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ABSTRACT

The identification of reverse zoning in tungsten deposits is crucial, as it represents an atypical distribution of
orebodies that may affect exploration and mining strategies. However, the exploration of such deposits remains
challengeable due to uncertainties regarding the parageneses of polymetallic mineralization, the upper tem-
perature limit of the formation of wolframite, and the evolutionary path of fluids, all of which influence the
patterns of the distribution of ore mineralization. Recently, we have found that the Kunshan W-Mo-Cu deposit
situated within the world-class Dahutang tungsten ore district in the middle segment of the Jiangnan Orogen,
South China, is special for the vertical reverse zoning of W-Mo-Cu paragenetic mineralization. To trace the
evolutionary paths of magmatic and deuteric hydrothermal fluids, estimate the redox conditions of magma
crystallization, and determine the sources and temperatures of ore-forming fluids, we conducted a comprehen-
sive study of the geochemical compositions of zircons and the S-Pb-O isotope systematics of quartz, wolframite
and sulfide. We investigated the relationships between trace elements, oxygen fugacity (foz) and W-Mo-Cu
parageneses, as well as the degree of contamination of parental magma by overlying metasediments. Our results
indicate that the paragenetic W-Mo-Cu mineralization was triggered by a moderately reduced initial magma
(AFMQ = —0.55 ~ -0.20) containing 41 % meta-igneous-dominated component (6180rnagma = +9.2 %o) and
metasediments (6180WR = +12.6 %o). The vertical reverse zoning is characterized by proximal Cu mineralization
located beneath the distal high-temperature (394 °C) tungsten mineralization zone and was formed by volatile-
rich fluids within an open metallogenic system. We argue that the exploration of deposits with vertical reverse
zoning should continue, despite the decrease in the grade of tungsten ore with depth, while the content of metal
sulfides may likewise increase.

1. Introduction

mechanisms and distribution patterns of mineralization. The tungsten
deposits of the JTOB are of porphyry and skarn types and are typically

The Jiangnan tungsten ore belt (JTOB) is located within the Jiangnan
orogenic belt of South China and hosts numerous commercially impor-
tant tungsten deposits, including the world-class Dahutang and Zhuxi
ore districts (Fig. 1). Efficient evaluation and exploration of JTOB de-
posits necessitate in-depth analysis of initial magmas and their related
ore-forming fluids, the formation of mineral parageneses, and the
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associated with highly evolved calc-alkaline granitic magmatic rocks of
Jurassic to Cretaceous ages emplaced in an intraplate tectonic setting (e.
g., Mao et al., 2020; Wang et al., 2023). Recently, an increasing number
of copper deposits associated with paragenetic tungsten, e.g., Donglei-
wan, Tongjiangling and Wushan, have been identified and explored in
the Middle-Lower Yangtze Depression (Wang et al., 2023). In those new
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Cu-W deposits, the W-Cu orebodies located beneath the previously
mined copper orebodies appeared to possess a W-Cu to Cu metallogenic
zoning upward or outward of pluton contact zones in the Wushan de-
posit (Wang et al., 2023).

The Kunshan W-Mo-Cu deposit, the objective of this paper, is located
in the Dahutang tungsten ore field in the middle segment of the Jiangnan
Orogen. The Dahutang ore field includes three types of orebodies:
veinlet, breccia and quartz-vein (Xiang et al., 2015a). The primary W-
Mo mineralization occurs along the outer or inner zones between
numerous Mesozoic granitic stocks and country rocks (Neoproterozoic
granodiorite batholiths or epi-metamorphic strata). The intrusion of
Mesozoic granites along with dissolved fluid hydrothermally altered the
surrounding rocks and formed diverse types of ore mineralization (Xiang
et al., 2013c, 2015a; Zhang et al., 2013; Song et al., 2018). The Dahu-
tang Mesozoic intrusions are highly differentiated S-type granites (Wei
et al., 2018; Fan et al., 2019), whose origins have been studied before
mostly for Hf-in-zircon isotopes (Xiang et al., 2015b; Zhang et al.,
2018a). Nevertheless, the origin of the W-Mo-Cu mineralization asso-
ciated with those granites remains debatable. One hypothesis argues
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that those intrusions originated from melting metasediments and Neo-
proterozoic granodiorites (Wei et al., 2018). Another hypothesis pro-
poses that they originated from the mixing of melts from two magma
chambers, each containing varying proportions of mafic lavas and pel-
ites of the Shuanggiaoshan Group (SQSG) (Xiang et al., 2015b; Fan et al.,
2019). Recently, the shift in the style of mineralization from initial
quartz-wolframite (+ molybdenum) stockworks to quartz-molybdenum-
scheelite stockworks, and finally to quartz-chalcopyrite (+ molybdate)
veins was attributed to the progressive cooling of deuteric hydrothermal
fluids in both the Kunshan and Dalingshang deposits (Peng et al., 2018;
Zhang et al., 2018b). However, the W-Cu vertical reverse zoning of the
Kunshan deposit, with proximal Cu mineralization that formed after
distal W mineralization, is different from the zoning patterns observed in
other deposits of the Dahutang ore field (Xiang et al., 2015a). However,
no reasonable mechanisms for such vertical reverse zoning of the W-Mo-
Cu mineralization in Kunshan, whether it was formed by multi-stage
hydrothermal activity or at different stages of evolution of a single
metallogenic system, remains uncertain. As a result, although they
suggested a magmatic source of the W-Mo-Cu mineralization for the
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Fig. 1. (a) Tectonic map of China highlighting the major tectonic units and the Yangtze Block in South China. (b) Distribution of tectonic units in South China,
showing the location of the Middle-Lower Yangtze River depression, the Jiangnan orogenic belt, and the geographical position of the Kunshan W-Mo-Cu polymetallic
deposit. (c) Geological map of the Jiangnan tungsten ore belt (JTOB) and the Middle-Lower Yangtze River ore belt, illustrating the distribution of W, Cu, Sn, Au, and
Pb-Zn deposits (modified after Wang et al., 2023; Mao et al., 2017).
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whole Dahutang ore field (Zhang et al., 2018b; Fan et al., 2019), the
nature of the granitic melts that controlled the geochemically distinct,
but coeval W-Mo-Cu mineralization within a single deposit, such as the
Kunshan deposit, remains poorly understood.

This study focuses on the Kunshan deposit of the Dahutang ore field,
which is located in the mid-segment of the Jiangnan Orogen Belt and
formed during the most intensive stage of the intraplate orogeny at
ca.158 to 146 Ma. This study aims to understand the origin of granitic
melts and potential relationships between the parageneses of poly-
metallic mineralization and their zoning, the redox state of parental
magma, the modes of separation of ore-bearing fluids (void filling vs.
permeable), and the type of metallogenic system (closed vs. open). We
measured concentrations of trace elements and performed detailed
studies of zircon U-Pb isotope systematics and quartz oxygen isotope
systematics. In addition, we studied the oxygen and lead isotope sys-
tematics of wolframite and the sulfur isotope systematics of metal sul-
fides to determine the formation temperature of wolframite, identify the
sources of W-Mo-Cu metals, and assess the influence of country rocks on
mineral precipitation.

2. Geological settings
2.1. Regional setting

The Jiangnan orogenic belt is a tectonic zone situated between the
Yangtze Craton and the Cathaysian Block. It consists of weakly meta-
morphosed Neoproterozoic sedimentary-volcanic rocks, Neoproterozoic
granitoids and subordinate mafic rocks. It extends more than 1,500 km
from northern Guangxi to central Jiangsu (Zhou et al., 2002) (Fig. 1b).
The Jiangnan orogenic belt was formed by Paleoproterozoic to Neo-
proterozoic geological events, including the formation of the Yangtze
basement and the convergence and separation of the Yangtze and
Cathaysia blocks (Yao et al., 2014). During the Paleozoic (~420 Ma), the
Jiangnan orogenic belt was uplifted and partially dismembered (Xue,
2021). During the Mesozoic period, intraplate activity in the Jiangnan
orogenic belt initiated diagenetic and metallogenic processes that varied
in timing and intensity (Yao et al., 2014; Xiang et al., 2015b).

The JTOB is located within the NEE-SWW striking Jiangnan orogenic
belt and extends east of it (Fig. 1c). The estimated WOs reserves of the
JTOB are 6.06 million tons (Mao et al., 2020). The Mesozoic reactivation
of older fault systems created favorable conditions for the upwelling of
highly evolved silica-rich magmas and fluid migration and was related
to the formation of tungsten polymetallic deposits (Xiang et al., 2013c;
Song et al., 2018; Song et al., 2022). Two distinct types of Mesozoic
granites are associated with mineralization in the JTOB: metaluminous
granodiorite (e.g., Dongyuan, Zhuxiling, Dengjiawu, Sanbao, Shangjin-
shan, Matou, and Gaojiabang, Fig. 1c) and peraluminous biotite or
muscovite granites (e.g., Dahutang, Zhuxi, and Xianglushan, Fig. 1c).
The peraluminous granites represent primary sources of world-class
tungsten deposits (Mao et al., 2020; Wang et al., 2023). In the Jian-
gnan orogenic belt and at its eastern extension of special importance are
the Proterozoic SQSG metasedimentary rocks, which consist primarily of
slate and sandstone. The intercalated spilite-quartz keratophyre associ-
ation layers probably served as initial sources of the Mesozoic tungsten,
gold, silver and copper mineralization (Xiang et al., 2015b).

2.2. Local setting

The Dahutang ore field comprises various tungsten polymetallic
deposits, including the super-large Shimensi and Shiweidong deposits,
the large-scale Yikuangdai and Pingmiao deposits, as well as several
medium- to small-scale deposits such as Kunshan, Dalingshang and
Maogongdong. Most orebodies extend from SE to NE and are aligned at
intervals of 2.5 to 3.5 km (Fig. 10). The Kunshan deposit hosts medium
reserves of tungsten and molybdenum and a small reserve of copper (Ye
et al., 2016). Previous studies have identified that the W-Mo-Cu
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polymetallic mineralization in the Kunshan deposit of quartz-veinlet-
cluster type (Zhang et al., 2018a; Lin et al., 2023). The Neoproterozoic
granodiorites intrude the Anlelin Formation of the SQSG, which serves
as a host rock of the orebodies of the Shimensi deposit, leaving only
sporadic outcrops in the NW and SE parts of the Kunshan deposit. The
Kunshan Late Jurassic intrusions are high-K calc-alkaline granites: gray
porphyritic biotite granite (G1, Fig. 2a), gray fine-grained biotite granite
(G2, Fig. 2d), grayish-white fine-grained granite (G3, Fig. 2g), and
granite porphyry (G4, Fig. 2j). The W-Cu-Mo mineralization is associ-
ated with the G1-G3 granites, whereas the G4 granite is a barren post-
mineralization intrusion.

There are three types of mineralization in the Kunshan deposit: (i)
quartz-veinlet-cluster (primary type); (ii) quartz-vein; and (iii) veinlet-
disseminated (Ye et al., 2016). These diverse types reflect a complex
geological history and multi-stage hydrothermal processes, which were
responsible for the formation of the deposit. The quartz-veinlet-cluster-
type orebodies are structurally controlled by two major structural
trends: (i) early NEE-SWW trending fractures and faults, which host the
most productive quartz veinlet clusters and are parallel to the sub-
vertical stratification and foliation of the Proterozoic meta-sandstone,
phyllite, and slate (Fig. 2c); (ii) later NE-SW trending faults, which
control the distribution of the Late Jurassic granites. The most produc-
tive type of orebody is the quartz-veinlet-cluster, which is distributed
along the NEE-SWW to EW-trending swarm of quartz veinlets (60°-85°)
that host W-Mo-Cu mineralization (Fig. 2¢, Fig. 3). The quartz veinlet
clusters occur within the Proterozoic meta-sedimentary rock and are
situated within a 600 m vertical range at the outer contact zone between
the SQSG strata and the Late Jurassic intrusions (Fig. 3). The processes of
hydrothermal alteration include hornfelsization, silicification, greiseni-
zation, sericitization, muscovitization, chloritization and kaolinization.
Copper mineralization is closely associated with chloritization, whereas
tungsten and molybdenum mineralization are predominantly linked to
greisenization (Ye et al., 2016). The molybdenum-bearing quartz veins
intersect the earlier wolframite-quartz veins and are, in turn, crosscut by
the later the chalcopyrite-quartz veins. The progression of mineral as-
semblages, from early wolframite to molybdenum and subsequently
chalcopyrite (Zhang et al., 2018b; Lin et al., 2023), along with their
complex interrelationships, indicates a multifaceted history of hydro-
thermal events that triggered mineralization.

Wolframite orebodies occur at elevations above 920 m, where
tungsten mineralization predominates and molybdenum mineralization
is relatively subordinate (Fig. 3). In contrast, molybdenum mineraliza-
tion dominates at elevations below 920 m (Fig. 3). For detailed infor-
mation on the mineral parageneses of the Kunshan deposit, refer to
Table S1. Thus, three stages of mineralization have been identified:
wolframite-dominated Stage I, transitional from wolframite to molyb-
denite and scheelite Stage II, and chalcopyrite-dominated Stage III
(Table S1). These stages fit the pattern of metal-mineral crystallization
from oxide to sulfide minerals, as was previously observed in the
Dahutang ore field (Xiang, 2012; Xiang et al., 2015a; Xiang et al., 2017).
Similar successions of changes in mineral assemblages and typomorphic
minerals can be observed within individual quartz veins formed during
each separate mineralization episode (see below). Early to late miner-
alization was synchronous with the transition from vein tops to vein
bottoms, or from vein margins to vein cores (Fig. 2i, 1). The Kunshan
deposit exhibits an atypical distribution of orebodies, with high-
temperature wolframite, minor molybdenum and cassiterite in the
distal A- and B-zones (Stage I) (Fig. 3, Table S1). The wolframites in the
A-zone are located at the highest elevation and heavily eroded, they
probably crystallized rapidly, forming fine-grained and thin-plate-like
structures. Wolframites particles in the B-zone are denser and larger,
reflecting a more stable ore-forming environment. Molybdenum and
scheelite are primarily concentrated in the C-zone (Stage II), while a
low-temperature chalcopyrite (+ molybdate) assemblage is dominant in
the D-zone (Stage III). In the D-zone, chalcopyrite occurs along the
cleavage fissures of molybdenite or partially encloses molybdenite. The
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Fig. 2. Representative specimens and photomicrographs of granites and ore-bearing quartz veins of the Kunshan W-Mo-W polymetallic deposit: (a) gray porphyritic
biotite granite (G1); (b) a photomicrograph of porphyritic biotite granite; (c) crisscrossed orebodies of quartz-veinlet-cluster-type; (d) gray fine-grained biotite granite
(G2); (e) a photomicrograph of fine-grained biotite granite; (f) muscovite hosted by selvages on both sides of ore-bearing quartz vein; (g) grayish-white fine-grained
granite (G3); (h) a photomicrograph of fine-grained granite; (i) early-stage wolframite in selvages on both sides of the quartz vein and late-stage chalcopyrite hosted a
vein core; (j) post-ore granite porphyry (G4); (k) a photomicrograph of granite porphyry; (1) early-stage molybdenite in selvages on both sides of a quartz vein and
late-stage chalcopyrite hosted by the quartz vein core. Mineral abbreviations: Qtz = quartz, Pl = plagioclase, Kfs = K-feldspar, Bt = biotite, Ms = muscovite, Mol =
molybdenite, Wf = wolframite, Ccp = chalcopyrite, Jxa> = meta-residual sandstone, phyllite, and slate.

E-zone (Stage IV), characterized by the pinch-out of quartz veins, lacks
significant ore mineralization. This sequence is characterized by vertical
reverse zoning, progressing from distal to proximal zones (A-zone to E-
zone) and from higher to lower temperatures (Fig. 3). These findings
suggest similar evolutionary paths of mineralization and imply gradual
changes in the temperature of ore formation and the composition of ore
mineralization.

3. Methods

3.1. Sampling

Forty fresh samples were collected from the Kunshan deposit,
including nine quartz mineral samples separated from granites. Granites
G1, G2, and G3 (KS1-1 to KS1-4; KS2-1 to KS2-4, and KS3-1 to KS3-4)
were taken from the ZKO-1 drill core. Three granite porphyries (KS4-1,
KS4-2, and KS4-3) were taken from a mine adit at an elevation of +
1020 m. Eight wolframite samples (KS5-1 to KS5-8) were collected from
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surface outcrops and adits at various elevations. Additionally, eight
molybdenum samples (KS6-2, KS6-3 to KS6-6, KS6-11, KS6-12 and KS6-
16) were obtained from drill cores and adits. Among the samples of
granites, two Late Jurassic ore-related granites, G2 and G3, have not
been previously reported. Zircons from the four granite samples were
separated at the Geological Service Co., Ltd., Langfang, Hebei Province.

3.2. Oxygen, sulfur, and lead isotope analysis

As intracrustal igneous rocks and supracrustal sedimentary rocks
exhibit different §'%0 characteristics, they can provide valuable insights
for understanding the properties of the original magma (e.g., Giletti,
1986; Cherniak and Watson, 2003; Trail et al., 2009; Keyser et al.,
2023). The ratios of oxygen isotopes in whole-rock samples are highly
sensitive for post-crystallization alteration which makes 580 studies of
granites more reliable if conducted on monomineral separates rather
than on whole-rock powders. Minerals with higher closure temperatures
(e.g., zircon, garnet, and quartz) are more resistant to post-
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Fig. 3. A NS cross-section of the Kunshan W-Mo-Cu polymetallic deposit.

crystallization or sub-solidus oxygen isotope exchanges with external
fluids. Thus, these minerals provide more robust evaluations of main
characteristics of magma during its ascent (e.g., Trail et al., 2009; Car-
acciolo et al., 2022; Keyser et al., 2023). In our study, the O-S-Pb isotope
analyses were performed at the Beijing Research Institute of Uranium
Geology, Beijing. Wolframite and quartz grains were manually selected
under a microscope from disaggregated samples. The quartz and
wolframite samples were ground to powder (finer than 200 ym) and
dissolved in pure BrFs in Ni tubes under high-temperature and vacuum
conditions to release oxygen. Impurities (SiF and BrF) were removed via
freezing, and the pure oxygen was captured directly by freezing it onto a
5A molecular sieve using liquid nitrogen. Subsequently, the pure oxygen
reacted with a hot carbon rod to generate CO, gas. Carbon dioxide gas,
obtained through cryogenic methods, was introduced into a gas isotope
mass spectrometer to measure the oxygen isotopic compositions. The
5180y.gmow values were calculated by comparing the oxygen isotopic
compositions of the samples with those of the standards, using formula
5'°0 = [(*°0/"°0) sampte/(**0/*°0) standara)-1] *1000. All the 8>Sy cpr
values were determined with an accuracy better than 0.2 %.. For Pb
isotopes, the precision of the 2%4Pb/?%°Pb ratios was better than 0.05 %,
whereas the precision of the 2°Pb/2%Pb ratios did not exceed 0.005 %.

3.3. Zircon isotopes and trace elements

Zircons were mounted in epoxy resin and polished to a thickness of
20 pm. The sites for ablation were selected manually based on CL images
and cleaned with 3 % HNO;3 prior to analysis. The isotope and
elementary analyses were conducted simultaneously using an Agilent
7500a instrument at the Hefei University of Technology. We used a
Coherent GeoLasPro laser ablation system (USA) equipped with a
ComPex102 ARF Excimer laser operating at a wavelength of 193 nm, a
32-pm-diameter beam spot and an energy density of approximately 15
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J/cm?. The external and internal standards are NIST610 glass and °'Zr,
respectively. ICPMSDATACAL software (Liu et al., 2008) was used for
blank signal selection, element quantification, and isotopic calculations.
Radiometric dating plots were generated using “IsoplotR” (Vermeesch,
2018).

3.4. Zircon composition index estimates

Zircon is an early crystallizing accessory mineral present in most
igneous rocks. It is highly resistant to alteration, surface weathering, and
other external processes (Pirkle and Podmeyer, 1993; Lin et al., 2024).
To assess whether the analyzed grains were inherited or crystallized in-
situ, for trace element analysis, we analyzed zircon grains with known
U-Pb ages. The trace element composition of zircon reflects the initial
conditions of crystallization during magma cooling. Consequently, the
ratios of Ce*/Celicon and Ce*"/Celly; as estimated from zircon trace
element data, serve as indicators of the magma redox state (Ballard
etal., 2002; Trail et al., 2012; Loader et al., 2022). To calculate the ce3t
distribution coefficient between zircon and melt, we perform linear re-
gressions of entire rare earth element (REE) spectra versus ionic radii.
The distribution coefficient of Ce*™ was determined by calculating the
regressions of the zirconium, hafnium, uranium, and thorium versus the
ionic radii (Burnham and Berry, 2012).

To estimate the oxygen fugacity (fo2) of the Kunshan granitic
magmas, we used two methods. The first method utilizes a calibration
model that links fo2 and four key parameters: melt composition, water
content, Ce4+/Ce3Mtlt ratios and temperature (Smythe and Brenan, 2015,
2016). The whole-rock composition, which we consider as a composi-
tion of an initial melt, and the content of water both affect the ratios of
non-bridging oxygen to tetrahedral cations (NBO/T). For this study, we
assumed that the melts of the G1-G4 granites contained 5 wt% water and
calculated the Ce**/Cediay, ratios based on the lattice strain model. The
geothermometry of zircon formation was calculated using the activities
of SiO3 and TiO5 (ario2 and asjo2) and the content of titanium in zircon
(Ferry and Watson, 2007). The obtained foy values, if presented as
logarithmic units (log foz), exhibit an error range of 1.3-2.6. For detrital
zircons or xenocrystic zircons, it is not possible to estimate fqo, as it
requires the content of water in the melt and the geochemical compo-
sitions. In contrast, the Loucks et al. (2020) model considers only the
amounts of titanium, cerium, and initial uranium in age-corrected zir-
cons. For discussion, we used trace element data from those zircon
grains, which fit the following criteria: (i) LREE Index (LREE-I) > 10
(Bell et al., 2016), (ii) Ti < 50 ppm, and (iii) La < 1 ppm. This helps
minimize the impact of hydrothermal alteration, inclusions, and
inherited cores. For the experiments, we used a 32 pm diameter laser
beam.

4. Results
4.1. Whole-rock element compositions of the G1-G4 granites

All Kunshan G1-G4 samples are petrographically (Fig. S1) and
geochemically (Table S2) granites. They are characterized by high SiO5
(71.44-78.27 wt%), Al,O3 (11.45-14.47 wt%), and K20 (3.99-6.70 wt
%) and low TiO, (0.08-0.34 wt%), CaO (0.47-1.88 wt%) MgO
(0.18-0.71 wt%), Fe20§ (0.89-3.92 wt%), and MnO (0.01-0.05 wt%) at
a relatively medium content of NayO (2.20-3.32 wt%). The A/CNK ra-
tios range from 1.03 to 1.30, whereas the K»O contents vary between
3.99 % and 6.70 %. Therefore, the granites under study belong to the
peraluminous high-K calc-alkaline series. The values of loss on ignition
are below 2 %, indicating a low degree of secondary alteration.

In terms of the whole-rock trace element characteristics, the total
rare earth element (3>_REE) content of the samples ranges from 22 to
150 ppm. They are enriched in light REEs ((La/Sm)y = 2.33-4.61) and
depleted in heavy REEs ((Gd/Yb)y = 0.02-0.35), with negative peaks at
Eu (Eu/Eu* = 0.25-0.52; Table S2). The G1-G4 granites possess a ’V-
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shaped’ REE distribution pattern with a right-dipping trend (Fig. 4a).
The enrichment in Rb and U (Fig. 4b) suggests potential dehydration
melting of mica within the magmatic source region. The Eu troughs and
depletions in Ba, Sr and Ti suggest the separation of plagioclase during
magmatic differentiation or the presence of plagioclase residues in the
magma source region (Li et al., 2007).

The whole-rock compositions of the G1-G3 ore-related granites are
generally similar but display systematic decreases in Y REE, (La/Yb)x
and Eu anomalies from G1 to G3 and increase in SiO,, the differentiation
index (DI), and TE; s(tetrad effect, Irber, 1999) (Table S2), suggesting
gradual evolution of the parental melts.

In summary, the Kunshan granites are highly differentiated, with
high SiO; contents and low MgO, CaO, TiOs, Sr and Ba contents. In
addition, the Kunshan granites are compositionally similar to the
Mesozoic granites of the Dahutang ore field, suggesting a common
source or compositionally similar parental magma source (Xiang et al.,
2015b).

4.2. U-pb zircon ages

The zircons separated from the G1-G4 granites (KS1-1, KS3-1, KS2-1,
and KS4-3) are 80 to 200 pm long subhedral to euhedral granular
crystals, light to dark grey, and possess oscillatory zoning CL images
(Fig. 5), indicating their magmatic origins (Hoskin, 2000). The Th/U
ratios range from 0.05 to 1.57, 0.05 to 1.79, 0.06 to 2.73, and 0.01 to
0.91, respective to the four groups, G1 to G4 (Table S3). The G1 to G4
zircons yield 2°°Pb/238U ages ranging from 146 t0167 Ma: 157.6 + 1.6
Ma, 157.2 + 1.5 Ma, 154.9 + 1.6 Ma and 145.6 + 2.2 Ma, respectively
(Fig. 5). These results indicate that the ore-related granites (G1-G3) were
emplaced at ca. 157-155 Ma, while the post-ore granite (G4) was
emplaced at ca. 146 Ma.

4.3. S-Pb-O isotopic compositions

Quartz from the Kunshan ore-related granites G1-G3 yields 520
values ranging from + 11.2 %o to + 13.9 %o, with an average of 12.1 %o
(16 = 0.79 %o, n = 11; Table S4). The 5180 value of 16.9 %o for quartz in
sample KS1-3 was excluded due to its deviation from the normal range.
The range of 5!%0 values in quartz from the G1-G3 granites is + 11.2 %o
to + 13.9 %o (avg. 12.3 %o) for G1, +11.4 %o to + 12.9 %o (avg. 12.1 %o)
for G2, and + 11.3 %o to + 12.8 %o (avg. + 11.9 %o) for G3 (Table S4).
Among these granites, the G1 granite has the highest average quartz
5180 value of 12.3 %o. The relatively consistent 5'%0 values suggest a
shared origin of the Kunshan G1-G3 granites. The values of 50 in
quartz from the G1 granite are more variable than those from the G2 and
G3 granites (6180QtZ = +11.98 + 0.59 %o, n = 8; Table S4), possibly due
to the influence of thick strata of the SQSG (Gong et al., 2023).

Sulfur isotope measurements were performed on eight molybdenite
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samples (Table S5). The 5%S values are in a relatively narrow range of
—0.7 %o to 1.5 %o (n = 8) suggesting sulfur isotopic homogeneity (Fig. S2
and Table S5). This consistency implies that all molybdenite samples
likely originated from a single source.

The Pb isotope systematics were studied in eight samples of Pb-
bearing wolframites. Most of the lead isotopic compositions plot
closely to cluster around the radiogenic values, indicating their primary
source region (Table S6).

4.4. Trace element compositions of zircon

The contents of Y, XREE and P in the G4 zircons are much more
variable compared to those in the G1-G3 granites (Table 1). In addition
to oscillatory zoning, the zircons are magmatic due to their low XREE
values and the absence of notable enrichment in middle REE (MREE),
which clearly distinguishes them from hydrothermal zircons (Fig. 6a)
(Hoskin, 2005). All zircon grains from the G1-G4 granites of the Kun-
shan deposit exhibit significant enrichments in heavy REE (HREE) and
Ce, along with pronounced negative Eu anomalies (Eu/Eu*) (Fig. 6a, b).
Zircons from G4 display slightly higher REE concentrations than those
from G1-G3. The variation in Eu/Eu* ratios is attributed to the differing
geochemical behaviors of Eu?" and Eu®", which reflects oxidation
conditions during zircon crystallization (Whitehouse and Kamber, 2002;
Burnham and Berry, 2012). The ranges of the Eu/Eu* ratios are as fol-
lows: 0.13-0.33 (avg. 0.20) for G1; 0.10-0.49 (avg. 0.20) for G2;
0.10-0.34 (avg. 0.19) for G3; and 0.02-0.36 (avg. 0.10) for G4. These
consistently low Eu/Eu* values, coupled with pronounced negative Eu
anomalies, are characteristic of the G1-G4 granites (Fig. 6a).

4.5. Zircon Ce4+/Ce3 + ratios, crystallization temperatures and redox
states

To avoid contaminated and/or inherited zircons, we calculated the
Ce4+/Ce%?;c0n in the zircons, their crystallization temperatures (Tri.in-
zircon), and the fop only for the Late Jurassic to Early Cretaceous
magmatic zircons with concordance better than 90 % (Table S7). Based
on the presence of quartz and sphene (Ye et al., 2016), arjoz and ogjo2
are assumed to be 1 and 0.7, respectively (Ferry and Watson, 2007;
Claiborne et al., 2010). Zircons with exceptionally high or low Ti con-
centrations were excluded to avoid overestimating or underestimating
crystallization temperatures. The Triin.zircon Values calculated for the
G1-G4 granites using the Ti-in-zircon thermometer were as follows:
621-824 °C (avg. 698 + 52 °C, n = 28) for G1, 614-829 °C (avg. 725 +
62 °C, n = 24) for G2, 640-827 °C (avg. 724 + 47 °C, n = 28) for G3, and
654-867 °C (avg. 746 + 56 °C, n = 13) for G4 (Fig. 7a).

The Ce‘H/Ce%i*rcon ratios were estimated using the trace element
compositions of granites and the concentrations of hafnium, zirconium,
uranium, thorium, and REEs in zircons (Burnham and Berry, 2012; Trail
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Fig. 4. Chondrite-normalized REE patterns (a) and primitive mantle-normalized spider diagrams (b) of granites from the Kunshan tungsten polymetallic deposit

(normalized values from Sun and Mcdonough, 1989).
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Fig. 5. Zircon U-Pb concordia diagrams for (a) sample KS1-1, (b) sample
metallic deposit.

et al., 2012). The Ce**/Ceditcon ratios of the G1, G2 and G3 granites are
typically greater than 60, with mean values of 92, 87 and 68, respec-
tively (Fig. 7a, Table 1). The G4 zircons exhibit notably lower Ce**/
Cediteon ratios, averaged at 58 (Fig. 7a, Table 1). The Ce**/Ceditcon ratios
progressively decrease from the G1 granite stock, through the G2 and G3
granite dikes, to the post-ore G4 granite dikes (Fig. 7a).

A variety of methods have been proposed to estimate zircon fo2
values, which reflect the fop of the initial magma (Trail et al., 2012;
Smythe and Brenan, 2015; Zou et al., 2019; Loucks et al., 2020). Among
the Kunshan G1-G4 granite samples, zircons from the G1, G2 and G4
granites yield relatively low fog values. Based on the Smythe and Brenan
(2016) oxybarometer, the average AFMQ® values are —1.12 (n = 30) for
the G1 granite, —0.25 (n = 30) for the G2 granite, and —0.72 (n = 29) for
the G4 granite (Table S7). The G3 granite samples exhibit relatively high
foo values, with an average AFMQ? of + 1.53 (n = 30) (Fig. 7b, Table 1).
According to the model of Loucks et al. (2020), the average AFMQb
values for the G1-G4 granites are —0.20 + 1.30 (n = 19) for G1, —0.55
+1.29 (n = 19) for G2, —0.28 4+ 1.09 (n = 21) for G3, and —0.82 + 0.73
(n = 4) for G4 (Fig. 7b, Table 1). In general, the AFMQb data exhibit a
gradual decrease from G1 to G4. The calculated values of fop are not
highly variable (Fig. 7b), indicating that this method (Loucks et al.,
2020) provides estimates closer to real values of foz. The discrepancy
between the two models arises from inaccuracies in the assumed water
content of the intrusions in the model proposed by Smythe and Brenan
(2016).

5. Discussion
5.1. Sources of mineralization
5.1.1. Magmatic sources

The Mesozoic magmatic activity significantly affected the formation
of W, Cu and Mo deposits at Dahutang. Mineralization was triggered by
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KS3-1, (c) sample KS2-1, and (d) sample KS4-3 from the Kunshan tungsten poly-

the emplacement of Late Jurassic to Early Cretaceous granitoids. The
Kunshan deposit formed during an early stage of tungsten-polymetallic
mineralization in the Dahutang ore field, as the Kunshan granites yiel-
ded the earliest emplacement ages of ca. 157 to 145 Ma (Fig. 5,
Table S3). The 151.0 to 148.7 Ma Re-Os isotope isochron age of
molybdenite (Xiang et al., 2013b; Zhang et al., 2013; Zhang et al., 2016;
Lin et al., 2023) and the 143.7 to 139.2 Ma mineralization (Mao et al.,
2013) suggest that the magmatic activity in the Kunshan area began at
157.6 Ma, i.e., nearly 10 Ma earlier than that in the Shimensi deposit
(148 Ma, Fan et al., 2019). This zonal pattern could result from the
different properties of the SQSG country rocks, which are more fractured
than the Neoproterozoic granodiorite batholith. According to the
equation Zr?*+8i07 = (REE)>* + PO3", REE®* substitutes Zr?" in zircon
via monazite (Burnham and Berry, 2017). The Kunshan granites are
“hybrid” S-type granites, i.e., formed from a mixture of sedimentary and
igneous protoliths. Evidence for this is provided by the (REE + Y)no1/
Ppol ratios of zircons from the G1-G4 granites, which are less than 1.15
(0.80, 1.06, 0.86, and 0.75, respectively; Fig. 8a), along with P con-
centrations higher than 750 ppm and moderate ratios of Ce/U and Th/U
(Fig. 8b; Roberts et al., 2024).

The 580 values of quartz and feldspar in the fine-grained granite
from the Dahutang ore field imply oxygen isotope equilibrium during
closed-system fractional crystallization (for details, refer to Text S1).
However, the estimated SISOQtZ value is approximately + 10.05 %o,
which is 2 %o lower than the 6180QtZ value of + 11.98 %o observed in the
fine-grained G2 and G3 granites, as estimated using the fractionation
equation of quartz and zircon (Text S1). The observed 2 %o increase in
the 6180Qtz value suggests the assimilation of high-5'80 crustal com-
ponents, rather than the rapid mixing of multi-batch magma. This
interpretation is supported by the absence of high-5'0 metasediment-
derived zircons (ranging from + 8 %o to + 11 %o; Fig. 9¢, Kemp et al.,
2007) and the compatibility of quartz with a 6180Qtz value of + 10.05 %o,
consistent with low-3'%0 zircon values (avg. + 7.47 %o, higher than
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Table 1

Summary of In-situ element compositions (in ppm) of zircons from the Kunshan tungsten-molybdenum-copper deposit.

Gondwana Research 142 (2025) 236-251

Sample porphyritic biotite granite (G1) gray fine-grained biotite granite grayish-white fine-grained granite Granite porphyry (G4)
(G2) (G3)

Min Max Mean Min Max Mean Min Max Mean Min Max Mean
La - 21.55 2.08 - 44.62 3.40 - 16.60 1.43 - 18.83 213
Ce 0.83 142.88 33.74 8.40 215.43 49.00 9.34 141.66 38.32 0.89 121.10 17.11
Pr 0.02 11.38 1.11 0.01 22.33 2.07 0.07 8.03 0.98 0.05 6.99 0.97
Nd 0.56 61.93 8.01 0.48 123.94 14.11 1.09 42.73 8.29 0.70 33.31 6.27
Sm 1.69 34.40 9.25 1.94 61.14 14.68 3.51 37.99 12.62 2.87 32.09 10.43
Eu 0.10 5.68 1.40 0.24 7.64 2.07 0.45 7.94 1.82 0.08 2.86 0.81
Gd 13 142 49 14 165 66 14 147 65 18 200 66
Tb 6 40 18 6 49 23 5 51 24 7 87 28
Dy 82 478 230 88 596 281 67 589 284 102 976 349
Ho 34 183 88 35 220 104 27 212 104 36 309 122
Er 171 866 408 172 1026 473 126 892 469 119 1212 521
Tm 39 198 91 41 251 106 29 194 104 21 246 110
Yb 378 1921 875 410 2545 1028 300 1844 992 172 2165 1018
Lu 70 341 161 79 466 186 58 321 180 29 355 178
Y 1039 5334 2563 1053 6503 3030 780 5993 3028 1107 9342 3671
Ti 2 15 5 2 4915 177 2 61 8 2 22 9
Hf 9083 18,571 13,864 8766 17,648 13,627 10,272 19,989 14,094 10,546 29,368 13,854
Th 60 3742 785 165 4603 1041 194 9604 1288 69 1399 308
U 407 11,872 3081 402 17,472 3993 798 11,436 3663 317 16,839 3210
P 346 2615 994 383 19,646 1561 627 3778 1266 777 5768 2299
Nb 0.90 31.44 9.66 2.38 77.09 15.03 2.84 69.12 16.08 0.66 12.55 4.81
Ta 0.56 15.58 5.45 0.77 24.14 7.31 1.64 26.47 9.53 0.26 30.65 4.17
Ce/U 0.00 0.09 0.01 0.00 0.08 0.02 0.00 0.06 0.01 0.00 0.12 0.01
Th/U 0.05 1.57 0.36 0.05 1.79 0.40 0.06 2.73 0.43 0.01 0.91 0.22
Ybn/Gdn 8 39 25 9 51 22 8 39 22 3 50 22
LREE 5 269 56 11 420 85 16 186 63 6 197 38
HREE 820 4121 1920 847 5282 2268 626 4124 2223 618 5371 2392
>"REE 833 4390 1976 858 5703 2353 659 4263 2286 635 5425 2430
Eu/Eu* 0.03 0.33 0.19 0.10 0.49 0.20 0.10 0.34 0.18 0.02 0.36 0.12
ACe/Ce* 2 152 48 2 284 46 2 156 46 3 97 19
P T ri-in-zircon(°C) 621 824 699 544 2301 795 640 1000 732 654 867 757
“Ce*"/Ceficon 14 272 92 10 437 87 4 209 68 0 344 58
I)lOg 12 -22.42 —-12.99 —18.34 —20.63 0.32 —15.99 —18.14 —-9.24 —14.89 —24.09 —11.33 —16.52
EAFMQ? —-5.19 1.67 -1.12 —2.48 2.48 —0.25 -0.29 3.79 1.53 —5.69 3.82 -0.72
"log 182 —21.33 —12.65 —17.90 —20.27 —12.46 -17.21 —19.82 -13.10 —16.98 —18.49 —14.35 —16.93
GAFMQb —2.42 2.01 —-0.20 -3.37 2.12 —0.55 —2.08 1.57 —0.28 -1.75 —0.03 —-0.82
YLREE-I 23 318 114 14 477 102 22 244 96 12 616 155

The symbol “-” indicates values below the detection limit.

A Ce/Ce* ratios are method from Loader et al. (2017).

B Trliinzircon (°C) Crystallization temperature based on the revised Ti-in zircon thermometer following Ferry and Watson (2007).

€ Ce*"/Cedion ratios of zircon Ce**tand Ce3*contents are calculated following the method of Ballard et al. (2002) based on the lattice strain model.

D Jog 3, and EAFMQP oxygen fugacity based on zircon are calculated following the method of Smythe and Brenan (2016). AFMQ (fayalite-magnetite-quartz) is the
log fo2 deviation from the FMQ buffer.

F log f, and SAFMQP oxygen fugacity based on zircon are estimated following the method of Loucks et al. (2020).

" LREE-I LREE Index are calculated following Bell et al. (2016).
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those of mantle-derived zircon and lower than those of metasediment-
derived zircon; Fig. 9¢). This is confirmed by the presence of ancient
Proterozoic inherited zircons in the Dahutang granites (Wei et al., 2018;
Zhang et al., 2018a). After the initial magmatic stage, substantial crustal
assimilation likely occurred between the melt and country rocks as the
melt ascended. This assimilation increased the 5'%0 value of the melt
and disrupted the initial oxygen isotope equilibrium between quartz and
early zircon. The re-equilibrium of the oxygen isotopes between quartz
and feldspar may reflect this process. The assimilation of high-5'%0
metasediments from the SQSG strata (with an average 51805QSG of +
12.6 %o, Zhang et al., 1984) resulted in elevated 5'80 values. Under the
assumption of a simple mixing model, a 59 % contamination of an
average low-8'80 source composition for I-type-like granite (+9.2 %o) by
SQSG metasediments (412.6 %o; Zhang et al., 1984, Fig. 9e) would yield
an average 5'20 value of + 11.2 % for the ore-related S-type granite in
the Dahutang ore field. This calculation uses the average whole-rock
5180 value (+11.2 %o) of fine-grained granite from Peng et al. (2018)
as a proxy (Fig. 9d; Text S2). The Pb isotopic data from the Mesozoic ore-
related granites fall within the isotopic domain of the SQSG (Ma and
Dan, 1996; Zhang et al., 2000; Xiang et al., 2013a; Zhang, 2014; Yu
et al., 2021), which is distinct from Neoproterozoic granodiorite regions
(Ling et al., 1998) (Fig. 11b). These findings suggest that the Dahutang
Mesozoic granites originated from the SQSG metasediments as they lack
relationships with Neoproterozoic granodiorite.

The O and Pb isotope data indicate that the Dahutang granites did
not originate from a mixture of the SQSG metasediments and
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Neoproterozoic granodiorite (Wei et al., 2018) or from the mixing of two
separate magmas of different chambers with varying proportions of
SQSG basic lavas and pelites (Fan et al., 2019). Instead, zircons initially
exhibited low &'80 values, similar to those observed in S-type granitic
melts, with substantial contributions from I-type-like source composi-
tions (Fig. 9¢). This interpretation is further supported by the Ce/U and
Th/U ratios of the zircons, indicating a "hybrid’ S-type granite origin
(Fig. 8). Therefore, the S-type granite with low-8'80 zircon potentially
originated from the underlying basement and was characterized by a
high proportion of meta-igneous rocks. The basement is likely composed
of the lower SQSG, which contains substantial meta-igneous rocks (Gong
et al., 2023). These intercalated meta-igneous layers may resemble
marine paleo-volcanic eruptive deposits such as the spilite-keratophyres
and sandy-argillaceous metasediments. These formations are exposed in
the Sheli’ao area of the Pengshan anticline core (Yin et al., 2020, 2024)
or in the Dongkou area (pillow basalts), northwestern Jiangxi Province
(Xiang et al., 2015b). The preservation of equilibrium 5180 fraction-
ations between quartz and feldspar, but not between quartz and zircon,
in the fine-grained granite supports the hypothesis that contamination
by the SQSG metasediments persisted until the meta-igneous component
in the magma source composition decreased to approximately 41 %
(Fig. 10), especially in a protracted magmatic system (e.g., Caracciolo
et al.,, 2022; Itano et al., 2024). The meta-igneous-dominated compo-
nent, constituting 41 % of the total composition, may have significantly
contributed to the initial copper supply in the Dahutang ore field
(Fig. 10).
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from granite and wolframite (this study), ore-bearing quartz vein (Jiang, 2016, Zhang et al., 2018b); (b) Shimensi quartz from quartz-bearing lodes and wolframite
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5.1.2. Sources of W-Mo-Cu mineralization

Sulfur isotopes are widely used to identify the origin and evolution of
sulfides (Seal, 2006; Johnston, 2011; Pei et al., 2024). In the Kunshan
deposit, molybdenite, chalcopyrite and pyrite exhibit 534S values
ranging from —1.5 %o to + 1.5 %o (Table S5), suggesting a homogeneous
sulfur source. The histogram of 53*S values for the polymetallic sulfides
(Fig. S2) clearly demonstrates isotopic homogeneity and the absence of
values within the range of + 1.8 %o to + 6.4 %o, which are typically
characteristic of the surrounding SQSG (Huang and Yang, 1990; Zhu and
Fan, 1991; Wei, 1996). These findings suggest that the sulfur responsible
for the ore formation was isotopically consistent and was derived from
deep-seated magmas. The Pb isotopic compositions of Kunshan wol-
framites were compared with previously reported Pb isotopes from the
Shimensi deposit to evaluate the sources of tungsten and the role of
country rocks in wolframite precipitation (Table S6; Yuetal., 2021). The
Pb isotope data from eight wolframite samples exhibit a linear rela-
tionship (y = 0.4428x — 0.0782, coefficient of determination R =
0.9745; Fig. 11a), indicating a nearly common source of lead.

The Pb isotope evolution diagram (Fig. 11b) shows that five
wolframite samples plot in the Pb isotope field of ore-related granites.
Three samples are in an area transitional between the Shimensi tungsten
and sulfide ores and the Mesozoic ore-related granites, suggesting the
coexistence of ore-related granites and tungsten ores. Note that one
wolframite sample deviates from the field of ore-related granites and
falls within the Pb isotopic domain of the SQSG (Fig. 11b). This indicates
that the Pb isotopic composition of Kunshan wolframites is distinct from
the relatively purer magma source of the Shimensi wolframite
(Fig. 11b). This discrepancy can be explained by the contamination of
the Kunshan wolframite by lead from the surrounding SQSG
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metasediments. The combined S-Pb isotope data and spatial distribution
of orebodies hosted in the apical portions of the granite stock (Figs. 3
and 11b, Fig. S2) suggest a genetic linkage between the Kunshan deposit
and the underlying granites. The evidence of Pb isotope systematics
suggests contamination by the SQSG strata during high-temperature
tungsten mineralization.

5.2. Redox conditions of W-Mo-Cu mineralization

5.2.1. Migration of W-Mo-Cu

Unlike Mo and Cu, tungsten combines with oxygen to form tungstate
ions ([WO4]2'). Tungsten is a relatively incompatible element with
moderate lithophile properties, and it tends to concentrate in residual
melts during magma evolution, particularly under reduced conditions of
magmatic petrogenesis (Reifenroether et al., 2021). The valence of
tungsten is stable as foy decreases, despite being a variable-valence
element (Ertel et al., 1996; Che et al., 2013). Large tungsten-forming
granites mainly originate from reductive magmatic systems, such as
those of Lake George in Canada (Seal et al., 1987), and of the Zhuxi
(Song et al., 2022) and Shimensi deposits (Fan et al., 2019). Reduced W-
rich magmas originate from partial melting of supracrustal materials,
while oxidized W-rich magmas are derived from partial melting of the
lower crust, with additional contributions from mafic magmas (Song
et al., 2021, 2023). At lower foo, tungsten exhibits reduced Dyy ™@/melt.
sequestering sufficient tungsten to remain in the melt in its stable form
as [WO4] 2- (O’ Neill et al., 2008; Trail et al., 2012). The incompatibility
of molybdenum increases with increasing fog level (Lauer and Jones,
1999; Cerny et al., 2005). The transport efficiency of Mo and Cu, which
are chalcophile elements, is significantly influenced by sulfur species
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Fig. 10. A metallogenic model of the establishment of the Dahutang tungsten polymetallic ore field and its eastern extensions (modified after Lin et al., 2023). The
asthenospheric upwelling caused by lithospheric thickening, delamination or a slab window (Mao et al., 2017), induced dehydration melting of the underlying
basement and emplacement of the Mesozoic S-type granites. The melts contained low-5'80 I-type granitic material and, while ascending to higher crustal levels, they
also captured metasedimentary country rocks (with 8'®0magma = 12.6 %), reducing the low-5'%0 component (with §'®0magma = 9.2 %) in the magma source to 41 %.
The evolved magma (with 6180magma = 11.2 %o) subsequently intruded the country rocks of the Dahutang ore field to form tungsten-bearing polymetallic orebodies.
The 41 % meta-igneous-dominated component of the magma source likely served as a critical supplier of copper within the Dahutang ore field. WR = whole-rock,

SQSG = Shuanggiaoshan Group.
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2021), and the Neoproterozoic granodiorite batholiths in northern Jiangxi and southern Anhui (Ling et al., 1998).

(Sun et al., 2015). In reduced melts, S% anions and elevated partition
coefficients (D, “4de/SEmelt and p, lfide/Simelty gy ggest that Mo and Cu
preferentially bind to divalent sulfur, partition into a sulfide phase, and
separate from the melt. Oxidized melts, e.g., magnetite-series granites
(Ishihara, 1977), may lose ~ 14 % Mo and ~ 2 % W, while reduced felsic
melts, e.g., ilmenite-series granites, likely strip over 90 % of Mo with
minimal influence on tungsten (Mengason et al., 2011). Such behavior is
observed under high sulfur fugacities and low fp2, as modeled through
Rayleigh-fractionation (Mengason et al., 2011).

Zircons from the Kunshan granites were analyzed using the method
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of (Loucks et al., 2020), and indicate a low foz environment (Fig. 7b,
Fig. S3b). Under reducing conditions, the value of AFMQ ranging from
—0.55 to —0.20 (Fig. 7b) is approximately two logarithmic units lower
than that of typical porphyry Mo-related felsic magma (AFMQ = 2; Sun
et al., 2015), and the retention of tungsten in a deep source region be-
comes negligible (Mengason et al., 2011). However, sulfide separation
depletes the initial contents of copper and molybdenum, particularly
copper, owing to its stronger chalcophile properties compared to those
of Mo (Patten et al., 2013). In the Kunshan deposit, the redox state of the
magma, characterized by a slightly negative AFMQ of —0.55 to —0.20
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(Fig. 7b, Fig. S3b), may have facilitated the significant mineralization of
tungsten, moderate mineralization of molybdenum and the minor
mineralization of copper. This specific foy range in the early magma
during zircon crystallization played a critical role in influencing the
migration efficiency of Mo, W and Cu, thereby shaping their ore-forming
potential.

5.2.2. Paragenetic W-Mo-Cu mineralization

A robust foy indicator, which is based on Eu and Ce anomalies, as-
sesses variations in foy during zircon crystallization, as the differing D
zircon/melt yalues of variable-valence Eu and Ce are sensitive to fo
(Ballard et al., 2002). Caution is necessary when using Eu anomaly to
estimate foo, particularly if titanite co— or pre-crystallized with zircon
(Loader et al., 2017). Therefore, it is not feasible to evaluate initial
magma’s redox conditions solely through Ce and Eu anomalies (Ballard
etal., 2002). The zircons from the G1-G4 granites are enriched in Ta and
have REE distribution curves above the average curve for high-Ta zir-
cons (Fig. 6a, Loader et al., 2017). The plotted data deviate from the
titanite fractionation curve (Fig. S4a), indicating that the co-
crystallization of a limited amount of titanite had a negligible influ-
ence on the Eu anomalies.

The Eu/Eu* ratios of granites from the Kunshan deposit are com-
parable with those of the Xihuashan and Shimensi tungsten deposits but
are lower than those of the Dexing and Shuikoushan deposits (Zhang
etal., 2017; Yang et al., 2018), and higher than those of the Pengshan tin
polymetallic deposit (Yin et al., 2024) (Fig. 12). The decreasing trends in
the Ce*"/Cedircon ratios and AFMQP values from the G1 to the G4
granites suggest a progressive decline in magma fog (Fig. 7). This trend
and the increasing Hf content and decreasing crystallization tempera-
tures may indicate fractional crystallization (Fig. S4b-c) (Samperton
et al., 2015). The G1-G4 granites tend to reduce fog, and their datasets
cluster along trend lines on either side of the distribution patterns
(Fig. S4b-c). During fractional crystallization, the foo of the melts
regulated the accumulation of tungsten. As foo decreases, a lower value
of Dy ™Met/melt gacilitates the migration of tungsten and maintains its
stable state (O’Neill et al., 2008; Trail et al., 2012). Under low fos
conditions, tungsten exhibits enhanced migration efficiency, whereas
variations in sulfur species promote substantial losses of Mo and Cu from
deep sources. This effect becomes more pronounced when tungsten is
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Fig. 12. Plot of zircon Ce**/Celfeon ratios vs. Eu/Eu* ratios for the Kunshan
deposit. Data from additional deposits are included for comparison: granodio-
rite porphyry from the Dexing copper deposit (Zhang et al., 2017), granodiorite
from the Shuikoushan Pb-Zn polymetallic deposit, granite from the Xihuashan
tungsten deposit (Yang et al., 2018), porphyritic and fine-grained granites from
the Shimensi W-Mo-Cu polymetallic deposit (Sun et al., 2018), and muscovite
granite from the Pengshan tin polymetallic deposit (Yin et al., 2024).
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associated with the chalcophile elements Mo and Cu. In the Kunshan
deposit, the early stages of magmatism at higher fo levels likely pro-
moted the extraction of Mo and Cu from the source during melting. In
the later stage, under reduced fop conditions, tungsten migrated effi-
ciently within the highly fractionated melt. Evidence for this is derived
from the compositional distinctions between the fine-grained G2 and G3
granites. The G2 granite has relatively high Mo (avg. 10.09 ppm) and Cu
(avg. 18.44 ppm) contents, while the subsequent G3 granite contains
higher W concentrations (avg. 4.49 ppm).

Although the Kunshan and Shimensi granites experienced similar
moderate reduction conditions, the Kunshan deposit is W-Mo-domi-
nated, unlike the W-dominated Shimensi deposit. This divergence may
be attributed to the erosion of the quartz vein tungsten orebody (A-zone)
at the top of the Kunshan deposit (Fig. 3), leading to the formation of a
medium-sized W-Mo-dominated polymetallic deposit. This hypothesis is
supported by the spatial distribution of heavy-mineral anomalies in
wolframite around the extraction site (Ye et al., 2016). The specific
range of magma’s fo is indicative of moderately reducing conditions
and is crucial for the origin, migration, accumulation and paragenesis of
W-Mo-Cu metals in the Dahutang ore field.

5.3. Factors of vertical reverse zoning

5.3.1. Temperatures of equilibrium

Most tungsten polymetallic deposits gradually decrease in mineral-
ization temperature with increasing distance from ore-related granites
(Xiang et al., 2015a, 2017; Sun and Chen, 2017). However, the Kunshan
deposit exhibits an atypical vertical reverse zoning, with wolframite
concentrated at shallow depths and molybdenum and copper concen-
trated at greater depths (Fig. 3). Such zonation could result from the
superposition of multiple parallel episodes of hydrothermal activity or
from several sequential stages in the evolution of a single metallogenic
system. The Kunshan deposit is characterized by a low water/rock (W/
R) ratio, which limits the influence of external fluids (for details see Text
S3). As a result, the primary ore-bearing fluids originated from the re-
equilibrium of magmatic water, which is consistent with H-O isotopic
evidence from fluid inclusions in quartz (Zhang et al., 2018b). The mean
temperature of wolframite mineralization in Kunshan (~394°C) is
approximately 87 °C higher than that in Shimensi (~307°C) (for details
see Text S4). The elevated vapor pressure within the high-temperature
system limited the exchange of oxygen isotope between meteoric
water and the hydrothermal system responsible for the formation of
wolframite.

5.3.2. Composition of country rocks

The country rocks of the epi-metamorphic strata of the Anlelin For-
mation experienced hornfelsization due to magmatic heating, which led
to the fractionation of approximately 0.8 %o oxygen isotopes. The
average values of 5'80 for hornfels and epi-metamorphic rocks of the
Anlelin Formation are + 11.8 %o and + 12.6 %o, respectively (Fig. 9b;
Zhang et al., 1984) suggesting that a portion of the high-5'80 material of
the Anlelin Formation arrived at the wolframite metallogenic hydro-
thermal system through contamination, but not by mixing of fluid with
meteoric water. This interpretation is supported by the consistent oxy-
gen isotopic compositions of quartz in wolframite-bearing quartz veins
and in the G1-G3 granites (Text S3). More evidence comes from the Pb
isotopic signatures of wolframite. One wolframite sample shows a lead
isotopic value that deviates from those of the ore-related granite but falls
within the Pb isotopic range of the SQSG (Fig. 11b). In contrast, the
Shimensi deposit formed under a different scenario, within a closed
system, located in an unidirectionally solidified pegmatoid stock-
scheider, which formed at the interface between the granite stock and
wallrock granodiorite (Xiang et al., 2017). The closed-system conditions
resulted in negligible isotopic exchange during the wolframite-quartz
stage, as demonstrated by the lead isotopic data of Shimensi
wolframite that fall within the Pb isotopic range of the Mesozoic granites
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(Fig. 11b). Thus, the mineralization in the Kunshan deposit formed due
to the interaction of fluids with tungsten leached from crystallized ore-
related granites. The efficient transportation of the fluids was favored by
the structures of stratification, foliation, and joint networks well
developed in the sedimentary rocks of the Anlelin Formation.
Breccia-type orebodies in the apical parts of granitic bodies are
present in the Shimensi deposit but are absent in the Kunshan deposit
due to the lack of a crypto-explosion structure. Unlike the Shimensi
deposit, which lacks joint networks in the Neoproterozoic granodiorite
country rocks, the fluids of the Kunshan deposit enriched in F, S and ore-
forming constituents, were concentrated in low-pressure zones atop the
granite. Once the hydrostatic pressure of those fluids exceeded the
lithostatic pressure, the high-temperature ore-bearing fluids rapidly
migrated towards the distal A- and B- zones through the sub-vertical
foliation (Fig. 13a, b). Thermodynamic experiments have shown that a
gaseous hydrate of tungsten has a relatively high hydration coefficient
(2.9) at ~ 400 °C to promote its migration towards the apical parts of
granite bodies (Zhang and Chen, 2015). The migrating fluids filled the
fractures and weak zones and triggered the formation of quartz-
wolframite veins with elevated 880, values (avg. + 7.1 %o) at high
temperatures (~ 394 °C, Text S4). The hornfelsized country rocks were
encapsulated by wolframite-bearing quartz veins at + 1020 m high
levels in the fracture system (Fig. 13b). Consequently, wolframite hosted
at higher elevations exhibited elevated 5'80y,f values and higher met-
allogenic temperatures (~394 °C; Fig. S5), reflecting the preferential
migration of tungsten-rich volatile complexes toward the upper sections
of the fracture system. At the middle to lower parts of the fracture sys-
tem, the conditions were lower-temperatures and more reduced to
provide the metal sulfide mineralization in the C- and D- zones
(Fig. 13c). The Mo mineralization partially overlapped with the early-
stage W mineralization but stopped before the mineralization of Cu
started. This overlap enabled the widespread dissemination of molyb-
denum, driven by the gradual descent of the thermal center of the ore-
forming fluid and the formation of vertical reverse zoning with the
copper orebody beneath the shallow tungsten orebody (Fig. 13c). The
vertical reverse zoning in the Kunshan deposit suggests that the pre-
cipitation of ore-forming elements is governed by the separation modes
of the ore-bearing fluids (void filling or permeability replacement) from
parental magmas and the physical properties of the country rocks,
compact vs. sheared/fissured, within the metallogenic system during W-
Mo-Cu mineralization. In open metallogenic systems, under low-
pressure conditions, volatile-rich tungsten-bearing fluids can migrate
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over a distance of more than 500 m from ore-related granitic intuitions
due to “retrograde solubility” (Liu et al., 2024). In the Kunshan deposit,
volatile-rich fluids (Fig. 2f) and the open metallogenic system were key
factors in the vertical reverse zoning of ore mineralization. For example,
despite similar geological characteristics, there is no reverse zoning and
no tungsten mineralization in the neighboring Meizikeng molybdenum
deposit (Fig. 10) because of the lack of highly volatile components in its
ore-forming fluid (Zhang et al., 2013). In contrast, vertical reverse
zoning of metals is observed in the Xingluokeng (northern Fujian),
Meiziwo (Guangdong), and Pangushan and Huangsha (southern
Jiangxi) quartz-vein-type tungsten deposits. The fractures in these de-
posits formed during or prior to mineralization, thereby providing open
pathways for the migration of ore-forming fluids (Xia et al., 1981; Cali,
1984; Ren et al., 1986; Chen and Zhang, 2005). In such circumstances,
exploration and exploitation efforts should should be sustained despite
the decrease in tungsten ore grade and the increase in metal sulfide
grade with depth. Quartz vein-type tungsten polymetallic deposits,
which are characterized by abundant volatiles and open systems, may
host late-stage Cu (Mo + Ag) mineralization at deeper levels beneath
tungsten orebodies or near the contact interface between granitic in-
trusions and country rocks, such as those in the Zhangdongkeng deposit
in southern Jiangxi and the Meiziwo in northern Guangdong (Chen and
Zhang, 2005; Xing et al., 2010).

6. Conclusions

The target of our research was the Kunshan W-Mo-Cu deposit located
in the world-class Dahutang tungsten ore district in the middle segment
of the Jiangnan Orogen, South China. Our comprehensive analysis of the
geological structure of the deposit, in-situ elemental and U-Pb isotopic
compositions of zircons, coupled with stable and radioactive isotope
studies of minerals from diverse mineralization stages and ore-related
granites, provides robust evidence about the hybrid sources of Meso-
zoic intrusions, highlights the role of foy in the migration of W-Mo-Cu,
enhances the understanding of the paragenetic mechanism of W-Mo-Cu
mineralization, and sheds light on the processes driving vertical reverse
zoning mineralization.

The ore-related fine-grained granite in the Dahutang ore field
experienced contamination from overlying metasediments until the
meta-igneous-dominated component (with slsomagma = 9.2 %o) in the
magma source composition decreased to 41 % and thus provided the
initial supply of copper. The Kunshan W-Mo-Cu mineralization is closely
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associated with the underlying granites, with evidence of contamination
from overlying strata during high-temperature W mineralization. The
magma redox state (AFMQ = -0.55 ~ -0.20) played a pivotal role in the
origin, migration, accumulation, and paragenesis of W-Mo-Cu metals,
and provided favorable conditions for rich tungsten mineralization,
moderate molybdenum and minor copper mineralization. High-
temperature (~394 °C), volatile-rich fluids possessing string 'penetra-
tive capabilities’ drove the vertical reverse zoning of mineralization in
an open metallogenic system.
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