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The Wushan copper polymetallic deposit is located in the Tongbai-Dabie orogenic belt in central China. Two small granitoid stocks
(Donggushan and Xigushan) occur in the deposit, which is next to the largest Qijianfeng Granite Complex in the Suizao area. The
mineralization of Wushan copper polymetallic deposit is mainly composed of ore-bearing quartz veins and quartz stockworks. Two
hydrothermal stages are identified as the quartz-sulfide stage (early stage) and the barren quartz stage (late stage). A detailed
petrographic study shows four types of fluid inclusions in quartz, including the aqueous fluid inclusions (L+V/V+L), the
aqueous-carbonic fluid inclusions (L+V+CO,), the pure carbon dioxide fluid inclusions (pure CO,), and the daughter mineral-
bearing multiphase fluid inclusions (S). The daughter mineral-bearing multiphase fluid inclusions (S) are further divided into
three subclasses according to their different solid mineral assemblages, including (1) S;: L+V+Hal, (2) Sy L+V+CO,+S
(chalcopyrite), and (3) S;: L+V+S (calcite, chalcopyrite, and hematite)+Hal. A laser Raman spectroscopic analysis shows that the
main components of fluid inclusions are water and carbon dioxide. The solid minerals of the S-type fluid inclusions include
halite, calcite, chalcopyrite, and hematite. The homogenization temperatures of fluid inclusions are 377 to 468°C for the early
stage, with a salinity of 11.1 to 34.1 wt.% NaCl equivalent (11.1 to 17.4wt.% NaCl equivalent and 28.4 to 34.1 wt.% NaCl
equivalent, respectively) and an estimated pressure of 89 to 137 MPa. The homogenization temperatures of fluid inclusions in
the late stage are 267 to 380°C with salinity of 7.0 to 12.1 wt.% NaCl equivalent and an estimated pressure of 46 to 115 MPa.
Therefore, the temperature, salinity, and pressure of the fluid show a decreasing trend from the early to the late stage. In the
early stage, the fluid is immiscible, which leads to the precipitation of sulfides. Pyrite shows a 8°*S of approximately 0 (-1.8 to
+3.4%o), and chalcopyrite also shows a similar §>*S of approximately 0 (+1.5 to +2.4%o), which indicates that the sulfur in the
ore-forming fluid is mainly derived from deep-seated magma. Combined with C-H-O isotopic compositions, the initial ore-
forming fluid is likely magmatic water, but with the addition of meteoric water in the late stage. By comparing with the typical
characteristics of magmatic hydrothermal vein deposit and orogenic deposit related to shear zones, we suggest that the Wushan
copper polymetallic deposit is most likely a magmatic hydrothermal vein deposit, which is of great significance for the further
exploration work in the Wushan and surrounding areas. This new finding also fills the gap that no magmatic hydrothermal vein
type Cu deposits have been found in the Suizao area or even in the Qinling-Dabie orogenic belt in central China.

1. Introduction term evolution (Figure 1(a)) [1-6]. A wide variety of ore
deposits can be found along this belt [7-13].

The Tongbai-Dabie orogenic belt is part of the famous The Suizao area (i.e., Suizhou and Zaoyang) is located in

Qinling orogenic belt, which is a polycyclic complex conti-  the western section of the Tongbai-Dabie orogenic belt

nental collision orogenic belt that formed under a long- (Figure 1(b)) [14-16]. It is also an important metallogenic
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FIGURE 1: (a) Tectonic framework of China, showing the location of the Qinling orogenic belt (modified after [3]). (b) Generalized geological
map of the Tongbai-Dabie orogenic belt, showing the locations of Wushan and other deposits (modified after [24, 26]).

belt in the northern part of Hubei Province [17-23].
Porphyry Mo deposits, such as Qiangechong, Tongping,
and Shapinggou, have been found in the Tongbai-Dabie oro-
genic belt in the Anhui and Henan provinces adjacent to
Hubei Province (Figure 1(b)) [11, 18, 24-28], but no por-
phyry deposits and magmatic-hydrothermal deposits have
been confirmed in this belt in Hubei Province. The Wushan
copper polymetallic deposit is one of the many deposits that

exist around the large Qijianfeng Granitic Complex near
Wushan fault. In particular, this deposit consists of five ore
bodies (including Doubi, Qingshanci, Yindongpo, Bijiashan,
and Chenjiadapo), and there is significant mineralization that
occurs in both the small granitoid bodies (Xigushan and
Donggushan) (Figures 2 and 3) [18, 23]. The ore grades in this
deposit include Cu of 2.08%. This deposit also contains a fair
amount of Au (1.64 to 6.2 g/t), Ag (10 to 100 g/t), and Pb (0.1
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FI1GURE 2: Generalized geological map of the Suizao area, showing the location of Wushan copper polymetallic deposits (modified after [18]).

to 0.5%). The Wushan deposit is a medium-sized copper
polymetallic ore deposit, and current available data from the
local geological team indicate that the Wushan deposit could
become a large deposit after further exploration work. This
deposit was first discovered in the 1970s by the Eighth Geol-
ogy Team of Hubei Province, but no detailed study has been
carried out, and ore genesis is still obscure [21, 29]. In this
paper, we report a detailed study on the geological character-
istics, fluid inclusions, and H-O-C-S isotopes of the Wushan
deposit, in an attempt to reveal its genesis.

2. Regional Geology and Ore Deposit Geology

The tectonic location of Suizao area belongs to the middle
part of the Qinling orogenic belt (Figure 1), including
Dabie-Sulu (the northeast of Xin-Huang fault) and the
Qinling arc basin system (southwest of the Xin-Huang fault).
The Suizao area is composed of two major faults (Xin-Huang
and Wushan) (Figure 2). The Xin-Huang and Wushan faults
are of ductile shear zones, which belong to a series of NNW
trend shear zones in the Tongbai orogenic belt [18, 19]. In
the northeast Xin-Huang fault, the main strata are composed
of granitic gneiss and supercrust rocks, regarded to belong to
the Archean-Proterozoic Dabie/Tongbai complex. In the

southwestern part of the Xin-Huang fault, the main strata
include the Suixian Group of the possible early Proterozoic
age (Figure 2), and the lithology is a low-to-middle metamor-
phic grade volcanic-sedimentary sequence.

The Qijianfeng Granite Complex, which is approximately
192km?, is the largest granite batholith in the area and is
bounded by the Xin-Huang fault in the north and Wushan
fault in the south. This granite is of the Late Mesozoic
(Yanshanian) age and possibly formed during the post-
collision extension [20]. Except for granite, several mafic
and ultramafic rock bodies of possibly the Paleozoic (Caledo-
nian) age also occurred in the Suizao area, such as the
Dafushan ultramafic rock, which hosts a large Ti (rutile)
deposit (Figure 2).

The Wushan copper polymetallic deposit is located near
the secondary fault of the Wushan fault (Figure 2), and the
structure of the mining area is mainly NW-trending
(Figure 3). There are many normal faults in the mining
area (Figures 4(a) and 4(b)). Two small granitoid bodies
(Donggushan and Xigushan) are the two largest outcropped
intrusions in the mining area, which formed during the
Yanshanian period (Figure 3). The plane shape of the gran-
ite intrusion is elliptical, with irregular interlaced contact
with the surrounding rocks. The lithology of Xigushan



4 Geofluids
4135 414.0 4145 415.0 4155 416.0 4165
3559.41 A - 3559.41
3559.0 | - 3559.0
3558.5 | - 3558.5
Chenjiadap
3558.0 - 3558.0
15575 - Q )r 35575
7 2\
3557.0 | | L 3557.0

4140 4145

I Granite porphyry (Yanshanian)
- Quartz syenite (Yanshanian)
Yaolinghe Group (schist )

- Reservoir

Orebody

415.0 4155 416.0 4165

Quartz syenite porphyry (Yanshanian)
Y porphyry
Wudang Group (gneiss )
g p (g
[Q] Quaternary sediment
Fault
Sampling location

FiGure 3: Simplified geological map of the Wushan copper polymetallic deposit.

intrusion is mainly quartz syenite (Figure 4(c)) and quartz
syenite porphyry (Figure 4(d)), and the Donggushan intru-
sion is dominated by granitic porphyry (Figure 4(e)). The
main strata in the mining area include the Wudang Group
and Yaolinghe Group, which are composed of mainly gneiss
and schist, respectively. The mineralization occurs not only
in Wudang Group but also in the intrusions (Donggushan
and Xigushan) (Figure 3). The mineralization includes
mainly a large number of quartz-sulfide stockworks and veins
(Figures 4(f)-4(h)), which are hosted mainly within the
quartz syenite and granite porphyries. A number of barren
quartz veins are also found in the granite porphyry and quartz
syenite porphyries (Figures 4(h) and 4(i)). The hydrothermal
alteration of the Wushan copper polymetallic deposit is well
developed, including potassic, silicic, and sericitic alterations
(Figures 4(j) and 4(k)). Potassic and silicic alterations are the
most widely developed alterations, and the zone of alteration
covers almost the entire Donggushan intrusion and part of

the Xigushan intrusion. Potassic and sericitic alterations are
mainly distributed in quartz syenite and granitic porphyries
(Figure 4(j)). The potassic alteration is red in color, and the
closer the mineralized quartz vein is, the darker the color is.
Sericite is developed in the contact area between quartz vein
and surrounding rock (Figure 4(k)). Silicic alteration is usu-
ally vein-shaped in the surrounding rock (Figure 4(j)). There
are also pyrite (partially altered to limonite) and chalcopyrite
mineralization. According to the field geological characteris-
tics and petrographic observations, the Wushan copper poly-
metallic deposit can be divided into two hydrothermal stages:
the quartz-sulfide stage (the early stage) and the barren quartz
stage (the late stage) (Figures 4(f)-4(i)). The early stage is
characterized by the quartz sulfide vein (and veinlet); the
quartz is gray-brown and smoky gray in color, and the sul-
fides include mainly pyrite and chalcopyrite.

The mineralization of the Wushan copper polymetallic
deposit occurred mainly during the early stage. The
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F1GURE 4: Photos of the geological characteristics and hand specimens of rocks from the Wushan copper polymetallic deposit. (a, b) Normal
fault in the Wushan copper polymetallic deposit area. (c) Quartz syenite; (d) quartz syenite porphyry; (e) granitic porphyry; (f) quartz-sulfide
stockwork in quartz syenite; (g) quartz-sulfide stockwork in granitic porphyry; (f) barren quartz vein in quartz syenite porphyry; (h) barren
quartz vein in granitic porphyry; (i) quartz-sulfide vein in early stage crosscutting by barren quartz vein in late stage; (j) silicification and
potassic alteration; (k) sericite alteration.



mineralization type 1is relatively simple, consisting of
mainly pyrite ore and chalcopyrite ore. Some pyrites are
cloddy with aggregates in the quartz veins along the fractures
(Figures 5(a)-5(d)), and some pyrites are disseminated
(Figure 5(e)). In addition, pyrite is also characterized by
irregular veins and stockworks (Figures 5(f)-5(i)). Pyrite is
often oxidized to the limonite near the surface outcrop
(Figures 5(a), 5(b), 5(d), 5(e), and 5(h)). Chalcopyrite is often
associated with pyrite and distributes in pyrite or cracks
between pyrite and quartz, mostly in the form of star spots
and is occasionally cloddy (Figure 5(g)). Pyrite is mainly lin-
early distributed in quartz (Figures 6(a)-6(c)), and the pyrite
grains are mainly euhedral (Figure 6(d)) and euhedral to sub-
hedral (Figures 6(e) and 6(f)). There is also a small amount of
anhedral pyrite (Figure 6(g)) in the quartz vein. Chalcopyrite
is mostly irregularly distributed (Figures 6(h)-6(j)). In addi-
tion, there is also a small amount of pyrite in quartz schist
(the surrounding rock) (Figures 6(k) and 6(1)). Pyrite was
oxidized to limonite (Figures 6(a)-6(1)), and chalcopyrite
was oxidized to covellite (Figures 6(h) and 6(i)).

3. Analytical Methods

3.1. Fluid Inclusion Measurements. The fluid inclusions of
eleven double-polished wafers (approximately 200 ym) in
the early and late stages of the Wushan copper polymetallic
deposit were studied, and the petrography of the fluid
inclusions was observed. To determine the morphology, size,
and spatial distribution, as well as the phase composition and
proportion of the fluid inclusions, eleven typical samples (six
samples from the quartz-sulfide stage and five samples from
the barren quartz stage) were analyzed by microthermometry
and laser Raman spectroscopy. The petrographic observation
of the fluid inclusions was carried out in the National Dem-
onstration Center for Experimental Mineral Exploration
and Education of China University of Geosciences (Wuhan).
The fluid inclusion was observed under microscope. The
fluid inclusion microthermometry measurement was carried
out in the fluid inclusions laboratory of the Collaborative
Innovation Center for Exploration of Strategic Mineral
Resources in China University of Geosciences (Wuhan). A
Linkham THMS600 heating and freezing stage with the
range of -196 to 600°C was used. It is connected to a Leica
DM2700 P microscope with television cameras and monitors
to accurately record the state of fluid inclusions at different
temperatures. The heating and freezing stages were cali-
brated using synthetic inclusions (pure H,O: ice melting
temperature = 0°C; critical temperature = 374.1°C; and pure
CO,: CO, melting temperature = —-56.6°C), and the heat-
ing/cooling rate of the inclusions was 0.2-5.0°C/min, gener-
ally, but less than 0.2°C/min near the phase transition. At
different temperature ranges, the measurement uncertainty
is slightly different, i.e., 0.5°C (from -120 to 70°C), 0.2°C
(from 70 to 100°C), and 2°C (from 100 to 600°C). The heating
rate that was used to measure the melting temperature of ice
was less than 0.1°C/min, and the rate that was used to mea-
sure the homogenization temperature of fluid inclusions
was less than 1°C/min. The final measured data include ice
melting temperature (T, _;.), eutectic temperatures (T,,),
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melting temperature of clathrate (T,_,), melting tempera-
ture of solid CO, (T',_co,)> homogenization temperature of
CO, liquid and vapor (T} _cp,), and total homogenization
temperature (T,) [30]. The salinities were calculated using
the equations of Bodnar and Vityk [31] for aqueous fluid
inclusions, of Darling [32] for aqueous-carbonic fluid inclu-
sions, and of Bodnar and Vityk [31] for halite inclusions.
Using the equations of Schmidt and Bodnar [33], the density
of inclusions was calculated, and the pressure was estimated
by using the H,O and CO, system combined with the P-T
diagram [34, 35].

The laser Raman analysis of fluid inclusions was carried
out in the State Key Laboratory of Geological Processes and
Mineral Resources (GPMR) in the China University of Geos-
ciences (Wuhan). The instrument is a DXR Laser Raman
spectrometer, the laser source is a 514.5nm Ar+ ion laser,
and the surface power is 20 MW. The exposure time is 20-
405, and the exposure range is 50-4000 cm™. The spectro-
graph aperture is defined as a 50 ym pinhole. The instrument
settings remain consistent in all analyses.

3.2. Hydrogen, Oxygen, and Carbon Isotope Analyses. Four
quartz samples (two from early stage and two from late stage)
were selected for oxygen isotope analysis of the quartz and
hydrogen and carbon isotope analyses of water and carbon
dioxide in the fluid inclusions. The analyses were carried
out in the Stable Isotope Geology Laboratory of the Insti-
tute of Mineral Resources of the Chinese Academy of
Geosciences in Beijing, using a Finnigan MAT 253 mass
spectrometer. Oxygen was collected by a reaction of quartz
with BrF; and a conversion of O, to CO, on platinum-
plated carbon rods [36].

The fluid inclusions in quartz were used for analyses of
the hydrogen isotopic compositions and carbon isotopic
compositions. Samples were first degassed of labile volatiles
by heating under vacuum at 150°C for 3 h. Then, water and
carbon dioxide were released by heating the samples to
approximately 500°C by means of an induction furnace
[37], and the water and carbon dioxide were separated. The
separated water was converted to hydrogen by passage of
overheated zinc grains at 410°C, and the hydrogen isotopes
were analyzed with a MAT 253 mass spectrometer [38].
The separated CO, was collected and condensed using a lig-
uid nitrogen-alcohol cooling trap (~70°C) for §'*C analysis
[39]. Due to the small number of aqueous fluid inclusions
and carbon dioxide-bearing fluid inclusions in some quartz
samples, we only obtained data from some of the samples.
The oxygen isotope equilibrium fractionation formula
(1000 In &gy, p120 =3-38 X 10° T2 = 3.40) of the quartz-
water system of [36] was used to calculate the O isotopic
composition of the hydrothermal fluids by using the maxi-
mum and minimum values of the homogenization tempera-
ture of the fluid inclusions (L+V/V+L, L+V+CO,, and L+V
+Hal) that were measured in this paper.

3.3. Sulfur Isotope Analysis. The in situ sulfur isotopic analy-
sis of sulfide minerals in Wushan copper polymetallic deposit
was carried out in the GPMR in China University of Geos-
ciences (Wuhan). Standard double-polishing thin sections
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FIGURE 5: Photos of the mineralization of the Wushan copper polymetallic deposit. (a—d) Pyrite and limonite are cloddy and porphyry
embedded in the fractures of quartz veins; (e) disseminated pyrite and limonite; (f-i) vein and reticulated pyrite, limonite, and chalcopyrite.

were selected for the measurements using a Nu Plasma II
MC-ICP-MS equipped with the Resonetics S155 Excimer
ArF laser ablation system. A 193nm deep ultraviolet beam
generated by the ArF excimer laser generator was used with
a spot diameter of 23 ym and a frequency of 5 Hz. The abla-
tion process lasted for 40s [38]. The ablation material was
transported to the mass spectrometer using a high-purity
helium gas mixed with Ar gas and a small amount of N,
gas as a carrier gas. The standards that were used during
the analysis include an international sulfide standard NBS-
123 (sphalerite) and an in-house laboratory standard WS-1
(pyrite). The analytical precision (lo) was approximately
+0.1 per mil. The detailed analytical conditions and proce-
dures are the same as those described by Zhu et al. [40, 41].

4. Results

4.1. Petrography and Types of Fluid Inclusions. Petrography
and fluid inclusion observations were carried out in the two
stages of quartz veins. Except for the primary fluid inclusions,
there are many secondary fluid inclusions that were observed
in early quartz veins (Figures 7(a)-7(c)), and we did not
measure these secondary fluid inclusions. There are many
types of fluid inclusions in the quartz of the Wushan copper
polymetallic deposit, and different types of fluid inclusions

combine with each other in various ways (Figures 7(d)-
7(1)). These fluid inclusions were studied in detail by petro-
graphic methods, and the types of fluid inclusions are classi-
fied in detail as follows:

4.1.1. Aqueous Fluid Inclusions (L+V/V+L). The aqueous
fluid inclusions are composed of two phases (liquid H,O +
vapor H,0) (Figures 8(a) and 8(b)), and the volume range
of the vapor H,O phase is 20-90% at room temperature
(25°C). These fluid inclusions are the most widely distributed
in quartz in both the early and late stages and are the most
important fluid inclusions, accounting for approximately
60% of the total number of fluid inclusions. The homoge-
neous phase of the fluid inclusions (vapor H,O < 50%) is
generally a liquid phase, whereas the homogeneous phase
of these fluid inclusions (vapor H,O > 50%) is generally a
vapor phase. There are many such fluid inclusions (vapor
H,0 > 50%) in the early stage of the fluid, but there are none
in the late stage. The fluid inclusions are of different shapes,
which are mainly long elliptical shapes. The size of the long
axis of the inclusions is 2-20 ym, and most of them occur as
swarms and are linear, with few isolated inclusions.

4.1.2. Aqueous—Carbonic Fluid Inclusions (L+V+CO,). The
aqueous-carbonic fluid inclusions are composed of three
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FIGURE 6: Photomicrographs of the minerals in the Wushan copper polymetallic deposit. (a-c) Vein pyrite in the early-stage quartz vein; (d)
euhedral pyrite in the early-stage quartz vein; (e-f) euhedral to subeuhedral pyrite in the early-stage quartz vein; (g) anhedral pyrite in the
early stage; (h) chalcopyrite and covellite in the early-stage quartz vein; (i) pyrite and covellite in the early-stage quartz vein; (j)
coexistence of pyrite, chalcopyrite, and covellite in the early-stage quartz vein; (k-1) pyrite in the quartz schist (the surrounding rock).
Abbreviations: Qz: quartz; Lm: limonite; Py: pyrite; Cpy: chalcopyrite; Cv: covellite.

phases (liquid H,O + liquid CO,+ vapor CO,) (Figures 8(c)
and 8(d)). The volume range of the CO, phase (liquid CO,+
vapor CO,) is 30% to 80% at room temperature (25°C). This
type of fluid inclusion is widely distributed in quartz during
both the early and late stages, which accounts for approxi-
mately 15% of the total number of fluid inclusions. The
homogeneous phase of these fluid inclusions (liquid CO,+
vapor CO, < 50%) is generally a liquid phase. There are many
such fluid inclusions (liquid CO,+ vapor CO, > 50%) in the
early stage of the fluid, but there are none in the late stage,
and the homogeneous phase of these kinds of fluid inclusions
(liquid CO,+ vapor CO, > 50%) is a vapor phase. These fluid
inclusions mainly show elliptical shape and are negative crys-
tal, and the size of long axis is 5-15ym. Most of the fluid
inclusions are isolated, while a few aqueous—carbonic type
fluid inclusions are clustered.

4.1.3. Pure Carbonic Fluid Inclusions (Pure CO,). The pure
carbonic fluid inclusions are composed of two phases (liquid
CO, + vapor CO,) at room temperature (25°C) (Figure 8(e)).
The volume range of vapor CO, is 10% to 30% at room tem-
perature (25°C). The pure CO,-type fluid inclusions are dis-
tributed in quartz of both the early and late stages. This

type of fluid inclusion shows an elliptical shape, with a long
axis size of 2-10 ym. This type of fluid inclusion is mainly dis-
tributed in groups, and a few are isolated.

4.1.4. Daughter Mineral-Bearing Multiphase Inclusions (S).
The daughter mineral-bearing multiphase inclusions contain
not only H,0 and CO, but also various solid materials and
minerals. This type of fluid inclusion is only distributed in
the early stage, accounting for approximately 10% of the total
number of fluid inclusions. The S-type fluid inclusions can be
further classified into three subtypes according to their differ-
ent combinations of solids (S}, S,, and S; subtype):

(1) The S, subtype (L+V+Hal) fluid inclusions are com-
posed of liquid H,O, vapor H,O, and halite
(Figure 8(f)). The fluid inclusions are mainly ellipti-
cal in shape and have a long axis of 5-20 yum. Most
of them are isolated

(2) The S, subtype (L+V+CO,+S) fluid inclusions are
composed of liquid H,O, liquid CO,, vapor CO,,
and chalcopyrite at room temperature (25°C)
(Figures 8(g) and 8(h)). The fluid inclusions are
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F1GURE 7: Photomicrographs of fluid inclusion petrography. (a—c) Primary fluid inclusions and secondary fluid inclusions in early-stage
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fluid inclusions (pure CO,) and daughter mineral-bearing multiphase inclusions (L+V+S) in the early stage; (f) aqueous-carbonic fluid
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fluid inclusions (L+V+CO,) in the late stage; (j) vapor-rich aqueous fluid inclusions (V+L), liquid-rich aqueous fluid inclusions (L+V),
pure carbonic fluid inclusions (pure CO,), aqueous-carbonic fluid inclusions (L+V+CO,), daughter mineral-bearing multiphase inclusions
(L+V+CO,+S), and daughter mineral-bearing multiphase inclusions (L+V+S); (k) vapor-rich aqueous fluid inclusions (V+L), liquid-rich
aqueous fluid inclusions (L+V), aqueous-carbonic fluid inclusions (L+V+CO,), and daughter mineral-bearing multiphase inclusions (L+V
+CO,+S); (1) vapor-rich aqueous fluid inclusions (V+L), liquid-rich aqueous fluid inclusions (L+V), pure carbonic fluid inclusions (pure
CO,), aqueous-carbonic fluid inclusions (L+V+CO,), daughter mineral-bearing multiphase inclusions (L+V+Hal), daughter mineral-
bearing multiphase inclusions (L+V+CO,+S), and daughter mineral-bearing multiphase inclusions (L+V+S).

mostly round and elliptical. The size of the long axis ~ peak value of 1083cm™ (Figure 10(b)), chalcopyrite with a
of the fluid inclusions is 5-25 ym, most of them are peak value of 287 cm™ (Figure 10(c)), and hematite with a
isolated, and a few are distributed in groups peak value of 1314 cm™ (Figure 10(d)). The liquid composi-
tion of the CO, fluid inclusions is confirmed as CO, at the
peak values of 1278 cm! and 1383 cm™ (Figure 9(g)), and
the vapor composition is confirmed as CO, at the peak values
of 1279cm™ and 1383cm™! (Figure 9(h)). The results are
summarized in Table 1.

(3) The S; subtype (L+V+S+Hal) fluid inclusions are
composed of liquid H,O, vapor H,O, halite, and
other solid minerals (including calcite, chalcopyrite,
and hematite) (Figures 8(i)-8(1)), and the fluid inclu-
sions are mostly oval. The size of the long axis of the
fluid inclusions is 10-20 ym, and most of the fluid

inclusions are distributed in isolation 4.3. Microthermometry. In this paper, the fluid inclusions
in the early stage (including the aqueous fluid inclusions
4.2. Laser Raman Spectroscopy. Using laser Raman spectros-  (L+V and V+L), the aqueous-carbonic fluid inclusions

copy, the liquid composition of the aqueous fluid inclusions ~ (L+V+CO,), the pure carbon dioxide fluid inclusions
(L+V) is confirmed as H,O at the peak value of 3450cm™  (pure CO,), the daughter mineral-bearing multiphase
(Figure 9(a)), and the vapor composition is confirmed as fluid inclusions (L+V+Hal)), and the late stage (including
H,O at the peak value of 3500 cm’! (Figure 9(b)). There is the aqueous fluid inclusions (L+V), the aqueous-carbonic
also a peak of CO, in the vapor composition in a small  fluid inclusions (L+V+CO,), and the pure carbon dioxide
amount of vapor-rich aqueous fluid inclusions (V+L)  fluid inclusions (pure CO,)) were microscopically mea-

(Figure 9(c)). The vapor composition of the aqueous—car-  sured, including the initial melting temperature, freezing
bonic fluid inclusions (L+V+CO,) is confirmed as CO, at  point temperature, partial homogenization temperature,
the peak values of 1280cm™ and 1383 cm™ (Figure 9(d)), and complete homogenization temperature. The density

and the liquid composition is also confirmed as CO, at the  of the inclusions and fluid densities are then calculated.
peak values of 1280 cm™ and 1383 cm™ (Figure 9(e)). A chal- The S,-type (L+V+CO,+S) and S;-type (L+V+StHal)
copyrite is identified in the S, subtype fluid inclusions at the ~ fluid inclusions in the early stage cannot be completely
peak value of 289 cm™ (Figure 9(f)). The vapor composition ~ homogenized, and only the temperatures of vapor-liquid
of the S; subtype is confirmed as H,O at the peak value of  two-phase homogenization were measured, but the data
3440 cm™ (Figure 10(a)). There are many different solid min- are not included in the statistics. The results are shown
erals in the S, subtype fluid inclusions, such as calcite witha ~ in Table 2.
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FiGurg 8: Fluid inclusions petrography of different types in the Wushan copper polymetallic deposit. (a) Aqueous fluid inclusions (vapor
phase rich type, V+L) in the early stage; (b) aqueous fluid inclusion (liquid phase rich type, L+V) in the early stage; (C) negative
crystalline aqueous-carbonic fluid inclusion (H,O-rich type) in the early stage; (D) oval aqueous-carbonic fluid inclusion (CO,-rich type)
in the early stage; (E) pure carbon dioxide fluid inclusion in the late stage; (F) daughter mineral-bearing multiphase fluid inclusions S,
subtype (Ljp0+ VipotHal) in the early stage; (G) daughter mineral-bearing multiphase fluid inclusions S, subtype showing chalcopyrite in
the H,O phase in the early stage; (H) daughter mineral-bearing multiphase fluid inclusions S, subtype showing chalcopyrite in the CO,
phase in the early stage; (I) daughter mineral-bearing multiphase fluid inclusions S; subtype (Lij,o+ Vi, +Cal+Hal) in the early stage; (])
daughter mineral-bearing multiphase fluid inclusions S; subtype (L, + Viyyo + Cal + Hal) in the early stage; (K) daughter mineral-bearing
multiphase fluid inclusions S; subtype (Lyj50+ Vigao + Cpy + Hal + Hem) in the early stage; (L) daughter mineral-bearing multiphase fluid
inclusions S; subtype (Ly50+ Vipao+Cpy+Hal+Hem+Cal) in the early stage. Abbreviations: Lyy,: liquid H,O; Viyp,: vapor H,O; L,: liquid

CO,; V,: vapor CO,; Cal: calcite; Cpy: chalcopyrite; Hem: hematite; Hal: halite.

4.3.1. Early Stage. The initial melting temperatures of the
aqueous-carbonic fluid inclusions (L+V+CO,) are -58.3°C
to —56.6°C (Figure 11(a)), which is close to the three-phase
temperature of pure CO, (-56.6°C). The results show that
the vapor phase composition of the aqueous-carbonic fluid
inclusions (L+V+CO,) is mainly CO, and may contain a
small amount of other gases, which may result in a decrease
in the initial melting temperature. The homogenization tem-
peratures of CO, cages are 0.9 to 2.8°C (Figure 11(c)), with
corresponding salinities of 12.2-14.6 wt.% NaCl equivalent
(Figure 12(b)). The carbonic phase of the aqueous-carbonic
fluid inclusions (L+V+CO,) was homogenized to liquid at

27.4 to 30.1°C (Figure 11(e)). The homogenous phases are
liquid or vapor phases, and the homogenization tempera-
tures are 398 to 468°C (Figure 11(a)). The calculated volume
densities are 1.02 to 1.04 g/cm ~ (Table 2), and the CO, den-
sities are 0.60-0.67 g/cm™ (Table 2).

The eutectic temperatures of the aqueous fluid inclusions
(L+V and V+L) are —24.4°C to -22.2°C (Figure 11(g)), which
is close to the three-phase temperature of NaCl (-20.8°C).
The freezing point temperatures of the aqueous fluid inclu-
sions (L+V and V+L) are —13.6 to —7.5°C (Figure 11(i)), the
corresponding salinities are 11.1-17.4 wt.% NaCl equivalent
(Figure 12(b)), and the completely homogeneous phases are
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FIGURE 9: Representative laser Raman spectra of different types of fluid inclusions in the Wushan copper polymetallic deposit. (a) H,O spectra
at the peak values of 3450 cm™ of liquid in the aqueous fluid inclusion in the early stage; (b) H,O spectra at the peak values of 3500 cm™ of
vapor in the aqueous fluid inclusion in the early stage; (c) CO, spectra at the peak values of 1382 cm™ of vapor in the aqueous fluid inclusion
(vapor phase rich type) in the early stage; (d) CO, spectra at the peak values of 1280 cm™ and 1383 cm™* of vapor in the aqueous-carbonic fluid
inclusion in the early stage; (¢) CO, spectra at the peak values of 1280 cm™ and 1383 cm™" of liquid in the aqueous-carbonic fluid inclusion in
the early stage; (f) chalcopyrite spectra at the peak values of 289 cm™ and quartz spectra at the peak values of 465cm™ in S, subtype fluid
inclusion in the early stage; (g) CO, spectra at the peak values of 1278 cm™ and 1383 cm™ of liquid in the pure CO, fluid inclusion in the
early stage; (H) CO, spectra at the peak values of 1279 cm™ and 1383 cm™ of vapor in the pure CO, fluid inclusion in the early stage.
Abbreviations: Cpy: chalcopyrite; Qz: quartz.
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FIGURE 10: Representative laser Raman spectra of S; subtype fluid inclusions of the early stage in the Wushan copper polymetallic deposit. (a)
H,O spectra at the peak values of 3440 cm™* of liquid in S, subtype fluid inclusion; (b) calcite spectra at the peak values of 1083 cm™* and quartz
spectra at the peak values of 461 cm™ in S, subtype fluid inclusion; (c) chalcopyrite spectra at the peak values of 287 cm™" and quartz spectra at
the peak values of 465 cm™ in S, subtype fluid inclusion; (d) hematite spectra at the peak values of 1314 cm™* and quartz spectra at the peak
values of 465 cm™ in S, subtype fluid inclusion. Abbreviations: Qz: quartz; Cal: calcite; Cpy: chalcopyrite; Hem: hematite.

TaBLE 1: Summary of the laser Raman spectroscopy data from fluid inclusions trapped in quartz from the early stages of the Wushan copper
polymetallic deposit.

The peak values of laser

Type Subtype Phase = Raman spectroscopy ~ Composition Photo
(cm™)
Lorich 3450 H,0 Figure 8(a)
-ric

The aqueous fluid inclusions (L+V) 3500 H,0 Figure 8(b)
V-rich \% 1382 CO, Figure 8(c)
CO 1280 and 1383 CO Fi 8(d
The aqueous-carbonic fluid inclusions (L+V+CO,) 2 an 2 1-gure @
A 1280 and 1383 CO, Figure 8(e)
2 N 289 Cpy Figure 8(f)
R \% 3440 H,0 Figure 9(a)
The daughter mineral-bearing multiphase fluid inclusions (S) S 1083 Cal Figure 9(b)
S 287 Cpy Figure 9(c)
S 1314 Hem Figure 9(d)

CO 1278 and 1383 CO Fi 8
The pure carbon dioxide fluid inclusions (pure CO,) 2 an 2 '1gure 8)
CO, 1279 and 1383 CO, Figure 8(h)

liquid phase or vapor phase. The homogenization tempera-
tures are 377 to 465°C (Figure 11(a)), and the calculated bulk
densities are 0.63-0.72 g/cm'3 (Table 2).

The initial melting temperatures of the pure carbon diox-
ide fluid inclusions (pure CO,) are from —57.5 to —56.6°C

(Figure 11(a)). It is assumed that the vapor composition is
mainly CO, and the homogenization temperatures are 29.6
to 30.6°C (Figure 11(e)). The calculated densities of CO, are
0.56-0.61g/cm™ (Table 2). The completely dissolving
temperatures of halite (L+V+Hal) are 114 to 190°C, the
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Figure 11: Histograms of CO, melting temperatures (T,,,_cq,) of CO,-bearing fluid inclusions in the early-stage (a) and late-stage (b) quartz
grains, melting temperature of clathrate (T,_,) of CO,-bearing fluid inclusions in the early-stage (c) and late-stage (d) quartz grains, CO,
homogenization temperature (T} _c,) of CO,-bearing fluid inclusions in the early-stage (e) and late-stage (f) quartz grains, eutectic
temperatures (T,) of aqueous fluid inclusion in the early-stage (g) and late-stage (h) quartz grains, and ice melting temperature (T, _;..)
of aqueous fluid inclusion in the early-stage (i) and late-stage (j) quartz grains. Abbreviations: T, ~q,: melting temperature of solid CO,;

T,

m-cla*
ice melting temperature.

corresponding salinities are 28.4 to 34.1 wt.% NaCl equiva-
lent (Figure 12(b)), and the complete homogenization tem-
peratures are 385 to 457°C (Figure 12(a)).

4.3.2. Late Stage. The initial melting temperatures of the
aqueous-carbonic fluid inclusions (L+V+CO,) are -59.0
to —56.6°C (Figure 11(b)), which is close to the three-
phase temperature of pure CO, (-56.6°C). The results show
that the vapor phase composition of the aqueous-carbonic
fluid inclusions (L+V+CO,) is mainly CO, and may con-
tain a small amount of other gases, which may result in
the decrease of the initial melting temperature. The homog-
enization temperatures of CO, clathrate are 3.6 to 6.3°C
(Figure 11(d)). The corresponding salinities are 6.9-
11.5wt.% NaCl equivalent (Figure 12(d)). The carbonic
phase of the aqueous-carbonic fluid inclusions (L+V
+CO,) was homogenized to liquid from 28.3 to 31.0°C
(Figure 11(f)), and the homogenization temperatures are

melting temperature of clathrate; T} _-q,: homogenization temperature of CO, liquid and vapor; T,: eutectic temperatures; T, ;..

278 to 336°C (Figure 12(c)). The calculated volume densi-
ties are 0.99-1.02g/cm™, and the CO, densities are 0.51-
0.61 g/cm’3 (Table 2).

The eutectic temperatures of the aqueous fluid inclusions
(L+V) are —23.2 to —21.3°C (Figure 11(h)), which is close to
the three-phase temperature of NaCl (-20.8°C). The freezing
point temperatures of the aqueous fluid inclusions (L+V) are
—8.3 to —4.9°C, the corresponding salinities are 7.7-12.1 wt.%
NaCl equivalent (Figure 12(d)), and the completely homoge-
neous phase is a liquid phase. The homogenization tempera-
tures are 267 to 380°C (Figure 12(c)), and the calculated bulk
densities are 0.71-0.83 g/cm'3 (Table 2).

The initial melting temperatures of the pure carbon diox-
ide fluid inclusions (pure CO,) are from —57.5 to —56.6°C
(Figure 11(b)). It is assumed that the vapor composition is
mainly CO,, and the homogenization temperatures are 29.5
to 31.2°C (Figure 11(f)). The calculated densities of CO, are
0.47-0.62 g/cm™ (Table 2).
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FiGure 12: Histograms of total homogenization temperatures (7} ) and salinities of different type fluid inclusions in the early-stage (a, b) and
late-stage (c, d) quartz grains of the Wushan copper polymetallic deposit. Note: the S, subtype (L+V+CO,+S) and S, subtype (L+V+Hal+S)
fluid inclusions in the early stage cannot be completely homogenized, and the temperature of vapor-liquid two-phase homogenization can
only be measured; the data are not included in the statistics. Abbreviations: T},: total homogenization temperatures.

4.4. H-O-C Isotope Data. The H-O-C isotope data of the
Wushan copper polymetallic deposit are shown in Table 3.
The early-stage quartz shows §'%0,, values of 8.9%o and
9.3%o, and the 8D, values are —92%o and -94%o. The
8"Ccp, value of the CO, of early fluid inclusions in quartz is
—6.6%o. The late-stage quartz shows 6'°0, values of 9.4%o
and 10.2%o, and the 8D, ., values are —82%o and —76%o.

The 8"*C, value of the CO, of late fluid inclusions in quartz
is —8.6%o.

Since the complete homogenization temperature range of
early stage and late-stage fluid inclusions is large, we used the
maximum and minimum values of the complete homogeni-
zation temperature of fluid inclusions at each stage to calcu-
late 8'%0,,. In this way, we can obtain the range of §'°0,,
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values of the early stage and the late stage. The range of
8'%0,, values in the early stage is 4.3 to 6.6%o, and the range
in the late stage is 1.2 to 5.2%o.

4.5. Sulfur Isotopic Compositions. Data on the sulfur isotopes
for four pyrite and chalcopyrite samples from Wushan cop-
per polymetallic deposit are shown in Table 4. The analyzed
pyrite includes those from the sulfide-quartz vein-type ores
and the surrounding rock of quartz schist.

The 8>*S values of pyrite from the quartz-sulfide veins
show a range from —1.8 to +3.4%o, with an average value of
0.9%o (n=22). The 8>*S values of euhedral pyrite are from
+0.8 to +3.0%0, with an average value of +1.5%0 (1 =75).
The 8**S values of euhedral to subhedral pyrite are from
+3.0 to +3.4%0, with an average value of +3.2%0 (1 =4).
The 6**S values of anhedral pyrite are from —1.8 to +0.5%o,
with an average value of —1.0%o (1 = 10). The 84S values of
anhedral chalcopyrite are from +1.5 to +2.4%o, with an aver-
age value of +1.9%o (1 = 3). The §°*S values of pyrite from the
quartz schist show a range from +8.2 to +9.3%o, with an aver-
age of +8.8%o (n=2).

5. Discussion

5.1. Characteristics of the Fluid. Many previous researchers
have studied fluid inclusions and described their properties
in detail (e.g., [34, 42]). Although there are many secondary
fluid inclusions, we have selected primary fluid inclusions
through detailed petrographic studies prior to microthermo-
metry (Figure 7). These selected primary fluid inclusions are
mostly combinations of different types of fluid inclusions
(Figures 7(d)-7(1)), to eliminate the influence of secondary
fluid inclusions as much as possible. Using the fluid inclusion
data of quartz in the Wushan copper polymetallic deposit, we
can characterize the fluid properties as follows.

5.1.1. Early Stage. The main type of fluid inclusions in the
early stage is the aqueous fluid inclusions (L+V/V+L). The
next are the aqueous-carbonic fluid inclusions (L+V+CO,),
the pure carbon dioxide fluid inclusions (pure CO,), and
the daughter mineral-bearing multiphase fluid inclusions
(S). The solid minerals in the S-type fluid inclusions include
salt, calcite, chalcopyrite, and hematite. The existence of
these minerals in the fluid inclusions indicates that the fluid
may have a high salinity, a high oxygen fugacity, and a com-
plex composition. Both the aqueous-carbonic fluid inclusions
(L+V+CO,) and the pure carbon dioxide fluid inclusions
(pure CO,) contain large amounts of CO,. Combined with
the initial melting temperatures of the aqueous-carbonic
fluid inclusions (L+V+CO,) and the pure carbon dioxide
fluid inclusions (pure CO,), the early stage ore-forming fluid
system can be determined as a CO,-H,O-NaCl system. The
complete homogenization temperatures of the aqueous fluid
inclusions (L+V), the aqueous-carbonic fluid inclusions (L
+V+CO,), and the §;-type fluid inclusions (L+V+Hal) indi-
cate that the fluid temperatures in the early stage are 377 to
468°C. The salinities of the ore-forming fluid vary from
11.1-17.4wt.% NaCl equivalent to 28.4-34.1wt.% NaCl
equivalent. Therefore, the overall fluids of the early stage
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are characterized as high temperature and high salinity
(Figure 13). The coexistences of high-salinity fluid inclusions
(L+V+Hal) and the low-salinity fluid inclusions (L+V, V+L,
and L+V+CO,) in the early stage and their similar complete
homogenization temperatures indicate that the early-stage
fluid is an immiscible fluid. Hence, it is presumed that fluid
immiscibility occurred in the early stage of the fluid. Many
solid minerals, such as halite, calcite, chalcopyrite, and hema-
tite, exist in the S-type fluid inclusions. Halite belongs to the
daughter minerals of fluid inclusions, because the complete
homogeneity temperature of fluid inclusions that contain
only halite in this study is consistent with that of fluid inclu-
sions without halite (Figures 8(1) and 13). The host strata of
the Wushan copper polymetallic deposit is a low-degree
metamorphosed rock formation, and the fluid contains car-
bon dioxide, so calcite and chalcopyrite mineral should have
directly precipitated from the fluid, and it could not have
been captured from the host strata. Hematite may precipitate
from the fluid, in which the iron was oxidized and precipi-
tated, but it also may be captured from the surrounding rock
(quartz schist contains a small amount of pyrite, which can
be oxidized into hematite).

5.1.2. Late Stage. The main fluid inclusions in the late-stage
quartz are aqueous fluid inclusions (L+V), followed by
aqueous-carbonic fluid inclusions (L+V+CO,) and pure car-
bon dioxide fluid inclusions (pure CO,). No S-type fluid
inclusions occur in the late stage. Both the aqueous-
carbonic fluid inclusions (L+V+CO,) and the pure carbon
dioxide fluid inclusions (pure CO,) contain CO,. Combined
with the initial melting temperatures of the aqueous-carbonic
fluid inclusions (L+V+CO,) and the pure carbon dioxide
fluid inclusions (pure CO,), the late fluid system can be
determined as a CO,-H,0O-NaCl system. The complete
homogenization temperatures of the aqueous fluid inclusions
(L+V) and the aqueous-carbonic fluid inclusions (L+V
+CO,) indicate that the fluid temperatures at the late stage
are 267 to 380°C. The salinities are 7.0-12.1 wt.% NaCl equiv-
alent. The overall characteristics of the late fluid are medium-
temperature and low-salinity CO,-bearing fluid (Figure 13).

The late-stage fluid is very different from the early-stage
fluid. The temperature and salinity of the early-stage fluid
are higher than those of the late stage. In addition, there are
high-salinity fluid inclusions in the early stage and in the
daughter mineral-bearing multiphase fluid inclusions (L+V
+CO,+S and L+V+S+Hal) containing subminerals (calcite,
chalcopyrite, and hematite), which indicates that the compo-
sition of the early-stage fluid is more complex than that of the
late-stage fluid. The existence of hematite daughter mineral
in the early-stage fluid inclusions indicates that the early-
stage fluid should be an oxidizing fluid. Combined with H-
O isotopes (Figure 14), the decrease is the fluid temperature
and the salinity from early stage to late stage may be due to
the change of the hydrothermal emplacement depth and
the addition of meteoric water.

Carbon dioxide is present in both the early-stage fluid
and the late-stage fluid, and the carbon dioxide content in
the late-stage fluid is lower than that in the early-stage fluid
(reduction of fluid inclusions containing carbon dioxide,
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TaBLE 4: Sulfur isotope data of pyrite and chalcopyrite from the Wushan copper polymetallic deposit.

No. Sample ID Sample description Occurrence Mineral 8**Sy ot (%) T (K) 8**S a6 (%0)
Anhedral Early stage Pyrite 0.1 0.1
Anhedral Early stage Pyrite 0.5 0.5
Anhedral Early stage Pyrite -1.8 -1.8
1 XHF-46 ,
Anhedral Early stage Pyrite -1.7 -1.7
Anhedral Early stage Pyrite -1.8 -1.8
Anhedral Early stage Pyrite -14 -14
Anhedral Early stage Pyrite -0.4 -0.4
Anhedral Early stage Pyrite -0.2 -0.2
2 XHEF-51
Anhedral Early stage Pyrite -0.1 -0.1
Anhedral Early stage Pyrite 0 0
Euhedral to subeuhedral Early stage Pyrite 34 34
Euhedral to Subeuhedral Early stage Pyrite 34 34
. 650 to 738
Euhedral to subeuhedral Early stage Pyrite 3.0 3.0
3 XHEF-52 Euhedral to subeuhedral Early stage Pyrite 3.0 3.0
Anhedral Early stage Chalcopyrite 1.5 1.5
Anhedral Early stage Chalcopyrite 1.7 1.7
Anhedral Early stage Chalcopyrite 24 24
Euhedral Early stage Pyrite 3.0 3.0
Euhedral Early stage Pyrite 1.4 1.4
Euhedral Early stage Pyrite 0.8 0.8
4 XHF-54 Euhedral Early stage Pyrite 0.8 0.8
Euhedral Early stage Pyrite 1.3 1.3
Anhedral Quartz schist Pyrite 8.2
Anhedral Quartz schist Pyrite 9.3

and no CO,-rich aqueous-carbonic fluid inclusions in the
late stage), which may be due to the escape of carbon diox-
ide due to the change of the depth of the hydrothermal
emplacement. Combined with C isotopes (Figure 15), it is
suggested that carbon dioxide in both the early and late
stages was most likely derived from magma and that the C
isotopes in the late stage are slightly lower than that in the
early stage. It is suggested that a small proportion of carbon
dioxide in the late stage may come from oxidation of the
organic carbon in the surrounding meta-sedimentary strata,
which leads to a decrease in the C isotopes, but the laser
Raman analysis of the fluid inclusion in the late stage does
not detect the other gases, except for carbon dioxide.

5.2. Fluid Immiscibility. Fluid immiscibility is where there are
two or more fluids that were once one fluid (miscible) and
they have to separate into two or more distinct fluids due to
changes in P-T [43-45]. Fluid immiscibility is one of the
important mechanisms that may lead to ore precipitation.
Because the fluid immiscibility will cause phase separation
and break the original equilibrium of the system, an ore metal
may precipitate [46]. Fluid immiscibility exists widely in var-
ious hydrothermal fluid systems. According to studies on
fluid immiscibility (e.g., [42, 47, 48]), together with the fluid
inclusion characteristics of the Wushan copper polymetallic

deposit, we speculate that fluid immiscibility occurred in
the early stage of the Wushan copper polymetallic deposit,
and the evidence of fluid immiscibility includes the following:

(1) The aqueous fluid inclusions (L+V) have variable
phase ratios, and the degree of filling changed contin-
uously from 20vol% (L+V) to 90vol.% (V+L)
(Figures 8(a) and 8(b)). The aqueous-carbonic fluid
inclusions (L+V+CO,) have variable phase ratios,
and the degree of filling changed continuously from
30vol.% to 80 vol.% (Figures 8(c) and 8(d)).

(2) The aqueous fluid inclusions (L+V), the aqueous-
carbonic fluid inclusions (L+V+CO,), the pure car-
bon dioxide fluid inclusions (CO,), and the daughter
mineral-bearing multiphase fluid inclusions coexist
in the same crystal grain (Figures 7(j)-7(1)). In addi-
tion, the homogenization temperatures of the aque-
ous fluid inclusions (L+V), the aqueous-carbonic
fluid inclusions (L+V+CO,), and the daughter
mineral-bearing multiphase fluid inclusions (L+V
+Hal) are similar (Figure 13).

(3) The fluid inclusions of the aqueous fluid inclusions
(V4L) and the aqueous-carbonic fluid inclusions
(CO,-rich) are homogeneous to the vapor phase.
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of the fluid inclusions, showing the fluid evolution in the Wushan

copper polymetallic deposit.

The aqueous fluid inclusions (L+V) and the aqueous-
carbonic fluid inclusions (H,O-rich) are homoge-
nized to the liquid phase

(4) Part of the aqueous fluid inclusions (V+L) contains
CO, in the wvapor phase of fluid inclusions
(Figure 9(c)).

Of course, this phenomenon may also be caused by fluid
mixing, and the mixing of two different fluids would result in
distinct inclusion populations showing widely variable tem-
peratures of total homogenization and salinities [49, 50].
However, the early fluid of the Wushan copper polymetallic
deposit shows uniform homogenization temperatures (377
to 468°C) and two salinity ranges (11.1-17.4wt.% NaCl
equivalent to 28.4-34.1 wt.% NaCl equivalent), which indi-
cate that mixing the two separate fluids was not a major pro-
cess of this phenomenon. Continuous changes in the
proportions of the aqueous phase to the carbon dioxide phase
and the filling degree in fluid inclusions captured at the same
time in the early stage (Figures 7(j)-7(1)), with different
homogenization modes but the same homogenization tem-
perature and salinity, as well as a small amount of carbon
dioxide in some aqueous fluid inclusions (V+L), indicate that
the fluid in the early stage is immiscible. Therefore, we spec-
ulate that the early stage of the Wushan copper polymetallic
deposit occurred with strong fluid immiscibility. Fluid
immiscibility leads to the phase separation of fluid and the
inhomogeneity of fluid salinity, which resulted in the
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coexistence of high-salinity fluid inclusion and low-salinity
fluid inclusion in the early stage. We speculate that the fluid
salinity before ore-forming and the fluid salinity in the early
stage are similar or are slightly higher, and fluid immiscibility
causes part of the volatiles to escape from the fluid, thereby
forming high-salinity fluid inclusions.

The fluid inclusions that contain daughter minerals and
those that do not were captured at the same time in the
early-stage fluid, thus showing that fluid immiscibility leads
to the enrichment and precipitation of metallogenic mate-
rials. Therefore, we suggest that fluid immiscibility is one of
the metallogenic mechanisms in the Wushan copper polyme-
tallic deposit.

5.3. Pressure Estimation. If both pure H,O fluid inclusions (L
+V) and pure CO, fluid inclusions (pure CO,) exist in thin
sheets and can be proven to be trapped at the same time,
the pressure can be calculated by the P-T diagram of H,O
and CO, [34]. The coexistence of pure H,O fluid inclusions
and pure CO, fluid inclusions occurs in both the early and
late stages of the Wushan copper polymetallic deposit, and
they are caught at the same time (Figure 7). Therefore, we
can use the P-T diagram of H,O and CO, to calculate the
fluid pressure.

We used the maximum density and the minimum den-
sity of pure H,O fluid inclusions and pure CO, fluid inclu-
sions, respectively. The density data of pure H,O fluid
inclusions and pure CO, fluid inclusions in the two stages
are shown in the P-T diagram of H,O and CO,. The pressure
of early-stage fluid is estimated to be 89 to 137MPa
(Figure 16(a)), whereas the late stage is estimated to be 46
to 115MPa (Figure 16(b)), which indicates a decreasing
trend. By this method, we obtained the trapping tempera-
tures of the early-stage fluid inclusion of 362-481°C and the
late-stage fluid inclusions of 257-393°C. The trapping tem-
peratures of the two stages of fluid inclusions are similar to
the complete homogenization temperatures that were
obtained by microthermometry (377 to 468°C in the early
stage, and 267 to 380°C in the late stage). Considering that
fluid immiscibility has occurred in the early stage at the
Wushan copper polymetallic deposit, the homogenization
temperature would correspond to the trapping temperatures
[47, 51]. Therefore, the metallogenic depth of the Wushan
copper polymetallic deposit is estimated to be approximately
2.6 to 4.0km when assuming a lithostatic condition. The
Wushan copper polymetallic deposit is controlled by the sec-
ondary faults of the major Wushan fault, and the secondary
faults are tensional. The ore-forming fluid of the Wushan
copper polymetallic deposit rises from deep into an open
space that is caused by the fault, and the strong immisci-
bility due to the pressure change leads to the precipitation
of ore minerals.

5.4. Origin of Ore-Forming Fluids. From the early to late
stage, the fluid 6D value shows a slightly increasing trend
from —92 and —94%o to —82 and —76%o, whereas the fluid
8"%0,,,r Shows a decreasing trend from 4.3%o and 6.6%o to
1.2%o0 and 5.2%o. Therefore, it is suggested that the fluid in
the early stage derived mainly from magmatic water, while
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in the late stage, a small amount of meteoric water was
involved (Figure 14).

Different carbon sources have different carbon isotope
characteristics; those from the mantle show a 8'°C value of
-9 to —3%o [52], while those from the marine carbonate are
close to 0%o [53]. In contrast, the 8'°C value of sedimentary
organic carbon is very negative, from —35 to —15%o [54].
The 6"°C value of the early-stage fluid in the Wushan copper
polymetallic deposit is —6.6%o, and the §"°C value of the late
stage is —8.6%o (Figure 15), which is close to the average value
of the mantle and indicates that the carbon in the fluid of the
Wushan copper polymetallic deposit may originate domi-
nantly from deep-seated magma.

5.5. Source of Ore-Forming Materials. The S isotope charac-
teristics of pyrite in the Wushan copper polymetallic

deposit indicate that the §°*S value of the early stage is
close to 0 (-1.8 to +3.4%o) (Figure 17). The 8*'S value of
pyrite in the quartz schist shows a relatively higher range
from +8.2 to +9.3%o (Figure 17), which is different from
the quartz-sulfide veins, and hence, the surrounding
meta-sedimentary rocks may not have provided any signif-
icant sulfur for the deposit.

Considering that fluid immiscibility has occurred during
the early stage of the Wushan copper polymetallic deposit,
the homogenization temperatures would correspond to the
trapping temperatures [47, 51]. We used the minimum and
maximum homogenization temperatures of the early-stage
fluid as the equilibrium temperatures of sulfide and hydrogen
sulfide, respectively, to calculate the Sisotopes in the fluid [55].
The 6*S,;,5 value that was calculated using pyrite is —1.8 to
+3.4%0, and the 87*S,,¢ value that is calculated using
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chalcopyrite is +1.4 to +2.4%o (Table 4; Figure 18). Hence, the 5.6 Ore Genesis. According to the regional geology, the ore
source of sulfur for sulfides in the early stage should originate ~ deposit geology, and the fluid characteristics of the Wushan
from deep-seated magma [56, 57]. copper polymetallic deposit, we speculate that this deposit
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is either an orogenic deposit that is related to shear zones or a
magmatic hydrothermal deposit. Below, we will discuss these
two possibilities.

5.6.1. Comparison with Orogenic Deposits Related to Shear
Zones. In the same way, by comparing the typical character-
istics of orogenic deposits that are related to shear zones as
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summarized by many researchers (e.g., [58-62]), the
Wushan copper polymetallic deposit also shares some similar
characteristics with those of the orogenic deposits with typi-
cal shear zones. These features include the following:

(1) The Wushan copper polymetallic deposit is located
on the secondary fault of the main Wushan shear
zone and has favorable conditions for the formation
of shear zone-type deposits [63-65]

(2) Large numbers of hydrothermal vein and stockwork
developed in the Wushan copper polymetallic
deposit, and the ore is also dominated by vein-type
ores. The widespread normal faults in the Wushan
copper polymetallic deposit indicate that the deposit
was formed in an extensional environment

(3) The hydrothermal veins of the Wushan copper
polymetallic deposit are mostly chalcopyrite-
pyrite-quartz veins

However, many characteristics of the Wushan copper
polymetallic deposit are different from those of typical oro-
genic deposits that are related to shear zones. These charac-
teristics include the following:

(1) The ore-forming fluid of the Wushan copper poly-
metallic deposit has the characteristics of magmatic
sources, which is different from the metamorphic
fluid of most orogenic deposits

(2) The ore-forming fluids of typical orogenic deposits
are generally methane-bearing reductive fluids.
However, the ore-forming fluids of the Wushan
copper polymetallic deposit are methane-free oxi-
dizing fluids

(3) Most orogenic deposits occur in greenschist facies,
but the Wushan copper polymetallic deposit is
located in the intrusion and in nearby gneiss

(4) The maximum mineralization depth of the Wushan
copper polymetallic deposit is 4km (in fact, it may
be much less than 4 km, because we assume a litho-
static pressure)

The metamorphic events in Suizao area mainly occurred
in the Paleozoic (Caledonian) period [66], while the intru-
sions that are related to the Wushan copper polymetallic
deposit formed in the late Mesozoic (Yanshanian) period.
The Yanshanian period in this area occurred with mainly
intensive magmatic activity, without any major regional
metamorphic events. There are many orogenic deposits that
are related to shear zones in the Suizao area of Hubei Prov-
ince, such as the Heilongtan gold deposit, the Xiejiagou gold
deposit, and the Hehe gold deposit, but the homogenization
temperatures of the fluid inclusions in these gold deposits
are 100°C to 300°C (Table 3), which are much lower than
those of the ore-forming fluids in the Wushan copper poly-
metallic deposit (377°C to 468°C). The 8'%0 and 8D values
of these orogenic deposits are 10.9 to 13.2%o and —79 to
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—61%o, respectively, which are significantly different from the
80 (8.9-10.2%0) and 8D (-94 to —76%o) values of the
Wushan copper polymetallic deposit (Table 3; Figure 14).
These characteristics indicate that the Wushan copper poly-
metallic deposit may not be an orogenic deposit.

5.6.2. Comparison with Magmatic Hydrothermal Deposits.
Many types of copper deposits are magmatic hydrothermal
deposit (associated with intrusion), for example, the mag-
matic Cu-Ni sulfide deposit, the porphyry copper deposit,
the skarn copper deposit, and the magmatic hydrothermal
vein deposit. The Cu-Ni sulfide deposits are mostly associ-
ated with mafic and ultramafic intrusions, but the intru-
sion of the Wushan copper polymetallic deposit is
granitoid rock. There is no typical skarn mineral assem-
blage in the Wushan copper polymetallic deposit. There-
fore, the Wushan copper polymetallic deposit is more
likely to be either porphyry deposit or magmatic hydro-
thermal vein deposit.

Rui [67] and Wu [68] described the characteristics of
porphyry copper deposits in China in the early years. In
recent years, many researchers described the characteristics
of porphyry copper deposits in detail (e.g., [69-73]). By
summarizing the characteristics of the Wushan copper poly-
metallic deposit, we found that some characteristics are dif-
ferent to those of the typical porphyry deposits that were
studied by previous researchers. These characteristics include
the following:

(1) The only ore types of the Wushan copper polymetal-
lic deposit are vein and stockwork, and there is no
hydrothermal breccia ore

(2) The hydrothermal veins of the Wushan copper poly-
metallic deposit are quartz-sulfide veins and barren
quartz veins, and these are different from the multi-
type hydrothermal veins of the porphyry deposits
(such as the A, B, D, and M types)

(3) The main hydrothermal alteration of the Wushan
copper polymetallic deposit is potassic alteration,
and this is different from the hydrothermal alteration
of typical porphyry deposits that include a zonation
from inner potassic alteration, sericitization, to outer
propylitization and argillization

(4) The two stage fluids of the Wushan copper polyme-
tallic deposit all contain carbon dioxide, but this is
not the typical characteristic of a porphyry-type
deposit [74, 75]. Although some porphyry copper
deposits also contain parts of carbon dioxide in their
fluids (e.g., [75]), the carbon dioxide content in their
fluids is due to the greater solubility of carbon dioxide
in alkaline magma (shoshonite-related). However,
the intrusion of the Wushan copper polymetallic
deposit is granite with high potassium and calc-
alkaline contents [76]. Some deep porphyry deposits
(>5km) also contain carbon dioxide in fluids [77],
but the depth of the Wushan copper polymetallic
deposit is only 2.6 to 4.0 km
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In summary, although the Wushan copper polymetallic
deposit has some characteristics of porphyry-type deposits,
these characteristics cannot prove that this deposit is a
porphyry-type deposit. Therefore, we prefer to suggest that
the Wushan copper polymetallic deposit belongs to mag-
matic hydrothermal vein deposit. In the extensional environ-
ment, magmatic hydrothermal fluids moved along the
secondary fault of the Wushan fault, and a decrease in the
temperature and the pressure that resulted in fluid immisci-
bility leading to the precipitation of ore minerals.

6. Conclusions

(1) Our study indicates that the Wushan copper polyme-
tallic deposit is most likely a magmatic hydrothermal
vein-type deposit

(2) Two hydrothermal stages are recognized, including
the early quartz-sulfide stage and the late barren
quartz stage

(3) The fluid inclusion study indicates a CO,-rich fluid
system, with the early stage having a temperature of
377-468°C, a salinity of 11.1-34.1 wt.% NaCl equiva-
lent, and a pressure of 89-137 MPa, whereas the late
stage has a lower temperature of 267-380°C, a lower
salinity of 7.0-12.1 wt.% NaCl equivalent, and a lower
pressure of 46-115 MPa

(4) The occurrence of hematite as solid mineral in the
fluid inclusions of early-stage quartz indicates a high
oxygen fugacity condition

(5) Fluid immiscibility during the early stage leads to the
precipitation of ore minerals

(6) H-O-C-S isotopes suggest that the ore-forming fluid
and materials derived mainly from the deep-seated
magma, but meteoric water may have contributed
in the late stage

Data Availability
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