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The Jiangnan Orogen of South China is a world-class tungsten (W) metallogenic belt. Although the ore-forming
ages of porphyry-skarn scheelite deposits in the Jiangnan Orogen are well quantified, the timing of quartz-vein
type wolframite deposition is still ambiguous. Two typical quartz-vein type wolframite deposits, the Dongping
and Dahutang deposits, were chosen for analysis. For the Dongping W deposit, a lower intercept 2°°Pb/238U age
of 129.5 + 5.4 Ma (16, MSWD = 0.75) was obtained for wolframite, which agrees well with the zircon weighted
average mean 2°°Pb/?*8U age of 129.8 + 0.3 Ma (26, MSWD = 0.4) from samples of the three granite units
(biotite granite, muscovite granite and two-mica granite of the hidden pluton). This indicates that the quartz-
wolframite-vein mineralization in the Dongping deposit has a genetic relationship with the hidden Dongping
pluton. The wolframite samples from the Dahutang W deposit yielded a lower intercept 2°°Pb/233U age of 137.3
+ 4.8 Ma (16, MSWD = 1.9), which corresponds to previously reported scheelite Sm-Nd, molybdenite Re-Os and
muscovite *’Ar—3°Ar ages from the Dahutang deposit (142-138 Ma), as well as to monazite and zircon U-Pb ages
for the ore-related biotite granite, biotite granite porphyry and granite porphyry (143-138 Ma). In combination
with previous studies, these results constrain two significant quartz-wolframite veining events at ~130 Ma and
~140 Ma in the Jiangnan W metallogenic belt.

1. Introduction

The Jiangnan tungsten (W) metallogenic belt (JNWB), which is
located in the eastern segment of the Jiangnan Orogen, South China (Xu
et al., 2017), is a newly identified world-class porphyry-skarn W belt,
and has a total WOj3 resource of more than 6 Mt (Fig. 1a, b; Mao et al.,
2017; Mao et al., 2019; Mao et al., 2020; Wu et al., 2019a; Wu et al.,
2019b; Wu et al., 2020). The major porphyry W deposits are
Yangchuling (Mao et al., 2017), Dahutang (Feng et al., 2012; Jiang et al.,
2015), Dongyuan (Qin et al., 2010; Wu et al., 2019a; Zhou et al., 2011)
and Matou (Zhao et al., 2015), while the skarn W deposits are known as
Zhuxi (Chen et al., 2015), Xianglushan (Dai et al., 2018; Feng et al.,
2018; Zhang et al., 2008), Xiaoyao (Su et al., 2018), Dawujian (Li et al.,
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2015), Jitoushan (Song et al., 2012), Zhuxiling (Kong et al., 2018) and
Gaojiaba (Fig. 1b; Xiao et al., 2017). Tungsten mineralization in the
JNWB predominantly occurs as porphyry-skarn scheelite developed at
the proximal contacts of granite plutons which were formed during the
Jurassic to Cretaceous (Mao et al., 2020). However, wolframite miner-
alization is likely abundant in the JNWB, such as the discovered
Dongping W deposit, which consists of quartz-vein type wolframite (Li
etal., 2016; Yang et al., 2020b). In addition, quartz-vein type wolframite
ores are also present in some porphyry and skarn scheelite deposits, such
as Dahutang, Shangjinshan and Dawujian (Feng et al., 2012; Jiang et al.,
2015; Li et al., 2015; Tang et al., 2019). Thus it can be seen that quartz-
vein type wolframite is a very important W mineralization style in the
JNWB. However, previous studies have yielded no constraints on the
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Fig. 1. Sketch map showing the location of the the Jiangnan Orogen, South China (a) and simplified geological map of the Jiangnan tungsten metallogenic belt,
showing the distribution of the W deposits (b) (after Mao et al., 2017, 2020; Wu et al., 2019a; Wuet al., 2019b).

timing of mineralization in the quartz-wolframite veins in the JNWB.

Previous studies yielded age constraints on W mineralization in the
JNWB, using Re-Os dating of molybdenite (e.g., Feng et al., 2012; Pan
etal., 2017), 4OAr/3Ar dating of mica (e.g., Pan et al., 2017; Feng et al.,
2018), Sm-Nd dating of scheelite (Jiang et al., 2015; Feng et al., 2018),
and U-Pb dating of cassiterite (Xu et al., 2015). At present, in-situ U-Pb
dating of wolframite is feasible and more direct than the dating on
gangue minerals (Deng et al., 2019; Harlaux et al., 2018; Tang et al.,
2020; Yang et al., 2020a)(, and this method may verify the minerali-
zation ages of the quartz-wolframite-veins in the JNWB.

The Dongping W deposit, which is located about 50 km northwest of
Wuning county, northern Jiangxi Province, and is within the western
part of the JNWB (Fig. 1b), was discovered by Geological Survey of
Jiangxi Province (GSJP) in 2016 (Li et al., 2016). Due to the lack of
proper dating of minerals, the age of ore formation and its genetic
relationship with the granite are still unclear. The Dahutang W-(Cu-Mo)
deposit is situated at the junction of the Wuning, Xiushui and Jingan
Counties in northern Jiangxi Province (Fig. 1b). This deposit is domi-
nated by porphyry scheelite ores, followed by large quartz-vein type
wolframite ores. These two mineralization styles frequently coexist in

space and overlap each other. Most previous studies focused on the ore-
forming ages, mineralization mechanisms, and metallogenesis of the
scheelite at Dahutang, but few studies on the ore-forming age of
wolframite were carried out. In this study, we report the first in-situ
U-Pb isotope data for wolframite from both the Dongping and Dahutang
quartz-vein-wolframite ores in the JNWB, with the aim of: (1) con-
straining the ore-forming ages of the Dongping and Dahutang
wolframite ores and (2) clarifying the relationship between the host
granite and wolframite mineralization.

2. Geological background
2.1. Regional geology

The Jiangnan Orogen (Fig. 1a) is a continent—continent collisional
belt in South China that was formed initially by the collision of the
Yangtze and Cathaysian blocks at 850-820 Ma and subsequently un-
derwent rifting along the Qin-Hang (Qinzhou Bay to Hangzhou Bay)
belt. The Jiangnan Orogen extends for ~1500 km along the southeastern
margin of the Yangtze Block (Xuet al., 2017), and is made up of
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Mesoproterozoic-Early Paleozoic strata and Neoproterozoic and Yan-
shanian (Late Mesozoic) intrusions and volcanic rocks (Zhang et al.,
2017).

Strata in the northeastern margin of the Jiangnan Orogen in north-
western Jiangxi Province include the Neoproterozoic Shuanggiaoshan
Group phyllites with few metavolcanic rocks, which are unconformably
covered by Silurian to Early Triassic neritic clastic and carbonate rocks,
and Middle Triassic to Early Jurassic paralic clastic rocks (Mao et al.,
2013). A series of Middle to Late Jurassic-Cretaceous, NE-trending,
continental sedimentary basins is developed on these strata.

Two distinct periods of magmatism, represented by the Neo-
proterozoic and Yanshanian granitic rocks, are recognized in the
northeastern margin of the Jiangnan Orogen. The Neoproterozoic Jiul-
ing granitic pluton, the largest composite granitoid complex in south-
eastern China, has a zircon U-Pb age of ~820 Ma (Zhong et al., 2005)
and occupies an outcrop area of >2000 km2. Zircon U-Pb dating results
show that the Late Mesozoic granitic intrusions in this region were
emplaced at 151-125 Ma (Feng et al., 2018; Huang and Jiang, 2014; Luo

et al., 2010; Mao et al., 2015, 2017; Wang et al., 2015; Zhang et al.,
2016; Hu et al., 2018). Previous Re-Os dating of molybdenite, Oar/39Ar
dating of mica, Sm-Nd dating of scheelite, and U-Pb dating of cassiterite
suggest that W-Sn mineralization occurred between 150 and 121 Ma
(Feng et al., 2012, 2018; Huang and Jiang, 2014; Jiang et al., 2015; Mao
etal., 2013; Panetal., 2017; Xiang et al., 2013a,b; Xu et al., 2015; Zhang
et al., 2016).

2.2. Ore deposit geology

2.2.1. The Dongping deposit

The Neoproterozoic Shuangqiaoshan Group is a suite of thick
greenschist-facies metamorphic volcanic-clastic sedimentary rocks,
including meta-sandstone, meta-siltstone, slate and meta-tuff, which are
exposed in the Dongping ore district (Fig. 2). Two NE-trending (Fland
F2) and one NW-trending fault (F3) are located in the district, and the
NE-trending faults control occurrence of the quartz-wolframite-veins
(Fig. 2).
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Fig. 3. Photographs of granite samples from the Dongping W deposit. (a-b) medium-grained biotite granite (sample DPBG); (c-d) medium-grained muscovite granite

(sample DPMG); (e-f) medium-grained two-mica granite (sample DPTG).

No intrusions outcrop at Dongping, but Early Cretaceous granitic
intrusions, which are hidden at 800 to 2000 m below the present surface
in the district, include biotite granite, two-mica granite, and muscovite
granite (Fig. 3; Li et al., 2016; Yan et al., 2017; Hu et al., 2018). Rock-
forming minerals of the biotite granite include plagioclase (ca. 38 vol
%), K-feldspar (ca. 25 vol%), quartz (ca. 27 vol%), biotite (ca. 8 vol%)
and muscovite (ca. 2 vol%). Except for micas, the contents of rock-
forming minerals in the muscovite granite and two-mica granite are
similar to those of the biotite granite. The three granite units experi-
enced different degrees of alteration such as K-feldspathization, greise-
nization and sericitization. These granitic intrusions, which were
emplaced at 132-128 Ma, are classified as highly fractionated S-type
granites (Li et al., 2016; Li and Li, 2018; Yan et al., 2017; Hu et al.,
2018).

The Dongping W deposit contains total metal reserves of as much as
214,000 tons of WO3 at an average grade of 0.448% and 10,252 tons of
Cu at an average grade of 3.64% (GSJP, 2016), making it the largest
quartz-vein type wolframite deposit in the world. The Dongping ore
bodies, which comprise >300 individual quartz-wolframite ore veins,
are mainly hosted in volcanic-clastic sedimentary rocks of the Shuang-
qiaoshan Group (Li et al., 2016), with minor reserves hosted in hidden
Early Cretaceous granitic intrusions. Copper minerals are present in the
upper part of the vein systems, whereas wolframite and molybdenite
occur at depth (Fig. 4). The Dongping deposit comprises two ore

segments, referred to as I and II (Fig. 2); ore segment I is the main one
(Hu et al., 2018). Veins in ore segment I strike SE and dip to the south at
angles of 50 to 89°. Ore segment I is about 1050 m long, 1018 m deep
and 20-250 m wide (Hu et al., 2018). Veins in ore segment II strike NW
and dip to the north at angles of 63 to 81°. Ore segment II is about 510 m
long, 691 m deep and 40 to 450 m wide. There are five zones between
the roof of the granitic pluton and the metamorphic wall rocks (Fig. 4).
From bottom to top, these are the pinch-out zone, large vein zone
(Fig. 5a, d), thin vein zone (Fig. 5b), veinlet zone (Fig. 5c) and stringer
zone (Li et al., 2016), which collectively are known as the five-floor
vertical zonation model (Zhang et al., 2017). Overall, the ore veins in
the Dongping deposit show an interesting change from the lower to the
upper part of this vein system. In the lower part, these veins have widths
from 0.05 to 200 cm. In the middle, the widths of the veins range from 2
to 50 cm. Close to the surface, the widths of the veins are the narrowest,
ranging from 0.05 to 1 cm wide.

Ore minerals consist of wolframite and chalcopyrite, with small
amounts of argentite, bismuthinite, pyrite, pyrrhotite, sphalerite,
galena, and arsenopyrite, and minor chalcocite, scheelite and azurite;
the gangue minerals consist of quartz and mica (Li et al., 2016; Hu et al.,
2018). Wolframite is commonly characterized as coarse- to medium-
grained crystals, presents as lath, columnar and irregular shapes
(Fig. 5d; Fig. 6a-d), and locally is cut across by galena veins (Fig. 6g).
Chalcopyrite often replaces wolframite (Fig. 6i), fills in fractures
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Fig. 4. Geological section along No. 0 exploration line in the Dongping ore district (after GSJP, 2016).

(Fig. 6e), or grows along the margins (Fig. 6f) of wolframite, indicating a
later precipitation event. Pyrite occurs around the margins of wolframite
as subhedral to euhedral crystals (Fig. 6h).

The emplacement of the hidden Early Cretaceous granitic intrusions
at Dongping resulted in thermal metamorphism of the meta-siltstone
and slate of the Shuanggiaoshan Group to produce hornfelses in the
exo-contact zone (Li et al., 2016). In addition, the hidden granitic in-
trusions are associated with albitization, greisenization, chloritization,
epidotization, sericization, and silicification, as well as with small
amounts of mineralization of wolframite, chalcopyrite, molybdenite and
pyrite within the endo-contact zone (Li et al., 2016).

2.2.2. The Dahutang deposit
The Dahutang W deposit within the western segment of the JNWB
hosts an estimated resource of up to 1,100,000 tons of WO3 at an

average grade of 0.185%, 650,000 tons of Cu at an average grade of
0.12% and 80,000 tons of Mo at an average grade of 0.098% (Zhang
et al., 2014). This deposit comprises the North Dahutang (Shimensi,
Miaowei, Dalingshang), Dawutang (Pingmiao, Dongdouya, Yikuangdai)
and South Dahutang (Shiweidong) ore blocks (Fig. 7). At least three
mineralization-associated Late Mesozoic granites have been identified
on the basis of cross-cutting field relationships combined with zircon age
data. These granites include porphyritic granite (porphyritic biotite
granite, porphyritic biotite monzogranite, porphyritic muscovite granite
and porphyritic two-mica granite), fine-grained biotite (muscovite)
granite and biotite granite porphyry, and post-ore granite porphyry,
with zircon U-Pb ages ranging from 152 to 137 Ma (Huang and Jiang,
2012; Huang and Jiang, 2013; Huang and Jiang, 2014; Mao et al., 2015;
Yeetal., 2016; Zhang et al., 2016; Pan et al., 2017; Feng et al., 2018; Fan
et al., 2019; Chu et al.,2019; Chen et al., 2020; Yu et al., 2020).
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Fig. 5. Photographs of wolframite ores in the Dongping ore district. (a) large quartz-wolframite vein crosscutting the slate (the adit of 295 middle section of the
Dongping ore district); (b) thin large quartz-wolframite vein crosscutting the slate (the adit of 295 middle section of the Dongping ore district); (c) quartz-wolframite
veinlet crosscutting the slate (the adit of 295 middle section of the Dongping ore district); (d) radial wolframite aggregates in a large quartz vein (mineral collection of

the Dongping ore district). Mineral abbreviations: Wol-wolframite; Qtz-quartz.

Three mineralization styles including disseminated-veinlet, large
quartz-wolframite-vein and hydrothermal breccia are documented at
Dahutang, and these styles frequently coexist in space and overlap each
other (Xiang et al., 2013a; Xiang et al., 2013b; Feng et al., 2012; Jiang
et al., 2015). Disseminated-veinlet ore bodies occur in the endo-contact
or exo-contact zone between the Late Mesozoic granites and Jinningian
biotite granodiorites, with a predominance of scheelite in the exo-
contact zone. The major ore minerals include scheelite, wolframite
and chalcopyrite, with small amounts of molybdenite, pyrrhotite,
bornite and pyrite, and the gangue minerals are dominated by quartz,
biotite and muscovite (Xiang et al., 2013a). Hydrothermal breccia
mineralization occurs at the centre of the mining district and is
distributed on top of the porphyritic biotite granite and locally extends
to the Jinningian biotite granodiorite batholith (Xianget al., 2013a). Its
ore minerals include scheelite, wolframite, chalcopyrite, molybdenite
and bornite, with quartz, feldspar, muscovite and fluorite as gangue
minerals. Large quartz-wolframite-vein ore bodies are distributed in the
central part of the district with an area of about 0.8 km? and cut across
all the granites and the other ore styles (Xiang et al., 2013a). Ore min-
erals consist of wolframite, bornite, chalcopyrite, with minor scheelite,

chalcocite and pyrrhotite, and the gangue minerals are quartz and
muscovite (Fig. 8). The wolframite typically occurs as subhedral, platy
or irregular granular crystals that either grew with bornite (Fig. 8b, c, f,
h, i) or is locally enclosed by the latter (Fig. 8b, f, g, i). The bornite is
often oxidized to form membranes with purple to blue tarnish (Fig. 8a)
or is replaced by xenomorphic granular crystals of vein chalcopyrite
(Fig. 8b, ¢, f, h, 1). Scheelite occurs as irregular granular crystals and is
intimately associated with wolframite and muscovite (Fig. 8d, e).
Chalcocite can be observed to be locally present in bornite as emulsion
drops (Fig. 8g).

The W mineralization ages of the Dahutang deposit previously ob-
tained from molybdenite Re-Os and muscovite Ar-Ar methods range
from 151 to 130 Ma (Feng et al., 2012; Mao et al., 2013; Xiang et al.,
2013b; Zhang et al., 2016; Song et al., 2018). The ore-forming fluids
have high to medium temperatures (310-370 °C, peak at 330-350 °C)
and low salinities (1.6 to 9.6 wt% NaCl equiv.), and contain CHy4, Nj
and/or CO,. This indicates that the fluids were derived from granitic
magma with minor input of meteoric water and that fluid-rock inter-
action was critical for scheelite deposition (Peng et al., 2018).
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Fig. 6. The hand specimen photograph (a) and photomicrographs (b-i, reflected light) of the ores from the Dongping W deposit. (a) The ~2 cm wolframite crystal
wolframite in tabular; (b) the coarse crystals wolframite in tabular and coexists with quartz; (c) wolframite coexists with chalcopyrite, and minor pyrrhotite and
gelenite; (d) wolframite coexists with chalcopyrite; (e) chalcopyrite fills along the fractures in wolframite; (f) chalcopyrite fills at the margins of wolframite; (g)
gelenite veins interspersed with wolframite; (h) pyrite fills at the margins of wolframite; (i) chalcopyrite coexists with pyrrhotite, and replaced wolframite. Mineral
abbreviations: Ccp-chalcopyrite; Gn-gelenite; Po-pyrrhotite; Py-pyrite; Wol-wolframite; Qtz-quartz.

3. Sampling and analytical methods

3.1. Sampling

Three granite samples (DPBG, DPMG, DPTG) were collected under-
ground at the Dongping W deposit for zircon U-Pb dating (Fig. 3).
Samples DPBG (medium-grained biotite granite) and DPMG (medium-
grained muscovite granite) were collected from the hidden pluton at
depths of 1093 m and 910 m, respectively, in drill hole ZK6-50, and
sample DPTG (medium-grained two-mica granite) was collected from
the hidden pluton at a depth of 923 m in drill hole ZK5050. After
crushing the rock samples, zircon grains were separated using standard
heavy liquid and magnetic separation techniques.

Wolframite samples DP19-2F and DHT-1T were extracted from
representative quartz-wolframite-veins in the Dongping and Dahutang
deposits, respectively. Sample DP19-2F is from a quartz-wolframite vein
with a width of ~5 cm at the 500 m level in drill hole ZK5050 (Fig. 6a).

The mineral assemblage of sample DP19-2F consists of wolframite,
quartz, pyrite and chalcopyrite (Fig. 6b-i), and the wolframite is coarse-
grained with a length of 2-5 cm and a width of 0.5-1 cm. Sample DHT-1
T was collected from a large quartz-wolframite-vein about 10 cm wide
that was observed at 565.08 m in drill hole ZK10409 in the Miaowei ore
block of the Dahutang deposit (Fig. 8a). The mineral assemblage of this
sample consists of wolframite with relatively large grain sizes (~10 cm
in length by ~5 cm in width), quartz, pyrite and bornite (Fig. 8b-i).
Therefore, it was possible to directly handpick wolframite separates
under a binocular microscope, after which they were mounted in 25
mm-diameter epoxy mounts and polished.

3.2. Zircon LA-ICP-MS in-situ U-Pb dating

Zircon grains were extracted by conventional heavy-liquid and
magnetic-separation techniques and then manually selected under a
binocular microscope at the mineral-separation laboratory of
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Fig. 7. Simplified geological map of the Dahutang W deposit that includes North Dahutang, Dawutang and South Dahutang ore blocks (after Wei et al., 2017; Jiang

et al., 2015).

Hongchuang Geological Exploration Technology Service Co., Ltd.
(NHEXTS), Nanjing, China. Cathodoluminescence (CL) imaging was
performed using a Tescan MIRA 3LMH Schottky field-emission scanning
electron microscope (SEM) at the NHEXTS. U-Pb dating and trace
element analyses of zircon were conducted simultaneously by laser
ablation ICP-MS (LA-ICP-MS) at the NHEXTS. A RESOlution S-155 193
nm excimer laser-ablation system (Australian Scientific Instruments,
Canberra, Australia) and Agilent 7700x quadrupole ICP-MS (Hachioji,
Tokyo, Japan) were used together for the experiments. The laser beam,
homogenized by a set of beam delivery systems, was focused on the
zircon surface with flux of 3.5 J/cm?. The ablation protocol employed a
spot diameter of 33 pm at 5 Hz repetition rate for 40 s (equating to 200
pulses). Helium was used as the carrier gas to efficiently transport
aerosol to the ICP-MS. Zircon 91500 was the external standard used to
correct instrumental mass discrimination and elemental fractionation
during the ablation. Zircon GJ-1 was used as the quality control for
geochronology. Fifteen analyses of GJ-1 yielded 2°°Pb/2%%U concordant
ages of 602.6 + 2.6 Ma, which is equal within uncertainty to its rec-
ommended value of 599.4 + 2.5 Ma (Jackson et al., 2004). Analyses of
all trace elements of zircon were calibrated against NIST SRM 610 with
Zr as internal standard for other trace elements (Hu et al., 2011). The

average analytical error ranges from +10% for light REEs (LREE) to
+5% the other REEs. Detailed operating conditions for the laser ablation
system and the ICP-MS instrument and data reduction are the same as
outlined by (Liu et al., 2010a,b). ICPMSDataCal software 10.0 (Liu et al.,
2010a,b) was used for off-line selection and integration of background
and analytical signals and for time-drift correction and quantitative
calibration for trace element analyses and U-Pb dating. Concordia dia-
grams and weighted mean age calculation were made using Isoplot 3.0
(Ludwig, 2003). The errors of individual LA-ICP-MS analyses are re-
ported at the 90% (20) confidence level.

3.3. In-situ chemical compositions of wolframite by EPMA

Electron microprobe analyses (EPMA) of major elements in
wolframite were performed at the State Key Laboratory of Geological
Processes and Mineral Resources, China University of Geosciences
(Wuhan), with a JEOL JXA-8230 Electron Probe Micro Analyzer
equipped with five wavelength-dispersive spectrometers (WDS). The
samples were coated with a thin conductive carbon film prior to anal-
ysis. During the analysis, an accelerating voltage of 15 kV, a beam
current of 20 nA and a 1 um spot size were used to analyze minerals.
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Fig. 8. The hand specimen photograph (a) and photomicrographs (b-i, reflected light) of the ores from the Dahutang W deposit. (a) hand specimen of the quartz-vein
wolframite, bornite was oxidized and form the purple blue tarnish membrane; (b) wolframite is enclosed by bornite and bornite was replaced by latticed chalcopyrite;
(c) wolframite coexists with bornite and bornite was replaced by chalcopyrite; (d-e) scheelite coexists with wolframite; (f) wolframite coexists with bornite and/or is
locally enclosed by bornite, with bornite was replaced by irregular granular chalcopyrite; (g) wolframite is enclosed by bornite, and chalcocite locally distributed in
bornite in the form of emulsion drops; (h) wolframite coexists with bornite, with bornite was replaced by vein chalcopyrite; (i) wolframite coexists with bornite and/
or is locally enclosed by bornite, with bornite was replaced by irregular granular chalcopyrite and pyrrhotite; Mineral abbreviations: Bn-bornite; Cc-chalcocite; Cep-

chalcopyrite; Po-pyrrhotite; Py-pyrite; Sch-scheelite; Wol-wolframite; Qtz-quartz.

Data were corrected on-line using a ZAF (atomic number, absorption,
fluorescence) correction procedure. The peak counting time was 10 s for
W, Mn, Fe, and Nb. The background counting time was one-half of the
peak counting time on the high- and low-energy background positions.
The following standards were used: tungsten (W), manganese (Mn),
hematite (Fe), and niobium (Nb).

3.4. In-situ LA-SF-ICP-MS U-Pb dating on wolframite

In order to identify the internal textures of wolframite crystals and
thus to improve the interpretation of U-Pb ages, backscattered elec-
tron (BSE) images of wolframite from samples DP19-2F and DHT-1T
were photographed by using a JSM-7800F field emission scanning
electron microscope at the State Key Laboratory of Geological

Processes and Mineral Resources, China University of Geosciences,
Wuhan, China.

U-Pb dating of wolframite was carried out by LA-SF-ICP-MS at the
State Key Laboratory of Ore Deposit Geochemistry (SKLODG), Institute
of Geochemistry, Chinese Academy of Sciences (IGCAS), Guiyang,
China, using an Agilent 7900 ICP-MS and a Thermo Scientific Element
XR sector field ICP-MS equipped with a GeoLasPro 193 nm ArF excimer
laser. Analytical conditions and methods have been reported in (Tang
etal., 2020, 2021). The data collected from ICP-MS were processed off-
line using the ICPMSDataCal software for calibration, background
correction, and drift correction of the integrated signal. Isoplot 4.15
was used to calculate the U-Pb ages and draw concordia diagrams.
Analytical errors for isotopic ratios in the samples are reported at the
1o level.
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4. Results
4.1. Zircon U-Pb ages

Zircon grains in the medium-grained biotite granite sample DPBG
are euhedral with widths of 30-100 pm and lengths of 50-300 pm
(Fig. 9a). Most of these zircon grains have clear and bright oscillatory
zonation in cathodoluminescence (CL) images, indicating a magmatic
origin (Wilde et al, 2001). The muscovite granite sample DPMG has
zircon grains with lengths of 30-150 pm and widths of 30-80 pm
(Fig. 9b). Zircon grains that appear turbid and black in CL images are
more abundant than bright and clear ones. The zircon grains from the
two-mica granite sample DPTG have lengths of 30-200 pm and widths of
30-80 pm (Fig. 9¢). Again, turbid and black zircon grains in CL images
are more abundant than bright and clear ones. Based on detailed
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statistics of zircon grains in CL and BSE images, the grains become
smaller and the proportion of grains with a bright and clear appearance
in CL images decreases going from the biotite granite, to the two-mica
granite, and to the muscovite granite. U-Pb isotope analyses were con-
ducted only on zircon grains with bright CL images, clear zonation, and
without mineral inclusions and cracks. The LA-ICP-MS analytical data
are summarized in Appendix 1. The error on individual analyses is re-
ported at the 2¢ level, and the weighted mean 2°°Pb/238U ages are
quoted at the 95% confidence level.

Twenty-one spots on different magmatic zircon grains of sample
DPBG (biotite granite) were measured. These zircon grains have U and
Th contents 211-3268 ppm and 45-865 ppm, respectively, and the Th/U
ratios range from 0.02 to 0.92. They yield a weighted mean 2°6Pb/238U
age of 129.8 + 0.5 Ma (20, MSWD = 0.62) (Fig. 10a, b). This age rep-
resents the emplacement age of the biotite granite.

Twenty magmatic zircon grains were analyzed from sample DPMG
(muscovite granite). These zircon grains have Th and U contents 26-776
ppm and 413-1503 ppm, respectively, and the Th/U ratios range from
0.03 to 1.57. They yield a weighted mean 2°°Pb/238U age of 129.8 + 0.5
Ma (206, MSWD = 0.35) (Fig. 10c, d), which represents the crystallization
age of the muscovite granite.

Twenty-seven spots on different magmatic zircon grains were
analyzed from sample DPTG (two-mica granite). These zircon grains
have variable Th and U contents ranging from 52 to 3925 ppm and
241-3110 ppm, respectively, and the Th/U ratios range from 0.04 to
1.42. The weighted mean 2°°Pb/238U age is 129.7 + 0.4 Ma (26, MSWD
= 0.3) (Fig. 10e, f), which is interpreted as the emplacement time of the
two-mica granite.

4.2. Textures and major element compositions of wolframite

Wolframite samples DP19-2F and DHT-1T from the Dongping and
Dahutang deposits, respectively, show homogeneous internal textures,
and no obvious zoning or growth generations were observed under
backscattered electron imaging (BSE) (Fig. 11).

The major element compositions of the wolframite separates from
the Dongping and Dahutang deposits determined by EPMA are given in
Appendix 2. Wolframite from sample DP19-1F has higher FeO contents
(14.09-21.36 wt%) than sample DHT-2T (9.96-15.54 wt%), whereas
sample DP19-1F has a lower MnO content (3.17-10.44 wt%) than
sample DHT-2 T (7.54-12.82 wt%). Wolframite samples DP19-1F and
DHT-2T are Fe-rich with Fe/(Fe + Mn) values of 0.43-0.87, which is
close to the ferberite end member (Fig. 12).

4.3. Wolframite U-Pb ages

Wolframite in-situ U-Pb isotope data for selected samples from the
Dongping and Dahutang deposits are presented in Appendix 3 and
described below.

Thirty spot analyses on wolframite sample DP19-2F from the
Dongping W deposit have total Pb, Th and U concentrations ranging
from 0.1 to 0.6, 0.1 to 30.0 and 0.1 to 16.4 ppm, respectively. A lower
intercept 2°6Pb/238U age of 129.5 + 5.4 Ma (1o, MSWD = 0.75) was
obtained from the Tera-Wasserburg concordia diagram (Fig. 13a).

Thirty-four spot analyses were performed on wolframite sample
DHT-1T with total Pb of 0.1-1.6 ppm, Th of 0.0-0.2 ppm and U of
0.7-5.1 ppm (averaging 1.8 ppm). These spots yielded a lower intercept
206pp, /238 age of 137.3 + 4.8 Ma (16, MSWD = 1.7) in the Tera-
Wasserburg concordia diagram (Fig. 13b).
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Fig. 10. Zircon U-Pb concordia plots and weighted mean age diagrams for granites in the Dongping W deposit.

5. Discussion
5.1. Age of emplacement of the hidden granite pluton in Dongping

Yan et al (2017) reported a zircon LA-ICP-MS U-Pb age of 128.7 +
0.8 Ma for the muscovite granite of the hidden pluton in the Dongping
deposit. In addition, LA-ICP-MS dating of zircon in the biotite granite of
the hidden pluton gave a U-Pb age of 132.9 + 1.4 Ma (Hu et al., 2018).

Our new LA-ICP-MS U-Pb data define a precise 2°°Pb/238U age of
129.8 £+ 0.3 Ma (20, MSWD = 0.4), which is weighted average from
samples of the three granite units. The individual ages of these granite
units (biotite granite, muscovite granite and two-mica granite of the
hidden pluton in the Dongping deposit) overlap within the analytical
error. The new age is consistent with the published LA-ICP-MS U-Pb
data within their analytical errors (Yan et al., 2017; Hu et al., 2018).
Therefore, our new LA-ICP-MS zircon U-Pb dating of biotite granite,
muscovite granite and two-mica granite defines an emplacement age of
129.8 + 0.3 Ma for the hidden pluton in the Dongping deposit.

11

5.2. Mineralization ages of the Dongping and Dahutang deposits

5.2.1. The Dongping deposit

In this study, a lower intercept 2°°Pb/238U age of 129.5 + 5.4 Ma
(Fig. 13a) was obtained from in-situ U-Pb dating of wolframite from the
Dongping deposit. It is noteworthy that the obtained lower intercept
206pp, /238 age is coeval within the analytical error with that of the
hidden Dongping granitic intrusions obtained in this study. Thus, the
obtained lower intercept 2°°Pb/238U age of 129.5 + 5.4 Ma is reliable
and can be considered to represent the formation age of wolframite ore
in the Dongping deposit. Therefore, we propose that the Dongping de-
posit is both spatially and temporally related to the hidden granitic in-
trusions. This interpretation corresponds with the geological evidence,
for example, the occurrence of minor wolframite, chalcopyrite and
molybdenite mineralization in veins within the endo-contact zone (Li
et al., 2016).

5.2.2. The Dahutang deposit
The previously reported W mineralization ages for the Dahutang
deposit, most of which were obtained from Re-Os dating of the ore
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Fig. 11. U-Pb dating of wolframite sample DP19-2F from the Dongping W deposit, wolframite is mainly intergrowth with quartz and occurs as coarse crystals in

tabular (a-b) (BSE image) and sample DHT-2T from the Dahutang W deposit, wolframite is mainly intergrowth with quartz and occurs in veins as coarse crystals in
tabular (c-d) (BSE image).
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Fig. 12. Major element composition of the wolframite samples from the
Dongping and Dahutang W deposits. The variation in Mn/(Fe + Mn) shows the
compositional range between the manganese-rich endmember hubnerite and
the iron-rich endmember ferberite.
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minerals molybdenite and scheelite, range from 151.0 + 1.3 Ma to
137.9 £+ 2.0 Ma (Fig. 14a) (Feng et al., 2012, 2018; Jiang et al., 2015;
Mao et al., 2013; Xiang et al., 2013b; Zhang et al., 2013, 2016, 2017; Lin
et al., 2021). Xiang et al (2013) obtained a molybdenite Re-Os age of
149.6 + 1.4 Ma for the quartz + molybdenite + chalcopyrite +
wolframite + minor scheelite vein ores in the Shimensi ore block. Zhang
et al. (2016) and Lin et al. (2021) reported molybdenite Re-Os ages of
151.0 + 1.3 Ma and 148.8 + 1.0 Ma, respectively, for the quartz +
wolframite + chalcopyrite + molybdenite vein ores in the Kunshan ore
block. A similar molybdenite Re-Os age of 148.9 + 4.4 Ma was also
found for the quartz + molybdenite + chalcopyrite vein ores in the
Meizikeng ore block (Zhang et al., 2013). These ages are consistent with
previously published zircon/monazite U-Pb ages for the porphyritic
biotite granite and porphyritic biotite monzogranite in the Dahutang
mining district, i.e., 148.3 + 2.6 Ma, 147.9 + 1.1 Ma, 148.3 &+ 1.9 Ma,
148.8 + 2.4 Ma, 150.7 +£ 0.7 Ma and 151.7 + 1.3 Ma (Fig. 8a) (Chuet al.,
2019; Fan et al., 2019; Mao et al., 2015; Pan et al., 2017; Ye et al., 2016;
Zhang et al., 2016). Therefore, the Dahutang deposit yields a ca. 150 Ma
age for the W-Cu-Mo mineralization, which is characterized by quartz +
wolframite + chalcopyrite + molybdenite vein ores and is most likely
related to the emplacement of porphyritic biotite granite and biotite
monzogranite.

However, a younger ore-forming age group of ca. 140 Ma has also
been recognized for the Dahutang W-Cu-Mo mineralization (Fig. 14a).
Feng et al (2012) obtained a molybdenite Re-Os age of 140.9 + 3.6 Ma
for the quartz + chalcopyrite + molybdenite + wolframite + scheelite
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Fig. 13. Tera-Wasserburg plots and the lower intercepts ages of wolframite samples from the Dongping (a) and Dahutang (b) W deposit (Using NIST612 or 614 and

MTM for calibration of Pb-Pb and U-Pb ratios, respectively).

vein ores in the Shiweidong ore block. Mao et al (2013) reported a
molybdenite Re-Os age of 139.2 + 1.0 Ma for the disseminated-veinlet,
hydrothermal breccia and large quartz-vein type scheelite + chalcopy-
rite + molybdenite + wolframite ores in the Shimensi ore block. Simi-
larly, the quartz + scheelite + molybdenite + chalcopyrite vein ores in
the Dawutang ore block produced a molybdenite Re-Os age of 137.9 +
2.0 Ma (Zhang et al., 2017). In addition, Jiang et al. (2015) obtained
scheelite Sm-Nd isochron ages of 142.4 + 8.9 Ma for the quartz +
scheelite + wolframite + chalcopyrite ores in the Shiweidong ore block.
Our new wolframite in-situ U-Pb age of 137.3 + 4.8 Ma (Fig. 13b) is
consistent with the previous scheelite Sm-Nd and molybdenite Re-Os
ages for the Dahutang mineralization as well as the zircon/monazite
U-Pb ages 0of 138.6 + 1.0 Ma, 142.8 + 1.7 Ma and 143.7 + 2.4 Ma for the
emplacement of the fine-grained biotite granite and granite porphyry
(Fig. 14a; Fan et al., 2019; Chu et al., 2019). Therefore, it is clear that
there is a younger W-Cu mineralization age at ca. 140 Ma in the
Dahutang deposit, which is associated with porphyry-type scheelite ores
and quartz-vein type wolframite and chalcopyrite ores, and is related to
the fine-grained biotite granite and granite porphyry. Consequently, we
suggest that the Dahutang deposit is the product of two W-Cu-Mo
mineralization stages.

5.3. Two significant quartz-wolframite-vein mineralization events in the
JNWB

Previous studies have recognized two important periods of porphyry
and skarn scheelite mineralization in the JNWB the Late Jurassic-Early
Cretaceous (150-135 Ma) and Cretaceous (130-125 Ma) (Mao et al.,
2020). The early period of porphyry, skarn and porphyry-skarn
W-Cu-Mo mineralization was predominant in the JNWB, and resulted
in a series of ore deposits including Dahutang, Yangchuling, Zhuxi,
Dongyuan and Baizhangyan, with ore-forming ages clustering between
ca. 147 and 140 Ma (Fig. 14b). The late period (130-125 Ma) of Sn-W
mineralization generated skarn- and quartz-vein type ores represented
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by the Xianglushan W and Jianfengpo Sn deposits, and has ore-forming
ages clustering at ca. 126 Ma.

In the present study, we also confirm two significant wolframite
mineralization events at ca. 140 Ma and ca. 130 Ma in light of precise in-
situ U-Pb dating of wolframite from the Dongping and Dahutang de-
posits in the JNWB. The early stage (ca. 140 Ma) of quartz-wolframite
veining occurs as a subordinate ore style in the porphyry and skarn
scheelite deposits including Dahutang, Shangjinshan and Dawujian. As
for the late stage (ca. 130 Ma) of quartz-wolframite vein mineralization,
the Dongping deposit is the only representative that has so far been
discovered in the JNWB. Notably, the late stage of quartz-wolframite
vein-type mineralization is promising for future exploration strategies
in the JNWB.

6. Conclusions

(1) The main ore minerals in the Dongping deposit are wolframite
and chalcopyrite, with small amounts of argentite, bismuthinite, pyrite,
pyrrhotite, blende, galena and arsenopyrite. LA-ICP-MS zircon U-Pb
dating of biotite granite, muscovite granite and two-mica granite
defined an emplacement age of 129.8 + 0.3 Ma for the hidden pluton in
the Dongping deposit. In-situ U-Pb dating of wolframite yielded a lower
intercept 2°°Pb/238U age of 129.5 + 4.8 Ma, which is coeval within
analytical error with the genetically related granitic intrusions.

(2) In-situ U-Pb dating of wolframite from the Dahutang deposit by
LA-SF-ICP-MS yielded a lower intercept 2°°Pb/?*%U age of 137.3 + 4.8
Ma. We thus confirm that there is a ca. 140 Ma quartz-wolframite-
chalcopyrite-vein mineralization event in the Dahutang deposit.

(3) The ore-forming ages of ca. 140 Ma and ca. 130 Ma obtained by
direct dating of wolframite from the Dahutang and Dongping deposits
confirm that two significant quartz-wolframite-vein mineralization
events occurred in the JNWB.
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Fig. 14. Comparison of wolframite U-Pb ages obtained in this study with
previously published ages of granitic intrusions and the ore-forming for the
Dongping and Dahutang W deposit (a) (Chu et al., 2019; Fan et al., 2019; Feng
et al., 2012, 2018, Huang and Jiang, 2012, 2014; Mao et al., 2013; Pan et al.,
2017; Xiang et al., 2013a,b; Yan et al., 2017; Ye et al., 2016; Yu et al., 2020;
Zhang et al., 2013, 2016, 2017; Hu et al., 2018; Lin et al., 2021) from the
Dongping and Dahutang deposits, and probability density plots generated by
the previously published ages of hydrothermal W mineralization (b) in the
JNWB (data from ages reviewed by Mao et al., 2020; Song et al., 2012a,b; Tang
et al., 2019; Zhang et al., 2013). The episodes for age probability density were
identified by the mixing age separating model (Vermeesch, 2012). Mineral
abbreviations in Fig. 14a: Sch-scheelite; Wol-wolframite;.Mol-molybdenite;
Cop-copper.
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