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The Dabu Cu-Mo porphyry deposit is situated in the southern part of the Lhasa terrane within the post-
collisional Gangdese porphyry copper belt (GPCB). It is one of several deposits that include the Qulong
and Zhunuo porphyry deposits. The processes responsible for ore formation in the Dabu deposit can be
divided into three stages of veining: stage I, quartz–K-feldspar (biotite) ± chalcopyrite ± pyrite, stage II,
quartz–molybdenite ± pyrite ± chalcopyrite, and stage III, quartz–pyrite ± molybdenite. Three types of
fluid inclusions (FIs) are present: liquid-rich two-phase (L-type), vapor-rich two-phase (V-type), and solid
bearing multi-phase (S-type) inclusions. The homogenization temperatures for the FIs from stages I to III
are in the ranges of 272–475 �C, 244–486 �C, and 299–399 �C, and their salinities vary from 2.1 to 49.1,
1.1 to 55.8, and 2.9 to 18.0 wt% NaCl equiv., respectively. The coexistence of S-type, V-type and L-type
FIs in quartz of stage I and II with similar homogenization temperatures but contrasting salinities, indi-
cate that fluid boiling is the major factor controlling metal precipitation in the Dabu deposit. The ore-
forming fluids of this deposit are characterized by high temperature and high salinity, and they belong
to a H2O–NaCl magmatic–hydrothermal system. The H–O–S–Pb isotopic compositions indicate that the
ore metals and fluids came primarily from a magmatic source linked to Miocene intrusions characterized
by high Sr/Y ratios, similar to other porphyry deposits in the GPCB. The fluids forming the Dabu deposit
were rich in Na and Cl, derived from metamorphic dehydration of subducted oceanic slab through which
NaCl-brine or seawater had percolated. The inheritance of ancient subduction-associated arc chemistry,
without shallow level crustal assimilation and/or input of the meteoric water, was responsible for the
generation of fertile magma, as well as CO2-poor and halite-bearing FIs associated with post-collisional
porphyry deposits. The estimated mineralization depths of Qulong, Dabu and Zhunuo deposits are 1.6–
4.3 km, 0.5–3.4 km and 0.2–3.0 km, respectively, displaying a gradual decrease from eastern to western
Gangdese. Deep ore-forming processes accounted for the generation of giant-sized Qulong deposit,
because the exsolution of aqueous fluids with large fraction of water and chlorine in deep or high pres-
sure systems can extract more copper from melts than those formed in shallow systems. However, the
formation of small-sized Dabu deposit can be explained by a single magmatic event without additional
replenishment of S, metal, or thermal energy. In addition, the ore-forming conditions of porphyry Cu–
Mo deposits in GPCB are comparable to those of porphyry Cu ± Au ± Mo deposits formed in oceanic
subduction-related continental or island arcs, but differ from those of porphyry Mo deposit formed in
the Dabie-Qinling collisional orogens. The depth of formation of the mineralization and features of
primary magma source are two major controls on the metal types and ore-fluid compositions of these
porphyry deposits.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

The porphyry deposits, particularly giant ones, are the results of
an optimal alignment and combinations of tectonic controls, host
rock types, and focused flow of fluids (Richards, 2013). Their
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formation is generally associated with Cu-rich and/or anomalously
S-rich parental melts with high oxygen fugacity and water content
formed under magmatic conditions (Halter et al., 2005; Core et al.,
2006; Sillitoe, 2010; Richards, 2011a, 2011b; Sun et al., 2013a;
Loucks, 2014; Lu et al., 2015). Recently, many porphyry copper
deposits have been discovered along the non-arc or post-
collisional setting of the eastern Tethys; examples include the
deposits in the Kerman porphyry Cu belt in Iran (Fig. 1a; Shafiei
et al., 2009; Richards et al., 2012) and the Gangdese porphyry
Cu–Mo belt (GPCB) in Tibet, China (Fig. 1a; Zheng et al., 2004;
Hou et al., 2009). These deposits are geochemically associated with
rocks formed from adakite-like calc-alkaline (Jahangiri, 2007;
Shafiei et al., 2009; Asadi et al., 2014) or high-K calc-alkaline and
shoshonitic magmas (Chung et al., 2005; Qu et al., 2007; Hou
et al., 2011).

The GPCB, located on the northern margin of the Indus–Yarlung
Zangbo suture zone, is regarded as one of the most richly endowed
copper provinces in the Alpine–Himalayan orogenic belt (Fig. 1b;
Mao et al., 2014; Hou and Zhang, 2015; Zheng et al., 2015a). In
GPCB, there are numerous porphyry Cu–Mo deposits that formed
in a post-collisional setting, such as Qulong, Zhunuo, and Dabu
(Fig. 1b; Zheng et al., 2004, 2007, 2014; Yang, 2008; Yang et al.,
2009; Wu et al., 2014, 2016).

The world-class giant Qulong porphyry Cu-Mo deposit, firstly
described by Zheng et al. (2004), Gao and Zheng (2006) and
Zheng et al. (2006), is situated in the central segment of south
Lhasa terrane about 50 km eastern of Lhasa (Fig. 1b). This deposit
contains >10 Mt Cu and 0.44 Mt Mo at an average grade of 0.44%
and 0.02%, respectively (Zheng et al., 2015a). Metal reserves are
expected to increase as a result of exploration in the periphery
and at depth. The Qulong Cu–Mo deposit is associated with the
stock-shaped Miocene intrusive complex, with an outcrop area of
8 km2 and ages ranging from 19.6 Ma to 15.7 Ma. Mafic enclaves
Fig. 1. (a) Distribution of some collision-related porphyry copper belts in the Alpine–Hi
simplified geologic map of the Lhasa terrane showing the distribution of major porphyry
2011a and Wu et al., 2014). The three kinds of yellow circles denote different size of por
River-Nam Tso Mélange Zone, LMF–Luobadui-Milashan Fault, IYZSZ–Indus-Yarlung Zan
northern Lhasa subterrane. (For interpretation of the references to colour in this figure
and magmatic anhydrite are commonly present (Yang, 2008;
Xiao et al., 2012; Zheng et al., 2013). The Zhunuo deposit is a
large-sized porphyry Cu-Mo deposit in the western segment of
south Lhasa terrane which is located about approximately
165 km western of Xigaze (Fig. 1b). This deposit contains reserves
of 2.3 Mt Cu at an average grade of 0.57% (Zheng et al., 2015a). The
mineralization-associated monzogranite porphyry at the Zhunuo
deposit has a zircon U–Pb age of 14.4 ± 0.2 Ma (Zheng et al.,
2014), similar to molybdenite Re–Os age of 13.7 ± 0.6 Ma (Zheng
et al., 2007). The Dabu deposit in the southern part of the Lhasa ter-
rane is a porphyry Cu-Mo deposit formed in a post-collisional set-
ting in the GPCB, which is classified as small-sized porphyry-type
deposit with a reserve of approximately 0.5 Mt Cu at an average
grade of �0.31 wt% (Zheng et al., 2015a). The geology, geochem-
istry, and geochronology of post-subduction porphyry deposits in
the GPCB have been extensively studied (Zheng et al., 2002,
2015a; Qu et al., 2004, 2007; Yang et al., 2009, 2015a; Qin, 2012;
Wang et al., 2014a, 2014b, 2014c, 2015a; Hou et al., 2015b; Lu
et al., 2015; Wu et al., 2016). However, little is actually known
regarding the key controls on the diversity in scale of deposits in
the GPCB (e.g., giant, large, small; Fig. 1b). Due to a lack of system-
atic fluid inclusion studies, the ore-forming process, as well as the
characteristics and source of ore metals and fluids, compared to
porphyry deposits formed in magmatic arc settings (Bodnar
et al., 2014), are still poorly understood (Hou et al., 2009;
Landtwing et al., 2010), which undermines efforts to model the
porphyry-style ore deposits in the GPCB.

The Dabu deposit is a small-sized porphyry Cu-Mo deposit in
GPCB. Previous studies were mainly focused on geochronology
and geochemistry (Wu et al., 2014, 2016). However, an integrated
study of the fluid evolution and source of the Dabu deposit have so
far not been reported. Fluid inclusions (FIs), as the record of ore-
forming fluids, are critical for understanding the physical and
malayan orogenic belt (modified after Singer et al., 2005 and Hou et al., 2011); (b)
deposits and the location of the study area (modified after Mo et al., 2008; Zhu et al.,
phyry deposits. Abbreviations: BNSZ–Bangong-Nujiang suture zone, SNMZ–Shiquan
gbo Suture Zone, SL–southern Lhasa subterrane, CL–central Lhasa subterrane, NL–
legend, the reader is referred to the web version of this article.)
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chemical nature and transportation–deposition mechanisms of flu-
ids in porphyry deposits (Wilkinson, 2001). In this contribution, we
have carried out geologic, fluid inclusion, and systematic H–O–S–
Pb isotope studies of the Dabu deposit. Petrography coupled with
microthermometry and Laser Raman microspectroscopy analyses
of FIs in quartz were used to determine volatile components and
trapping temperatures of the ore-forming fluid. The trapping pres-
sure of fluid and mineralization depths were also estimated, and
compared with Qulong and Zhunuo porphyry deposits in GPCB,
as well as other typical porphyry deposits formed in subduction
and intracontinental collision zones. We present a model for the
genesis of post-collisional porphyry Cu-Mo deposits in Tibet.

2. Geological setting and regional geology

The Tibetan Plateau formed as a result of the Indian–Asian con-
tinental collision in Early Tertiary, is a complex tectonic collage of
several accreted terranes, which include the Songpan–Ganzi,
Qiangtang, Lhasa, and Himalaya terranes from north to south
(Yin and Harrison, 2000). The Lhasa terrane, bounded by the Ban-
gong–Nujiang and Indus–Yarlung Zangbo sutures, is a �2500-
km-long tectono–magmatic belt with a width of �150–300 km
(Fig. 1b; Pan et al., 2006). It is composed of Precambrian crystalline
basement unconformably overlain by Paleozoic to Mesozoic mar-
ine strata and arc-type volcanic rocks, abundant Mesozoic and
Cenozoic intrusions, and three medium- to high-grade metamor-
phic belts (Yin and Harrison, 2000; Pan et al., 2006; Dong et al.,
2010; Zhu et al., 2013; Zhang et al., 2014). Accordingly, the Lhasa
terrane can be further subdivided into the northern, central, and
southern subterranes that are separated by the Shiquanhe–Nam
Tso Mélange Zone and the Luobadui–Milashan Fault (Fig. 1b; Pan
et al., 2004, 2006; Zhu et al., 2011a).

The central Lhasa subterrane represents a microcontinent
derived from either the Australian or Indian parts of Gondwana
with Precambrian basement rocks (Yin and Harrison, 2000; Zhu
et al., 2011b), part of which have undergone multiple episodes of
metamorphism (Zhang et al., 2014). This reworked crystalline
basement is covered by a discontinuous widespread blanket of Car-
boniferous–Permian metasedimentary rocks and Upper Jurassic–
Lower Cretaceous sedimentary rocks with abundant volcanic rocks
(Pan et al., 2004; Zhu et al., 2009, 2011a, 2013), and minor small-
volume Tertiary granitoids (Zheng et al., 2015b). The ore deposits
that occur within the central Lhasa subterrane are mainly porphyry
or skarn Mo(–W–Cu), skarn Pb–Zn(–Ag), and skarn Fe(–Cu) depos-
its such as Yaguila, Mengya’a, Narusongduo, Qiagong, Hahaigang
and Sharang. These deposits form the northeastern Gangdese Pb–
Zn–Ag–Fe–Mo–W polymetallic belt (Li et al., 2011a, 2014a; Zhao
et al., 2014; Hou et al., 2015a; Zheng et al., 2015a).

In contrast, the southern and northern Lhasa subterranes are
characterized by juvenile crust resulted from the under-plating
of mantle-derived magmas during the Mesozoic and Cenozoic peri-
ods with a locally preserved Precambrian crystalline basement (Ji
et al., 2009; Zhu et al., 2011a; Hou et al., 2015a). The northern
Lhasa subterrane is underlain by Neoproterozoic or Cambrian crys-
talline basement which is exposed in the Amdo region (Xu et al.,
1985; Dewey et al., 1988; Guynn et al., 2012). This subterrane is
covered by Middle Triassic–Cretaceous sedimentary rocks with
abundant Early Cretaceous volcanic rocks and associated grani-
toids (cf. Pan et al., 2004; Zhu et al., 2013). In the southern Lhasa
subterrane, magmatic activities are represented by the widespread
Gangdese batholith (205�41 Ma) and Linzizong volcanic succes-
sions (65–43 Ma). These igneous rocks make up an Andean-style
magmatic arc (Fig. 1b), that formed in response to the northward
subduction of Tethyan oceanic lithosphere, slab rollback and sub-
sequent break–off (Mo et al., 2008; Wen et al., 2008; Ji et al.,
2009; Lee et al., 2012a).
With the continuous convergence of India with Asia, the post-
collisional magmatism developed in the central and southern
Lhasa subterranes consists of mantle-derived ultra-potassic and
potassic volcanic rocks, along with high Sr/Y granitoid rocks (cf.
Chung et al., 2005; Liu et al., 2017). Ultra-potassic rocks have ages
ranging from 24 to 10 Ma and usually occur as lava flows cropping
out throughout the central Lhasa subterrane (Turner et al., 1996;
Miller et al., 1999; Williams et al., 2004; Zhao et al., 2009; Liu
et al., 2014a; Guo et al., 2015). Miocene potassic volcanic rocks
are mainly distributed in the central and southern Lhasa subter-
ranes, with eruptive ages coeval with the Tibetan ultra-potassic
rocks (Miller et al., 1999; Nomade et al., 2004; Chung et al.,
2005). High Sr/Y Oligocene–Miocene granitic rocks are commonly
present as small-volume intrusions or dykes, cutting the Gangdese
batholith and associated syn-collisional volcanic rocks (Fig. 1b;
Chung et al., 2009; Gao et al., 2010; Zheng et al., 2012a). The
post-collisional porphyry Cu-Mo deposits concentrated in the
southern Lhasa subterrane are generally associated with high Sr/
Y Miocene intrusions, and they define the giant Gangdese porphyry
Cu belt that includes the Zhunuo, Jiru, Chongjiang, Tinggong, Dabu,
Lakang’e, Qulong, Demingding, Chuibaizi, and Tangbula deposits
(Fig. 1b). All of these deposits have molybdenite Re–Os ages
between ca. 21 and 13 Ma and are associated with ca. 20 and 13
Ma intrusions (Zheng et al., 2015a). Several porphyry–skarn Cu–
W–Mo deposits (e.g., Mingze–Chengba and Nuri), located within
the SE margin of the Gangdese belt, are related to Oligocene gran-
odiorite or monzonite intrusions (Sun et al., 2013b; Chen et al.,
2015).
3. Deposit geology

The Dabu porphyry Cu–Mo deposit is located �40 km west of
Lhasa in southern Tibet at geographic coordinates 90�480E and
29�310N (Fig. 2). The mineralization age of the deposit is ca.
14.8 ± 0.2 Ma, as constrained from Re–Os isotopic dating of molyb-
denite (Qu et al., 2007), and is coeval with the monzogranite por-
phyry based on SHRIMP U–Pb isochron dating of zircon
(14.6 ± 0.4 Ma) (Wu et al., 2014). These ages indicate that the Dabu
porphyry deposit was formed in a post-collisional setting. There
are two orebodies in the deposit with a surface outcrop area of
ca. 1.5 km2, where the mineralization is genetically associated with
the Miocene monzogranite porphyry (Fig. 2). The main geologic
units in the Dabu district include Eocene monzogranite, por-
phyritic monzogranite, granodiorite and Miocene monzogranite
porphyry (Fig. 2). The Eocene medium- to coarse-grained biotite
monzogranite, porphyritic monzogranite and gray–white granodi-
orite are widespread throughout the area, and are intruded by
smaller stocks or dykes of the Miocene monzogranite porphyry
(Fig. 2). Ovoidal and ellipsoidal mafic microgranular enclaves are
present in the Miocene monzogranite (Wu et al., 2014). The unal-
tered Eocene rocks are light red in colour, and contain K-feldspar,
plagioclase, quartz, as well as minor hornblende and biotite. The
K-feldspar crystals range from 10 to 30 mm in size, forming euhe-
dral megacrysts, whereas the plagioclase, quartz, hornblende, and
biotite forming the crystalline groundmass of the rock are subhe-
dral to anhedral. Hornblende is usually present as small crystals
within K-feldspar phenocrysts, indicating that it crystallized after
the feldspars in more evolved melts (Wu et al., 2016). The Miocene
monzogranite porphyry contains quartz, plagioclase, K-feldspar,
and biotite phenocrysts that range in size from 1 to 4 mm, as well
as minor amounts of magnetite, ilmenite, apatite, rutile, and
sphene phenocrysts. The groundmass is microcrystalline or con-
sists of aphanitic felsic minerals (Wu et al., 2016). Alteration
assemblages in the Dabu deposit are similar to those observed in
other porphyry Cu deposits worldwide, including potassium



Fig. 2. Geological map of the Dabu porphyry Cu–Mo deposit, lithologic column and alteration assemblages of drill hole Zk0004 (modified after Geologic Exploration Team of
Geological Survey Institute of Tibet, 2011). The pink circle in the map denotes the location of drill hole Zk0004. The locations of samples chosen for fluid inclusions study are
labelled by circle in the column and others sampled from surface are marked by green circle on the map. The text in the circles denotes the vein types. Abbreviations: CCE–
clay-chlorite-epidote alteration, BKCS–biotite-k-feldspar-chlorite-sericite alteration, KBS–k-feldspar-biotite-sericite alteration, SB–sericite-biotite alteration, CSB–chlorite-
sericite-biotite alteration, anh–anhydrite. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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silicate (potassic), phyllic (sericitic), propylitic and intermediate
argillic (Meyer et al., 1967). The ore minerals associated with both
phyllic and potassic alterations at the Dabu deposit are hosted in
the monzogranite porphyry.

Based on field observation, cross-cutting relationships and pet-
rography, a three-stage paragenetic sequence has been proposed
that consists of A, B, and D type veins from early to late
(Gustafson and Quiroga, 1995; Sillitoe, 2010). Alteration and min-
eralization paragenesis is documented in Fig. 3.

Stage I (also called A vein) is represented by quartz–K-
feldspar ± chalcopyrite ± pyrite and quartz–biotite ± chalcopy-
rite ± pyrite veinlets or veins. These veins are asymmetric in form,
accompanied by alteration halos of K-feldspar and biotite that are
usually inconspicuous and discontinuous (Fig. 4). The quartz–K-
feldspar veins commonly lack of sulfides and cut by stage II quartz
veinlet, but disseminated chalcopyrite occurs in clusters of sec-
ondary biotite around the quartz–K-feldspar veinlets
(Fig. 4a, b, c). The quartz–K-feldspar–pyrite–chalcopyrite veins
are cut by stage II quartz veinlets that are associated with sericitic
alteration assemblage (Fig. 4d). The quartz–biotite–chalcopyrite–
pyrite veinlet is cut by stage III quartz–pyrite veinlet that is
associated with propylitic alteration assemblage (Fig. 4f). The
chalcopyrite in the biotite-bearing veinlets is generally anhedral
with diameter <100lm (Fig. 4g). Despite sulfides in vein or veinlet,
disseminated chalcopyrite on fracture and star-like distributed
chalcopyrite in rocks can also be observed, along with minor
amounts of pyrite, bornite and molybdenite (Fig. 4h, i). The alter-
ation type in stage I is dominated by potassium-silicate, which is
represented by the formation of K-feldspar, biotite, and quartz.
The K-feldspar alteration is characterized by the presence of dis-
seminated secondary fine-grained K-feldspar crystals, quartz-K-
feldspar veinlets (Fig. 4a, b), fine-grained K-feldspar crystals that
occur discontinuously at the vein or veinlet margins (Fig. 4c) or
micro-grains of K-feldspar in alteration halos around K-feldspar
phenocryst (Fig. 4j). The clusters of anhedral biotite together with
fine-grained quartz along the veinlet form a glomeroporphyritic
texture (Fig. 4b, c), replacement of primary biotite or amphibole
by thin flakes of secondary biotite is observed in the rock matrix
(Fig. 4k), and irregular biotite veinlets(Fig. 4l) are the main styles
of biotite alteration.

Stage II (also called B vein) can be represented by
quartz ± pyrite ± chalcopyrite (Fig. 5a, b, c) and quartz–molybden-
ite ± pyrite ± chalcopyrite (Fig. 5d, e) veins. This stage is character-
ized by the formation of relatively coarse-grained quartz and
symmetrical veins, along which the alteration halos are absent or
occur as occasionally faint and irregular bleached halos (Fig. 5).
Sulfides in this stage are mainly associated with phyllic alteration
and are dominated by molybdenite and pyrite with minor chal-
copyrite and magnetite. The dominant molybdenite is either con-
centrated in bands parallel to vein walls and mostly occur at the
centerlines and margins of such veins (Fig. 5d, e), or disseminated
in cracks (Fig. 5f). Minor amounts of chalcopyrite have a subhedral



Fig. 3. Mineral paragenesis for the Dabu porphyry Cu–Mo deposit.
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shape intergrowth with lamellar molybdenite, pyrite and ragged
magnetite (Fig. 5g, h). Phyllic alteration is characterized by the
development of sericitic alteration selvages along the margins of
ore-bearing vein or veinlets (Fig. 5b) and selective replacement
of feldspar phenocryst by fine-grained, scaly–acicular to anhedral
sericite (Fig. 5i).

Stage III (also called D vein) is represented by quartz–
pyrite ± molybdenite veins associated with propylitic alteration
(Fig. 6). These veins are commonly irregular in shape with a width
ranging from 2 to 20mm (Fig. 6a, b, c). In this stage, pyrite is usually
the predominant sulfide and molybdenite occurs locally. Pyrite
occurs in two main modes: subhedral to euhedral pyrite (Fig. 6e)
in quartz–pyrite veins (Fig. 6a, b, c) and disseminated pyrite along
cracks (Fig. 6d). Propylitic alteration is characterized by chlorite
and sericitic halos along the pyrite-bearing vein or veinlet
(Fig. 6c, f), epidote veinlet (Fig. 6g), local replacement of feldspar
or biotite phenocryst by fine- to medium-grained epidote and chlo-
rite (Fig. 6h), and lesser amounts of calcite. Intermediate argillic
alteration only occurs in shallow surface and is dominated by selec-
tive pervasive replacement of feldspar by clay minerals (Fig. 6i).
4. Sampling and analytical methods

4.1. Fluid inclusion analytical methods

Samples for the fluid inclusion study include ore-bearing or bar-
ren A, B, D type veins from stage I, II, III, respectively, and detailed
sampling locations as well as their alteration assemblages are
shown in Fig. 2. Microthermometry was performed at the
Resources Exploration Laboratory, China University of Geosciences,
Beijing. Microthermometric measurement was carried out on a
Linkam THMS 600 heating–freezing stage attached to a Zeiss
microscope, which has a measured temperature range of �196 �C
to +600 �C. Freezing and heating runs were undertaken using liquid
nitrogen and a thermal resistor, respectively. The ice-melting tem-
perature (Tm, ice) and total homogenization temperatures of fluid
phases (Th, total) in FIs were recorded. The heating rate was main-
tained at about 5 �C per minute during the initial stages of each
heating run and reduced to 0.1 �C per minute when the phase tran-
sitions were approached. The sample preparation and microther-
mometric analysis of FIs followed procedures described in
Shepherd et al. (1985).

Compositions of individual FIs in quartz, including gas, liquid,
and daughter mineral phases, were analyzed using the Renishaw
MK1-1000 Laser Ramanmicrospectrometer at the State Key Labora-
tory of Geological Process and Mineral Resources, China University
of Geosciences, Wuhan. An Ar+ laser with a wave length of 532 nm
was used as the laser source with a power of 22 mW. The spectrum
diagram was taken from the wave band of 100–4000 cm�1. The
spectral resolution was ±2 cm�1 with a beam size of 1 lm. The
instrumental settings were kept constant during the analysis.
4.2. H-O isotope analytical methods

Ten quartz samples from A, B, D types of quartz–sulfide veins in
stage I, II, III were collected for hydrogen and oxygen isotope anal-
yses. Hydrogen and oxygen isotopic compositions of the quartz
were measured using a MAT 253EM mass spectrometer at the
Institute of Mineral Resources, Chinese Academy of Geological
Sciences, Beijing. The BrF5 method of Clayton and Mayeda (1963)
was used to generate oxygen that was converted to CO2 by reaction
with a carbon rod. Water from fluid inclusion samples was col-
lected by thermal decrepitation of quartz under vacuum at
500 �C and then reduced over Zn at 400 �C to generate H2

(Coleman et al., 1982). The stable isotope results are reported rel-
ative to the V-SMOW standard, with an analytical errors of ±0.2‰
for d18O and ±2‰ for dD, respectively.
4.3. S-Pb isotope analytical methods

Seventeen sulfide samples including pyrite, chalcopyrite and
molybdenite from the Dabu porphyry Cu–Mo deposit were
selected for sulfur isotope analyses. Separates of sulfide minerals
from different stages were prepared with careful handpicking
under a binocular microscope to achieve a purity of 98%. The sulfur
isotopic compositions were determined at the Analytical Labora-
tory of Beijing Research Institute of Uranium Geology. The sulfide
grains were mixed with cuprous oxide and crushed into 200 mesh
powder. SO2 was produced through the reaction of sulfide and
cuprous oxide at 980 �C under a vacuum pressure of 2 � 10�2 Pa
(Robinson and Kusakabe, 1975). The SO2 was then measured by
MAT-251 mass spectrometer for sulfur isotope. All of the analytical
uncertainties were better than ±0.2‰.

The lead isotope analysis of seven mineral separates of molyb-
denite and pyrite were carried out using a GV Isoprobe-T thermal
ionization mass spectrometer (TIMS) at the Analytical Laboratory
of Beijing Research Institute of Uranium Geology. All Pb ratios were
corrected according to the values of NBS SRM 981. The lead isotope
analytic errors were reported as ±2r, and the measurement accu-
racy was better than 0.005% for 208Pb/206Pb and 204Pb/206Pb values.
5. Fluid inclusion results

5.1. Petrography

Based on the compositions of FIs and phases (L–V–S) at room
temperature (25 �C), phase transitions observed during heating
and cooling, and Laser Raman spectroscopy, three types of FIs were
recognized in the studied quartz samples from Dabu, which are
shown in Fig. 7, and are described below.



Fig. 4. Vein types, alteration and mineralization mineral assemblages of stage I at Dabu Cu-Mo deposit. (a) quartz–K-feldspar vein; (b) quartz–K-feldspar veinlets cut by stage
II quartz veinlet, showing that fine-grained chalcopyrite occurs as clots within secondary quartz and biotite; (c) quartz–K-feldspar veinlet was locally surrounded by clusters
of anhedral secondary biotite; (d) quartz–K-feldspar–pyrite–chalcopyrite vein cut by stage II quartz veinlet; (e) quartz–biotite–chalcopyrite vein displaying biotite and silicic
halos banding parallel to the vein; (f) irregular quartz–biotite–molybdenite–chalcopyrite and quartz–biotite–chalcopyrite–pyrite veinlets cut by stage III quartz–pyrite
veinlet; (g) anhedral chalcopyrite in the biotite-bearing veinlet; (h) sparsely disseminated chalcopyrite and pyrite; (i) star-like distributed bornite and chalcopyrite; (j) micro-
grain potassic alteration halo growth around the K-feldspar phenocryst; (k) mineral assemblages of anhedral biotite and fine-grained quartz; (l) irregular biotite veinlet.
Abbreviations: qtz–quartz, bt–biotite, kfs–K-feldspar, bn–bornite, py–pyrite, cpy–chalcopyrite, mol–molybdenite.
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Vapor-rich two-phase FIs (V-type) are two-phase fluid system
at room temperature, with >45 vol% of vapor bubbles and rarely
present as monophase vapor inclusions (Fig. 7a, b, c). These inclu-
sions typically have negative crystal or ellipse shape and are nor-
mally 5–25 lm in diameters. They generally occur in clusters or
distribute randomly in the veins of stage I and II, which account
for about 44% of the total FIs.

Liquid-rich two-phase FIs (L-type) contain a liquid phase and a
vapor bubble without daughter crystals at room temperature.
Liquid-rich L-type FIs occur commonly in all veins but are most
abundant in stage II quartz, with <45 vol% of vapor bubbles and
homogenization to a liquid phase. These inclusions are elongate
or irregular in shape ranging from 4 to 25 lm in diameters
(Fig. 7i), and account for approximately 45% of the total FIs.

Solid bearing multi-phase FIs (S-type) consist of one or more
daughter minerals, aqueous solution, and a vapor bubble. These
inclusions generally vary from 4 to 24 lm in size with negative
crystal or polygonal shapes, and account for 11% of the observed
FIs. The S-type inclusions are typically present in stages II quartz
veins, as well as in stage I quartz associated with biotite alteration,
coexisting with V-type and L-type FIs (Fig. 7b). The most common
daughter minerals are transparent, including cubic halite (Fig. 7e, f,
g), elongated apatite (Fig. 7h) and round sylvite crystals. Minor
amounts of opaque chalcopyrite (Fig. 7d, e) and hematite
(Fig. 7g) are also observed. Based on the homogenous nature of
the daughter minerals, the S-type FIs can generally be divided into
two types: the daughter mineral of type S1 dissolves before vapor
disappearance and the dissolution of type S2 occurs later than
vapor disappearance upon heating.

5.2. Laser Raman spectroscopy

The results of Laser Raman microspectroscopic analyses of indi-
vidual FIs are shown in Fig. 8. It can be generally recognized that



Fig. 5. Vein types, alteration and mineralization mineral assemblages of stage II at Dabu Cu-Mo deposit. (a) quartz–chalcopyrite–pyrite veinlet surrounded by sericitic halo;
(b) quartz–chalcopyrite–pyrite veinlet showing sericitic alteration halo along its margins; (c) quartz vein showing typical vein symmetry; (d) quartz–molybdenite–pyrite
vein; (e) quartz–molybdenite–pyrite–chalcopyrite vein characterized by the filling of sulfides along the centerlines and margins; (f) molybdenite occurs as disseminations in
cracks; (g) clusters of anhedral chalcopyrite, pyrite and lamellar molybdenite; (h) anhedral-granular chalcopyrite intergrowth with magnetite and pyrite; (i) selective
replacement of feldspar phenocryst by fine-grained sericite. Abbreviations: qtz–quartz, py–pyrite, cpy–chalcopyrite, mol–molybdenite, mag–magnetite, ser–sericite, mme–
mafic microgranular enclaves.
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H2O dominates the liquid phase, while CO2 can only be identified
in vapor bubbles. Sometimes in the Raman spectra for the solid
phase of S-type FIs in stage II, the peak of 288, 352 cm�1 and
291, 410, 1319 cm�1 were observed.

5.3. Microthermometry

As stated above, CO2 is identified in vapor bubbles of two
phases FIs by laser Raman, but CO2-bearing three phases FIs were
not observed at room temperature and during freezing in this
study, thus CO2 only occurs as a minor component (�3.5 mol%)
that is considered as insignificant in regards to the bulk composi-
tion of the hydrothermal fluids (Azbej et al., 2007). Therefore, the
salinities at Dabu were calculated using ice-melting temperatures
for aqueous FIs (V-type and L-type) (Bodnar, 1993) and equation
given by Sterner et al. (1988) for halite daughter mineral-bearing
FIs (S-type), assuming a simple H2O–NaCl system. Salinity is
reported as weight percent NaCl equivalent (wt.% NaCl equiv.).
Microthermometric results of 329 quartz-hosted FIs of different
stages are presented in Table 1, Fig. 9 and Fig. 10.

5.3.1. Stage I
FIs in this stage are predominated by V-type, followed by L-type

and S-type, among which the V-type and L-type FIs mostly homog-
enize at 272–475 �C, with ice-melting temperatures of –21.2 to –
1.2 �C. In detail, V-type FIs have homogenization temperatures of
303–475 �C and ice-melting temperatures varying from �20.3 to
�1.2 �C, corresponding to salinities of 2.1–22.6 wt% NaCl equiv.
L-type FIs homogenize at 272–423 �C, with ice-melting tempera-
tures ranging from �21.2 to �1.9 �C, which correspond to salinities
from 3.2 to 23.2 wt% NaCl equiv. The S1-type FIs exhibit halite
dissolution temperatures that vary from 254 to 342 �C, with
calculated salinities ranging from 35.0 to 41.7 wt% NaCl equiv.
The S2-type FIs exhibit halite dissolution temperatures that vary
from 274 to 415 �C, with calculated salinities ranging from 36.2
to 49.1 wt% NaCl equiv.
5.3.2. Stage II
V-type and L-type FIs are both commonly present in this stage,

whereas S-type FIs are rarely observed. The L-type FIs have homog-
enization temperatures of 244 to 390 �C, and final ice-melting tem-
peratures of �17.7 to �0.6 �C that indicate salinities of 1.1 to
20.8 wt% NaCl equiv. The V-type FIs have homogenization temper-
atures from 293 �C to 438 �C, final ice-melting temperatures from
�16.2 to �1.1 �C, and salinities from 2.0 to 9.3 wt% NaCl equiv.
S1-type FIs homogenize at 275–456 �C, in which halite crystals dis-
solved at temperatures of 161–456 �C, corresponding to salinities
of 30.1 to 54.0 wt% NaCl equiv. In S2-type FIs, the vapor bubbles
disappeared at temperatures of 221 to 468 �C, halite crystals dis-
solved at temperatures of 304 to 470 �C, corresponding to salinities
of 35.6 to 55.8 wt% NaCl equiv.
5.3.3. Stage III
Only L-type FIs were observed in quartz for this stage. They

yield homogenization temperatures of 299–399 �C and



Fig. 6. Vein types, alteration and mineralization mineral assemblages of stage III at Dabu Cu-Mo deposit. (a) quartz–pyrite vein; (b) pyrite–quartz veinlet; (c) irregular
quartz–pyrite veinlet and quartz–pyrite–molybdenite vein showing chlorite alteration halo along the margins; (d) medium- to fine-grained pyrite filling along the cracks; (e)
subhedral to euhedral-ragged pyrite; (f) pyrite veinlet dominated by the presence of scaly-acicular and anhedral sericitic halo; (g) epidote vein; (h) fine- to medium-grained
chlorite along the rims of primary biotite phenocryst; (i) argillic alteration characterized by selective pervasive replacement of feldspar by clay minerals. Abbreviations: qtz–
quartz, bt–biotite, py–pyrite, mol–molybdenite, chl–chlorite, ep–epidote; arg–argillic.
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ice-melting temperatures of �1.7 to �14.2 �C, which correspond to
salinities of 2.9–18.0 wt% NaCl equiv.

In summary, the stage I and II quartz veins of Dabu deposit con-
tain L, V, and S-type FIs, with similar homogenization temperatures
mainly between 340 �C and 400 �C, and show two high tempera-
ture fluid populations (Fig. 9a, b, c, d). Population-I is characterized
by high salinity, halite-bearing S-type inclusions with homoge-
nization temperature ranging from 274 to 486 �C and salinity vary-
ing from 30.1 to 55.8 wt% NaCl equiv. Population-II consists of low
salinity, L-type and V-type inclusions with homogenization tem-
perature ranging from 244 to 475 �C and salinity varying from
1.1 to 23.2 wt% NaCl equiv., which plots between the halite satura-
tion curve and the critical curve of NaCl solution in the Th, L-V vs.
salinity diagram (Fig. 10). On the contrary, only one fluid popula-
tions are observed in the stage III quartz veins, evidenced by high
temperature, low salinity, and L-type FIs (Fig. 9e, f).

6. H-O-S-Pb isotopic results

The analytical results of oxygen and hydrogen isotopes are
listed in Table 2 and plotted in Fig. 11. The measured d18Oquartz

and dD values of ten quartz samples in different stages range from
8.2‰ to 10.6‰ and �122‰ to �87‰, respectively. The d18OH2O

values of ore-forming fluids are calculated using the equation of
1000 lnaquartz�H2O = 3.38 � 106 T�2–3.40 (Clayton et al., 1972),
combined with the measured d18Oquartz values and the correspond-
ing FIs homogenization temperatures of the quartz samples in this
study. The calculated d18OH2O values of stage I veins are between
4.5‰ and 6.6‰, with measures d18Oquartz and dD values varying
from 8.2‰ to 9.3‰ and �109‰ to �115‰, respectively. The calcu-
lated d18OH2O values of stage II veins are between 4.6‰ and 7.5‰,
with measures d18Oquartz and dD values varying from 9.2‰ to
10.5‰ and �102‰ to �122‰, respectively. The calculated
d18OH2O values of stage III veins are between 5.1‰ and 6.5‰, with
measures d18Oquartz and dD values varying from 9.8‰ to 10.6‰ and
�87‰ to �99‰, respectively.

The d34S values of seventeen mineral separates of chalcopyrites,
molybdenite and pyrite in the Dabu deposit are summarized in
Table 3 and Fig. 12. The overall S isotopic range is from �3.6‰ to
�0.2‰. The chalcopyrite separates have d34S values ranging from
�3.6‰ to �1.3‰ with an average of �2.3‰, whereas the pyrite
samples have d34S values from �1.1‰ to �0.2‰. Two molybdenite
samples have d34S values of �0.7‰ and �1.0‰, respectively. In
general, the d34S values of sulfides display a gradually increasing
trend from stage I (�3.6‰ to �0.7‰) to stage II (�2.6‰ to �0.2‰).

The lead isotope data of sulfide minerals are listed in Table 4
and shown in Fig. 13. Six pyrite samples at Dabu give uniform lead
isotope ratios of 206Pb/204Pb = 18.268 to 18.488, 207Pb/204

Pb = 15.604 to 15.673, and 208Pb/204Pb = 38.520 to 38.836. One
molybdenite sample has a 206Pb/204Pb ratio of 18.260, a 207Pb/204

Pb ratio of 15.582, and a 208Pb/204Pb ratio of 38.472.

7. Discussion

7.1. Nature of ore-forming fluid and metal source

Fluid inclusions provide a record of ore-forming fluid systems,
and they provide insights into the nature and genesis of the



Fig. 7. Photomicrographs showing the types and characteristic features of fluid inclusions (FIs) at Dabu deposit. (a) Monophase vapor inclusion; (b) Coexistence of halite-
bearing S-type, vapor-rich V-type, and liquid-rich L-type FIs; (c) Vapor-rich two-phase aqueous inclusion; (d) S-type inclusion containing opaque chalcopyrite; (e) Halite-
bearing S-type inclusion with opaque chalcopyrite and sulfur; (f) Halite-bearing S-type inclusion; (g) Halite and hematite-bearing S-type inclusion; (h) Apatite-bearing S-type
inclusion without halite; (i) Liquid-rich two-phase aqueous inclusion.
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original fluids (Roedder, 1984; Ulrich et al., 1999; Pirajno, 2009).
Compared to the early stage I and II, quartz in the late ore stage
III contains only L-type FIs, which have homogenization tempera-
tures of 299 to 399 �C close to those of stage I and II, but lower
salinities ranging from 2.9 to 18.0 wt% NaCl equiv. (Fig. 9e, f).
The ore-forming fluids are not characterized by a decreasing trend
in temperature, but a distinct change in salinity during the evolu-
tion from stage I to stage III, indicating a similar ore fluid source for
both vein types and an insignificant control of temperature on the
mineralization in the Dabu deposit. The Laser Raman spectroscopy
and micropetrography of FIs revealed the presence of CO2 as the
vapor phase, H2O as the fluid phase, as well as some daughter min-
erals such as halite, sylvite, apatite, chalcopyrite and hematite
(Fig. 8), which were supported by the petrographic observation
(Fig. 7). Thus, the ore-forming fluids of Dabu deposit are character-
ized by high temperature, high salinity and high oxygen fugacity
and belong to halite- and rare CO2-bearing fluids of a H2O–NaCl
system, in which the existence of CO2 can be ignored. Fluid boiling
in the Dabu deposit is supported by the coexistence of S1-type,
vapor-rich V-type and liquid-rich L-type FIs in quartz of stage I
and II (Fig. 7b) with similar homogenization temperatures but con-
trasting salinities of these FIs (Fig. 9; Fig. 10). In the ore stage I and
II, fluid boiling events resulted from rapid decrease of pressure,
causing vapor-rich and liquid-rich phase separation from super-
critical fluid and inhomogeneous entrapment of halite-saturated
hydrothermal brine, which would led to a significant change in
salinity and metal precipitation at Dabu due to sulfide saturated
in solutions.
The hydrothermal quartz in veins or veinlets from Dabu deposit
display highly clustered d18OH2O values of 4.4‰ to 7.5‰, similar to
primary magmatic water (Taylor, 1974), indicative of a single mag-
matic origin rather than multiple sources of oxygen (Fig. 11).
Quartz samples from both stage I and II show slightly lower dD val-
ues (�122‰ to �102‰) than those from stage III (�99‰ to
�87‰), all of which are significantly depleted when compared
with typical magmatic water (Fig. 11). The low dD values of Dabu
deposit can be explained by the magma degassing process (Rye,
1993), which has also been observed in porphyry deposits else-
where, including Wunugetushan porphyry Cu-Mo deposit (Tan
et al., 2013) and Chalukou porphyry Mo deposit (Liu et al.,
2014b). In a dD vs. d18O diagram (Fig. 11), all of the H–O isotopic
data of quartz from stage I to III fall in the field below the primary
magmatic water and overlapped with the plotted area of quartz
samples from Qulong porphyry Cu–Mo deposit in the GPCB
(Yang, 2008), indicative of fluid derivation from degassed mag-
matic water, with no contributions from basinal or meteoric water.

The d34SV-CDT values of sulfides in the Dabu deposit range from
�3.6‰ to �0.2‰ (average �1.6‰, n = 17), within the d34S variation
of sulfides from the majority of magmatic hydrothermal deposits
(�3 to +1‰; Hoefs, 2009). In general, the S isotopic compositions
of the chalcopyrites, molybdenite and pyrite in this study together
with data from previous studies (Qu et al., 2007) of the Dabu
deposit display a normal distribution with a narrow range
(�3.6‰ to 1.2‰, average �1.3‰, n = 21) in a d34S histogram
(Fig. 12a). These values are analogous to d34S values of whole rock
Miocene ore-related high Sr/Y intrusions at the Dabu deposit



Fig. 8. Representative Laser Raman spectra of fluid inclusions in the Dabu Cu–Mo deposit. (a) CO2 spectra of vapor phase in the V-type inclusions of stage I; (b) H2O spectra of
liquid phase in the V-type inclusions of stage II; (c) daughter chalcopyrite in the S-type inclusions of stage II; (d) daughter hematite in the S-type inclusions of stage II; (e) CO2

spectra of vapor phase in the L-type inclusions of stage III; (b) H2O spectra of liquid phase in the L-type inclusions of stage III.

Table 1
Summary of microthermometric data of fluid inclusions from hydrothermal quartz in the Dabu deposit.

Stage Vein type FIs type N Size (lm) Tm, ice (�C) Th, total (�C) Salinity (wt.%NaCl equiv)

I quartz–K-feldspar (biotite)±chalcopyrite ± pyrite veins V 61 5–30 –20.3 to �1.2 303–475 2.1–22.6
L 26 5–30 �21.2 to �1.9 272–423 3.2–23.2
S 16 7–24 274–469 35.0–49.1

II quartz–molybdenite ± pyrite ± chalcopyrite veins V 83 4–27 �16.2 to �1.1 293–438 2.0–9.3
L 76 2–24 �17.7 to �0.6 244–390 1.1–20.8
S 22 4–20 275–486 30.1–55.8

III quartz–pyrite ± molybdenite veins L 45 3–24 �14.2 to �1.7 299–399 2.9–18.0
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(�0.6‰ to 0.8‰; Fig. 12a; Qu et al., 2007), indicative of a genetic
link between sulfide origin and Miocene intrusions. In addition,
all the S isotopic data of Dabu deposit show a gradually decreasing
trend of d34S (Mol) > d34S (Py) > d34S (Cpy) (Fig. 12a), similar to
Qulong porphyry Cu-Mo deposit in Tibet (Fig. 12b; She et al.,
2005; Meng et al., 2006) and Butte porphyry Cu-Mo deposit in
Montana (Lange and Cheney, 1971), reflecting isotope equilibrium
during the evolution of the mineralization (Ohmoto, 1972). More-
over, the results of Dabu deposit is consistent with sulfur data of
other porphyry deposits in the GPCB (Fig. 12c; She et al., 2005;
Meng et al., 2006; Qu et al., 2007; Wang et al., 2015b; Zhao
et al., 2015) including Bangpu (�2.3‰ to +0.7‰), Qulong (�2.7‰
to + 1.1‰), Tinggong (�1.7‰ to +2.1‰), and Chongjiang (�5.1‰
to +0.9‰), all of which are close to the primitive mantle range



Fig. 9. Histograms of homogenization temperature and salinity of fluid inclusions in different stage quartz at Dabu Cu–Mo deposit. V-type–Vapor-rich two-phase FIs, L-type–
Liquid-rich two-phase FIs, S-type–Solid bearing multi-phase FIs.
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(+0.5‰; Chaussidon et al., 1989), indicating contribution from the
mantle to the ore-forming fluids. On the contrary, the d34S values of
sulfides from Sharang porphyry Mo deposit are relatively higher
than those of Dabu deposit and beyond the range of mantle, which
may suggest more contributions from mature continental crustal
materials (Sun et al., 2017). We therefore propose that the sulfur
sources of the Dabu deposit were undiversified and deeply sourced
magmatic sulfur (Ohmoto and Rye, 1979) potentially linked with
Miocene granitoid intrusions.

The Pb isotopic data of molybdenite and pyrite from Dabu
deposit have relatively uniform ranges, with 206Pb/204Pb ratios of
18.260 to 18.488, 207Pb/204Pb ratios of 15.582 to 15.673, and 208-
Pb/204Pb ratios of 38.472 to 38.836. In the 206Pb/204Pb vs. 207Pb/204-
Pb diagram (Zartman and Doe, 1981), most of the data points for
sulfides fall within the field between the upper crust and orogenic
evolution curves, partly plotting in the area below the orogenic
evolution curve (Fig. 13a). Similarly, all the data points for sulfide
minerals are located in the domain between the orogenic belt
and the lower crust evolution line in the 206Pb/204Pb vs. 207Pb/204-
Pb diagram (Fig. 13b; Zartman and Doe, 1981). It is worth noting
that the Pb isotopes of sulfide minerals from Dabu deposit share
similar characteristics with those of ore samples in Qulong and
Tinggong porphyry deposits in the GPCB (Fig. 13), indicating that
Pb was mostly derived from a deep-seated magma. Moreover,
the sulfides and host intrusions in the Dabu, Qulong and Tinggong
show indistinguishable lead isotopic compositions (Fig. 13). The
analogous lead isotopes imply that the ores and ore-related intru-
sions have a common lead source region, and indicate that the
Miocene granitic magmatism is largely responsible for the Cu
and Mo mineralization in the Dabu deposit as well as other por-
phyry deposits in GPCB.

In summary, based on the above mentioned characteristics of
FIs and H–O–S–Pb isotopes, it is concluded that Dabu deposit
formed in a H2O–NaCl magmatic–hydrothermal system with high
temperature, high salinity and high oxygen fugacity, and boiling
is the major factor for metal precipitation. The ore-forming fluids
and materials show evidence of a magmatic origin linked to the
Miocene high Sr/Y intrusions in the GPCB, similar to other por-
phyry deposits in this belt.

7.2. Comparison with other porphyry deposits

7.2.1. Pressure estimation and mineralization depth
The entrapping pressure of fluid can be estimated through FIs

formed in an immiscible or boiling system (i.e., coeval liquid
and/or saline- and vapor-rich inclusions with identical



Fig. 10. Homogenization temperature vs. salinity plot for different types of fluid
inclusions data from the Dabu Cu–Mo deposit relative to the NaCl saturation curve
and critical curve (Ahmad and Rose, 1980). V-type–Vapor-rich two-phase FIs, L-
type–Liquid-rich two-phase FIs, S-type–Solid bearing multi-phase FIs.
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homogenization temperatures) (Roedder and Bodnar, 1980;
Shepherd et al., 1985; Brown and Hagemann, 1995; Ulrich et al.,
2001). Petrographic and microthermometric data suggest that the
majority of the saline-bearing S1-type, vapor-rich V-type and
liquid-rich L-type FIs in stage I (A-type vein) quartz–K-feldspar
(biotite) ± chalcopyrite ± pyrite veinlets or veins were formed
through fluid boiling. Therefore, we can estimate the exact trap-
ping pressures of stage I FIs in the Dabu deposit. The porphyry
ore-forming system characterized by pulsating hydraulic breakage
and healing caused by fluid immiscible/boiling and precipitation,
can be interpreted as a state that frequently alternates between
supra-lithostatic to lithostatic and hydrostatic pressures (Sillitoe,
2010). Thus, the lowest trapping pressure of the FIs represents
the hydrostatic system, whereas the highest trapping pressure
reflects the lithostatic to supralithostatic system. Given that the
majority of boiling FIs were trapped at lower temperatures
(approximately � 450 �C; Fig. 14), we infer all the inclusions in
early stage I A-type veins were formed in a brittle environment
under hydrostatic conditions, assuming a fluid density near 1 g/
cm3.

When assuming a simple NaCl–H2O system, the formula given
by Driesner and Heinrich (2007) can be used to estimate trapping
pressure. For coexisting L-,V- and S1-type FIs in stage I, trapping
pressures are mostly between 100 and 400 bars, and corresponds
to a depth of 1.0 to 4.1 km (hydrostatic pressure and a rock density
Table 2
Hydrogen and oxygen isotopes for quartz in the Dabu deposit.

Stage Sample No. Mineral Th (�

I ZK0004-120 quartz 469
I ZK0004-100 quartz 415
II DB11-48 quartz 378
II ZK0004-300 quartz 437
II DB11-61 quartz 456
II ZK0004-68 quartz 378
II DB11-43 quartz 364
III DB11-65 quartz 399
III DB11-9-2 quartz 378
III DB11-46 quartz 374
of 1.0 g/cm3) (Fig. 14a). For S2-type fluid inclusions, only minimum
trapping pressures could be calculated via using the empirical
equation proposed by Becker et al. (2008). The minimum trapping
pressures are heterogeneous and range mostly from 500 to 2300
bars (Fig. 14b), significantly higher than that of S1-type inclusions.
The S2-type FIs which homogenize by halite dissolution can either
be caused by direct exsolution from parent magma, or formed
through a process of postentrapment modification, or trapped after
being overpressured (Shu et al., 2013 and references therein). In
view of the coexisting S1- and S2- type FIs, and analogous homog-
enization temperatures of low-salinity inclusions and brine
inclusions in stage I of Dabu deposit, we thus proposed that the
S2-type FIs were generated from the post-entrapment modifica-
tion of S1-ype FIs because of H2O loss (Audétat and Günther,
1999; Klemm et al., 2008).

Besides, the trapping pressures of stage I FIs can also be esti-
mated using the homogenization temperatures and salinities of
the boiling FIs on the basis of microthermometric observations of
inclusions in which vapor is the last phase to homogenize, follow-
ing the methods of Urusova (1975), Haas (1976), and Bodnar et al.
(1985) when assuming a simple NaCl–H2O system. For the Dabu
deposit, the boiling FIs in A-type veins have homogenization tem-
peratures of 272–434 �C and salinities between 2.6 and 40.4 wt%
NaCl equiv., corresponding to entrapment pressures of 5–33 MPa
and mineralization depths of 0.5–3.4 km assuming a hydrostatic
condition (Fig. 15).

Previous studies demonstrated that the ore-related Miocene
intrusions from Qulong (giant), Zhunuo (large) and Dabu (small)
porphyry deposits have comparable geochemical features, such
as high Sr/Y, La/Yb, V/Sc ratios as well as high zircon Ce4+/Ce3+

ratios (Fig. 16; Wang et al., 2006; Yang, 2008; Hu et al., 2015; Lu
et al., 2016; Wu et al., 2016; Zeng et al., 2017), indicative of indis-
tinguishable magmatic oxygen fugacity and water content
between each deposit (Loucks, 2014; Lu et al., 2015). Thus, it seems
likely that shallow hydrothermal process is the main controls on
the formation of Qulong, Dabu, and Zhunuo deposits with different
grade and tonnage, rather than magmatism occurred at the deep
magma chamber. As shown in Fig. 15, boiling FIs in the A-type
veins of Qulong (Xiao et al., 2012) and Zhunuo (Li et al., 2015)
deposits exhibiting final homogenization by vapor disappearance
were also plotted for comparison. The boiling FIs in A-type veins
from Zhunuo deposit have homogenization temperatures of 230–
415 �C and salinities between 6.0 and 45.3 wt% NaCl equiv., corre-
sponding to entrapment pressures of 2–29 MPa (Fig. 15; Li et al.,
2015). For Qulong deposit, the boiling FIs in A-type veins have
homogenization temperatures of ca. 390–450 �C and salinities
between ca. 1.9 and 49.0 wt% NaCl equiv., corresponding to entrap-
ment pressures of 16–42 Mpa (Fig. 15; Xiao et al., 2012). The esti-
mated mineralization depths of Qulong, Dabu and Zhunuo deposits
are 1.6–4.3 km, 0.5–3.4 km and 0.2–3.0 km, respectively. This esti-
mate shows that the mineralization depths of porphyry deposits in
the GPCB gradually decreased from eastern to western segments.
C) d18Oquartz d18OH2O dDH2O

9.3 6.6 �109
8.2 4.5 �115
10.3 5.7 �113
9.3 6.0 �117
10.5 7.5 �122
9.2 4.6 �113
9.3 4.4 �102
10.6 6.5 �99
10.3 5.7 �87
9.8 5.1 �97



Fig. 11. dD and d18O values of the ore fluids in the Dabu Cu–Mo deposit. The
common metamorphic water field, the magmatic water field, SMOW, and the
meteoric water line are from Taylor (1974). The field of quartz in Qulong deposit is
from Yang (2008). SMOW = standard mean ocean water.
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The formation of the giant-sized Qulong deposit with >10 Mt Cu
could be the result of deep processes. As illustrated through exper-
iments that the solubility of H2O and most volatiles in melts
decrease when pressure decrease (Cline, 1995; De Vivo et al.,
2005), therefore, the exsolution of aqueous fluids with large frac-
tion of water and chlorine in deeper levels with higher pressures
can extract more copper from melts, whereas the extracted copper
is smaller in shallow systems due to less dissolved water and chlo-
rine in the melts (Cline and Bodnar, 1991). It is concluded that the
total amount of precipitated metal at shallow levels such as Zhu-
nuo are relatively less than those at deeper levels such as Qulong
if the initial melts are similar. However, the formation of small-
sized Dabu deposit can be explained by the single magmatic-
hydrothermal activity related to Miocene monzogranite porphyry
during mineralization (Fig. 2), whereas multiphase magmatic-
hydrothermal events have been found in both the Zhunuo and
Qulong mining areas which may have provided additional S, metal,
as well as thermal energy, leading to the formation of relatively
larger deposits (Yang, 2008; Zheng et al., 2012b; Li et al., 2015).

Murakami et al. (2010) systematically estimated the formation
depth of 50 major porphyry-style Cu–Au ± Mo deposits worldwide
by using published geological information as well as fluid inclusion
Table 3
Sulfur isotopic data of sulfides from the Dabu deposit.

Sample No. Mineral Stage

DB303-238 Pyrite I
DB303-238 Chalcopyrite I
DB0003-350 Pyrite I
DB0003-350 Chalcopyrite I
DB11-53 Pyrite I
DB11-53 Chalcopyrite I
DB302-334 Chalcopyrite I
DB302-483 Chalcopyrite I
DB11-9 Molybdenite II
DB11-9 Pyrite II
DB11-56 Molybdenite II
DB302-63 Pyrite II
DB302-63 Chalcopyrite II
DB303-206 Chalcopyrite II
DB302-119 Chalcopyrite II
DB003-263 Chalcopyrite II
DB11-61 Pyrite III

Abbreviations: qtz–quartz, ser–sericite, py–pyrite, cpy–chalcopyrite, mol–molybdenite.
microthermometry data. They found general correlations of Cu/Au
ratio, and individual metal grades of Cu, Mo, Au with depth and
pressure of ore formation, and suggest a combination of magma
source characteristics and the subsequent physical–chemical evo-
lution of cooling ore-forming hydrothermal fluids controls on the
metal type and grade variations of porphyry deposits (Murakami
et al., 2010). To better understand the diversity of porphyry Cu-
Mo mineralization in GPCB, a simple comparison of mineralization
depth variations estimated through fluid inclusion data of other
porphyry deposits formed in different geodynamic setting has
been undertaken. As shown in Fig. 17, the mineralization depths
of porphyry Cu-Mo deposits in GPCB are less than 4 km, similar
to those of most porphyry Cu ± Au deposits in the Circum-Pacific
metallogenic belt (CPMB) such as Bingham deposit in Utah
(Redmond et al., 2004), both of which are restricted with the range
of mineralization depths of approximately 1–5 km below the pale-
osurface for most porphyry ore deposits (Pirajno, 2009). In general,
the porphyry Cu deposits in CPMB were formed at relatively
greater depth than porphyry Cu-Au deposits in this belt, whereas
the mineralization of porphyry Cu-Mo deposits in CPMB occurred
at depths of more than 4 km such as La Verde deposit in Mexico
(Fig. 17). Particularly, the Butte porphyry Cu-Mo deposit in Mon-
tana is estimated to have formed at 6 to 9 km, in contrast to
�3 km for most other porphyry-type deposits (Rusk et al., 2004).
This unusually great depth can be interpreted by nearly constant
magmatic fluids expelled at pressures and temperatures above
the immiscibility gap in the CO2–H2O–NaCl system and supercrit-
ical fluids trapped before fluid unmixing, which were repeatedly or
continuously recharged by external volatile sources from deep
magma chamber to account for the formation of gigantic porphyry
deposit at Butte (Rusk et al., 2004, 2008). For porphyry Mo deposits
in the Dabie-Qinling collisional orogens (DQCO) such as Donggou
and Yaochong deposits, their mineralization depths are also higher
than those of porphyry Cu-Mo deposits in GPCB (Fig. 17; Wang
et al., 2014d; Yang et al., 2015b). We therefore conclude that vari-
ations in mineralization depth have a significant control on the for-
mation of porphyry deposits with different metal types (e.g.,
porphyry Cu, Mo, Cu-Au), probably owing to the influence of
emplacement depth of source magma body on the availability of
metals and the salinity of the exsolved fluid (Cline and
Bodnar,1991; Murakami et al., 2010; Richards, 2015).
7.2.2. Sulfur and oxygen isotopic compositions
Sulfur and oxygen isotopic studies can provide useful insights

into the ore-fluid sources of porphyry deposits. The data of S and
Occurrence of sulfide d34SV-CDT (‰)
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Fig. 12. Frequency histogram plots of d34S values for sulfide minerals from the Dabu (a) and Qulong (b) Cu–Mo deposits. d34S values for whole rock Miocene porphyry in the
Dabu and Qulong are also shown for comparison (Meng et al., 2006; Qu et al., 2007). (c) Comparison of the Dabu deposit with other porphyry deposits in the Gangdese
porphyry copper belt (She et al., 2005; Meng et al., 2006; Qu et al., 2007; Wang et al., 2015 b; Zhao et al., 2015; Sun et al., 2017). The d34S value range for magmatic
hydrothermal deposits (shaded area, �3 to +1‰) is from Hoefs (2009). Abbreviations: Py–pyrite, Cpy–chalcopyrite, Mol–molybdenite, Mp–Miocene porphyry.

Table 4
Lead isotopic compositions of sulfides from the Dabu deposit.

Sample No. Mineral 206Pb/204Pb 2r 208Pb/204Pb 2r 207Pb/204Pb 2r

DB11-56 Molybdenite 18.260 0.003 38.472 0.009 15.582 0.003
DB11-59 Pyrite 18.451 0.003 38.666 0.007 15.627 0.003
DB11-9 Pyrite 18.428 0.003 38.645 0.007 15.629 0.003
DB11-61 Pyrite 18.389 0.003 38.679 0.005 15.661 0.002
DB-10 Pyrite 18.488 0.004 38.836 0.008 15.673 0.003
DB11-53 Pyrite 18.268 0.003 38.520 0.007 15.604 0.003
DB11-22 Pyrite 18.350 0.002 38.700 0.004 15.648 0.002

Fig. 13. Plots of 207Pb/204Pb vs. 206Pb/204Pb and 208Pb/204Pb vs. 206Pb/204Pb for sulfide minerals from the Dabu Cu–Mo deposit. Data of sulfides in the Qulong and Chongjiang
deposits and area of mineralization related intrusions in GPCB are from Meng et al. (2006) and Qu et al. (2007). The basemap is from Zartman and Doe (1981).
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Fig. 14. Pressure estimation for fluid inclusions at stage I. a. L-, S1-, and V-type
inclusions at stage I were trapped under boiling conditions, thus the estimated
pressures can represent the actual trapping pressures. Isobars were calculated from
the equations of Driesner and Heinrich (2007). b. S2-type inclusions at stage I were
homogenized by halite dissolution and therefore their estimated pressures only
represent their minimum trapping pressures. Phase diagram used was from Becker
et al. (2008).

Fig. 15. Pressure estimates for boiling FIs that exhibited final homogenization by
vapor disappearance (after Bouzari and Clark, 2006). The data of boiling FIs in early
A-type veins from Qulong and Zhunuo deposits are also plotted here for comparison
(Xiao et al., 2012; Li et al., 2015).
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O isotopes from selected porphyry deposits are summarized in
Fig. 18 and Fig. 19. The d34S values of sulfides from porphyry Cu-
Mo deposits in the GPCB are typically around 0‰, similar to those
of major porphyry Cu ± Au ± Mo deposits in the CPMB with rela-
tively negative d34S values, although parts of which have positive
d34S values such as Butte porphyry Cu-Mo deposit in Montana
and Dizon porphyry Cu-Au deposit in Philippines (Fig. 18; Field
et al., 2005; Imai, 2005). On the contrary, porphyry Mo deposits
in the DQCO have sulfides with distinctly positive d34S values rang-
ing from 0‰ to 10‰, which can be attributed to variations in the
bulk sulfur isotopic composition of the crust-derived magma, to
some degree, contributed by sulfur from wall-rock assimilation
(Fig. 18). Similarly, the calculated d18OH2O values through quartz
samples from porphyry deposits in GPCB and CPMB are in narrow
variations and higher than those of porphyry Mo deposits in the
DQCO that are in relatively wide ranges reflecting the input of
the meteoric water (Fig. 19). It is likely that the ore-forming fluid
compositions of porphyry Cu-Mo deposits in GPCB are similar to
porphyry Cu ± Au ± Mo deposits in CPMB, but differ from porphyry
Mo deposits in DQCO.

7.3. Ore genesis of post-collisional porphyry Cu deposit

The genesis of post-collisional porphyry Cu deposits still
remains controversial. A variety of models have been proposed,
including melting of the residual downgoing slab (Qu et al.,
2004; Omrani et al., 2008; Mao et al., 2014), partial melting of oro-
genic arc lower crust (Shafiei et al., 2009; Li et al., 2011b) or thick-
ened mafic lower crust (Hou et al., 2011). Recently, Lee et al.
(2012b) proposed that remelting of Cu-rich cumulates in the deep
roots of arcs are key steps in the formation of porphyry Cu depos-
its, which emphasized magmatism-related thickness and maturity
of continental arcs have controlled the concentration of Cu in the
resulting magma, rather than sourcing any Cu from the mantle
or subducting slab (Chiaradia, 2013; Lee, 2013). Similarly, Hou
et al. (2015b) studied Jurassic subduction-related Cu–Au and Mio-
cene collision-related Cu–Mo porphyry deposits in southern Tibet,
and suggested that remelting of the lower crustal sulfide-bearing
Cu-rich Jurassic cumulates, triggered by Cenozoic crustal thicken-
ing and/or subsequent slab break-off, led to the generation of giant
Miocene porphyry Cu deposit. Based on the inferred high H2O con-
tents (>10 wt%) of ore-forming high Sr/Y porphyries in southern
Tibet through a geohygrometer for granites using zircon-
saturation thermometry and H2O-dependent phase equilibria, Lu
et al. (2015) proposed that these porphyries were derived from
high-pressure differentiation of hydrous mafic partial melts of
the mantle, rather than from the melting of a thickened mafic
lower crust. On the other hand, Yang et al. (2015a) proposed that
mixing of highly metasomatized lithospheric mantle derived ultra-
potassic magma with adakite-like melt at lower and/or upper-
crustal depths accounts for the formation of Gangdese porphyry
Cu systems, during which time, elevated K2O and exogenous water
were added to magma. All these models were proposed emphasiz-
ing on the magmatic processes at deep magma chamber or near
the crust–mantle boundary, but the shallow hydrothermal pro-
cesses, which are also critical for porphyry-type mineralization,
are poorly studied.

In volcanic arc setting, the fluids related to subduction associ-
ated porphyry Cu ± Au ± Mo deposits were mainly derived from
metamorphic dehydration of subducted oceanic slab percolated
by NaCl-brine or seawater (Sillitoe, 1972; Richards, 2003, 2011b),
therefore resulting in the ore-forming fluid systems being rich in
H2O, Na and Cl, but poor in CO2 (or carbonate), K and F (Chen
et al., 2007, 2008; Chen and Li, 2009). CO2-poor and NaCl-bearing
inclusions are commonly present in the Circum-Pacific metallo-
genic belt such as the Grasberg Cu–Au deposit in Indonesia (Lu,



Fig. 16. Plots: (a) Zircon Ce4+/Ce3+ vs. EuN/EuN
* ; (b) Sr/Y vs. Y (Defant and Drummond, 1993); and (c) V/Sc vs. La/Yb. Published data of zircon and whole-rock trace element for

ore-related Miocene intrusions in Qulong, Zhunuo and Dabu porphyry deposits are fromWang et al. (2006), Yang (2008), Hu et al. (2015), Lu et al. (2016), Wu et al. (2016) and
Zeng et al. (2017). The simulated results of variable degrees of partial melting of different basaltic lower crust from Haschke et al. (2010) and Shafiei et al. (2009).

Fig. 17. Variations of mineralization depth estimated through fluid inclusion data
of major porphyry deposits formed in different geodynamic setting. Data of
porphyry Cu-Mo deposits in GPCB are from Xiao et al. (2012), Li et al. (2015), this
study; Data of porphyry Cu ± Au ± Mo deposits in CPMB are from Redmond et al.
(2004), Rusk et al. (2004), Bouzari and Clark (2006), Murakami et al. (2010). Data of
porphyry Mo deposits in DQCO are from Wang et al. (2014d) and Yang et al.
(2015b). Abbreviations: GPCB–Gangdese porphyry copper belt, CPMB–Circum-
Pacific metallogenic belt, DQCO–Dabie-Qinling collision orogens.
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Fig. 18. Ranges of d34S values of sulfides from selected porphyry deposits formed in
different geodynamic setting. Data of porphyry Cu-Mo deposits in GPCB are from
She et al. (2005), Meng et al. (2006), Qu et al. (2007), Wang et al. (2015b), Zhao et al.
(2015), Sun et al. (2017), this study. Data of porphyry Cu ± Au ± Mo deposits in
CPMB are from Field (1966), Field and Gustafson (1976), Eastoe (1983), Kouzmanov
et al. (2003), Field et al. (2005), Imai (2005), Del Rio Salas et al. (2013), Maydagán
et al. (2013), Hedenquist et al. (2017). Data of porphyry Mo deposits in DQCO are
from Tang (2015) and Chen et al. (2017). The abbreviations are the same as in
Fig. 17.
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2000). In contrast, CO2-bearing inclusions have recently been
reported in the Dabie–Qinling Mo deposits developed in syn- and
post-collisional settings (Chen et al., 2017), because mineral sys-
tems in this region were sourced from the thickened continental
crust that is poor in H2O, Na and Cl, but rich in CO2, K, and F relative
to subducted oceanic crust in island or continental arcs (Tang et al.,
2008, 2009; Chen and Li, 2009). It is evidenced that NaCl as a halite
daughter mineral are common in the fluid inclusions of Dabu
deposit, without CO2-bearing three phases FIs, and similar phe-
nomenons have also been reported in other Miocene porphyry
Cu-Mo deposits in the GPCB (Zhang et al., 2003; Li et al., 2015;
Wang et al., 2015c; Li et al., 2017). The high salinity fluid (NaCl-
rich) could be generated through boiling from an intermediate-
low salinity original fluid or directly exsolved from the magmas.
Actually, the two end members of fluid populations (Fig. 9; 1.1–
23.2% and 30.1–55.8%NaCl equiv.) observed at Dabu deposit cannot
be explained by fluid boiling solely when assuming a widely
believed initial fluids (�5–15% NaCl equiv.) that are lower than
the upper limit (�23.2%) of Dabu low salinity ranges. Therefore,
we prefer the high salinity FIs in Dabu and other deposits in GPCB
to be a diagnostic indicator to reflect the features of primary
magma, rather than the boiling process. The ore-forming
hydrothermal fluids of post-collisional porphyry Cu-Mo deposits
in GPCB of south Tibet were suggested to be enriched in NaCl, in



Fig. 19. Ranges of d18OH2O values of quartz from selected porphyry deposits formed
in different geodynamic setting. Data of porphyry Cu-Mo deposits in GPCB are from
Yang (2008), this study. Data of porphyry Cu ± Au ± Mo deposits in CPMB are from
Harris et al. (2005), Zhang (2000), Del Rio Salas et al. (2013), Gregory (2017). Data of
porphyry Mo deposits in DQCO are from Li et al. (2014b), Wang et al. (2014d), Ni
et al. (2015), Yang et al. (2013, 2015b). The abbreviations are the same as in Fig. 17.
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particular the Cl�, and poor in CO2, comparable to those of por-
phyry Cu ± Au ± Mo deposits in CPMB formed in oceanic
subduction-related continental or island arcs.

In view of all the characteristics claimed above, it is more likely
that the mineralization depth and features of primary magma
source have major controls on the metal types and ore-fluid com-
positions of porphyry deposits. In a deeper magmatic-
hydrothermal ore-forming system (>4 km), greater confining pres-
sure is likely to precipitate Cu ± Mo only, while sulfur-complexed
Au remains dissolved and CO2 has a higher saturation in the
exsolved fluids (Brown et al., 1989; Simon et al., 2000; Murakami
et al., 2010; Seo et al., 2012). Thus, porphyry Mo deposit can be
formed when the primary magma originated from ancient
continental crust such as Yaochong porphyry Mo deposit in Dabie
continental collision orogen that is dominated by CO2-rich and
NaCl-poor ore-fluid (Fig. 17; Wang et al., 2014d). On the other
hand, porphyry Cu-Mo deposit can be formed when the primary
magma related to subducted oceanic slabs such as Butte porphyry
Cu-Mo deposit in continental arc setting that is dominated by both
CO2- and NaCl-rich ore-fluid, in which the CO2 probably derived
from the overlying continental crust above lithospheric mantle
(Fig. 17; Rusk et al., 2004, 2008; Chen and Li, 2009). Otherwise,
under shallower levels of mineralization depth (<4 km), the solu-
bility of both metals decrease rapidly and CO2 would escape from
the fluids due to their lower saturation, resulting in the precipita-
tion of Cu, Au, Mo and the trapping of CO2-poor fluid inclusions. For
example, if the magma source originated from subducted oceanic
slabs, porphyry Cu-Au mineralization could occur (approximately
<2 km) such as Dizon porphyry Cu-Au deposit in island arc setting
(Fig. 17; Imai, 2005). For porphyry Cu-Mo deposits in GPCB, they
share analogous ore-forming conditions with porphyry
Cu ± Au ± Mo deposits in CPMB, including the mineralization depth
(<4 km; Fig. 17), and magmatic S (cluster 0‰; Fig. 18) and O (5‰ to
10‰; Fig. 19) isotopic compositions of ore-fluids. Although they
were formed in a post-collisional setting after the collision of
Indian and Asian plates, their magma sources still experienced a
long-lived northward subduction of the Neo-Tethyan ocean slab
(Wen et al., 2008; Chung et al., 2009; Ji et al., 2009). During such
processes, the Miocene ore-related high Sr/Y intrusions would
inherit previously subduction-associated arc magma features with
high NaCl contents sourcing from subducting slab-derived fluid
and oceanic sediments through metamorphic dehydration and
metasomatism, as supported by their indistinguishable arc geo-
chemical characteristics (Qu et al., 2004; Hou et al., 2015b; Wu
et al., 2016). When the fertile magma ascends to shallow depths
of 2–4 km, without shallow crustal assimilation and input of the
meteoric water, the hydrothermal fluid that are CO2-poor, halite-
bearing, high temperature, high salinity and high oxygen fugacity,
begins to exsolve from magmatic melt due to the saturation of
volatiles. The subsequent fluid boiling causes the precipitation of
metals to form porphyry Cu and Mo mineralization in GPCB.

8. Conclusions

The Dabu deposit is a small-sized porphyry Cu–Mo deposit in
the Gangdese porphyry copper belt (GPCB). The hydrothermal
mineralization process includes three stages, namely stage I
quartz–K-feldspar (biotite)±chalcopyrite ± pyrite veins, stage II
quartz–molybdenite ± pyrite ± chalcopyrite veins, and stage III
quartz–pyrite ± molybdenite veins. The ore-forming fluids are
characterized by high temperature and high salinity, belonging to
a H2O–NaCl magmatic–hydrothermal system. The ore-forming
materials show evidence of a magmatic origin related to the Mio-
cene high Sr/Y intrusions in the GPCB, and boiling is the major fac-
tor in metal precipitation.

The estimated pressures of Qulong, Dabu and Zhunuo deposits
are 16–42 MPa, 5–33 MPa, and 2–29 MPa, corresponding to miner-
alization depths of 1.6–4.3 km, 0.5–3.4 km and 0.2–3.0 km, respec-
tively, displaying a gradually decreasing trend from eastern to
western Gangdese. The relatively deep ore-forming depth andmul-
tiphase magmatic-hydrothermal activities are conducive to the
formation of giant-sized porphyry deposits.

The ore-forming conditions of porphyry Cu–Mo deposits in
GPCB, including mineralization depth and ore-fluid composition,
are similar to those of porphyry Cu ± Au ± Mo deposits formed in
oceanic subduction-related continental or island arcs (<4 km;
NaCl-rich, CO2-poor), but differ from those of porphyry Mo deposit
formed in intracontinental collision regimes during or after oroge-
nesis (>4 km; CO2-rich, NaCl-poor). The inheritance of previously
subduction-associated arc magma features through metamorphic
dehydration and metasomatism of slab-derived fluid and oceanic
sediments, without shallow crustal assimilation and input of the
meteoric water during thickening and shortening, was responsible
for the generation of post-collisional CO2 poor, and Na, Cl enriched
FIs associated with Miocene porphyry Cu-Mo deposits in Tibet.
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