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Abstract

The W-Sn Maoping deposit and related W-Sn deposits from the world-class Nanling Range in
Southeast China formed at ca. 160 Ma and experienced several phases of metal addition and
metal redistribution between 160 and 130 Ma. Isotopic dating of ore mineral (wolframite) of
Maoping demonstrates that W was deposited first, during a hydrothermal event at ca. 160 Ma.
Successive fluid episodes, at ca. 156 Ma (Mo and Sn-rich fluid) and 152 Ma (REE-rich fluid),
resulted in the formation of REE- and Fe-Cu-Zn-sulfide minerals. A last fluid event occurring
at ca. 130 Ma was responsible for the deposition of Zr-REE-Nb-Ta minerals that are attributed
to magmatic fluids derived from unexposed magmatic bodies. The three episodes of fluid
circulation post-dating W deposition resulted in partial to complete resetting of the isotopic
systems (mica, wolframite, xenotime), which are conventionally used for dating such
deposits. We show that W and Sn mineralization in the Nanling Range formed during a
unique fluid event at ca. 160 Ma. Later fluid episodes redistributed the previously deposited
metals and sequentially introduced additional metals, including Mo-Sn, Fe-Cu-Zn, and Zr-
REE-Nb-Ta. Direct dating of paragenetically well-constrained minerals is therefore critical
for determining the age and the duration of mineralizing processes and for characterizing the

fluid evolution of magmatic-hydrothermal systems, as exemplified in the Nanling Range.

Keywords

Maoping deposit - U-Pb dating - Ar-Ar dating — mica - wolframite — xenotime - tungsten

deposit — Nanling Range
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1. Introduction

The Nanling Range is the world’s richest metallogenic belt for tungsten and tin resources with
reserves of 1.7 and 1.2 million tons, respectively (e.g., Peng et al., 2006; Mao et al., 2011;
Wang et al., 2016). Recent studies have addressed the formation age of W-Sn deposits in this
belt, in some cases using recently developed in situ dating methods such as U-Pb on
wolframite (Deng et al., 2019), U-Pb on cassiterite (Zhang et al., 2017) and U-Pb on
hydrothermal zircons (Wang et al., 2016). Most Mesozoic W-Sn deposits in the Nanling
range formed between 160 Ma and 150 Ma, based on U-Pb ages of cassiterite and wolframite,
Ar-Ar ages on mica and Re-Os ages on molybdenite (e.g., Bai et al., 2011; Feng et al., 2011;
Zhang et al., 2015, 2017; Deng et al., 2019). However, younger ages have also been reported,
ranging from 160 to 130 Ma, according to mica Ar-Ar dating from several W-Sn deposits in
the Nanling Range (e.g., Liu et al., 2008; Chen et al., 2009; Zhang et al., 2009; Wang et al.,
2010a; Bai et al., 2013). Five deposits yielded ca. 130 Ma U-Pb ages obtained on
hydrothermal zircon considered to be co-genetic with tungsten mineralization (Wang et al.,
2016), whereas late-stage wolframite from the Wutong deposit yielded U-Pb ages ranging
from ca. 104 to 92 Ma (Lecumberri-Sanchez et al., 2014).

Fluid inclusion studies on W-Sn deposits from the Nanling Range indicate that gangue and
ore minerals recorded multiple episodes of fluid flow of different origin, reflecting temporally
and genetically decoupled fluid histories (Wei et al., 2012; Ni et al., 2015; Legros et al.,
2019). Moreover, detailed mineralogical and geochemical studies of Fe-Li-mica and fluid
inclusions on the world-class Maoping and Piaotang W-Sn deposits suggest that at least four
types of fluids were involved to variable extent in the formation of these deposits and
provided different metals through time (Legros et al., 2016, 2018, 2019). These results

confirm earlier findings reporting successive hydrothermal events for the formation of peri-
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granitic W-Sn deposits worldwide, but they also suggest that current genetic models for the
W-Sn deposits from the Nanling Range do not properly explain their complex fluid evolution
(e.g., Xi et al., 2008; Feng et al., 2012; Wei et al., 2012; Gong et al., 2015; Ni et al., 2015;
Chen et al., 2018).

The wide range of ages (160-130 Ma) obtained on W-Sn deposits from the Nanling Range
and the demonstrated involvement of several fluids therefore raise several questions: (i) Can
we precisely constrain the age and duration of these events of fluid circulations leading to
deposit formation? (ii) Were tungsten and tin deposited at the same time? (iii) Do gangue
minerals and associated W-Sn minerals yield the same age? (iv) Did the multiple fluid
circulations disturb the isotopic systems of the dated minerals?

The present study focuses on the world-class Maoping W-Sn deposit using a multi-mineral
dating approach to unravel the temporal fluid evolution of this magmatic-hydrothermal
systems. Here, we combine (i) U-Pb dating of wolframite to constrain the age of W
mineralization, (ii) “°’Ar-*Ar dating on several generations of Fe-Li-mica from the syn- to
post-mineralization stages, granite, and greisen, and (iii) U-Th-Pb dating of xenotime
associated with late-stage REE-minerals postdating the deposition of the W-Sn
mineralization. This multi-mineral dating approach is based on a detailed paragenetic
sequence and fluid characterization proposed by Legros et al. (2016, 2019). The results are
compared with those from the literature regarding the Nanling Range to propose a new model

for the formation of granite-related W-Sn deposits in Southeast China.

2. Geological setting

2.1 The southern Jiangxi metallogenic province (Nanling Range)
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The southern Jiangxi metallogenic province is situated within the South China Craton (SCC),
which was assembled during the Neoproterozoic (1000-950 Ma) by the continental collision
between the Yangtze Block in the north and the Cathaysia Block in the south along the
Jiangshan-Shaoxi fault zone (Charvet, 2013; Fig. 1). The SCC was reworked during several
late Neoproterozoic and Middle Paleozoic events (e.g., Wang et al., 2006; Charvet, 2013).
Among these events, basaltic underplating during the Middle Paleozoic Kwansian orogeny
caused dehydration melting in the lower crust at ca. 430-420 Ma resulting in the emplacement
of syn-kinematic S-type granitic bodies that nowadays cover an area of more than 20,000 km?
(e.g., Wang et al., 2011; Xia et al., 2014).

The continental collision between the North China Block and South China Block in the late
Triassic resulted in the formation of a new subduction system that triggered the formation of
the largest W-Sn deposits within the southern Jiangxi metallogenic province (Mao et al.,
2013; Yuan et al., 2019). The subduction of the Paleo-Pacific oceanic plate beneath the South
China Block lasted from ca. 190 Ma to ca. 90 Ma (Mao et al., 2013) and enhanced the
production of both I- and S-type granitic magmas now covering more than 14,300 km? (Shu et
al., 2008 and references therein).

Although some skarn and vein-type W-Sn deposits formed during the Late Triassic period
(220-200 Ma) in association with post-collisional granites, around 90% of the W-Sn
mineralization of the southern Jiangxi province is associated with the Jurassic-Cretaceous
magmatism developed under the extensional regime above the subducting plate (Zhou et al.,
2006; Li and Li, 2007; Mao et al., 2013; Wang et al., 2016). The granite-related
mineralization emplaced during the Jurassic-Cretaceous times are divided into four periods:
170-160 Ma, 160-150 Ma, 140-130 Ma, and 120-80 Ma, each associated with contrasting
types of mineralization (Zhou et al., 2006; Mao et al., 2013; Zhao et al., 2017). Most of the

W-Sn and rare element deposits were emplaced during the 160-140 Ma and 120-80 Ma



126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

periods, with a metallogenic peak at 160-150 Ma and 100-90 Ma, respectively (Hu and Zhou,
2012; Mao et al., 2013). Tungsten deposits in the southern Jiangxi province include skarn,
porphyry, and vein-type mineralization, which dominantly occurs in three parallel granitic

belts within the E-W trending Nanling Range.

2.2 The Maoping W-Sn deposit

The world-class Maoping W-Sn deposit is located in the Dayu district of the Southern Jiangxi
Province, where numerous W-Sn deposits are currently mined, such as Xihuashan, Piaotang,
and Dahutang (Giuliani, 1985; Guo et al., 2012; Mao et al., 2013; Zhang et al., 2017). The
Maoping deposit is currently mined underground and hosts resources estimated at 63 kt WO3
and 32 kt SnO; with average grades of 0.93% WOs3 and 0.64% SnO> (Feng et al., 2011, Chen
et al., 2018).

The Maoping deposit consists of a concealed peraluminous granite (at a depth of ca. 300 m), a
greisen orebody at the top of the granitic intrusion, and a dense network of sub-vertical to
radial ore-bearing veins rooted in the apical part of the granite and hosted in the surrounding
Cambrian quartzites and micaschists (Fig. 2; Feng et al., 2011). The mineralization consists of
two types: (i) disseminated wolframite in the greisen body and (ii) wolframite-cassiterite-
bearing quartz veins. Most W mineralization is found in more than 400 veins, which range
from 5 cm to a few meters in thickness and are up to 400 m long (Feng et al., 2011).

The Tianmenshan granite, outcropping few kilometers away from the mine, was interpreted as
a lateral extension of the Maoping granite and was emplaced during the Jurassic at 151.8 +
2.9 Ma (SHRIMP U-Pb zircon; Feng et al., 2011). The greisen and the veins at Maoping are
dated at 155.3 + 2.8 Ma and 150.2 + 2.8 Ma, respectively (Re-Os on molybdenite; Feng et al.,

2011). The paragenetic succession, based on cross-cutting vein relationships in the mine
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galleries and petrographic observations (Figs. 3 and 4), includes four types of veins (I to IV)
among seven paragenetic stages (I to VII) (Legros et al., 2016). Four fluid end members have
been identified based on mica chemistry and fluid inclusion studies (Legros et al., 2016;
2019).

The first stage (I) consists of centimeter-sized microcline, quartz, and Fe-Li-mica in veins.
Legros et al. (2016) interpreted these veins to be of magmatic origin. The scarcity and small-
size of Fe-Li-micaj.; crystals prevented their isotopic dating. The second stage (II)
corresponds to the emplacement of hydrothermal veins filled with centimeter-sized Fe-Li-
micaz.n only. The third stage (III) is associated with the formation of the ore-bearing W-Sn
veins, which are composed of quartz (Qtz23.m), wolframite (Wfi.i), cassiterite (Csti-m), topaz
(Tozz-m), Fe-Li-mica (Fe-Li-micas.i), molybdenite (Mlbi.m), Fe-Li-muscovite (Fe-Li-msi.m),
and Fe-Mn hydroxides (from the alteration of Fe-Li-micas.ii), crystallizing in that order.
Quartz and topaz occur as geodic crystals and usually represent the majority of the vein
filling. The cavities are locally filled with euhedral and zoned wolframite and cassiterite
crystals. Wolframite and cassiterite are associated with later centimeter-sized Fe-Li-micas.ir at
the center of the veins.

The fourth stage (IV) corresponds to the emplacement of banded quartz veins. There are four
successive generations of undeformed quartz within these veins (Legros et al., 2016). The
banding is underlined by zoned Fe-Li-micasv, among other minerals (topaz, K-feldspar,
zircon, columbite-tantalite).

Stages V to VII are present in all four vein types and correspond to the crystallization of
fluorite, REE minerals (e.g., xenotime and monazite), as well as sulfides (e.g., sphalerite,
chalcopyrite, bismuthinite). Stage VI minerals consist of a succession of fluorite (Fli-vi),
kaolinite (KlIni.vi), and late fluorite (Flo-vi). The first generation of Fli.yi is euhedral and free

of mineral inclusions, whereas the second (Fl.-yi) generation is anhedral, zoned, and hosts
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numerous inclusions of REE-phosphates (i.e., xenotime Xnt;.yi and monazite Mnz;.vi), REE-

fluorides, and REE-carbonates.

3. Analytical methods

Petrographic data were obtained using conventional transmitted and reflected light
microscopy and a HITACHI FEG S4800 scanning electron microscope (SEM) equipped with
an energy dispersive spectrometer (EDS), using a Si(Li) semi-conductor detector, at the
Service Commun de Microscopie Electronique et de Microanalyses (SCMEM) of the
GeoRessources laboratory (Vandoeuvre-les-Nancy, France). Optical cathodoluminescence
(CL) imaging was also performed on thin-sections, using a CITL cold cathode instrument

CL8200 Mk4 (15 kV and 400 mA).

3.1 Electron microprobe

Electron microprobe analyses (EMPA) of Nb, W, Mn, Fe, and Ta, were performed on
wolframite samples and P, Ca, Y, La, Ce, Nd, Sm, Gd, Pr, Dy, Er, Yb on xenotime samples
using a CAMECA SX100 instrument equipped with 5 wavelength dispersive spectrometers
(WDS) at the GeoRessources laboratory (Vandoeuvre-les-Nancy, France). Calibration was
performed using natural and synthetic oxides and silicates standards (olivine, MnTiOs3,
scheelite, Fe;O3, LiTaOs; and LiNbO3, monazite). A current of 20 nA and an accelerating
voltage of 15 kV was used with a counting time of 10 s per element. Total Fe is given as FeO.

Results are given in weight per cent oxide (wt.%).

3.2 Laser ablation - inductively coupled plasma - mass spectrometry
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Minor and trace element composition of wolframite was measured using a laser ablation -
inductively coupled plasma - mass spectrometry (LA-ICP-MS) instrumental setup similar to
the one described in Leisen ef al. (2012) and Lach et al. (2013), using a GeoLas excimer laser
(ArF, 193 nm, Microlas, Géttingen, Germany) (Giinther et al., 1997) coupled to an Agilent
7500c quadrupole ICP-MS at the GeoResources laboratory (Vandoeuvre-les-Nancy, France).
The methodology is identical to the one described in Harlaux et al. (2018b) for the analysis of
wolframite from the French Massif Central. The laser beam was focused onto the sample
surface within a 24.5 cm? cylindrical ablation cell using a Schwarzschild reflective objective
(magnification x 25; numerical aperture 0.4) mounted on an optical microscope (Olympus
BX41) equipped with a X-Y motorized stage and a CCD camera. '**Tungsten (determined by
EMPA) was chosen as internal standard and the NIST SRM 610 (values from Jochum et al.,
2011) was used as external standard (accuracy verified with NIST SRM 612) (Longerich et
al., 1990), based on the results from Harlaux et al. (2018b). The following parameters were
used: a fluence of 6 J/cm? and a laser frequency of 5 Hz; He = 0.5 L.min™! as a carrier gas,
mixed with Ar = 1.0 L.min! via a cyclone mixer prior to entering the ICP torch. Ablation
lines of 60 pm diameter and 200 um length were performed at a 2 pm/s speed. The following
isotopes were measured with a dwell time of 10 ms each: "Li, 2*Mg, *Sc, *'Ti, 5'V, >Mn,
STFe, 9Co, ©Ni, $3Cu, %Zn, ©Ga, ?Ge, Rb, ®Sr, 22Y, 9Zr, Nb, %Mo, "'Cd, "5In, ''8Sn,
19La, 140Ce, 1Py, 16Nd, 47Sm, 9By, 157Gd, '°Tb, 9Dy, '9Ho, '®Er, '“Tm, >Yb, "Lu,
I78Hf, 181Ta, 298pb, 209Bi, 232Th, 23¥U. The total time in these conditions was 430 ms per

sweep. Data was processed using the Iolite software (Paton et al., 2011).

3.3 “*Ar-*Ar dating of Fe-Li-mica
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“0Ar-¥Ar analytical work was performed at the University of Manitoba (Canada) using a
multi-collector Thermo Fisher Scientific ARGUS VI mass spectrometer, linked to a stainless
steel Thermo Fisher Scientific extraction/purification line, Photon Machines (55 W) Fusions
10.6 COs: laser, and Photon Machines (Analyte Excite) 193 nm laser. Argon isotopes (from
mass 40 to 37) were measured using Faraday detectors with low noise 1 x 10'? Q resistors and
mass 36 was measured using a compact discrete dynode (CDD) detector. All specimens
(samples and standard) were irradiated in the Cadmium-lined, in-core CLICIT facility of the
TRIGA reactor at the Oregon State University (USA). The duration of irradiation was 17
hours and using Fish Canyon sanidine (Kuiper et al., 2008) and GA1550 biotite (Spell and
McDougall, 2003) standards. The samples selected for “°Ar-*?Ar dating were previously
investigated by optical microscopy and SEM, in order to spot homogeneous areas within the
analyzed minerals (mica) devoid of alteration, micro-inclusions, or internal zoning. Ablation
pits of 100 pm were excavated to an estimated depth of 50 um. Five argon masses were
measured simultaneously over a period of 6 minutes. Measured isotope abundances were
corrected for extraction-line blanks, which were determined before every sample analysis.
Line blanks in both the Excimer and CO> system averaged ~3 fA for mass 40 and ~0.013 fA
for mass 36. A value of 295.5 was used for the atmospheric *“°Ar/*®Ar ratio (Steiger and Jiger,
1977) for the purposes of routine measurement of mass spectrometer discrimination using air
aliquots, and correction for atmospheric argon in the “°Ar-**Ar age calculation. Corrections
are made for neutron-induced *°Ar from potassium, **Ar and °Ar from calcium, and °Ar
from chlorine (Roddick, 1983; Renne er al., 1998; Renne and Norman, 2001). For details see

Appendix A.

3.4 U-Pb TIMS dating of wolframite

10
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U-Pb ratios of wolframite were measured at the GFZ German Research Centre for
Geosciences (Potsdam, Germany), following the analytical procedure described in detail by
Romer and Liiders (2006). Wolframite samples from a mine concentrate and individual
centimeter-sized crystals from quartz veins were selected for analyses. Samples were crushed
and fragments free of visible alteration, fractures, or overgrowths were selected under the
binocular microscope. Surface contamination was removed by washing the samples in warm
H,0 and acetone. A 2%Pb-23°U tracer was added to the sample and an excess of concentrated
HF was used to dissolve the samples on a heated plate overnight (160°C). Precipitation of
tungstates before complete sample dissolution may result in incomplete homogenization of
tracer and sample, eventually resulting in spuriously old ages. Therefore, all samples were
inspected for absence of precipitates.

Pb and U were separated and purified using ion exchange chemistry (Romer et al., 2005) and
loaded on separate Re single filaments with H3PO4 and colloidal silica. Isotopic ratios of Pb
and U were measured on a Triton thermal ionization mass spectrometer (TIMS) using Faraday
collectors or an ion counter depending on signal intensity. Data reduction procedures are
described in Schmid et al. (2003). Concordia diagrams and age calculations were performed

using the Isoplot/Ex add-in for Excel (Ludwig, 2008).

3.5 U-Th-Pb LA-ICP-MS dating of xenotime

U-Th-Pb dating of xenotime was performed at the Université de Rennes (Géosciences
Rennes, France) using an EST NWR193UC Excimer laser system and ESI NWR TwoVol2
ablation cell coupled to an Agilent 7700x quadrupole ICP-MS. The laser was operated at a
repetition rate of 3 Hz, a fluence of 8 J/cm? and using a spot diameter of 25 um. The ablated

material was transported to the mass spectrometer in He, before mixing with N> (Paquette et

11
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al., 2014) and Ar, and introduced in the ICP torch equipped with a dual pumping system to
enhance sensitivity. Tuning of the instrument and mass calibration were performed before the
analytical session using the NIST SRM 612 (Jochum et al., 2011) reference glass, by
monitoring the 2*U signal and minimizing the ThO*/Th* ratio (<0.5 %). The analyses
consisted of the acquisition of the 2%(Pb + Hg), 2°°Pb, 20’Pb, 2%8Pb, 2*2Th and 2**U signals. The
235U abundance was calculated from the measured ***U on the basis of a *U/**U ratio of
137.818 (Hiess et al., 2012). For each analysis, 20 s of background was integrated, followed
by 60 s of laser-generated signal acquisition. Each analysis was separated by a 10 s delay of
wash-out. Data reduction was carried out using the GLITTER software package (Van
Achterbergh et al., 2001). The Weinsberg xenotime (Klotzli et al., 2007; 317.3 £ 2.0 Ma)
standard was used to correct for Pb/U and Pb/Th laser-induced elemental fractionation and
instrumental mass discrimination. As we do not have a second xenotime standard, the same
standard was analyzed and treated as unknown during the analytical session in order to
control the reproducibility and accuracy of the corrections (see results in Supplementary
Material A). Twenty analyses yielded a concordia age of 317.5 = 1.2 Ma (MSWD of
conc+equiv = 0.39). Reproducibility and age uncertainty of our reference material were
propagated by quadratic addition to the analyzed xenotime grains according to Horstwood et
al. (2016). For details of the dating protocol, see Boutin et al. (2016). The Concordia plots

and age calculations were produced using Isoplot (Ludwig, 2012).

4. Sample descriptions

Thirty-five representative samples of mineralized veins, greisen, and granite were collected at
the -5 underground level of the Maoping mine (i.e. approximately 200 m below the current

surface). Among the seven paragenetic stages identified at Maoping (Legros et al., 2016; Fig.

12
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4), four of them show a mineralogical diversity allowing a multiple dating approach, namely
Stage 1I Fe-Li-mica veins, Stage III W-Sn veins, Stage IV banded quartz veins, and Stage VI
late infillings (Fig. 4). Three types of minerals have been selected for dating: (i) Fe-Li-mica in
the granite, the greisen, and three distinct hydrothermal stages; (ii) wolframite to directly date
the W mineralization; and (iii) xenotime to determine the formation age of the late fracture-
filling stages. U-Pb dating of cassiterite (Stage III and Stage IV) has not been attempted by
LA-ICP-MS because of the lack of matrix-matched reference material at the GeoRessources
laboratory. Cassiterite is considered to be sub-coeval with wolframite from the Stage III

(Legros et al., 2016). The Maoping granite did not contain zircon suitable for U-Pb dating.

4.1 Fe-Li-mica

Representative Fe-Li-mica crystals were sampled from greisen, granite, and all hydrothermal
veins (Fig. 5). For detailed mineralogy, major and trace element contents of Fe-Li mica, see
Legros et al. (2016). All Fe-Li-mica from this study are trioctahedral mica with zinnwaldite
composition. Fe-Li-mica>.; was sampled at the selvages of the veins, whereas Fe-Li-micas.im
was taken from the center of the vein. Some crystals show minor alteration with Fe-Li-ms
along cleavage planes and local Fe-Mn hydroxides (Fig. 5). Such zones were avoided for in
situ analyses.

Fe-Li-micas. v forms millimeter-sized crystals showing oscillatory zoning (Fig. 5) and having
chemical compositions fluctuating between trioctahedral and dioctahedral mica (Legros et al.,
2016). Greisen-hosted Fe-Li-mica forms millimeter-sized crystals that resulted from the
hydrothermal alteration of the granite (greisenization). Most grains selected for dating show

small-scale alteration at the rim and along fractures related to transformation from
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trioctahedral to dioctahedral composition. The grains locally contain rare inclusions of
hydrothermal fluorite-monazite and uranothorite-monazite assemblages.

Fe-Li-mica from the granite forms small and alteration-free homogeneous crystals (Fig. 5).
Rare inclusions of hydrothermal fluorite rimmed by yttrium-carbonate aggregates have been

found within the Fe-Li-mica.

4.2 Wolframite

Wolframite typically forms centimeter-sized crystals that are light red under transmitted light,
and show micro-porosity, fractures, and evidence of ductile deformation (Legros et al., 2016;
2019). Under the optical microscope, wolframite crystals show fine-scale oscillatory zoning
marked by multiple successive growth bands, which do not correlate with changes in major
element composition (Fig. 6). Wolframite contains some inclusions of quartz, cassiterite, and
sulfides (e.g. bismuthinite). Wolframite generally shows homogeneous major element
composition with Mn/(Mn+Fe) varying from 68% to 73%, depending on the degree of
hydrothermal alteration (Fig. 6). Wolframite has relatively high concentrations in Nb (1900 to
4100 ppm), Ta (637 to 1100 ppm), HREE (240 to 730 ppm), Sc (135 to 367 ppm), Zn (122 to
178 ppm), Y (59 to 192 ppm), Mo (46 to 157 ppm), Zr (27 to 132 ppm), and Sn (46 to 75
ppm) (LA-ICP-MS; Appendix B). Variations in trace element contents do not correlate with
compositional zones within wolframite. Patchy zoning, which is locally observed along minor
alteration zones, increases the Mn/Fe ratio of the crystals (Fig. 6). The dated wolframite
samples include (1) fragments from a concentrate provided directly from the mine (referred as
concentrate thereafter), and (i1) fragments of a single crystal from the Stage III W-Sn vein

(referred as vein thereafter).

14



350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

4.3 Xenotime

Large hydrothermal xenotime grains (50 to 400 um in size) occur on yttrium-rich growth
surfaces of Fly.yi in association with kaolinite and REE minerals (Legros et al., 2016).
Xenotime is anhedral to subhedral and shows no corrosion or dissolution features (Fig. 7).
Some grains display textural zoning that cannot be correlated to chemical variations or
alteration features (Fig. 7; Appendix C). Xenotime grains have variable amounts of Y20s
(30.0 to 44.0 wt.%), CaO (0.1 to 13.5 wt.%), Dy20O3 (4.5 to 9.7 wt.%), Yb20O3 (4.0 to 11.4
wt. %), Gd203 (2.5 to 6.3 wt.%), and ErO3 (3.5 to 5.2 wt.%) as determined by EPMA. These
chemical variations do not correlate with the shape of xenotime grains nor their relative
position within fluorite. The xenotime grains selected for dating are inclusions within two

fluorite samples from a Stage III W-Sn vein, but formed during Stage VI (late filling phases).

5. Results

5.1 **Ar/*°Ar Fe-Li-mica dating

The results of all measurements performed on different samples are shown in Table 1 and
Figure 8. The *°Ar/*°Ar apparent ages for Fe-Li-mica>n range from 167 to 142 Ma and
overlap within error. Integration of all data (n=6) yields a date of 157 + 4 Ma (20,
MSWD=1.33; Fig. 8). No compositional variation due to alteration or inclusions correlates
with the obtained ages.

The “°Ar/*Ar apparent ages for Fe-Li-micas.m range from 170 to 138 Ma and overlap within
error. Excluding the older apparent age of ca. 166.5 Ma, five analyses yield a weighted mean

date of 155 £ 4 Ma (26, MSWD = 0.74; Fig. 8).
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Fe-Li-micas.1v from banded quartz veins (Stage 1V) is zoned at a too fine scale for in situ
analysis of individual growth zones (Fig. 5F). Only the homogeneous external rims of the
grains were analyzed. The *°Ar/*°Ar apparent ages range from 167 to 148 Ma. The weighted
mean age for five of the six analyses (excluding the younger age of 144.3 Ma because of
anomalous Ar ratios) yields a date of 158 + 4 Ma (20, MSWD=1.14; Fig. 8).

Fe-Li-mica from the greisen show alteration along rims and fractures. These zones were
carefully avoided during analyses. *°Ar/*°Ar apparent ages range from 167 to 144 Ma. The
weighted mean of all six analyses yields a date of 156 + 2 Ma (20, MSWD=1.7; Fig. 8).
Fe-Li-mica from the granite yields *“*Ar/*°Ar apparent ages ranging from 166 to 148 Ma. Two
analyses yield younger apparent ages of ca. 145 Ma and have been excluded from the age
calculation. The remaining seven analyses yield a weighted mean date of 156 + 2 Ma (2o,

MSWD=0.35; Fig. 8).

5.2 U-Pb wolframite dating

Wolframite has relatively high U contents of 14 to 22 ppm (concentrate) and 8 to 12 ppm
(vein sample), whereas Pb contents are below 1.5 ppm with variable contributions of common
lead (Table 2). The latter accounts for the large range of measured 2°Pb/>*Pb ratios from 55
to 420. The wolframite samples show essentially no variation in 2*Pb/2*Pb (37.90 — 39.96),
which indicates that the amount of 2®Pb coming from the decay of 2*’Th is insignificant.
Sample 9 is an exception (Table 2) since it has a high 2®Pb/**Pb together with a high
206pb/204Ph. Using 2*8Pbyaa/***Pbyad, the measured U contents, and an age of 160 Ma, the Th
content for this sample is estimated to be ca. 120 ppm. As Th contents in wolframite are
typically low (Romer and Liiders, 2006), this high Th content may indicate that this sample

contained micro-inclusions that had high Th contents and slightly higher common Pb contents
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than the ambient wolframite. Such inclusion could be monazite explaining this anomalously
high Th content. Sample 13 (Table 2) has a high common Pb (29.4 ppm) content, which may
be due to small sulfide inclusions. In situ growth of radiogenic Pb contributed only
insignificantly to the Pb budget of this sample. Therefore, we used the U and Pb concentration
and the measured Pb isotopic composition of this sample to estimate the initial Pb isotopic
composition of wolframite at 160 Ma. We use this estimate of the initial Pb isotopic
composition (Table 2) to calculate the 2°°Pb/?*8U and 2°’Pb/?*U ratios of the other samples. In
the 2%°Pb/?38U vs. 27Pb/?*3U diagram, data for each sample plot in two clusters around 160 and
156 Ma respectively (Figs. 9A and B). Five samples of the concentrate wolframite define a
concordant age of 160.4 + 0.4 Ma (26, MSWD (of concordance) = 1.13; Fig. 9C) and three
samples of the vein wolframite define a concordant age of 156.3 £ 1.1 Ma (26, MSWD (of
concordance) = 0.98; Fig. 9D). The two calculated ages are observed both in the concentrate

and the vein samples.

5.3 U-Th-Pb xenotime dating

Thirty-four LA-ICP-MS analyses were performed on 27 chemically homogeneous xenotime
grains within two fluorite crystals from a single vein (Fig. 10; Table 5; Appendix C). The
combined measured U-Th-Pb data are reported in a 2°Pb/***U vs. 2%®Pb/??Th concordia
diagram (Fig. 10A) rather than in the conventional 2°Pb/?*8U vs. 2’Pb/?*>U diagram due to a
very low 2Y’Pb signal (average of 650 cps). In the 2°°Pb/*¥U vs. 2%®Pb/**Th concordia
diagrams, disturbances have the following effect: Pb-loss results in a shift along the
concordia. Because of the curvature of the concordia is only small for young samples, Pb-loss
will not result in discordance. Uranium and Thorium may be mobilized separately. The loss of

U will shift the data spot vertically above the concordia to older apparent 2°°Pb/*38U ages,
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whereas the loss of Th will shift the data spot horizontally below the concordia to older
apparent 2%Pb/>’Th ages. Samples that do not fall on the concordia have seen such a
fractionation of U and Th during alteration (dashed in Fig. 10A), which may go along with Pb
mobility. Lead loss, which will spread the data along the concordia, is unlikely to affect all
analyzed spots to the same extent. Therefore, the two clusters are interpreted as events.
Samples between these two clusters could represent mixtures of the two generations or reflect
partial Pb loss.

The samples spread along the Concordia curve with two clusters at the ends of the trend. One
cluster with nine concordant analyses yields an age of 152.5 + 1.3 Ma (26, MSWD = 1.9),
whereas the other cluster containing nine analyses yields an age of 130.1 = 1.2 Ma (2a,
MSWD = 2.1; Figs. 10C and D). There is no correlation between the U-Th-Pb age, chemical

composition, and relative position of xenotime within the host fluorite crystal.

6. Discussion

Detailed mineralogical studies of the Maoping and other W-Sn deposits in southern China
showed that these magmatic-hydrothermal deposits had a multistage fluid evolution,
involving the mixing of at least four different fluid types of magmatic or meteoric origin and
with contrasting metal endowment (e.g., Tanelli, 1982; Legros et al., 2016, 2018). Isotopic
dating of the Maoping deposit indicates a 30 m.y. timespan (160-130 Ma) for the formation of
the deposit and subsequent stages of metal redistribution. This interval is in accordance with
geochronological data from other W-Sn deposits of southeast China (e.g. Yuan et al., 2007,

Liu et al., 2011; Hu et al., 2012a; Zhang et al., 2015; Liu et al., 2017; Deng et al., 2019).

6.1 Four stages of fluid events in the Maoping W-Sn deposit between 160 and 130 Ma
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The “°Ar-*Ar dating of Fe-Li mica from all samples (granite, greisen, and vein) yield a
continuum of (i) overlapping apparent ages ranging from 167 to 142 Ma and (ii) overlapping
calculated ages ranging from 158 to 155 Ma. This spread of apparent ages is found for each
sample, thus indicating a general trend for micas from Maoping. Moreover, the calculated
ages are inconsistent with the crosscutting relations previously described by Legros et al.
(2016). This would suggest that the “°Ar-*°Ar isotopic system of the Fe-Li mica experienced
post-crystallization disturbances. There is no clustering of apparent ages, which may be
interpreted in three ways: (1) Fe-Li micas record ages of successive fluid episodes that
occurred during a period of 20 m.y., (ii) the obtained dates fall between the time of
crystallization and the time of fluid-mediated disturbance of the isotopic systems, or (iii) all
samples define a same event at ca. 156 Ma with variable age uncertainties. In the first two
cases, the minimum date for the crystallization of Fe-Li-mica would be ca. 167 Ma, whereas
the maximum date of the disturbance would be ca. 142 Ma. The third case would be
consistent with the second age obtained on the wolframite at 156.3 + 1.1 Ma.

The U-Pb and U-Th-Pb ages on wolframite and xenotime yield respectively two groups of
concordant ages. The oldest concordant age at 160.4 + 0.4 Ma (20) is considered to reflect the
time of wolframite deposition, whereas the younger age may date the fluid event that
perturbed the isotopic systems. This age is consistent within error with the oldest inclusion-
free apparent ages for Fe-Li-mica from the veins, granite, and greisen (Fig. 8). This age also
correlates with a recent dating study on the coarse-grained Maoping granite giving an age of
159.0 £ 1.5 Ma (U-Pb on zircon, Chen et al., 2019). Petrographic observations demonstrate
that both mica and wolframite represent early phases in the hydrothermal sequence at

Maoping (Legros et al., 2016). The 160 Ma age is consistent with sub-coeval formation of
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wolframite-bearing quartz veins subsequently to the intrusion of the Maoping granite.
Therefore, the two older ages (ellipses 4 and 5) may represent analytical artifacts.

The second age of 156.3 £ 1.1 Ma (20) for the Maoping wolframite may correspond to an
isotopic reset resulting from local fluid-rock interaction and hydrothermal alteration as
indicated by dissolution-replacement textures and a shift toward more Mn-rich chemical
compositions (Figs. 6C and D). Such a reset of the U-Pb isotope system of wolframite by
alteration has already been described in earlier studies (Harlaux et al., 2018a; Deng et al.,
2019). The ca. 156 Ma age is consistent with the scattered Fe-Li-mica ages between ca. 160
Ma and 152 Ma, the Re-Os molybdenite and U-Pb cassiterite ages of 155.3 + 2.8 Ma and
156.9 + 1.4 Ma obtained for the greisen (Feng et al., 2011; Chen et al., 2019), and the U-Pb
cassiterite age of 156.8 £ 1.5 Ma for the mineralized veins (Chen et al., 2019). Therefore, the
ca. 156 Ma age likely represents the circulation of Mo and Sn-rich fluids within the greisen
apical body.

The U-Th-Pb isotopic data for xenotime define a trend with two statistically distinguishable
clusters corresponding to ages of 152.5 + 1.3 Ma and 130.1 + 1.2 Ma respectively (Fig. 11).
The age of 152.5 £ 1.3 Ma is identical within error with the Re-Os molybdenite age at 150.2 +
2.8 Ma for a W-Sn mineralized vein (Feng et al., 2011), and is interpreted as the age of
xenotime crystallization. This age does not overlap with the ages obtained on wolframite,
indicating that wolframite and xenotime were formed during temporally distinct fluid events
at Maoping. The xenotime age of ca. 152 Ma is coeval with the precipitation of a second
generation of molybdenite and the main sulfide minerals (Fig. 4), since resetting of the Re-Os
isotope system is unlikely (e.g., Stein et al., 2001). This xenotime age correlates with the
emplacement of the Tianmenshan intrusion dated at 151.8 + 5.8 Ma (20; U-Pb SHRIMP on
zircon; Feng et al., 2011). The Tianmenshan granite, exposed only few kilometers away from

the Maoping mine and which was previously interpreted as a lateral extension of the Maoping
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granite (Feng et al., 2011), represents therefore a younger intrusion distinct from the coarse-
grained Maoping granite dated at 159.0 = 1.5 Ma (U-Pb on zircon, Chen et al., 2019). The
second calculated age at ca. 130 Ma for xenotime defines the final end-member of a
continuum of measured dates starting at ca. 152 Ma. All the intermediate ellipses may reflect
variable degrees of disturbance of the U-Th-Pb isotopic system of xenotime, as already
described in the literature (e.g. England er al., 2001; Rasmussen et al., 2007; Tartese et al.,
2015; Zi et al., 2015). These variable degrees of disturbance do not correlate with the position
of the xenotime grain within the fluorite growth zoning. The ca. 130 Ma age possibly
corresponds to the age of the last hydrothermal activity in the Maoping area and may reflect
the complete resetting of the isotope system of xenotime. This age is supported by dating of
hydrothermal zircon closely associated with xenotime and fluorite from different W-Sn
deposits of the Nanling Range (Wang et al., 2016). This would indicate that the remobilizing
fluid at 130 Ma was likely to be Zr-REE-rich similarly to the fluid crystallizing the minerals
from stage IV and VI at Maoping. This age is also closely associated with the fine-grained
granite dated at 125.5 + 1.3 Ma by U-Pb on zircons (Chen et al., 2019). The geochemistry of
this intrusion has not yet been described in detail but it could be the source of this late fluid.
The possibility of a second intrusion affecting the Maoping deposit was already suggested by
previous studies of Fe-Li-micas geochemistry and fluid inclusions (Legros et al., 2016 and
2019).

Our data define four main age groups (160 Ma — 156 Ma — 152 Ma — 130 Ma) for the W-Sn
Maoping deposit, spreading over a period of 30 m.y. This age range is known from other W-
Sn deposits in the Nanling Range and is consistent with a scenario of several episodes of fluid
flow that resulted both in the addition and redistribution of metals in the Upper Jurassic to

Lower Cretaceous.
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6.2 Implications for multiple fluid episodes in the W-Sn Dayu district

The Dayu district, located in the southeastern part of the Jiangxi province, is a world-class
district for both W and Sn (Fig. 1). Besides the Maoping deposit, eight other W-Sn vein-type
deposits have been dated: Zhangdou (Feng et al., 2011), Xihuashan (Hu er al., 2012a),
Piaotang (Zhang et al., 2009; Wang et al., 2016; Zhang et al., 2017; Deng et al., 2019),
Yaogangxian (Deng et al., 2019), Niuling (Feng et al., 2011), Baxiannao (Feng et al., 2011),
Taoxikeng (Wang et al., 2016), and Dangping (Wang et al., 2016). These geochronological
studies were focused mainly on mica, molybdenite, zircon, and cassiterite. A compilation of
existing data and a comparison with results from the present study reveal that the different
deposits have similar ages ranging from ca. 160 to ca. 130 Ma (Fig. 11), with the majority of
ages bracketed between 160 Ma and 145 Ma. These findings indicate that the formation of W-
Sn deposits and the hydrothermal alteration were controlled by processes that operated on the
scale of the entire district.

U-Pb crystallization age of wolframite (159.5 £ 1.3 Ma; Deng et al., 2019) and cassiterite
(159.5 = 1.5 Ma; Zhang et al., 2017) from the Piaotang deposit is contemporaneous within
error with the oldest U-Pb age obtained on wolframite for the Maoping deposit (160.4 + 0.4
Ma, this work). Major W-Sn mineralization in the Dayu district all formed at ca. 160 Ma and
were remobilized at ca. 156 Ma. Mica from other W-Sn deposits yielded “°Ar->?Ar ages of ca.
160 Ma (Fig. 12). Younger ages at ca. 156 Ma, 152 Ma, and 130 Ma (Fig. 11) have been
reported from other deposits within the region, indicating that these different ages correspond
to regional rather than local events. For instance, fluid circulation episodes at ca. 156 Ma and
152 Ma were reported from deposits within the Dayu district (ca. 50 km wide; Zhang et al.,
2009; Feng et al., 2011; Hu et al., 2012a; Deng et al., 2019). Moreover, U-Th-Pb xenotime

(this study) and U-Pb age hydrothermal zircon ages (Wang et al., 2016) provide evidence for
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a hydrothermal event at ca. 130 Ma. Although these hydrothermal episodes may not be
strictly coeval at the regional scale, the similarity of temporal ranges and age clustering for
other W-Sn deposits in the Dayu district suggests that the events interpreted at Maoping may

be observable at a wider scale in the Nanling Range (Fig. 12).

6.3 Regional considerations: age of W-Sn mineralization episode(s) in the Nanling Range

6.3.1 The ca. 160 Ma W-Sn episode

Fluid inclusion studies of ore-mineral assemblages (wolframite and cassiterite) and gangue
minerals (quartz, topaz, and fluorite) have shown that different physico-chemical conditions
were recorded. This observation is not restricted to Maoping (Legros et al., 2016, 2018,
2019), but also extends to other W-Sn deposits including Xihuashan (Wei et al., 2012),
Yaogangxian (Hu et al., 2012b), Dajishan, Dangping, Piaotang, Pangushan (Ni et al., 2015;
Legros et al., 2019), Taoxikeng (Wang et al., 2012), Shimensi (Gong et al., 2015; Wei et al.,
2017), Baxiannao (Feng et al., 2012), Shizhuyuan, and Yejiwei (Xuexin et al., 1990). This
feature is therefore observed at the regional scale in the southern Jiangxi and Hunan provinces
and seems to be a common feature of W-Sn deposits of the Nanling Range. Distinct P-T-X-t
conditions recorded in ore and gangue minerals imply that isotopic dating of gangue minerals
does not always reflect the age of the mineralization (Legros et al., 2019; this study). Direct
U-Pb dating of cassiterite and wolframite (Zhang et al., 2017; Deng et al., 2019; this study)
demonstrates that the main episode of W-Sn deposition in the Nanling range occurred at ca.
160 Ma. This age is also obtained for the mica samples. Most mica “’Ar-*°Ar ages, however,
are younger than 160 Ma, possibly reflecting (i) mixed ages between different fluid events,

(i1) partially or completely reset isotopic ages, or (iii) crystallization ages of gangue minerals
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that are not strictly coeval with the ore minerals. Resetting of **Ar-*Ar ages or late formation
of gangue minerals provides an explanation for the contrasting fluid inclusions in ore and

gangue minerals (Legros et al., 2019).

6.3.2 The ca. 130 Ma event: signature of a Cretaceous magmatism?

The metallogenic event at 130 Ma is not well-documented in the Nanling Range. For instance,
Wang et al. (2016, 2017, and references therein) suggested the existence of a late W-Sn
mineralization episode at ca. 130 Ma, based on dating of hydrothermal zircon associated with
cassiterite and wolframite and interpreted it to be related to the emplacement of evolved
muscovite granites. At Maoping, a late mineral assemblage composed of hydrothermal zircon,
REE minerals, and fluorite hosted in banded quartz veins (referred as Nb-Ta-Zr-REE Stage
IV and VIin Legros et al., 2016) has been documented. This late hydrothermal overprinting is
not related to the W-Sn mineralization, but corresponds to a late Nb-Ta-Zr-Y-HREE
mineralization, which could be related to peralkaline rare-metal magmatism (e.g., Cerny et
al., 2005; Linnen and Cuney, 2005). Consequently, this geochemical signature may be
interpreted as the chemical footprint of magmatic-hydrothermal fluids exsolved from an
unexposed magmatic body at depth (Legros et al., 2016, 2018), similarly to what described in
the Puy-les-Vignes W deposit in the French Massif Central (Harlaux et al., 2015a, 2015b,
2019). This intrusion might be the fine-grained granite recently dated at 125.5 + 1.3 Ma (U-Pb

on zircon; Chen et al., (2019)).

7. Conclusion
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New geochronological data on the world-class Maoping W-Sn deposit coupled to data from
the literature demonstrates that multiple episodes of fluid circulation affected the world class
W-Sn Nanling Range province during the Upper Jurassic to Lower Cretaceous (ca. 160 to 130
Ma). We propose the existence of four successive hydrothermal stages: (i) W-Sn bearing
fluids at ca. 160 Ma related to the formation of the economic wolframite mineralization, (ii)
Mo and Sn-rich fluids at ca. 156 Ma induced alteration of wolframite and resetting of its U-Pb
system, (iii)) REE-bearing mineralizing fluids precipitated xenotime and sulfides as cavity-
filling at ca. 152 Ma, and (iv) REE- and Zr-rich fluids circulating at ca. 130 Ma, possibly
related to unexposed magmatic intrusions. We conclude that deposition of wolframite at ca.
160 Ma was followed by several episodes of hydrothermal activity that disturbed the *°Ar-
3 Ar, U-Pb and U-Th-Pb isotopic systems of Fe-Li-mica, wolframite, and xenotime. Based on
previous petrographic and fluid inclusion studies on the Maoping deposit (Legros et al., 2016,
2018, 2019), our results demonstrate that multiple episodes of fluid circulations may result in
partial to complete isotopic resetting of minerals and that gangue minerals do not necessarily
date the age of W-Sn mineralization. Isotopic dating of paragenetically well-constrained
minerals is critical for determining the age and the duration of mineralizing processes and for
characterizing the fluid evolution of magmatic-hydrothermal systems, as exemplified in the

Nanling Range.
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Figure captions

Figure 1: (A) Locations of the mining districts and ore deposits of the Cathaysia Block,

South-East China. The Nanling Metallogenic Belt highlighted in orange and the southern
part of the Jiangxi Province (shown in B) is outlined in red (modified and compiled from
Wang and Fan, 1987; Wu et al., 1993; Jiang et al., 2006; Mao et al., 2006; Sun et al.,
2012). (B) Enlargement of the southern part of the Jiangxi Province with major W
deposits. The distribution of Jurassic and Cretaceous granitoids is shown in different grey
tones. The Maoping deposit is located in the Dayu district and hosts the majority of the
W-Sn deposits of the Nanling Metallogenic belt (modified after Huang et al., 2014;

Lecumberri-Sanchez et al., 2014; Legros et al., 2016).

Figure 2: (A) Geological map and (B) simplified cross-section of the Maoping W-Sn deposit,

showing the relationship between the buried peraluminous two-mica granite, the
enclosing Lower Cambrian host rocks, the greisen cupola, and the W-Sn-bearing quartz
veins (modified after Feng et al., 2011 and Legros et al., 2016). Sampling zone (-5 level)

is shown in green.

Figure 3: Relationship between vein types and paragenetic stages in the Maoping W-Sn

deposit. (A) Fe-Li-mica veins reopened and filled with Stage III W-Sn vein cross-cutting
Lower Cambrian host-rock. (B) Stage III W-Sn vein, cross-cutting Stage II Fe-Li-mica
vein. (C) Conjugated Stage III W-Sn veins in reopened Stage II Fe-Li-mica vein, cross-
cutting and displacing the Stage I Feldspar vein. (D) Banded quartz vein showing the

centimeter-scale banding of quartz and Fe-Li-mica at Stage IV. (E) Banded quartz vein
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from Stage IV overprinting a previous W-Sn-topaz vein. Abbreviations accorded to IMA,

Qtz: Quartz, Fe-Li-mca: Fe-Li-mica, Toz: Topaz, Wf: Wolframite.

Figure 4: Paragenetic sequence of the Maoping W-Sn deposit based on cross-cutting

relationships and petrographic observations from the level -5 underground gallery (i.e. -
200 m below surface; modified from Legros et al., 2016). Numbers 1 to 5 refer to the
mineral generation in the overall paragenetic sequence. See text for details on the
different stages, mineral abbreviations, and notations. The three types of minerals dated

in this study are highlighted with an asterisk (Fe-Li-mica, wolframite and xenotime).

Figure 5: Optical and scanning electron microscope images of mica textures and

mineralogical associations from the veins (stages II to IV), the greisen, and the granite.
(A) Stage II feather-like centimeter-size Fe-Li-mcaz.1 at contact to host-rock (crossed
polars, transmitted light). (B) Back-scattered electron (BSE) image of homogeneous
Stage II mica (Fe-Li-mcaz.i) with Fe-Li-msi-m and Fe-Mn hydroxides alteration along the
cleavage planes. (C) Stage III Fe-Li-mcas.m associated with Wfj.im and Csti.m (crossed
polars, transmitted light). (D) BSE image of Stage III homogeneous mica (Fe-Li-mcas.i)
with few Fe-Li-ms;. alteration along the cleavage planes. (E) Banded accumulation
zone (see text for details) in Stage IV veins with zoned Fe-Li-mcas.rv and Qtz4.1v (crossed
polars, transmitted light). (F) BSE image showing internal zoning and rhythmic banding
between trioctahedral and dioctahedral compositions in the Fe-Li-mcas.1v at Stage IV. (G)
Quartz, mica, and euhedral feldspar from the granite (crossed polars, transmitted light).
(H) BSE image of Fe-Li-mica from the greisen. Dark patches are the alteration of the Fe-
Li-mica. (I) Quartz sub-grains, corroded mica, and altered feldspar from the granite

(crossed polars, transmitted light). (J) BSE image of homogeneous Fe-Li-mica in the
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Maoping granite showing rare alteration along mineral borders and micro-fractures.
Abbreviations from IMA, Clb: Columbite-tantalite, Cst: Cassiterite, Fe-Li-mca: Fe-Li-

mica, Mca: mica, Qtz: quartz, Ms: muscovite, Toz: topaz, Wf: Wolframite.

Figure 6: Optical and scanning electron microscope images of Stage III wolframite from the

Maoping W-Sn deposit. (A) Plane-polarized transmitted light image showing complex
growth zoning in wolframite associated with main Qtzz>.m. Note the presence of rare
quartz-filled cavities (white arrows) in wolframite. (B) BSE image showing the growth
zoning in wolframite and the presence of porosity and micro-cracks. (C) Patchy alteration
in wolframite marked by higher Mn content and the presence of micro-inclusions of
bismuthinite and cassiterite (BSE image). (D) Detail of the intense micro-porosity
associated with an alteration zone (bright color) within wolframite (BSE image).
Abbreviations according to IMA, Bmt: bismuthinite, Cst: cassiterite, Qtz: quartz, Wf:

wolframite.

Figure 7: Distribution and mineral paragenesis associated with xenotime and fluorite in the

Maoping W-Sn deposit. (A) Optical cathodoluminescence (CL) imaging of large fluorite
crystal showing two distinct generations (blue and green (Flo.iv) and green (Fliv)
colors). The different colors on CL image reflect variable trace element contents in
fluorite. (B) SEM image of the core of Flz.vi characterized by heterogeneous enrichment
in yttrium and infillings by REE-fluorides and xenotime. (C) SEM image of the banding
zones in Fly.y; with high porosity, kaolinite, and REE minerals. Abbreviations according

to IMA, FI: fluorite, Kln: kaolinite, Xnt: xenotime, Y-Fl: yttrium-fluorite.
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Figure 8: **Ar-*’Ar apparent ages obtained for stage II, III, and IV Fe-Li-mica of the

mineralized veins, the greisen, and the granite of the Maoping W-Sn deposit (errors
reported at 26). Calculated ages are indicated in purple: six analyses from Stage II Fe-Li-
mica at the border of the mineralized vein yield an integrated age of 157 = 4 Ma (20);
five samples from Stage III Fe-Li-mica associated with wolframite and cassiterite overlap
within error and define an integrated age of 155 + 4 Ma (20); five analyses from Stage IV
Fe-Li-mica from the banded quartz veins yield an age of 158 + 4 Ma (20); five samples
from the greisen Fe-Li-mica (cupola at the top of the granite) define an age of 156 + 2 Ma
(20); seven analyses of Fe-Li-mica from the peraluminous Maoping granite overlap
within error and yield an age of 156 + 2 Ma (20). “°Ar-**Ar isotopic data are given in

Table 3.

Figure 9: Concordia diagrams for two samples (concentrate and vein) of Stage III wolframite

ID-TIMS data from the Maoping W-Sn deposit. (A) and (B) full data set for both
samples: (1) ore concentrate of wolframite crystals and (2) fragments of single crystal
from a vein sample. Note, whether samples were selected from the concentrate or the
vein, most fragments plot in two clusters on the Concordia. (C) Five fragments of the
wolframite concentrate yield an age of 160.4 + 0.4 Ma (20). (D) Three fragments of the
wolframite vein crystals define an age of 156.3 + 1.1 Ma (20). Error ellipses are shown at

20 level. Data from Table 4.

Figure 10: 2°°Pb/?38U vs. 2%Pb/?*2Th Concordia diagrams for Stage VI xenotime SIMS data

from the Maoping W-Sn deposit. (A) Full data set. The data straddle along the Concordia

with two data clusters. (B) Nine concordant analyses overlap within error and yield an

46



1094

1095

1096

1097

1098

1099

1100

1101

1102

1103

1104

age of 152.5 £ 1.3 Ma (20). (C) Nine concordant analyses overlap within error and yield

an age of 130.1 £ 1.2 Ma (20). Error ellipses are shown at 2¢ level. Data from Table 5.

Figure 11: Synthesis of geochronological data from the Maoping W-Sn deposit (this work)
compared to literature data from other W-Sn vein-type deposits in the Dayu district.
References: [1] Feng et al. (2011), [2] Hu et al. (2012a), [3] Zhang et al. (2017), [4]
Zhang et al. (2009), [5] Deng et al. (2019), [6] Wang et al. (2016), [7] Chen et al. (2019).

Dashed lines associated with the mica Ar-Ar ages represent the interval of apparent ages.

Figure 12: Compilation of available geochronological data (20) for W-Sn vein-type deposits

in the Nanling range.
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Appendix A — Detailed analytical “*Ar-3*Ar dating procedure on Fe-Li-mica

“OAr/?Ar analytical work was performed at the University of Manitoba (Canada) using a
multi-collector Thermo Fisher Scientific ARGUS VI mass spectrometer, linked to a stainless
steel Thermo Fisher Scientific extraction/purification line, Photon Machines (55 W) Fusions
10.6 CO: laser, and Photon Machines (Analyte Excite) 193 nm laser. Argon isotopes (from
mass 40 to 37) were measured using Faraday detectors with low noise 1 x 10'? Q resistors and
mass 36 was measured using a compact discrete dynode (CDD) detector. The sensitivity for
argon measurements is ~6.312 x 10'” moles/fA as determined from measured aliquots of Fish
Canyon Sanidine (Dazé et al., 2003; Kuiper et al., 2008). Standards and samples were placed
in 2 mm deep wells in 18 mm diameter aluminium disks, with standards placed strategically
so that the lateral neutron flux gradients across the disk could be evaluated. Planar regressions
were fit to the standard data, and the *“°Ar/*°Ar neutron fluence parameter (J) interpolated for
the unknowns. Uncertainties in J are estimated at 0.1 - 0.2% (1o), based on Monte Carlo error
analysis of the planar regressions (Best et al., 1995). All specimens were irradiated in the
Cadmium-lined, in-core CLICIT facility of the TRIGA reactor at the Oregon State University
(USA). The duration of irradiation was 17 hours. Standard used was the GA1550 biotite
(Spell and McDougall, 2003). Standards for “°Ar/*’Ar measurements were placed in a Cu
sample tray, with a KBr cover slip, in a stainless steel chamber with a differentially pumped
ZnS viewport attached to a Thermo Fisher Scientific extraction/purification line and baked
with an infrared lamp for 24 hours. Single crystals were fused using the CO; laser. The
samples selected for the *°Ar/*?Ar dating were previously investigated by optical microscopy
and SEM, in order to spot homogeneous areas within the analyzed minerals (mica or adularia)
devoid of alteration, micro-inclusions or internal zoning. Discs of 5 mm in diameter and ~150
um thick were cut from the same polished thick section (150 - 200 pm thick). The discs were
mounted using a ceramic adhesive (PELCO) on a quartz slide placed in a stainless steel
chamber with a sapphire viewport attached to the same stainless steel high vacuum extraction
system as the CO; laser, and baked with an infrared lamp for 48 hours. For this study, a raster
size of about 100 x 100 um was used and ablation pits were excavated to an estimated depth
of 50 um. Reactive gases were removed for both the standard and unknown, after 3 minutes,
by three GP-50 SAES getters (two at room temperature and one at 450 °C) prior to being
admitted to an ARGUS VI mass spectrometer by expansion. Five argon isotopes were
measured simultaneously over a period of 6 minutes. Measured isotope abundances were
corrected for extraction-line blanks, which were determined before every sample analysis.
Line blanks in both the Excimer and CO> system averaged ~3 fA for mass 40 and ~0.013 fA
for mass 36. Mass discrimination was monitored by online analysis of air pipettes based on a
power law relationship (Renne et al., 2009), which gave D = 1.0081 £ 0.0002 per amu, based
on 71 aliquots interspersed with the unknowns. A value of 295.5 was used for the atmospheric
“OAr/%Ar ratio (Steiger and Jiger, 1977) for the purposes of routine measurement of mass
spectrometer discrimination using air aliquots, and correction for atmospheric argon in the
“Ar/°Ar age calculation. Corrections are made for neutron-induced *’Ar from potassium,
FAr and *°Ar from calcium, and *®Ar from chlorine (Roddick, 1983; Renne et al., 1998;
Renne and Norman, 2001).
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Appendix B — Trace element compositions of wolframite determined by LA-ICP-MS

ppm  Maoping_0 Maoping_1 Maoping_2 Maoping_3 Maoping_4
+ + + + +
Li 33 0.5 25 04 24 04 25 04 21 0.4
Mg 10.3 0.7 69 0.6 6.2 0.5 59 0.6 13.7 0.7
Sc 169 6 135 4 189 3 367 19 209 6
Ti 18.1 2.1 169 23 94 1.6 8.2 1.4 21.8 2.1
\Y 0.4 0.1 0.2 0.1 0.1 0.1 0.1 0.0 0.3 0.1
Mn 161300 3200 120300 /400 127400 /300 175700 2000 159400 3500
Fe 37300 /400 57940 590 52430 700 26710 330 34710 770
Co 0.3 0.1 04 0.1 03 0.1 0.2 0.1 03 0.1
Cu 5.0 0.5 53 0.5 23 04 89 0.7 5.0 0.5
Zn 122 4 150 4 150 5 178 5 163 6
Ga 0.1 0.0 0.2 0.1 03 0.1 0.2 0.1 0.1 0.0
Ge 0.3 0.2 1.0 0.3 03 0.2 04 0.2 0.6 0.2
Rb 2.0 0.2 1.5 0.2 19 0.2 1.5 0.2 1.3 0.1
Sr 0.8 0.1 1.0 0.1 0.7 0.1 0.5 0.1 1.2 0.1
Y 166 8 192 4 185 3 65 5 59 2
Zr 43 1 84 4 132 3 31 4 27 2
Nb 3005 72 2860 49 4111 47 2260 170 1917 52
Mo 46 7 157 3 109 3 78 2 66 2
Cd 0.2 0.1 0.2 0.1 0.2 0.1 0.6 0.2 04 0.2
In 19 0 25 1 33 1 83 5 52 1
Sn 70 2 46 2 75 3 70 9 59 3
Hf 7.6 0.3 20.6 1.0 335 1.0 4.6 0.6 6.2 0.5
Ta 637 8 779 20 1127 18 1120 100 1121 47
Pb 1.1 0.2 0.6 0.1 14 0.2 09 0.1 1.0 0.1
Bi 0.8 0.1 03 0.0 1.2 0.2 04 0.1 09 0.1
Th 0.6 0.1 0.5 0.0 04 0.0 04 0.1 04 0.0
U 17.5 0.4  12.8 0.5 14.8 04 17.0 2.3 127 0.5
La 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ce 0.2 0.0 0.7 0.0 0.5 0.0 0.2 0.0 0.2 0.0
Pr 0.1 0.0 03 0.0 0.2 0.0 0.1 0.0 0.1 0.0
Nd 1.0 0.2 24 0.2 20 0.2 09 0.1 1.0 0.1
Sm 4.0 04 59 04 64 04 3.2 0.3 33 0.3
Eu 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Gd 11.3 0.7  12.6 0.6 123 0.5 6.7 0.6 6.5 0.4
Tb 7.4 0.3 7.1 0.2 1.8 0.2 4.0 0.3 3.6 0.1
Dy 91.1 2.5 80.1 1.9  88.3 1.3 453 3.5 377 1.2
Ho 25.5 0.7 212 0.4 228 0.3 118 1.0 94 0.3
Er 118 2.5 944 2.2 104 1.5 55.0 4.8  39.2 1.1
Tm 34.6 0.8 271 0.6 30.0 04 164 1.4 109 0.3
Yb 391 8.8 308 6.7 345 4.0 189 16.0 119 2.9
Lu 65.4 1.5 51.6 1.0 56.9 0.6 31.5 2.7 191 0.5
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Appendix C — Back-scattered electron images of xenotime extracted from Stage VI
fluorite of the Maoping deposit. Circles indicate the location of the U-Th-Pb LA-ICP-
MS spot analysis.

U-Pb-Th dating on xenotimes
Stage VI
Maoping deposit 'W‘
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Appendix D — Compilation of geochronological data from the literature on W-Sn vein-
type deposits in the Cathaysia

Province Deposit Age 20 Analytical method Reference
=il 135.1 0.8 40Ar-3%Ar on mica Liu et al., 2017
140.6 1.9 Re-Os on molybdenite Liu et al., 2017
Hongling 159.1 1.5 Re-Os on molybdenite ~ Wang et al., 2010b
Guangdong Jubankeng 138.5 1.5 40Ar-33Ar on mica Qietal., 2012
Keda 160.6 1.5 40Ar-3%Ar on mica Li et al., 2011
, 164 4 U-Pb on cassiterite Jiang et al., 2018
Shirenzhang o
160 4 U-Pb on cassiterite Jiang et al., 2018
Yangiantan 154.4 1.6 Re-Os on molybdenite  Liu et al., 2010
Guanxi Shuiyanba 162.5 1.2 40Ar-39Ar on mica Li et al., 2011
Baoshan 164.2 2.6 Re-Os on molybdenite Zhao et al., 2017
Daao 151.3 2.4 Re-Os on molybdenite Fu et al., 2007
Jiuyishan 151.3 2.4 Re-Os on molybdenite Fu et al., 2007
. 157.7 2.8 Re-Os on molybdenite Qi et al., 2012
Meiziwo
155.9 0.6 “Ar-39Ar on mica Zhai et al., 2010
Shigushan 154.2 2.7 Re-Os on molybdenite Fu et al., 2008
Shirenzhang ~ 159.1 2.2 Re-Os on molybdenite Fu et al., 2008
154.4 1.1 40Ar-3%Ar on mica Yuan et al., 2007
Xianghualing 158.7 1.2 40Ar-39Ar on mica Yuan et al., 2007
161.3 1.1 40Ar-3%Ar on mica Yuan et al., 2007
Hunan Xintianling 161.7 9.3 Re-Os on molybdenite Yuan et al., 2012
Xitian 149.7 0.9 Re-Os on molybdenite Liang et al., 2016
133.7 2.6 U-Pb hydrothermal zircon ~ Wang et al., 2016
153.0 1.1 40Ar-39Ar on mica Peng et al., 2006
_ 154.9 2.6 Re-Os on molybdenite Peng et al., 2006
Yaogangxian 55 4 1.1 40Ar-39Ar on mica Peng et al., 2006
159.1 2.0 U-Pb on wolframite Deng et al., 2019
153.7 0.7 U-Pb on wolframite Deng et al., 2019
, 159.5 2.8 Re-Os on molybdenite Qi et al., 2012
Yaoling
149.4 0.7 40Ar-39Ar on mica Zhai et al., 2011
Zhangjialong ~ 160.2 2.2 Re-Os on molybdenite  Yuan et al., 2018
Baxiannao 157.9 1.5 Re-Os on molybdenite Feng et al., 2011
Changkeng 158.1 1.2 Re-Os on molybdenite ~ Zeng et al., 2011
Dahutang 139.2 1.0 Re-Os on molybdenite Mao et al., 2013
Jiangxi Dajishan 147.2 1.2 40Ar-39Ar on mica Zhang et al., 2007
Dangping 133.6 2.0 U-Pb hydrothermal zircon  Wang et al., 2016
Huamei'ao 158.5 3.3 Re-Os on molybdenite Feng et al., 2015
Huangsha 153.0 3.0 Re-Os on molybdenite  Huang et al., 2011
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Hukeng

Keshuling

Kuimeishan
Maoping

Niuling

Piaotang

Shimensi

Taoxikeng

Tieshanlong
Xihuashan

Yangian
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7.1
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Appendix E — Map of the W-Sn vein-type deposits in the Cathaysia that have been dated (details in Appendix D and Fig. 12)
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Table 1 - EMPA analyses of wolframite samples. Values preceded by the "<" symbol are

below the detection limit. SD stands for Standard Deviation.

Wt.% W03 SD MnO SD FeO SD Nb20Os SD Ta0s SD Total
MP-1 760 29 176 07 74 05 0.6 09 <05 1.8 1015
MP-2 768 29 17.1 07 7.1 05 0.5 0.8 <05 1.8 1015
MP-3 752 29 176 07 71 05 0.7 0.9 1.1 1.8 101.7
MP4 761 29 178 07 72 05 0.5 09 0.6 1.7 102.1
MP-5 754 29 180 08 71 05 0.8 0.8 <05 0.0 1013
MP-6 76.1 29 181 08 66 05 <05 09 <05 0.0 1008
MP-7 737 29 176 07 69 05 1.0 09 05 1.8 99.6
MP-8 767 29 179 07 70 05 0.5 09 <05 0.0 1021
MP9 756 29 178 08 70 05 <05 09 <05 00 1004
MP-10 755 29 174 0.7 6.8 05 0.5 09 <05 1.8 100.3
MP-11 754 29 179 08 6.8 0.5 0.6 09 <05 1.8 100.6
MP-12 759 29 177 0.7 69 05 0.5 0.8 <05 0.0 100.9
MP-13 767 29 163 0.7 75 0.5 0.9 09 <05 1.8 1014
MP-14 757 29 175 0.7 6.8 05 0.6 0.8 0.8 1.8 1014
MP-15 747 29 170 07 72 05 1.1 09 <05 19 999
MP-16 770 29 175 07 73 05 <05 09 <05 0.0 101.8
MP-17 779 29 174 07 72 05 <05 07 <05 00 1024
MP-18 776 29 168 07 72 05 <05 08 <05 0.0 1015
MP-19 740 29 172 07 74 05 1.1 09 <05 19 997
MP-20 757 29 175 0.7 7.0 0.5 0.7 09 <05 0.0 100.9




Table 2 — EMPA analyses of xenotime samples. Values preceded by the "<" symbol are below the detection limit. SD stands for Standard deviation.

34-1 SD 34-a SD 36-a SD 36-b SD 24-a SD 24-c SD 24-e SD 16-b-c SD 16-b-b SD 18-a SD 7-a SD 2-b SD 8¢ SD 8b SD 13-a SD 3b SD 5 SD 18c SD 18-b SD 23 SD 28-b SD
P20s 36.07 1.56 36.84 156 3584 151 3736 156 36.82 156 3629 156 3471 151 37.09 156 3227 142 3292 142 3055 137 3127 137 3566 151 28.07 128 3546 151 3529 151 3542 151 3394 147 27.09 124 3197 142 30.06 1.37
CaO 035 0.10 0.10 0.08 036 0.10 <01 0.10 069 0.11 066 0.11 019 010 446 025 060 0.10 036 0.10 026 0.10 035 0.10 031 0.10 10.14 042 046 0.10 096 0.13 025 0.10 059 0.11 1354 052 1090 045 1.80 0.15
Y203 4206 1.80 43.60 1.83 4124 178 4298 1.83 3732 165 39.88 1.73 4021 175 3545 160 4134 178 3948 173 4396 185 4285 180 39.67 173 3490 1.57 3478 157 3741 168 39.04 170 3825 1.70 3257 152 30.01 145 37.17 1.65
La203 <02 000 <02 104 <02 100 <02 000 <02 100 <02 1.04 <02 000 <02 1.04 <02 1.00 <02 000 <02 000 <02 000 <02 000 <02 0.00 <02 000 <02 000 <02 100 <02 000 <02 100 <02 0.00 <02 0.00
Ce203 <02 047 <02 000 <02 045 <02 047 <02 047 <02 000 <02 000 <02 047 <02 002 <02 047 <02 045 <02 000 <02 000 <02 000 <02 045 <02 000 <02 000 <02 000 <02 049 <02 000 <02 0.00
Nd203 068 142 059 138 066 145 <04 135 <04 000 <04 140 <04 000 <04 159 <04 000 <04 000 <04 000 <04 128 <04 000 <04 126 045 152 <04 140 <04 126 <04 145 072 138 050 131 <04 138
Sm:03 164 095 076 095 145 099 0.84 099 081 098 154 1.06 055 087 199 106 056 086 080 1.02 <05 000 <05 084 094 088 054 086 1.68 099 092 091 0.89 098 <05 095 <05 099 <05 102 <05 0.90
Gd203 585 219 462 208 516 217 432 219 525 219 509 228 407 210 587 235 412 214 613 240 390 203 355 214 475 205 429 203 563 231 565 231 558 231 636 231 433 205 474 221 259 1.84
Pr20s 032 131 <02 140 <02 129 023 131 068 136 027 126 <02 140 063 124 035 131 055 140 033 133 <02 131 033 133 <02 1.17 038 159 045 133 020 150 026 1.17 038 117 036 131 052 131
Dy203 708 184 581 168 701 181 626 170 934 211 798 195 778 191 822 204 7.82 195 849 202 673 179 663 179 820 197 6.68 172 868 204 925 211 958 211 968 216 748 191 793 195 450 147
Er20s 346 140 372 140 397 149 402 153 458 146 399 146 448 151 38 146 5.1 1.53 4.02 144 461 151 389 151 376 142 436 144 379 151 456 156 409 153 402 156 3.68 140 351 137 518 1.53
Yb203 403 146 490 157 403 155 418 155 504 153 487 162 528 166 401 1.55 5.1 1.66 408 150 527 166 577 164 445 157 546 162 463 159 542 159 491 164 473 162 451 159 410 146 1144 2.14
Total 101.5 100.9 99.7 100.2 100.5 100.6 97.3 101.6 97.3 96.8 95.6 94.3 98.1 94.4 95.9 99.9 100.0 97.8 94.3 94.0 93.3




Table 3 — “°Ar-**Ar analytical data for Fe-Li-mica from Stages II, III and IV, greisen, and granite from the Maoping deposit.

Relative isotopic abundances (FAmps)* Apparent age
40Ay + IAr BAr MAr BAY Ca/K =+ CI/K + DAr#Ark) =+ 4OAr* Age + (Ma)
Samples (1s) (1s) (1s) (1s) (1s) (1s) (1s) (1s) (%) (Ma) (1s) MSWD
Stage II Fe-Li-mica
Spot 1 47.877 0.069 2.397 0.063 0.056 0.03 0.036 0.028 0.003 0.001 0.509 0.397 0.032 0.037 19.536 0.541 97917 1503 4
Spot 2 52.734 0.060 2.477 0.062 -0.024 0.028 -0.03 0.027 0.01 0.001 -0.41 038 -0.066 0.034 20.009 0.536 94.134 1538 3
Spot 3 53.542 0.066 2392 0.063 0.059 0.028 -0.008 0.026 0.013 0.001 -0.121 0.378 0.033 0.034 20.69 0.573 92.571 1589 4
Spot 4 65.411 0.071 3.056 0.061 0.041 0.03 0.068 0.027 0.005 0.001 0.749 0.308 0.002  0.029 20.907 0.443 97.761 1604 3
Spot 5 63.353 0.068 3.055 0.068 0.047 0.027 0.001 0.026 -0.001 0.001 0.013 0.299 0.01 0.026 20.82 0.487 100.523 159.8 3
Spot 6 62.223 0.071 3.104 0.063 0.117 0.029 0.015 0.027 0.001 0.001 0.171 0.299 0.073 0.028 19.976 0429 99.772 1536 3
Fluence J: 0.0044501 + 3.38E-6 Integrated age (all spots): 157 2.0 1.33
Stage III Fe-Li-mica
Spot 1 27.783 0.056 1.298 0.065 0.003 0.021 -0.04 0.023 -0.002 0.001 -0.317 0.187 -0.026 0.048 21.83 1.14  102.098 166.5 8
Spot 2 22979 0.066 1.153 0.067 0.029 0.029 0.013 0.026 -0.001 0.001 0.114 0.234 0.039  0.074 20.066 1.217 100.746 153.6 8
Spot 3 39.574 0.067 2.01 0.065 0.056 0.028 0.033 0.025 -0.001 0.001 0.165 0.127 0.046  0.041 19.841 0.669 100.838 1519 4
Spot 4 42.619 0.072 1.876 0.061 0.029 0.028 0.006 0.027 0.017 0.001 0.036 0.151 0.004 0.045 19.902 0.691 87.689 1523 5
Spot 5 45513 0.067 2.195 0.064 0.033 0.03 0.033 0.028 0.002 0.001 0.153 0.131 0.008 0.04  20.403 0.624 98.493 156.0 4
Spot 6 45251 0.063 2221 0.065 0.059 0.031 -0.01 0.028 -0.001 0.001 -0.049 0.129 0.041 0.042 20.453 0.62 10049 1564 4
Fluence J: 0.0044289 + 5.09E-6 Integrated age (spots 2-6): 155 2.0 0.74
Stage IV Fe-Li-mica
Spot 1 61.006 0.065 2.861 0.06 0.035 0.03 -0.004 0.027 0.002 0.001 -0.063 0.369 0.001 0.031 21.044 046 98818 1614 3
Spot 2 64.251 0.062 3.402 0.061 0.062 0.029 -0.035 0.027 0.001 0.001 -0.390 0.305 0.017 0.025 18721 0.354 99.254 1443 2
Spot 3 63.802 0.074 3.117 0.061 0.042 0.030 -0.001 0.026 -0.001 0.001 -0.021 0.327 0.004 0.028 20.492 0.423 100.223 1574 3
Spot 4 62.474 0.073 3.008 0.066 -0.002 0.030 -0.054 0.027 -0.001 0.001 -0.685 0.344 -0.037 0.029 20.834 0.479 100450 1599 3
Spot 5 64.886 0.066 3.170 0.062 -0.018 0.029 0.005 0.025 0.006 0.001 0.060 0.307 -0.053 0.027 19.872 0.408 97.189 1528 3
Spot 6 67.337 0.069 3.067 0.060 0.074 0.030 0.070 0.024 0.012 0.001 0.876 0.310 0.033 0.029 20.796 0.430 94.805 159.6 3
Fluence J: 0.0044501 + 3.38E-6 Integrated age (all spots -2): 158 2.0 1.14
Fe-Li-mica from the greisen
Spot 1 67.122 0.069 3.290 0.062 0.061 0.028 0.005 0.027 0.005 0.001 0.057 0.290 0.017 0.025 19.917 0.398 97.748 1528 3
Spot 2 65.679 0.065 3.176 0.062 0.069 0.028 -0.012 0.025 0.003 0.001 -0.136 0.281 0.027 0.026 20.357 0.417 98554 156.1 3
Spot 3 66.738 0.072 3.168 0.068 -0.007 0.030 -0.050 0.025 0.005 0.001 -0.553 0.285 -0.043 0.028 20.458 0463 97252 1568 3
Spot 4 68.029 0.070 3.291 0.065 0.047 0.030 -0.018 0.025 0.012 0.001 -0.196 0.272 0.004  0.027 19.509 0.407 94.489 1498 3
Spot 5 63.828 0.068 2.946 0.066 0.017 0.029 -0.030 0.029 0.006 0.001 -0.360 0.357 -0.0195 0.029 21.009 0492 97.104 1609 3
Spot 6 68.017 0.072 3.298 0.059 0.064 0.032 0.017 0.027 0.001 0.001 0.189 0.294 0.021 0.028 20.458 0.386 99318 1568 2
Fluence J: 0.0044404 + 3.38E-6 Integrated age (all spots): 156 1.0 1.70



Fe-Li-mica from the granite

Spot 1
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Spot 3
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Spot 5
Spot 6
Spot 7
Spot 8
Spot 9

68.008
98.543
67.648
73.026
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91.833
64.393
77.888
72.840

0.072
0.071
0.067
0.067
0.069
0.065
0.066
0.073
0.072

2.952
3.733
3.201
3.084
2.993
3.012
2.968
3.081
3.049

0.065
0.061
0.053
0.062
0.066
0.062
0.062
0.061
0.061

0.009
0.099
-0.037
0.044
0.009
0.075
0.037
0.010
0.009

0.029
0.029
0.031
0.029
0.030
0.029
0.029
0.026
0.028

0.013 0.026
0.017 0.026
-0.017 0.025
0.044  0.029
0.008  0.027
0.033  0.026
0.057 0.025
-0.035 0.026
0.013  0.026

0.039
0.093
0.007
0.035
0.053
0.104
0.011
0.048
0.038

0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

0.487
0.476
-0.575
1.492
0.281
1.139
2.034
-1.228
0.458

Fluence J: 0.0044243 + 4.55E-6

0.95

0.757
0.825
1.014
0.958
0.912
0.933
0.928
0.939

-0.033
0.028

-0.071
-0.000
-0.036
0.018

-0.001
-0.034
-0.033

0.029
0.023
0.029
0.028
0.030
0.029
0.029
0.026
0.027

19.040
18.990
20.369
20.295
21.023
20.255
20.652
20.576
20.103

0.463
0.361
0.372
0.454
0.515
0.483
0.469
0.454
0.442

82.775
72.044
96.542
85.806
80.084
66.506
95.263
81.547
84.263

Integrated age (spots 3-9):

145.9
145.5
155.6
155.1
160.4
154.8
157.7
157.1
153.7
156

00 L W LWL W

0 0.35

* Corrected for blank, mass discrimination, and radioactive decay
Sensitivity: 6.312E-17 + 1.047E-18 (mol/fAmp)
Values in italic were not used for age calculation.



Table 4 - U-Pb analytical results (TIMS) for wolframite from the main W-Sn vein from the Maoping deposit, Jiangxi (China).

Sample * Weight  Concentrations 206pp Common  Radiogenic Pb (at%) ¢ Th/U 4 Atomic ratios® Apparent ages (Ma) ©
(mg) (ppm) lead
204Pb (pg) 206Pb 207Pb 208Pb 206Pb 207Pb 207Pb 206Pb 207Pb 207Pb
U Pb
Measured 238U 235U 206Pb 238U 235U 206Pb
ratios P

Concentrate (common lead : 2°°Pb/?*Pb = 18.7, 27Pb/?%“Pb = 15.6, 298Pb/2%Pb = 38.1)

1 0.128 17.6 0.57 190.8 27 9471  4.60 0.69 0.0227 .02520 .16888 .04861 160 158 129

2 0.144 19.2 0.62 190.4 32 9459  4.60 0.81 0.0267 02517  .16881 .04863 160 158 130

3 0.119 21.9 0.78 143.7 79 9491 4.66 0.42 0.0140 02522 17071 .04909 160 160 152

4 0.152 13.9 0.62 117.5 67 94.63 4.71 0.66 0.0218 02904 19926 .04977 184 184 184

5 0.141 20.6 0.73 168.2 54 94.61  4.63 0.76 0.0252 02665 17973 .04891 169 168 144

6 0.119 16.5 1.09 55.17 519 95.85 4.67 0.51 0.0170 02506  .16829  .04871 159 158 134

7 0.093 0.21 0.74 128.1 82 9435 472 0.92 0.0306 .02461 .16982 .05004 157 159 197

8 0.399 20.1 0.54 420.3 6 9426 4.71 1.02 0.0340 .02525 17415 .05001 161 163 196

9 0.331 19.1 1.37 266.6 15 3249 1.62 65.89  6.3578 02460  .16942 .04994 157 159 192

Vein sample (common lead : 2°°Pb/2*Pb = 18.7, 27Pb/2%Pb = 15.6, 28Pb/?*Pb = 38.1)

10 1.114 10.2 0.49 83.38 64 94.04  4.80 1.15 0.0384 02515 17722 05110 160 166 245

11 1.029 12.2 0.32 385.6 3 94.60 4.67 0.73 0.0243 02442 16629  .04939 155 156 166

12 1.000 8.16 29.4 19.22 835000 S S S

13 1.254 8.16 0.31 125.5 15 9422  4.68 1.10 0.0365 02539 17374  .04963 162 163 178

14 1.139 8.11 0.27 156.4 8 94.86  4.58 0.56 0.0185 .02456  .16349  .04828 156 154 113

15 1.175 11.0 0.46 99.20 46 94.33  4.61 1.06 0.0352 02468 16643  .04890 157 156 143

a Small fragments from single wolframite grains. Fragments were selected to show only fresh fracture surfaces. Samples were washed in H>O and acetone.

b Lead isotope ratios corrected for fractionation, blank and isotopic tracer. Samples were analyzed at GFZ German Research Centre for Geosciences, Potsdam, Germany,
using a 2°Pb-2*U mixed isotopic tracer. Analytical details are given in Romer and Liiders (2006). During the measurement period total blanks were less than 15 pg for
lead and less than 1 pg for uranium.

¢ Lead corrected for fractionation, blank, isotopic tracer, and initial lead. The initial lead isotopic composition was estimated using the intercept in the 2°°Pb/2%Pb vs.
238U/2%Pb diagram and correlation in the Pb isotopic composition of the wolframite sample.

d 2Th/*8U calculated from radiogenic 2%®Pb/?Pb and the age of the sample.

e Apparent ages were calculated using the constants recommended by TUGS. A3 = 1.55125 E-10 y'!, A235 = 9.848 E-10 y'..

f Sample dominated by common lead; measured 2°°Pb/?*Pb = 19.22, 27Pb/?*Pb = 15.67, 2%8Pb/?**Pb = 38.79.

Data in italic were not used for age calculation.



Table 5 — U-Th-Pb analytical data (LA-ICP-MS) for xenotime from Stage VI of the
Maoping deposit.

Spot# Isotopic ratios Measured ages
28pp/22Th 1o 206pp/238U 1o 28ph/22Th 16 (Ma) 2°Pb/2%U 16 (Ma)

1 0.00613 0.00007 0.02012  0.00026 1236  1.36 1284  1.67
2 0.00752 0.00008 0.02397  0.00031 1514  1.64 1527 193
3 0.00683 0.00008 0.02264  0.00031 137.5  1.57 144.3  1.98
4 0.00567 0.00007 0.01874  0.00030 1143  1.31 119.7  1.89
5 0.00668 0.00008 0.02223  0.00031 134.6  1.54 141.8  1.96
6 0.00665 0.00008 0.02078  0.00029 1340  1.60 132.6  1.82
7 0.00716 0.00009 0.02161  0.00031 144.3  1.77 137.8  1.99
8 0.00736 0.00009 0.02297  0.00035 148.3  1.88 146.4  2.22
9 0.00662 0.00008 0.02050  0.00030 133.3 1.51 130.8  1.88
10 0.00526 0.00006 0.0178 0.00024 106.0  1.14 113.8 1.51
11 0.00683 0.00008 0.01997  0.00027 137.7  1.65 127.5  1.69
12 0.00650 0.00008 0.02111  0.00029 130.9 1.57 1347 1.83
13 0.00743 0.00009 0.02317  0.00031 149.7 1.74 1477 197
14 0.00726 0.00008 0.02423  0.00033 146.3  1.68 154.3  2.08
15 0.00815 0.00009 0.02329  0.00031 164.0  1.90 1484  1.96
16 0.00628 0.00007 0.02042  0.00026 126.6 1.36 1303  1.66
17 0.00638 0.00007 0.02066  0.00027 128.5 1.39 131.8  1.68
18 0.00698 0.00008 0.02345  0.00031 1406  1.52 1494  1.93
19 0.00732 0.00009 0.02377  0.00035 147.5 1.73 1514 222
20 0.00635 0.00007 0.02012  0.00026 127.9 1.40 1284  1.67
21 0.00641 0.00008 0.0207 0.00029 129.1 1.54 132.1  1.81
22 0.0064 0.00007 0.02055  0.00027 128.9 1.44 1312  1.71
23 0.00763 0.00008 0.02434  0.00032 153.6 1.70 155.0 2.03
24 0.00631 0.00007 0.02035  0.00027 127.1 1.42 1299 1.72
25 0.00651 0.00007 0.02084  0.00028 131.2 1.50 133.0 1.76
26 0.00724 0.00008 0.02271  0.00031 1459  1.69 144.8  1.96
27 0.00676 0.00008 0.02199  0.00031 136.1 1.54 140.2  1.93
28 0.00797 0.00009 0.02038  0.00029 160.5  1.86 130.0 1.84
29 0.00764 0.00009 0.02435  0.00033 153.8 1.75 155.1  2.08
30 0.00773 0.00009 0.02456  0.00036 155.6  1.88 156.4  2.26
31 0.00768 0.00009 0.02428  0.00035 154.6 1.82 1547 220
32 0.00777 0.00009 0.02376  0.00032 156.4  1.83 1514  2.04
33 0.00752 0.00009 0.02415  0.00033 1514 1.75 153.8  2.05
34 0.00750 0.00009 0.02446  0.00033 151.1 1.75 155.8  2.08

Data in italic were not used for age calculation.
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