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Abstract

The Dalingshang W-Cu deposit is located in the North section of the Dahutang ore field, northern Jiangxi Province, South China.
Vein- and breccia-style tungsten-copper mineralization is genetically associated with Mesozoic S-type granitic rocks. Infrared
and conventional microthermometric studies of both gangue and ore minerals show that the homogenization temperatures for
primary fluid inclusions in wolframite (~ 340 °C) are similar to those in scheelite (~ 330 °C), but about 40 °C higher than those of
apatite (~ 300 °C) and generally 70 °C higher than those in coexisting quartz (~270 °C). Laser Raman analysis identifies CH,4 and
N, without CO; in fluid inclusions in scheelite and coexisting quartz, while fluid inclusions in quartz of the sulfide stage have
variable CO, content. The ore-forming fluids overall are characterized by high- to medium-temperature, low-salinity, CH4, N,,
and/or CO,-bearing aqueous fluids. Chalcopyrite, muscovite, and sphalerite are the most abundant solids recognized in fluid
inclusions from different ores. The H-O-S-Pb isotope compositions favor a dominantly magmatic origin for ores and fluids, while
some depleted 5>*S values (— 14.4 to — 0.9%o) of sulfides from the sulfide stage are most likely produced by an increase of oxygen
fugacity, possibly caused by inflow of oxidized meteoric waters. The microthermometric data also indicate that a simple cooling
process formed early scheelite and wolframite. However, increasing involvement of meteoric waters and fluid mixing may trigger
a successive deposition of base metal sulfides. Fluid-rock interaction was critical for scheelite mineralization as indicated by in-
situ LA-ICP-MS analysis of trace elements in scheelite.
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Introduction

China has the most abundant tungsten resources in the world,
which are mostly concentrated in the Nanling Range of central
South China in southern Jiangxi Province and adjacent areas.
However, in recent years, a cluster of W-Cu-rich deposits,
such as the gaint Dahutang and Zhuxi deposits in northern
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Jiangxi Province, has been discovered on the northern margin
of the Jiangnan Orogen in northeastern South China. The
Dahutang ore field is among the largest ones in the region
and perhaps in the world, with established resources of 2 Mt
(million tonnes) WO;, 0.65 Mt Cu, and 0.08 Mt Mo (Jiang
et al. 2015), mainly in the Shimensi, Dalingshang, and
Shiweidong deposits that are currently mined. Orebodies in
these deposits are mainly of quartz vein, veinlet, and hydro-
thermal breccia style. In recent years, most research has been
focused on mineral prospecting (Lin et al. 2006, 2006), geo-
logical features (Xiang et al. 2012, 2013; Jiang et al. 2015),
geochronology, and geochemistry of ore-related granites
(Huang and Jiang 2012, 2013, 2014; Mao et al. 2015), as well
as molybdenite chronology and metal sources (Feng et al.
2012; Mao et al. 2013; Xiang et al. 2013). The consensus view
of these studies is that the different W-Cu orebodies are tem-
porally and genetically associated with the Mesozoic granitic
rocks of crustal origin with emplacement ages of 150130 Ma.
However, origin and evolution of ore fluids have attracted
much less attention in this district, and little systematic studies
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on fluid inclusions were carried out (Gong et al. 2015; Ye et al.
2017).

In this paper, the focus of study is on the Dalingshang
deposit which occurs in the North section of the Dahutang
ore field. Comprehensive studies of fluid inclusions in both
ore minerals (wolframite and scheelite) and gangue minerals
(apatite and quartz) were carried out using infrared and con-
ventional microscopy. In addition, H-O isotopes of hydrother-
mal and igneous minerals, S-Pb isotopes of sulfide minerals,
and in-situ LA-ICP-MS analyses of scheelite trace elements
were obtained to constrain the source of the mineralizing
fluids and to clarify the mechanisms of ore deposition.

Geological setting

The South China Block includes the Yangtze Craton in the
west and the Cathaysia Block in the east, separated by the Qin-
Hang suture (Fig. l1a). The Jiangnan Orogen lies near the
boundary of the Yangtze Craton and Cathaysia Block, and is
outlined by many Meso- to Neoproterozoic metasedimentary
and igneous rocks (Fig. 1b) (Zheng et al. 2006). The Dahutang
W-Cu ore field is located on the northern margin of the

Jiangnan Orogen, consisting of the following deposits and
prospects: the large-sized Shimensi and medium-sized
Dalingshang ore deposits in the North section, the large-
sized Shiweidong deposit in the South section, and many ore
prospects in the Dawutang section, such as the Yikuangdai
(No.1 ore belt), the Pingmiao, and Dongdouya areas (Fig. 1c).

The exposed strata of the Dahutang district include
Quaternary sediments and the Neoproterozoic
metasedimentary rocks of the Shuangqiaoshan Formation
(Fig. 1c¢), which are mainly composed of siltstone, tuffaceous
sandstone, shale, and phyllite slate intercalated with minor
pyroclastic volcanic rocks (BGMRIJX 1984). The
Shuangqiaoshan Formation is dated at 824+ 5 Ma (Gao
et al. 2012) and exposed mainly in the southern part of the
Dahutang area (Fig. 1c).

Intrusive rocks in the Dahutang district consist of
Neoproterozoic granodiorite and various Mesozoic
(Yanshanian) granites. The Neoproterozoic granodiorite is
part of the Jiuling batholith, which is the largest granitoid
complex in southeastern China with a total area of greater than
2300 km? (Xiang et al. 2013). The Mesozoic granitic intru-
sions were generated by multiple episodes of magmatism
from 150 to 130 Ma (Lin et al. 2006; Jiang et al. 2015).

Fig. 1 a Tectonic map of China a
showing the main tectonic units
and the Yangtze and Cathaysia
blocks in South China. b
Distribution of granites and
volcanic rocks in South China,
showing the location of the
Dahutang W-Cu ore field
(modified after Zhou et al. 2006).
¢ Geological map of the Dahutang
ore field, which is divided into
three sections (North, South, and
Dawutang). The main ore
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Zircon U-Pb dating has bracketed their emplacement in two
stages: (1) early stage (~144—150 Ma), porphyritic granitic
rocks intruded in the Neoproterozoic batholith or in the
Shuanggiaoshan strata, occurring as stocks or dikes; (2) late
stage (130-135 Ma), middle- to fine-grained granites and
granite porphyries cut through the early-stage Mesozoic gran-
itoids or the Neoproterozoic batholith and occur as stocks,
dikes, or sills. The Neoproterozoic granodiorite and all phases
of Mesozoic granites are documented as silica-rich, strongly
peraluminous, characterized by enrichment in Rb, U, and Pb,
and depletion in Zr, Nb, Sr, and Ti. Integrated geochemical
and Sr-Nd-Hf isotope studies have provided unambiguous
evidence of an anatectic sedimentary origin for these granit-
oids (Huang and Jiang 2014; Jiang et al. 2015; Mao et al.
2015). Different orebodies are temporally and genetically as-
sociated with the Mesozoic intrusions and generally occur in
their contact zones with the Neoproterozoic granodiorite.

The main geological structures of the Dahutang district
include a series of EW- to NEE-, NE- to NNE-, NW-, and
SW-trending faults (Fig. 1c). The EW-trending faults of
Neoproterozoic age (Jinning period) and the NE- to NNE-
trending faults of Mesozoic age (Yanshanian period) are two
sets of the most important structures, spatially controlling not
only the emplacement of the Mesozoic intrusions but also the
distribution of ore deposits.

Ore deposit geology

The deposits in the Dahutang district have similar ore types,
mineralogy, and paragenesis. The Dalingshang deposit of this
study is under exploration, in which a prospecting tunnel (#81) is
currently mined. This deposit contains a total of 18 orebodies
and a total of 22,000 t WO5, among which the orebodies III and
V are the largest ones with WOj3; grade of 0.064-0.652% (aver-
age 0.140%) and 0.064-0.182 (average 0.130%), respectively
(Jiang et al. 2015). Magmatic rocks include both Neoproterozoic
and Mesozoic granitic intrusions. The Mesozoic granites have
SHRIMP zircon U-Pb ages of 130-135 Ma (Huang and Jiang
2014), consisting mainly of medium- to fine-grained two-mica
granite, fine-grained biotite granite, as well as many granite por-
phyry dykes (Figs. 2 and 3).

The Dalingshang deposit has various types of W-Cu min-
eralization: vein-type (including large quartz veins and small
veinlets), hydrothermal breccia-type, and altered granite-type,
among which the first type is of greatest importance, hosting
>95% of the total tungsten resource. The large quartz veins
vary from 0.2 to 0.7 m in thickness and about 200 to 800 m in
length. They dip steeply (70-85°) with a nearly EW strike,
and always thin out or disappear at depth. The veinlets have a
thickness between 1 and 30 mm and generally show dissem-
inated, dendritic, or mesh structures. Both large veins and
small veinlets are widely developed in the contact zones of

Mesozoic granite with the Neoproterozoic granodiorite, espe-
cially in the altered exocontact zones. On the basis of cross-
cutting relationships, mineral assemblages, and textural obser-
vations, the paragenetic sequence has been recognized
(Fig. 4), with the first stage being a pegmatite stage which
occurs mostly as centimeter- to meter-wide pegmatite crust
or shell on the top of the Mesozoic granite (“stockscheider”),
followed by a silicate-oxide stage and a sulfide stage.

In the silicate-oxide stage, the ore-bearing quartz veins
consist predominantly of quartz with some scheelite, wolfram-
ite, apatite, fluorite, and sulfides (Fig. 5; ESM Fig. 1).
Wolframite and scheelite are the most abundant ore minerals.
Wolframite commonly occurs in large veins as coarse crystals
in tabular or columnar habit, locally as fine- to medium-
grained crystals in groups or radiating aggregates (ESM Fig.
la). In contrast, scheelite mostly occurs in veinlets as fine-
grained anhedral crystal and is spatially associated with grei-
sen selvages. Nevertheless, the two kinds of minerals are often
found intergrown (Fig. 5a, b; ESM Fig. 1a—). Both wolfram-
ite and scheelite are always distributed in the vein walls, indi-
cating their deposition at an early stage of mineralization.
Occasionally, apatite can be observed in coexistence with
tungsten minerals (Fig. Sc). Pyrite is the first sulfide mineral
after tungsten deposition, and is mostly replaced by chalcopy-
rite. Chalcopyrite is typically intergrown with bornite and may
be cut by molybdenite, followed by the formation of
tetrahedrite, enargite, chalcocite, stannite, pyrrhotite, and
sphalerite. These sulfide minerals always replace early-
formed wolframite, scheelite, and apatite (Fig. 5). Minor
late-stage scheelite may occur as fillings of microfractures in
quartz, locally crosscutting or replacing early-precipitated
wolframite and chalcopyrite.

In the sulfide stage, quartz veins may contain appreciable
chalcopyrite, and subordinate bornite, pyrite, molybdenite,
tetrahedrite, enargite, and sphalerite, with minor wolframite
and scheelite. Chalcopyrite, the dominant sulfide, occurs as
anhedral masses intergrown with bornite in vein centers or as
fillings of fractures in quartz at vein margins. For this stage,
pyrite is classified in two types, with pyrite I replaced by
chalcopyrite and later-formed pyrite II cutting chalcopyrite
(Fig. 5j, k). Minor tetrahedrite and enargite commonly occur
as inclusions or “disease” in chalcopyrite. Molybdenite is lo-
cally abundant and generally exhibits hexagonal crystal shape
with a diameter of 2-20 mm. Scheelite formed as small irreg-
ular disseminations that crosscut massive chalcopyrite, indi-
cating a later formation.

Hydrothermal alteration associated with vein-type ores is
extensive, with greisenization being the major type, consisting
mainly of quartz, muscovite, and minor apatite, fluorite, and
biotite, accompanied by some wolframite, scheelite, and sul-
fide minerals (ESM Fig. 2). In general, biotite is altered to
muscovite and plagioclase is intensely converted to sericite
and quartz (ESM Fig. 2a, ). The metal content of the veins
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Fig. 2 Geological sketch map of
the Dalingshang deposit, showing
various Mesozoic granite variants
and the Neoproterozoic
granodiorite, as well as associated
ore bodies (modified after Jiang
etal. 2015)
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generally correlates positively with the intensity of
greisenization. Other subordinate alteration types include K-
feldspar alteration in endocontact zones, and protolithionite
and chlorite alteration in exocontact zones.

Besides the normal vein systems, a hydrothermal breccia
pipe occurs on the top of Mesozoic granite as a result of fluid
overpressure. It has a vertical lenticular shape and is com-
posed of altered rock fragments and cementing minerals
which consist almost entirely of quartz with minor chalcopy-
rite, molybdenite, and sphalerite (Fig. 5I; ESM Fig. 1f). The
fragments (0.3—0.5 m) can be brecciated magmatic rocks of
the Neoproterozoic granodiorite or Mesozoic granite.
Chalcopyrite and molybdenite sometimes occur as masses,
veinlets, or disseminations in cracks of quartz cements.
Hydrothermal alteration in or on the edge of breccia or sur-
rounding rocks mainly includes biotitization, greisenization,
and K-feldspar alteration.

Samples and analytical methods

All samples were collected from underground tunnel #81 in
the Dalingshang deposit. Sections for quartz vein, hydrother-
mal breccia, and ore-related granite were prepared and ob-
served under the microscope. Representative samples were
chosen for picking mineral separates for oxygen, hydrogen,
or lead isotope analysis. Quartz, feldspar, muscovite, and
some sulfide minerals (chalcopyrite, bornite, and molybde-
nite) were handpicked under a binocular microscope.

Fluid inclusion measurements

Representative samples of wolframite, scheelite, apatite, and
quartz were chosen for fluid inclusion study. Fluid inclusions

@ Springer

in wolframite were observed using an Olympus BX51 infrared
microscope equipped with a high-resolution IR camera, at
Wuhan Institute of Geology and Mineral Resources, China
Geological Survey. The infrared microthermometric study
was done on a Linkam MD600 heating/freezing stage. The
accuracy is about £0.2 °C in cooling cycles and =2 °C in
heating cycles. A cycling method for measurement as de-
scribed by Goldstein and Reynolds (1994) was adopted.

The microthermometric measurements for scheelite, apatite,
and quartz were performed using a Linkam THMSG600
heating/freezing stage mounted on a Leica DM 2500P micro-
scope in the fluid inclusion laboratory at China University of
Geosciences, Wuhan (CUGW). Temperatures were observed at
20 °C/min during freezing and heating, and less than 1 °C/min
when close to phase transitions. The precision of the measure-
ments is £0.2 °C from — 196 to 0 °C and =1 °C from 100 to
600 °C. The composition of single inclusions was identified with
a Renishaw RM-1000 Raman microspectrometer at the State
Key Laboratory of Geological Processes and Mineral
Resources, China University of Geosciences, Wuhan (GPMR-
CUGW). An Ar* (532.5 nm) laser with a source power of
20 mW (2 mW power on sample surface) was used.

Hydrogen and oxygen isotope analysis

The H-O isotopic compositions were analyzed using a
Finnigan MAT253 mass spectrometer in the Laboratory of
Stable Isotope Geochemistry, Institute of Mineral Resources,
Chinese Academy of Geological Sciences in Beijing. Water in
fluid inclusions was extracted from quartz separates by the
decrepitation method, and then was reacted with heated chro-
mium to release hydrogen for analysis. Oxygen isotope anal-
yses for quartz, feldspar, muscovite, and bulk rock were per-
formed by the conventional BrFs method described by
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Fig. 3 Geological section of line
8 in the Dalingshang deposit,
showing distribution of the major
ore types

Fig. 4 Paragenetic sequence of
the main minerals from the
Dalingshang deposit
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Fig. 5 Photomicrographs showing the typical composition and texture of
ores in the Dalingshang deposit: silicate-oxide stage (a—i), sulfide stage
(j—k), and hydrothermal breccia (I). a Intergrowth of wolframite and
scheelite in mineralized quartz vein. b Early-precipitated wolframite
and scheelite are replaced by bornite and chalcopyrite. ¢ Coexisting
wolframite and apatite, with wolframite replaced by chalcopyrite and
microveins of scheelite. d, e Wolframite is replaced by pyrite,
chalcopyrite, and molybdenite. f Coexisting scheelite and fluorite in
veinlet. g—i Apatite is replaced by later-formed sulfide minerals, such as

Clayton and Mayeda (1963). All values adopted the V-
SMOW standards with the error of = 2% for dD and +0.2%0
for 5'%0.

Sulfur isotope analysis

In-situ LA-MC-ICP-MS sulfur isotope analysis was conduct-
ed on sulfide minerals from a total of eight polished thin-
sections covering different stages. Laser sampling was per-
formed by a Resonetics-S155 excimer ArF laser ablation sys-
tem, and sulfur isotope ratios were analyzed with a Nu Plasma
II MC-ICP-MS at GPMR-CUGW. All analyses were made

@ Springer

chalcopyrite, molybdenite, bornite, and chalcocite (k is under
transmitted-light). j, k Ore minerals of the sulfide stage, showing
chalcopyrite replacing pyrite I, and overprinted by pyrite II. 1 Ore
minerals in hydrothermal breccia, showing that chalcopyrite was
replaced by sphalerite, followed by covellite filling microfractures
within chalcopyrite and sphalerite (Wo/ wolframite, Sch scheelite, Ccp
chalcopyrite, Bn bornite, Py pyrite, Mol molybdenite, F/ fluorite, Ap
apatite, Cct chalcocite, Sp sphalerite, Cv covellite)

using a 30 um laser beam with a repetition rate of 10 Hz
and an ablation time of 40 s. The national pyrite standard
WS-1 and the international sphalerite standard NBS-123 were
used in this study. The standard-sample-standard bracketing
technology was used to measure the 5°*S values. The true
sulfur isotope ratio is calculated by correction for instrumental
mass bias by linear interpolation between the biases calculated
from two neighboring standard analyses. Isotope ratio data are
reported relative to Vienna Cafion Diablo troilite (V-CDT) in
terms of conventional per mil deviation (%c). The analytical
uncertainties in this study are about 0.1%o. Detailed analytical
conditions and procedures can be seen in Zhu et al. (2017).
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Lead isotope analysis

The lead isotope analysis for 15 sulfide samples (chalcopyrite,
molybdenite, and bornite) and 5 granitic feldspar samples
were performed on a Neptune Plus MC-ICP-MS at the State
Key Laboratory for Mineral Deposits Research of Nanjing
University. Sulfide samples were dissolved by concentrated
HCI + HNOj; and feldspar samples were dissolved in concen-
trated HF + HNOs. A two-column AG 1-X8 anion resin meth-
od was then used to separate and purify the Pb. Lead isotope
ratios were measured using the Neptune Plus MC-ICP-MS
and the obtained ratios were compared to the Pb reference
standard NBS-981, with analytical reproducibility of 0.1%o
for ***Pb/***Pb and **"Pb/***Pb, and 0.2% for ***Pb/***Pb.

OM-CL imaging of scheelite

A total of eight polished thin-sections for in-situ LA-ICP-MS
analysis were prepared from different scheelite ores of the
Dalingshang deposit. The scheelite samples can be subdivided
into four groups according to their field occurrence and mi-
croscopic crystal morphology. Type 1 scheelite formed in the
greisenization zone of altered Mesozoic granite and can ex-
hibit euhedral or anhedral crystal shape. Type 2 and type 3
scheelite is from the silicate-oxide stage and is hosted in vein-
lets from the endocontact and exocontact zones of altered
granitic rocks, respectively. Type 4 scheelite is from the sul-
fide stage and occurs as thin veinlets crosscutting chalcopy-
rite. The thin sections were initially examined using a CL8200
MKS5-type cathodoluminescence microscope (OM-CL) at
CUGW. Extensive CL imaging reveals that almost all schee-
lite samples have inhomogenous CL colors within single
grains, commonly with a bright CL core and large bluish CL
rims (ESM Fig. 2g—i), which reflect the inhomogeneous dis-
tribution of minor elements such as REE (Brugger et al. 2000).

LA-ICP-MS analysis of trace elements in scheelite

On the basis of CL images, a total of 65 LA-ICP-MS trace
element analyses were performed on 13 scheelite grains at
Nanjing Focu MS Technology Co. Ltd., China. Ablation
was done using a Photon Machines Excite 193 nm ArF
excimer laser coupled to an Agilent 7700x ICP-MS. The ab-
lation spot size was 40 um in diameter, and the laser system
was operated at an energy density of 6.71 J/em® with a repe-
tition rate of 7 Hz. Each analysis involves ~ 15 s background
followed by ~40 s sample acquisition. NIST SRM 610 and
612 were used as external calibration standards for mass dis-
crimination and time-drift sensitivity correction of the ICP-
MS (Liu et al. 2008), and 42Ca was used as an internal stan-
dard. Data reduction was done through /CPMSDataCal.

Results

Petrography and microthermometry of fluid
inclusions

Representative samples of wolframite, scheelite, apatite, and
quartz were chosen for fluid inclusion study. Detailed fluid
inclusion petrography revealed three types of fluid inclusions:
(1) liquid-rich two-phase aqueous fluid inclusions (type Ia),
(2) vapor-rich two-phase aqueous fluid inclusions (type Ib),
and (3) three-phase aqueous inclusions containing a solid
crystal (type II). Type la inclusions are always the most abun-
dant in all minerals, accounting for more than 95% of the total
inclusion numbers. Type II inclusions are subordinate and
represent about 4% of the total numbers. Type Ib inclusions
are scarce, and only occur in a few cases in the whole sections.
For ore-associated granite, some melt inclusions and fluid-
melt inclusions were identified.

Microthermometric measurements of fluid inclusions in
wolframite and apatite were conducted on fluid inclusion as-
semblages (FIA) if the inclusions were trapped along growth
bands (Goldstein and Reynolds 1994; Goldstein 2003). At the
Dalingshang deposit, no growth bands were observed in
scheelite and quartz, and thus fluid inclusion data were obtain-
ed from primary inclusion groups which have similar heating
and freezing behavior. All the type II inclusions are partially
homogenized with the disappearance of vapor, and no disso-
lution of either opaque or transparent crystals could be ob-
served prior to decrepitation. Coexisting type Ia, Ib, and II
inclusions homogenize at roughly similar temperatures and
salinities, indicating that they have been trapped at the same
time and thus represent an FIA.

The salinities of fluid inclusions were estimated from ice-
melting temperatures (7;,.ice) using the formula of Hall et al.
(1988) for the NaCl-H,O system. The summary of
microthermometric data is given in Table 1 and graphically
illustrated in Fig. 6.

Fluid inclusions in the silicate-oxide stage

For the silicate-oxide stage, fluid inclusions have been studied
in wolframite, scheelite, apatite, and their coexisting quartz.
Only type Ia inclusions can be observed in wolframite. These
inclusions generally show rounded-rectangular shape, with
the vapor bubble occupying less than 30% of the total volume.
They generally occur as singles or clusters within the growth
bands in wolframite (ESM Fig. 3a—c), suggesting a primary
origin. Infrared microthermometric study shows that fluid in-
clusion assemblages in wolframite have ice-melting tempera-
tures (Tpn.ice) from —4.1 to —6.3 °C, equivalent to salinities
from 6.6 to 9.6 wt% NaCl.,, and homogenization tempera-
tures (7},) from 310 to 369 °C.
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Table 1 Summary of

microthermometric data in the Samples Minerals Tnice (°C)* Salinity (wt% NaCleg) T;, (°C)°

Dalingshang deposit, northern

Jiangxi Province Silicate-oxide stage (large vein)
BYJ-7 Wolframite —541t0—5.7(10) 8.4-8.8 (10) 327-369 (11)
BYJ-10 Wolframite —-58t0—6.3(8) 9.0-9.6 (8) 333-354 (11)
BYJ-14 Wolframite —-4.1t0—5.3(17) 6.6-8.3 (17) 310-367 (25)
BYJ-9 Scheelite —-53t0—-6.3(12) 8.3-9.6 (12) 306-367 (21)
BYJ-14 Scheelite —43t0—5.6 (8) 6.9-8.7 (8) 318-345 (8)
BYJ-9 Apatite —42t0—5.3(18) 6.7-8.3 (18) 276-345 (26)
BYJ-10 Apatite —3.7t0—6.0 (19) 6.0-9.2 (19) 279-320 (28)
BYJ-7 Quartz —-23t0—5.3(49) 3.9-8.3 (49) 210-343 (58)
BYJ-8 Quartz —2.8t0—6.0 (41) 4.6-9.2 (41) 233-334 (48)
Silicate-oxide stage (veinlet)
BYJ-18 Scheelite —-09t0o—1.7 (18) 1.6-2.9 (18) 292-326 (20)
BYJ-19 Scheelite —2.1t0—4.5(14) 3.7-7.2 (14) 280-336 (20)
BYJ-18 Apatite —1.6to —2.7 (10) 2.7-4.5 (10) 265-298 (14)
BYJ-20 Apatite —-28t0—3.8(14) 4.7-6.2 (14) 272-307 (21)
BYJ-18 Quartz —-1.2t0—3.1(20) 2.1-5.1 (20) 205-307 (22)
BYJ-20 Quartz -3.0t0o—5.0(19) 5.0t07.9(19) 201-289 (24)
Sulfide stage
BYJ-6 Quartz —1.6t0o—2.5(24) 2.7-4.2 (24) 186223 (24)
BYJ-16 Quartz —1.6to —3.7 (49) 2.7-6.0 (49) 211-309 (49)
Hydrothermal breccia
BYJ-1 Quartz —24t0-6.3(31) 4.0-9.6 (31) 205-364 (36)
BYJ-2 Quartz —2.0t0—5.7(22) 3.4-8.8 (22) 197-342 (28)
BYJ4 Quartz —-1.5t0-5432) 2.6-84 (32) 176-328 (32)

Numbers in brackets represent the number of measurements

*Final melting temperature of ice

® Total homogenization temperature of type Ia and Ib inclusions, or partial homogenization temperature of type II

inclusions with a solid

Fluid inclusions in scheelite and apatite are primarily type
Ia inclusions, accompanied by a few type Il inclusions with an
unidentified opaque solid (ESM Fig. 3d, g), and several type
Ib inclusions. However, quartz coexisting with wolframite,
scheelite, and apatite contains much more solid species such
as chalcopyrite, muscovite, sphalerite, as well as various un-
identified transparent phases. Type Ib inclusions in all min-
erals are scarce, characterized by subrounded shapes and high
vapor volumetric proportions with a small amount of liquid
attached to the dark bubble. Generally, fluid inclusion assem-
blages in these minerals show a variety of morphologies from
rounded-rectangular, ellipsoidal shapes to rhomb or negative
forms. They are always in clusters or trails, with variable size
from 3 to 30 um.

Conventional microscopic measurements of fluid inclu-
sion assemblages in scheelite, apatite, and intergrowth
quartz show that they have different salinities and temper-
atures (Table 1). Fluid inclusions in large quartz vein min-
erals have salinities varying from 6.9 to 9.6 wt% NaCl,q
(scheelite), 6.0 to 9.2 wt% NaClq (apatite), and 3.9 to
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9.2 wt% NaClyq (quartz), respectively. Their Tj, values
show values from 306 to 367, 276 to 345, and 210 to
343 °C, respectively. The calculated salinities of fluid in-
clusions in veinlet minerals are mainly in the range of
1.6-7.2 wt% NaClgq (scheelite), 2.7-6.2 wt% NaCl.q (ap-
atite), and 2.1-7.9 wt% NaCl,, (quartz), respectively.
Their measured 7j, values are in the range of 280-336,
265-307, and 201-307 °C, respectively.

Fluid inclusions in the sulfide stage

For the sulfide stage, only fluid inclusions in quartz can be
observed and analyzed. Type Ia inclusions and a few type II
inclusions with chalcopyrite are observed. Fluid inclusion as-
semblages in this stage yield distinctly lower salinities and
temperatures than those of quartz in the silicate-oxide stage
(Table 1). The estimated salinities using the Ty, .. values
range from 2.7 to 6.0 wt% NaCl,,, whereas the measured 7T},
values are in the range of 186-309 °C.
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Fig.6 Histograms of homogenization temperatures (left) and salinities (right) of fluid inclusion assemblages from different ore stages in the Dalingshang

deposit

Fluid inclusions in hydrothermal breccia

Fluid inclusions in hydrothermal breccia have comparatively
larger sizes (5—40 pwm) with more irregular shapes compared
to fluid inclusions in quartz veins (ESM Fig. 31). Type la
inclusions account for more than 98% of the total inclusion
numbers, whereas type Ib and II inclusions only occur in a few
cases. The solid species in type II inclusions can be crystals of
chalcopyrite or muscovite.

In the hydrothermal breccia, fluid inclusion assemblages
have salinity values ranging from 2.6 to 9.6 wt% NaCl,.
They are totally homogenized at temperatures of 176—
364 °C with a tri-modal distribution of 7, values, including
the low 7, region from 170 to 240 °C, the middle 7}, region

from 250 to 300 °C, and the high 7}, region from 310 to
360 °C.

Fluid/melt inclusions in Mesozoic two-mica granite

Fluid inclusions recognized in phenocrysts and matrix quartz
from ore-related Mesozoic granite have almost the same fea-
tures and microthermometric results as those from veinlets,
indicating that the granites are affected by hydrothermal fluid
overprint. Noticeably, some melt inclusions and fluid-melt
inclusions have been recognized. Melt inclusions in the
Dalingshang granite consist of melt + daughter minerals +
one or more vapor bubbles (ESM Fig. 4a—e). They show
subrounded or negative-crystal morphologies, varying in size
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from 10 to 100 um. The melt inclusions can be subdivided
into glassy and crystallized. Glassy melt inclusions show rel-
atively bright color and sharp borders under the microscope
(ESM Fig. 4a—c). They have a round or elliptical vapor bubble
distributed in the middle or at the edge of the silicate glass.
Some of the glass has undergone devitrification to form
microlites, characterized by distinctly brown color (or faint
spots) under crossed polars (ESM Fig. 4b). Crystallized melt
inclusions (1040 pm) account for the majority of the total
melt inclusions. They generally have rough boundaries and
always show an overall sparkly appearance under crossed po-
lars, with the elliptical bubble at the edge of the crystalline
component (e.g., albite, muscovite, quartz, and monazite)
(ESM Fig. 4d—e). Occasionally, several distorted bubbles
may occur in one single melt inclusion. Fluid-melt inclusions
comprise melt = daughter minerals = aqueous fluid with a
shrinkage bubble (ESM Fig. 4f—i). They commonly show ir-
regular or subcircular shape with a size range of 10-30 um.
The aqueous fluid has variable proportions (10-50%) and is
generally distributed around the edge of the melt.

Laser Raman microprobe results

Melt inclusions in phenocrysts and interstitial quartz from the
ore-related granite have CHy4 + N as gas phase as indicated by
Raman spectra (ESM Fig. 5a). Fluid inclusions in scheelite
and quartz of the silicate-oxide stage contain CH4 and N, only,
without CO, (ESM Fig. 5b—d), while fluid inclusions from the
sulfide stage contain variable CO, contents with estimated
CH,4/CO, ratios varying from 0.97 to 2.83 (ESM Fig. 5e). In
the hydrothermal breccia, vapor compositions are composed
primarily of CH,4 + N, with trace CO, (ESM Fig. 5f). Thus, it
seems that CH,4 was the exclusive carbon species in the early
magmatic and hydrothermal fluids, but there is a clear CO,
component in the late stage of mineralization as fluids
evolved.

Solid phases detected within melt inclusions and fluid-melt
inclusions in phenocrysts and interstitial quartz comprise crys-
tals of albite, muscovite, quartz, monazite, chalcopyrite, and
rutile (ESM Fig. 5g—j). In samples from different styles of
ores, chalcopyrite, muscovite, and sphalerite are the most
abundant daughter minerals recognized in fluid inclusions
(ESM Fig. 5j-1).

Hydrogen-oxygen isotope data

The analytical results on H-O isotopes of hydrothermal quartz
from orebodies and the igneous minerals from the ore-related
granites are listed in ESM Table 2. The ore fluids have mea-
sured 0D values from — 81 to — 102%ec. The oxygen isotope
data of fluids in equilibrium with the quartz were calculated
using the quartz-water equation of Clayton et al. (1972). The
calculations yield 5" 0yater values ranging from 0.2 to 5.1%o
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and the data are plotted in Fig. 7. The oxygen isotope compo-
sitions of igneous quartz, plagioclase, and muscovite minerals
from the fresh two-mica granites yield §'*0 values of 12.5—
13.2, 10.1-11.3, and 10.7—11.1%e, respectively. Three whole
rock 5'%0 values fall in the range of 10.8—-11.5%.

Sulfur isotope composition of the sulfides

This paper is the first to carry out in-situ LA-MC-ICP-MS
sulfur isotope analysis on sulfides in the Dahutang district.
The sulfur isotopic compositions are shown in ESM Table 3
and Fig. 8. The 5°*S values range from —4.1 to 1.3%o for
sulfides of the silicate-oxide stage, and — 3.1 to —1.2%o for
hydrothermal breccia. However, for the sulfide stage, sulfides
exhibit a large variation in 5*S values of pyrite I from — 2.1 to
—0.9%o, chalcopyrite from — 5.8 to — 1.6%o, and pyrite II from
—14.4 to — 7.5%0 (ESM Table 3).

Lead isotope composition of the sulfides and granite

The Pb isotope data for selected sulfides and granitic feldspars
are listed in ESM Table 4 and plotted in Fig. 9. The measured
206pp,,204py,  207pp2%pY, and 29%pb/2%*Pb ratios for the sul-
fides vary from 18.067 to 18.566, 15.611 to 15.757, and
38.334 to 38.862, respectively. Feldspars from the
Dalingshang granites are characterized by much broader var-
iation of ***Pb/”**Pb, **’Pb/***Pb, and ***Pb/***Pb ratios, with
arange from 18.210 to 19.127, 15.617 to 15.791, and 38.555
to 39.660, respectively.

Trace element concentrations in scheelite

The trace element data of scheelite are given in ESM Table 5
and the chondrite-normalized REE patterns for representative
scheelite samples are shown in ESM Fig. 6. The scheelite
from Dalingshang has low concentrations of Mo (< 0.01-
28 ppm), Sn (<0.01-17 ppm), Cu (<0.01-28 ppm), Zn (<
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Fig. 7 8D20-5"%0m00 plot of ore-forming fluids in the Dalingshang
deposit
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Fig. 8 Histogram of sulfur isotope compositions of sulfide minerals from
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0.01-4 ppm), Na (< 0.01-194 ppm), Pb (0.5-20 ppm), and Rb
(<0.01-34 ppm), but high concentrations of Sr (111-
2984 ppm). From scheelite type 1 to type 4, there is a decreas-
ing trend of REE abundance from 1056 to 0.20 ppm, Y from
484 to 0.16 ppm, LREE/HREE from 4.30 to 0.51, and (La/
Lu)y from 4.05 to 0.15, but an increasing trend of Nb/Ta ratio
from 12 to 102, and Y/Ho ratio from 12 to 393.

The calculated Eu/Eu*y values of scheelite range from
0.54 to 34, and each scheelite type has both negative and
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Fig. 9 Plots of lead isotope compositions in the Dalingshang deposit
(after Zartman and Doe 1981)

positive Eu anomalies. The most striking phenomenon is that
most samples are characterized by two distinct REEy patterns
within single scheelite grains: the center zone with bright CL
exhibits hump-shaped (MREE-enriched) or flat (relatively
MREE depleted) patterns with negative or small positive Eu
anomaly, whereas the vast blue CL rims display flat REEy
patterns with variable positive Eu anomaly (ESM Fig. 6).
The Dalingshang scheelite samples change their shape of the
REE patterns from convex upward to downward, which is
also revealed by the negative correlation of the LREE and
HREE slopes illustrated in the (Ho/Lu)y vs. (La/Sm)y dia-
gram (ESM Fig. 7b).

Discussion
Sources of sulfur and lead

The sulfides from the silicate-oxide stage show quite uni-
form &63*S values (ESM Table 3, Fig. 8), which is consis-
tent with previously published data of the adjacent
Shimensi deposit (634S=—3.1 to 1.0%o0; Xiang et al.
2013). A narrow range of &**S values with a mean close
to 0 is indicative of a possible magmatic source for sulfur.
However, sulfides from the sulfide stage show a wide
spread of 5°*S values with pyrite I from —2.1 to —
0.9%o, chalcopyrite from —5.8 to —1.6%o, and pyrite 11
from — 14.4 to — 7.5%0 (ESM Table 3). The 5**S data tend
to shift toward more negative values with progressive
precipitation of sulfide minerals. This large variation of
sulfur isotopic composition within and between mineral
grains indicates that biogenic sulfur was not likely in-
volved during sulfide precipitation. Instead, this variation
may be attributed to changes in fO, and pH as the fluids
evolved (Rye and Ohmoto 1974; Rajabpour et al. 2017).
Based on the models of Ohmoto (1972), we propose that
the depleted sulfur isotope values are likely generated by
an increase of oxygen fugacity due to inflow of oxidized
meteoric waters, which is also indicated by the occurrence
of CO, (transition CH4 — CO,) in fluid inclusions from
the sulfide stage (ESM Fig. Se).

The Pb isotope data for sulfides and feldspars from the
Dalingshang deposit plot are similar (Fig. 9), suggesting a
similar origin and evolution history between ores and
granites. Moreover, Jiang et al. (2015) reported Sm-Nd
isotope analyses of scheelite in the adjacent Shiweidong
deposit, yielding '**Nd/'**Nd isotope values that vary
from 0.512152 to 0.512289, with the inferred initial Nd
isotopic compositions (¢eNdj4 4pa=—8.9 to —8.7) in
close agreement with the whole-rock data of correspond-
ing granites (Huang and Jiang 2014). All these data tend
to confirm a magmatic source for both sulfides and tung-
sten for the deposits in the Dahutang district.
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Sources of ore-forming fluids

In the 8Dj120-6" %00 diagram (Fig. 7), the data fall close to
the magmatic field with the §'%0 values in the sulfide stage
largely deviating to the meteoric water line, suggesting that
the early fluids are likely of magmatic origin, with possible
later mixing of meteoric water. A consistent feature of fluid
inclusion studies in the district are some anomalously low 6D
fluids (Gong et al. 2015; Ye et al. 2017). This phenomenon
can be explained by (1) low 8D meteoric water that originated
at high altitudes, (2) magma degassing and resultant
deuterium-depleted magmatic waters (Nabelek et al. 1983),
(3) boiling/vapor separation of ore fluids, and (4) fluid inter-
action with reducing sediments that are rich in organic mate-
rial or NH**-rich micas (e.g., Polya et al. 2000; Dewacle et al.
2016). Considering the low paleolatitude of the Dahutang dis-
trict, the common existence of CH, and N, in fluid inclusions,
and that there is no evidence for boiling, the last possibility is
favored here. Namely, the low 6D fluids may have underwent
extensive exchange with, or at least partially equilibrated, with
the pelitic metasediments in the district.

In our study, the discovery of melt/fluid inclusions in phe-
nocryst and interstitial quartz from ore-related granite is of
great significance. Coexisting melt inclusions and primary
fluid inclusions may imply the coexistence of silicate melt
and aqueous fluids during mineral precipitation (Roedder
1979, 1992), while fluid-melt inclusions, especially those with
large liquid proportions (ESM Fig. 4f-i), provide direct evi-
dence for heterogeneous trapping of such two endmembers
(Frezzotti 1992, 2001; Kamenetsky 2006). Taken together, it
can be inferred that the melt and fluid-melt inclusions in two-
mica granite at Dalingshang were trapped at the magmatic-
hydrothermal transition (Halter and Webster 2004; Veksler
2004).

Noticeably, melt-volatile fluid immiscibility has long been
considered as an important process in many magmatic-
hydrothermal systems, since the volatile phases exsolved can
carry significant amounts of metallic elements, which is one of
the essential steps for economic enrichment of W, Sn, Cu, Mo,
and other metals in hydrothermal fluids (Shinohara 1994;
Bodnar 1995; Harris et al. 2003; Kamenetsky et al. 2003,
2004; Student and Bodnar 2004; Webster 2004; Webster and
Thomas 2006). At Dalingshang, chalcopyrite is commonly
observed as solid in melt inclusions from granite and later-
formed fluid inclusions from different types of ores. This
may indicate that the hydrothermal fluids had inherited con-
siderable amounts of ore metals when they exsolved from the
residual melts. Thus, we conclude that the ore-bearing fluids
at Dalingshang were likely originally derived from exsolving
fluids during the magmatic-hydrothermal transition, locally in
equilibration with residual organic-rich metasediments, and
probably diluted by meteoric water in the late sulfide stage
as supported by H-O isotopes.
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Comparison of fluid inclusions in ore and gangue
minerals

The fluid inclusion data indicate that ore and gangue minerals
at Dalingshang formed at different temperatures. During the
silicate-oxide stage (Fig. 6a—1), the homogenization tempera-
ture of fluid inclusions in wolframite (310 to 370 °C, peak at
330 to 350 °C) is similar to scheelite, but about 40 °C higher
than that of coexisting apatite (270 to 340 °C, peak at 290 to
310 °C) and generally 70 °C higher than that in adjacent
quartz (210 to 340 °C, peak at 260 to 280 °C). For the sulfide
stage, fluid inclusions in quartz yield lower temperatures (180
to 310 °C) and salinities than those hosted in quartz of the
silicate-oxide stage (Fig. 6m, n).

These results indicate that wolframite and scheelite were
likely deposited earlier than the coexisting quartz, which is
also supported by the textural evidence that wolframite and
scheelite commonly occur in the margins of veins whereas
quartz is in the center (ESM Fig. 1b—d). No high-salinity in-
clusions were recorded in any minerals, and the fluids trapped
are characterized by high- to medium-temperature, low-salin-
ity, CHy, N», and/or CO,-bearing aqueous fluids, with a trend
from CH,4 to CO, with time and decreasing temperature.

Fluid inclusions can provide key information about roles of
fluids during ore-forming processes. Combined with the
6DH20—6180H20 data (Fig. 7), the temperature vs. salinity plot
(Fig. 10), and the mixing models of oxygen isotope effects
using the methods of Wagner et al. (2009) (Fig. 11), we sug-
gest that different fluid processes were involved in the pro-
gressive precipitation of metals: scheelite (and wolframite)
hosted in both large veins and small veinlets formed by simple
cooling; in contrast, increasing involvement of meteoric wa-
ters may have taken place in later-formed quartz and fluid
mixing is likely an effective mechanism triggering successive
deposition of base metal sulfides. However, the hydrothermal
breccia may have undergone a somewhat more complicated
evolution history (Fig. 10d). The three discrete fluid inclusion
populations and the multi-modal distribution of temperatures
probably indicate its formation by multiple pulses of vein
opening and brecciation. Nevertheless, boiling can be exclud-
ed as an effective way for metal deposition since no fluid
inclusion evidence was available for effervescence in spite
of the structural setting for transition from a relatively closed
to an open system.

Fluid-rock interaction deduced from scheelite trace
element evidence

Generally, the Eu anomaly in scheelite can be either inherited
from the primary fluid, or modified by chemical variations of
a single fluid during scheelite precipitation and fluid-rock in-
teraction (Ghaderi et al. 1999; Brugger et al. 2000, 2008).
Most scheelite samples at Dalingshang have inhomogeneous
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distribution of Eu anomalies with relatively negative Eu/Eu*
values for the grain cores and positive Eu/Eu* values for the
large rims (ESM Fig. 6). Given the fact that scheelite is mostly
developed in veinlets associated with the altered wall rock, not
in the large quartz veins, we suggest that the negative Eu
anomalies were inherited from distinct pulses of “fresh” hy-
drothermal solutions derived from the granites, and the posi-
tive Eu anomalies are due to the release of Eu** caused by
decomposition of feldspar. Fluid-rock interaction could have
provided a large amount of Ca, Eu, and Sr for the W-rich
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Fig. 11 Diagrams showing the effect of mixing on &'%0 composition of
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11.9%, T = 380 °C), which is mixed with meteoric water (5'%0 = —8.5%o,
at 50, 100, 150, and 200 °C, respectively). Also shown are temperature
and oxygen isotope data of quartz from the Shimensi deposits in the
Dahutang ore field (Gong et al. 2015)
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fluids to form scheelite. The transition of patterns from para-
bolic to flat within single scheelite grains, as indicated by the
(Ho/Lu)y vs. (La/Sm)y diagram (ESM Fig. 7b), may result
from the preferential removal of MREE during scheelite
growth, since scheelite has a preference for MREEs, and the
precipitation of scheelite may progressively produce a MREE-
depleted fluid (Brugger et al. 2000; Hazarika et al. 2016).

Implications for ore genesis

The northern Jiangnan Orogen is a recently discovered tung-
sten ore belt in northeastern South China and is the host for
several large to super-large tungsten deposits, including the
Yangchuling W-Mo, Xianglushan W, Dahutang W-Cu, and
Zhuxi W-Cu deposits. These deposits are all associated with
Late Jurassic to Early Cretaceous (150-126 Ma) granite
magmatism (Jiang et al. 2015; Pan et al. 2017; Mao et al.
2017; Zhao et al. 2017), temporally coeval with the nearby
Middle-Lower Yangtze River Valley porphyry and skarn Cu-
Fe-Au-Mo belt (Xie et al. 2012; Cao et al. 2017). Previous
studies have shown that northeastern South China was domi-
nated by an extensional setting associated with lithospheric
thinning and asthenospheric upwelling at that time (Li 2000;
Li et al. 2008; Ling et al. 2009; Jiang et al. 2011; Mao et al.
2013). Accordingly, the Late Jurassic to Early Cretaceous
granites associated with W mineralization in the Jiangnan
tungsten ore belt were likely related to the same extensional
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Fig. 12 An idealized model for
the formation of major
mineralization styles in the
Dalingshang deposit &
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processes and have been interpreted as generated by partial
melting of the continental crust (Mao et al. 2015, 2017; Zhao
etal. 2017).

The ore-related granites have high whole-rock 5'*0 values
ranging from 10.8 to 11.5%e, which is consistent with the S-
type affinity and partial melting of continental crust. The low
Fe**/Fe®* ratios for biotite (Huang and Jiang 2014), the pre-
dominance of CH,4 + N, over CO, in fluid inclusions, and the
low Mo content in scheelite all support a relatively reduced
environment (Hsu and Galli 1973) for the Dalingshang ore
system. The low-oxygen fugacity condition may exert essen-
tial roles for tungsten mineralization since it can not only favor
enrichment of tungsten in silicate liquids during source melt-
ing and magmatic differentiation but also promote the
extracting efficiency of W from melts into ore fluids and gen-
erally contribute to mineral deposits with high W/(Cu + Mo)
ratio (Candela 1992).

Globally, the tungsten mineralogy in different W deposits
always shows common features depending on the nature of
wall rock: wolframite-bearing veins are generally hosted in
iron-bearing pelitic rocks, whereas scheelite deposits in skarns
are related to calcareous rocks (Kwak 1987; Lecumberri-
Sanchez et al. 2017; Soloviev and Kryazhev 2017). In contrast
to skarmn deposits, the highest tungsten grades at Dahutang are
associated with scheelite-bearing veinlets in the
Neoproterozoic granodiorite without skarn replacement.
Instead, extensive hydrothermal alteration including
greisenization, alkali-feldspathization, protolithionite, and
chloritization are widely developed around ore bodies. The
Neoproterozoic granodiorite is documented as Ca-rich
(CaO0=1.63-2.05 wt%) and with plagioclase high in An
(29.7-44.3, average 38.8, Wang et al. 2015), different from
the Mesozoic granites. Based on field geological relation-
ships, mineralogical features, and the evidence of scheelite
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trace elements, we suggest that fluid-rock interaction is one
of the most important mechanisms for tungsten mineralization
in this giant tungsten district, in terms of providing the large
amounts of calcium required for scheelite precipitation.
Finally, we note that the Dalingshang is a vein-type tungsten
deposit with a hydrothermal breccia developed in the apical
fracture zone, and an idealized model is proposed in Fig. 12 to
explain the major mineralization styles.

Conclusions

1) Sulfur and lead isotope composition of sulfides implies a
magmatic source for the W-Cu mineralization in the
Dalingshang deposit. The depleted 6>*S values of sulfides
in the sulfide stage were likely generated by an increase of
oxygen fugacity of the ore fluids due to mixing with me-
teoric water.

2) Homogenization temperatures for primary inclusions in
wolframite are similar to those in scheelite, but about
40 °C higher than those of apatite and generally 70 °C
higher than those in coexisting quartz. The mineralizing
fluids trapped in these minerals are overall characterized
by high to medium temperature, low salinity, CHy, Nj,
and/or CO,-bearing aqueous fluids.

3) The low-oxygen fugacity condition in the early hydro-
thermal system (with CH,4) may be an important mecha-
nism for tungsten mineralization. CO, does only occur in
the sulfide stage after the bulk of the tungsten had been
deposited.

4) The Ca component of scheelite was most likely released
from break-down of plagioclase during the process of
greisenization and alkali-feldspar metasomatism, and
fluid-rock interaction was critical for scheelite deposition.
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