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The Yangla copper deposit (YCD) is located in the central part of the Jinshajiang tectonic belt (Jinshajiang metallogenic belt) and is
one of the most important copper deposits which has the large-scale copper reserves of the northwestern Yunnan, China. The ore
bodies are strictly controlled by the stratum, pluton, and structure, which are layered, lens, and vein-like within the contact or
fracture zone of the pluton and surrounding rock. At Yangla, two styles of mineralization occur at the brecciated contact zone
between the pluton (granodiorite and granitic porphyry) and carbonaceous wall rock and include strata bound/lens-shaped
replacement of carbonate rocks (skarn style) and porphyry-style sulfide-quart-calcite veins. But, the granitic porphyry
mineralization have received less attention; the isotope and fluid inclusion studies are relatively scarce for limited porphyry ore
bodies that have been discovered at the YCD. Quartz-hosted fluid inclusions from the recently discovered granitic porphyry
have homogenization temperature averaging around 180 ± 20°C and 300 ± 20°C with salinities ranging from 4 to 22wt.%
NaCleq, pointing toward the contribution of medium temperature-medium salinity and low temperature-low salinity fluids
during the metallogenesis. These fluid inclusions have δ18OH2O values ranging between -1.91‰ and -1.02‰ and δD values
ranging between -143.10‰ and -110‰, suggesting that the ore-forming fluid was a mix of magmatic and meteoric water.
Ore-related pyrite/chalcopyrite have δ34SV-CDT values ranging from -1.0‰ to 1.0‰ and whole rocks have δ34SΣS = 0.34,
suggesting that sulfur mainly derived from magmatic rocks of the Yangla mining area. The sulfides 208Pb/204Pb ranged from
38.8208-38.9969, 207Pb/204Pb from 15.7079-15.7357, and 206Pb/204Pb from 18.5363-18.7045, indicating that the lead mainly
originated from the upper crust. It is demonstrated that the evolution of ore-forming fluid is continuous from the skarn ore
body (SOB) stage to the porphyritic ore body stage and belong to the products of the same ore-forming fluid system, and the
unisothermal mixing and cooling actions were maybe the main mechanism at the metallic minerals precipitation in mineralized
granitic porphyry (MGP). A model is proposed according to the early stage, a magmatic fluid reacted and replaced with the
surrounding carbonate rocks and then formed skarn-type ore bodies. The magmatic-hydrothermal fluid subsequently deposited
porphyry-type quartz-calcite veins, veinlets, and stockwork mineralization.

1. Introduction

The YCD is located in the Yangla Township, Deqin County,
Yunnan Province of southwestern China. Its tectonic loca-
tion is in the central part of the Jinshajiang belt, between
the Zhongzan-Zhongdian and the Changdu-Simao block.
It is one of the most important copper deposits in the
“Sanjiang” region (Jinshajiang, Lancangjian, and Nujiang),

with an average copper grade of ~1% and prospective
reserves of 1:2 × 106 t of ore [1]. In recent years, extensive
research has been undertaken on the YCD with the goal of
documenting their geologic characteristics [1–5], structural
feature [5–12], tectonogeochemical features [13, 14], isotopic
ages of plutons and skarn ore bodies [9–12, 15–23], genesis of
ores [2, 8, 17–19, 24], and fluid inclusions [17, 24–29]. In
contrast, porphyry mineralization has received less attention;
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systematic isotope and fluid inclusion studies are relatively
scarce for limited porphyry-type copper deposit that have
been discovered from the Yangla region.

As an important Cu producer in SW China, crystalliza-
tion and ore-forming ages of the Yangla ore district attracted
much attention, and the timing of granodiorite pluton and
skarn ore bodies have been constrained to the Triassic
(208-239Ma, average 230Ma) and Triassic (228-235Ma,
average 230Ma) by the precise zircon U-Pb, biotite and
hornblende Rb-Sr, and molybdenite Re-Os dating, respec-
tively [9–12, 15–20, 22, 23]. These results have revealed the
fact that skarn ore bodies was basically contemporary with
granodiorite pluton in the YCD. Besides, for the YCD, the
H-O isotopic composition of quartz was interpreted to be
derived from the mixing of magmatic and meteoric water in
skarn ore bodies [9–12, 24, 25, 27, 28, 30]. The sulfur isotopic
signature of ore-related sulfides was interpreted to originate
from the magmatic rocks (granodiorite pluton) of the Yangla
region [9–12, 19, 24, 25, 27, 31] and that of lead is believed to
have resulted from the mixing of mantle crustal materials in
skarn ore bodies [9–12, 17, 19, 25–27, 29, 32–34]. So far,
however, no systematic studies of the porphyry plutons of
YCD and only preliminary studies have been conducted on
the geochemical characteristics of the granitic porphyry dike
[35]. So, the genetic relationships between porphyry plutons
and Cu mineralization, origin and evolution of the deposit,
and the metallogenic processes involved remain unclear. In
recent years, a granitic porphyry dike closely associated with
Cu mineralization was discovered at the tunnel 3250m level
in the process of geological prospecting in Yunnan Copper
Industry (Group) Co. Ltd., 2014, which are suggesting the
potential contribution of porphyry plutons to the Cu deposits
at depth.

In this study, we present a study of fluid inclusions and
stable (H-O-S) and radiogenic (Pb) isotope systematics of
the MGP, YCD. The fluid inclusion results combined with
isotopic data provide clear constraints in particular to explain
the origin, evolution, and mechanisms of the ore-forming
fluids. We hope that this study can provide a scientific basis
for further mineral prospecting and future prospecting of
new Cu deposits in this area.

2. Geological Context

2.1. Geologic Setting. The “Sanjiang” metallogenic belt
(Sanjiang: Jinshajiang, Langcanjiang, and Nujiang) is located
at the southwest edge of Yangtze craton, southwest China
(Figure 1(a)). The large-scale Yangla copper ore region is
located in the paleo-Tethyan orogenic belt of the central
Sanjiang region (Figure 1(b)), clamped between the regional
Jinshajiang and Yangla faults, which have an approximately
N-S orientation (Figure 1(c)). In this region, the base of the
Yangtze continental plate has experienced multiple geologic
transformations due to extension, rift sag, subduction, and
collision, which have resulted in the formation of multiple
arc-basins [28, 32]. The Jinshajiang paleo-Tethyan tectonic
belt began rifting during the late Devonian, expanding into
the Carboniferous-Permian basin (360-252Ma). During the
late stages of the early Permian, the Jinshajiang ocean basin

was subducted to the west beneath the Changdu-Simao block
(252-200Ma). Because of an E-W trend compression/-
squeezing action, a series of low-angle thrust faults oriented
toward the northwest was formed in the Jinshajiang belt
[9–12]. At the same time, the subduction of the Jinsha-
jiang ocean basin resulted in partial melting of the lower
crust, forming large amounts of intermediate-to-evolved
magma, large-scale volcanic and magmatic activity [9–12,
19, 24, 28], and granodioritic magmatism at 208-239Ma,
average 230Ma [9–12, 16, 19, 32, 34]. Continued subduction
also metasomatized and fertilized the mantle wedge and may
also have led to the accumulation of a free volatile phase in
the mantle wedge [9–12, 16, 32]. During the early Late Trias-
sic (252-228Ma), the tectonic environment transitioned
from compressive to extensional tectonics, allowing the con-
tinuous upward migration of magmatic fluid and promo-
tion of ore migration [32, 34]. It is believed that when
the magmatic fluid within the mantle wedge reached the
bottom of the early granodiorite pluton, the board-shaped
or plate-shaped granodiorite pluton obstructed the upward
migration and emplacement of the late-stage magmatic fluid
[24, 32, 34]. The magmatic fluid was enriched in ore elements
either in the reverse fault system of this early pluton or after
migrating along rock fissures by infiltrating and metasoma-
tizing carbonate rocks [9–12, 16]. The YCD thus appears
to have formed during the early Late Triassic (252-
228Ma). Moreover, the tectonic background of the Jinsha-
jiang tectonic belt involved large-scale magmatic fluid
activity caused by the transition from compressive to
extensional tectonics [9–12, 16, 19, 25, 27].

2.2. Ore Geology. The YCD is composed of 7 main ore blocks:
Beiwu, Nilv, Linong, Jiangbian, Lunong, Tongjige, and Jiaren
(Figure 1(c)). The surface geology of the region consists
mainly of Silurian quartzite, marble with schist, Devonian
marble, quartzite, sericite sandy slate, and Carboniferous
basalt. The ore-bearing strata are mainly composed of the
Devonian Jiangbian Formation (D1j) and the Linong Forma-
tion (D2+3l), while the ore-bearing lithology is dominated by
diopside garnet skarns, followed by marble, quartzite, sericite
sandy slate, granodiorite, and granitic porphyry.

The mining camp is characterized by a strong strctural
control. In addition to the Jinshajiang and the Yangla faults,
F4 faults run in the NE direction and a large number of inter-
layer fracture zones and secondary structural fractures have
also developed [6, 32]. Regional faults control the spatial dis-
tribution of plutons and ore bodies, while NE-trending faults
cause the plutons and ore bodies to fracture, forming various
ore blocks and plutons. The contacts between the magmatic
intrusions and the surrounding wall rock control the
morphology of skarn ore bodies that are close to the contact
zone. Interlayer faults control the morphology of stratiform
ore bodies, fissures within plutons control the morphology
of vein-type ore bodies, and fissures at the top and the
boundaries of plutons are usually filled with quartz-sulfide
veinlets. The late-stage NE-trending faults control the mor-
phology of late-stage hydrothermal vein deposits [6].

Magmatic rocks are widely distributed within the mining
camp. Extrusive rocks, intrusive rocks, and dyke rocks all
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have developed. Extrusive rocks mainly consist of andesites
and basalts (362Ma and 296Ma) (Table 1, Figure 2) and
appear to have little association with ore formation [21].
Intrusive rocks were mainly formed during the Indosinian
Period (208-239Ma, and it is concentrated between 227 and
238Ma, with an average 230Ma) (Table 1, Figure 2) are
mainly granodiorites and are spatially related to the ore
deposits. From north to south, the intrusive rocks can be
divided into the Beiwu, Linong, Lunong, and Jiaren plutons.

Moreover, each granodiorite pluton intrudes into the over-
lying Devonian marble, quartzite, and sericite sandy slate.
All plutons may also have had the same magma source
[4, 15, 16, 34]. Four plutons along the west side of Jinsha-
jiang assume a linear distribution, forming the NNE-oriented
granitic belt [34]. Among these, the Linong ore block, which
is located in the central part, is the most fertile pluton in this
mining area. It extends 2 km along the S-N direction and
1.5 km along the E-W direction, is exposed over about
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Figure 1: (a) The location of the Yangtze craton, the study area, in southwest China (modified after Zhu et al. [34]). (b) A regional geological
map of the the study area, southwest China (modified after [9–12]). (c) A geological sketch map of the YCD, Yunnan, China (modified after
[6]). 1-Paleogene, 2-Triassic (Maichuqing formation), 3-Triassic (Maichuqing formation), 4-Triassic (Sanhedong formation), 5-Triassic
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2.64 km2, and forms an elliptical shape [25, 27]. Dikes
mainly consist of diabase dikes (222Ma) [15] (Figure 2)
and fine-grained granitic dikes, appearing as irregular
dikes and stockworks filled along joints and fractures [9–12,
17, 25, 27, 32].

Based on the different ore-hosting rock types, the YCD
ores can be divided into 4 types: skarn, hornfels, porphyry,
and veins [8, 36]. The skarn-type ore bodies are mainly dis-
tributed in the Linong ore block, with the most typical KT2
(main ore body) and KT5 ore bodies (Figure 3), and its

Table 1: The statistical data of the diagenetic and metallogenic ages in Yangla copper deposit,Yunnan China.

Objects Methods Category Age/Ma References

Basalt Zircon U-Pb Diagenetic 362:0 ± 8:0, 296:1 ± 7:0 [21]

Granodiorite
Biotite

Rb-Sr Diagenetic
227

[20]
Hornblende 208

Masanophyre Whole rock Rb-Sr Diagenetic 202 [35]

Granodiorite Zircon U-Pb Diagenetic 229:6 ± 4:4 [22]

Granodiorite
Zircon U-Pb Diagenetic

238:1 ± 5:30, 239:0 ± 5:7, 227:9 ± 5:1, 213:6 ± 6:9
[15]

Diabase 222:0 ± 1:0

Granodiorite Zircon U-Pb Diagenetic 233:0 ± 1:4, 231:0 ± 1:6, 233:9 ± 1:4 [19]

Granodiorite Zircon U-Pb Diagenetic 234:1 ± 1:2, 235:6 ± 1:2 [16]

Granodiorite Zircon U-Pb Diagenetic
230:0 ± 1:9, 234:0 ± 0:8, 232:0 ± 0:5, 232:0 ± 0:9,
232:9 ± 0:9, 238:0 ± 0:5, 223:0 ± 0:9, 224:0 ± 0:7,

232:0 ± 1:1, 234:0 ± 1:2
[18]

SOB Molybdenite Re-Os Metallogenic 230:9 ± 3:2 [16]

SOB Molybdenite Re-Os Metallogenic
230:9 ± 3:3, 232:1 ± 3:3, 230:9 ± 3:3, 232:9 ± 3:3,

232:7 ± 3:5, 231:7 ± 3:3 [19]

SOB Molybdenite Re-Os Metallogenic

230:9 ± 3:2, 233:0 ± 3:4, 229:7 ± 3:3,
229:7 ± 3:3, 230:6 ± 3:4, 233:3 ± 3:8,
233:6 ± 3:5, 234:2 ± 3:6, 230:7 ± 3:2,

234:8 ± 3:4
[9–12, 17]

SOB Molybdenite Re-Os Metallogenic 228:3 ± 3:8, 230:0 ± 4:8 [23]
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Figure 2: The histogram of diagenetic and metallogenic ages of the YCD, Yunnan, China.
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metallogenic ages are 228-235Ma (average 230Ma) (Table 1,
Figure 2) [9–12, 16, 17, 19, 23]. The hornfel-type ore bodies
are mainly distributed in the Linong and Lunong ore blocks
and the hydrothermal vein-type ore bodies are mainly dis-
tributed in the Linong, Jiangbian, Tongjige, and Jiaren ore
blocks. The copper ore bodies of the Linong block mainly
occur in the outer contact zone between the pluton and the
surrounding rock. It has a variably stratified or vein-like
structure and is obviously controlled by the interlayer frac-
ture zone. The copper ore bodies of the Lunong, Tongjige,
and Jiaren ore blocks occur within the pluton and the sur-
rounding rock and in the outer contact zone between them.
Their morphology is controlled by the contact zone [34].
The upper and lower interface of the ore bodies are com-
posed of quartzite, marble, and sericite sandy slate. The ore
body is inclined toward the west with a 20-30° dip angle,
and it is obviously controlled by the regional tectonic struc-
ture (Figure 3). The alteration-mineralization are mainly
chalcopyrite, pyrite, pyrrhotite, galena, sphalerite, and mala-

chite. Copper ores are associated with Pb, Zn, Ag, Au, As,
Mo, and Sb [16]. The ore minerals are mainly chalcopyrite,
pyrite, pyrrhotite, and a small amount of bornite, galena,
molybdenum, sphalerite, malachite, and covellite. The gangue
minerals include quartz, calcite, biotite, plagioclase, diopside,
tremolite, chlorite, and garnet. The ore textures include euhe-
dral and anhedral, metasomatic, porphyroblastic/porphyritic,
crushed, and interstitial. The ore structures can bemassive, dis-
seminated, stockwork, banded, and lumpy in SOB [4, 8–12].

2.3. Characteristics of the MGP. The porphyry pluton was
first found as an irregular outcrop in the Linong ore block,
YCD. The stock-shaped outcrop intrudes into the Linong
sericite sandy slate and quartzite [35]. The contact zones host
small amounts of pyrite, galena, and magnetite. This porphy-
ritic pluton is spatially related to the KT1 ore body of the
Linong ore block, and it has been inferred to be genetically
related to the porphyritic copper mineralization [35].
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The MGP of the tunnel 3250m level of the YCD
exhibits dike-like intrusions into the sericite sandy slate
and the quartzite of Linong formation (D2+3l) (Figures 4
and 5). One dike strike 60° NE and dips 40° NW is about
4m in width and displays an irregular contact with its
host rock (Figures 5(e) and 5(g)), and there are quartz-
sulfide veins and disseminated sulfides in the porphyry
pluton (Figure 5(f)). The inner and outer contact zones are
skarnization, silicification, sericitization, chloritization, carbo-
natation, pyritization, and chalcopyritization (Figures 5(a)–
5(d) and 5(g)–5(h)). Furthermore, there are mainly 4
mineralization-alteration zones from SE to NW (Figure 5):
Zone I: carbonatation, silicification, argillization, sericitization,
and weak pyritization. Zone II: skarnization, pyritization,
chalcopyritization, silicification, and carbonatation. Zone III:
the mineralized granite porphyry dike with strong silicifica-
tion, as well as calcitization, pyritization, chalcopyritization,
molybdenitization, sericitization, and chloritization. Zone IV:
silicification, pyritization, sericitization, and chloritization.
The mineralization-alteration characteristics are similar to
those of the typical porphyry Cu deposits.

The MGP is a gray, veinlet,disseminated, and massive
structure and has a blastoporphyritic-porphyritic texture
(Figures 6(a)–6(f)). The phenocryst mainly includes quartz
(20%-35%), plagioclase (20%-30%), and biotite (5%-10%),
and the quartz phenocryst were irregular and elliptical in
shape which was developed in the MGP (Figures 6(a)–6(d)
and 7(a)–7(g)). The plagioclase and biotite phenocryst had
been various degrees altered (sericitization, chloritization,
and carbonatation) (Figures 7(d)–7(g)). The phenocryst of

quartz, plagioclase, and biotite were shown to be subeuhedral
to euhedral granular, corroded, board-shaped, and fissile tex-
tures (Figures 7(a)–7(g)). The plagioclase and biotite pheno-
cryst were completely/partly replaced by sericite, chlorite,
and cryptocrystalline carbonate minerals and experienced
various degrees of sericitization, chloritization, carbonation,
argillization, and silicification (Figures 7(d)–7(g)). The
matrix is composed of quartz and plagioclase and minor
biotite, with cryptocrystalline, microcrystalline, and felsitic
textures (Figures 7(a)–7(g)). Accessory minerals include
zircon, sphene, and apatite. Furthermore, a large number of
vein-reticulate vein quartz (Figures 6(e) and 6(f)) and a few
of vein-disseminated sulfides (pyrite, chalcopyrite, and
bornite) have developed in the MGP (Figures 6(a), 6(b), 6(e)
and 6(f)). The quartz phenocryst is cut through by quartz-
sulfide veins (Figures 7(h)–7(j)), and it shows that quartz-
sulfide veins were formed later the post-diagenetic. Besides,
the calcite veins cut through quartz phenocryst and quartz-
sulfide veins, indicating that calcite veins formed quartz-
sulfides veins and quartz phenocryst later (Figures 7(j) and
7(k)). To sum up, the mineral formation sequence was quartz
phenocryst→quartz, pyrite, chalcopyrite→calcite.

The MGP (porphyry ores) shows a veined, banded, and
massive structure (Figures 6(g)–6(r)). Moreover, a large num-
ber of pyrite, chalcopyrite (Figures 6(g)–6(r) and 7(l)–7(r)),
bornite (Figures 6(h)–6(i)), sphalerite (Figure 7(r)), quartz
(Figures 6(g)–6(k), 6(m)–6(q), and 7(l)–7(r)), and calcite
(Figures 6(o)–7(l)) developed in the MGP. The pyrite and
chalcopyrite are veinlets with irregular shape, massive, and
disseminated; the sphalerite are irregular shaped; and the
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Figure 4: The tunnel 3250m level geology map in the Linong ore block, YCD, Yunnan, China.
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quartz-calcite are veined. Additionally, within the quartz
veins, a large amount of veinlet and disseminated pyrite, chal-
copyrite, and a smaller amount of sphalerite have developed
(Figures 7(l)–7(r)) by metasomatism in the pores and
microfissures of the host rock and the quartz veins,
assuming anhedral-granular, scattered-disseminated, and
irregular veinlet growth. Chalcopyrite intersects and replaces
pyrite indicating that chalcopyrite developed after the pyrite
(Figures 7(o)–7(r)). Sphalerite intersected and replaced chal-
copyrite and pyrite, indicating that sphaleritewas formed later
than chalcopyrite and pyrite (Figure 7(r)). Thus, the mineral
paragentic associatons can be summarized as pyrite→chalco-
pyrite→sphalerite within the quartz veins in the hydrother-
mal mineralization periods and the mineral assemblage were
mainly quartz-pyrite-chalcopyrite-sphalerite.

To sum up, based on the observation of macroscopic
and microscopic characteristics of the minerals in the

MGP samples (Figures 6 and 7), diagenesis-mineralization
can be divided into three stages from diagenesis to hydrother-
mal mineralization, such as (i) the diagenesis stage and quartz,
plagioclase, and biotite phenocryst crystallized out of granitoid
magma and formed granite porphyry; (ii) quartz-sulfide stage,
forming a large number of quartz-sulfide veins (quartz, pyrite,
chalcopyrite, sphalerite, bornite, etc.) and representing hydro-
thermal mineralization and forming porphyry (mineraliza-
tion) ore bodies within the granite porphyry (pluton); and
(iii) the calcite stage, the formation of a large number of non-
metallic mineralization of calcite veins, representing the
hydrothermal mineralization has ended.

3. Materials and Methods

The MGP samples used for the analyses of fluid inclusions
and H-O-S-Pb isotopes were obtained from the tunnel
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Figure 5: The sketch map of 41#-1 mining stope at a 3250m level in the YCD, Yunnan, China. 1-quartzite, 2-sericite slate, 3-MGP, 4-calcite
veins, 5-quartz veins, 6-sulfide veins, 7-sample and numbers, 8-photos, 9-low-grade SOB, 10-High-grade SOB, 11-mineralization-alteration
zone. (a) The strongly silicified quartzite, which developed the veins, scattered, and disseminated pyrite. (b) The low-grade SOB, which
developed disseminated pyrite and chalcopyrite and later calcite vein. (c) The sericite slate, which developed partially disseminated pyrite
and later calcite vein. (d) The high-grade SOB and developed disseminated pyrite and chalcopyrite. (e) The irregular contact line of the
MGP and SOB, which developed a large number of quartz veins in the MGP. (f) The MGP, which developed vein-disseminated metal
sulfides (pyrite, chalcopyrite, bornite, and molybdenite) and quartz veins. (g) The irregular contact line of the MGP and sericite slate,
which developed veins metal sulfides in the MGP, and there are many quartz veins in the sericite slate of Linong formation. (h) The
sericite slate, which developed the later quartz veins, disseminated-fine vein metal sulfides. Zone I: carbonatation, silicification,
argillization, sericitization, and weak pyritization. Zone II: skarnization, pyritization, chalcopyritization, silicification, and carbonatation.
Zone III: the mineralized granite porphyry dike with strong silicification, as well as calcitization, pyritization, chalcopyritization,
molybdenitization, sericitization, and chloritization. Zone IV: silicification, pyritization, sericitization, and chloritization.
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3250m level of the 41 mine, Linong ore block, YCD. Some
quartz-sulfide ores that precipitated during the stage of
hydrothermal mineralization were collected from the Linong
ore block for fluid inclusions and detailed isotope analysis.
From these ores, 11 and 4 ore-bearing quartz samples were
collected for fluid inclusions and oxygen and hydrogen iso-
tope analyses, respectively. 10 and 13 sulfide samples were
collected for sulfur and lead isotope analysis.

3.1. Fluid Inclusions. The ore sample characteristics of fluid
inclusions are summarized as follows: Sample No. YM-1:
the gray-white massive porphyry Cu ore. Sulfides are vein-
like and partially irregular and the quartz are vein-like.
Quartz and sulfide veins have a symbiotic relationship and
sulfides are partially developed clusters within the quartz
veins (Figure 8(a)). Sample No. YM-2: the gray massive
quartz, developing disseminated metallic sulfides (pyrite,
chalcopyrite, and bornite), and there is a symbiotic relation-
ship between quartz and metallic sulfides (Figure 8(b)). Sam-
ple No. YM-5: the gray massive porphyry Cu ore. Pyrite and
chalcopyrite are vein-web-like and partially disseminated,
and the quartz are vein-like and irregularly agglomerated
(Figure 8(c)). Sample No. YM-7: the gray-white massive
quartz with fine veins and clusters of metal sulfides
(Figure 8(d)). Sample No. YM-8: the gray-white massive
quartz with fine veins pyrite and chalcopyrite (Figure 8(e)).
Sample No. YM-9: the gray massive porphyry type Cu ore,

and the quartz and metal sulfides have a vein symbiotic rela-
tionship (Figure 8(f)).

The microthermometric and Laser Raman analyses of the
fluid inclusions were performed at the fluid inclusion labora-
tory of the Kunming University of Science and Technology.
The analyses were conducted using a Linkam THMS600 hea-
ting/freezing stage. The testing temperature ranged from
-196 to 600°C, with a homogenization temperature measure-
ment error of ±2°C and an ice melting temperature measure-
ment error of ±0.2°C. The heating and the cooling rates
began at 30°C/min and were reduced to both 1°C/min and
0.5°C/min close to the phase transition point. Each inclusion
sample was subjected to heating and freezing, and in each
scenario, each sample was measured twice or more to check
the precision of the temperature measurements and to ensure
that no leaks had occurred. A Renishaw 2000 Raman
Imaging Microscope was used for Laser Raman analyses.
The laser has a wavelength of 514.53 nm with a power of
20mW, a minimum laser beam spot diameter of 1μm, and
a spectral resolution of 1-2 cm-1.

The petrography and temperature measurements of fluid
inclusions were conducted in quartz. At room temperature,
the fluid inclusions were mostly gas-liquid two-phase inclu-
sions, followed by monophase liquid inclusions (Figure 9).
Primary inclusions exhibited strip-like, elliptical, spherical,
and irregular shapes, with variably scattered and dense distri-
butions. In some areas, visible secondary fluid inclusions,
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Quartz-sulfide vein

Porphyry ore
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Quartz-sulfide vein
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Sulfide vein

Calcite vein

Sulfide

Sulfide

Sulfide

Porphyry ore
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Figure 6: The photographs of the MGP in the YCD, Yunnan, China. (a) The light-offwhite massive structure granitic porphyry,which
developed fine vein-spotted metal sulfides (Sample No.YM-2). (b) The light-offwhite massive structure granite porphyry, which developed
a large number of fine vein metal sulfides (Sample No. 41-1). (c) The offwhite massive structure granite porphyry, the quartz phenocryst
have hypidiomorphic-panidiomorphic texture and isometric texture, and the plagioclase are strongly alterated and present a dissolution
texture (Sample No. 41-2). (d) The offwhite massive structure granite porphyry, and the quartz phenocryst are elliptical in shape (Sample
No. YM-3). (e) The gray massive structure MGP, which developed fine-veined pyrite and chalcopyrite and quartz vein (Sample No. YM-4).
(f) The gray massive structure MGP, which developed a large number of quartz vein (Sample No. YM-5). (g) The massive structure MGP
(porphyry ore), which developed a large number of disseminated, fine-veined pyrite and chalcopyrite (Sample No. 41-3). (h) The massive
structure MGP (porphyry ore), which developed veins of metal sulfides (pyrite, chalcopyrite), quartz, and disseminated bornite (Sample No.
3250-41-5). (i) The massive structure quartz, which developed disseminated metal sulfides (pyrite, chalcopyrite, and bornite) (Sample No.
3250-41-5). (j) The massive structure MGP (porphyry ore), which developed veinlets of metal sulfides (pyrite, chalcopyrite) and quartz
(Sample No. 41-1). (k) The massive structure MGP (porphyry ore), which developed veinlets and disseminated metal sulfides (pyrite,
chalcopyrite) and quartz (Sample No. 41-2). (l) The massive structure MGP (porphyry ore), which developed disseminated metal sulfides
(pyrite, chalcopyrite) and quartz (Sample No. 41-3). (m) The veins of quartz and sulfide are developed in MGP (porphyry ore)
(Sample No. 41-1). (n) The parallel veins of quartz and sulfides are developed in MGP (porphyry ore), and the quartz phenocryst was
penetrated by late quartz-sulfide parallel veins (Sample No. 41-2). (o) The early quartz-sulfide veins were cut/penetrated by later calcite
vein, showing the evolution trend from quartz-sulfide veins to calcite vein in MGP (porphyry ore) (Sample No.3275-39). (p, q) The
massive structure MGP (porphyry ore), which developed veinlets and disseminated metal sulfides (pyrite, chalcopyrite) and quartz
(Sample No. 41-3). (r) The massive structure MGP (porphyry ore), which developed veinlets and disseminated metal sulfides (pyrite,
chalcopyrite), quartz, and later calcite vein (Sample No. 41-4). Qz-quartz, Cc-calcite, Pl-plagioclase, Bi-biotite, Py-pyrite, Ccp-chalcopyrite,
Sp-sphalerite.
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mainly with strip-like, elliptical, spherical, and irregular mor-
phologies, assumed linear distributions along fractures. In this
study, all of the measured fluid inclusions were of primary
phases. The primary inclusionswere of two types: (1) enriched
liquid-phase inclusions (V-L), which constituted ~96% of the
total number of inclusions. At room temperature, a gas-
liquid two-phase composition was observed (Figures 9(a)–
9(f)). Their size ranged from 4-12μm, with most having
between 4 and 7μm diameter. Morphologies were most often
elliptical, spherical, strip-like, and irregular. Inclusions were
heated uniformly until they reached a liquid phase (2), mono-
phase liquid inclusions (L), which constituted 4% of the total
number of inclusions. The inclusion ranged in size from 4 to
6μm, with small sizes being more common. Most inclusions
were elliptical or irregular in shape (Figures 9(a)–9(c)).

3.2. H-O Isotopes. Analyses of hydrogen and oxygen isotopes
in quartz (hydrothermal) were completed at the Laboratory
of Isotope Geology of the Institute of Geology of the Chinese
Academy of Geological Sciences. Hydrogen and oxygen
isotopes of quartz were analyzed using a Finningan MAT
253 mass spectrometer. The sample preparation process is
as follows: firstly, the samples are broken and pure quartz

particles (40 mesh) are selected by handpicking under binoc-
ular microscope, and the quartz particles are crushed into
powder. The conventional BrF5 method was used for oxygen
isotope analysis of quartz, and BrF5 was used to react with
oxygen-containing minerals in vacuum and high tempera-
ture to extract mineral oxygen, which was then burned with
a hot resistance-graphite and converted into CO2 gas [37].
Hydrogen isotopes of quartz inclusions were opened by vac-
uum thermal explosion method, the water was obtained by
separation, and water was reacted with zinc to obtain H2
gas for mass spectrometry [38]. The oxygen isotopes and
inclusion hydrogen isotope analysis of quartz determination
precision were ± 2‰, and the analytical results were reported
relative to the SMOW (“Standard Mean Ocean Water”)
standard.

3.3. S Isotopes. Sulfur isotope analyses were conducted at the
Laboratory of Isotope Geology of the Institute of Geology of
the Chinese Academy of Geological Sciences. The sulfide-
bearing rock samples were mechanically crushed and the
pyrite and chalcopyrite were separated by handpicking under
the microscope. Single grains of pyrite and chalcopyrite were
mixed with copper oxide (CuO), heated and oxidized, and

Ccp
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Ccp
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Figure 7: Photomicrographs of the MGP in the YCD, Yunnan, China. (a)The quartz phenocryst are panidiomorphic-isometric texture, and
dissolution texture in granite porphyry (+) (Sample No. 3275-39). (b) The quartz phenocryst are irregular and embayment shape in granite
porphyry (+) (Sample No. 41-3). (c) The porphyritic texture granite porphyry, the phenocryst are panidiomorphic-isometric texture,
dissolution texture quartz, and the matrix is a microgranular texture feldspar-quartz (+) (Sample No. 41-3). (d) The porphyritic texture
granitic porphyry, the phenocryst are hypidiomorphic-isometric texture, dissolution texture quartz and sericitization plagioclase, the
matrix is a microgranular texture feldspar-quartz (+) (Sample No. 3250-41Lb3). (e) The irregular and embayment shape, dissolution
texture sericitization plagioclase in granite porphyry (+) (Sample No. 41-1). (f) The porphyritic texture granitic porphyry, the phenocryst
are hypidiomorphic-isometric texture, dissolution texture quartz and biotite, the matrix is a microgranular texture feldspar-quartz (+)
(Sample No. 45-R4-2). (g) The porphyritic texture granitic porphyry, the phenocryst are hypidiomorphic-isometric texture, dissolution
texture quartz, sericitization plagioclase, and biotite, the matrix is a microgranular texture feldspar-quartz (+) (Sample No. 41-1). (h) The
quartz veins cut/penetrated the quartz phenocryst, and the evolution sequence from quartz phenocryst to quartz veins is shown (+)
(Sample No. 3275-41b1). (i) The quartz-sulfide veins cut/penetrated the quartz phenocryst, and the evolution sequence from quartz
phenocryst to quartz - sulfide veins is shown (+) (Sample No. 3250-41b3). (j) The calcite veins cut/penetrated the quartz vein and quartz
phenocryst, and the quartz vein cut/penetrated the quartz phenocryst. The evolution sequence of quartz phenocryst→quartz veins→calcite
veins is shown (+) (Sample No. 3250-41b3). (k) The calcite vein cut/penetrated quartz-sulfides vein, and showing the evolution sequence
from quartz-sulfide vein to calcite vein (+) (Sample No. 3275-39). (l) The chalcopyrite and pyrite are scattered along the quartz vein, and
chalcopyrite, pyrite, quartz vein are replaced by later calcite vein (-) (Sample No. 3275-39). (m) The irregular pyrite and chalcopyrite
developed in quartz vein (-) (Sample No. 3275-39). (n) The pyrite is fine-veined, and chalcopyrite is scattered in the MGP (-) (Sample No.
3275-41-b1). (o) The xenomorphic granular texture pyrite and chalcopyrite are disseminated with scattered and irregular veins that are
developed along the fissure-fine fissures in the granitic porphyry, and the pyrite is replaced by the chalcopyrite (-) (Sample No. 3275-39).
(p) The chalcopyrite and pyrite are filled with quartz vein fissures, and the xenomorphic granular texture pyrite are replaced by the
chalcopyrite (-) (Sample No. 3275-41b1). (q) The chalcopyrite and pyrite are developed in quartz vein fissures, and the pyrite is replaced
by the chalcopyrite (-) (Sample No. 3250-41-5). (r) The pyrite is replaced by granule chalcopyrite along the fissure, and the pyrite
presented skeleton texture. The pyrite and chalcopyrite are replaced by irregular shape sphalerite (-) (Sample No. 3250-39). Qz-quartz,
Cc-calcite, Pl-plagioclase, Bi-biotite, Py-pyrite, Ccp-chalcopyrite, Sp-sphalerite.
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formed SO2 gas. The generated SO2 gas was frozen and
extracted using the method of liquid nitrogen. The sulfur iso-
tope composition was analyzed by the collected SO2 gas using
a MAT 251 Mass Spectrometer. The results are reported with
respect to the V-CDT standard with a precision of ±0.2‰.

3.4. Pb Isotopes. Lead isotope analyses were performed at the
Laboratory of Isotope Geology of the Institute of Geology of
the Chinese Academy of Geological Sciences. The Pb

separation and purification was achieved using used AG1-
X8 anion exchange resin. The analyses were performed using
a Nu Plasma HR high-resolution multicollector inductively
coupled plasma mass spectrometer. The mass fractionation
of the instrument was externally corrected using about
one-half the lead content of the samples of T1 isotope
standard [39]. A NBS 981 standard was used to monitor the
results, with values of 208Pb/206Pb = 2:16736 ± 0:00066 (2σ),
207Pb/206Pb = 0:91488 ± 0:00028, 206Pb/204Pb = 16:9386 ±
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Figure 8: The photos of porphyry ore specimens,YCD, Yunnan, China (Sample No. (a) YM-1, (b) YM-2, (c) YM-5, (d) YM-7, (e) YM-8, and
(f) YM-9).
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0:0131, 207Pb/204Pb = 15:4968 ± 0:0107, and 208Pb/204Pb =
36:7119 ± 0:0331. The accuracy of 208Pb/204Pb for 1μg is
≤0.005%.

4. Results

4.1. Fluid Inclusions

4.1.1. Microthermometry. During petrographic observation
of the fluid inclusions from the MGP, no carbon dioxide-

containing or crystalline inclusions were discovered. There-
fore, in this study, the ice melting temperature (Tm) and
homogenization temperature (Th) were only determined
for gas-liquid two-phase inclusions (>4μm). Moreover, the
results of previous analyses on fluid inclusions in garnet,
epidote, pyroxene, quartz, and calcite from the SOB of this
deposit were also considered [17, 24–26].

The corresponding salinities of the fluid inclusions were
calculated based on the salinity equation of Lu et al. [40],
i.e.,W = 0:00 + 1:78Tm − 0:0422T2

m + 0:000557T3
m. The fluid
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Figure 9: Microphotographs of typical fluid inclusions in the MGP, YCD, Yunnan, China. L+V: gas-liquid fluid inclusions; L: liquid fluid
inclusions (Sample No. (a) YM-1, (b) YM-2, (c) YM-5, (d) YM-7, (e) YM-8, and (f) YM-9).
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inclusion density was determined from homogenization
temperature-salinity-density phase diagrams (Figure 10) and
the entrapment pressure was estimated from homogeniza-
tion temperature-salinity-pressure phase diagram in the
H2O-NaCl system [24, 41–43].

The fluid inclusions were divided into two categories
based on Th (127°C to 316°C) and salinities (4 to 21wt.%
NaCleq): (1) low temperature-low salinity fluid inclusions
and (2) medium temperature-medium salinity fluid inclu-
sions (Table 2, Figures 10(a) and 11(a)).

For fluid inclusions of the 1st group, the variation in Tm
ranged from -16°C to -2°C (average 7°C). Th ranged from
127°C to 207°C but most data were concentrated between

160°C and 200°C (average 168°C). Based on the salinity
equation [40, 44], salinity ranged from 4 to 19wt.% NaCleq
(average 10wt.% NaCleq) was calculated. Based on the
density and isochoric formulae for NaCl-H2O [45–47], a
fluid density of 0.9 to 1.07 g/cm-3 (average 0.98 g/cm-3) was
calculated(Figure 12(a)). The entrapment pressure was
estimated to range from 6 to 12 bars (average 8 bars)
(Figure 13(a)).

For fluid inclusions of the second group, the variation
in Tm ranged from -18°C to -10°C (average -13°C) and Th
ranged from 283°C to 316°C and was mainly concentrated
between 280°C and 320°C (average 300°C). The salinity
ranged from 14 to 21wt.% NaCleq (average 17wt%.
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Figure 10: The salinities of the fluid inclusions in the MGP (a) and SOB (b–d), YCD, Yunnan, China.
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NaCleq). Based on the density and isochoric formula for
the NaCl-H2O system [45–47], the density ranged from
0.85 to 0.95 g/cm-3 with an average of 0.89 g/cm-3

(Figure 12(a)). A range of trapping pressures ranging from
50 to 100 bars was calculated, with an average of 80 bars
(Figure 13(a)).

In fluid inclusions of the SOB (Table 2), Yang [17] and
Yang et al. [26] reported that the fluid inclusions of Tm varied
from -20°C to 0.2°C, Th mainly concentrated between 200°C
to 240°C and 280°C to 320°C (Figure 11(b)), the salinity
ranged from 0.35 to 22wt.% NaCleq (Figure 10(b)), the den-
sity ranged from 0.7 to 1.08 g/cm-3 (Figure 12(b)), and the
trapping pressures were estimated to range around 5 to 120
bars in quartz (Figure 13(b)). Chen et al. [25] reported the
fluid inclusions of garnet, epidote, quartz, and calcite Tm var-

ied from -19°C to -15°C, -11°C, -7°C to -1°C, and -6°C to -2°C,
respectively. Th ranged from 413 to 593°C, 336°C to 498°C,
148°C to 331°C, and 132°C to 179°C, respectively
(Figure 11(c)). The salinity ranged from 19 to 22wt.%
NaCleq, 15.7wt.% NaCleq, 2 to 9wt.% NaCleq, and 3 to
10wt.% NaCleq, respectively (Figure 10(c)). The density
ranged from 0.7 to 1.07 g/cm-3, 0.83 to 1.08 g/cm-3, 0.5 to
0.95 g/cm-3, and 0.93 to 1.10 g/cm-3, respectively
(Figure 12(c)). The trapping pressures were estimated to
range around 250 to 590 bars, 120 to 320 bars, 8 to 120 bars,
and 7 to 9 bars, respectively (Figure 13(c)). The results show
that homogeneous temperature (Th), salinity, and trapping
pressure have obviously decreased from garnet, epidote,
quartz, and calcite. Du [24] reported that the fluid inclusion
of garnet, pyroxene, quartz/I, quartz/II, and calcite Tm varied
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Figure 11: Homogenization temperatures of the fluid inclusions in the MGP (a) and SOB (b), YCD, Yunnan, China.
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from -21°C to -9°C, -20 to -15°C, -8°C to -1°C, -5°C to -1°C,
and -1°C to -1°C, respectively. Th ranged from 372 to
499°C, 366°C to 492°C, 301°C to 415°C, 165°C to 294°C, and
142°C to 283°C, respectively (Figure 11(d)). The salinity
ranged from 13 to 23wt.% NaCleq, 19 to 23wt.% NaCleq, 2
to 11wt.% NaCleq, 1 to 8wt.% NaCleq, and 1 to 4wt.%
NaCleq, respectively (Figure 10(d)). The density ranged
from 0.65 to 1.0 g/cm-3, 0.60 to 1.05 g/cm-3, 0.6 to
0.85 g/cm-3, 0.75 to 0.95 g/cm-3, and 0.75 to 0.95 g/cm-3,
respectively (Figure 12(d)). The trapping pressures were esti-
mated to range around 180 to 500 bars, 190 to 500 bars, 80 to
200bars, 8 to 90 bars, and 7 to 70 bars, respectively

(Figure 13(d)). The results show that homogeneous temperature
(Th), salinity, and trapping pressure have obviously decreased
from garnet→pyroxene→quartz/I→quartz/II→calcite.

4.1.2. Laser Raman Spectroscopy. For the individual large
fluid inclusions with clearly defined boundaries that devel-
oped in quartz, Laser Raman analysis revealed that both the
liquid-phase and the gas-phase inclusions are composed of
H2O (Figure 14).

4.2. Hydrogen and Oxygen Isotope Compositions. The quartz
crystals were separated from four samples of MGP and the
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Figure 12: Scatter plot of salinities and homogenization temperatures of the MGP (a) and SOB (b–d), YCD, Yunnan, China.
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H isotopic of quartz inclusions and the O isotopic composi-
tions of the quartz were determined. The corresponding
δ18OH2O was calculated using 1000 ln αquartz‐water = 3:42∗

106/T2 − 2:86 [48]. For quartz contained in the MGP,
δ18OH2O varied from -1.91‰ to -1.02‰ and averaged at
-1.28‰. The δDSMOW ranged from -143.10‰ to -110‰
and averaged at -128.45‰. For quartz from SOB, Zhao
[30], Chen et al. [27], and Yang et al. [26] had reported the
δ18OH2O values ranging from -3.05‰ to 4.85‰ (n = 17)
and averaging around 1.61‰. The δDSMOW varied from
-120‰ to -76.2‰ (n = 17), averaging at -96.49‰ (Table 3).
Du [24] had reported the δ18OH2O values ranging from
3.9‰ to 8.6‰, and the δDSMOW varied from -119.3‰
to -107.8‰ (n = 9) in garnet of SOB (Table 3).

4.3. Sulfur Isotopic Compositions. The sulfur isotope ratio of
pyrite and chalcopyrite separated from the MGP was ana-
lyzed (Table 4). In pyrite, the δ34SV-CDT values ranged
from -6.10‰ to 0.80‰ with an average of -1.74‰. In
chalcopyrite, the δ34SV-CDT varied from 0.10‰ to 0.50‰,
with an average of -0.70‰. and total sulfur δ34SΣS = 0:34
by calculation. Zhan et al. [2] reported that pyrite and
chalcopyrite δ34SV-CDT values ranged from -1.61‰ to
2.46‰ (n = 5) and δ34SV-CDT values ranged from -3.15‰
to 0.97‰ (n = 5), respectively. Pan et al. [31] reported
the pyrite and chalcopyrite δ34SV-CDT values ranged from
-2.21‰ to 1.82‰ (n = 8) and δ34SV-CDT values ranged
from -3.14‰ to 0.94‰ (n = 4), respectively. Zhu [32]
reported that pyrite and chalcopyrite δ34SV-CDT values
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Figure 13: The trapping pressure estimates for fluid inclusions of the MGP (a) and SOB (b–d), YCD, Yunnan, China (after [24, 41–43]).
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ranged from -1.90‰ to 1‰ (n = 4) and δ34SV-CDT values
ranged from -2.60‰ to 1.20‰ (n = 3), respectively. Yang
et al. [11, 12] reported that the chalcopyrite δ34SV-CDT
values ranged from -4.20‰ to -2.70‰ (n = 2). Zhu [19]
reported that the molybdenite δ34SV-CDT values ranged
from 0.50‰ to 0.90‰ (n = 7) with an average of 0.69‰
and with a difference 0.40‰. Yang et al. [26] reported that
pyrite and chalcopyrite δ34SV-CDT values ranged from
-1.0‰ to 0.90‰ (n = 2) and δ34SV-CDT= -1.60 (n = 1),
respectively. Du [24] reported about the pyrite, chalcopyrite,
galena, sphalerite, and pyrrhotite, which have δ34SV-CDT
values ranging from -1.97‰ to 2.61‰ (n = 14), -2.60‰ to
1.20‰ (n = 9), 0.80‰ to 2.11‰ (n = 5), 1.10‰ to 1.70‰
(n = 3), and -2.60‰ to 0.70‰ (n = 24), respectively.

4.4. Pb Isotopic Compositions. The lead isotopic composition
of pyrite and chalcopyrite from the MGP and the SOB was
also assessed (Table 5). In the MGP, the 208Pb/204Pb ranged
from 38.8208 to 38.9969 (average of 38.9127), the 207Pb/204Pb
ranged from 15.7079 to 15.7357 (average 15.7215), and the
206Pb/204Pb ranged from 18.5363 to 18.7045 (average
18.6438). The characteristic parameters were μ = 9:66~9:69,
ω = 38:14~38:70, and Th/U = 3:46 to 3:87. For the SOB, Pan
et al. [31], Zhu [32], Yang et al. [11, 12], Zhao [30], and
Chen [28] reported that the 208Pb/204Pb ranged from
37.8330 to 38.7920 (average 38.49), the 207Pb/204Pb ranged
from 15.4340 to 15.7230 (average 15.63), and the 206Pb/204Pb
ranged from 17.9850 to 18.3950 (average 18.28). The charac-
teristic parameters for the skarn ore bodies were μ = 9:18 to
9.70, ω = 34:61 to 39.39, and Th/U = 3:65 to 3.91. The lead
isotopic ratio of sulfides in the MGP were lower and more
uniform than that of sulfides in SOB.

5. Discussion

5.1. Source of Original Ore-Forming Fluids. For quartz con-
tained in the MGP relation to meteoric water (δD = −350‰
to +50‰, δ18OH2O = −44‰ to +10‰) and magmatic water
(δD = −50‰ to -80‰, δ18OH2O = 7:0‰‐9:5‰), the
δD-δ18OH2O diagram of H-O isotopes in quartz was located
within the ranges between the meteoric water and the

magmatic water area (Figure 15). δDQuartz (-143.10‰ to
-110‰) in MGP < δDGarnet−Quartz (-120‰ to -76.2‰) in
SOB; δ18OH2O(Quartz) (-1.91‰ to -1.02‰) in MGP
< δ18OH2OðGarnet−QuartzÞ (-3.05‰ to 8.60‰) in SOB. Both
the δD-δ18OH2O diagrams indicate the presence of magmatic
and meteoric water. However, the SOB were generally closer
to the magmatic water, and it may show an evolutionary
trend away from magmatic water (Figure 15(b)). Meanwhile,
the MGP was located in the region between the meteoric
water and the magmatic water, and its δD and δ18OH2O
values were lower than those of the SOB (garnet-quartz).
This maybe because the carbonate replacement formed by
SOB was a high-temperature magmatic hydrothermal fluid,
at this moment, allowing only a few of meteoric water to infil-
trate ore-forming fluid, resulting in the δD-δ18OH2O diagram
appearing closer to the magmatic water. Along the continu-
ous evolution of ore-forming fluid, the amount of infiltrating
meteoric water increased, forming low-temperature ore-
forming fluid, and which may make the metallogenic tem-
perature decrease (the homogenization temperatures of fluid
inclusions have decreased), which will make the δD and
δ18OH2O values decrease. Finally, the δD and δ18OH2O values
show a trend line away from magmatic water or near
meteoric water from SOB to MGP (Figure 15(b)), and
we believe that the ore-forming fluid originated from the
mixture of magmatic water and meteoric water. According
the Re-Os age of molybdenite in SOB (228-235Ma) and
the evolution trend of ore-forming fluid, SOB were formed
during the early-stage metasomatic interaction with carbon-
ates [15, 16, 34, 49], while porphyry ore bodies were formed
during the late stage. The geological evidence are as follows:
(i) the ore-forming fluid shows the evolution trend of high
temperature-high salinity-high capture pressure to low
temperature-low salinity-low capture pressure from SOB to
porphyry ore bodies (MGP),and there is an overlap region;
(ii) the hydrogen and oxygen isotope composition shows that
the SOB→porphyry ore bodies (MGP) have a tendency to be
close to meteoric water. It is speculated that the mixing
amount of meteoric water gradually increased and finally
formed porphyry ore-bodies along with the evolution of
ore-forming fluid. Therefore, the skarn and porphyry
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Figure 14: Laser Raman spectra for liquid phase (a) and vapor phase (b) of the fluid inclusions in the MGP, YCD, Yunnan, China.
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ore bodies were maybe the products of continuous evolu-
tion in the same magmatic fluid system and formed in
different stages.

The determination of sulfur element sources in deposits
must be based on the total sulfur isotopic composition
(δ34SΣS) in the ore-forming hydrothermal fluid during sulfide
precipitation. Experimental studies show (Zheng et al. 2000)
that the hydrothermal system 34S order is SO4

2->HSO-
4>-

SO2
2->SO2>Sx>H2S>HS>S2- under the condition of isotope

exchange equilibrium. Therefore, based on the theory of
equilibrium crystallization of sulfur isotopes in solution,
when sulfur isotopic fractionation reaches equilibrium con-
ditions, the sequence of the enriched δ34S is as follows: δ34

Ssulfate>>δ
34Smolybdenite > δ34Spyrite > δ34Ssphalerite > δ34Spyrrhotite

> δ34Schalcopyrite > δ34Sgalena > δ34Schalcocite > δ34Sargentite > δ34

Scinnabar, when sulfur fractionation reaches equilibrium con-
ditions, the pyrite and pyrrhotite δ34S values can represent
the total sulfur (δ34SΣS) in the ore-forming fluid [50, 51].
Out of the 5 tested samples, only the YS-3 sample exhibited
δ34Spyrite > δ34Schalcopyrite, with the sulfur fractionation pro-
cess reaching equilibrium conditions, while the remaining 4
samples exhibited δ34Schalcopyrite > δ34Spyrite, with the sulfur
fractionation not reaching equilibrium conditions. But,
the δ34S has a sequence of mineral enrichment for most

sulfide samples in the YCD, pyrite>sphalerite>pyrrhotite>-
chalcopyrite>galena ([24]). Such as the samples LN-62,
YK003,YK015-2, LN81, YK007-1, and YK017-3, pyrite
ð−1:97Þ > pyrrhotite ð−2:48Þ, pyrite ð−0:80Þ > pyrrhotite
ð−0:98Þ, pyrite ð2:00Þ > galena ð−0:78Þ, pyrrhotite ð0:08Þ >
chalcopyrite ð−0:69Þ, pyrite ð2:61Þ > sphalerite ð1:55Þ >
galena ð−0:18Þ, and sphalerite ð1:70Þ > pyrrhotite ð0:74Þ >
galena ð0:31Þ, respectively (Table 4). Based on the δ34S
sequence of minerals enrichment for most sulfide samples in
this deposit (the sample YS-3 and most of the SOB sulfide
samples), we concluded that the hydrogen sulfide (H2S) in
the ore-forming system during the ore-forming period
practically reached equilibrium [19, 24]. Therefore, the total
sulfur isotopic composition (δ34SΣS) can be determined using
the following two methods.

5.1.1. Sulfur-Bearing Mineral Assemblage Estimated δ34SΣS.
Sulfide compounds in the Linong ore block of the YCD have
simple compositions and do not contain sulfate minerals.
They are mainly composed of pyrrhotite, pyrite, chalcopyrite,
molybdenite, and sphalerite. Its main soluble form is H2S,
which is a reductive fluid with pH > 6 [28]. The average value
of sulfide δ34S, especially the pyrite δ34S value, can approxi-
mately represent the total sulfur δ34SΣS [51] in the hydrother-
mal fluid. In addition, the sulfur isotope value is a function of

Table 3: Hydrogen and oxygen isotope compositions of quartz in MGP and SOB, Yangla copper deposit, Yunnan, China.

Sample no. Location Minerals
Homogenization
temperature (°C)

δ18OSMOW ‰ δDSMOW/‰ δ18OH2O ‰ Reference

41-1

MGP in Linong
ore block

Quartz

182 10.93 -130 -1.91

This paper

41-2 175 11.57 -143.10 -1.07

41-3 173 11.65 -110 -1.13

3250-41-5 171 11.91 -130.70 -1.02

Totality characteristics 171~182 10.93~11.91 -143.10~-110 -1.91~-1.02
3175-d8-1

SOB in Linong ore block

Quartz

238 11.6 -100 2.06

3175-d8-2 238 11.1 -89 1.56

3175-d10 238 11.7 -94 2.16

YL-8

Quartz

— — -100 2.50

[26]

YL-24 — — -105 1.16

YL-39 — — -104 1.82

YL-40 — — -115 1.54

YL-41 — — -109 0.71

YL-57 — — -120 -3.05

YL3275-27

Quartz

184 11.1 -89 -2.42

[27]

YL3275-07 250 12.3 -95 2.66

YL3275-05 259 11.8 -89 2.58

YL3275-26 239 12.2 -88 2.01

YL3275-28 240 12.5 -112 2.36

YL3275-21 343 11.0 -77 4.85

L-2
Quartz

250 11.1 -78.1 2.15
[30]

L-6 250 11.6 -76.2 2.65

Totality characteristics 184~343 11.0~12.5 -120~76.20 -3.05~4.85
Totality characteristics Garnet — — -119.3~-107.8 3.90~8.60 [24]

20 Geofluids



Table 4: S isotopic compositions for sulfide mineral pair and equilibrium states of the MGP and part SOB in Yangla copper deposit, Yunnan,
China.

Sample no. Minerals Location δ34SV-CDT/‰ δ34S Equilibrium states Reference

YS-2
Pyrite

MGP in Linong ore block

-6.10 Pyrite < chalcopyrite Nonequilibrium

This paper

Chalcopyrite 0.20

YS-3
Pyrite 0.80 Pyrite > chalcopyrite Equilibrium

Chalcopyrite 0.10

YS-7
Pyrite -0.30 Pyrite < chalcopyrite Nonequilibrium

Chalcopyrite 0.50

YS-9
Pyrite -2.60 Pyrite < chalcopyrite Nonequilibrium

Chalcopyrite 0.50

YS-10
Pyrite -0.50 Pyrite < chalcopyrite Nonequilibrium

Chalcopyrite 0.40

Totality characteristics Range -6.10~0.80, average -0.70, difference 6.90, δ34SΣS = 0:34

LN-62
Pyrite

SOB in Linong ore block

-1.97 Pyrite > chalcopyrite Equilibrium

[24]

Chalcopyrite -2.48

LN-68
Pyrite -1.72 Pyrite > pyrrhotite Equilibrium

Pyrrhotite -1.82

LN-74
Pyrite 0.66 Pyrite > chalcopyrite Equilibrium

Chalcopyrite -1.94

LN-75
Chalcopyrite -1.76 Chalcopyrite > pyrrhotite Nonequilibrium
Pyrrhotite -1.93

YK003
Pyrite -0.80 Pyrite > pyrrhotite Equilibrium

Pyrrhotite -0.98

YK004-1
Pyrite -0.85 Pyrite > pyrrhotite Equilibrium

Pyrrhotite -0.91

YK007-1

Pyrite 2.61

Pyrite > galena > sphalerite EquilibriumGalena -0.18

Sphalerite 1.55

YK015-1
Pyrite 0.34 Pyrite > chalcopyrite Equilibrium

Chalcopyrite -1.07

YK015-2
Pyrite 2.00 Pyrite > galena Equilibrium
Galena -0.78

YK017-3

Pyrrhotite 0.74

Sphalerite > pyrrhotite > galena EquilibriumGalena 0.31

Sphalerite 1.70

L33
Pyrite 1.20 Pyrite > chalcopyrite Equilibrium

Chalcopyrite 0.97

L81
Pyrrhotite 0.08 Pyrrhotite > chalcopyrite Equilibrium

Chalcopyrite -0.69

L203
Pyrrhotite -0.42 Pyrite > pyrrhotite Equilibrium
Pyrite 0.12

S1
Pyrite -1.90 Pyrite = pyrrhotite Nonequilibrium

Pyrrhotite -1.90

S2
Pyrite -1.00 Pyrite < chalcopyrite Nonequilibrium

Chalcopyrite -0.80

S3

Pyrite 1.00

Chalcopyrit > pyrite > galena NonequilibriumGalena 0.30

Chalcopyrite 1.20

S5
Pyrite -1.90 Pyrite > chalcopyrite Equilibrium

Chalcopyrite -2.60

Totality characteristics Range -2.60~2.61, average -0.42, difference 5.21
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pH, temperature, Eh and oxygen fugacity, and it is influenced
significantly by physical and chemical conditions [52]. It is
possible that the varying chemical and physical conditions
during different stages of mineralization and superimposed
mineralization may have led to nonequilibrium fractionation
of sulfur isotopes in sulfides. This conclusion is consistent
with the composite formation of the ore deposit. In the
MGP of theYCD, the sulfide δ34SV-CDT variation range being
concentrated between -1.0‰ and 1.0‰, the pyrite δ34SV-CDT
values were concentrated between 1 and -7‰, and the chal-
copyrite δ34SV-CDT values were concentrated between 1 and
0‰ (Figure 16(a)). This is consistent with the research
results on the sulfur isotopic composition of sulfides in SOB
(the δ34SV-CDT values range from -5‰ to 3‰, with an
average of -0.30‰ and a difference of 8‰; where the
pyrite δ34SV-CDT values range from -3‰ to 3‰, with an
average of -0.50‰ and a difference of 6‰; the chalcopyrite
δ34SV-CDT values range from -5‰ to 3‰, with an average
of -1‰ and a difference of 8‰; the pyrrhotite δ34SV-CDT
values range from -3‰ to 1‰, with an average of -1.25‰
and a difference of 4‰; the galena δ34SV-CDT values range
of -1‰ to 3‰, with an average of 0.34‰ and a difference
of 4‰; the sphalerite δ34SV-CDT values range from 1‰ to
2‰, with an average of 1.43‰ and a difference of 1‰; the
molybdenite δ34SV-CDT values range from 0‰ to 1‰, with
an average of 0.69‰ and a difference of 1‰; the chalcocite
δ34SV-CDT values range from 1‰ to 2‰, with an average
of 1.50‰ and a difference of 1‰) (Tables 4 and 6,
Figure 16(b)). The total sulfur isotopic composition was
close to -1‰ to 1‰, while its total homogenization was
high and the variation range was small. Moreover, it had
a single source of sulfur. All of these characteristics point
to deep crust or mantle sulfur, indicating that the sulfur
source of the MGP and the SOB was the same, originating

in the deep crust-mantle magma. Moreover, the sulfur
source was relatively solitary and without contamination by
upper crust sediments.

5.1.2. Isotope Diagram Method Estimation of δ34SΣS. This
method, also known as the Pinckney method [53], is based
on the assumption that when ore-forming fluid isotopes
reach equilibrium, the sulfur isotopic composition of the
mineral can be considered a function of the temperature
and the total sulfur isotopic composition of the ore-forming
fluid, that is 1000 ln αx−y = A∗106/T2 + B, where 1000 ln
α = δ34Smineral 1 − δ34Smineral 2, B = 0. It is evident that at
high temperatures, the δ34S values of each sulfide in the ore-
forming fluid are close to the δ34SΣS values. If more than two
minerals are crystallized from chemically and isotopically
homogeneous ore-forming fluid with varying temperature,
the sample should approximate a straight line on the
1000lnαx-y versus the δ

34Sx and δ34Sy diagram. The δ34S-axis
intercept is the δ34SΣS values of the ore-forming fluid.
Through interpolation, we determined the pyrite-
chalcopyrite (belonging to the one ore-forming fluid) content
in the MGP to be δ34SΣS pyrite−chalcopyrite = 0:34‰
(Figure 17(a)) and calculated the sulfides of the δ34

SΣS pyrite–pyrrhotite = −1:22‰, δ34SΣS pyrite–chalcopyrite = −0:40‰,

δ34SΣS pyrite–Galena = 0:56‰, δ34SΣS pyrrhotite–chalcopyrite = −1:57‰,

and δ34SΣSGalena–Sphalerite = 2:31‰ in SOB (Figures 17(b)–
17(f)). The values approached -1‰ to 1‰, which is consis-
tent with the characteristics of deep-crust or mantle magma
sulfur. This indicates that the sulfur source of the MGP orig-
inated in the deep crust-mantle magma, which are consistent
with the δ34S values (-2‰ to 2‰) of SOB sulfides and sulfur-
containing mineral assemblage estimation results of δ34SΣS.
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Figure 15: δD-δ18OH2O diagram of the quartz in the MGP (a) and SOB (b), YCD, Yunnan Province, China.
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After plotting the lead isotopic composition on a
207Pb/204Pb-206Pb/204Pb and 208Pb/204Pb-206/204Pb diagram
[54], which reflects the tectonic setting of the lead source
region, and the lead isotope data fell close to the upper crust
evolutionary line on the 207Pb/204Pb-206Pb/204Pb diagram
(Figure 18(a)) and between the orogenic zone and the lower
crust evolutionary lines on the 208Pb/204Pb-206/204Pb dia-
gram, being closer to the former (Figure 18(b)). This is con-
sistent with the geological background of the Jinshajiang
ocean basin westward subduction and collisional orogenic
with Changdu-Simao block, indicating that the lead source
was the upper crust. The lead isotope relative variogram
Δγ − Δβ is projected onto the Δγ − Δβ genetic classifica-
tion diagram [55] (Figure 19(a)). The lead isotope composi-
tion mainly falls within the range of upper crust lead, which
is dominantly consistent with the distribution of the lead
source on the tectonic evolution diagram (Figure 17).

These results are not consistent with the research
results of the lead isotopic composition in SOB
(208Pb/204Pb = 37:8330‐38:7920, 207Pb/204Pb = 15:4340‐
15:7230, 206Pb/204Pb = 17:9850‐18:3950). The Pb isotopic
compositions of ore sulfides from SOB show a linear distri-
bution trend of crust-mantle, indicating a crust-mantle mix-
ing source (Figures 18 and 19(b)). But the lead isotopic
composition of MGP was more stable and homogeneous
than that of SOB, and its evolutionary range was narrower
and shows a upper crust source (Figures 17 and 18(a)). The

difference of Pb isotope source region in MGP and SOB
may be the gradually blend of upper crust sediments during
the mantle magmatic fluid evolution process. According to
the results of fluid inclusion, the ore-forming fluids show
an evolutionary trend from high temperature-high salinity-
high capture pressure to low temperature-low salinity-low
capture pressure from skarn metallogenic stage to porphyry
metallogenic stage. It means that there may be upper crust
sediments added in the evolution process of ore-forming
fluid, which makes it present the high to low level evolution
trend. So, the evolution process of the magmatic fluid may
be as follows: in the early stage of evolution process, the
amount of upper crust sediments were less and formed
SOB, and the mixing amount of upper crust sediments grad-
ually increased along with the progress of mineralization. In
the late stage, the magmatic fluid already have contained a
large amount of upper crust sediments, which made the lead
mainly derived from the upper crust in MGP phenomenon.
Finally, the lead was mainly derived from the crust-mantle
and upper crust in the SOB and MGP, respectively.

5.2. Evolution of Ore-Forming Fluid. According to the tem-
perature measurement results of fluid inclusions in garnet,
epidote, and pyroxene, they show that the ore-forming fluid
of skarn stage has high temperature and high salinity charac-
teristics (Figures 10–12) [24, 25, 27]. Next, the research
results of fluid inclusions in quartz indicates that the
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coexistence of low temperature medium-to-high salinity and
medium temperatur-to-high salinity and the results of fluid
inclusions in calcite indicate that ore-forming fluid in the
calcite-sulfide stage has the characteristics of low tempera-
ture and low salinity (Figure 12) [24, 25, 27]. In short, from
the early skarn stage to the late calcite-sulfide stage, the
homogenization temperature and salinity of the ore-
forming fluid has obviously decreased, and the homoge-
neous temperature and salinity of the adjacent stages
have overlap regions, which show that the ore-forming fluid
is continuous evolution [17, 24–27, 29, 32, 56, 57]. As the
fluid inclusions developed in quartz of MGP, the homogeni-
zation temperatures are mainly concentrated between 120°C-
200°C and 280°C-320°C, compared with the previous
research results of fluid inclusions developed in quartz of
SOB, there are overlap regions (Figures 10–13). Generally
speaking, the homogenization temperatures of fluid inclu-
sions from SOB to MGP present a trend from high to low
level (420°C-220°C→200°C-120°C), namely, the homoge-
nization temperature of ThMGP ≤ ThSOB , besides, the
salinity of SMGP ≤ SSOB, the density of DMGP ≤DSOB, and
the overall trapping pressure of PMGP < PSOB (Figures 10–
13). It maybe during the early stage that the magmatic fluid
had high temperature, high pressure, high salinity, and low
density at this moment, and the magmatic fluid metasomatic
interaction with carbonates and formed SOB. Next, as the

magmatic fluid continued to evolution, and meteoric water
infiltrated, the temperature dropped, followed the suddenly
release of pressure caused by fracturing, and hydraulic crack-
ing action, which caused ore-forming fluid trapping pressure
and density to decrease. The sedimentary materials of upper
crust may contribute to some metallic elements and ore-
forming fluid replaced interaction with the early-formed
skarn metal minerals, which make the ore-forming fluid
salinity and density relatively decreased [25, 27, 28]. Hence,
the ore-forming fluid has the feature of low temperature, rel-
atively low pressure, relative low salinity, and low density at
the late stage. Therefore, according the results of fluid inclu-
sions in quartz of MGP and garnet, epidote, pyroxene, and
quartz in SOB, we believe that the evolution of ore-forming
fluid is continuous from SOB to MGP, and there may be
products that belong to the same ore-forming fluid system.

5.3. Ore-Forming Mechanism. Several authors shows that the
mechanism of minerals precipitation in ore-forming fluid are
as follows: (1) water-rock reaction, (2) the variation of tem-
perature or (and) pressure, (3) the mix mechanism of ore-
forming fluid, and (4) ore-forming fluid immiscibility or
(and) boiling mechanism [24, 25, 27, 28, 40, 44]. The fluid
inclusions of SOB indicate that the unisothermal mixing,
cooling, and boiling actions were the mechanism for metallic
mineral precipitation in the YCD [17, 24–27, 29] (Figure 10).

Table 6: S isotopic compositions of the MGP and SOB in Yangla copper deposit, Yunnan, China.

Sample no. Location Minerals/number δ34SV-CDT/‰ Reference

YS-2, YS-3, YS-7, YS-9, YS-10
MGP in Linong ore

block
Pyrite/5 -6.10, 0.80, -0.30, -2.60, -0.50

This
paper

Chalcopyrite/5 0.20, 0.10, 0.50, 0.50, 0.40

Totality characteristics Range -6.10~0.80, average -0.70, difference 6.90
L33, L184, L203, L266, L280

SOB in Linong ore
block

Pyrite/5 1.20, -0.60, 0.12, 2.46, -1.61
[2]

L33, L81, L128, L135, L57 Chalcopyrite/5 0.97, -0.69, 0.03, -0.82, -3.15

S1, S2, S3, S5 Pyrite/4 -1.90, -1.00, 1.00, -1.90
[32]

S2, S3, S5 Chalcopyrite/3 -0.80, 1.20, -2.60

YL-50, YL-53 Chalcopyrite/2 -4.20, -2.70 [11, 12]

YLV-04, YLTK-12 Pyrite/2 -1.00, 0.90
[26]

YL3075-24 Chalcopyrite/1 -1.60

Yn-126, yn-60, yn-19, yn-47, yn-56a,
yn-108, yn-20, yn-29

Pyrite/8
0.27, -0.68, -0.90, 1.82, -0.72,

1.53, -2.21, -0.89 [31]
Yn-37, yn-71, yn-58b, yn-65 Chalcopyrite/4 -1.98, 0.94, -0.90, -3.14

Y-1-2, Y-3, Y-6, Y-7, Y-8, Y-9 Pyrite/6 1.64, -1.62, -0.17, -0.24, -1.25, -0.91
[30]

Y-4, Y-5 Chalcopyrite/2 2.29, -1.07

Totality characteristics Range -4.20~2.46, average -0.59, difference 6.66

—
SOB in Linong ore

block
Molybdenite/7 0.5, 0.6 ,0.7, 0.9, 0.6, 0.7, 0.8 [19]

Totality characteristics Range 0.50~0.90, average 0.69, difference 0.40

Totality characteristics

SOB in Linong ore
block

Galena/5
Range 0.80~2.11, average 0.34,

difference 2.91

[24]Totality characteristics Sphalerite/3
Range 1.10~1.70, average 1.43,

difference 0.60

Totality characteristics Pyrrhotite/24
Range -2.60~0.70, average -1.25, difference

3.30
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Figure 17: The total sulfur isotopic (δ34SΣS) diagrams of sulfides (δ34Ssulfides) in MGP (a) and SOB (b–f), YCD, Yunnan, China.
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But, in the skarn stage, the ore-forming fluid boiling action
may be the main mechanism of metallic mineral precipita-
tion in the YCD [17, 19, 24, 25, 27, 28] and the evidence
are as follows: (i) the coexistence phenomenon of gas-liquid

phase fluid inclusions, which similar homogeneous tempera-
ture and different homogeneous phase states with other types
of fluid inclusions are very common under the microscope
same field [25, 27, 28]; (ii) there is no obvious variation of
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the YCD plotted in the model lead evolution diagrams, Yunnan Province, China (after [54]). A-mantle source lead, B-orogenic belt source
lead, C-supracrust source lead, D-lower crust source lead.

6

1

−10

8

2

3a
3b

4

9

7

5

10

100 20 30 40 50−20−30
−20

−10

0

10

20

30

40

50

60

70

Pyrite
Chalcopyrite

Mineralized granite 
porphyry  

YCD skarn ore body area

∆
𝛾

∆𝛽

(a)

6

1

2

3a
3b

4

9

7

5

10

Pyrite
Chalcopyrite

Skarn ore bodies

YCD skarn ore body area

−20

−10

0

10

20

30

40

50

60

70

∆
𝛾

−10 100 20 30 40 50−20−30
∆𝛽

8

(b)
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air bubbles after heating up to the homogeneous temperature
of some gas-liquid fluid inclusions with medium gas-phase
fraction (40%-60%), and it shows that the captured heteroge-
neous fluid phases are composed of gas and liquid phases in
boiling state ([25, 27, 28]; (iii) there are two kinds of primary
fluid inclusions (gas-liquid and NaCl-bearing fluid inclu-
sions) with different chemical properties, which have differ-
ent salinity but similar homogenization temperature, and it
shows that they were captured from two different kinds of
fluids [25, 27, 28]; (iv) the explosive breccia is developed at
the edge and part of the region of the plutons [25, 27, 28].
According to the evolution of ore-forming fluid which is con-
tinuous from SOB toMGP and belongs to the products of the
same ore-forming fluid system, we believe that in the late
stage (porphyritic stage) ore-forming fluid unisothermal
mixing and cooling actions may happen (Figure 12). Min-
eralization process under the unisothermal mixing and
cooling actions of medium temperature-medium salinity
and low temperature-low salinity ore-forming fluid may exist
(Figure 12) [19, 24], and we believe that unisothermal mixing
and cooling actions were the main mechanisms at the metal-
lic mineral precipitation in MGP. The unisothermal mixing
and cooling actions can cause the dissipation of the volatile
components (including CO2, H2O, and H2S), which dis-
rupted the physical and chemical balance of the ore-
forming fluid system, causing the precipitation of metallic
minerals, such as pyrrhotite, chalcopyrite, pyrite, and bornite
[17, 19, 25, 27, 28]. As the temperature and pressure contin-
ued to decrease, pyrite, chalcopyrite, bornite, sphalerite,
quartz, and calcite were separated in the magmatic fluid
[17, 19, 24, 28] and mineralized in the granitic porphyry,
meaning that late-stage magmatic fluid formed the porphy-
ritic ore bodies.

5.4. Metallogenic Mechanism of MGP. The Jinshajiang Ocean
basin entered a full-scale collisional-orogenic stage in the
final stage of the Late Triassic (238-200Ma) [18, 58–65].The
late-stage collision dynamic background caused the upwell-
ing and underplating of themantle magma, which was closely
associated with the mineralization process at the Yangla
region [1, 2, 9–12, 16, 25, 27, 30, 49]. The crustal material
melted partially forming felsic magma and mixed in the deep
magmatic chamber with the mantle-derived magma, forming
a mixed parent magma. Then, after undergoing a degree of
fractionation, the parent magma formed the granodiorite
pluton of the Beiwu, Jiangbian, Linong, and Lunong mining
areas. The zircon U-Pb ages of the granodiorite plutons are
estimated at 208Ma-239Ma (it is mainly concentrated
between 227Ma and 238Ma) with an average of 230Ma
[15, 16, 18–20, 22], and the Re-Os age of molybdenite in the
SOB at 228-235Ma, average 230Ma [9–12, 16, 17, 19,
23], which indicates granodiorite pluton and SOB were
produced at the same time. Studies have also shown that
there is a continuous granitic magma activity in the Yan-
gla region, with a duration of about 15-24Ma [18], even
33Ma [66], and combination with the evolution of ore-
forming fluid is continuous, and SOB and MGP may be
belong to the products of the same ore-forming fluid sys-
tem. Therefore, we believe that mineralization is continu-

ous from SOB (early stage) to MGP (late stage) in the
YCD. The S and Pb isotopic components of the MGP reveal
that the source of the ore-forming materials was a mixed
mantle-crust magmatic fluid, which is in basic accordance
with the SOB ore-forming source [16–18, 25, 27, 28, 31, 32,
49]. The H-O isotopic composition of MGP reveals that the
source of the ore-forming materials is a mixture of magmatic
and meteoric water, which is consistent with the source of
SOB [25–27, 29, 30]. The combination ofmineralized geology
background and the characteristics of fluid inclusions and the
H-O, S, and Pb isotopic composition indicates that the metal-
lic minerals in MGP and SOB are products of the same
magmatic-meteoric fluid system. Their metallogenic process
may have been as follows: in the early stage, high-
temperature and high-pressure magma upwelled into the sur-
rounding rock, and after contact metasomatism of carbon-
ates, formed layered and stratified skarn-type and hornfel-
type ore bodies in the outer contact zone between the granodi-
orite pluton and the carbonates; during the late stage, follow-
ing the continuous crystallization of magma and the
persistent meteoric-water infiltration, a mixture of magmatic
and meteoric water was formed, followed by the formation of
the porphyry-type ore bodies. At the same time, some residual
magma migrated along the structural fractures of the
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overlying rock formations, and after the infiltration-
metasomatism process, it cooled and crystallized forming
granite porphyry and the hydrothermal fluids form vein-
like ore bodies in granite porphyry (Figure 20).

6. Conclusions

The MGP exhibits dike-type intrusions in the Linong forma-
tion, and the overall occurrence have a strike of 60° NE and a
steep dip of 40° NW. It is gray and has a porphyritic texture
and a massive structure. Its phenocryst components are
quartz, plagioclase, and biotite, and its matrix is felsic. A large
number of quartz-calcite veins and veinlets, and dissemi-
nated pyrite, chalcopyrite, and a small amount of sphalerite
have developed in the granitic porphyry pluton, indicating
that there is potential for porphyry-type ore bodies in the
deep part of the YCD.

The fluid inclusions developed in quartz ofMGP indicates
that the evolution of ore-forming fluid is continuous from
SOB to MGP, and there may belong to the products of the
same ore-forming fluid system. There may exist a medium
temperature-medium salinity and low temperature-low salin-
ity ore-forming fluid, and the ore-forming fluid unisothermal
mixing and cooling actions are may the main mechanism of
metallic minerals precipitation in MGP. The H-O isotopic
composition shows that the main source of the ore-forming
fluid was a gradually evolving mixture of magmatic and
meteoric water. The S isotope composition reveals that sulfur
originated from the magmatic rocks; the Pb isotope composi-
tion showed that the source of lead was the upper crust.

The porphyry-type ore bodies in the granitic porphyry
and the skarn-type ore bodies of the YCD most likely belong
to the same magmatic fluid system. During the early stage of
evolution, the metasomatic interaction of the magmatic fluid
and carbonate resulted in forming skarn-type ore bodies,
while in the late stage, porphyry-type ore bodies were formed.
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