.035/
S
o
“,D_ 18 260 +
S — {
0.025} g#o
14 gzzo / ,’/‘
1 2003516 1 2
0.015 \ - : Stdev_
0.10 0.14 0.18 0.22 0.26 0.30 0.34
207Pb/235U
(D) 30
0.045}
No.LM-3
t=203.1+3.0Ma 26
= n=12,MSWD=5.65
g_0.035 2207
o)
o 230
© 1
~ 0.025} g0
14 S100
10 L T
0.015 - - - Stdev_,
0.10 0.14 0.18 0.22 0.26 0.30 0.34
207Pb/235U

Fig. 6. U—Pb concordia diagrams of the zircons from (A) Rock with strong kaolinization alteration. (B) Lepidolite granite. (C) Lepidolite granite and (D) topaz-lepidolite granite.

10.6-13.0 (Table 2). They have }_REE contents and (La/Yb)y ratios that
are substantially lower than those of first-stage granite (Table 2), show
pronounced negative Eu anomalies, and display the tetrad effect in their
chondrite-normalized REE patterns (Fig. 9C).

The five analyzed third-stage topaz-lepidolite granite samples have
similar SiO, content to that of second-stage granite, with higher Na,0
and Al,03 contents and lower CaO and Fe,03 contents (Table 2, Fig. 8).
Their A/CNK ratios of 1.47-1.62 indicate a peraluminous affinity
(Fig. 8D). They have higher Nb and Ta contents (Fig. 8F) and lower
Nb/Ta ratios than those of first- and second-stage granites (Table 2,
Fig. 8G, H), with Nb—Ta mineralization occurring in third-stage granite
(Fig. 4E). Their Zr/Hf ratios are lower than those of second-stage granite
(Fig. 8G), and their REE contents are so low that in most samples they
were below detection limits (Table 2). Only one sample yielded a reli-
able Y REE content of 3.26 ppm, with (La/Yb)y and Euy/Eu* ratios of
1.26 and 0.04, respectively, and a strong tetrad effect (Fig. 9E).

4.4. Bulk-rock Nd isotopic compositions
Bulk-rock Nd isotopic compositions of the Limu granites are listed in
Table 3 and plotted in Fig. 10A.

4.5. Zircon Lu—Hf isotopic compositions

First-stage muscovite granite zircon Hf isotopic data are listed in
Appendix 5 and plotted in Fig. 10B.

5. Discussion
5.1. Sources and evolution of Limu granite complex

5.1.1. Sources

The three stages of granites in the Limu district have a close
temporospatial relationship and similar bulk-rock Nd isotopic composi-
tions, with eNd(t) values of first-stage granites being virtually identical
to those of the second stage granite (—8.5 to —9.7 and —9.0 to —9.1, re-
spectively). This suggests that granites in the Limu district were derived
from a common source. The calculated T,py ages for the Limu granites
have a narrow range (1780-1685 Ma; Table 3), indicating that the
magmas were sourced from Paleoproterozoic crust, as supported by
the zircon Hf isotopic compositions of first-stage granite, which yielded
a Topv age of 2171-1618 Ma (Appendix 5).

The age of Caledonian magmatic zircons (429.4 4+ 5.6 Ma; Fig. 6A) in
a strongly kaolinized sample (LM-1) of first-stage muscovite granite is
similar to that of Caledonian granites cropping out widely in the Nanling
region (Chen et al., 2018; Li et al., 2015b; Wu et al., 2012), indicating
that Caledonian granitic magmatism was also present at depth in the
Limu area. The Caledonian zircons may have been captured by
Indosinian magmas ascending through enclaves of the Caledonian gran-
ites, or may have been derived from partially melted Caledonian granite
being involved in the formation of the Indosinian magmas. The former
seems unlikely because there are no Caledonian granite outcrops out
in the Limu district, and Caledonian zircons have only rarely been
reported from the Limu granites. The latter suggestion seems more
likely, with the zircons being relicts of Caledonian granites that were
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Fig. 7. Apparent muscovite “°Ar/>°Ar ages and associated “°Ar/>°Ar->°Ar/*®Ar isotopic correlation diagrams for representative samples from the Limu ore field.

re-melted at high temperatures during formation of the Indosinian
magmas. Such a scenario may well explain the scarce occurrence of
the Caledonian zircon in Limu granites (e.g., Ma et al., 2013), and the
source of Limu granitic magmas is expected to have contained some
melts derived from partial melting of Caledonian granite.

Ta, Nb, Sn, and W are generally strongly incompatible and may be
enriched in melts formed by low-degree partial melting or strong
fractionation (Linnen et al., 2014; Linnen and Keppler, 1997). The
re-melting of Caledonian granite would therefore favor formation of
Ta-Nb-Sn-W rich melts and subsequent mineralization, and this may

be a reason for Indosinian magmatism in the Limu ore field being asso-
ciated with large-scale Ta-Nb-Sn-W mineralization.

5.1.2. Fractionation of Limu granitic magmas

The continuous compositional trends of the three granite stages,
such as increasing Al;03, Na,0, Rb, Nb, and Ta contents and decreasing
in K50, Fe;03, MgO and TiO, contents with decreasing ages (Fig. 8),
are consistent with the fractional crystallization.

Bulk-rock Zr/Hf and Nb/Ta ratios may be useful indices of the extent
of fractional crystallization of felsic melts (Linnen, 1998; Linnen and
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Table 2

Major and trace element compositions of the granites in Limu ore field.
Sample L7 L8 L10 L11 L12 L13 L1 L2 L3 L4 L6 L3-2 L4-2
Rock type Muscovite granite Lepidolite granite Topaz-lepidolite granite
Major element (wt.%)
Al,05 13.72 16.35 14.50 14.71 14.32 13.83 16.28 15.87 15.17 15.19 14.59
Ca0 0.04 0.03 038 0.38 0.40 0.44 0.13 0.12 0.21 0.15 0.19
Fe,03 0.94 1.01 1.49 1.24 1.47 1.80 0.39 0.76 0.46 0.47 0.49
K>0 3.21 3.57 3.70 4.00 3.99 3.50 3.66 3.73 3.99 3.45 2.90
MgO 0.22 0.46 0.08 0.07 0.08 0.07 0.05 0.04 0.10 0.04 0.04
MnO 0.08 0.10 0.10 0.10 0.08 0.10 0.06 0.11 0.14 0.05 0.09
Na,O 0.23 0.25 4.15 3.85 3.72 3.68 5.02 5.27 4.86 531 4.95
P,05 0.03 0.02 0.17 0.21 0.19 0.19 0.16 0.20 0.23 0.16 0.20
Si0, 78.63 74.54 73.89 74.02 74.34 74.81 73.34 72.98 73.71 74.27 75.69
TiO, 0.03 0.03 0.03 0.03 0.03 0.03 0.01 0.01 0.02 0.00 0.01
LO-1 2.38 3.27 0.92 0.79 0.78 0.94 0.32 0.29 0.49 0.28 0.23
Total 99.51 99.63 99.40 99.39 99.40 99.39 99.41 99.38 99.38 99.39 99.39
ACNK 4.75 5.12 1.57 1.63 1.61 1.63 1.62 1.52 1.49 147 1.54
Sc 2.21 2.31 2.68 2.40 217 2.14 0.49 0.51 0.01 0.19 0.08 0.01 0.27
Ti 130 127 137 142 138 155 36.1 64.6 424 35.0 44.7 56.0 37.0
\Y 0.17 0.10 1.03 0.47 0.87 0.72 2.70 143 1.05 0.49 0.78 1.22 0.46
Cr 2.35 3.11 3.41 4.15 8.91 3.69 3.58 3.09 2.23 1.37 1.89 3.36 1.52
Mn 762 942 919 947 761 919 575 683 1250 462 804 1084 418
Co 0.47 0.55 0.74 0.63 0.85 0.92 0.46 0.60 0.43 0.41 0.41 0.39 0.41
Ni 1.73 1.53 2.79 1.90 5.76 333 141 1.86 1.52 1.51 1.55 1.53 1.66
Cu 9.62 11.6 150 8.80 16.2 223 63.3 289 731 89.2 31.2 706 94.0
Zn 18.2 31.9 88.4 75.9 59.9 95.3 19.7 30.0 96.4 28.0 23.5 83.1 27.3
Ga 22.9 31.8 33.8 309 28.6 30.7 31.1 23.4 324 29.5 28.9 29.4 289
Ge 2.66 2.58 2.82 3.71 3.04 2.46 6.25 3.57 5.39 4.75 6.19 6.31 6.97
Rb 1095 1283 1143 1155 1121 1079 1576 657 1494 1215 1086 1361 1194
Sr 7.39 2.42 8.50 6.83 7.69 9.00 7.97 5.82 33.02 572 4.03 35.8 6.81
Y 1.28 5.15 11.0 13.0 16.3 14.1 0.17 1.62 0.06 0.16 0.18 0.07 0.18
Zr 283 25.0 25.7 238 334 259 235 115 18.0 173 246 154 17.0
Nb 38.5 40.1 441 31.8 24.7 274 76.1 37.3 65.5 56.4 71.2 49.6 69.2
Cs 69.2 96.5 51.3 46.6 473 43.2 443 31.5 34.6 48.6 51.8 349 49.8
Ba 47.8 50.1 16.5 2.79 5.00 4.86 4.79 2.24 17.5 2.82 2.99 21.6 3.51
La 2.45 8.28 2.96 3.04 3.70 331 0.17 0.32 - - - - -
Ce 4.89 12.2 7.56 6.16 9.20 8.36 0.30 0.90 - - - - -
Pr 0.57 2.24 1.03 1.09 1.26 1.19 0.03 0.13 - - - - -
Nd 1.81 8.34 343 3.58 437 3.99 0.12 0.47 - - - - -
Sm 0.40 1.63 138 1.60 1.72 1.69 0.02 0.36 - - - - -
Eu 0.03 0.23 0.01 0.01 0.01 0.01 0.01 0.00 - - - - -
Gd 0.32 1.24 1.39 1.59 1.86 1.70 0.02 0.29 - - - - -
Tb 0.06 0.19 034 0.42 0.48 0.43 0.00 0.08 - - - - -
Dy 0.30 0.99 2.02 2.46 2.96 2.51 0.02 0.35 - - - - -
Ho 0.05 0.17 034 0.41 0.50 0.42 0.00 0.04 - - - - -
Er 0.13 0.46 0.95 1.16 1.42 1.16 0.02 0.10 - - - - -
Tm 0.03 0.08 0.18 0.21 0.26 0.21 0.00 0.02 - - - - -
Yb 0.23 0.60 139 1.57 1.87 1.56 0.04 0.18 - - - - -
Lu 0.04 0.09 0.20 0.22 0.26 0.22 0.01 0.02 - - - - -
Hf 2.60 2.56 2.43 1.90 2.57 2.30 2.84 1.97 2.96 2.72 3.22 2.06 217
Ta 20.8 30.1 354 10.8 83 8.0 93.6 29.0 74.5 46.0 63.8 63.5 55.2
Pb 4.59 1.68 113 11.8 13.9 9.23 9.87 16.8 18.6 7.75 6.65 19.0 8.84
Th 7.33 5.40 145 115 122 13.6 5.38 1.99 7.35 6.64 7.28 6.87 9.08
U 2.56 1.83 4.08 22.3 22.0 22.7 8.38 1235 843 8.21 112 8.59 8.88
Nb/Ta 1.85 133 1.25 2.95 2.96 3.42 0.81 1.29 0.88 1.22 1.12 0.78 1.25
Zr/Hf 10.9 9.8 10.6 125 13.0 113 8.27 5.85 6.08 6.36 7.63 747 7.82
La/Yby 7.59 9.92 1.53 1.39 1.42 1.52 3.40 1.26 - - - - -
Eupn/Eu* 0.27 0.50 0.02 0.02 0.02 0.02 0.80 0.04 - - - - -

Keppler, 1997, 2002; Zaraisky et al., 2008). In the Limu granitic complex,
Zr/Hf and Nb/Ta ratios decrease from second- to the third-stage granites
(Fig. 8G), suggesting that the late-stage granites are products of highly
fractionated melts. The Limu granites have low Nb/Ta ratios (<5), indi-
cating sub-solidus hydrothermal alteration in peraluminous melts
(Ballouard et al., 2016) and suggesting that the melts underwent a
magmatic-hydrothermal transition during their evolution. The REE tet-
rad effect fingerprints the interaction between granitic melts and inter-
nally derived fluids (Monecke et al., 2002), as observed in second- and
third-stages granites but not in the first-stage granites (Fig. 9). The
Limu granitic magmas may therefore have achieved volatile saturation
after extensive fractionation. Such processes are also recorded in zircons
of magmatic origin in first-stage granite (Fig. 5B), whereas those from

second- and third-stage magmas exhibit signs of interaction with hy-
drothermal fluids (Fig. 5C, D).

The most evolved third-stage topaz-lepidolite granite has extremely
low bulk-rock REE contents (3 REE < 20 ppm) that are <4% of those of
second-stage lepidolite granite (>500 ppm). REEs are mobile in F-rich
fluids (Williams-Jones and Migdisov, 2014), and topaz occurs widely
in third-stage granite (Fig. 4B, D), so it follows that the late-stage
melts were associated with such fluids. This is supported by the zircon
trace-element compositions, which show Y/Ho ratios of 53-294 (Ap-
pendix 1), substantially higher than the chondritic value of 28 (Anders
and Grevesse, 1989). Fractionation of Y and Ho occurs in highly evolved
granitic melts with elevated H,O contents and high Li, B, F, and/or P con-
tents (Bau, 1996). Experimental studies have also demonstrated the
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Table 3
Nd isotopic compositions of the granites in the Limu ore field.

Sample Age (Ma) Sm(ppm) Nd(ppm) '4’Sm/"Nd '#>Nd/'*Nd 2 GErr. (MNd/"Nd);  ("Nd/"Nd)chur  f(SM/Nd) &g (0)  &na (1) Tpmaz (Ma)

Muscovite granite

L7 227 0.399 1.811 0.1332 0.512111 0.000036 0.511920 0.512355 —0.32 —10.27 —849 1685
L8 227 1.633 8.342 0.1183 0.512030 0.000022 0.511860 0.512355 —0.40 —11.86 —9.66 1780
Lepidolite granite

L10 220 1.384 3.428 0.2441 0.512245 0.000006 0.511894 0.512355 0.24 —7.66 —9.00 1726
L12 220 1.724 4372 0.2384 0.512232 0.000004 0.511889 0.512355 0.21 —792 —9.09 1734
L13 220 1.689 3.987 0.2561 0.512256 0.000004 0.511887 0.512355 0.30 —7.46  —9.13 1737

strong influence of F-rich magmatic fluids on Y/Ho ratio of granitic rocks 5.2. Timing of mineralization in the Limu ore field

(Veksler et al., 2005). The high Y/Ho ratios of zircons from the evolved

Limu granites thus suggest crystallization from late-stage residual Previous studies have suggested that ore deposits associated with
melts in the presence of F-rich fluids (Kozlik et al.,, 2016). the Limu granite complex were formed during Yanshanian magmatism
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in South China (e.g., Lin, 1996;Lin and Wang, 1986 Wang et al., 2008).
Recently published zircon U-Pb ages of 230.8 4= 1.1 to 212.3 & 1.8 Ma
and muscovite “°Ar/?°Ar ages of 205.2 + 0.7 to 214.1 + 1.9 Ma
(Fig. 11) suggest Indosinian mineralization in the Limu district
(Fig. 11). Feng et al. (2019) concluded that the Ta-Nb-Sn-W ores
were formed between 224.8 4 1.6 and 212.3 £ 1.8 Ma, earlier than
the quartz-vein W-Sn (type-1) ores (210.0 + 1.5t0205.5 £ 1.6 Ma), al-
though that seems inconsistent with other observations. Geological
studies have revealed that (1) quartz-vein W-Sn ores (type-1) occur
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Fig. 11. Summary of published geochronological data for the Limu district.

in or around second-stage granite (Li and Pan, 1994; Wang et al.,
2008), implying that this mineralization was genetically related to
second-stage granite; and (2) Ta-Nb-Sn-W ores, including the
quartz-feldspar vein (type-2), pegmatite (type-3), and granite dissemi-
nated types (type-4), are closely associated with the third-stage granite
(e. g., Zhu et al., 2001; section 2). Ta-Nb-Sn-W ores were therefore
formed later than type-1 ores. Furthermore, the ages of type-1 ores of
Feng et al. (2019) were constrained by muscovite collected from
quartz-feldspar veins, which have a mineral association similar to that
of type-2 mineralization.

Our new zircon U-Pb age for first stage muscovite granite from
Paoshuiling is 227.7 4+ 4.5 Ma, similar to that reported by Feng et al.
(2019) and, suggesting that first-stage barren granite was emplaced at
ca. 227 Ma (Fig. 11). Our dating of muscovite from type-1 ore hosted
in second-stage lepidolite granite (Fig. 3D) yielded an “°Ar/>°Ar plateau
age of 213.7 &+ 1.1 Ma, significantly younger than first-stage granite (ca.
227 Ma) and consistent with zircon U-Pb ages of the W-Sn mineralized
Sangehuangniu granite (214 4 5 Ma; Feng et al., 2013) and the musco-
vite “°Ar/*°Ar age of greisenized Sn-rich Laohutou granite (214.1 & 1.9
Ma; Yang et al.,, 2009). These data indicate that type-1 mineralization
formed at ca. 214 Ma, overlapping the ages of second-stage granite
(ranging from ca. 225 to ca. 212 Ma). We therefore suggest that type-
1 mineralization was genetically associated with second-stage granite.

Type-4 mineralization occurs in third-stage topaz-lepidolite granite
(Fig. 3). Zircons from these granites are mostly dark under CL, and
have porous and patchy cores overgrowth with thin rims (Fig. 5), sug-
gesting that they were hydrothermally altered (McNaughton et al.,
2005). Their geochemical characteristics, such as high Th/U ratios,
high Hf contents, slight positive Ce anomalies, and weak depletion of
light REEs, are also consistent with those of hydrothermal zircons
(Hoskin, 2005; Wang and Ren, 2018). These zircons are similar to
those found in other Ta-Nb-Sn-W mineralized granites, such as in the
Xianghualing Sn-polymetallic deposit in South China (Li et al., 2018;
Wu et al., 2018b) and the Felbertal W-Nb deposit in Austria (Kozlik
et al.,, 2016), which were formed in sub-solvus granitic melt saturated
with volatiles. Furthermore, the high Nb and Ta contents of zircons
from third-stage topaz-lepidolite granite, especially sample LM-3, indi-
cate that the melts were Nb and Ta rich (Nardi et al., 2012). These zir-
cons may thus have formed coevally with the type-4 mineralization,
with apparent U-Pb ages of 202.9 £ 3.8 (MSWD = 4.9) and 203.1 +
3.0 Ma (MSWD = 5.7) (in Section 4.1), younger than their actual ages
on account of Pb loss to hydrothermal fluids (Park et al., 2016; White
and Ireland, 2012). These ages thus constrain the lower age limit of
type-4 mineralization to no later than ca. 203 Ma. Our *°Ar/*°Ar plateau
ages for two muscovite grains from third-stage topaz-lepidolite granites
are 208.0 £ 1.0 and 208.4 4 1.2 Ma (Section 4.2). As these muscovite
grains were co-crystallized with other minerals (Fig. 4B), these ages
may record the timing of magmatic emplacement, constraining the
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upper age limit of type-4 mineralization in third-stage granite to ca. 208
Ma. The type-4 mineralization may thus have formed at about 208-203
Ma, overlapping the muscovite “°Ar/*°Ar ages of type-2 (210.1 & 1.4 to
205.2 + 1.4 Ma; Fengetal,, 2019). The type-2 and type-4 mineralization
were thus likely formed coevally, with a genetic association with third-
stage granite.

To summarize, our geochronological data indicate that type-1 ores
are associated with second-stage granite formed at ca. 214 Ma; and
both the type-2 and type-4 mineralization are genetically related to
third-stage granites emplaced at ca. 203-208 Ma.

5.3. Genesis of Limu W-Sn and Ta-Nb-Sn-W mineralization

Most rare-metal granites in South China host major W-Sn with rel-
atively little Ta-Nb mineralization, but the Limu granite complex hosts
economic deposits of both W-Sn and Ta-Nb-Sn-W. Type-1 mineraliza-
tion is hosted mainly within second-stage granite or around its contact
zones, with its formation involving hydrothermal fluids exsolved from
second-stage magma. However, it is not clear whether the Ta-Nb-Sn-
W mineralization owes its origin to highly evolved magmas or deuteric
fluids (Melcher et al., 2015; Timofeev and Williams-Jones, 2015; Wu
et al., 2018a; Zaraisky et al., 2010), with both magmatic (Zhu et al.,
2001) and deuteric-fluid (Liang et al., 2017; Wang et al., 2008) origins
having been proposed for Ta-Nb-Sn-W deposits in the Limu ore field.

Columbite and tantalite in topaz-lepidolite granite with type-4 min-
eralization are semi-enclosed by quartz (Fig. 4E), without either alter-
ation or reaction rims between columbite-tantalite and other
minerals, suggesting that they crystallized almost simultaneously. As
mentioned above (Section 5.1.2), third-stage magmas were volatile-
saturated and F-rich. Type-4 was thus of magmatic-hydrothermal ori-
gin. Enrichment in volatile elements such as Li, F, and P can substantially
increase the solubility of Nb and Ta in the melt (London et al., 1993;
Mysen et al., 1981; Xiong et al., 1999), and advanced crystallization of
third-stage evolved and volatile-rich granitic melts may therefore be a
key factor in large-scale Ta-Nb mineralization.

Cassiterite in topaz-lepidolite granite occurs in the gaps between
magmatic K-feldspar and albite (Fig. 4F), with its planar crystal bound-
aries with these minerals suggesting that they crystallized contempora-
neously. Previous studies have indicated that fractional crystallization of
per-aluminous melts may enrich residual melts with Sn up to 0.7 wt.%
(Duc-Tin et al., 2007; Thomas et al., 2006; Thomas and Webster,
2000). Therefore, Sn may also be extracted and transported by H,O-sat-
urated, per-aluminous, F- and B- bearing melts. The third-stage granitic
magma was H,0-saturated and co-existed with F-rich fluid. It follows
that Sn (W) mineralization co-genetic with disseminated Ta—Nb miner-
alization may be attributed to advanced crystallization of evolved melts.

The Limu type-2 and type-3 mineralization may have been formed
through post-magmatic hydrothermal processes (Feng et al., 2019).
Here, we observed that these mineralization types have Ta;0s/Nb,0s5
and WO3/Sn ratios (1.36 and 0.08, respectively) similar to those of
magmatic-hydrothermal type-4 mineralization (Ta;0s/Nb,0s = 0.89
to 1.24; W03/Sn = <0.01-0.13, Table 1) and distinct from those of
type-1 mineralization, which has a higher WO5/Sn ratio of ~1.40 and
low Nb-Ta contents (Li and Pan, 1994;Wang et al., 2008; Table 1).

Ta, Nb, W and Sn are usually incompatible during magma evolution
(Linnen and Keppler, 1997) but the hydrothermal behaviors of Ta and
Nb are different from those of W and Sn. Nb and Ta have very low
fluid-melt partition coefficients (D{yi¢/melt — 0,002-0.08; Dyd/melt —
0.005-0.08; Chevychelov et al., 2005), whereas W and Sn tend to
enter the fluid phase with partition coefficients of 0.8-60 and 0.3-42,
respectively (Keppler and Wyllie, 1991; Zajacz et al., 2008). It follows
that W-Sn mineralization derived from deuteric fluid has higher W03/
Sn ratios than that derived from magma, with the fluid-melt partition
coefficient of W being higher than that of Sn in the haplogranite-H,0-
F system (Keppler and Wyllie, 1991). This diversity of WO3/Sn ratios
between type-1 and type-2 mineralization suggests that these

mineralization types were not co-genetic. We conclude that type-2
and type-3 mineralization have origins similar to that of type-4 miner-
alization, with all being of magmatic-hydrothermal origin.

To summarize, Limu W-Sn and Ta-Nb-Sn-W mineralization formed
through different processes, with W-Sn (type-1) mineralization being
controlled by strong fractionation of granite and associated fluid exsolu-
tion, and Ta-Nb-Sn-W mineralization (type-2, type-3, and type-4)
being of magmatic-hydrothermal origin with advanced crystallization
of evolved and volatile-rich granitic melt.

5.4. Geodynamic setting for the formation of the Limu granite complex

Geochronological data indicate that magma chamber survived for
over 15 Myr in the Limu district (Fig. 11), which is similar to the dura-
tion (10 Myr) of Sn mineralization related to the Harney Peak granite-
pegmatite at Black Hill, South Dakota, USA (Krogstad and Walker,
1994). The long-lived magma chamber owed its origin to the continu-
ous supply of heat and the low-temperature solidus, which were en-
hanced by additional heat transferred from a deep source and the
increasing flux component during fractional crystallization, respectively
(Manning, 1981; Webster et al., 2004).

The formation of the Limu Indosinian granite complex has previ-
ously been considered to have been triggered by intra-continental oro-
genic events (Zhang et al., 2014), including far-field stresses of collision
between the Indochina and South China blocks and between the North
China and South China blocks (e.g., Chen, 1999; Gao et al., 2017; Ren
et al., 2018), with the Indosinian events lead to crust thickening and
the Triassic magmatism (Huang et al., 2017b; Wang et al., 20133,
2013b; Wu et al., 2012). However, internal heating of thickened crust
may eventually result in minimum-temperature melting (Clark et al.,
2011), forming low-temperature melts and related Li-Ce-Ta minerali-
zation (Romer and Kroner, 2016). Such conditions were unlikely in
the Limu district, where granitic melts were rich in W, Sn, Ta and Nb.
To form such melts, high-temperature anatexis would have been re-
quired, as Sn is mainly hosted in magnetite, biotite, rutile, titanite, and
ilmenite (Brenan et al., 1995; Linnen and Keppler, 1997; Stepanov
et al,, 2014). High-temperature crustal anatexis is usually driven by ad-
vective mantle heat (Castro, 2014; Romer and Kroner, 2016). Liang et al.
(2013) determined that revealed that 2.2%-15.9% of noble gas in ore-
forming fluids of the Limu deposit was derived from the mantle, with
3He/*He ratios of 0.14-0.97 Ra, suggesting that mantle heat was in-
volved in the formation of Limu granitic melts. The Limu ore field in
the lithospheric Guangyingge-Zhuhou fault zone, which could have pro-
vided a channel for heat transfer from the mantle during asthenospheric
upwelling.

The Indosinian Orogeny caused crustal thickening in South China
(Huang et al., 2017b; Wang et al., 2013a, 2013b; Wu et al., 2012)
through which the underlying lithospheric mantle may have undergone
eclogitic metamorphism, forming a high-density eclogitic root in the
lower lithospheric mantle. High-density eclogitic metamorphic rock

AR
Asthenosphe‘rz> ‘
apweling vy Ecolgitic root

Local scale delamination

Fig. 12. Sketch model of the generation of magmas in the Limu ore field.
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could have detached from the lithosphere and sunk to the astheno-
sphere on account of to its high density, inducing asthenospheric up-
welling. There is no large scale Indosinian mafic or felsic magmatism
in South China, so any lithospheric thinning and asthenospheric upwell-
ing may have been local (Drew et al., 2009). This limited upwelling
could have supplied heat through the Guanyingge-Zhuhou fault zone
for high-temperature anatexis and formation of the Limu granite com-
plex. Such processes would have favored high-temperature partial
melting and formation of the long-lived magma chamber that ulti-
mately gave rise to highly evolved and Ta-Nb-Sn-W rich melts in the
Limu ore field (Fig. 12).

6. Conclusions

(1) Limu granitic magmas were derived from Proterozoic basement
with a contribution of re-melted Caledonian granite.

(2) Quartz-vein W-Sn mineralization associated with second-stage
granite formed at ca. 214 Ma, with a deuteric hydrothermal ori-
gin.

(3) Ta-Nb-Sn-W mineralization was formed simultaneously with
third-stage granite (at 208-203 Ma), via advanced crystallization
of volatile-rich, evolved granitic melt.

(4) The formation of long-lasting, evolved, and Ta—-Nb-Sn-W rich
magmas in the Limu ore field was driven by continuous heating
from the mantle as a result of local scale delamination, astheno-
spheric upwelling, and deep fault activity.
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