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Abstract The Naozhi Au–Cu deposit is located on the conti-
nental margin of Northeast China, forming part of the West
Pacific porphyry–epithermal gold–copper metallogenic belt. In
this paper, we systematically analyzed the compositions, ho-
mogenization temperatures, and salinity of fluid inclusions as
well as their noble gas isotopic and Pb isotopic compositions
from the deposit. These new data show that (1) five types of
fluid inclusions were identified as pure gas inclusions (V-type),
pure liquid inclusions (L-type), gas–liquid two-phase inclusions
(W-type, as the main fluid inclusions (FIs)), CO2-bearing inclu-
sions (C-type), and daughter-mineral-bearing polyphase inclu-
sions (S-type); (2) W-type FIs in quartz crystals of early, main,
and late stage are homogenized at temperatures of 324.7–406.7,
230–338.8, and 154.6–308 °C, with salinities of 2.40–7.01 wt%
NaCleq, 1.73–9.47 wt% NaCleq, and 6.29 wt% NaCleq, respec-
tively. S-type FIs in quartz crystals of early stage are homoge-
nized at temperatures of 328.6–400 °C, with salinities of 39.96–
46.00 wt% NaCleq; (3) Raman analysis results reveal that the
vapor compositions of early ore-forming fluids consisted of CO2

and H2O, with H2O gradually increasing and CO2 being absent
at the late mineralization stage; (4) fluid inclusions in pyrite and
chalcopyrite have 3He/4He ratios of 0.03–0.104 Ra, 20Ne/22Ne
ratios of 9.817–9.960, and 40Ar/36Ar ratios of 324–349. These
results indicate that the percentage of radiogenic 40Ar* in fluid
inclusions varies from 8.8 to 15.5 %, containing 84.5–91.2 %
atmospheric 40Ar; (5) the 206Pb/204Pb, 207Pb/204Pb, and
206Pb/204Pb ratios of sulfides are 18.1822–18.3979, 15.5215–
15.5998, and 38.1313–38.3786, respectively. These data com-
bined with stable isotope data and the chronology of diagenesis
andmetallogenesis enable us suppose that the ore-forming fluids
originated from the melting of the lower crust, caused by the
subduction of an oceanic slab, whereas the mineralized fluids
were exsolved from the late crystallization stage and subse-
quently contaminated by crustal materials/fluids during ascent,
including meteoric water, and the mineral precipitation occurred
at a shallow crustal level.
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Introduction

Epithermal Cu–Ag deposits are an important part of the
epithermal–porphyry copper–gold mineralization systems.
These epithermal deposits commonly occur at shallower
crustal levels than porphyry type deposits, and Au–Ag miner-
alization and wall rock alteration take place by distinctively
chemically different hydrothermal fluids (Hedenquist and
Lowenstern 1994; Cooke and Simmons 2000; Mao et al.
2003; Groves and Bierlein 2007; Sillitoe 2008). Since the
1970s, a number of world class super large-scale epithermal
gold (copper) deposits have been discovered in the Circum
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Pacific, Mediterranean–Himalaya orogen, and the Mongolia-
Okhotsk Belt (Jiang et al. 2004).

Yanbian area is located near the continental margin of
Northeast China, containing porphyry deposit (Nongping) or
porphyry-like deposit (Xiaoxinancha), epithalmal low-
sulfidation Au deposits (e.g., Ciweigou, Wufeng, and
Wuxingshan), and epithermal medium-sulfidation Cu–Au de-
posits (e.g., Naozhi and Fuyan) (Fig. 1b). These discoveries
indicate the high potential of the area to host epithermal gold–
copper deposits (Bing et al. 1995; Meng et al. 2001; Han et al.
2013).

The Naozhi Au–Cu deposit, which belongs to the Yanbian
ore district, is located in southern Baicaogou town, Yanbian
autonomous prefecture, Jilin Province. Since the discovery of
Naozhi during the 1970s, scientists have conducted geologi-
cal, geochemical, and mineralization investigations of the ore
deposit. Few systematic fluid inclusion studies have been per-
formed, although various conflicting hypotheses have been
advanced to explain its formation, including a volcanic-
subvolcanic hydrothermal origin (Li and Yang 1991) a transi-
tion type between epithermal and porphyry (Bing et al. 1995)
a medium-temperature magmatic hydrothermal origin (Su
et al. 2003; Yang et al. 2010) a low-sulfidation epithermal gold
origin (Lin 2013; Wu 2013) and a high-sulfidation epithermal
gold deposit (Zhao 2007; Wan 2013). In this contribution, on
the basis of previous studies, we present a detailed study of the
fluid inclusions hosted in quartz at different ore-forming
stages, as well as the noble gas isotopic and Pb isotopic com-
positions in ore minerals from the deposit, for the purpose of
tracing possible fluid sources and mineralization processes of
the ore-forming fluids.

Geological background and description
of the mineral deposit

Geological background

The location of the Naozhi Cu–Au deposit is shown in Fig. 1.
Tectonically, it is situated at the eastern end of the Central Asia
Orogenic Belt (CAOB) (Tianshan–Mongolia–Hingan), adjacent
to the Jiamusi Massif in the north, the North China Plate in the
south, and the Khanka Massif in the northeast (Fig. 1a). This
region has undergone a number of significant geological events
such as the evolution of the ancient Asian Ocean, the Xing’an–
Mongolian orogen, Mesozoic subduction of the paleo-Pacific
plate, and Cenozoic supercrustal faulting (Peng and Zhao
2001) The exposed strata in the area comprise Paleozoic
epimetamorphic rocks, Mesozoic volcano-sedimentary rocks,
and Cenozoic volcanic rocks (Meng et al. 2001; Jin 2003).
Four stages of intrusive rocks have been identified in the
Yanbian area: Middle-Late Permian gabbro and diorite, Late
Permian-Early Jurassic granodiorite and monzogranite,

Middle-Late Jurassic granite, and Early Cretaceous granitoid
complex (Meng et al. 2001; Zhang 2002; Sun et al. 2008a, b).
Regional structures include Paleozoic E–W-trending ductile de-
formation zones and Mesozoic or younger faults that trend
NNE–SSW, N–S, and NNW–SSE (Fig. 1b).

Ore deposit geology

The Naozhi Cu–Au deposit is an important member of the
eastern Yanbian district. The deposit is located in a NW–SE
secondary fault system (Fig. 2a). The deposit is hosted by
Lower Jurassic granodiorite, biotite monzonitic granite, and
quartz diorite and is overlain by Lower Cretaceous volcanic
rocks and subvolcanic intrusions (Zhang 2002; Zhang et al.
2004; Han et al. 2013). Geochronology data for the host rocks
and alteration minerals show that the monzonitic granite in the
mining area is Early Jurassic in age (Zhang 2002; Han et al.
2013) the main vein rocks associated with the ore body are
diorite-porphyry of 130–123.3Ma in age (Han et al. 2013; Lin
2013) and the Jingouling group formed at 123–115 Ma (Jin
2003). Han et al. (2013) obtained a 40Ar/39Ar plateau age of
128.6±1.4Ma from secondary sericite, andMeng et al. (2001)
obtained a 40Ar/39Ar isochron age of 123.6±2.5 Ma from
quartz-hosted fluid inclusions. The above studies indicate that
the Naozhi Au–Cu deposit is related to intermediate–basic
magmatism and to subvolcanic, shallow magmatism of the
Jingouling stage (Early Cretaceous).

The Naozhi ore body consists of ten subparallel bands of
gold-bearing polymetallic sulfide-quartz veins with associated
alteration haloes, of which the no. 1, 9, 10, and 20 veins are the
largest. The ore body is 350–1,020 m long, 0.4–12.3 m wide,
and >450 m deep. The ore bodies display parallel along their
length and depth (Fig. 2c). The gold grade of these ore bodies
reaches 74.5 g/t. Pyrite and chalcopyrite are the dominant ore
minerals, together with sphalerite, galena, tetrahedrite, chalco-
cite, magnetite, and natural gold, electrum, and petzite (Fig. 3).
Texturally, the ores show euhedral–subhedral texture and dis-
solution metasomatism residual texture, as well as banded,
brecciated, massive, vein-like, and veinlet-disseminated struc-
tures.Wall rock alteration can be divided into three zones on the
basis of alteration type and intensity. The inner zone is perva-
sive marked by k-feldspathization, sericitization, silicification,
carbonatization, and pyritization, and it is a gold-bearing high-
grade alteration zone; an intermediate quartz-sericite-pyrite
(QSP) zone showing outwards a chlorite enrichment and sub-
sequent quartz, sericite and pyrite impoverishment; and an out-
er chloritized (propylitic) (Fig. 2b).

Based on ore textures, crosscutting relationships, and min-
eral assemblages, the hydrothermalmineralization process can
be divided into four stages (Fig. 4): (1) The K-feldspar-quartz
stage commonly shows various degrees of replacement by
pyrite-sericite-quartz veins (Fig. 3b). Minerals in these veins
include quartz, K-feldspar, albite, pyrite, sericite with minor
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chlorite, and residual magnetite (Fig. 3a, b). The stage I quartz
(Q1) is a pre-ore stage and is not associated with gold miner-
alization. (2) The quartz-pyrite stage is characterized by veins
containing coarse-grained quartz and pyrite, sericite, chlorite,
with minor chalcopyrite, and native gold. The stage II quartz
(Q2), the most abundant mineral, mainly appears as euhedral-
subhedral grains and is milky to gray in color (Fig. 3c, d). (3)
The quartz-gold-polymetallic sulfide stage is characterized by
the widespread occurrence of pyrite, chalcopyrite, galena,
sphalerite, and native gold, withminor tetrahedrite, chalcocite,
electrum, and petzite (Fig. 3e–i). Native gold is locally present
along the boundaries or in the fissures of pyrite grains
(Fig. 3i). The stage III (Q3) is commonly dark-gray (smoky)
in color and characterized by fine-grained anhedral aggregates
(Fig. 3d–f). (4) The quartz-carbonate stage is marked by the
appearance of carbonate and quartz with minor pyrite, elec-
trum, and petzite but no gold. These minerals fill the fissures

in early veins or occur in the vugs. Of these stages, Au–Cu
mineralization occurred mainly during stages II and III.

Sampling and analytical methods

Sample preparation

The quartz samples for fluid inclusion study were collected
from a pyrite-sericite-quartz vein (stage I) at depth 300 m and
a pyrite-quartz vein (stage II) at depth 300 m in the no. 9 ore
zone and a polysulfide-quartz vein (stage III) at depth 250 m
and a galena vein (stage III) at depth 160 m in the no. 10 ore
zone. The sulfide samples for the noble gas isotopic and Pb
isotopic were also selected from the pyrite-quartz vein and the
polysulfide-quartz vein.

Fig. 1 aGeotectonic divisions in Northeast China (after Wu et al. 2011). bGeological map of the Yanbian area showing the locations of gold or copper
deposits (modified from Meng et al. 2001; Chai et al. 2015)
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Fluid inclusions in quartz

Forty-one doubly polished thin sections (about 0.20 mm
thick) were made for fluid inclusion study, and ten of them
were selected to domicrothermometric measurement and laser
Raman spectroscopic detection.

Microthermometry was performed on a LINKAMTHMS-
600 heating/freezing stage at Jilin University, China.
Thermocouples were calibrated at −56.6, 0.0, and +374.1 °C
using synthetic fluid inclusions. Measurement precision was
approximately ±0.1 °C on cooling runs and ±2 °C on heating
runs. During testing, the following parameters were applied: if

Fig. 2 Geological map of the Naozhi Au–Cu deposit (a) (modified fromCheng et al. 2009). Geological section along exploration line no. 72 (b) and no.
74 (c) (modified from Zhang 2010 and Huang 1997, respectively)
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Fig. 3 Hand specimens and micrographs of ore veins in Naozhi Au–Cu
deposit. a K-feldspar-altered rocks within the mine shaft. b Pyrite-
sericite-quartz vein showing pyrite-sericite-quartz replaces K-feldspar. c,
d Pyrite-quartz vein. e Polymetallic sulfide-quartz veins. fGalena veins. g

Quartz intergrown with chalcopyrite, galena, and chalcocite. h Quartz
intergrown with pyrite, chalcopyrite, and galena. i Including pyrite and
a few of chalcopyrite and native gold. Abbreviations: Qz quartz, Py
pyrite, Cpy chalcopyrite, CC chalcocite, Gn galena

Fig. 4 Paragenetic sequence of
ore and gangue minerals for the
Naozhi deposit
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the temperature was lower than 30 °C, the heating rate was
1 °C/min; if above 200 °C, the rate was 10 °C min−1; if close
to a phase change or around the freezing point, the rate was
decreased to <0.2 °Cmin−1. Salinities of aqueous (NaCl-H2O)
fluid inclusions were calculated using the final melting tem-
peratures of ice points (Bodnar 1993). Salinities of halite-
bearing fluid inclusions (FIs) were calculated using the disso-
lution temperatures of the halite daughter mineral (Hall et al.
1988).

To constrain the fluid inclusion compositions, Raman anal-
ysis of 35 single mineral inclusions from the ore samples was
carried out with a Renishaw RM2000 at Nanjing University,
China, using a 514 AR+ laser with a spot size of 1 μm and a
spectral counting time of 10 s. Peak values from the full spec-
tra were obtained at intervals of 1 cm.

Isotopic analysis of noble gases from sulfides

Four pyrite samples and two chalcopyrite samples were
crushed to <3 mm. To enable noble gas analysis and to avoid
analyzing gases from multistage fluid inclusions (Hu et al.
1998; Burnard et al. 1999; Sumino et al. 2001) great care
was taken to select about 2 g of each mineral with homoge-
neous optical properties and free of fractures.

Noble gas analyses were carried out at the Laboratory for
Earthquake Chemistry in Tokyo University, Japan. Noble gases
were extracted from each sample in a crushing vessel connected
to the gas purification line. The cooled and separated noble gases
were analyzed with a VG5400 mass spectrometer (MS-III),

following Nagao et al. 1996 and Matsuda et al. 2002.
Analytical errors are less than 10 % (1σ). Blanks for 4He, 20Ne,
40Ar, 84Kr, and 132Xe gave 1.5–4.5×10−11, 0.8–1.9×10−12, 3.8–
8.4×10−10, 1.7–5.3×10−14, and 2.2–9.6×10−15 cc standard pres-
sure (STP), respectively. The 3He/4He ratio for the helium isotope
standard analyzed during the runs was 28.88±0.14×10−5 (HESJ)
(Schlosser and Winckler 2002).

Lead isotopic analyses of sulfides

Six samples for Pb isotope analyses of sulfides were per-
formed using a Finnegan Element II type, HR–ICP–MS at
the State Key Laboratory of Mineralization, Nanjing
University, China. After crushing and sieving the ore samples,
the single minerals, with purity of more than 98 %, were
picked out under the binocular microscope. Sulfide samples
were washed with 0.15 mol/L HCl and high purity water. All
of these samples were ground to below 74 mm, and
decomposed in the Teflon PFA bottle using HCl and HNO3.
After complete decomposition, they were evaporated to nearly
dry and transformed into 0.15 mol/L HCl and 0.65 mol/L HBr
medium, then separated in Bio-RadAG 1×8 anion exchange
column and leached with 1.0 mol/L HNO3 and heated to dry.
Measured Pb isotopic ratios were corrected for instrumental
mass fractionation of 0.1 % per atomic mass unit by reference
to repeated analyses of the NBS-981 Pb standard. Silicon was
the main emitting agent. The prototypes of the Pb isotope
ratios were 0.059003±0.000084, 0.91439±0.00017, and
2.16441±0.00097. The blank value for Pb was <1 ng.

Table 1 Characteristics of fluid inclusions in the Naozhi Au–Cu deposit

Inclusion type Distribution Shape Size Volatile
contents

Proportion
(%)

Pure gas inclusions (V-
type)

Pyrite-sericite-quartz
vein and polysulfide-
quartz vein

Larger inclusions occur discretely within quartz
crystals, whereas small inclusions are clustered and
related to healing fractures. These inclusions are
monophase at room temperature.

2–15 μm – 8

Pure liquid inclusions
(L-type)

Galena quartz vein Individual fluid inclusions are irregularly shaped. 5–15 μm – 10∼15

Gas–liquid two-phase
inclusions (W-type)

Extensive development
in the sulfide-quartz
veins from different
stages

The individual fluid inclusions occur as elliptical,
negative crystals and are irregular in shape, sometimes
necking-down of fluid inclusion can be seen.

3–20 μm 50∼80 %
(RV)

70∼80

8∼45 %
(RL)

CO2-bearing
inclusions
(C-type)

Pyrite-sericite-quartz
vein and pyrite-quartz
vein

The C-type inclusions show two or three phases
(liquid H2O + liquid CO2 ± vapor CO2) at room
temperature and rounded, elliptic, or negative
crystal shapes

Two phases, 8–
15 μm; three
phases, 15 μm

– 5 %

Daughter-mineral-
bearing polyphase
inclusions
(S-type)

Pyrite-sericite-quartz
vein

The individual fluid inclusions are semi-elliptical to
irregular in shape.

10–20 μm; halite,
2–5 μm; opaque
mineral, 0.5–
1 μm

– 2
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Results and discussion

Properties of ore-forming fluid

Types and characteristics of fluid inclusions

FIs were classified petrographically as follows: isolated FIs
and randomly distributed groups of FIs hosted in intragranular
quartz crystals were interpreted as primary in origin, and those
aligned along micro-fractures in transgranular trails were
interpreted as secondary (Roedder 1984; Lu et al. 2004).

Based on composition, phases (L-V-S) at room tempera-
tures and phase transformations during heating and cooling,
five fluid inclusion types have been identified (Table 1 and
Fig. 5): (1) pure gas inclusions (V-type), (2) pure liquid inclu-
sions (L-type), (3) gas–liquid two-phase inclusions (W-type),

(4) CO2-bearing inclusions (C-type), and (5) daughter
mineral-bearing polyphase inclusions (S-type).

W-type fluid inclusions are the most common FIs in the
Naozhi Au–Cu deposit, and they can be further divided into
rich-gas inclusions (RV-type) and rich-liquid inclusions (RL-
type). The RV-type fluid inclusions are best developed during
the early mineralization stage, and the main mineralization
stage and the RL-type fluid inclusions occur in Qz of all
stages.

Observations under the microscope also recognized
necking-down of fluid inclusions in the pyrite-quartz vein
(Fig. 5e), suggesting that some of the host quartz and pyrite
were locally deformed (Sun et al. 2010). In addition, coexis-
tence of different types of fluid inclusions with very variable
liquid/vapor ratios was recognized in the Naozhi samples
(Fig. 5a, b), indicating that fluid unmixing might have played

Fig. 5 Microphotographs of
typical fluid inclusions in Naozhi
Au–Cu deposit. a Coexistence of
S-type with halite, L-type, andW-
type inclusions and b coexistence
of V-type, C-type, and W-type
inclusions in stage I (quartz from
pyrite-sericite-quartz vein). c C-
type inclusion composed of liquid
CO2 and liquid CO2 and vapor
CO2 in stage II (quartz from
pyrite-quartz vein). d L-type
inclusion composed of liquid
H2O and W-type inclusion in
stage III (quartz from galena
vein). e Necking-down fluid
inclusion marked by the red circle
in stage II (quartz from pyrite-
quartz vein). f W-type inclusions
composed of vapor H2O and
liquid H2O in stage III (quartz
from polysulfide vein).
Abbreviations: H halite, LH2O

liquid H2O, LCO2 liquid CO2,
VH2O vapor H2O, VCO2 vapor
CO2
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an important role during mineralization (Roedder 1984; Li
1988; Lu et al. 2004).

Homogenization temperatures and salinities

The microthermometric dates, summarized in Table 2, were
obtained fromRV-type, RL-type, and HS-type fluid inclusions
of the three hydrothermal stages (Fig. 6). Microthermometric

measurements were not possible for some FIs due to their
small sizes.

RV, RL, and HS fluid inclusion types have been recognized
in the early hydrothermal stage. Homogenization tempera-
tures are mainly between 335.1 and 393.5 °C, 324.7 and
406.7 °C, and 328.6 and 400 °C, respectively. The Tm, ice or
Tm, halite range from −2.7 to −4.4 °C, −1.4 to −3.4 °C, and
328.6 to 400 °C, respectively, corresponding to a salinity of

Fig. 6 Histograms of the total homogenization temperatures and salinities of fluid inclusions in different stages

Table 2 Microthermometric data
for fluid inclusions of different
stage

Stage Type Number Tm, ice (°C) Tm, halite (°C) Th (°C) Salinity/wt%

Early (I) RV 9 −2.7 to −4.4 (3) 335.1–393.5 4.48–7.01

RL 39 −1.4 to −3.4 (9) 324.7–406.7 2.40–5.55

HS 3 328.6–400 328.6–400 39.96–46.00

Main (II, III) RV 13 −1.7 to −5.6 (5) 270–325.4 2.89–8.67

RL 179 −1.0 to −6.2 (23) 230–338.8 1.73–9.47

−15.4 to −18 (3) 19.13–21.20

Late (IV) RV 2 – 195.8–232.2 –

RL 35 −3.9 154.6–308 6.29

Tm, ice temperature of final ice melting, Tm, halite final dissolution temperature of halite daughter crystal, Th total
homogenization temperature
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4.48–7.01 wt% NaCleq, 2.40–5.55 wt% NaCleq, and 39.96–
46.00 wt% NaCleq.

Quartz crystals from the main hydrothermal stage contain
many RV-type and RL-type FIs. The RV-type FIs yield final
Tm, ice of −1.7 to −5.6 °C and salinities of 2.89–8.67 wt%
NaCleq. These RV-type FIs are homogenized to a liquid phase
at temperatures of 270–325.4 °C. The RL-type FIs yielded
many Tm, ice of −1.0 to −6.2 and three Tm, ice of −15.4 to
−18 and salinities of 1.73–9.47 wt% NaCleq and 19.13–
21.20 wt% NaCleq, respectively. Their homogenization tem-
peratures are mainly between 230 and 338.8 °C.

Only RL-type and few RV-type fluid inclusions were ob-
served in the late-stage quartz. Just one Tm, ice of −3.9 and
salinity of 6.29 wt% NaCleq was yield in the RL-type FIs.
The homogenization temperatures of RL-type and RV-type
FIs are 154.6–308 and 195.8–232.2 °C, respectively.

Vapor composition of fluid inclusions

Raman analysis results reveal that the gas compositions of gas–
liquid two-phase inclusions of the early mineralization stage

(chlorite-bearing brecciated pyrite quartz vein) are predominantly
CO2 and H2O (Fig. 7a, b). The gas compositions of gas–liquid
two-phase inclusions of the mainmineralization stage (chalcopy-
rite–pyrite quartz vein) are mainly H2O and minor CO2 (Fig. 7c,
d), and the gas compositions of gas–liquid two-phase inclusions
of the late main mineralization stage (quartz from the galena
vein) are mainly H2O (Fig. 7e, f). From these data, it is apparent
that the early ore-forming fluids which consisted of CO2 and
H2O, with H2O gradually increasing and CO2 being absent at
the late mineralization stage, show that the ore-forming fluid was
derived from deep magma degassing and volcanic hydrothermal
activity. The H-O isotopic characteristics of fluid inclusions in
quartz indicate that the δ18OH2O and δDV-SMOW of the early
mineralization stage are +5.87 and −94‰, respectively, and the
δ18OH2O and δDV-SMOW of the main mineralization stage are
−4.7 to +4.7‰ and −123.8 to −84.6‰, respectively (Feng
1994; Huang 1997; Yang et al. 2010; Table 3). typical of mag-
matic hydrothermal settings. In the plot of δD vs.
δ18OH2O(Fig. 8), quartz samples plot near the lower left of the
magmatic water field. This may reflect the increasing influence
of meteoric water during the evolution of the ore-forming fluid.

Fig. 7 Representative laser
Raman spectra of fluid inclusions.
a, b Vapor phase of W-type
inclusions are predominantly CO2

and H2O in the early
mineralization stage (quartz from
pyrite-sericite-quartz vein). c, d
Vapor phase of W-type inclusions
dominated by H2O and minor
CO2 in the main mineralization
stage (quartz from chalcopyrite-
pyrite quartz vein). e, f Vapor
H2O in W-type inclusion in the
late main mineralization stage
(quartz from the galena vein)
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Noble gas isotopes

Hydrothermal fluids contain noble gases from four ultimate
sources (Burnard et al. 1999; Ballentine and Burgess 2002).
(1) air-saturated water (i.e., meteoric water, sea water): Air-
saturated water has He and Ar isotopic compositions of
3He/4He=1Ra (where Ra is the 3He/4He value of air,
1.399×10−6) and 40Ar/36Ar=295.5, similar to the atmospheric
values because air-saturated water is isotopically in equilibri-
um with the atmosphere. (2) Mantle-derived fluids: The upper
oceanic mantle has 3He/4He ratio of 7–9 Ra, and the subcon-
tinental lithospheric mantle (SCLM) has 3He/4He ratio of 6–8
Ra. Mantle-derived Ar has 40Ar/36Ar ratios >40,000 (Porcelli
et al. 1992; Patterson et al. 1994; Dunai and Baur 1995; Reid
and Graham 1996; Gautheron and Moreira 2002) (3) He and
Ar produced in the crust. Th and K in crust can produce abun-
dant radiogenic and nucleogenic 40Ar and 4He. As a result,
fluids reacted with crustal rocks will eventually have He and
Ar isotopic compositions similar to that of the crust that has
40Ar/36Ar ratios of 1,000 (Drescher et al. 1998) and 3He/4He
ratios of 0.01–0.05 Ra (Stuart et al. 1995).

Diffusion–fractionation effect of noble gas isotopes in fluid
inclusions that is caused by physical properties of host min-
erals has been concerned by geochemists for a long time
(Turner and Stuart 1992; Baptiste and Fouquet 1996; Hu
et al. 1998; Mao et al. 2003; Sun et al. 2006). In general,
physical diffusion of He isotopes occurs most easily. Olivine
and sulfides have good sealing ability, and among the sulfides,
pyrite has the highest sealing ability and very low diffusion
coefficient (Matsuda et al. 2002).

The values of He in fluid inclusions from pyrite and chal-
copyrite vary significantly between 272×10−9 and 839×
10−9 cc STP/g (averaging 529×10−9 cc STP/g), 20Ne values
are 0.512–0.857×10−9 cc STP/g (averaging 0.646×10−9 cc
STP/g), 40Ar values are 187–477×10−9 cc STP/g (averaging
308×10−9 cc STP/g), 84Kr values are 13.5–38.4×10−12 cc
STP/g, and 132Xe values are 1.01–4.74×10−12 cc STP/g
(Table 4). Noble gas contents are shown in Fig. 9. 4He,
20Ne, 40Ar, 84Kr, and 132Xe show normal distributions, indi-
cating that these fluid inclusions have suffered no obvious loss
of noble gas during analysis and the chalcopyrite also has
well-sealing ability.

Atmospheric He contribution can be determined from the
F4He values, which are defined as the 4He/36Ar ratio of the
sample relative to the atmospheric 4He/36Ar value of 0.1655.
A sample containing 100 % atmospheric He has an F value of
unity (Kendrick et al. 2001; Zhai et al. 2006; Zeng et al. 2014).
The values of F4He vary from 3,173 to 4,838, which are 3,000
times higher than in the atmosphere and 15,000 times higher
than in air-saturated water (0.18–0.28), indicating that He con-
tribution from the atmosphere was negligible, both before and
after of the inclusions.

The radiogenic 40Ar* in geologic samples can be calculated
using the formula in Table 4 (Schlosser and Winckler 2002).
The contents of radiogenic 40Ar* vary from 8.8 to 15.5 %, and
the contribution of atmospheric 40Ar is 84.5–91.2 %. The
values of He in fluid inclusions show that the radiogenic
40Ar* contents are not mantle-derived but are from crustal
sources. Crustal Ar mainly occurs in potassium-bearing micas
and K-feldspar (Mcdougall and Harrison 1989). However, as

Fig. 8 δD vs. δ18OH2O plot in the Naozhi Au–Cu deposit (after Taylor
1997). Data are from Feng (1994), Bing et al. (1995), Huang (1997), and
Yang et al. (2010), indicating the evolution of the hydrothermal fluids

Table 3 Compositions of H-O
isotope of fluid inclusions (10−3) Stage Sample Test

subject
δ18OQ δ18OH2O δDV-

SMOW

δ13CPDB Th
(°C)

Reference

Early – Quartz +5.87 −94 350 Feng (1994)

Main – Quartz
(4)

+9.9 ∼ +
10.5

+3.61 ∼ +
4.6

−90 ∼
−99

318–
330

Yang et al.
(2010)

NB124-
1

Quartz +4.6 −1.4 −123.8 327 Huang (1997)

NB601 Quartz +10.7 +4.7 −113.1 327

NB123 Quartz +7.5 +0.6 −97.0 298

NB417 Quartz +8.6 +0.2 −84.6 263

NB119 Quartz +4.6 −4.7 −90.6 243
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the measured samples are fluid inclusions from sulfides
being devoid of K and the time of entrapment is Early
Cretaceous (Han et al. 2013) it can be assumed that
these values represent those of the fluid at the time of
inclusion entrapment.

In terms of isotope ratios, the 3He/4He ratios cover the
range 0.033 to 0.104 Ra with an average of 0.061 Ra. These
values are far below the He isotopic composition of the upper
mantle (6–8 Ra) and the atmosphere (1 Ra) (Allègre et al.
1987; Sarda et al. 1988; Porcelli et al. 1992; Patterson et al.

1994; Dunai and Baur 1995) but close to the composition of
fluid in young continental crust (0.01–0.05 Ra) (Stuart et al.
1995). The 20Ne/22Ne and 21Ne/22Ne ratios are in the range of
9.817–9.960 and 0.0290–0.0295, respectively, which is simi-
lar to the composition of the atmosphere ([20Ne/22Ne]a=9.8,
[21Ne/22Ne]a=0.29). The

38Ar/36Ar and 40Ar/36Ar ratios are in
the range of 0.18718–0.18761 and 324–349, respectively. The
38Ar/36Ar ratios are consistent with the ratio of air-saturated
water (0.188), whereas the 40Ar/36Ar ratios are slightly higher
than the ratio of air-saturated water (295.5) and young conti-
nental crust fluid and are much lower than the value for the
mantle (>40,000). The 40Ar*/4He ratios are 0.018–0.055, far
below the ratios of crustal rocks (0.2) and continental litho-
spheric mantle (0.5) (Ballentine and Burgess 2002).
Figure 10a shows 4He contents vs. 3He/4He ratios. All of the
compositional points fall in the range of crustal fluid or be-
tween the crustal fluid and mantle fluid on the right side of the
cutoff line. This indicates that the fluid inclusions from min-
erals in this deposit have relatively high radiogenic 4He and
are dominated by crustal components (Gautheron et al. 2005).
On the diagram of 4He vs. 3He/4He (Fig. 10a) and 40Ar*/4He
vs. 3He/4He (Fig. 10b), all the compositional points lie in or
near the range of crustal fluid, indicating the ore-forming
fluids of Naozhi Au–Cu deposit widely hold the properties
of young crustal fluid, which is significantly different from
the noble gas isotopic components of Xiaoxinancha Au-rich
Cu deposit (Sun et al. 2008c).

Table 4 Contents and ratios of noble gas isotopes in the Naozhi Au–Cu deposit

Sample Mineral Weight (mg) 3He/4He (Re/Ra) (±1σ) 20Ne/22Ne (±1σ) 21Ne/22Ne (±1σ) 38Ar/36Ar (±1σ)

03Jnz-4a Pyrite 441.4 0.033 ±0.009 9.913 ±0.067 0.0294 ±0.0011 0.18718 ±0.00040

03Jnz-4b Chalcopyrite 304.3 0.040 ±0.009 9.897 ±0.076 0.0292 ±0.0010 0.18735 ±0.00046

03Jnz-4c Chalcopyrite 322.1 0.103 ±0.011 9.817 ±0.078 0.0291 ±0.0011 0.18725 ±0.00046

03Jnz-4d Pyrite 342.5 0.037 ±0.007 9.897 ±0.070 0.0290 ±0.0010 0.18742 ±0.00056

Jnz-9a Pyrite 346.1 0.104 ±0.013 9.874 ±0.096 0.0295 ±0.0010 0.18761 ±0.00062

Jnz-9b Pyrite 373.4 0.050 ±0.007 9.960 ±0.074 0.0295 ±0.0012 0.18731 ±0.00038

Air 9.8 0.188

Continue table

Sample 40Ar/36Ar (±1σ) 4He 20Ne 40Ar 84KE 132Xe 40Ar*% 40Ar*/4He F4He
(10−9 cc STP/g) (10−12 cc STP/g)

03Jnz-4a 341.1 ±0.8 438 0.599 284 21.8 1.92 13.4 0.031 3,173

03Jnz-4b 349.7 ±0.7 839 0.857 477 38.4 4.74 15.5 0.018 3,713

03Jnz-4c 347.4 ±0.9 272 0.720 359 33.9 3.73 14.9 0.055 1,589

03Jnz-4d 347.7 ±1.0 593 0.512 257 20.7 1.76 15.0 0.025 4,838

Jnz-9a 324.1 ±0.8 436 0.561 187 13.5 1.01 8.8 0.020 4,563

Jnz-9b 339.2 ±0.7 595 0.666 285 19.4 1.75 12.9 0.022 4,275

Air 295.5

*3 HeDM/
3 Hem=((1− (3 He/4 He)c/(3 He/4 He)m)/(1− (3 He/4 He)c/(3 He/4 He)DM))×100; 20 NeDM/

20 Nem=((1− (3 He/4 He)air/(3 He/4 He)m)/(1
−(20 Ne/22 Ne)air/(20 Ne/22 Ne)DM))×100; Ar*%=((40Ar/36 Ar)m−295.5)/(40Ar/36 Ar)m)×100; F4He=(4He/36Ar)m/(4 He/36Ar)air. After refs. (Schlosser
and Winckler 2002; Ballentine and Burgess 2002)

DM the mantle, m observed value, c crustal fluid, air atmosphere air

Fig. 9 Noble gas contents of fluid inclusions in the ore minerals
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Lead isotopic composition of sulfides

The lead isotopic results are given in Table 5. The 206Pb/204Pb,
207Pb/204Pb, and 206Pb/204Pb ratios of three pyrite samples
vary from 18.3392 to 18.3667, 15.5323 to 15.5603, and
38.1595 to 38.2508, respectively. The 206Pb/204Pb,
207Pb/204Pb, and 206Pb/204Pb ratios of three chalcopyrite sam-
ples vary from 18.1822 to 18.3979, 15.5215 to 15.5998, and
38.1313 to 38.3786, respectively. The lead isotope composi-
tions are similar to those of sulfides in the Xiaoxinancha gold-
rich porphyry copper deposit (Men et al. 2011) which show
that the data fall in the fields between MORB and a young
lower crust source (Fig. 11a), or on the line representing the
evolution of young orogenic belts (Fig. 11b). As mentioned
above, the deposit has been dated between 130 and 123 Ma
(Meng et al. 2001; Han et al. 2013) these values can be as-
sumed to be close to their initial ratios.

Genetic types of deposit

Our results show that polysulfide-quartz vein oresmake up the
main ore body in the Naozhi Au–Cu deposit. Wall rock alter-
ation includes silicification, sericitization, chloritization, and
minor carbonatization and argillization. Mineralization types

are mainly pyrite and chalcopyrite, followed by galena, sphal-
erite, bornite, chalcocite, and natural gold, electrum, and
petzite. Mineralization occurred through four stages: a
pyrite-sericite-quartz stage, a pyrite-quartz vein stage, a
quartz-gold-polymetallic sulfide stage, and a calcite-quartz
stage. The homogenization temperatures and salinities of
these main mineralization stages were in the range of 230–
338.8 °C and 1.73–9.47 wt% NaCleq, respectively; oxidation–
reduction reactions (chalcopyrite → bornite + chalcocite) oc-
curred during mineralization. On the basis of the mineraliza-
tion–alteration features and low fluid inclusion salinity, the
deposit is best described as a medium-temperature magmatic
hydrothermal deposit or a medium-sulfidation epithermal de-
posit (Mao et al. 2007; Sillitoe 2008). Likewise, the Naozhi
Au–Cu deposit is analogous to the Jinchanggouliang
epithermal Au–Cu deposit (122 Ma, Mao et al. 2007) of the
Chifeng area and to the Erdaogou epithermal Au–Cu deposit
(126±1Ma, Miao et al. 2003) of western Liaoning in terms of
its geological features, fluid inclusion compositions, and for-
mation age (Chen et al. 2005; Miao et al. 2003). This indicates
that this stage of mineralization occurred during Early
Cretaceous volcanism associated with an extensional system
within the Xing’an–Mongolian orogenic belt, a magmatic arc
system related to positive subduction of the Pacific Plate

Table 5 Pb isotope date of ore
minerals in the Naozhi Au–Cu
deposit

Sample Name Test subject 206Pb/204Pb 2σ 207Pb/204Pb 2σ 208Pb/204Pb 2σ

03Jnz-4a Quartz-gold-
polymetallic
sulfide vein

Pyrite 18.3628 8 15.5570 7 38.2396 16

03Jnz-4b Chalcopyrite 18.3587 2 15.5448 1 38.1986 28

Jnz-9a Quartz-gold-
polymetallic
sulfide vein

Pyrite 18.3392 9 15.5323 8 38.1595 19

Jnz-9b Chalcopyrite 18.1822 3 15.5215 9 38.1313 22

03Jnz6 Pyrite-quartz
vein

Pyrite 18.3667 9 15.5603 10 38.2508 32

03Jnz6-a Chalcopyrite 18.3979 10 15.5998 13 38.3786 43

Fig. 10 Plot of a 4He vs. 3He/4He (after Gautheron et al. 2005; Ballentine
and Burgess 2002) and b 3He/4He vs. 40Ar/36Ar (after Allègre et al. 1987;
O’Nions and Tolstikhin 1994; Langmuir et al. 1978) in fluid inclusions

from the Naozhi Au–Cu deposit and Xiaoxinancha Au-rich Cu deposit.
Data of Xiaoxinancha Au-rich Cu deposit from Sun et al. (2008c)
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underneath the Eurasian Plate, and the ore-forming compo-
nents were brought to shallow crust by molten magma or
supercritical fluid and so on (Sillitoe 1997). The
metallogenesis in this area is closely related to high-K calc-
alkaline intermediate-acid granitic and porphyritic pyroxene
diorite magmatism (Chen et al. 2005; Mao et al. 2007).

Combined with the characteristics of diorite veins closely
associated with mineralization ((87Sr/86Sr)I=0.705024–
0.704975, Nd(t)=+2.60 to +2.69, TDM2=856–863 Ma, our
unpublished data) in the Naozhi deposit, we further conclude
that the magma was derived from partial melting of lower
continental crust with residual ocean property, produced dur-
ing the subduction of Pacific plate. Mineralizing fluids
exsolved during the late crystallization phase and were strong-
ly contaminated by crustal materials/fluids during ascent, in-
cluding meteoric water. The mixed ore-forming fluids migrat-
ed to the secondary brittle structures in the shear zone and
finally precipitated auriferous sulfide-quartz ores because of
decline of temperature and pressure of the ore-forming fluids.

Conclusions

Through systematic research of ore geology, microscopic fea-
ture, components and rare gases, isotopic components of fluid
inclusion, and lead isotopic components of sulfides, we can
make further conclusions as follows:

1. The Naozhi deposit is a predominantly sulfide-quartz vein
Au–Cu gold deposit, formed through four stages: a K-
feldspar stage, a pyrite-quartz vein stage, a quartz-gold-
polymetallic sulfide stage, and a calcite-quartz vein stage.
Fluid inclusions are mainly gas–liquid two-phase inclu-
sions (W), followed by pure gas inclusions (V), pure liq-
uid inclusions (L), CO2-bearing inclusions (C), and rare
daughter mineral-bearing polyphase inclusions (S).

2. The initial ore-forming fluid of Naozhi Cu–Au gold de-
posit is CO2-H2O-NaCl ore-bearing fluid with medium–
high temperature and low salinity. The mineralizing fluid
is not homogeneous from the early stage to the late stage
and occurs boiling during the early stage and main ore-
forming stage, which result in precipitating of ore-
forming elements.

3. Combined with stable isotope data and the chronology of
diagenesis and metallogenesis, our new data suggest that
the ore-forming fluids originated frommelting of the low-
er crust, produced during the subduction of an oceanic
slab. Mineralizing fluids exsolved during the late crystal-
lization phase and were strongly contaminated by crustal
materials/fluids during ascent, including meteoric water.
Mineral precipitation occurred at a shallow crustal level.
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