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A B S T R A C T

Alkali-rich Cu (Au, Mo) deposits are of increasing economic significance and are an attractive exploration target.
They include some of the world's highest grade and largest porphyry related gold resources as well as some of the
largest gold accumulations in epithermal settings. The Jinshajiang–Red River alkali-rich intrusive belt, with
many porphyry Cu (Au, Mo) deposits, is a representative magmatic belt associated with mineralization. The
Jinshajiang–Red River alkali-rich intrusive belt contains several Cu (Au, Mo) mineralized alkali-rich porphyry
rocks including the Yulong quartz monzonite porphyry, the Machangqing granite porphyry, the Tongchang
quartz syenite porphyry, and the Beiya quartz syenite porphyry. Additionally, there are also some barren alkali-
rich porphyry rocks in the belt, such as the Yanshuiqing quartz syenite porphyry. Fluid inclusion petrography
and microthermometry on those porphyry rocks are carried out in detail. The results show that the fluid in-
clusion assemblages in ore-bearing and barren porphyries are distinct: inclusions from barren porphyry are
dominated by primary melt inclusions, and contain rare or no fluid inclusions, whereas inclusions from ore-
bearing porphyries are dominated by fluid inclusions, and contain rare melt inclusions. Furthermore, halite,
sylvite, calcite daughter minerals and an opaque phase in fluid inclusions from ore-bearing rocks are common,
but rare in fluid inclusions from barren rocks. The results suggests that the evolution of ore forming fluids
especially the halite, sylvite, calcite and opaque daughter minerals bearing fluid inclusions of quartz phenocrysts
could be used to judge the degree of metasomatism and mineralization of a porphyry system.

1. Introduction

Fluid and melt inclusions are now widely used in various fields of
geology, especially in the study of metallogenesis. The small droplets of
melt/fluid trapped in minerals preserve information on the composition
and evolutionary conditions of hydrothermal and magmatic systems,
and therefore are the most direct evidence of physical and chemical
conditions of the environment during magmatic crystallization (e.g.,
Sobolev and Danyushevsky, 1994; Sobolev, 1996; Audetat et al., 1998,
2008; Halter et al., 2005; Ulrich et al., 1999; Wilkinson et al., 2009).

Porphyry deposits are the most important sources of copper, aurum
and molybdenum, accounting for approximately 75% of the world's
copper resource, and 95% of molybdenum reserves (Sillitoe, 2010).
Porphyry rocks mainly occur in two types of tectonic environments: (1)
the island-arc and continental–arc settings, and (2) the intra-con-
tinental tectonic setting (Hou et al., 2003; Cooke et al., 2005; Sillitoe,

2010; Wang et al., 2012, 2015). Alkali-rich Cu (Au, Mo) deposits are of
increasing economic significance and are an attractive exploration
target. They include some of the world's highest grade and largest
porphyry related gold resources as well as some of the largest gold
accumulations in epithermal settings.

Over the past 20 years, abundant studies have been conducted on
the formation and evolutionary processes of alkali-rich-magmatic sys-
tems, associated with Cu (Au, Mo) mineralization in the island-arc and
continental-arc settings, indicating that mineralization related magmas
with high oxygen fugacity and enrichment in H2O and other volatile
components, were produced by oceanic-slab subduction (Bi et al., 2002;
Richards, 2003; Cooke et al., 2005; Liang et al., 2009; Sillitoe, 2010).
However, the studies on intra-continental alkali-rich magmatic systems
are very limited, which restricts the understanding of ore-forming
mechanisms of alkali-rich magma systems in intra-continental tectonic
setting.
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The Jinshajiang–Red River alkali-rich intrusive belt, with many
porphyry Cu (Au, Mo) deposits, is a representative magmatic belt as-
sociated with mineralization in a continental tectonic setting (Bi et al.,
2002, 2004; Hou et al., 2003, 2007; Hu et al., 1998, 2004; Zhao et al.,
2002). Cu (Au, Mo)-mineralized alkaline intrusions are distributed
along the belt, and most of them were formed in the Cenozoic in similar
tectonic setting, but their mineralization potential differs among the
different intrusions (Bi et al., 2005, 2009; Chung et al., 1998; Jiang
et al., 2006; Liang et al., 2006, 2007; Wang et al., 2001; Wang et al.,
2004; Xu et al., 2006; Xu, 2011; Xu et al., 2012). In this study, fluid and
melt inclusion petrography and microthermometry studies were carried
out in detail to assess the difference between barren and mineralized
porphyry intrusions.

2. Regional geologic setting and deposits geology

The Jinshajiang–Red River alkali-rich intrusive belt is developed
along the eastern Indo-Asian collision zone in western China (Fig. 1).
This magmatic belt is over 2000 km long and 50–80 km wide. In recent

years numerous Cu (Au, Mo) deposits, which are spatially related to and
contemporaneous with those alkaline intrusions, have been discovered
in the area (Bi et al., 2002, 2004; Hou et al., 2003, 2007; Hu et al.,
1998, 2004; Zhao et al., 2002). Cu (Au, Mo)-mineralized alkaline in-
trusions, such as the Yulong quartz monzonite porphyry, the Ma-
changqing granite porphyry, the Tongchang quartz syenite porphyries,
the Beiya quartz syenite porphyry. Some barren alkaline intrusions also
occur in the belt, such as the Yanshuiqing quartz syenite porphyry, are
distributed along the belt (Fig. 1). The age dating of those intrusions
indicates that the ages of magmatism ranges from 45 Ma to 33 Ma, and
they are felsic with K2O + Na2O (usually> 8 wt%), show a potassic or
high-K calc-alkaline affinity like arc alkaline rocks related to Cu- and
Au-deposits in circum-Pacific regions (Chung et al., 1998; Liang et al.,
2006, 2007; Wang et al., 2001; Wang et al., 2004; Jiang et al., 2006; Xu
et al., 2006; Xu, 2011; Xu et al., 2012). These intrusions formed in a rift
or crustal extension tectonic setting (Bi et al., 2005; Chung et al., 1997,
1998; Gu et al., 2003; Hou et al., 2003; Jiang et al., 2006; Tu, 1989;
Turner et al., 1996; Wang et al., 2001; Zhang et al., 1987; Zhang and
Xie, 1997).

Fig. 1. Simplified geological map showing the
Cenozoic tectonic framework and the distribution of
porphyry Cu (Mo, Au) deposits in the Jinshajiang–Red
River alkali-rich intrusive belt.
(modified from Hou et al., 2006)
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2.1. The Yulong porphyry Cu (Au, Mo) deposit

The Yulong porphyry Cu (Au, Mo) ore belt is> 400 km long and
15–30 km wide and is one of the largest porphyry Cu (Au, Mo) deposits
in China, that occurs on the eastern margin of the Tibetan plateau. Six
porphyry Cu (Au, Mo) deposits including Narigongma (reserves of 0.25
Mt. Cu at 0.33% and 0.675 Mt. Mo at 0.079%), Yulong (reserves of 6.5
Mt. Cu at 0.38% and 0.15 Mt. Mo at 0.04%), Malasongduo (reserve of
1.0 Mt. Cu at 0.44%), Duoxiasongduo (reserve of 0.50 Mt. Cu at 0.38%),
Zhanaga (reserve of 0.30 Mt. Cu at 0.36%) and Mangzong (reserve of
0.25 Mt. Cu at 0.34%), and> 20 Cu-Mo-Au porphyry prospects have
been identified in this belt, with a total resource of Cu and Mo ex-
ceeding 10 Mt (Hou et al., 2003).

The rock type of mineralized porphyry of the Yulong deposit is
mainly quartz monzonite porphyry with a zircon U-Pb age of
43.2 ± 0.25 Ma (Xu, 2011) emplaced into late Triassic limestone. The
surface area of the mineralized porphyry is approximately 0.64 km2.
The mineralogy consists of plagioclase, K-feldspar, amphibole, biotite,
quartz, and accessory minerals include magnetite, titanite, apatite and
zircon. Early alteration, associated with porphyry Cu - Au - Mo mi-
neralization, produced concentric alteration zones ranging from an
inner K-silicate zone through a quartz–sericite zone to an outer pro-
pylitic zone (Hou et al., 2006). Sixteen samples from the Yulong quartz
monzonite porphyry are chosen for the study, and all of the samples are
underwent K-silicate and phyllicalteration.

2.2. The Machangqing porphyry Cu (Mo, Au) deposit

The Machangqing deposit is a representative porphyry Cu (Mo, Au)
deposit in the middle of the Jinshajiang–Red River alkali-rich intrusive
belt. About 200,000 t of Cu was estimated, with the average ore grade
being 0.5% (Bi et al., 2009). The rock type of mineralized porphyry is
mainly granite porphyry and quartz monzonite porphyry both with a
zircon U-Pb age of 35.0 ± 0.2 Ma (Liang et al., 2006) emplaced into
the lower Ordovician micro clastic rocks and Devonian limestones. Both
types of the porphyry are formed by K-feldspar, plagioclase, amphibole,
mica, quartz, and accessory minerals include magnetite, titanite, apatite
and zircon.

Porphyry-type and skarn-type ores constitute two major miner-
alization styles in the Machangqing copper deposit. The Machangqing
intrusive body exhibits strong hydrothermal alteration that forms more
or less concentric zones extending outward from the inner part of the
intrusion, including a silicification zone, a K-silicate zone, a propylitic
zone and an argillic zone. The silicification zone is characterized by
veins and stockworks of quartz. The K-silicate zone is characterized by
pervasive alteration of plagioclase to orthoclase, and hornblende and
primary biotite to secondary biotite. The alteration was accompanied
by disseminated and veinlet-type Cu-sulfide mineralization. Propylitic
alteration is weak but pervasive forming a wide halo in the country
rocks and overprinting into other alteration zones. The main assem-
blage consists of epidote, chlorite, albite and calcite. Weak argillic al-
teration is characterized by the replacement of biotite and feldspar by
clay minerals. Fifteen samples of Machangqing quartz monzonite por-
phyry were chosen for the study; all of the samples had undergone weak
K-silicate and phyllicalteration.

2.3. The Tongchang porphyry Cu (Mo, Au) deposit

The Tongchang Cu (Mo, Au) deposit lies in the southern segment of
the Jinshajiang–Red River alkali-rich intrusive belt and has relatively
small-scale mineralization. Three stages of magmatism occurred in the
Tongchang ore field, including the early stage of fine-grained syenites,
the middle stage of quartz syenite porphyries, and the late stage of

syenite porphyries, diabases and diabase gabbros. The Cu (Mo, Au)
mineralization occurs primarily within and around the middle stage of
quartz syenite porphyries with a zircon U–Pb age of 35.79 ± 0.22 Ma
(Xu et al., 2012) and was emplaced into the middle Silurian limy do-
lomite. The molybdenite Re-Os age of ca. 34 Ma (Xu et al., 2012) for the
Tongchang deposit indicates that the Cu (Mo, Au) mineralization was
closely related to the quartz syenite porphyries. The quartz syenite
porphyry is composed of K-feldspar, amphibole, biotite, quartz, and
accessory minerals including magnetite, titanite, apatite and zircon.
The ores occur as Cu (Mo, Au) veinlets within the stock that underwent
K-silicate, phyllic alteration, and as Cu (Mo, Au) skarns developed be-
tween the stock and limestone. Eighteen samples of Tongchang quartz
syenite porphyry are chosen for the study, and the samples are under-
went a weak K-silicate and phyllicalteration.

2.4. The Beiya porphyry Au-polymetallic deposit

The Beiya Au-polymetallic deposit is located in the middle of the
Jinshajiang–Red River alkali-rich intrusive belt and has relatively large
scales of mineralization, which was estimated at> 100 t Au when
mining Cu, Ag, Fe, Pb and Zn at the same time. The rock type of mi-
neralized porphyry is mainly quartz syenite porphyry with a biotite
39Ar-40Ar age of 25.5–32.5 Ma (Xu et al., 2006).Wall rocks in the Beiya
area are Late Permian basalt, Lower Triassic sandstone, Middle Triassic
limestone, and Tertiary lacustrine and quaternary sedimentary rocks.
The Middle Triassic limestone is the 550 m-thick Beiya group that is one
of the main host rocks of ore and is characterized by intensive karst
development. The ores occur as polymetallic veinlets within the stock
that underwent K-silicate and phyllic alteration, and as polymetallic
skarns developed between the intrusion and limestone. Associated with
porphyry Au-polymetallic mineralization, concentric alteration zones
were produced ranging from an inner K-silicate zone through a phyllic
zone and a chloritization zone to an outer skarns ore zone. Fourteen
samples of Beiya quartz syenite porphyry were chosen for the study, all
of the samples had undergone K-silicate and phyllicalteration.

2.5. The Yanshuiqing barren igneous rocks

The Yanshuiqing barren alkaline igneous rocks occur in the middle
part of the Jinshajiang–Red River alkali-rich intrusive belt. The
Yanshuiqing barren alkaline igneous rocks located in the Heqing county
of Yunnan close to the Beiya Au-polymetallic deposit. The alkaline ig-
neous rocks are quartz syenite porphyry with the zircon U-Pb age is
37.10 ± 0.75 Ma (Xu, 2011). The Yanshuiqing quartz syenite por-
phyry is mainly formed by K-feldspar, plagioclase, quartz and amphi-
bole. The Yanshuiqing quartz syenite porphyry is fresh and 13 samples
were chosen for the study.

3. Inclusion petrography and microthermometry

3.1. Inclusions classification

Doubly polished plates (approximately 200 μm thick) of 76 samples
from the above-mentioned mineralized and barren igneous rocks were
prepared for the study. Fresh samples were chosen as far as possible,
however, all of the samples from Cu (Au, Mo)-mineralized porphyry
underwent K-silicate and phyllic alteration, only samples from barren
porphyry are fresher.

Sections were examined in both petrography and thermometry to
determine and analyze the fluid and melt inclusion in quartz phenocryst
and vein quartz of the intrusions and four types of inclusions were re-
cognized (Fig. 2).

I-type: Silicate melt inclusions (SMI for short in this issue, see
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Fig. 2a, j). All the SMI are crystallized with round or irregular shape. It
consists of glass, bubble, crystalline aggregates (such as quartz, feld-
spar), and occur along the growth zone or isolated in the quartz phe-
nocryst. The diameters of most SMI are between 5 and 30 μm. The

Fig. 3 shows the original room temperature phenomenon and after
homogenization phenomenon of the I-type SMI.

II-type: NaCl-H2O inclusions (Fig. 2e). These are two-phase aqueous
inclusions, consisting of vapor and liquid water at room temperature,

Fig. 2. Photomicrographs of four types of
inclusions. The scale is 10 μm. M-metal
daughter mineral; H-halite; Cal-calcite; SMI-
silicate melt inclusion. a. I-type crystallized
SMI in quartz along the crystal growth zone
with round shapes (from Yanshuiqing); b.
IIIa-type CO2-rich fluid inclusions
(VCO2 + LCO2 + LH2O) (from Beiya); c. IIIb-
type, CO2-rich fluid inclusions with metal
daughter mineral (VCO2 + LCO2 + LH2O
+ opaque daughter-mineral) (from
Tongchang); d. IVa-type, halite daughter
mineral-bearing fluid inclusions with nega-
tive crystal shape (from Yulong);e. II-type,
two-phase aqueous inclusions (from
Yanshuiqing); f. IVb type, opaque daughter
mineral-bearing inclusions (from Yulong); g.
IVc type, halite, and sylvite daughter mi-
neral-bearing inclusions with negative
crystal shape (from Yulong); h. IVc type,
opaque, halite and calcite daughter mineral-
bearing inclusions (from Yulong); i. The
fluid inclusion assemble of boiling (from
Yulong); j. I–type SMI (from Beiya).

Fig. 3. (a) I-type SMI in room temperature (25 °C); (b)
after homogenization (about 810 °C). The scale is
10 μm (sample from Beiya).
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and they can be divided into three subtypes according to their vapor to
liquid ratio: IIa, the liquid occupies> 70 vol% of the inclusion; IIb, the
liquid occupies between 30 and 70 vol% of the inclusion; IIc, the liquid
occupies< 30 vol% of the inclusion. These fluid inclusions usually
have oval or irregular shapes, with a few negative crystal shapes. They
occur in isolation or cluster along healed crystal fissures or growth
zones.

III-type: CO2-rich fluid inclusions. There are three-phase at room
temperature (VCO2 + LCO2 + LH2O) in III-type fluid inclusion and have
round or oval shapes (Fig. 2b).They can be subdivided into IIIa and IIIb
subtypes. IIIa, contains both H2O and CO2 (VCO2 + LCO2 + LH2O). IIIb
(Fig. 2c), contains H2O, CO2 and an opaque daughter-mineral
(VCO2 + LCO2 + LH2O + opaque daughter-mineral).

IV-type: Daughter mineral-bearing inclusions without CO2. They
can be subdivided into IVa, IVb, IVc and IVd subtypes. IVa, consists of a
liquid and a vapor phase plus a halite daughter mineral and the liquid
occupies above 50 vol% of the inclusion (Fig. 2d). IVb, consists of a
liquid and a vapor phase plus an opaque daughter mineral and the li-
quid occupies< 30 vol% of the inclusion (Fig. 2f). IVc, consists of a
liquid and a vapor phase plus crystals of different daughter minerals
such as halite, sylvite, calcite and an opaque phase (Fig. 2g, h).

3.2. Inclusions assemblages in the quartz phenocryst of five porphyry rocks

IV-type daughter mineral-bearing inclusions (approximately 85%)
inclusions are dominant in the quartz phenocryst of the Yulong quartz
monzonite porphyry. Also, some II-type NaCl-H2O fluid inclusions
(approximately 10%) and a few I-type SMI (< 5%) in the quartz phe-
nocryst. CO2 phase in the fluid inclusions are visible at room tem-
perature and only can be test during the microscopic temperature
measuring experiment. The IV-type fluid inclusions consist of IVa (ap-
proximately 10%), IVb (approximately 35%), and IVc (approximately
40%) subtypes. Most of the fluid inclusions contain halite, sylvite,
calcite and opaque daughter minerals. The diameters of fluid inclusions
are between 10 and 25 μm and the inclusions are round or negative
crystal shapes. SMI can only be observed in a few quartz phenocrysts,
and are usually crystallized with round shape and the size is< 10 μm.

Four types of inclusions can be observed in the quartz phenocrysts
of the granite porphyry of Machangqing. I-type (approximately 15%)
SMI are usually crystallized and occur along the growth zone of the
quartz phenocrysts. II-type (approximately 10%) are NaCl-H2O inclu-
sions. III-type (approximately 20%) CO2-rich fluid inclusions are IIIa-
subtype with three phase at room temperature (VCO2 + LCO2 + LH2O)
and have round or oval shapes. IV-type (approximately 55%) inclusions
consist of mainly IVa (approximately 20%), IVb (approximately 15%),
and IVc (approximately 20%) subtypes. The diameters both of fluid
inclusions and SMI in the Machangqing deposit are commonly< 10 μ

m.
Inclusions in the quartz phenocrysts of the quartz syenite porphyry

of Tongchang are too small to study (approximately 10 μm). They are
mainly IV-type (approximately 50%), III-type inclusions (approxi-
mately 30%) and II-type (approximately 15%) inclusions. I-type(< 5%)
SMI are rarely observed. II-type are NaCl-H2O inclusions. III-type CO2-
rich fluid inclusions are dominantly the IIIb-subtype, with multi-phase
at room temperature (VCO2 + LCO2 + LH2O + opaque daughter-mi-
neral), and show round or oval shapes. IV-type are mainly including the
IVa (approximately 20%), IVb (approximately 10%), and IVc (approxi-
mately 20%) subtypes.

Four types of inclusions have been observed in the quartz pheno-
crysts of the Beiya quartz syenite porphyry. I-type (approximately 10%)
SMI are usually crystallized and occur in or along the growth zone of
the quartz phenocrysts. II-type (approximately 10%) are NaCl-H2O in-
clusions. III-type (approximately 10%) CO2-rich fluid inclusions are the
IIIa-subtype with three phases at room temperature
(VCO2 + LCO2 + LH2O) and have round or oval shapes. IV-type (ap-
proximately 70%) are mainly including the IVa (approximately 30%),
IVb (approximately 30%), and IVc (approximately 10%) subtypes. The
diameters of both fluid inclusions and SMI of the Beiya are com-
monly< 15 μm.

Inclusions in quartz phenocrysts of the Yanshuiqing quartz syenite
porphyry are mainly I-type SMI (> 95%), and with a few II-type in-
clusions (< 5%). The SMI are crystallized and occur along the growth
zone of the quartz. The diameters of most SMI are between 15 and
30 μm, and fluid inclusions are between 10 and 20 μm. The SMI are
crystallized and opaque at room temperature, suggest that the
Yanshuiqing quartz syenite porphyry are cooling slowly.

3.3. The contrast of inclusions in quartz phenocryst and vein quartz

In contrast, SMI in the quartz phenocrysts of the ore-bearing por-
phyries are fewer, but fluid inclusions in both quartz phenocryst and
vein quartz of the ore-bearing porphyries are abundant. There are two
possible reasons for this phenomenon: 1, Quartz phenocrysts were
crystallized from the fluid phase, but there is no clear evidence to
support that phenocryst minerals of the porphyry crystallized from the
fluid phase, they mostly crystalized from magma; and 2, Fluid inclu-
sions in quartz phenocrysts are mostly secondary inclusions except
some of them are primary inclusions that were trapped as soon as a
fluid phase coexists with the silicate melt.

As mentioned above, fluid inclusions in the quartz phenocryst of the
Yulong quartz monzonite porphyry and vein quartz are abundant and
easily recognizable, thus were chosen for microthermometry studies
(Figs. 4 and 5). Approximately 120 fluid inclusions were measured
using a Linkam THMSG 600 heating-freezing stage in the State Key

Fig. 4. (a) The scanning image of the sample YL911-1
(Yulong); (b) phenocryst quartz (Q1); (c) phenocryst
quartz (Q2).
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Laboratory of ore deposit geochemistry, Institute of Geochemistry,
Chinese Academy of Sciences. Only 83 inclusions have valid data in the
Table 1 because some fluid inclusions are explosed before homo-
genization. The heating/freezing rate was run generally 0.2–5 °C/min,
but was reduced to< 0.2 °C/min near the phasetrans formation. The
salinities of the NaCl-H2O inclusions were calculated according to the
freezing temperature of ice and using an equation provided by Bodnar
(1993). The salinities of the NaCl-H2O-CO2 inclusions were calculated
according to the melting of CO2 clathrate (Roedder, 1971).

Fluid inclusions both in the quartz phenocrysts and the vein quartz
of the Yulong deposit were studied. The results show that the types of
inclusions in the two types of quartz are relatively consistent: both with

daughter mineral (including opaque daughter mineral)-bearing fluid
inclusions, the vapor-rich inclusions, and the gas-liquid inclusions.
Furthermore, temperature and salinity measurements show that inclu-
sions in the two types of quartz have similar temperatures and salinity
(Table 1 and Fig. 6). The range of the salinity and homogenization
temperature in the quartz phenocrysts is wider than in the vein quartz,
which could be the result of a mixture of several period of fluids. Pet-
rographic observation shows that the long axis direction of fluid in-
clusions both in the quartz phenocryst and vein quartz are growth along
the same orientation, and the quartz phenocryst was cut by the vein
quartz (Fig. 5), suggest that the forming of fluid inclusions in the quartz
phenocrysts may have a relationship with the vein quartz.

Table 1
The characteristics of the inclusions (size, number, type etc.) and the microthermometry results for the vein quartz and phenocrysts (‘Size’ in the table means the length of long axis
direction of the fluid inclusion). T (m, CO2): the triple point temperature of the carbon dioxide. T (m, ice): the melting temperature of the ice. T (m, clath): the melting temperature of the
carbon dioxide hydrate; T (h, CO2): the partial homogenization temperature of the carbon dioxide. T (m, NaCl): the melting temperature of the halite. Tm, calcite: the melting temperature
of the calcite. T (h, total): the total homogenization temperature. WNaCl/wt%: the salinity of the fluid inclusion.

YL Type Shape Size (μm) T (m, CO2) T (m, ice) T (m,
clath)

T (h, CO2) T (m,
NaCl)

T (m,
calcite)

T (h, total) WNaCl/wt%

Quartz
phenocryst

L + V Xenomorphic 20 −8.9 202 12.7
L + V Xenomorphic 9 −5.9 239 9.1
L + V+ M Hypautomorphic 18 −7.9 490 11.6
L + V+ M Negative 18 −10 487 13.9
L + V+ M Xenomorphic 22.4 −15.3 441 18.9
L + V+ M Irregular 17.5 −8.9 430 12.7
L + V+ M Xenomorphic 16 −7.4 456 11.0
L + V+ M Xenomorphic 17 −7.6 460 11.2
L + V+ M Xenomorphic 22 −19.6 > 550 22.1
L + V+ NaCl Negative 11.4 242 297 34.2
L + V+ NaCl Negative 10.2 374 374 44.7
L + V+ NaCl + M Negative 10 305 305 38.6
L + V+ NaCl + M Negative 11 344 344 41.9
L + V+ NaCl + M Negative 9.6 330 330 40.6
L + V+ NaCl + M Negative 11.2 276 317 36.4
L + V+ NaCl + M Negative 8.1 339 339 41.4
L + V+ NaCl + M Negative 11.2 226 310 33.3
L + V+ NaCl + M Negative 8 320 320 39.8
L + V+ NaCl + M Negative 8.8 325 325 40.2
L + V+ NaCl
+ calcite + M

Negative 15 305 319 383.5 38.6

L + V+ NaCl
+ calcite + M

Irregular 15 319 411 411 39.7

L + V+ NaCl
+ calcite + M

Irregular 12 332 401 401 40.8

L + V+ NaCl
+ calcite + M

Irregular 15 307 About 380 380 38.7

L + V+ NaCl
+ calcite + M

Xenomorphic 9.5 226 248 325 33.3

L(H2O) + L(CO2) + V
(CO2)

Xenomorphic 18.5 −55.7 7.1 16.3 289 5.5

L(H2O) + L(CO2) + V
(CO2)

Xenomorphic 28 −55.7 6 16.1 430 7.4

(continued on next page)

Fig. 5. On the left: the long axis direction of fluid inclusions
(within the ellipse) both in the quartz phenocryst and vein
quartz are growth along a preferred orientation (as the red
arrow point to); on the right: how the quartz phenocryst is
cut by the vein quartz. The red dotted line shows the
boundary of quartz phenocryst and vein quartz. (For in-
terpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

D. Wang et al. Journal of Geochemical Exploration 184 (2018) 28–39

33



Therefore, the fluid inclusions in the phenocrysts mostly belong to
the secondary inclusions that formed when the metasomatism of hy-
drothermal fluid to the porphyry rock occurred. In addition, some of the
fluid inclusions in the phenocrysts are primary inclusions that were
trapped as soon as a fluid phase coexists with the silicate melt
(Frezzotti, 2001; Harris et al., 2003; Kamenetsky et al., 1999; Thomas
et al., 2000).

3.4. Fluid inclusion microthermometry work of some typical Cu (Au, Mo)
deposits

The microthermometric studies were conducted on Yulong, Beiya
and Tongchang deposits (Figs. 7 and 8). II-type and IVa-subtype in-
clusions were homogenized to the liquid phase or vapor phase, and the
salinities calculation yielded to the ice-melting temperatures (Tm,ice).

Table 1 (continued)

YL Type Shape Size (μm) T (m, CO2) T (m, ice) T (m,
clath)

T (h, CO2) T (m,
NaCl)

T (m,
calcite)

T (h, total) WNaCl/wt%

Vein quartz
Vein quartz

L + V Round 7 −5.6 295 8.7
L + V Xenomorphic 13.4 −20.6 343 22.8
L + V+ M Xenomorphic 8 −13.5 346 17.3
L + V+ M Oval 15 −55.5 5.6 16.3 378 8.0
L + V+ M Oval 10 −55.6 6.2 19.9 368 7.1
L + V+ M Oval 8.7 −55.6 5.9 16.1 421 7.5
L + V+ M Negative 13 −11.7 439 15.7
L + V+ M Negative 16.8 −13.8 > 600 17.6
L + V+ M Negative 18.7 −14.7 > 600 18.4
L + V+ M Negative 16.7 −13.3 > 600 17.2
L + V+ M Oval 20.4 −10.4 390 14.4
L + V+ M Negative 12.3 −55.9 7.1 About 20.9 350 5.5
L + V+ NaCl + M Negative 12 352 352 42.6
L + V+ NaCl + M Negative 12 355 355 42.9
L + V+ NaCl + M Irregular 14 332 332 40.8
L + V+ NaCl + M Strip 17 266 325 35.7
L + V+ NaCl + M Negative 12 295 304 37.8
L + V+ NaCl + M Negative 11.7 309 309 38.9
L + V+ NaCl + M Negative 7.3 315 315 39.4
L + V+ NaCl + M Negative 7.5 228 298 33.4
L + V+ NaCl + M Negative 13.6 313 328.4 39.2
L + V+ NaCl + M Negative 8.6 155 344 29.9
L + V+ NaCl + M Negative 4 340 348 41.5
L + V+ NaCl + M Negative 6 310 310 39.0
L + V+ NaCl + M Xenomorphic 17.7 283 383 36.9
L + V+ NaCl + M Xenomorphic 9.1 278 325 36.5
L + V+ NaCl + M Negative 8 287 287 37.2
L + V+ NaCl + M Negative 8 289 289 37.3
L + V+ NaCl + M Negative 11.7 320 320 39.8
L + V+ NaCl + M Negative 8.5 241 337 34.1
L + V+ NaCl + M Negative 7.8 327 327 40.4
L + V+ NaCl + M Negative 9.8 316 316 39.4
L + V+ NaCl + M Negative 10.1 234 371 33.7
L + V+ NaCl + M Negative 10.8 210 383 32.4
L + V+ NaCl + M Negative 9.3 199 256 31.8
L + V+ NaCl + M Negative 9.3 239 382 34.0
L + V+ NaCl + M Negative 10.3 327 327 40.4
L + V+ NaCl + M Negative 8.2 360 360 43.4
L + V+ NaCl + M Negative 7 350 350 42.4
L + V+ NaCl + M Negative 9.6 304 304 38.5
L + V+ NaCl + M Negative 7.3 314 314 39.3
L + V+ NaCl + M Negative 11.3 319 319 39.68
L + V+ NaCl
+ calcite + M

Negative 12.6 372 423 44.5

L + V+ NaCl
+ calcite + M

Negative 14 308 308 38.8

L + V+ NaCl
+ calcite + M

Negative 10 305 305 38.6

L + V+ NaCl
+ calcite + M

Negative 8 364 364 43.7

L + V+ NaCl
+ calcite + M

Triangle 10.2 352 356 356 42.6

L + V+ NaCl
+ calcite + M

Square 13.6 348 358 358 42.2

L(H2O) + L(CO2) + V
(CO2) + M

Xenomorphic 26.2 20.9 142 –

L(H2O) + L(CO2) + V
(CO2) + M

Xenomorphic 30 −55.8 −8.6 19.9 21.1
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III-type inclusions were homogenized to the liquid phase, and the
salinities calculation depended on the melting of CO2 clathrate
(Tm,clath). IV-type inclusions were homogenized to the liquid phase, and
the salinities calculation yielded to the dissolution temperatures of
halite (Tm,NaCl).

The fluid inclusions in Yulong deposit finally homogenized at tem-
peratures of 220–480 °C, some over 600 °C. The salinity of mineralizing
solutions manifests bimodal distribution pattern with two ranges from 2
to 22 wt% NaCl equivalent and from 28 to 46 wt% NaCl equivalent.

The fluid inclusions in Beiya deposit finally homogenized at tem-
peratures of 220–520 °C. The salinity of mineralizing solutions also
manifests bimodal distribution pattern with two ranges from 2 to 24 wt
% NaCl equivalent and from 32 to 44 wt% NaCl equivalent.

The fluid inclusions in Tongchang deposit finally homogenized at
temperatures of 240–460 °C. The salinity of mineralizing solutions also
manifests bimodal distribution pattern with two ranges from 2 to 22 wt
% NaCl equivalent and from 30 to 52 wt% NaCl equivalent.

4. Discussion

In this study, fluid inclusion petrography and microthermometry
were carried out in detail on several porphyry rocks. The results show
that the characteristics of fluid inclusions assemblages in ore-bearing
and barren alkali-rich rocks are distinct: inclusions in minerals from the
Yanshuiqing barren rocks are dominated by the primary silicate melt
inclusions, whereas fluid inclusion is rare. In contrast, inclusions in
minerals from ore-bearing porphyries (Yulong, Machangqing, Beiya,
Yao'an and Tongchang) are mainly fluid inclusions, with minor SMI.
The further percentage estimates for each type of inclusions in ore
bearing and barren porphyries are given in the pie diagrams (Fig. 9) for
an intuitive perspective of the occurrence of fluid inclusion types and
their abundance.

Halite, sylvite, calcite and an opaque phase daughter minerals
bearing fluid inclusions from ore-bearing rocks are common but rare in
fluid inclusions from barren rocks. Furthermore, the mostly opaque
phase daughter minerals in the Yulong deposit are proven to be chal-
copyrite (Xie et al., 2005), which suggests that the fluid inclusions with
opaque phase daughter minerals are rich in copper. Similarly, the type
of inclusions in quartz phenocrysts from other porphyry deposits (e.g.,
Bingham, El Teniente, Bajo de la Alumbrera, Butte, Grasberg) are
dominated by fluid inclusions especially the fluid inclusions with halite,
sylvite, calcite daughter mineral and an opaque phase but contain fewer

silicate melt inclusions (Harris et al., 2005; Klemm et al., 2007;
Roedder, 1971; Rusk et al., 2004; Ulrich et al., 1999).

Fluid inclusion petrography and microthermometry show that the
ore forming fluids of this study belong to the H2O-NaCl ± CO2 system
with high temperature (250–500 °C) and high salinity (10–50 wt% NaCl
equivalent). Which means that the ore-forming fluid has the char-
acteristics of high temperature, high salinity, and points to a typical
magmatic-hydrothermal fluid (Figs. 7 and 8). Furthermore, the coex-
isting of vapor rich inclusions and halite-bearing fluid inclusion and
their similar homogenization temperatures suggested that the boiling of
the hydrothermal fluid (Fig. 2i shows the fluid inclusions assemblages
of boiling). Also, the boiling phenomenon were observed in many other
porphyry Cu (Mo, Au) deposit (Ulrich et al., 1999; Harris et al., 2005;
Klemm et al., 2007; Ni et al., 2015; Wang et al., 2015; Li et al., 2015),
occurred during the ore stage and probably promoted a rapid pre-
cipitation of copper, gold and molybdenite.

Hydrous mineral such as amphibole, biotite and apatite are common
in the alkaline intrusions of the Jinshajiang–Red River alkali-rich in-
trusive belt but difference on the content. Table 2 is the roughly content
of minerals in the studied rocks. It shows that the content of amphibole
and biotite in Cu (Mo, Au)-mineralized alkaline intrusions are more
than barren rocks. It suggests that the volatile amount in the magma of
Cu (Mo, Au)-mineralized and barren alkaline intrusions are difference
and the former are richer in water. Besides, according to the sample
describe, all of the samples from Cu (Au, Mo)-mineralized porphyry are
underwent K-silicate and phyllicalteration, but samples from barren
porphyry are more fresh. Both of them are response to the result of fluid
inclusion petrography and suggest the differences of volatile between
the mineralized and barren alkaline intrusions. The researcher on
apatite and fluid inclusions also demonstrates that water and metal
elements are richer in mineralization-related porphyry than barren
porphyry(Audetat et al., 2008; Rasmussen and Mortensen, 2013),
which indicates that the ore-bearing rocks are richer in H2O, K, Na, Ca
and metal elements (especially Cu, Au, Mo, Fe, Zn, etc.) than the barren
rocks.

The study of the Yulong deposit provides some clues to explain the
contrasting features of fluid inclusions in ore-bearing and barren alkali-
rich rocks. It shows that the fluid inclusions in the porphyry minerals
are mostly secondary fluid inclusions, although some of the fluid in-
clusions are primary inclusions which trapped coexisting with the sili-
cate melt (Frezzotti, 2001; Harris et al., 2003; Kamenetsky et al., 1999;
Thomas et al., 2000). In any case, it suggests that the ore-bearing rocks

Fig. 6. The results of the microthermometry analyses of inclu-
sions in quartz phenocrysts and vein quartz from the Yulong
deposit.
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were formed from water-rich magma or were extensively metasoma-
tized by the magmatic hydrothermal fluid, and the barren rocks were
water-lack or were weakly metasomatized by fluids.

Therefore, the degree of development of fluid inclusions especially

the fluid inclusions with halite, sylvite, calcite and an opaque phase
daughter mineral in the quartz phenocryst correlates positively with the
degree of rock mass transformed by hydrothermal fluid.

Water (H2O) is a vital factor in the formation of magmatic-hydro-
thermal deposits (Bai and Koster van Groos, 1999; Candela and Piccoli,
1995; Candela, 1997). Copper and other ore metals are considered to
have been extracted from the silicate melt when magmatic hydro-
thermal fluids exsolved from the magma during crystallization and
decompression processes (Burnham and Ohmoto, 1979; Burnham,
1997; Hedenquist and Lowenstern, 1994).The metals were precipitated
later within and around the pluton as the magmatic fluids cooled and
mix with externally derived fluids. A number of fluid inclusion studies
have demonstrated that ore-forming fluids in porphyry systems are
characterized by high temperature and high salinity, which is reflected
in inclusions that contain halite, sylvite and an opaque daughter mi-
nerals (Harris et al., 2005; Klemm et al., 2007; Roedder, 1971; Rusk
et al., 2004; Ulrich et al., 1999). Therefore, the number and type of fluid
inclusions in the phenocrysts, especially high salinity with an opaque
mineral could be used to indicate the potential of porphyry copper, gold
and molybdenite deposits.

5. Conclusion

Fluid inclusion petrography and microthermometry studies of
barren and mineralized porphyry intrusions from the Jinshajiang–Red
River alkali-rich intrusive belt was carried out in detail. The results
show that:

1) The fluid inclusions assemblages in ore-bearing and barren por-
phyries are distinct. Inclusions in minerals from barren porphyry are
dominated by the primary silicate melt inclusions, contain rare fluid
inclusions, whereas inclusions in minerals from ore-bearing por-
phyries are mainly dominated by fluid inclusions, with minor sili-
cate melt inclusions. The approximate percentage estimate of the
silicate melt inclusions in Yulong, Machangqing, Tongchang, Beiya
and Yanshuiqing are 5%, 15%, 5%, 10%, 95%, respectively.

2) The fluid inclusions in the porphyry minerals are mostly secondary
fluid inclusions, although some of the fluid inclusions are primary
inclusions which trapped coexists with the silicate melt. It suggests
that the ore-bearing rocks were formed from water-rich magma or
were extensively metasomatized by the magmatic hydrothermal
fluid, and the barren rocks are water-lack or were weakly metaso-
matized by fluids.

3) The study suggested that the degree of development of fluid inclu-
sions especially the fluid inclusions with halite, sylvite, calcite and
an opaque phase daughter minerals in the quartz phenocryst, cor-
relates positively with the degree of rock mass transformed by hy-
drothermal fluid and could be regarded as an indication of the
metallogenic potential of a porphyry system.
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Fig. 7. Th-WNaCl-ρ of ore deposit fluid in Yulong (YL), Beiya (BY) and Tongchang (TC)
deposit.
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Fig. 8. T/°C and salinity (wt% NaCleq) of ore
deposit fluid in Yulong (YL), Beiya (BY) and
Tongchang (TC) deposit.
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Fig. 9. Pie diagrams illustrating the occurrence of
fluid inclusion types and their abundance. I: Silicate
melt inclusions. II: NaCl-H2O inclusions with two-
phase aqueous inclusions. IIIa, contains both H2O and
CO2 (VCO2 + LCO2 + LH2O). IIIb, contains H2O, CO2

and an opaque daughter-mineral (VCO2 + LCO2
+ LH2O + opaque daughter-mineral). IVa, consists of a
liquid and a vapor phase plus a halite daughter mi-
neral and the liquid occupies above 50 vol% of the
inclusion. IVb, consists of a liquid and a vapor phase
plus an opaque daughter mineral and the liquid oc-
cupies< 30 vol% of the inclusion. IVc, consists of a
liquid and a vapor phase plus crystals of different
daughter minerals such as halite, sylvite, calcite and
an opaque phase.

Table 2
The general statistics of the main minerals in the studied rock. ‘–’means none; ‘+’means less; ‘++’means more.

Alkaline intrusions K-feldspar Plagioclase Pyroxene Amphibole Biotite

Quartz monzonite porphyry of Yulong + ++ − + ++
Granite porphyry of Machangqing + ++ − ++ ++
Quartz syenite porphyry of the Tongchang ++ ++ − ++ ++
Quartz syenite porphyry of the Beiya ++ + − + ++
Quartz syenite porphyry of Yanshuiqing ++ + + + +
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