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ABSTRACT

Generation of W-rich magma is generally associated with dehydration melting of mica-bearing supracrustal
metasedimentary rocks. However, it remains uncertain whether a water-fluxed melting of infracrustal rocks can
also produce W-rich magma. In this paper, we present new data on the geochemistry of zircons, whole-rock
composition of granitoids, and Re—Os isotope systematics of molybdenite from W—Mo orebodies of the
Yangchuling-Guaishan area located in the central part of the world-class Jiangnan Tungsten Ore Belt (JTOB).
Compared with the S-type W-rich granitic magmas of the whole JTOB, the I-type granitic magmas of the
Yangchuling deposit were more HyO-saturated and could easily ascend in a decompressional setting. The input of
mantle-derived melts weakened the fertility of the late-stage granites. During the crystallization of zircon, the I-
type granitic magmas that produced the Yangchuling W—Mo deposit possessed moderately reductive charac-
teristics, similar to those of the S-type granitic magmas of the large deposits in the JTOB. The magmas associated
with the large-scale W—Sn polymetallic mineralization in the JTOB appear to be of crustal origin. At early stages,
the water-fluxed melting triggered the formation of low-T, high-silica fertile and HoO-saturated magmas, which
could ascend more easily compared to those that produced the later barren magmatic rocks. At the late stage, the
potential of W-mineralization in the Yangchuling-Guaishan area decreased, probably due to the increased
contribution of the mantle-derived melts. Extensional thinning of the crust accelerated magma ascent, suppressed
magmatic residence time, limited fractionation, and reduced volatile enrichment in the Yangchuling W—Mo
deposit. Conclusively, we suggest that the water-fluxed melting played a key role in the generation of W-rich
magma.

1. Introduction

20205 Yin et al., 2020; Zhang et al., 2021; Song et al., 2023). I-type and
S-type granites originate from distinct crustal sources: I-type from

The Jiangnan Tungsten Ore Belt (JTOB) hosts several huge tungsten
ore deposits, including the world-class Dahutang and Zhuxi deposits, as
well as the large-scale Yangchuling deposit. Recently, a series of new W
deposits associated with I-type granites have been explored in the
eastern JTOB. Both oxidized I-type and reduced S-type granitic magmas
can produce tungsten mineralization (Xiang et al., 2015; Mao et al.,

biotite-rich intracrustal reservoirs, and S-type from muscovite or two-
mica-rich supracrustal source regions (Sant Ovaia et al., 2021). Large
tungsten deposits, e.g., Dahutang, Zhuxi, Xihuashan and Shizhuayuan
(Jiang et al., 2019; Shen et al., 2022; Yin et al., 2025; Zhang et al., 2020),
mainly derive from the latter source due to its abundance of W-host
minerals (e.g., biotite, titanite and rutile; Romer and Kroner, 2016).
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Water is crucial in the generation of W-rich magma derived from both
types of magmatic sources, intracrustal and supracrustal. The sources
and content of water in the magma source region influence diagenetic
temperature, melting reaction (water-fluxed or dehydration melting),
degree of melting, melt HoO saturation, granitic volume, and even the
exsolution of W-bearing fluids during the late magmatic stage (Collins
et al., 2020; Ge et al., 2023; Romer and Kroner, 2016; Weinberg and
Hasalova, 2015; Zhao et al., 2022b). The presence of replenished
external water determines whether water-fluxed melting or dehydration
melting occurs (Weinberg and Hasalova, 2015). Dehydration melting of
muscovite (or two-mica) in supracrustal metasedimentary rocks can
generate W-rich magma, as confirmed by numerous previous studies
(Romer and Kroner, 2016; Roy et al., 2024; Yuan et al., 2019; Zhao et al.,
2022a). However, whether water-fluxed melting in intracrustal rocks
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triggered by deep recycled water can generate W-rich magma remains
uncertain.

Located 17 km northeast of Duchang County (Jiangxi Province,
China), the Yangchuling porphyry W—Mo deposit (>6.06 Mt. WO3
proven) occupies the central region of Jiangnan Tungsten Ore Belt
(JTOB; Fig. 1) (Mao et al., 2020). It represents one of the few large-scale
tungsten systems globally associated with I-type granites (Mao et al.,
2017; Song et al., 2023). In the Yangchuling-Guaishan area, five gran-
itoid groups, including two newly identified in this study, and synplu-
tonic spessartite dikes are characterized by a temporally continuous
emplacement and spatially cross-cutting relationships (Fig. 2-3). These
magmas exhibit a gradual evolution from granitic to granodioritic melts,
characterized by a distinct trend of silicon reduction, in contrast to the
typical crystallization differentiation process that leads to high-silica
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Fig. 1. Tectonic map of China showing the main tectonic units and the Yangtze blocks in South China (a); Distribution of tectonic units in South China, showing the
location of the Middle-Lower Yangtze River depression and the Jiangnan Orogenic Belt (JOB) (b); Summary geological map of the Jiangnan Tungsten Ore Belt (JTOB)
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Fig. 2. Outline map of the Yangchuling W—Mo deposit (modified after Xu et al., 2023).

compositions. The mantle-derived component likely plays a significant
role in the intermediate-acidic trend of reverse evolution within the
magmatic sequence. These Mesozoic magmatic sequences from the
Yangchuling W—Mo deposit in the Jiangnan Orogenic Belt preserve a
complete record of deep-seated melting processes driving W-enrichment
and constitute an ideal natural laboratory for tungsten-rich magma
genesis studies. The ways of partitioning trace elements into zircon
during crystallization are highly sensitive to the content of water in the
melt, oxygen fugacity (fo2), melting temperature, and contribution of
mantle materials. All these factors make the trace element composition
of zircon a valuable tool for understanding the origin and evolution of
W-rich magma (Carrasco-Godoy et al., 2024; Ferry and Watson, 2007;
Loader et al., 2017; Loucks et al., 2020; Loucks and Fiorentini, 2023;
Mole et al., 2021; Nathwani et al., 2024; Smythe and Brenan, 2015; Yin
et al., 2024).

In this paper, we present zircon U—Pb isotope ages and molybdenite
Re—Os isotope ages to constrain the timing of diagenesis and metal-
logeny, respectively. We have also conducted trace element composi-
tions of zircons and major and trace element analyses of whole-rock
samples from six granitoid groups in the Yangchuling-Guaishan area,
central JTOB, to reconstruct the sources of W-rich magma, status of
water saturation condition (HoO-saturated or HyO-undersaturated),
melting reactions (water-fluxed melting vs. dehydration melting), and
tectonic regimes.

2. Overview of regional geology

The Jiangnan Orogenic Belt (JOB) extends from Guangxi to Jiangsu
situated between the Yangtze and the Cathaysian blocks (Fig. 1b). The
Jiangnan Tungsten Ore Belt (JTOB) is in the middle and eastern seg-
ments of Jiangnan Orogenic Belt (Fig. 1¢). Two distinct types of Meso-
zoic granites are associated with the tungsten polymetallic
mineralization in the JTOB: I-type granitoids (e.g., Zhuxiling, Deng-
jiawu, and Yangchuling) and S-type granitoids (e.g., Dahutang and
Zhuxi) (Fig. 1c), the latter contribute the primary tungsten budget (Mao
et al., 2020).

The Yangchuling deposit hosts large-scale reserves of tungsten and
molybdenum (Xu et al., 2023). The Yangchuling deposit is classified as a
quartz-veinlet type mineralization deposit (Mao et al., 2017; Song et al.,
2023; Xu et al., 2023). The Mesozoic granites intrude the Anlelin For-
mation of the Shuanggiaoshan Group, which forms the country rock
(Fig. 2). The quartz veinlet clusters occur proximally to the base of the
Proterozoic meta-sedimentary strata, confined to the inner contact zone
between the Anlelin Formation and the Mesozoic intrusions (Xu et al.,
2023). Scheelite and molybdenite comprise the predominant ore min-
erals, with quartz as the dominant gangue phase and late-stage calcite as
a subordinate gangue component. Hydrothermal alteration at
Yangchuling progresses through distinct stages: (1) potassic alteration,
(2) greisenization, (3) chloritization and (4) carbonation alteration
systems (Xu et al., 2023). The Yangchuling Mesozoic intrusions pre-
dominantly consist of high-K calc-alkaline granites, which include bio-
tite monzogranite (BM, Fig. 3a, ¢, g), fine-grained biotite granodiorite
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Fig. 3. Representative specimens and photomicrographs of granites and spessartite of the Yangchuling W—Mo deposit: (a) an intrusion of fine-grained biotite
granodiorite into biotite monzogranite; (b) biotite granodiorite porphyry intrudes into fine-grained biotite granodiorite as a fine vein, and the ore-bearing quartz vein
in fine-grained biotite granodiorite are crosscut by biotite granodiorite porphyry; (c) biotite granodiorite porphyry intrudes into biotite monzogranite, and ore-
bearing quartz veins penetrate both; (d) at the boundary of the biotite granodiorite porphyry and the coarse-grained granodiorite, a quartz vein hosted in the
former is crosscut by the latter; (e) biotite granodiorite porphyry occurs as xenoliths in coarse-grained granodiorite; (f) at the boundary of the biotite monzogranite
and the post-ore granite porphyry, ore-bearing quartz veins hosted in the former is crosscut by the latter; (g-k) photomicrographs of biotite monzogranite (BM), fine-
grained biotite granodiorite (FBG), biotite granodiorite porphyry (BGP), coarse-grained granodiorite (CG), and post-ore granite porphyry (PGP), respectively; (i) the
ore-bearing quartz veins in biotite monzogranite are crosscut by an intrusive vein of spessartite. Mineral abbreviations: Qtz = quartz, Pl = plagioclase, Kfs = K-

feldspar, Bt = biotite, Sch = scheelite, Mol = molybdenite.

(FBG, Fig. 3a, b, h), biotite granodiorite porphyry (BGP, Fig. 3b-e, i),
coarse-grained granodiorite (CG, Fig. 3d, e, j), and post-ore granite
porphyry (PGP, Fig. 3f, k), spanning early to late stages. W—Mo
mineralization is associated with the BM and FBG granites, while weak
mineralization occurs in the BGP and CG granites. The PGP granite is
identified as a barren post-mineralization intrusion (Fig. 3f). The latest
phase of synplutonic spessartite dikes cut through the five early gran-
itoids and W—Mo orebodies (Fig. 31).

3. Methods

3.1. Sampling

The Ganjiang fault, a trans-crustal scale structure (Cao et al., 2022),
may have segmented the deep W-rich source within the JTOB (Fig. 1c).
In terms of the two types of Mesozoic W-rich S- and I-type granites in the
JTOB, acidic S-type granites occurring the west of the Ganjiang fault are
more peraluminous and highly differentiated than intermediate-acidic I-
type granites to the northeast. The multiple intrusions of the
Yangchuling W—Mo deposit mark a significant milestone in the study of
tungsten-mineralized magmas within the JTOB, as it represents the first
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documented spatial occurrence of a W-rich I-type granitic magmatic
system east of the Ganjiang fault. Our drilling investigation revealed that
the CG granite, which intruded into the Yangchuling deposit, also
intruded beneath the Guaishan area, exhibiting only weak molybdenum
mineralization but no scheelite mineralization. Zircon samples were
therefore collected from both the multiple intrusions of the Yangchuling
deposit and the CG granite of the Guaishan area, along with molybdenite
samples, to assess the timing and potential of tungsten mineralization.

3.2. Whole-rock composition analysis and molybdenite Re—Os isotope
dating

Major and trace element analyses were performed at Ausilicon
Analytical Testing (Guangzhou) Co., Ltd. Major elements were deter-
mined by wavelength-dispersive X-ray fluorescence spectrometry (XRF)
using fused lithium borate beads (Method P61-XRF15b; precision better
than 5 %). Rare earth elements (REE) were analyzed by inductively
coupled plasma-mass spectrometry (ICP-MS) following lithium
metaborate fusion (Method ME-MS81; precision better than 10 %). The
content of FeO was quantified through potassium dichromate titration
(Method Fe-VOLO5; precision better than 3.54 %). All results of whole-
rock composition are presented in Supplementary Table S1. Molybde-
nite Re—Os isotope analyses were performed at the National Geological
Experiment and Testing Center. Following sample decomposition,
osmium tetroxide (OsO4) vapor was trapped by aqueous absorption for
Os isotope ratio analysis. The residual solution was transferred to a
Teflon beaker for subsequent Re separation. This residue was evapo-
rated to near-dryness, alkalinized with 10 mol/L NaOH (pH adjusted),
and subjected to methyl ethyl ketone (MEK) extraction via centrifugal
oscillation. The organic phase was transferred to a Teflon beaker, with
solvents volatilized at 50 °C followed by drying at 120 °C. prior to final
drying, residual Os was eliminated by dropwise addition of H,O5 and
concentrated HNOs. The resulting residue was dissolved in HNOj3 for Re
isotope ratio determination using an X-Series ICP-MS. Detailed proced-
ures follow Du et al. (2012).

3.3. Zircon U—PD isotopes and trace elements

Six granite samples were collected from the Yangchuling-Guaishan
area for zircon chronology and mineralogical studies (Fig. 1). The
separated zircons were encapsulated in epoxy and polished to a thick-
ness of 20 pm. Ablation sites were selected based on cath-
odoluminescence (CL) petrography to ensure sites were in zones of
oscillatory growth associated with magmatic origins (Fig. S1) (Hoskin,
2005). Isotopes and elements were analyzed simultaneously by LA-ICP-
MS at the Institute of Mineral Resources, Chinese Academy of Geological
Sciences. NIST610 glass and °'Zr were used as external and internal
standards, respectively. Blank signal, element content, and isotopic
calculations were selected using the ICPMSDATACAL program (Liu
et al., 2008). The dating diagrams were plotted using the software
“IsoplotR” (Vermeesch, 2018).

3.4. Estimates of zircon geochemistry index

To eliminate inherited zircons, only U—Pb dating grains considered
temporally compatible were selected for trace element analysis based on
three criteria—LREE Index (LREE-I) > 10, Ti < 50 ppm, and La < 1
ppm—to minimize the effects of hydrothermal alteration, inclusions and
inherited cores on analytical ablation spot (Bell et al., 2016, 2019;
Loucks et al., 2020). In parental magma, the trace element composition
of zircon records the physicochemical conditions during crystallization
(Loucks et al., 2024; Roberts et al., 2024). Several zircon oxy-barometry
methods have been proposed to estimate magma fop (Burnham and
Berry, 2012; Loader et al., 2017; Loucks et al., 2020; Smythe and Brenan,
2015; Trail et al., 2012). As heterovalent Ce species are sensitive to fo2
variations, the ratio of Ce4+/Ce§’i§con can serve as a semiquantitative
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proxy for melt foy during zircon crystallization (Burnham and Berry,
2012; Loader et al., 2017). In this study, both Smythe and Brenan (2015)
and Loucks et al. (2020) models were applied to constrain the foo of W-
Sn-rich magma quantitatively. The oxy-barometry of Smythe and
Brenan (2015) is primarily based on a calibration model that relates foy
to four parameters: melt composition, H>O content, temperature (Tri.in-
sircon) and Ce**/CeZiy. In contrast to the former oxy-barometry (Loucks
et al., 2020), the method does not rely on the composition or water
content of the parental melt but only considers the amounts of Ti, Ce,
and initial U (Uj) in age-corrected zircons.

4. Results
4.1. Chemical composition of granitoid

The whole-rock element compositions of the six granitoid groups
from the Yangchuling deposit and Guaishan area are shown in Supple-
mentary Table S1. All of them are weakly peraluminous granitoids with
high SiOy (66.80-73.53 %), K20 + NaO (6.56-8.53 %) and A/CNK
(0.97-1.07) (Fig. S2 a, b). All whole-rock samples exhibit largely parallel
pattern curves in Fig. S3, with the CG granodiorites from Yangchuling
and the Guaishan showing completely overlapping distribution curves
for both REE and trace elements (Fig. S3 a, b). The trace element com-
positions, along with their consistent structure and major element
compositions (Fig. S2), suggest that both the Guaishan CG and
Yangchuling CG granodiorites form part of the regional granodiorite
batholith. The intermediate Zr concentration and moderately high Ga/
Al ratio, combined with the negative correlation trend between P and Si,
suggest that all granitoid samples are fractionated I-type granitoids
(Fig. S2 ¢, d). These granitoids differ significantly from the typical highly
differentiated granitoids in the Dahutang ore field and exhibit weakly
negative anomalies in Eu, Sr and Ba (Fig. S3a, b). The results indicate
that the Yangchuling-Guaishan granitoid is a weakly peraluminous I-
type granitoid with weak differentiation. Although PGP has the highest
SiO, content and the lowest Mg# value (30), this may be attributed to its
high degree of differentiation, characterized by a higher differentiation
index (DI = 87) and greater depletion of Ti and P (Fig. 4b).

4.2. Zircon and molybdenite dating

This study presents comprehensive dating data for zircons and mo-
lybdenites from Yangchuling and Guaishan (Supplementary Table S2
and S3). The six groups of zircons obtained from five sets of Yangchuling
granitoids (YCL-11, KD2-4, YCL-1, KD6-4 and KD5-1) and one set from
the Guaishan CG granodiorite (GD1-4) morphologically differ from
hydrothermal zircon. All of them exhibit clear oscillatory growth
zoning, characterized by light to dark gray hues. The six samples yield
ages of 143.9 + 0.8 Ma (YCL-11), 142.8 + 0.8 Ma (KD2-4), 144.2 + 0.7
Ma (YCL-1), 143.0 £+ 0.6 Ma (KD6-4), 143.3 £+ 0.9 Ma (KD5-1) and
143.6 + 0.6 Ma (GD1-4), respectively (Fig. 4). Their weighted mean
ages are consistent with their concordia ages: 143.3 + 0.8 Ma, 142.4 +
0.7 Ma, 144.2 + 0.7 Ma, 142.6 + 0.6 Ma, 141.7 + 0.8 Ma, and 143.6 +
0.6 Ma. Both the Yangchuling and Guaishan CG granodiorites exhibit a
consistent mineral composition and coarse-grained porphyritic struc-
ture. Moreover, their consistent crystallization times suggest that their
emplacement occurred during the same magmatic event. Along with the
other four types of intrusive rocks (BM, FBG, BGP, CG and PGP), five
magmatic events are identified in the study area. Except for sample
KD14-1, the other four molybdenite samples (KD2-3, KD3-3, KD12-1
and KD13-1) from the Yangchuling deposit yield a narrow range of
Re—0Os ages (141.3-144.4 Ma) with a weighted mean age of 143.8 +
1.9 Ma (Fig. 5). The Re concentrations are predominantly in the range of
41 ppm to 109 ppm, with an average of 52 ppm, which is moderately
high (Supplementary Table S3). Five data points with different Re
concentrations fit an isochron with a weighted mean age of 143.8 + 1.9
Ma (Fig. 5). Therefore, mineralization within error is coeval with
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diagenesis during the Early Cretaceous in the Yangchuling-Guaishan
area.

4.3. Zircon composition and oxy-barometry

The chemical compositions of zircons from the Yangchuling and
Guaishan granites are listed in Supplementary Table S4. The zircon
grains from the Yangchuling and Guaishan areas are identified as
magmatic zircons due to their oscillatory zoned structure (Fig. S2) and
low light REE (LREE) contents, which are distinctly different from those
of hydrothermal zircons (Fig. 6) (Hoskin, 2005). The estimated fo2 of the
early magma yields a narrow range around the fayalite-magnetite-
quartz (FMQ) buffer, using both Smythe and Brenan (2015) and
Loucks et al. (2020) models (Fig. 7). The foo estimated by the oxy-
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barometry model of Smythe and Brenan (2015) is 0.5 logarithmic
units higher than that of the Loucks et al. (2020) model, due to an in-
accuracy in the water content of the intrusions. The Loucks et al. (2020)
method does not rely on the composition or water content of the
parental melt, so the fo, estimation applies the model uniformly for a
parallel comparison between the Yangchuling deposit and the Guaishan
area.

5. Discussion
5.1. Diagenetic and metallogenic timing

Jurassic-Cretaceous magmatism of the JTOB resulted in the forma-
tion of numerous porphyry-skarn W—Sn polymetallic deposits with
diverse metallogenic element assemblages, e.g., Dahutang (W-Cu-Mo),
Zhuxi (W—Cu), Yangchuling (W—Mo), Xianglushan (W), Pengshan (Sn-
Pb-Zn) and Zhuxiling (W—Mo) (Mao et al., 2020; Yin et al., 2024). The
previously determined zircon crystallization ages of granitoids range
from 144 to 150 Ma, spanning the Late Jurassic to Early Cretaceous (Fan
et al., 2022; Mao et al., 2017). In this study, we present six sets of high-
precision diagenetic age data and identify five magmatic events. The
first four magmatic events are dated to 143.9 & 0.8 Ma (BM), 142.8 +
0.8 Ma (FBG), 144.2 + 0.7 Ma (BGP) and 143.0 + 0.6 Ma (CG from
Yangchuling) and 143.6 + 0.6 Ma (CG from Guaishan), all of which are
associated with W—Mo mineralization. Crosscutting relationships
confirm the fifth intrusive phase (143.3 + 0.9 Ma; PGP) postdates
mineralization, as it truncates both the older four granites and W—Mo
orebodies. (Fig. 2 and Fig. 3f). Therefore, these five magmatic events
occurred over a brief interval (143-144 Ma) during the Early Cretaceous
in the Yangchuling-Guaishan area, as shown by our new age-dating data.

Re—Os dating of molybdenite from molybdenite-scheelite-quartz
veins constrains the ore-forming age at 143.8 + 1.9 Ma (MSWD = 0.6)
in the Yangchuling deposit, directly timing the mineralizing hydro-
thermal event. (Fig. 5, Supplementary Table S3). There is a strong
agreement between the zircon age of 143-144 Ma and the age of
molybdenite Re—Os. Therefore, diagenesis and mineralization occurred
nearly simultaneously in the Early Cretaceous. The molybdenite Re—Os
ages of the Yangchuling deposit are similar to those of the Dahutang,
Zhuxi, Dongyuan, and Matou deposits (Fig. 1, Supplementary Table S3).
However, the Re concentrations from the molybdenite of these deposits
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show considerable fluctuations. According to the mass balance model in
porphyry-metallogenic systems, Re-rich or Re-poor molybdenum can
serve as indicators of specific deposit types (e.g., porphyry Cu—Mo or
Climax-type Mo deposits; Stein et al., 2001). Published Re—Os data
(Mao et al., 2017; Zeng et al., 2019), along with our new data, indicate
that molybdenite from the Yangchuling deposit has moderately high Re
concentrations averaging 68 ppm (Supplementary Table S3). Rhenium
concentrations in molybdenites are related to the Re source (Mao et al.,
1999). The sources of the parental magmas for Xianglushan, Shimensi
and Meizikeng are crust-dominated, with low-Re molybdenite (less than
20 ppm; Xiang et al., 2013; Dai et al., 2018; Song et al., 2018), while the
formation of the Yangchuling deposit, which contains high-Re molyb-
denite (more than 20 ppm), may involve a higher proportion of mantle-
derived components.

5.2. Hybrid sources of W-rich magma

Generally, metasediment-derived granites have lower Th/U and Ce/
U ratios than those derived from the infracrustal melting of enriched
basalt owing to relatively reduced conditions and co-crystallizing
monazite during zircon crystallization (Foden et al., 2015; Roberts
et al., 2024). The Yangchuling and Guaishan granites are classified as
‘hybrid’ S-type. They are partially located in the overprinting region of
‘hybrid’ S-type and I-type granites (Fig. 9a). From early to late magmatic
stages, the granitic melts exhibit progressively higher Ce/U and Th/U
ratios (Fig. 9b), accompanied by decreasing SiOy content (averaging
from 70.84 % to 67.84 %), increasing MgO content (averaging from
0.84 % to 1.41 %) and increasing Mg” value (averaging from 38 to 42)
(Supplementary Table S1), suggesting that the increasing contribution
of mantle-derived components played an important role in the transition
from granitic to granodioritic magmas. An increasing degree of differ-
entiation is typically accompanied by increasing Hf content and
decreasing titanium saturation temperature in zircon (TTi.in-zircon), as
shown in Fig. 8b (Samperton et al., 2015). Increasing Hf content and
decreasing zircon Trj.in_zircon Show a linear tendency toward reducing fos
in each zircon group (Fig. 8¢, d). Additionally, the late PGP granite ex-
hibits the highest Tri.in-zircon and foz in the Yangchuling deposit (Fig. 8b-
d), which may indicate the involvement of a larger mantle-source
component through extensional thinning (see the following text for
details).

Although previous studies classify the granitoids of Yangchuling as I-
type (Mao et al., 2017; Song et al., 2023; Xu et al., 2023), the foq of the
early magma exhibits moderate reductive features, similar to those of
Dahutang and Zhuxi, characterized by a weak negative value of AFMQ.
The I-type granitoids from Yangchuling show the opposite characteristic
of low fp2, which may be mainly controlled by the composition of the
source region. The plot of Nb/Yb vs. U;/Yb shows that the early BM, FBG
and BGP granites originated from 60 % to 70 % mixing with existing
crust (Fig. 10a, b), with trends arising from either the depleted mantle
(DM) or the primitive mantle (PM) toward evolved upper crust (Mole
et al., 2021). The proportion of crustal source components in the
Yangchuling granites gradually decreases from early to late stages, as
indicated by the blue dotted line in Fig. 10b. The magmas associated
with large-scale W—Sn polymetallic mineralization in the JTOB (e.g.,
Zhuxi, Dahutang and Yangchuling; Zhang et al., 2020; Yin et al., 2025)
are typically of high crustal derivation, comprising 60 %-70 % crust-
derived components (brown elliptical region, Fig. 10b).

5.3. H,O-saturated ascent

The average zircon 10% x (Eu/Eu*)/Y values of ore-related granites
from the Yangchuling deposit (2.13) are consistently higher than those
of reductive S-type granites from Shimensi (1.37), Kunshan (0.93) and
the Zhuxi deposit (1.47) (Supplementary Table S4) (Lu et al., 2016). This
result indicates that I-type granitic magma from the Yangchuling ex-
hibits a highly hydrated nature, significantly more hydrated than S-type
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granitic magma from the Dahutang and Zhuxi deposits. Notably, a
negative correlation between the hydrous indicators of (Eu/Eu*)/Yby
and zircon foy supports a decompressive HoO-saturated ascent for the
parental melt in the Yangchuling W—Mo deposit (Fig. 11d), consistent
with similar findings for other porphyry system-related granitoids
(Loucks and Fiorentini, 2023). Elevated Rb/Sr ratios (>1) in granitic
rocks typically indicate derivation from partial melting of mica-rich
metapelitic source region (Castro et al, 1999; Sylvester, 1998).
Furthermore, an Rb/Sr ratio of 5 serves as the threshold value demar-
cating muscovite-dominant versus biotite-dominant partial melting re-
gimes in source terrains (Wang et al., 2003). Samples from the Pengshan
and Lianhuashan Sn-enriched magmatic suites exhibit Rb/Sr ratios
consistently >5, diagnostic of derivation through partial melting of
muscovite (Fig. 12a). In contrast, the Kunshan W-rich magmas at
Dahutang display Rb/Sr ratios ranging from 2.17 to 14.15, indicative of
partial melting involving both biotite and muscovite breakdown
(Fig. 12a).

Water in a magma system typically originates from the dehydration
of hydrous minerals or the incorporation of external water (Brown,
2013; Collins et al., 2020). Granitic rocks from Kunshan (Dahutang),
Maopengdian (Lianhuashan) and Pengshan exhibit a negative Rb/Sr-Ba
correlation diagnostic of muscovite-dehydration melting (Fig. 12a). In
contrast, Yangchuling samples display tightly clustered Rb/Sr ratios
across variable Ba concentrations, closely resembling HyO-fluxed
melting trends (Inger and Harris, 1993) (Fig. 12b). In addition, Fig. 12¢c
further highlights the petrogenetic divergence of Yangchuling samples,
manifesting low-Rb/high-Sr signatures diagnostic of HyO-fluxed
melting. This contrasts sharply with the high-Rb/low-Sr fingerprint
characteristic of dehydration melting established across other sample
suites (Gao et al., 2017). The W-Mo-rich I-type granites from the
Yangchuling and Zhuxiling deposits originated through HyO-fluxed
melting, whereas the W-rich S-type granites from the Shimensi and
Kunshan deposits, characterized by lower FeO content and NayO/K30
ratios, formed via dehydration melting (Fig. 12d; Weinberg and
Hasalova, 2015).

Furthermore, the lower Triinsircon Values provide evidence sup-
porting the involvement of external water in the generation of the W-
Mo-rich magma in the Yangchuling deposit. An increase of 1 wt% in
water content within the source region would decrease the melting
temperature by ~30 to 150 °C (Ge et al., 2022). The presence of external
water lowered the solidus temperature of the source components,
enabling partial melting of the ore-related granites in the Yangchuling
deposit at an average temperature of 669 °C, significantly lower than the
Shimensi (774 °C), Kunshan (703 °C), and Zhuxi deposit (684 °C). This
finding aligns with the parental magma in the Yangchuling deposit
having higher water content, which facilitated a decompressive HyO-
saturated ascent, as evidenced by elevated (Eu/Eu*)/Yby ratios and
their inverse relationship with zircon foy (Fig. 11d). In contrast to the
HoO-unsaturation ascent caused by dehydration melting in Zhuxi,
Kunshan and Shimensi, the HyO-saturation ascent of the relatively HoO-
rich Yangchuling magmas suggests that their melting reactions were
mainly driven by water-fluxed melting (Weinberg and Hasalova, 2015).

In addition, the lack of positive correlation between Ybyn/Gdy and
Eu/Eu*, along with the significant deviation of data points from the
titanite fractionation curve (Fig. 8a), indicates limited titanite co-
crystallization (Loader et al., 2017). The Eu anomaly serves as an indi-
cator of the abundance of separated plagioclase from the differentiated
melt (Loucks and Fiorentini, 2023), as the impact of limited titanite co-
crystallization on the Eu anomaly is minimal. The zircons of the
Yangchuling granites generally exhibit a higher Eu/Eu* ratio than those
of the Dahutang and Zhuxi granites (Zhang et al., 2020), suggesting a
higher degree of plagioclase separation and, therefore, an origin from
deeper crustal depths (Tang et al., 2024). Therefore, the significantly
reduced Eu/Eu* ratio, as observed from BM granite to late-stage granites
in Fig. S4, suggests crustal thinning of plagioclase-dominated crystalli-
zation at shallow depths (Tang et al., 2024). The decreased Eu/Eu* ratio
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in the late-stage magma likely reflects the shift in the intraplate tectonic
regime from compressional to extensional, promoting decompressive
dehydration of the granitic melt. This process facilitated the exsolution
of tungsten-bearing HyO-rich fluids, contributing to the mineralization
during the late magmatic stage.

5.4. H20-fluxed melting triggers the formation of W-rich magma

Water-fluxed melting plays a pivotal role in both the destruction of
cratons and the ongoing development of an orogen, primarily by the
weakening of the orogenic core or lower crust (Ge et al., 2023; Yang
et al., 2022). Fluid channels form by primary faults or inherited fractures
that develop from an arc-back system of crustal shortening (Dong et al.,
2023), creating pathways for fluid migration (Fig. 13a). The break-off
and foundering of subducted Paleo-Pacific plates led to both lateral
and vertical flow of asthenosphere (Sun et al., 2024). Local heating of
the thickened lower crust and subcontinental lithosphere causes the
dehydration of the lithospheric roots.

Volatile and water-rich fluids are fed through the channel to the
upper W-rich source region, resulting in HoO-fluxed melting within the
layer and the formation of the fertile W-rich parental magma of BM
(Fig. 13a). Recirculating water released from the break-off or foundering
of deep slabs and/or hydrated lithospheric roots can lower the solidus
temperature of the W-rich source region, which is characterized by a low
melting temperature (~690 °C, Fig. 8b and Supplementary Table S4).
Furthermore, low-temperature partial melting (<750 °C) facilitates
muscovite consumption, releasing W from the protolith into melts. This
resolves the apparent paradox of decoupled W—Sn mineralization (Zhao
et al., 2022b). Consequently, HyO-fluxed melting of 70 % crustal ma-
terials at low temperatures promotes the generation of BM’s fertile W-
bearing magma (Fig. 10b). The resulting HyO-fluxed melting plays a
crucial role in the HyO-saturated ascent and emplacement of magmas, as
well as the development of local extensional tectonics (Weinberg and
Hasalova, 2015). As the fault evolves into fracture walls (Fig. 13b),
mantle source material is continuously supplied to the magma source
region, as evidenced by the gradual increase in mantle-derived compo-
nents from BM to FBG, BGP, CG and PGP (Fig. 10b). This corresponds to
the evolutionary trend from ‘hybrid’ S-type to I-type granite from the
early to late stages in the Yangchuling deposit (Fig. 9b). Similarly, the
zircon eyf(t) (—1.63) and whole-rock enqg(t) (—5.17) values of the late CG
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granite are higher than those of the early BM granite (—1.98 and — 5.43,
respectively), while the PGP granite displays the highest exq(t) value of
—5.10 (Huang et al., 2023; Mao et al., 2017). The Nd—Hf isotope evi-
dence also suggests the incorporation of an increasing proportion of
mantle-derived components in the late-stage granites. The heat and mass
transfer associated with water-fluxed melting promotes the expansion of
the melting region and the generation of new magma, increasingly
enriched in mantle-derived components, reshaping the lithospheric
roots and enhancing the extensional dynamics (Fig. 13b).

Expansion of the melting zone (Fig. 13c) triggers gravitational
delamination of the thickened lower crust via density instability. The
overlying layer of the delaminated terrane is further heated by the influx
of mantle material, resulting in a rise in the geothermal gradient. The
hydrous minerals in the overlying strata of the magma chamber of the
CG granodiorite begin to dehydrate, leading to the dehydration melting
in this region. In addition, the merging of ~65 % of the mantle-derived
materials through inherited channels forms the parental magma of PGP
and the strengthens crustal extension (Fig. 10b, Fig. 13c). The delami-
nation further enhanced the extensional tectonic regime and influenced
the flow patterns of the deep asthenosphere (Fig. 13c). Finally, in the
post-delamination stage, mantle-derived material refills the void be-
tween delaminated terrane and overlying strata, enhancing the melting
of the delaminated terrane to form mantle-derived parental magma of
spessartite (Fig. 13d). This intrusion of synplutonic spessartite dikes
clearly reflects the dynamic characteristics of the tectonic setting, where
extensional forces facilitate the development of pathways for deep
magma ascent, significantly extending and thinning the crust. This
suggests an intraplate post-compressional extensional tectonic transition
around 144 Ma in the middle segment of the JOB. The completion of the
intrusion of the synplutonic spessartite dikes marks the cessation of
tectonic-magmatic-hydrothermal activity in the Yangchuling deposit.
This interpretation of the tectonic regime transition in the Yangchuling
deposit during the Late Jurassic to Early Cretaceous is spatially and
temporally consistent with the opening of the JOB intraplate window
driven by the subduction of Paleo-Pacific and Izanagi plates beneath the
JOB, which triggered depth-dependent extension, crustal thinning, and
melting that resulted in the production of W-mineralizing granitoids at
~145-137 Ma (Dong et al., 2023; Li et al., 2014).

The trend toward I-type granite with increasing fop may be associ-
ated with a decline in magma fertility for W-mineralization. The
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Fig. 9. Plots of Ce/U vs. Th/U for magmatic zircons of granites for the Yangchuling-Guaishan area. The distinguishing plots for I-type, hybrid S-type and pure S-type
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decreased grade of tungsten ore hosted in the late-stage BGP, CG and
non-mineralized PGP granites in the Yangchuling deposit, along with
the CG granite characterized by weak molybdenum mineralization in
the Guaishan area. The increased mantle-derived contribution weak-
ened the fertility of late-stage BGP and CG granites. In contrast, the BM
and FBG granites host primary scheelite-bearing quartz-vein orebodies.
The weakening of W-mineralization potential in the late-stage BGP and
CG granites in the Yangchuling-Guaishan area may be attributed to the
depletion of tungsten in melts caused by an increased mantle contri-
bution, which consequently reduces the tungsten budget in the source
region. In conclusion, extensional thinning of the crust reduces the
residence time of ore-related melt in the crust and promotes the for-
mation of a weakly peraluminous, moderately differentiated felsic
magma with fewer volatiles in the Yangchuling deposit (Karakas and
Dufek, 2015), coupled with the absence of volatile-rich alteration e.g.,
fluoritization and the previously mentioned whole-rock elemental
properties of a weak-negative Eu anomaly and a weakly peraluminous
composition, which is distinct from the volatile-rich, highly differenti-
ated, strongly peraluminous magma found in the Dahutang and Zhuxi
ore field (Song et al., 2022; Xiang et al., 2015).
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6. Conclusions

Our comprehensive analysis of the in-situ elemental and U—Pb iso-
topes of zircons, whole-rock composition of granitoids, and Re—Os
isotopic studies of molybdenite from the Yangchuling-Guaishan area
provides robust evidence for identifying the hybrid sources of Early
Cretaceous intrusions. Additionally, this study highlights a key role of
water-fluxed melting in the generation of W-rich magma that was
accompanied by a temporally increased proportions of mantle-derived
components in the magmatic succession. thereby enhancing the under-
standing of tungsten mineralization.

(1) The magmas associated with large-scale W—Sn polymetallic
mineralization in the JTOB are typically of high crustal derivation (~60
%-70 %).

(2) Compared to S-type W-rich granitic magma in the JTOB, the I-
type granitic magma in the Yangchuling deposit was derived by water-
fluxed melting, its high HyO saturation content facilitated decom-
pressive HpO-saturated ascent.

(3) The early water-fluxed melting triggered the formation of a W-
rich fertile magmatic succession that is characterized by lower temper-
ature, higher content of SiO,, a higher proportion of crustal source
components and provided HyO-saturated ascent compared to the later
barren magmas.
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Fig. 13. The water-fluxed melt channelization & gravitational delamination (WMCGD) model and its role in generating W-rich magmas. (a) Dehydration of lith-
ospheric roots and/or deep recirculating water released from the break-off or foundering of deep slabs, along with the release of volatiles, promote water-fluxed
melting in the hot W-rich source region, forming the fertile W-rich parental magma of biotite monzogranite (BM). (b) Water-fluxed melting, lasting until the
maximum volume of coarse-grained granodiorite (CG) parental magma formation , has weakened the lithospheric roots, trigging the tectonic regime of extension.
This period is accompanied by an increase in mantle-derived components in the source region through fracture walls. (c) Dehydration of hydrous minerals promotes
dehydration melting in the source region of post-ore granite porphyry, with limited melt volume due to restricted replenishment of hydrous phases in intraplate
settings (Weinberg and Hasalova, 2015). (d) Mantle-derived material refills the void between gravitationally delaminated terrane and overlying strata, promoting
melting to form mantle-derived spessartite parental magma in the post-delamination stage.

(4) The increased contribution of mantle-derived components
significantly weakened the fertility of late-stage biotite granodiorite
porphyry and coarse-grained granodiorite and decreasesd the tungsten
budget in the source region. By integrating water-fluxed melt channel-
ization and density-driven gravitational delamination, the WMCGD
model (Water-fluxed Melt Channelization & Gravitational Delamina-
tion) explains how tungsten concentrations may be diluted through
mantle material entrainment.

(5) The extensional thinning of the crust reduced the residence time
of ore-related melts and promoted the formation of weakly per-
aluminous, moderately differentiated felsic magma with a lesser amount
of volatiles in the Yangchuling deposit in Early Cretaceous time
(143-144 Ma).
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