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Abstract

The Maogongdong deposit is located in the giant Dahutang W-Cu-(Mo) ore field, northern Jiangxi Province, South China.
It is mainly a vein-type deposit, characterized by early W and late Cu-Mo mineralization, and temporally and spatially
associated with Late Mesozoic S-type muscovite granites emplaced into a Neoproterozoic granodiorite batholith and the
Shuanggiaoshan Group metasedimentary rocks. Fluid inclusions and H-O isotopes suggest that the early ore-forming fluids
of the Maogongdong deposit are mainly magmatic water with relatively high temperature (270—410 °C) and moderate-to-low
salinity, while the late ore-forming fluids are mixed with meteoric water, with medium-to-low temperature (160-270 °C)
and low salinity. Infrared and conventional microthermometric studies of fluid inclusions of the main tungsten mineraliza-
tion stage show that the homogenization temperatures of primary fluid inclusion assemblages in wolframite (325 to 355 °C)
are about 20 °C higher than those of coexisting scheelite and generally 40 °C higher than those in quartz. The §**S values
of sulfides (—5.2 to— 1.3 %o) in the sulfide stage are slightly lower than the magmatic sulfur (— 1.7 to 0.6 %o) in the pre-
ore stage, most likely due to an increase in oxygen fugacity. The low carbon isotope values (—26.2 to— 15.5 %o) of fluid
inclusions in the tungsten mineralization stage show that a large amount of organic carbon was added before mineralization.
Fluid cooling and pressure decrease are the main factors of tungsten ore precipitation, while local boiling may also make a
contribution. Mixing of the different fluids led to the formation of copper and molybdenum ores.
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Introduction

South China is one of the most important tungsten provinces
in the world, with the largest resources and comprehensive
ore deposit types (Chen et al. 2008, 2013; Mao et al. 2013;
Xia et al. 2018). Tungsten deposits are mainly distributed in
the Nanling tungsten—tin metallogenic belt and the north-
ern Jiangxi—southern Anhui tungsten metallogenic belt,
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characterized by large total reserves (over 6 million tonnes
WOj,, Jiang et al. 2020) and the development of super-large
ore deposits (e.g., Dahutang, Zhuxi; Mao et al. 2020).

The giant Dahutang W-Cu-(Mo) ore field is located in the
eastern part of the Jiangnan orogenic belt of the northern
Jiangxi—southern Anhui tungsten metallogenic belt, which
is among the largest ones in China and perhaps in the world,
with established resources of 2 Mt (million tonnes) WOj;,
0.65 Mt Cu, and 0.08 Mt Mo (Jiang et al. 2015). It is charac-
terized by quartz-vein-type wolframite, altered-granite-type
scheelite, and the coexistence of tungsten and copper.

So far, most research has been focused on geological fea-
tures and mineral prospects (Lin et al. 2006; Xiang et al.
2012, 2013; Zuo et al. 2014; Jiang et al. 2015; Fan et al.
2019), geochronology, geochemistry of ore-related granites
(Huang and Jiang, 2013, 2014; Mao et al. 2013, 2015; Feng
et al. 2012; Xiang et al. 2013; Wei et al. 2018; Fan et al.
2019), and mineralogy (Sun and Chen 2017; Sun et al. 2018;
Hu and Jiang, 2020; Fan et al. 2020). However, origin and
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evolution of the ore fluids have attracted much less atten-
tion in this ore district. Despite many papers published (e.g.,
Gong et al. 2015; Ye et al. 2017; Song et al. 2018a; Peng
et al. 2018; Zhang et al. 2019), there is still many doubt on
the fluid evolution and metal sources, especially the forma-
tion temperature and pressure of ore minerals. More system-
atic studies on fluid inclusions need to be carried out.

Here we present a systematic investigation of the
Maogongdong deposit, which is a newly discovered small-
sized deposit in the southeastern part of the Dahutang
W-Cu-(Mo) ore field (Fig. 1). The geological background
of the Maogongdong deposit is similar to the large Shiwei-
dong deposit in the southern part of the district. Our study
includes (1) petrographic observation, (2) infrared and con-
ventional microthermometric measurements of fluid inclu-
sions in both ore minerals and gangue minerals at different
ore stages, (3) laser Raman and H-O-C isotope analyses
of fluid inclusions, (4) in situ sulfur isotope analysis, (5)
comparison of major elements of wolframite with different
occurrences, in an attempt to: (1) reveal the origin and P-T-
S-p (pressure, temperature, salinity, density) evolution of

ore-forming fluids; (2) indicate the source of ore-forming
materials; (3) summarize the ore genesis and clarify the met-
allogenic process of the Maogongdong deposit.

Geological background
Geological setting

The South China Block was formed by collision at the end of
the assembly of the Rodinia supercontinent (ca. 820 Ma; Li
et al. 2009; Charvet 2013) and comprises the Yangtze Craton
in the west and the Cathaysia Block in the east (Fig. 1a),
which are separated by the Qin-Hang suture (Fig. 1b). The
Jiangnan Orogen is located between the Yangtze and Cathay-
sia blocks, composed of Neoproterozoic arc terranes, which
have experienced syn-schistose deformation and low-grade,
greenschist-facies metamorphism, culminating with the
intrusion of Neoproterozoic granites (the Jiuling batholith;
819 Ma) (Li et al. 2003; Sun and Chen 2017).
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The Dahutang W-Cu-(Mo) ore field is located on the
northern margin of the Jiangnan Orogen (Fig. 1a), consist-
ing, from north to south, of the Shimensi, Dalingshang,
Dongdouya, Dawutang, Shiweidong, and Kunshan deposits,
and the newly discovered Maogongdong deposit (Fig. 1b, ¢)
(Jiang et al. 2015; Peng et al. 2018). The exposed strata of
the Dahutang district include the Neoproterozoic Shuang-
giaoshan Group meta-sedimentary rocks (ca. 824 +5 Ma;
Gao et al. 2012) (Fig. 1b), which are mainly composed of
siltstone, tuffaceous sandstone, shale, and phyllite slate inter-
calated with minor pyroclastic volcanic rocks (BGMRIJX
1984). Intrusive rocks in the Dahutang district consist of
Neoproterozoic granodiorite and various Mesozoic (Yan-
shanian) granites (ca.150 to 130 Ma; Jiang et al. 2015; Song
et al. 2018b). The Neoproterozoic Shuangqgiaoshan Group
and biotite granodiorite were intruded by Late Mesozoic
granites, which mainly comprise porphyritic two-mica
(biotite) granite, muscovite granite, and granite porphyry
(Huang and Jiang 2014; Jiang et al. 2015). The Neoprote-
rozoic granodiorite is part of the Jiuling batholith, which is
the largest granitoid complex in southeastern China with an
outcrop area of > 2300 km? (Xiang et al. 2013). The Neopro-
terozoic granodiorite and all phases of Mesozoic granites are
documented as silica-rich, strongly peraluminous, exhibiting
typical features of S-type granite (Huang and Jiang 2014;
Wei et al. 2018). Integrated geochemical and Sr—Nd-Hf iso-
tope studies show an anatectic sedimentary origin for these
granitoids (Huang and Jiang 2014; Mao et al. 2015). The
main geological structures of the Dahutang district include
a series of EW- to NEE-, NE- to NNE-, NW-, and SW-trend-
ing faults (Fig. 1c).

The Maogongdong deposit has an established reserve of
11-kt WO; (average grade of 0.18%) in various types of W
mineralization: vein-type, altered granite-type and greisen-
type, among which the first type is of greatest importance,
hosting >95% of the total tungsten resource. The orebodies
are mainly distributed in the east—west direction, occurring
in the Neoproterozoic biotite granodiorites or in the contact
between the Yanshanian muscovite granite and the Shuang-
giaoshan Group strata (ESM Fig. 1).

Mineral paragenesis of the Maogongdong deposit

According to the macroscopic and microscopic observation
of mineral paragenesis and ore textural relationships, the
mineralization process of the Maogongdong deposit can
mainly be divided into four stages: (I) pre-ore stage, (II)
tungsten mineralization stage, (III) sulfide stage, and (IV)
post-ore stage (Fig. 2).

In the pre-ore stage (I) (ESM Fig. 2a—h), the main min-
erals are pure quartz veins (Qz1) that crosscut the granite
(ESM Fig. 2h, i). Disseminated wolframite (Wol-1) (ESM
Fig. 2b), scheelite (Sch-1) (ESM Fig. 2g), and sulfides occur
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Fig.2 Paragenetic sequence diagram for mineral assemblages in the
Maogongdong deposit

occasionally in the altered granite affected by sericite altera-
tion (ESM Fig. 2a).

In the tungsten mineralization stage (II), the main ore
minerals are wolframite ([Fe,Mn]WO,) and scheelite
(CaWO,), mainly occurring in quartz veins (ESM
Fig. 3a—r). Based on the petrographic characteristics, stage
II can be further divided into two substages: early tungsten
mineralization stage (II-a) and late tungsten mineralization
stage (II-b), with the latter one being the main tungsten min-
eralization stage. In the stage II-a, the mineralization is rela-
tively weak, with sparse disseminated wolframite (Wol-2a)
and scheelite (Sch-2a) (1-5 vol%) in the early quartz veins
(Qz-2a) (ESM Fig. 3a, b, ¢). In the stage II-b, the mineraliza-
tion is greatly enhanced with dense disseminated, massive
or granular wolframite (Wol-2b) and scheelite (Sch-2b and
Sch-2¢) (5-30 vol%) in the late quartz veins (Qz-2b) (ESM
Fig. 3d —n).

Wolframite occurs as (1) fine-grained
quartz—scheelite—wolframite in veinlets that cross-
cut muscovite granite (ESM Fig. 3a—d); (2) plate-like
wolframite in greisen zones in the contact between
quartz veins and the Shuangqiaoshan Group metasedi-
mentary rocks (ESM Fig. 3e, f); (3) massive wolfram-
ite—scheelite—chalcopyrite—-molybdenite—quartz ore (ESM
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Fig. 3g); (4) wolframite—scheelite—fluorite—quartz veins in
the Neoproterozoic granodiorite (ESM Fig. 3h, i).

Scheelite shows two types: (1) anhedral scheelite (Sch-
2b) associated with dense disseminated wolframite (ESM
Fig. 3j) and (2) subhedral scheelite (Sch-2c) in the interstitial
space of quartz veins (ESM Fig. 3k-m). Scheelite occurs in
the center of quartz veins, disseminated along the contact
between quartz veins and the metasedimentary rocks, and
within the strata (ESM Fig. 3n). Green fluorite also partly
occurs within the Shuangqiaoshan Group strata (ESM
Fig. 30).

Under the microscope, silver-white wolframite crystals
are generally replaced by scheelite—sulfide—quartz veinlets
(ESM Fig. 3p—r1). Some wolframite crystals are largely
replaced by scheelite (ESM Fig. 3p). The scheelite veinlets

Fig.4 Photomicrographs of
fluid inclusion assemblages
(FIA) in transparent minerals

6 0.7

Fe/(Fe+Mn)

0.8 0.9

that crosscut the wolframite crystals (ESM Fig. 3p) are
replaced by later chalcopyrite (ESM Fig. 3p, q, 1).

In the sulfide stage (III), mineral assemblage consists
of mainly chalcopyrite and bornite, minor molybdenite,
and little pyrite, tetrahedrite, chalcocite, and sphaler-
ite. Acicular tourmaline is rare and occurs with minor
wolframite, scheelite, molybdenite and fluorite in the
quartz veins (Qz-3) (ESM Fig. 4a —h). Chalcopyrite
always shows an intergrowth with subhedral pyrite (ESM
Fig. 4a, b), with a clear and straight grain contact (ESM
Fig. 4b). Sphalerite occurs as inclusions in chalcopyrite
(ESM Fig. 4b). Some chalcopyrite is intergrown with
molybdenite (ESM Fig. 4c), or replaced by bornite and
covellite along grain margins (ESM Fig. 4d). Bornite is
locally abundant and generally exhibits colorful features
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and hexagonal crystal shape with a diameter of 5-30 mm
(ESM Fig. 4e), intergrown with chalcopyrite and chalcoc-
ite (ESM Fig. 4f).

The post-ore stage (IV) is characterized by the forma-
tion of low-temperature alteration minerals, mainly chlorite,
along with green quartz (Qz-4). These minerals surround the
early white quartz—sulfide veins (Qz-3) as fillings of frac-
tures at vein margins (ESM Fig. 41).

Samples and analytical methods
EPMA analysis of major elements in wolframite

Wolframite was selected from 15 samples and analyzed by
Electron Probe Micro Analyzer (EPMA). Five wolframite
samples are from the altered muscovite granite (Wol-1), two
from the early tungsten—quartz—vein stage, and eight from
the late tungsten—quartz vein stage.

Mineral compositions of wolframite were determined
at the State Key Laboratory of Geological Processes and
Mineral Resources (SKL-GPMR), China University of
Geosciences (Wuhan), with a JEOL JXA-8100 EPMA
equipped with four wavelength-dispersive spectrometers
(WDS). An accelerating voltage of 15 kV, a beam cur-
rent of 20 nA, and a 2.5-um spot size were used during
the analysis. Data were corrected on-line using a ZAF
(atomic number, absorption, fluorescence) correction pro-
cedure. The peak counting time was 10 s for Na, Mg, Al,
Si, K, Ca, Fe, F, Ta, Nb, Pb, Zn, Sn, W and 20 s for Mn
and Ti, and the corresponding detection limits (wt%) are
0.02% (Na, K, Ca, Mg, Al. Mn), 0.03% (Fe, Ti), 0.04%
(Nb, Sn), 0.05% (Si, Pb, W), 0.07% (Zn), 0.12% (Ta),
and 0.18% (F). The contents of Na, Al, Si, K, F, Ta, Pb,
Zn, and Sn in most wolframite samples are below the
detection limit. The background counting time was set to
one-half of the peak counting time on the high- and low-
energy background positions.

Fluid inclusion measurements

Representative samples of wolframite, scheelite, fluo-
rite, and quartz in different mineralization stages of the
Maogongdong deposit were chosen for fluid inclusion study.
In the pre-ore stage, a total of 21 fluid inclusion assemblages
(FIAs) in quartz were selected for fluid inclusion micro-
thermometry study. In the early tungsten stage, 16 FIAs in
wolframite and 17 FIAs in quartz were analyzed. In the late
tungsten mineralization stage, 42 FIAs in wolframite, 36
FIAs in scheelite, 16 FIAs in fluorite, and 59 FIAs in quartz
were measured. In the sulfide stage, a total of 48 FIAs in
quartz were measured. In the post-ore stage, a total of 18
FIAs were measured in quartz from quartz—chlorite veins.

Fluid inclusions in wolframite were observed using
an Olympus BX51 infrared microscope equipped with a
high-resolution IR (Infrared) camera in the fluid inclu-
sion laboratory at Collaborative Innovation Center for
Exploration of Strategic Mineral Resources, China Uni-
versity of Geosciences, Wuhan, and the microthermomet-
ric measurements for scheelite, fluorite, and quartz were
taken using a Linkam THMSG600 heating/freezing stage
mounted on a Leica DM 2500P microscope in the same
laboratory. Heating and cooling rates were 20-30 °C/min
and less than 1 °C/min when close to phase transitions.
The precision of the measurements is + 0.2 °C from — 196
to 0 °C and+1 °C from 100 to 600 °C. The last ice-
melting temperature (Tm) was used for salinity estimation
(Bodnar 1993).

The composition of single inclusions was measured
with a Renishaw RM-1000 Laser Raman spectrometer
at the SKL-GPMR, China University of Geosciences,
Wuhan. An Ar+(532.5 nm) laser with a source power of
20 mW (2 mW power on sample surface) was used.

Hydrogen, oxygen, and carbon isotope analysis

Selected minerals from quartz veins in the Maogongdong
deposit were prepared and observed under the microscope.
Representative samples were chosen for picking mineral
separates for oxygen, hydrogen, and carbon isotope analy-
sis, including 7 wolframite samples and 13 quartz samples.
The minerals were handpicked under a binocular micro-
scope. Finally, 20 oxygen isotope data (7 of wolframite,
13 of quartz), 17 hydrogen isotope data (5 of wolframite,
12 of quartz), and 13 carbon isotope data (3 of wolframite,
10 of quartz) were obtained.

The H-O-C isotopic compositions were analyzed using
a Finnigan MAT?253 mass spectrometer in the Labora-
tory of Stable Isotope Geochemistry, Institute of Mineral
Resources, Chinese Academy of Geological Sciences in
Beijing. Oxygen isotope analyses for quartz and wolf-
ramite were performed by the conventional BrF5 method
described by Clayton and Mayeda (1963). Hydrogen and
carbon isotopic analysis of fluid inclusions of minerals
includes the following main steps: pre-treatment by vac-
uum devaporizing at 150 °C for more than 4 h, in order
to completely remove surface adsorbed water and second-
ary inclusion water. Then, the samples were heated up
to 400-500 °C to release H,O from the fluid inclusions
and reacted with zinc to produce H,. The carbonaceous
material in mineral fluid inclusions is extracted by ther-
mal decrepitation and separated simultaneously during
the hydrogen isotope analysis. The material was subse-
quently oxidized to CO, using CuO at 800 °C for isotope
analysis. The 8D and 8'%0 data are reported relative to the
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V-SMOW standard, with the analytical error of +2 %o for
8D and + 0.2 %o for 8'%0. The analytical accuracy of §'°C
is + 0.2 %o, and the data are reported relative to V-PDB.

Sulfur isotope analysis

In situ LA-MC-ICP-MS sulfur isotope analysis was con-
ducted on selected sulfides from 16 samples in the pre-ore
stage, tungsten mineralization stage, and sulfide stage. A
total of 153 points were collected. Laser sampling was
performed by a Resonetics-S155 excimer ArF laser abla-
tion system, and sulfur isotope ratios were analyzed with
a Nu Plasma II MC-ICP-MS at SKL-GPMR. All analyses
were made using a 33-pm laser beam with a repetition
rate of 8 Hz, an ablation time of 40 s, and an energy of
3 J/cm?.

The national pyrite standard WS-1 was used in this
study. The standard-sample-standard bracketing method
was applied to measure the 83*S values. The §**Sycpy val-
ues (1.1+0.2 %o) of WS-1 were determined with SIMS at
the Chinese Academy of Geochemistry, Guangzhou (Zhu
et al. 2016). The international reference standard sphal-
erite NBS-123 (8**Sycpr= + 17.1 %0) and also the WS-1
standard were used to calibrate the mass bias for sulfur
isotopes, to avoid matrix effects (Zhu et al. 2016). The
true sulfur isotope ratio is calculated by correcting the
instrumental mass bias by linear interpolation between
the biases calculated from two neighboring standard anal-
yses. Isotope ratio data are reported relative to Vienna
Caiion Diablo troilite (V-CDT) in terms of conventional
per mil deviation (%o). The analytical uncertainties in this
study are about 0.1 %o. Detailed analytical conditions and
procedures can be seen in Zhu et al. (2017).

Results
Chemical composition of wolframite

The results for major element compositions of wolframite
analyzed by EPMA are summarized in ESM Table 1 and
illustrated in Fig. 3. The wolframite Wol-1 (pre-ore stage)
has a major element composition different from Wol-2a
and Wol-2b (tungsten stage), displaying lower FeO con-
tents (13.6-23.0 wt%), higher MnO contents (1.98-11.1
wt%), and similar WO; contents (72.2-76.0 wt%). The
Wol-2a (early tungsten stage) exhibits relatively higher
FeO (20.3-22.1 wt%) and lower MnO (2.44-3.49 wt%),
and 75.9-76.9 wt% WO;. The Wol-2b (late tungsten
stage) displays the highest FeO (20.8-23.3 wt%) and
lowest MnO (0.99-2.99 wt%), and 73.8-77.1 wt% WOj;.
The Fe/(Fe + Mn) of Wol-1, Wol-2a, Wol-2b wolframite
show an increasing trend from 0.55-0.92, to 0.86-0.90,
and 0.88-0.96.

@ Springer

Fluid inclusions
Petrography and types of fluid inclusions

Representative samples of wolframite (Wol-2a, Wol-2b),
scheelite (Sch-2b, Sch-2c), fluorite (Fl), and quartz (Qz-1,
Qz-2, Qz-3, Qz-4) were selected for fluid inclusion study.

The genetic classification of fluid inclusions was con-
ducted in accordance with the following criteria: randomly
isolated fluid inclusions and clustered fluid inclusions in
intragranular position were considered as primary in origin,
whereas those aligned along microfractures in transgranular
trails were designated secondary (Roedder 1984; Lu et al.
2004; Ni et al. 2015a, b). In order to avoid misinterpretation,
secondary FIs were not documented in this study. Detailed
fluid inclusion petrography at room temperature (25 °C)
revealed three types: (1) liquid-rich two-phase (L-type),
(2) vapor-rich two-phase (V-type), (3) three-phase aqueous
inclusions containing black solid crystal(s) (S-type).

L-type inclusions are always the most abundant at all
stages, accounting for more than 95% of the total inclu-
sion numbers. They contain a vapor phase occupying 5—40
vol% of the inclusion volume, with the diameter of 3—40 pm
and mainly ellipsoidal and irregular in shape (Figs. 4 and
5). V-type inclusions predominantly occur in quartz at the
sulfide stage, partially visible in minerals at the tungsten
mineralization stage, representing about 4% of the total
numbers. They are generally round or irregular in shape
and 5-30 pm in diameter, with 50-80 vol% vapor bubbles
(Figs. 4e, f, h and 5f). S-type inclusions are scarce (less than
1%), with daughter minerals almost insoluble and small,
and can only be observed in the quartz of stage I (Fig. 4a).
They are mainly ellipsoidal or irregular in shape, and 4 to
12 pm in size, with their vapor bubbles occupying less than
30 vol%.

Laser Raman spectroscopic results

Laser Raman spectroscopic analyses indicate that the liquid
phases of primary inclusions are almost pure H,0O, whereas
the vapor phases are dominated by H,O and some CH,,
followed by N,, with trace CO, and H,S. Fluid inclusions
in quartz of the pre-ore stage mainly contain CH, besides
H,0; some of them contain a small amount of N, (ESM
Fig. 5a). In the tungsten mineralization stage, CH, and N,
are well developed in the vapor phase (both V type and L
type fluid inclusions), all found in quartz coexisting with
disseminated wolframite (ESM Fig. 5b), quartz coexisting
with massive wolframite and scheelite (ESM Fig. 5¢), and
scheelite (ESM Fig. 5d, e). In the sulfide stage, fluid inclu-
sions contain rare but significant CO, and H,S besides CH,
and N, (ESM Fig. 5f).
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Fig.5 Photomicrographs of
fluid inclusions assemblages
(FIA) in wolframite of the
Maogongdong deposit. a, b
L-type FIA in wolframite of the
early tungsten mineralization
stage (stage II-a). ¢ Secondary
FIA in wolframite of the late
tungsten mineralization stage
(stage II-b). d L-type FIA in
plate-like wolframite along
with greisenization. e L-type
FIA in massive wolframite ore.
f Coexistence of L-type and
V-type inclusions in the same
FIA with similar homogeniza-
tion temperature. g Isolated
inclusions in wolframite. h, i,
Jj» k L-type FIA in wolframite
of quartz—scheelite—wolframite
veins of the late tungsten miner-
alization stage

Microthermometry of fluid inclusions

Microthermometric measurements of fluid inclusions in
wolframite were conducted on FIAs (Goldstein and Reyn-
olds 1994; Chi and Lu 2008). A single FIA represents tem-
porally coeval inclusions mainly present in clusters. We
selected FIAs showing the least evidence of necking-down
or shape modifications for further microthermometric meas-
urements. The microthermometric data are reported as aver-
age of two-to-five primary inclusions with similar shape in
each FIA, and the final results are summarized in Table 1
and illustrated in Figs. 6 and 7.

In the pre-ore stage (I), FIAs in quartz veinlets (Qz-1)
mostly consist of L-type (about 98 %), and very few S-type
(about 2 %) (Fig. 4a). A total of 21 FIAs were selected for
fluid inclusion microthermometric study. The homogeni-
zation temperatures of FIAs in quartz range from 381 to
422°C (peak at 390—410°C, average 402°C), while the ice-
melting temperatures and corresponding salinities are —3.3
to —1.5°C (average —2.4°C) and 2.8 to 6.4 wt% NaCl equiv.
(average 4.6 wt%).

In the early tungsten mineralization stage (II-a), fluid
inclusions are mainly L-type. There are 16 FIAs in wolf-
ramite (Wol-2a) and 17 FIAs in quartz (Qz-2a) analyzed. In
wolframite, infrared microthermometric data show that FIAs
have ice-melting temperatures from —3.3 to— 1.9 °C (aver-
age —2.7 °C), equivalent to salinities of 3.4 — 6.4 wt% NaCl
equiv. (average 5.0 wt%), and homogenization temperatures
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of 352 —384 °C (peak at 360 — 380 °C, average 369 °C). In
quartz, the homogenization temperatures range from 324
to 369 °C (peak at 330 — 360 °C, average 348 °C) and the
ice-melting temperatures range from — 3.4 to— 1.2 °C (aver-
age —2.3 °C), indicating salinities of 2.2 — 6.6 wt% NaCl
equiv. (average 4.3 wt%).

In the late tungsten mineralization stage (II-b), a total
of 153 FIAs have been measured in wolframite (Wol-2b),
disseminated scheelite (Sch-2b), subhedral scheelite (Sch-
2c), fluorite (F1), and quartz (Qz-2b). Most FIAs are char-
acterized by a dominance of L-type inclusions (Figs. 4c-g
and 5), whereas some FIAs are characterized by coexisting
L-type and V-type, typically shown in wolframite (Fig. 5f),
disseminated scheelite (Fig. 4f), and quartz (Fig. 4e). The
microthermometric measurements of FIAs show signifi-
cantly different homogenization temperatures among these
different minerals (Figs. 6, 7). Different kinds of wolframite
in stage II-b exhibit similar microthermometric results. The
infrared microthermometric study shows that homogeniza-
tion temperatures of FIAs in wolframite have a range of 314
to 366 °C (peak at 325 —355 °C, average 341 °C), and ice-
melting temperatures vary from—3.9 to—2.1 °C, equivalent
to salinities from 3.9 to 7.6 wt% NaCl equiv. In disseminated
scheelite (Sch-2b) intergrown with wolframite, the homog-
enization temperatures of FIAs are different from wolf-
ramite, ranging from 295 to 346 °C (peak at 310-330 °C,
average 319 °C). However, their ice-melting temperatures
are similar, varying from —3.7 to —1.2 °C (average -2.5 °C),
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Fig.7 Homogenization temperature versus salinity of fluid inclusion
assemblages from different ore stages in the Maogongdong deposit

corresponding to salinities of 2.2 to 7.2 wt% NaCl equiv.
(average 4.7 wt%). In the quartz (Qz-2b), the homogeniza-
tion temperatures of FIAs show a lower and relatively broad
range from 271 to 338 °C (peak at 280-320 °C, average
304 °C), while the ice-melting temperatures and correspond-
ing salinities are —3.8 to —1.4 °C (average —2.5 °C) and 2.6
to 7.4 wt% NaCl equiv. (average 4.6 wt%). The homogeniza-
tion temperatures of FIAs in the subhedral scheelite (Sch-
2c¢) and fluorite (F1) are lowest among numerous minerals
in stage II-b, displaying a range of 273 to 299 °C (peak at
275-295 °C, average 285 °C) in subhedral scheelite and 263
to 298 °C (peak at 270-290 °C, average 283 °C) in fluorite.
The ice-melting temperatures and corresponding salinities of
subhedral scheelite are similar to other minerals, with —2.9
to —2.0 °C (average —2.6 °C) and 3.6 to 5.6 wt% NaCl equiv.
(average 4.8 wt%), but slightly lower in fluorite, exhibiting
a range of —2.8 to —1.1 °C (average —2.0 °C) and 1.9 to 5.3
wt% NaCl equiv. (average 3.7 wt%). For the minerals in this
stage (Wol-2b, Sch-2b, Qz-2b), the coexistence of L-type
and V-type in the same FIA is occasionally but characteris-
tically observed, which yield similar homogenization tem-
peratures and slightly lower salinities of V-type than L-type
inclusions, suggesting local fluid boiling in stage II-b.

In the sulfide stage (III), in addition to common L-type
inclusions, V-type inclusions are also developed. Many FIAs
are characterized by V-type or coexistence of L-type, V-type
inclusions (Fig. 5h), besides L-type inclusions. A total of 48
FIAs were measured in this stage. The homogenization tem-
peratures of L-type, L +V type, V-type FIAs, respectively,
range from 223 to 288 °C, 241 to 278 °C, 244 to 266 °C,
and the ice-melting temperatures, respectively, range from
-3.3t0o-1.4°C,-2.8t0-2.0 °C, 2.5 to —1.4 °C, indicating
corresponding salinities of 2.6-6.4, 3.7-5.2, 2.6-4.6 wt%
NaCl equiv.. In the same FIAs, the coexisting L-type and
V-type inclusions commonly yield similar homogenization
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temperatures, and the L-type inclusions have salinities
slightly higher than the V-type inclusions, indicating fluid
immiscibility in stage III.

In the post-ore stage (IV), fluid inclusions are mostly of
L-type (Fig. 5i) and slightly less in number and smaller in
size, compared with the sulfide stage. A total of 18 L-type
FIAs were measured in quartz from the post-ore stage
quartz—chlorite veins (Qz-4). The homogenization and ice-
melting temperatures of FIAs are remarkably lower than
those in the sulfide stage. The homogenization temperatures
range from 157 to 206 °C (peak at 160-190 °C, average
183 °C) (Fig. 61), and the ice-melting temperatures are —2.2
to —1.0 °C (average —1.5 °C), corresponding to salinities of
1.8 to 4.1 wt% NaCl equiv. (average 2.8 wt%).

H-0-C-S isotopes
Hydrogen and oxygen isotope data

The analytical results on H-O isotopes of selected minerals
(quartz and wolframite) from different ore stages from the
Maogongdong deposit are listed in ESM Table 2 and illus-
trated in Fig. 8. The 8D values measured by fluid inclusions
range from —91 to — 63 %o. There is little difference in the
8D value of fluid in quartz in each stage, which is — 64 %o
(n=1) (stage II-a),— 78 to — 65 %o (n="7, average — 71 %o)
(stage II-b), — 73 to — 63 %o (n=3, average — 68 %o) (stage
IIT) and — 65 %o (n=1) (stage IV). Compared with the 8D
values in coexisting quartz, the dD values of fluid in wolf-
ramite are greatly reduced, ranging from —91 to —75 %o
(n=5, average — 85 %o) (stage II-b).

The 8'80 values of fluids in equilibrium with quartz were
calculated using the quartz—water equation of Clayton et al.
(1972), and fluids in equilibrium with wolframite were cal-
culated using the quartz—wolframite equation of Zhang et al.
(1994). These calculations yielded 8'%0y,;4 values of 1.6 to
7.5 %o, with a §'80y,;4 value 7.5 %o in the early tungsten
mineralization stage, 5.3 to 6.9 %o in the late tungsten min-
eralization stage (n=38, average 6.0 %o), 3.9 to 4.3 %o in
the sulfide stage (n=3, average 4.1 %o), and 1.6 %o in the
post-ore stage. Compared with quartz (12.7 to 14.0 %o), the
880 values of wolframite are lower (2.8t0 6.4 %o0; n=17,
average 4.2 %o), and the corresponding §'%0y,;, value of
wolframite (4.1 to 7.5 %o) is similar to that calculated for
quartz (5.3 t0 6.9 %o).

Carbon isotope data

The C isotope compositions were measured by fluid inclu-
sions in quartz and wolframite selected from different ore
stages, ranging from —26.2 to—11.9 %o (ESM Table 2;
Fig. 9). In the early tungsten mineralization stage (II-a),
8'3C values of quartz coexisting with sparse disseminated
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Fig.9 Carbon isotopic compositions of fluids in different ore stages from the Maogongdong deposit

wolframite show the lowest value (—26.2 %o0), and in the
main tungsten mineralization stage (II-b), the §'*C values
increase slightly, with wolframite at —25.2 to—21.0 %o
(n=3, average — 23.6 %o) and quartz at—23.5 to—15.5 %o
(n=6, average — 19.1 %o). In the sulfide stage (III), the car-
bon isotopic composition is further increased, with —15.1
to—14.5 %o (n=2, average — 14.8 %o), and in the final post-
ore stage (IV), the 813C value is the least negative (—11.9
%o0).

Sulfur isotope data

The S isotopic compositions are shown in ESM Table 3 and
Fig. 10. A total of 16 samples, 153 points in three stages
were collected for in situ sulfur isotope analysis. In the
pre-ore stage (I), the 8°*S values range from — 1.7 to 0.6
%o for sulfides in muscovite granite (n=25; average — 0.6
%o), including pyrite from —0.8 to 0.6 %o (n=8§; aver-
age —0.1 %o) and chalcopyrite from—1.7 to— 0.9 %o (n=17;
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Fig. 10 Histogram of sulfur isotopic compositions of sulfide minerals
in different ore stages from the Maogongdong deposit

average — 0.9 %o). Compared to magmatic sulfur, the §>*S
values in the tungsten mineralization stage (II) are slightly
lower, ranging from —4.5 to 0.7 %o (n=71; average — 1.7
%o), with pyrite from —2.4 to 0.5 %o (n=17; average —0.9
%o), bornite from —4.5 to —2.3 %o (n=6; average — 3.6 %o),
molybdenite from — 1.6 to 0.7 %o (n=38; average — 0.9 %o),
chalcopyrite from —3.7 to 0.1 %o (n=40; average —2.0
%o). The 8>*S values are further reduced in the sulfide stage
(I1I), ranging from —5.2 to — 1.3 %o (n=57; average — 3.0
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%o0), with pyrite from—2.2 to— 1.6 %o (n=9; average — 1.8
%o), bornite from — 4.5 to— 2.5 %o (n=6; average — 3.4 %o),
molybdenite from — 1.7 to— 1.3 %o (n=3; average — 1.4 %o),
chalcopyrite from —5.2 to— 1.5 %o (n=39; average — 3.4
%0).

Discussion
Sources and P-T-S-p evolution of ore-forming fluids

The 8Djp;4-8'%04,q diagram (Fig. 8) and ESM Table 2 indi-
cate that the fluid in the early tungsten mineralization stage
(IT-a) is within the range of magmatic water (Ohmoto 1986).
In tungsten deposits of the Dahutang ore field, meteoric
water is usually added in the late ore stage, as observed in the
Dalingshang deposit (Peng et al. 2018) and Shimensi deposit
(Song et al. 2018a). As shown in Fig. 8, the Maogongdong
H-O isotopes also show an evolution trend toward meteoric
water, which is not particularly obvious but visible in the late
tungsten mineralization stage (II-b), while further exceeding
the range of magmatic water in the sulfide stage (III), and
deviating completely in the late post-ore stage (IV), implying
increasing mixing with meteoric water during the hydrother-
mal evolution. As in the model put forward by Zhou et al.
(2001), the percentage of meteoric water can be approxi-
mately estimated by the difference between the initial fluid
and fluid in each stage. For the Maogongdong deposit, the
amount of meteoric water is 2.5 — 12.5% in stage II-b, about
20% in stage I1I and 35 —40% in stage IV, respectively. Thus,
we conclude that the ore-forming fluids of the Maogong-
dong deposit were initially derived from magmatic fluids
exsolved during the magmatic—hydrothermal transition and
then diluted by meteoric water in the evolving hydrothermal
system. The wolframite samples show lower 8D values than
primary magmatic water (Fig. 8), which may be due to early
degassing in the open magma system, resulting in a gener-
ally low 8D value of CH, and H,O in the wolframite fluid
inclusions (Taylor 1986; Shmulovich et al. 1999).

The petrographic and microthermometric measurement of
fluid inclusions suggests that the physicochemical properties
of the fluids were variable during the different ore-forming
stages in the Maogongdong deposit. As a whole, there is the
trend of progressively decreasing temperature from early to
late stage, while salinities are almost unchanged in stage I
to II but slightly decreased in stage III to IV (Figs. 6, 7). The
evolution of the fluids is discussed in detail below.

In the pre-ore stage (I), the pristine ore-forming fluid of
the Maogongdong deposit originates from magmatic water
and belongs to a high-temperature, moderate- to low-salinity,
low-density and low-oxygen-fugacity NaCl-H,0-(CH,-N,)
system, which is different from skarn tungsten deposits,
which are characterized by high salinity in the early ore
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stage (Meinert et al. 2005; Bodnar et al. 2014; Jiang et al.
2020). The fluid inclusions in pure quartz veinlets (Qz-1)
are characterized by L-type FIAs and insoluble daughter-
minerals. The black insoluble daughter minerals are also
found in other deposits in the Dahutang ore field, such as
the Dalingshang deposit (Peng et al. 2018), and consist
mainly of sulfides (i.e., chalcopyrite), which indicates that
the hydrothermal fluids had inherited considerable amounts
of ore metals when they exsolved from the residual melts.
The homogenization temperatures and salinities of fluid
inclusions allow estimate the density and pressure of the
ore-forming fluids (Fig. 11; Bischoff et al. 1991; Bodnar
1993; Bodnar and Vityk 1994). For the fluid of the pre-ore

stage, a density of 0.48 —0.62 g/cm? is estimated (Fig. 11a)
and a lithostatic pressure in the range of 260 —360 MPa
(mainly 285 — 320 MPa) (Fig. 11b), corresponding to a depth
of 9.6 — 13.3 km (mainly 10.6 — 11.9 km) (rock density of
2.7 glem?).

The characteristics of the ore-forming fluid in the early
tungsten mineralization stage (II-a) are similar to that in
the pre-ore stage. In the late tungsten mineralization stage
(II-b), the temperature of the ore-forming fluid significantly
decreased and there are obvious differences in fluid inclu-
sions between different minerals. For the dominant miner-
als in this stage (Wol-2b, Sch-2b, Qz-2b), occasionally but
characteristically the coexistence of L-type and V-type can

Fig. 11 a Density estimations
of fluid in different ore stages a
of the Maogongdong deposit,
b pressure estimations of fluid
in different ore stages of the
Maogongdong deposit (after
Bischoff et al. 1991; Bodnar
1993; Bodnar and Vityk 1994)
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be observed in the same FIA, which yielded similar homog-
enization temperatures and slightly lower salinities of V-type
than L-type inclusions, suggesting local fluid boiling in the
late tungsten mineralization stage (Lu et al. 2004; Xiong
et al. 2017; Ni et al. 2015a, b). For the fluid of the early tung-
sten mineralization stage (II-a), the density of 0.58 —0.71 g/
cm? is estimated, and lithostatic pressure with the range of
140 — 260 MPa (mainly 180 to 240 MPa) (Fig. 11), equiva-
lent to a depth of 5.2—-9.6 km (mainly 6.7-8.9 km). For
the fluid of the late tungsten mineralization stage (II-b),
the density of 0.66—0.82 g/cm’ is estimated and lithos-
tatic pressure with the range of 50 —220 MPa (mainly 75
to 150 MPa) (Fig. 11), equivalent to a depth of 1.9 —8.1 km
(mainly 2.8-5.6 km).

In the sulfide stage (III), the homogenization tempera-
tures of FIAs further decrease. In the same FIAs, the coex-
isting L-type and V-type inclusions commonly show simi-
lar homogenization temperatures, and the L-type inclusions
have salinities slightly higher than in the V-type inclusions,
indicating fluid immiscibility in stage III. For the fluid of
this stage, the density of 0.79 —0.88 g/cm? is estimated and
lithostatic pressure of 20 to 75 MPa (mainly 30 to 60 MPa)
(Fig. 11), corresponding to a depth of 0.7 to 2.8 km (mainly
1.1 to 2.2 km).

Based on microthermometric data, Song et al. (2018a)
used the Flincor program to suggest that the depth for the
greisenization and major mineralization at Dahutang ore
field likely was no deeper than 7.8 km, while the polymetal-
lic sulfide mineralization occurred no deeper than 6.1 km.
In this study, the estimated depth of the tungsten minerali-
zation stage is 1.9 —8.1 km (mainly 2.8-5.6 km), and the
estimated depth of the sulfide stage is 0.7 to 2.8 km (mainly
1.1 to 2.2 km), which is similar to but more precise than
the previous studies.

In the post-ore stage (IV), the fluids are characterized by
the mixing of magmatic water with meteoric water with high
density, low temperature, and low salinity. The formation
temperature and fluid salinity are the lowest, and the den-
sity is estimated to be 0.87 —0.93 g/cm?, with a lithostatic
pressure of 6 to 20 MPa (mainly 8 to 16 MPa) (Fig. 11),
corresponding to a lithostatic depth of 0.2 to 0.7 km (mainly
0.3 to 0.6 km).

Comparison of fluid inclusions in ore and gangue
minerals

Previous studies show that there can be great differences of
petrography and microthermometric result of fluid inclu-
sions between coexisting ore and gangue minerals, espe-
cially the homogenization temperature of fluid inclusions
can be higher in the ore mineral compared to the gangue
mineral by up to 100 °C (Campbell 1990; Cao et al. 2009; Ni
et al. 2015a, b; Chen et al. 2018). It is generally considered
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that the beginning precipitation of ore minerals is earlier
than gangue minerals (Ni et al. 2015a, b; Chen et al. 2018);
hence, it is necessary to accurately measure the homogeniza-
tion temperatures of FIs in ore and gangue minerals in order
to reflect the true mineralization process.

The petrography and microthermometric results of fluid
inclusions in the ore and gangue minerals in the Maogong-
dong deposit also exhibit various characteristics, indicat-
ing that they would not form simultaneously (ESM Fig. 2
and Table 1). In the early tungsten mineralization stage (II-
a), the homogenization temperature of fluid inclusions in
wolframite is about 25 °C higher than that of quartz in the
same vein. In the late tungsten mineralization stage (II-b),
the homogenization temperature of fluid inclusions in wolf-
ramite is about 20 °C higher than that of anhedral scheelite
and generally 40 °C higher than that in adjacent quartz. It
is also about 60 °C higher than that of subhedral scheelite
and fluorite. These results indicate that wolframite likely
crystallized earlier than the coexisting scheelite and quartz,
which is also supported by the textural relationship where
wolframite commonly is crosscut by scheelite—quartz vein-
lets or occurs in the center of the veins and is partly replaced
by scheelite (ESM Fig. 3p).

Source and significance of carbon

Carbon isotope is often used to indicate the source of ore-
forming materials in ore deposits (Faure 1986; Ohmoto
1986; Hoefs 1997). In general, there are three major carbon
sources: a marine carbonate source with a §'°C mean value
of 0 %o (Ohmoto 1986); a mantle source with a §'°C mean
value of — 5 %o (Hoefs 1997); and an organic matter source
with a 8'3C mean value of —25 %o (Faure 1986). There is
relatively little published data on carbon isotopes from the
Dahutang ore field. Based on the 8'3C values of the calcite
in the late ore stage, such as— 12.3 and — 10.2 %o in the Kun-
shan deposit (Zhang et al. 2018) and — 11.4 to — 5.7 %o in the
Shimensi deposit (Ruan et al. 2015), it is suggested that car-
bon was initially from a magmatic source and subsequently
mixed with organic carbon. In this way, it is limited to ensure
the source of mixed carbon in the late ore stage, but lacks the
direct carbon isotope features in the main ore stage.

In this study, the carbon isotopes were measured by fluid
inclusions of minerals in different ore stages in order to
clarify the source and variation of carbon. Our new data
(Fig. 9) show that the carbon in the ore-forming system
exhibits obvious characteristics of sedimentary organic car-
bon at the early hydrothermal ore stage (—26.2 to —21.0 %o),
which is much lower than the magmatic carbon source (—7
to— 3 %o; Hoefs 1997). Therefore, it is suggested that sedi-
mentary carbon was not added in the late stage but already
added in the magmatic fluid system before hydrothermal
mineralization. The surrounding Shuangqiaoshan Group
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meta-sedimentary rocks can provide sufficient organic car-
bon (BGMRIJX 1984; Gao 2012). Considering the addition
of organic carbon, there are two possibilities: one is the
melt that might assimilate organic matter during its ascent
and emplacement and then organic matter decomposed to
CH,, N,, H,0O under such high temperature and pressure,
and another possibility is the assimilation of carbon from
the host strata during the magmatic-hydrothermal transition
stage, resulting in obvious organic carbon characteristics in
the early ore-forming fluid. In the latter case, it is difficult
to imagine that such low 8'3C values can be obtained in
almost all minerals. Meanwhile, it is also unable to account
for the low 8'°C values of fluid inclusions in quartz vein
occurred in the Yanshanian granites, which were not directly
contacted with the Shuangqiaoshan Group. Therefore, we
favor the scenario where the carbon signature was acquired
during magmatic stage by assimilation of rocks from the
Shuanggiaoshan Group. This is consistent with some pre-
vious studies in the Dahutang ore field; for example, it is
concluded that the causative Yanshanian S-type granites in
the Dahutang ore field are product of partial melting from
Shuangqgiaoshan Group rocks (Jiang et al. 2015; Fan et al.
2019), and the oxygen fugacity of granites is relatively low
as deduced by mineralogical work such as mica and zircon
(Huang and Jiang 2014; Zhang et al. 2019). The addition
of organic carbon from the Shuanggiaoshan Group yields
relatively reduced conditions, which are beneficial for biva-
lent Fe transport, and this facilitates the deposition of wolf-
ramite. At the same time, in a reduced environment, sulfur
prefers to occur as negative bivalent sulfur, contributing to
subsequent copper—molybdenum mineralization. In the late
ore stage, the escape of volatile CH, characterized with low
8'3C values leads to the gradual increase in carbon isotope
value in the fluid.

Sulfur isotope characteristics and indicative
geothermometer

The various values of sulfur isotopes in different ore-forming
stages and minerals are shown in ESM Table 3 and Fig. 10.
The sulfides from the pre-ore stage show quite uniform S
values (— 1.7 to 0.6 %o), which is consistent with previously
published data of the Shimensi deposit (5**S= —3.1 to 1.0
%o; Xiang et al. 2013). A narrow range of 5>*S values with a
mean close to zero indicates a possible magmatic source for
sulfur (Ohmoto 1972). However, 8**S values of sulfides from
the pre-ore stage to the tungsten mineralization stage show
a decreasing trend (Fig. 10), reducing to a range of —4.5 to
0.7 %o, and this tendency is more obvious to the later sulfide
stage, displaying 8**S values from —5.2 to — 1.3 %o. This
variation of sulfur isotopic composition within and between
mineral grains indicates that biogenic sulfur may not play an
important role during sulfide precipitation (Peng et al. 2018).

Instead, this variation may be the result of the changes in fO,
and pH as the fluids evolved (Rajabpour et al. 2017). Based
on the S-C isotope model of Ohmoto (1972), we consider
that the depleted sulfur isotope values are likely generated
by an increase of oxygen fugacity due to the inflow of oxi-
dized meteoric waters (as evidenced from H-O isotopes),
which is also indicated by the first appearance of CO, (from
CH,— CO,) in fluid inclusions measurement in the sulfide
stage.

In the sulfide stage, sulfides show variable 5°*S values
(ESM Table 3 and Fig. 10). The comparison of sulfur iso-
tope values (8%*Sy;, > 8>*Sp, >8*S¢, > 8Sp,) indicates
that the ore minerals basically reach the sulfur isotope
equilibrium during precipitation (Ohmoto 1986; Rollin-
son 1993). Equilibrium between sulfide phases can also
be derived from petrographic features such as the closely
coexisting chalcopyrite and pyrite with clear and straight
boundaries, and subhedral mineral grains (ESM Fig. 4b).
According to the formula: 634S(Py—Ccp) =4.5x 10°/T(°K)?
(Kajiwara and Krouse 1971), four pairs of 8**S values meas-
ured from coexisting chalcopyrite and pyrite (ESM Fig. 6)
were selected to calculate equilibrium temperature of sulfur
isotopes. Sulfur isotope thermometer displays equilibrium
temperature of 242 to 290 °C, showing that the precipitation
temperature of copper ore is similar to but a little higher than
the homogenization temperature of fluid inclusions in quartz
(223 — 288 °C), which may be due to the early formation of
sulfide.

The role of fluid-rock reaction during mineralization

Fluid—rock reaction plays an important role in the forma-
tion of many tungsten deposits (Jiang et al. 2020; Mao et al.
2020). On the one hand, water—rock reaction can directly
provide ore-forming materials, such as Ca, Fe, Mn, Mg, and
S; on the other hand, when the fluid interacts with the sur-
rounding rocks, the temperature, pH and fO, of the hydro-
thermal solution will change and lead to a change in the
solubility of the ion complex, then resulting in the precipita-
tion of ore minerals.

In many Sn-W deposits, greisenization and chloriti-
zation are often regarded as a favorable sign of miner-
alization (Pirajno 2009). Tin mineralization occurs in the
alteration zone close to the intrusive rock body, while the
W in the same mineralization system often forms later and
migrates farther with the fluid and precipitates in the vein
system far away from the intrusive rock body. Therefore, it
is believed that the surrounding rock alteration represented
by greisenization has a significant impact on the precipi-
tation of tin (Schmidt et al. 2020). For the formation of
skarn W deposit, it is generally recognized that the influ-
ence of fluid-rock reaction is crucial (Kwak 1987; Mein-
ert 2005). However, it has been controversial whether
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fluid—rock reaction plays an important role in the forma-
tion of vein-type W deposits. Most researchers focused on
fluid mixing, boiling, and cooling, only some believe that
fluid—rock reaction is also an important reason for chang-
ing fluid properties and causing tungsten mineral precipi-
tation (Guillemette and Williams-Jones 1993; Macey and
Harris 2006; Lecumberri-Sanchez et al. 2017; Sun and
Chen 2017; Peng et al. 2018; Jiang et al. 2020).

The contact zone between the Dahutang Mesozoic gran-
ite and Neoproterozoic granodiorite and the Shuangqia-
oshan Group surrounding rocks widely developed hydro-
thermal alteration such as greisenization, tourmalinization,
silicification and chloritization, especially the greiseni-
zation is most intense and is closely related to veinlet-
disseminated orebodies. In the Maogongdong deposit,
it can be seen that a large amount of wolframite occurs
in the greisenization contact zone between hydrothermal
quartz veins and the Shuangqgiaoshan Group strata, as well
as the scheelite and fluorite in the quartz vein occurring
within the Shuangqgiaoshan Group (ESM Fig. 3e, f, n, 0).
This indicates that there may be a certain amount of Fe
and Ca released from biotite and feldspar during the pro-
cess of fluid—rock reaction. The reaction process could be
expressed as follows:

K(Mg, Fe),AlSiy0,,(F, OH),(biotite) + 2AI*

1
— KAL [AISi5 00| (OH),(muscovite) + 3Fe** M

NaAlSi; 04 CaAl,Si, Og(plagioclase) + 2H* + K*
— KALKAL [AlSi; 00| (OH), (muscovite) + 2Si0,(quartz) + Na* + Ca** @)
The Fe/(Fe +Mn) of hydrothermal wolframite is higher
than that of wolframite in the muscovite granites, which can
be explained by the addition of Fe (Fig. 3). Previous stud-
ies also confirm that fluid—rock reaction can provide ore-
forming materials for tungsten-bearing hydrothermal fluids,
such as the study of boron isotopes and Ca, Sr and V content
variations in tourmaline (Hu and Jiang 2020) and the trace
elements variations of scheelite in the Dahutang ore field
(Peng et al. 2018). Therefore, the fluid—rock interaction may
be an important factor for the genesis of the giant Dahutang
tungsten deposits.

Ore-forming process of the Maogongdong deposit

Based on petrographic evidence and geological analysis, the
ore-forming process in the Maogongdong deposit can be
mainly divided into a tungsten-dominated mineralization
stage and a copper—molybdenum-dominated mineralization
stage. On the whole, the tungsten ores generally formed ear-
lier than the copper and molybdenum ores, and their geneses
are related to magmatic—hydrothermal evolution.

@ Springer

Main tungsten mineralization

Tungsten is a strongly incompatible lithophile element,
with an abundance in the crust of more than 100 times
higher than in the mantle (Liu et al. 1982). The Shuang-
giaoshan Group in the Dahutang ore field is an important
tungsten-bearing formation, generally with high tung-
sten content, such as mudstone contains an average of
9.13 ppm W, much higher than the average 1.0 ppm in
crust (Rudnick and Gao 2004; Liu et al. 1982). Thus, it
may be an important source of tungsten in this ore field
(Jiang et al. 2015).

In the Maogongdong deposit, it is suggested that dur-
ing the magmatic-hydrothermal transition stage, the
ore-forming hydrothermal fluid differentiated from the
magma, containing of W, Cu, Mo and other metal ele-
ments, and replaced the previous silicate minerals such
as mica, feldspar, and tourmaline. This resulted in the
small-scale altered granite-type tungsten ores, seric-
ite and nodular tourmaline (Fig. 12a, b) (Hu and Jiang
2020). In the hydrothermal stage, the scale and type of
ore mineralization are closely related to the temperature
of the fluid and fluid-rock reaction. The initial high tem-
perature magmatic fluid (390 — 410 °C) differentiated from
the muscovite granite and then formed a relatively pure
quartz veinlet (Qz-1). In the early tungsten mineralization
stage (330 —380 °C), fluid cooling led to the decrease in
tungsten complex solubility and thus small-scale wolf-
ramite and scheelite precipitated (Fig. 12c). After that,
the temperature and pressure of the ore-forming fluid
kept decreasing in the late tungsten mineralization stage
(280 —355 °C), and a large amount of tungsten ore miner-
als crystallized, particularly with obvious greisenization
at the contact zone of the surrounding rock (Fig. 12d, e, f).
In this process, WO,>~ preferentially combines with high
concentrations of FeZ* and Mn?* to form wolframite, fol-
lowed by Ca2* to form scheelite. At the same time, fluid
boiling in a small scale may also contribute to the crystal-
lization of tungsten ores. After the wolframite (Wol-2b)
and anhedral scheelite (Sch-2b) precipitated completely,
the continuous addition of external Ca led to the crys-
tallization of subhedral scheelite (Sch-2c) and fluorite
(275 —295 °C). In the late hydrothermal stage, when the
temperature dropped to about 270 °C, most of the tungsten
has precipitated, and the sulfide mineralization gradually
developed.

Copper-molybdenum mineralization

In addition to tungsten ores, there is also a large amount
of copper in the Dahutang area, mainly occurs as chal-
copyrite and bornite, and a small amount of tetrahedrite
and chalcocite. Similar to the tungsten, the copper in the
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Fig. 12 A sketch diagram illustrating ore-forming processes of the Maogongdong deposit

Maogongdong deposit may be derived from the Shuangqia-
oshan Group, which is rich in copper (Jiang et. al 2015; Sun
et al. 2018). Most of the copper minerals occur in hydro-
thermal quartz veins with medium-low formation tempera-
ture (240 —270 °C), and a few are disseminated in granites.
According to the results of S isotope data in different ore
stages (Fig. 10), sulfur exhibits magmatic source. From the
temperature salinity and the H-O isotope plots (Figs. 7, 8),
it can be seen that much meteoric water was added in the
sulfide stage. The mixing of the two different fluids changed
the physical and chemical conditions of the ore-forming
environment, leading to the crystallization of molybdenum
and copper ores (Fig. 12g, h). This can also be evidenced
from the characteristics of fluid inclusions in quartz in the

sulfide stage, which is characterized by the appearance of
CO, and H,S (ESM Fig. 5f).

Conclusions
(1). The Maogongdong W—(Cu—Mo) deposit is mainly a
vein-type deposit, characterized by early W and late
Cu—Mo mineralization.

Geological, petrography, fluid inclusions and H-O-S
stable isotope data suggest that the Maogongdong
deposit belongs to a high-to-moderate temperature,
moderate-to-low salinity, and low-oxygen fugacity
fluid system. The early ore-forming fluids are mainly

Q).
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magmatic water with relatively high temperature
(270-410 °C) and moderate-to-low salinity, while
the late ore-forming fluids are a mixture of magmatic
and meteoric water, with medium-low temperature
(160-270 °C) and low salinity.

(3). Carbon isotope values show that a large amount of
organic carbon from the Shuanggiaoshan Group coun-
try rocks was added before mineralization, which kept
the whole system at low redox conditions.

(4). The greisenization is the result of the reaction between
the ore-forming fluid and the surrounding rocks. In
this process, a large amount of Fe and Ca were added
to the ore-forming system.

(5). The fluid cooling and pressure decrease are the main
factors causing tungsten ore crystallization, while
local boiling may also make a contribution, and fluid—
rock reaction provides the supplementary source of
ore-forming materials.
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