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ABSTRACT

The Duobuza porphyry copper–gold deposit (proven Cu resources of 2.7 Mt, 0.94% Cu and 13 t gold,

0.21 g t)1 Au) is located at the northern margin of the Bangong-Nujiang suture zone separating the Qiangtang

and Lhasa Terranes. The major ore-bearing porphyry consists of granodiorite. The alteration zone extends from

silicification and potassic alteration close to the porphyry stock to moderate argillic alteration and propylitization

further out. Phyllic alteration is not well developed. Sericite-quartz veins only occur locally. High-temperature,

high-salinity fluid inclusions were observed in quartz phenocrysts and various quartz veins. These fluid inclusions

are characterized by sylvite dissolution between 180 and 360�C and halite dissolution between 240 and 540�C,

followed by homogenization through vapor disappearance between 620 and 960�C. Daughter minerals were

identified by SEM as chalcopyrite, halite, sylvite, rutile, K–feldspar, and Fe–Mn-chloride. They indicate that the

fluid is rich in ore-forming elements and of high oxidation state. The fluid belongs to a complex hydrothermal

system containing H2O – NaCl – KCl ± FeCl2 ± CaCl2 ± MnCl2. With decreasing homogenization temperature,

the fluid salinity tends to increase from 34 to 82 wt% NaCl equiv., possibly suggesting a pressure or Cl ⁄ H2O

increase in the original magma. No coexisting vapor-rich fluid inclusions with similar homogenization tempera-

tures were found, so the brines are interpreted to have formed by direct exsolution from magma rather than

trough boiling off of a low-salinity vapor. Estimated minimum pressure of 160 MPa imply approximately 7-km

depth. This indicates that the deposit represents an orthomagmatic end member of the porphyry copper deposit

continuum. Two key factors are proposed for the fluid evolution responsible for the large size of the gold-rich

porphyry copper deposit of Duobuza: (i) ore-forming fluids separated early from the magma, and (ii) the hydro-

thermal fluid system was of magmatic origin and highly oxidized.
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INTRODUCTION

The study of fluid inclusions in porphyry Cu (±Mo ± Au)

deposits is an effective tool to trace the ore-forming pro-

cess (Roedder 1984; Bodnar 1995; Heinrich et al. 2005,

Heinrich 2007). Fluid exsolution from hydrous magma

plays an important role in mineralization (Hedenquist &

Lowenstern 1994; Webster 1997; Audétat & Pettke 2003;

Imai 2005; Kamenetsky & Kamenetsky 2010), and early

fluid exsolution is favorable for economic mineralization

because it favors the transfer of ore-forming elements into

the fluid (Candela & Holland 1986; Zhang et al. 2001;

Li et al. 2006). Commonly, a relatively low-salinity fluid

exsolves from the magma. Because of the decompression,

the fluid unmixes (‘boils’) and produces a high-salinity

brine and a vapor-rich fluid. At lower temperature, liquid-

rich inclusion of lower salinity can be produced by

meteoric water addition and dilution (Hedenquist et al.

1998; Li et al. 2006, 2007). However, the time and pres-

sure of the initial fluid exsolution from the magma and the

transition from the magmatic to the hydrothermal stage

remain unclear.
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Petrographic study of the Duobuza porphyry copper–

gold deposit has shown abundant fluid inclusions. The

characteristics and evolution of fluids below �600�C have

been systematically studied by She et al. (2006) and Li

et al. (2007). In this study, we focus on magmatic fluid

inclusions of higher temperature and high salinity discov-

ered in the Duobuza porphyry copper–gold deposit.

Through the study of these inclusions, we explore the ini-

tial time, pressure, and mechanism of fluid exsolution from

the magma and the magmatic-hydrothermal evolution con-

tributing to porphyry copper–gold mineralization.

GEOLOGIC SETTING OF THE DUOBUZA
DEPOSIT

The Duobuza porphyry copper–gold deposit was discov-

ered by No.5 Geological Team, Tibet Bureau of Geology

and Exploration in 2000. It has now been confirmed to be

a high-grade and world-class deposit. The ore district is

located 100 km northwest of Gerze country. It was found

between the southern edge of the Qiangtang block and

the northern margin of the Bangong-Nujiang suture zone

(Fig. 1A). The geochemical characteristics of the magmatic

rocks indicate that the deposit was formed in a continental

arc setting (Li et al. 2008b). The Duobuza porphyry cop-

per–gold deposit is located at the NWW margin of a large

circular structure in an east–west trending uplifted block of

�30 km length and �10 km width. The stratigraphy is

mainly made up of the Middle Jurassic Yanshiping group,

the Late Cretaceous Meiriqie group (K1m), the Early Ter-

tiary Kangtuo group (N1k), and partial Quaternary cover

(Fig. 1B). The Middle Jurassic Yanshiping group shows an

interbedded volcanoclastic to littoral facies distribution

with EW trending extension, 50�–80� dipping toward

NWW, and it consists of arkose and siltstone interbedded

with basalt and dacite. The Late Cretaceous Meiriqie

group contains volcanoclastic andesite rich in plagioclase

and amphibole phenocrysts.

Mafic to intermediate hypabyssal rocks intruded the

Middle Jurassic Yanshiping group strata. They mainly com-

prise gabbro, diabase porphyry, diorite, quartz diorite,

quartz diorite porphyry, granodiorite porphyry, and mostly

appear as stocks and dykes. The granodioritic porphyry

stock is the main ore-bearing intrusion. The intrusion is

partly exposed as an elongated band (200 · 1000 m)

in the northeastern part of the ore district and in the
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Fig. 1. Tectonic and location map (A, after Hou

et al. 2004) and generalized geological map of

the Duobuza porphyry copper–gold district in

the Bangonghu tectonic belt (B, after Li 2008a).
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southwestern part as an elliptical outcrop (300 · 200 m),

with mineralization extending over an area of 1400

· 500 m (Fig. 1B). On the basis of the alteration character-

istics, the volcanic rocks can be divided into pre-, syn-, and

postmineralization basaltic andesites (Fig. 1B). The ore-

bearing granodiorite porphyry intruded the basaltic andesite

and was responsible for its propylitic alteration. The geo-

chemical characteristics of the porphyries and all volcanic

rocks show that they have the characteristics of arc magmas

(Li et al. 2008b): a high-K, calc-alkaline series depleted in

HFSE (such as Nb, Ta, Zr and Hf) and enriched in large ion

lithophile elements such as Rb and Ba, ranging from basaltic

rocks (SiO2 49–53%) to granodioritic composition (SiO2

65–68%). The SHRIMP zircon U-Pb age of the ore-bearing

granodiorite porphyry is 121.6 ± 1.9 Ma (Li et al. 2008b),

indicating that this deposit formed in the Early Cretaceous

as a result of the subduction of the Neo-Tethys Ocean (Mo

& Pan 2006; Shi 2007).

Hydrothermal alterations and veinlet characteristics

The emplacement of the granodiorite porphyry stock was

responsible for a wide range of hydrothermal alteration.

Detailed mapping revealed albitization, biotitization, serici-

tization, silicification, epidotization, chloritization, carbon-

atization, illitization, and kaolinization. The area of

alteration spreads more than 10 km2. The main wall rock

alteration zones extending outward from the ore-bearing

porphyry center can be divided into potassic alteration,

partly superimposed moderate argillic alteration and adja-

cent propylitization (Fig. 2). Phyllic alteration is not well

developed, and sericite-quartz veins only occur locally.

Hydrothermal magnetite is abundant and occurs in consis-

tent association with copper sulfides and gold.

Micro-fractures and fissures are well developed within the

deposit. Their exceptionally high frequency is between 60

and 500 per meter, but a mean range is between 95 and

350 per meter. Fissure and veinlet frequency correlate with

high ore grades. A series of thicker veins (0.5–1.5 cm)

developed concurrently (Li et al. 2007; Li 2008a). On the

basis of mineralogy and cross-cutting relationships, we clas-

sified several vein types into three main stages (Table 1).

Stage 1: biotite veins (corresponding to the EB type of Gus-

tafson & Quiroga 1995), K-feldspar – biotite – chalcopyrite

– quartz veins, quartz – chalcopyrite – magnetite veins

(A-type, Gustafson & Hunt 1975), and quartz – magnetite

– biotite – K-feldspar veins, all in potassic alteration zone;

Stage 2: quartz – chalcopyrite veins with chalcopyrite occur-

ring in the center of the vein (B-type, Gustafson & Hunt

1975), quartz – chalcopyrite – pyrite veins, quartz – pyrite

veins, quartz – molybdenite – chalcopyrite veins in the mod-

erate argillic alteration zone; Stage 3: gypsum veins, quartz

– pyrite veins, gypsum – chalcopyrite veins and calcite veins

in the wall rock.

Mineralization characteristics

The northern ore segment of the Duobuza ore district

occurs in the granodiorite porphyry, in its contact zone

with wall rocks, and in the potassic and superimposed

moderate argillic alteration zones. The orebody has been

defined over a width of 100�400 m in north–south direc-

tion, an east–west strike length of 1400 m, a vertical extent

of about 500 m from outcrop, and it dips between 65�
and 80� toward 200�. The proven metal resource is of

2.7 million tons Cu with grade of 0.94% and 13 tons Au

with 0.21 g t)1, but prospective resources may extend to

4–5 Mt Cu and 30–50 t Au (unpublished report by No.5

Geological Team, Tibet Bureau of Geology and Explora-

tion in 2003). Microscopic petrography indicates that cop-

per and gold mineralization dominantly occurred in the

early potassic alteration stage. Main hypogene ore minerals

are chalcopyrite and magnetite, followed by pyrite, hema-

tite, rutile, minor chalcocite, bornite, and native gold. The

amount of chalcopyrite is greater than bornite, and both

exceed pyrite. Gangue minerals are K-feldspar, albite,

quartz, sericite, chlorite, carbonate, illite, and gypsum.

Only one small molybdenite – quartz vein was identified.

Vertical gradients in mineralization are as follows: stock-

work veinlets and disseminated copper decrease from the

upper part of the ore body to depth. Preliminary analysis

revealed that there is a positive correlation between gold

and copper (Li et al. 2007), without any systematic varia-

tion in Cu ⁄ Au ratio with depth. A secondary enrichment

zone of 70–100 m thickness (Fig. 1B) was defined
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Fig. 2. The cross-section of Duobuza porphyry copper–gold deposit, Tibet

(modified from Li et al. 2007).
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surrounding the southwestern part of the deposit. Its aver-

age copper grade is higher than 1.17%, and its average

gold grade is 0.28 g t)1. Ore minerals are malachite, azur-

ite, limonite, chalcocite, native copper, and cuprite.

SUMMARY OF INTERMEDIATE-TO-LOW
TEMPERATURE FLUID INCLUSIONS

The intermediate to low-temperature fluid inclusions in

the Duobuza porphyry copper–gold deposit were studied

in detail by Li et al. (2007). According to the phase rela-

tions at room temperature and the characteristics of phase

transition upon heating, fluid inclusions in quartz pheno-

crysts and quartz-bearing veins (A type, B type and others;

Table 1) are divided into three types: liquid-rich inclusions,

vapor-rich inclusions, and multiphase brine inclusions.

Vapor-rich inclusions are interpreted to be coeval with

multiphase brine inclusions or abundant liquid-rich inclu-

sions, indicating that the ore-forming fluid was boiling

(Li et al. 2007).

Homogenization temperatures of fluid inclusions varied

from 130 to 600�C (Li et al. 2007). The bulk of liquid-

rich inclusions was homogenized below 350�C by vapor

phase disappearance. Multiphase brine and vapor-rich

inclusions were homogenized between 350 and 600�C.

Vapor-rich inclusions were homogenized by liquid disap-

pearance, and multiphase brine fluid inclusions were

homogenized by halite dissolution or vapor disappearance

(Li et al. 2007). The salinity of fluid inclusions varies from

0.8 wt% NaCl equiv. to 82 wt% NaCl + KCl equiv. and

can be divided into three salinity ranges (Li et al. 2007): a

low-salinity range of <20 wt% NaCl equiv. for liquid- and

vapor-rich inclusions; a high-salinity range of 30–60 wt%

NaCl equiv. for halite-bearing vapor-rich inclusions and

multiphase brine inclusions; and an ultra-high salinity

range of 60–82 wt% NaCl + KCl equiv. for multiphase

brine inclusions.

Ore-forming fluid was separated into a low-salinity vapor

and a high-salinity multiphase brine because of boiling

between 400 and 600�C. Both inclusion types were possi-

bly trapped at estimated pressures between 30 and 80 MPa

(Li et al. 2007). Halite-bearing vapor-rich inclusions with

salinities of 30–40 wt% NaCl equiv. may have formed from

a fluid that exsolved directly from the magma. Liquid-rich

inclusions with homogenization temperatures from 130 to

400�C and a salinity range from 0.7 to 22 wt% NaCl

equiv. may be the result of vapor phase contraction (Hein-

rich et al. 2004; Li et al. 2007). The corresponding O and

H stable isotope data indicate a dominantly magmatic

source (Li 2008a).

HIGH-TEMPERATURE AND HIGH-SALINITY
FLUID INCLUSIONS

Sample description and methods

We studied fluid inclusions in quartz phenocrystals and

quartz veins of ore-forming porphyric and wall rock sam-

ples (Table 1), collected from outcrops and drill cores

intersecting the northeastern partition of the Duobuza

copper deposit (Figs 1B and 3; Table 2). Over 50 samples

were studied for inclusion type, abundance, and their

Table 1 Characteristics of various veinlets (from early to late) in the Duobuza porphyry copper–gold deposit.

Veinlet type Distribution Shape Width (mm) Minerals amount (%) Alteration zone

Q-Mt-Cp veinlet

(A type, Gustafson & Hunt 1975)

Dominate in the ore-forming

granodiorite porphyry

Irregular 5–10 Q (60–90), Mt (5–20), Cp (5–20) Potassic

Q-Mt ± Bio ± Kfs ± Cp veinlet Irregular 0.5–5 Q (50–70), Bio (5–10), Kfs

(10–15) Mt (5–10), Cp (10–15)

Q-Mt veinlet Irregular 5–10 Q (80–90), Mt (10–20)

Bio veinlet (EB type,

Gustafson & Quiroga 1995)

Irregular 1–2 Bio (90–100), Mt (0–5), Cp (0–5)

Kfs veinlet Irregular 3–5 Kfs (90–95), Q (5–10)

Q-Cp veinlet (B type,

Gustafson & Hunt 1975)

Flat 5–20 Q (70–80), Cp (20–30)

Q-Cp-Mo veinlet In the ore-forming granodiorite

porphyry and wall rock

Flat 2–10 Q (60–70), Cp (15–20),

Mo (15-20)

Moderate argillization

Q-Cp-Py veinlet Flat 2–10 Q (50–70), Cp (10–15), Py (20–35)

Q-Ser veinlet Dominate in the wall rock,

less in the ore-forming

granodiorite porphyry

Irregular 2 Q (50–70), Ser (20–30), Py (10–20)

Q-Py veinlet (D type,

Gustafson & Hunt 1975)

Flat 5–10 Q (70–80), Py (20–30)

Gy veinlet In the ore-forming granodiorite

porphyry and wall rock

Irregular 0.1–2 Gp (90–100), Cal (0–10) Moderate argillization

and propylitizationGy-Cp ± Py veinlet Irregular 5–6 Gp (60–80), Cp (5–10), Py (15–30)

Cal veinlet Dominate in the wall rock Irregular 20 Cal (100)

Q, Quartz; Kfs, K-feldspar; Bio, Biotite; Chl, Chlorite; Gp, Gypsum; Cal, Calcite; Mt, Magnetite; Rut, Rutile; Hem, Hematite; Cp, Chalcopyrite; Bn, Bornite;
Mo, Molybdenite; Py, Pyrite.
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spatial distribution. Five of these samples were further ana-

lyzed by microthermometry, SEM-EDS for daughter-min-

eral analysis and ⁄ or Raman spectroscopy. Over 40 fluid

inclusions were analyzed by microthermometry. Microther-

mometric measurements were made in the fluid inclusion

laboratory of the Institute of Geology and Geophysics,

Chinese Academy of Sciences. Heating experiments were

performed using a Linkam THMSG 1500 stage with

a measured precision of ±20�C. Freezing experiments were

performed using a Linkam THMS 600 fluid inclusion stage

with liquid nitrogen cooling (effective range )100 to

600�C). The salinity of fluid inclusions are obtained by the

equation of Sterner et al. (1988) for inclusions containing

halite, and from the H2O-NaCl-KCl diagram of Roedder

(1984) for three-phase inclusions containing halite and syl-

vite. Pressure is estimated from the P-T diagram of the

H2O-NaCl system (Bodnar et al. 1985).

Daughter minerals in fluid inclusions were identified

using scanning electron microscope-energy dispersive spec-

trometry (SEM-EDS) in the SEM laboratory of the Insti-

tute of Geology and Geophysics, Chinese Academy of

Sciences. SEM-EDS analyses and secondary electron

(SEM-SE) images were acquired on carbon-coated quartz

fragments at an electron acceleration potentials of 15 kV.

Only one vapor-rich fluid inclusion tested by Raman spec-

troscopy showed detectable CO2.

Petrography of high-temperature and high-salinity

inclusions

High-temperature fluid inclusions are widely distributed in

quartz phenocrysts, but relatively rare in the veins

(Table 3). These inclusions are very scarce and they are

restricted to discrete domains, where they are either iso-

lated or clustered, implying that they are primary fluid

inclusions (Roedder 1984). Petrographic observations indi-

cate that there are any coexisting low-salinity, vapor-rich

inclusions. The size of the inclusions was always smaller

than 25 lm. They are not petrographically distinguishable

from abundant brine inclusions showing homogenization

temperatures of <600�C. Vapor usually accounts for 20–30%

volume of fluid inclusions, liquid for 10–30%, and daughter

minerals for 50–60%. The fluid inclusions contain halite and

sylvite and commonly additional opaque minerals (Fig. 4)

such as chalcopyrite and hematite. Chalcopyrite is identified

by its triangle shape (Fig. 5A). Hematite shows a characteris-

tic red color and is insoluble during heating, probably

attributed to H2 loss (Mavrogenes & Bodnar 1994). Sylvite

Table 2 Characteristics of high-temperature fluid inclusions from Duobuza porphyry copper–gold deposit.

Sample

Number Depth (m) Lithology Host minerals

Fluid inclusions

types

Salinity (wt%

NaCl equiv.)

Homogenization

temperature (�C)

Pressure

(MPa)

DEJ1-1 Surface Argillic-silicified

granodiorite porphyry

Quartz phenocryst A, B, C, D, F 48�73 616�729 40�110

Vein quartz B 51 683 80

DE1-8 Surface Silicified-argillic

granodiorite porphyry

Quartz phenocryst A, B, D 34�56 714�935 110�160

Vein quartz A, B, C 40�62 680�890 60�160

ZK001-72 72 Potassic-argillic

granodiorite porphyry

B-type vein quartz B 45–54 800�850 120�130

ZK002-366 366 Potassic-argillic

granodiorite porphyry

Quartz phenocryst A, B, C 39�50 729�857 90�150

A-type vein quartz A, B, D, E, F 40�61 648�957 100�160

ZK0802-225 225 Silicified-propylitic wall rock Vein quartz A, C, D 53�74 650�850 70�130

(A) (B) (C) (D) (E)

Fig. 3. Fluid inclusions section of hosting high-temperature and salinity fluid inclusions. (A) Argillization-silication granodiorite porphyry and developing

quartz-chalcopyrite (Cp) vein with irregular vein wall; (B) Silicification-argillization granodiorite porphyry and developing quartz-chalcopyrite vein with straight

vein wall; (C) potassic-argillization granodiorite porphyry and developing B-type vein; (D) potassic-argillization granodiorite porphyry and developing A-type

vein; (E) silicification-chloritization wall rock (basaltic-andesitic volcanic rocks) and developing quartz-chalcopyrite vein.
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is characterized by its slightly rounded shape and high sol-

ubility. Halite forms perfect uncolored cubes. Some inclu-

sions contain unknown transparent minerals (Fig. 4E,F),

which mainly occurred as sub-rounded crystals and need

further identification. In addition, glassy melt inclusions

were also observed in quartz phenocrysts and early quartz-

bearing veins. According to the type and number of

daughter minerals at room temperature, inclusions are

divided into six types as described in Table 3. We used the

SEM to identify chalcopyrite, rutile, K-feldspar, and Fe-Mn

bearing chloride (Fig. 5), which are also observed in other

porphyry copper deposits of the world (Anthony et al.

1984; Roedder 1984; Bodnar 1995; Fan et al. 1998; Xie

et al. 2006).

Halite and sylvite from high-temperature inclusions dis-

appeared early during heating, whereas the vapor disap-

peared last. Sylvite generally dissolved between 180 and

360�C, followed by halite dissolution between 240 and

540�C. Homogenization through vapor disappearance was

observed between 620 and 960�C (Figs 6 and 7). The dis-

solution temperature of unknown minerals mainly occurred

in two temperature ranges, from 550 to 650�C (anhy-

drite?) and from 850 to 950�C. The latter is higher than

the homogenization temperature of fluid inclusions.

Hematite is insoluble at 900�C, but its volume becomes

smaller. The disappearance temperature of an opaque min-

eral was measured at about 1030�C.

DISCUSSION AND CONCLUSION

Exsolution of high-temperature and high-salinity fluid

In a homogenization temperature versus salinity (wt%

NaCl.equiv) diagram (Figs. 6 and 7), the fluid inclusions

plot in a relatively wide salinity range between 34 and 82

wt% NaCl equiv. This is below the halite saturation curve

and indicates that the fluid was not saturated with NaCl

(A) (B)

(C) (D)

(E) (F)

Fig. 4. Types of fluid inclusions with high-temperature and salinity from

Duobuza porphyry copper–gold deposit. The fluid inclusions (A, B, E) con-

tain vapor, liquid, and halite, sylvite, opaque mineral, unidentified mineral,

hematite. The fluid inclusions (C, D) contain vapor, liquid, and halite, opa-

que mineral and/or hematite. The fluid inclusion (F) contains vapor, liquid,

and unidentified mineral. Abbreviations: H, Halite; Sy, Sylite; V, Vapor; Op,

Opaque mineral; Uns, Unidentified mineral; Hem, Hematite.

Table 3 Types and characteristics of fluid inclusions of high temperature from Duobuza porphyry copper–gold deposit*.

Fluid

inclusion

types

Characters of inclusions at the temperature of 25�C

Occurrence

Homogenization

Shape Phase composition

Phase

number

Daughter

mineral

Size

range(lm) Behavior

Salinity (wt%

NaCl equiv.)

Temperature

(�C)

A Oval, negative

crystal shape

L + V + H 3 H 6�12 Quartz phenocrysts and

quartz veins, more in

phenocrysts

Vapor

disappearance

39.3�65.5 729�957

B Oval, negative

crystal shape

L + V + H +

Op1 ± (Op2)

3�4 H, Op 5�15 Quartz phenocrysts and

quartz veins, more in

phenocrysts

Vapor

disappearance

34.2�50.5 616�935

C Oval, negative

crystal shape

L + V + H ±

Op ± Hem ± Uns

4�6 H, Op, Hem,

Uns

6�15 Quartz phenocrysts and

quartz veins, more in

phenocrysts

Vapor

disappearance

49.2�72.7 652�761

D Oval, negative

crystal shape

L + V + H + Sy ±

Op ± Hem ± Uns

5�7 H, Op, Hem,

Uns, Sy

6�14 Quartz phenocrysts and

quartz veins, more in

phenocrysts

Vapor

disappearance

43�82 689�881

E Oval, negative

crystal shape

L + V 2 8�15 Quartz phenocrysts Liquid

disappearance

600�700

F Oval, negative

crystal shape

L + V ± Op (±Uns) 3�4 Op, Uns 4�6 Quartz phenocrysts and

quartz veins

Vapor

disappearance

740�940

*The fluid inclusions are classified by room temperature, phase composition and behavior of homogeneous patterns. Abbreviations: H, Halite; Sy, Sylite; V,
Vapor; Op, Opaque mineral; Uns, Unidentified mineral; Hem, Hematite.

High-temperature magmatic fluid 139

� 2011 Blackwell Publishing Ltd, Geofluids, 11, 134–143



during trapping. Generally, there are two potential causes

for the formation of high-salinity fluid inclusions contain-

ing halite in porphyry copper deposits: (i) pressure reduc-

tion and phase separation from a low-salinity fluid

(Burnham 1979; Hedenquist & Lowenstern 1994; Heden-

quist et al. 1998; Ulrich et al. 2002; Klemm et al. 2007;

Landtwing et al. 2010); (ii) direct exsolution from the

magma (Roedder & Coombs 1967; Cline & Bodnar 1991;

Lowenstern 1994; Shinohara 1994; Bodnar 1995; Kame-

netsky et al. 1999; Campos et al. 2002, 2006; Veklser

2004; Webster & Mandeville 2007). As there are no low-

salinity vapor inclusions coexisting with high-temperature

brines in the Duobuza porphyry copper–gold deposit, we

suggest that these saline fluids have directly exsolved by

magma immiscibility, rather than by later boiling or con-

densation from a low-salinity fluid. Minimal trapping pres-

sures for fluid inclusions of the Duobuza porphyry copper–

gold deposit are estimated between 50 and 160 MPa
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(Fig. 8). Experimental studies have shown that at 700�C
and at pressure above 130 MPa, the first exsolved mag-

matic fluids are single-phase and high-saline fluids, fol-

lowed by a gradual salinity decrease during magma

crystallization (Kilinc & Burnham 1972; Cline & Bodnar

1991; Candela & Piccoli 1995). At intermediate and low

pressures (<130 MPa), initial magmatic fluids are of low

salinity but gradually increase in salinity with magma crys-

tallization. And the fluid is separating into a low-salinity

vapor and a high-salinity brine (Cline & Bodnar 1991;

Shinohara 1994; Webster & Mandeville 2007). On the

basis of the observation of high-salinity brines only, we

interpret that they directly exsolved from the magma at

pressures >130 MPa. This minimum pressure is consistent

with the experimental stability of a 40 wt% NaCl equiv.

fluid homogenizing at 950�C requiring a minimum pres-

sure of about 160 MPa (Fig. 8; Bodnar et al. 1985). The

salinity of initial exsolving fluid is positively correlated with

pressure and Cl ⁄ H2O ratio in the original magma (Cline

& Bodnar 1991; Shinohara 1994; Candela & Piccoli

1995; Webster 2004; Webster & Mandeville 2007). The

slight increasing salinity with decreasing homogenization

temperature (Fig. 7) may be the result of increasing pres-

sure or Cl ⁄ H2O ratio (probably caused by hornblende

crystallization; Cline & Bodnar 1991).

A model for magmatic to hydrothermal evolution of

fluids at Duobuza

Observations of high-temperature and high-salinity fluid

inclusions in combination with published information

about intermediate-to-low temperature (£600�C) fluid

inclusions (Li et al. 2007) indicate the following fluid

evolution in the Duobuza porphyry copper–gold deposit.

(1) At a temperature of 700–1000�C and a minimum pres-

sure of about 110–160 MPa (lithostatic pressure at

depth of 4–7 km), the magma reached saturation of a

high-salinity magmatic fluid (cf. Cline & Bodnar 1991;

Shinohara 1994; Bodnar 1995; Kamenetsky et al.

1999; Campos et al. 2006; Webster & Mandeville

2007). We cannot exclude the additional presence of a

vapor phase, but there is no fluid inclusion evidence

for this. The fluid extracted Cu, Au, and other ore-

forming elements from the magma.

(2) At a temperature of 600–700�C and a pressure of

about 80–100 MPa (lithostatic pressure, depth of

around 3�4 km), the measured homogenization tem-

perature of a vapor-rich inclusion in the ZK002-366

quartz phenocrystal at 697�C is taken to indicate the

highest vapor separation temperature (Hedenquist

et al. 1998).

(3) At 400–600�C and 30–80 MPa (lithostatic pressure,

depth of 1�3 km; Fournier 1999), the magmatic fluid

underwent extensive boiling (Li et al. 2007). At this
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time, the pressure of magma was below the pressure

(<130 MPa) required for single-phase fluid exsolution

and separated into brine and vapor (Cline & Bodnar

1991; Shinohara 1994). Boiling temperature and pres-

sure decrease and possibly other factors resulted in the

precipitation of Cu, Au, and other elements at this

stage (Hedenquist & Lowenstern 1994; Hedenquist

et al. 1998; Redmond et al. 2004; Li et al. 2007).

(4) At a temperature lower than 400�C and a minimum

pressure of about 5–25 MPa (hydrostatic pressure,

depth of 0.5–2.5 km), low-salinity aqueous liquid may

have formed by cooling and contraction of magmatic

vapor (Heinrich et al. 2004). This is consistent with

the relatively great depth inferred for the deposit

(Li et al. 2007).

In conclusion, we suggest that the large size and

relatively high ore grade of the Duobuza porphyry copper–

gold deposit was favored by direct high-temperature exso-

lution of highly saline magmatic fluids from an oxidized

hydrous granodioritic magma. The fluid transferred sulfur

and metals from the crystallising melt into lower-tempera-

ture veins where ore minerals precipitated.
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