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Abstract: The Reshui porphyry Mo deposit is located in the East Kunlun orogenic belt (EKOB).
Molybdenum mineralization is distributed in monzogranite and porphyritic monzogranite rocks,
mainly presenting as various types of hydrothermal veinlets in altered wall rocks, and the orebodies
are controlled by three groups of fractures. In this paper, we present the results of fluid-inclusion
and isotopic (S and Pb) investigations of the Reshui Mo deposit. The ore-forming process of the
deposit can be divided into three stages: an early disseminated molybdenite stage (stage 1), a middle
quartz–molybdenite stage (stage 2) and a late quartz–polymetallic sulfide stage (stage 3). The alteration
was mainly potassic and silicic in stage 1, silicic in stage 2, and sericitic and silicic in stage 3. Five
types of fluid inclusions (FIs) can be distinguished in quartz phenocrysts and quartz veins, namely W,
PL (pure liquid inclusions), PV (pure gas inclusions), C (CO2 three-phase inclusions), and S (daughter
mineral-bearing inclusions). The homogenization temperatures of fluid inclusions belonging to stages
1 to 3 are 282.3–378 ◦ C, 238.7–312.6 ◦ C and 198.3–228 ◦ C, respectively. The fluid salinities at stages 1 to
3 are 4.65–8.14% NaCl eq., 4.34–42.64% NaCl eq., and 3.55–4.65% NaCl eq., respectively. The fluids of
this deposit were generally moderate–high temperature and moderate–low salinity and belong to the
H2 O–NaCl–CO2 ± CH4 system. The temperature and pressure changed considerably between stage 2
(high–medium-temperature) and stage 3 (low-temperature). The evidence for ore-forming fluids
containing different types of coexisting inclusions in stage 2 and a decrease in the fluid temperature
from stage 2 to stage 3 indicate that fluid boiling and fluid mixing were the main mechanisms of
ore precipitation. The sulfide 34 SV-CDT values range from 4.90% to 5.80%, which is characteristic
of magmatic sulfur. The 206 Pb/204 Pb, 207 Pb/204 Pb, and 208 Pb/204 Pb values of the ore minerals are
18.210–18.786, 15.589–15.723, and 38.298–39.126, respectively. These lead isotopic compositions
suggest that the ores were mainly sourced from crustally derived magmas, with minor input from the
mantle. The fluid inclusions and S–Pb isotopes provide important information on the genesis of the
Reshui porphyry Mo deposit and indicate that the Triassic has high metallogenic porphyry potential
in the EKOB.
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1. Introduction
The East Kunlun Orogenic Belt (EKOB) is located along the northern margin of the Tibetan
Plateau [1–3] and is one of the most important magmatic arcs and polymetallic metallogenic belts
in China [4–8]. Many porphyry-skarn deposits have been discovered and explored in this area (e.g.,
the Kaerqueka Cu–Mo porphyry deposit, Hutouya Cu–Pb–Zn skarn deposit, and Galinge Fe skarn
deposit [9–13]). Many publications have focused primarily on the geochemistry of the granite [14–18]
and on the description of the geological characteristics of typical deposits and their host rocks [19–21].
The mineralization age has also been investigated, yielding Re–Os dates of 226.5 ± 5.1 Ma [9] for
the Shuangqing Fe deposit and 236.2 ± 2.1 Ma [22] for the Shenduolong Pb–Zn polymetallic deposit.
However, few papers have been published regarding the mineral paragenesis and fluid inclusion
and isotopic data of porphyry and skarn deposits in the East Kunlun area, and therefore, the fluid
characteristics and metal-deposition mechanisms are poorly understood.
The Reshui porphyry Mo deposit is located in Dulan City, Qinghai Province, in the eastern
segment of the EKOB. The mineralization of the Reshui deposit has been characterized by several
geological studies in terms of ore geology, geochronology [23], petrology, and geochemistry [24,25].
However, an integrated geochemical study of the fluid evolution and the source of the Reshui Mo
deposit has not so far been conducted, and the origin of the ore-forming fluids and metals is not yet
clear. In this contribution, we report results obtained through ore geology research and fluid inclusion
and S–Pb isotopic studies on the Reshui Mo deposit. We discuss the characteristics and evolution of
the ore-forming fluids, as well as the Mo ore-forming mechanisms and genesis. This study can provide
better insight into the ore-forming processes and guide further exploration for porphyry Mo deposits
in the EKOB.
2. Regional Geology
The EKOB is bounded by the NE-trending Altyn Tagh Fault to the west, the West Qinling Orogen to
the east, the Qaidam Basin to the north, and the Bayankala terrane to the south (Figure 1a,b). Tectonically,
the EKOB can be divided into the North, Middle, and South Kunlun belts, separated by the North Kunlun
Fault, the Central Kunlun Fault, and the South Kunlun Fault [6,16,18] (Figure 1c). The development
of the EKOB has been mainly controlled by the subduction, collision, and post-collisional evolution
of the Proto-Tethys and Paleo-Tethys [6,16,17,19,26]. Voluminous granitoids are widespread in the
Middle and North Kunlun belts, and there is a subduction-accretionary mélange in the South Kunlun
belt [27]. Lithologies in the EKOB mainly comprise the Paleoproterozoic basement of the Jinshuikou
Group and Mesoproterozoic strata of the Xiaomiao Group [28]. The Ordovician to Silurian is clastic
sedimentary cover of the Tanjianshan Formation, Late Devonian to Middle Triassic strata are composed
of neritic facies clastics, limestones, and sandstones [27], and the Upper Triassic E’lashan Formation
consists of pyroclastic intermediate–felsic volcanic rocks [15,29]. The intermediate–acid rocks include
granodiorite, monzogranite, granite porphyry, and quartz diorite [6,30,31], and the basic–ultrabasic
rocks are gabbro, olivine websterite, and lherzolite. The Ni–Cu mineralization is related to ultramafic
rocks [7,8,32,33], and the porphyry, porphyry–skarn, and skarn-type deposits are mostly related to the
Triassic granites [17–19].
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Figure 1. Regional geological map of the East Kunlun Orogenic Belt (EKOB).
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FIs [35]. The bulk densities of the aqueous two-phase FIs and the daughter mineral-bearing multiphase
FIs were estimated using reference formulas [35–37].
4.2. Isotopic Analysis
Two molybdenite samples from stage 2 and two molybdenite samples, three pyrites and three
chalcopyrites from stage 3 were analyzed for their sulfur and lead isotopic compositions. Owing to the
symbiotic co-occurrence of smaller grains of sphalerite and galena with molybdenite in stage 3, it was
not possible to extract pure single minerals, and therefore, sphalerite and galena were not analyzed.
Sulfur isotopic ratios are reported as δ34 S values relative to those of the Canyon Diablo troilite (CDT);
the analytical reproducibility was ±0.2%. The analytical errors for lead isotopic analyses are reported
as ±2 σ, and the measurement accuracy of the 208 Pb/206 Pb and 204 Pb/206 Pb analyses was better than
0.005%. Sulfur and lead isotopic analyses were performed at the Analytical Laboratory of the Beijing
Research Institute of Uranium Geology.
5. Results
5.1. Fluid Inclusion Analysis
5.1.1. Petrography
Based on their phase characteristics at room temperature (21 ◦ C) and phase transitions during
heating, as well as the results of laser Raman spectroscopy, the FIs in the Reshui deposit were divided
into the following five main types (Figure 5): (1) W-type aqueous inclusions, including liquid-rich
and gas-rich inclusions. Liquid-rich inclusions are more abundant than gas-rich inclusions; the gas- to
liquid-phase ratios range 15–60% (but mainly fall between 25% and 45%). The sizes of these FIs are
inconsistent and highly variable, as they range in length and width from 4 × 6 µm to 8 × 12 µm, but are
mainly 6 × 10 µm in size. They are oval, round, rectangular or irregular in shape. (2) Pure gas-phase
inclusions (PV) ranging in size from 3 to 8 µm occur in isolation and are rectangular and oval in shape.
(3) Liquid-phase inclusions (PL) are brightly colored and sometimes grey; they are distributed in
isolation or in symbiosis with W-type gas–liquid inclusions. (4) C-type inclusions contain the phases
LCO2 + VCO2 + LH2 O; they mainly exhibit crystalline shapes and are oval and rectangular. They
range in length from 5 to 15 µm and exhibit double-fold eyelid characteristics. (5) S-type inclusions
comprise one or more solid phases or minerals. The inclusions are oval, polygonal, and irregular,
approximately 5–12 µm in size, and are mainly isolated.
5.1.2. Microthermometry
The temperature results for the FIs were measured by considering factors such as the distribution,
size, and shape of the inclusion. The parameters of FIs associated with different stages are listed
in Table 1. W-type and C-type FIs are present in stage 1. The final ice-melting temperatures of the
W-type FIs range from −5.2 to −2.8 ◦ C, and their homogenization temperatures range from 282.3 to
376.8 ◦ C, which correspond to salinities of 4.65–8.14% NaCl eq. and fluid densities of 0.63–0.85 g/cm3 .
In C-type inclusions, the initial solid-phase melting temperatures range from –58.3 to –57.6 ◦ C, which
is under the triple-phase temperature of pure CO2 (–56.6 ◦ C). Laser Raman analyses indicated that
these inclusions may contain N2 and CH4 . The melting temperatures of the clathrates range from 6.5 to
6.8 ◦ C, whereas the homogenization temperatures of the liquid CO2 phase range from 29.3 to 30.8 ◦ C;
the homogenization temperatures of the clathrates range from 327.4 to 352.3 ◦ C, which correspond to
salinities of 6.12–6.63% NaCl eq. and fluid densities ranging from 0.68 to 0.73 g/cm3 .
The FIs in stage 2 are W-, C-, and S-type. In this stage, the final ice melting temperatures of the
W-type FIs range from −4.2 to −2.6 ◦ C, and their homogenization temperatures range from 238.7 to
312.6 ◦ C, which correspond to salinities ranging from 4.34% to 6.74% NaCl eq. and fluid densities
of 0.74–0.86 g/cm3 . In S-type FIs, the gas-phase disappears before the solid phase, as the gas-phase
disappears at temperatures ranging from 258.3 to 287.3 ◦ C, whereas the salt mineral melting temperatures
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range from 335 to 352.6 ◦ C, which correspond to salinities of 39.04–42.64% NaCl eq. and fluid densities
of 1.11–1.13 g/cm3 . The initial solid-phase melting temperatures of the C-type FIs range from −59.4 to
−56.9 ◦ C, which is under the triple-phase temperature of pure CO2 (−56.6 ◦ C); the melting temperature
of clathrate ranges from 5.3 to 6.1 ◦ C, the homogenization temperatures of the liquid CO2 phase range
from 28.6 to 31.2 ◦ C, and their homogenization temperatures range from 261.2 to 283.1 ◦ C, which
correspond to salinities of 7.31–8.61% NaCl eq. and fluid densities of 0.82–0.85 g/cm3 .
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The FIs in stage 3 are mainly W-type inclusions, with ice-melting temperatures ranging from −2.1
◦ C (Figure
The
results
for the FIsofwere
measured
by considering
factors such are
as lower
the
to 2.8 ◦ C
andtemperature
homogenization
temperatures
198.3–228.9
6). These temperatures
distribution,
size,W-type
and shape
of the inclusion.
The parameters of FIs associated
with different
than
those for the
inclusions
of the quartz-vein–molybdenite
stage, which
suggestsstages
that the
are listed intemperatures
Table 1. W-type
and C-type
FIs areThe
present
in stage
1. The
final
ice-melting
temperatures
ore-forming
decreased
sharply.
salinities
in this
stage
are
3.55% to 4.65%
NaCl eq.,
3
of
the
W-type
FIs
range
from
−5.2
to
–2.8
°C,
and
their
homogenization
temperatures
range
from 282.3
and the fluid densities are 0.86–0.90 g/cm .
to 376.8 °C, which correspond to salinities of 4.65–8.14% NaCl eq. and fluid densities of 0.63–0.85
g/cm3. In C-type inclusions, the initial solid-phase melting temperatures range from –58.3 to –57.6 °C,
which is under the triple-phase temperature of pure CO2 (–56.6 °C). Laser Raman analyses indicated
that these inclusions may contain N2 and CH4. The melting temperatures of the clathrates range from
6.5 to 6.8 °C, whereas the homogenization temperatures of the liquid CO2 phase range from 29.3 to
30.8 °C; the homogenization temperatures of the clathrates range from 327.4 to 352.3 °C, which
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Table 1. Microthermometric data of fluid inclusions from the Reshui Mo deposit.
Stage

Stage 1

Stage 2

Stage 3

Type

W

C

W

S

C

W

Number
Tm-ice(◦ C)
Tm-CO2 /◦ C
Tm-cla/◦ C
Th-CO2 /◦ C
Th(◦ C)
Ts(◦ C)
Salinity (%NaCl eq.)
Density (g/cm3 )

78
−5.2–−2.8

4

51
−4.2–−2.6

7

12

31
−2.1–−2.8

282.3–376.8

−58.3–57.6
6.5–6.8
29.3–30.8
327.4–352.3

238.7–312.6

4.65–8.14
0.63–0.79

6.12–6.63
0.68–0.73

4.34–6.74
0.74–0.86

335–352.6
335–352.6
39.04–42.64
1.11–1.13

−59.4–−56.9
5.3–6.1
28.6–31.2
261.2–283.1

198.3–228.9

7.31–8.61
0.82–0.85

3.55–4.65
0.86–0.9

Abbreviation: Tm-ice: final ice melting temperature; Tm-CO2 : melting temperature of solid CO2 ; Tm-cla:
temperature of CO2 -clathrate dissociation; Th-CO2 : homogenization temperature of CO2 ; Th: total homogenization
temperature; Ts: solid homogenization temperature.
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5.1.3. Laser Raman Spectroscopy
Laser Raman microprobe analysis (Figure 7) demonstrated that the gas-phase composition of
the W-type FIs comprises CO2, N2, and CH4, whereas their liquid-phase is mainly H2O. The PV-type
inclusions mainly comprise CO2; the PL-type inclusions are mainly H2O, and a small number
comprise CH4; the gas-phase C-type inclusions mainly comprise CO2; and the gas-phase composition
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5.1.3. Laser Raman Spectroscopy
Laser Raman microprobe analysis (Figure 7) demonstrated that the gas-phase composition of
the W-type FIs comprises CO2 , N2 , and CH4 , whereas their liquid-phase is mainly H2 O. The PV-type
inclusions mainly comprise CO2 ; the PL-type inclusions are mainly H2 O, and a small number comprise
CH4 ; the gas-phase C-type inclusions mainly comprise CO2 ; and the gas-phase composition of the
S-type inclusions mainly comprises H2 O, CO2 , and N2 , and daughter minerals are contributed by
halite or other minerals (calcite, chalcopyrite).
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10 of 21
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Reshui Mo
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deposit.

5.2. S and Pb Isotopes
5.2. S and Pb Isotopes
The results for the S and Pb isotopic compositions of the samples from the Reshui deposit are
The results for the S and Pb isotopic compositions of the samples from the Reshui deposit are
presented in Table 2. The δ34
S values of pyrite, chalcopyrite, and molybdenite range from 5.1% to
presented in Table 2. The δ34S values of pyrite, chalcopyrite, and molybdenite range from 5.1‰ to
5.4%, 5.6% to 5.8%, and 4.9% to 5.5%, respectively. Collectively, the δ34
S values are relatively
5.4‰, 5.6‰ to 5.8‰, and 4.9‰ to 5.5‰, respectively. Collectively, the δ34S values are relatively
homogeneous, ranging from 4.9‰ to 5.8‰, indicating that little or no sulfur isotopic fractionation
occurred in sulfides during the evolution of the Reshui deposit. In general, the S isotopic
compositions of sulfides in the Reshui deposit are slightly heavier than that of the mantle and are
very similar to each other, indicating that the S sources of sulfides in the Reshui deposit were
undiversified and mainly deeply sourced felsic magma sulfur [38–40].
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homogeneous, ranging from 4.9% to 5.8%, indicating that little or no sulfur isotopic fractionation
occurred in sulfides during the evolution of the Reshui deposit. In general, the S isotopic compositions
of sulfides in the Reshui deposit are slightly heavier than that of the mantle and are very similar to each
other, indicating that the S sources of sulfides in the Reshui deposit were undiversified and mainly
deeply sourced felsic magma sulfur [38–40].
The lead isotopic compositions of the Reshui deposit are displayed in Table 2. The 206 Pb/204 Pb,
207 Pb/204 Pb, and 208 Pb/204 Pb ratios of all samples range 18.210–18.786%, 15.589–15.723%, and
38.298–39.126%, respectively. The 206 Pb/204 Pb, 207 Pb/204 Pb, and 208 Pb/204 Pb ratios of the three pyrite
samples are 18.355–18.401%, 15.589–15.629%, and 38.354–38.509%, respectively, whereas those of the
three chalcopyrite samples are 18.21–18.374%, 15.617–15.640%, and 38.298–38.460%, respectively.
The lead isotopic values of the pyrite and chalcopyrite vary little between samples, but those of the
molybdenite samples vary widely.
Table 2. Sulfur and lead isotopic compositions of sulfides from the Reshui Mo deposit.
Sample
Number

Mineral

Mineralization
Stage

δ34 SV-CDT
(%)

15RSP1-SPb1
15RSP2-SPb1
14RSTWS01
14RSTWS02
14RSTWS05
14RSTWS07
14RSTWS08
14RSTWS09
15RSP1-SPb2
15RSP2-SPb2

molybdenite
molybdenite
chalcopyrite
chalcopyrite
chalcopyrite
pyrite
pyrite
pyrite
molybdenite
molybdenite

2
2
3
3
3
3
3
3
3
3

4.9
5.3
5.3
5.1
5.4
5.6
5.7
5.8
5.5
5.1

206 Pb/204 Pb

18.578
18.356
18.355
18.401
18.374
18.316
18.210
18.786

0.001
0.003
0.003
0.004
0.005
0.002
0.002
0.002

208 Pb/204 Pb

38.292
38.406
38.354
38.509
38.431
38.460
38.298
39.126

0.002
0.007
0.006
0.011
0.011
0.003
0.004
0.003

207 Pb/204 Pb

15.595
15.602
15.589
15.629
15.617
15.640
15.636
15.723

0.001
0.003
0.002
0.004
0.005
0.001
0.002
0.001

6. Discussion
6.1. Timing of Magmatism and Mineralization
The Reshui deposit granite contains porphyritic monzogranite and monzogranite yielding
LA-ICP-MS zircon U–Pb ages of 230.9 ± 1.4 Ma and 230.5 ± 1.0 Ma, respectively [24,25]. The molybdenite
Re–Os age of 230.2 ± 2.5 Ma is similar to that of the Reshui Granite [23], thus indicating that the ages of
mineralization and of the granite in the Reshui deposit are Late Triassic and that the mineralization
occurred at the same time as magma emplacement and crystallization.
The East Kunlun metallogenic belt is characterized by porphyry Cu–Mo, Mo, and skarn
Fe–Cu–Pb–Zn deposits. The timing and duration of magmatic hydrothermal events are crucial
for understanding ore deposit formation [2,51–54]. The mineralization in the EKOB is spatially and
temporally related to Triassic granitoids. The EKOB experienced strong crust–mantle interactions
during the Triassic [5,6,18,31], among which magma underplating and mixing were predominant,
with abundant porphyry and skarn mineralization [9,10]. In this study, we collected data published
in the literature regarding porphyry mineralization ages (Table 3). The formation ages derived for
the EKOB range from 214 to 248 Ma, but peak mineralization is dated to ca. 230 Ma. This region
experienced subduction and collisional orogeny from the Late Permian to the Early Triassic as the
Buqingshan–A’nemaqen Ocean, part of the Paleo-Tethys Ocean, generated northward subduction,
which triggered crust–mantle magmatic activity and led to the emplacement of a large number of
arc magmatic rocks that are linearly distributed across the region [6,16]. The inferred EKOB tectonic
evolution indicates that the Late Triassic granitoids that formed after subduction were related to
collisional to post-collisional tectonic processes [4,14,18]. This tectonic movement was related to the
formation of porphyry-skarn type Cu–Mo–Au deposits. The subducting slab caused asthenospheric
decompression melting and basaltic magma underplating at the bottom of the lower crust, which led to
partial melting of the crustal material to produce felsic magma [5,29,31], such as the porphyry granite in
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Aikengdelisite, which yields a zircon U–Pb age of 248.4 ± 0.83 Ma [50], and the porphyry granodiorite
in the Lalingzhaohuo Mo deposit, which yields a zircon U–Pb age of 242.6 ± 3.4 Ma [45]. During the
middle–late Triassic, ca. 240–230 Ma, the tectonic setting transformed into one of collision. Xia et
al. [18] have suggested that the 240 Ma Nagetan granitoids record the closure of the Paleo-Tethys. Ma
et al. [55] showed that post-230 Ma Late Triassic magmatic rocks have high εHf(t) values, and proposed
that they formed in a post-collisional extensional tectonic setting in the EKOB. Furthermore, a regional
angular unconformity has recently been recognized between the Middle Triassic Xilikete Formation
and the Late Triassic Babaoshan Formation in the EKOB [15,27]. Hence, we infer that the Reshui Mo
deposit formed during the transformation of the tectonic regime from collision to post-collision in the
Late Triassic.
Table 3. Age of porphyry deposits from East Kunlun.
Deposit

Mineralization System

Samples

Age (Ma)

Analytical Method

Reference

Changshan

Porphyry Mo

Mohexiala
Yazigou

Porphyry Ag–Pb–Zn
Porphyry Cu–Mo

Lalingzaohuo

Porphyry Mo

Halongxiuma
Tuoketuo

Porphyry W–Mo
Porphyry Cu–Au(Mo)

Reshui

Porphyry Mo

Xiadeboli
Aikengdelisite

Porphyry Cu–Mo
Porphyry Mo–Cu

Zircon
Molybdenite
Zircon
Zircon
Molybdenite
Zircon
Zircon
Molybdenite
Molybdenite
Zircon
Zircon
Zircon
Molybdenite
Zircon
Zircon
Zircon
Zircon

220 ± 1
218,228
222 ± 1
224.0 ± 1.6
224.7 ± 3.4
242.6 ± 3.4
226 ± 1
240.8 ± 4.0
214.5 ± 4.9
230 ± 1
232.5 ± 0.9
232.6 ± 1.2
230.2 ± 2.5
231 ± 1
230.9 ± 1.4
244.2 ± 2.1
248.4 ± 0.83

SHRIMP U–Pb
Re–Os
LA-ICP-MS U–Pb
SHRIMP U–Pb
Re–Os
LA-ICP-MS U–Pb
LA-ICP-MS U–Pb
Re–Os
Re–Os
LA-ICP-MS U–Pb
LA-ICP-MS U–Pb
LA-ICP-MS U–Pb
Re–Os
LA-ICP-MS
LA-ICP-MS
SIMS U–Pb
LA-ICPMS U–Pb

[41]
[41]
[42]
[43]
[44]
[45]
[45]
[46]
[46]
[47]
[48]
[48]
[23]
[24]
[25]
[49]
[50]

The porphyry deposits have been divided into three types according to their tectonic setting:
Climax-types, Endako-types and collision-related [56,57]. The Reshui Mo deposits in the EOKB is
different from the Climax- and Endako-type porphyry Mo deposits, because of its tectonic setting and
crustal source of the magma. Audétat et al. [56] summarized findings that have been made regarding
the economic Climax-type porphyry Mo deposits, showing that they are invariably emplaced in
post-subduction extensional settings and that the associated intrusions are commonly evolved A-type
granites; the Endako-types, in contrast, are emplaced in a subduction-related environment [56,57].
The Reshui Mo deposit formed in a collision to post-collision tectonic setting, distinguishing it from
both the Climax- and Endako-types. The Reshui Mo deposit is associated with a high-K calc-alkaline
I-type granite [24,25] that originated from partial melting of crustal materials, unlike the magma of the
Endako- and Climax-type deposits, which are generally sourced from crust-mantle mixtures related to
oceanic plate subduction and enriched mantle [57–59]. Hence, the Reshui deposit is a collision-type
porphyry Mo deposit. This is consistent with U–Pb and Re–Os age data (Table 3) related to EKOB
porphyry deposits. The metallogenic age of the Reshui porphyry Mo deposit further illustrates that
remarkable mineralization occurred in this region during the Triassic, and that magmatic-hydrothermal
deposits related to this tectonic stage have great metallogenic potential.
6.2. Evolution of the Ore-Forming Fluid
Studying FIs provides information regarding fluid characteristics and can reveal the original
nature of the ore-forming fluid and fluid sources [60–64]. The FIs produced in the Reshui Mo deposit
during different stages share some characteristics but also have distinct characteristics that reflect
changes in the nature of the ore-forming fluid.
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The sparsely disseminated molybdenite produced during the early metallogenic stage 1 of the
Reshui Mo deposit contains W-type FIs, which indicates that the fluid belongs to the H2 O–CO2 –NaCl
system [65–69]. The homogenization temperatures of stage 1 FIs range from 282.3 to 376.8 ◦ C, which
correspond to salinities of 4.65–8.14% NaCl eq. and fluid densities of 0.63–0.79 g/cm3 . The initial
ore-forming fluids were thus high-temperature and low-salinity. The FIs in stage 2 comprise a number
of liquid-rich gas and liquid two-phase FIs, as well as a few pure gas FIs, many gas-rich H2 O–CO2
FIs, and many mineral inclusions. The variable gas and liquid ratios of these inclusions and the
coexistence of different types of FIs reflect non-uniform capture and indicate that the fluid boiled or
Minerals 2019, 9, x FOR PEER REVIEW
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initial ore-forming fluids that came into the system during the process of fluid migration were hightemperature, high-pressure, and CO2-rich. The temperature changed slightly from stage 1 to stage 2
and the presence of different types of coexisting inclusions in the ore-forming fluids in stage 2 suggest
boiling during stage 2. The stage 3 quartz-vein–polymetallic sulfide phases were most likely affected
by other fluids (potentially meteoric water), which caused H2O–NaCl–CO2 ± CH4 fluid phase
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The initial ore-forming fluids that came into the system during the process of fluid migration were
high-temperature, high-pressure, and CO2 -rich. The temperature changed slightly from stage 1 to
stage 2 and the presence of different types of coexisting inclusions in the ore-forming fluids in stage 2
suggest boiling during stage 2. The stage 3 quartz-vein–polymetallic sulfide phases were most likely
affected by other fluids (potentially meteoric water), which caused H2 O–NaCl–CO2 ± CH4 fluid phase
separation, low-salinity conditions, the generation of inclusions with different gas and liquid ratios,
and a lack of development of daughter mineral-bearing inclusions. Combining the evidence for a
substantial change in temperature and pressure, we infer fluid mixing (the incorporation of meteoric
water) from stage 2 to stage 3. When the ore-forming fluid is at higher temperature and pressure,
the molybdenum complex has a relatively high stability. However, the temperature decrease and
the decompression boiling of the fluid in stage 2 may have caused a large amount of volatile matter
to escape (CO2 , H2 , H2 S, SO2 ), and when the fluid was exsolved from the crystallizing magma, the
movement of CO2 (H2 , H2 S, SO2 ) out of the system may have induced a sudden increase in pH [71],
thereby, raising the pH and causing Mo6+ to convert Mo4+ and SO4 2− to convert to S2− to form metal
sulfides, depositing sulfides, native metals, and other ore minerals [72]. According to Kim et al. [71],
pressure changes that transformed the system to near critical environments or critical H2 O conditions
have created favorable environments for the fundamental depositional mechanism. The incorporation
of meteoric water in stage 3 may have caused the temperature and pressure of the mineralizing fluid
to drop sharply, leading to a decrease in the solubility of metal complexes and the precipitation of
molybdenum [65,66,72] in the Reshui Mo deposit (Figure 8).
The existence of the boiling fluid inclusion assemblages in stage 2 permits reliable estimation of the
pressure conditions of fluid trapping during the ore formation. According to the microthermometric
data (such as the clathrate melting temperatures, CO2 phase homogenization temperatures, and total
homogenization temperatures; Table 1), we used the software Flincor [35], and the formula of Brown
and Lamb [81] for the H2 O–CO2 –NaCl system, to estimate the trapping pressures of the fluid inclusions
in the Reshui Mo deposit. These trapping pressures were estimated to be 236–351 MPa, 173–279
MPa, and 158–187 MPa for stage 1, stage 2, and stage 3, respectively (Figure 9). Assuming that these
pressures are lithostatic and taking the density of the crustal rocks as 2.7g/cm3 , the calculated pressures
for stages 1 to 3 correspond to depths of 8.8–13.0 km, 6.4–10.4 km, and 5.8–6.9 km, respectively.
Therefore, the mineralization of the Reshui Mo deposit likely occurred at depths of 5.8–13.0km.
In general, the formation of porphyry Mo deposits has been found to have occurred at depths of
1–6 km [82]. However, some publications indicate that some porphyry Mo deposits have deeper depths
of emplacement. The East Qinling molybdenum ore belt has a number of porphyry molybdenum
deposits, but its metallogenic depth is varied: that of the Jinduicheng molybdenum deposit ranges
from 2.2 to 8.1 km [78], that of the Nannihu deposit is about 3 km [75], and that of the Leimengou
deposit is 2.7–5.1 km [83]. In this paper, the metallogenic depth of the Reshui Mo deposit is estimated
to have been no less than 5.8 km.
6.3. Source of Ore-Forming Materials
The sulfide assemblage in the Reshui deposit is dominated by molybdenite and pyrite with a
small amount of chalcopyrite, and no sulfate minerals have been detected. Therefore, the hydrothermal
system during the ore-forming process in the Reshui deposit was dominated by H2 S; the molybdenite,
pyrite, and chalcopyrite formed under low-f O2 and low-pH conditions [84–86]. According to Table 2,
the average δ34 S value for the four molybdenite samples from the Reshui deposit is 5.2%, and the
average δ34 S value for the three pyrite samples is 5.3%. The basic sequence is consistent with the δ34 S
enrichment condition of δ34 SMo and δ34 SPy at isotopic equilibrium, indicating that the S isotopes in the
minerals had reached equilibrium [87]. This suggests that the S isotopic compositions of the pyrite
are similar to the total S isotopic compositions of the hydrothermal system and can be used to trace
the S sources [88–90]. The overall range of the δ34 S values of sulfides in the Reshui deposit is narrow
(Figure 11), indicating that the sulfides in the ore-forming hydrothermal fluids had homogeneous S
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Lead isotopic values can reflect the sources of the lead [91–93]. Sulfides from the Reshui Mo
deposit yielded relatively uniform Pb isotopic compositions, with mean 206Pb/204Pb, 207Pb/204Pb, and
208Pb/204Pb ratios of 18.422, 15.289, and 38.497, respectively. There is little difference in the Pb isotopic
compositions of the different sulfides, indicating a similar lead source. Measured 207Pb/204Pb ratios are
lower than those of the mantle (<15.600 [94]), and 206Pb/204Pb ratios and 208Pb/204Pb ratios are higher
than those of the mantle (206Pb/204Pb = 18.010, 208Pb/204Pb = 37.700, respectively [95]). In the Reshui Mo
deposit lead isotopic diagram (Figure 11), the measured Pb isotopic data cluster between the
compositions of the upper crust and orogenic belts, and most of the ore sulfides samples plot near
the orogenic line, with two samples even plotting below the line (Figure 11a). The Pb isotope data for
the ore sulfides also plot close to the orogenic growth line in Figure 11b. We interpret these data as
indicating that the lead was primarily derived from the crust [94–97].
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7. Conclusions
(1) The ore-forming process of the deposit can be divided into three stages: an early disseminated
molybdenite stage, a middle-quartz–molybdenite stage, and a late–quartz–polymetallic sulfide
stage, respectively.
(2) Fluid inclusion analyses demonstrated that the ore-forming fluids in the Reshui porphyry
Mo deposit belong to the H2 O–NaCl–CO2 ± CH4 system and exhibit the characteristics of a
medium–high-temperature, medium–low-salinity fluid. The pressure is estimated at 158–351 MPa,
and the metallogenic depth is estimated to have been no less than 5.8 km.
(3) Fluid boiling changed the pH in stage 2 and temperature and pressure to drop sharply in stage
3, which created favorable environments for the fundamental depositional mechanism, leading to the
precipitation of molybdenum.
(4) The S–Pb isotopic compositions of sulfides in the Reshui porphyry Mo deposit suggest that the
source of the ore-forming material was derived from the crust.
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