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The Hetai goldfield is located in the southern section of the Qinzhou Bay–Hangzhou Bay metallogenic belt
(QHMB), South China. Goldmineralization is controlled by NE-trending ductile shear zones. Gold grade is higher
at the shear zone centers and decreases sharply away from the shear zones, regardless of the host rock type. Fluid
inclusions (FIs) preserved in the auriferous quartz veins have been analyzed to constrain their genesis. Three
types of gold mineralization-related FIs, including moderate-salinity aqueous (A-type), low-salinity H2O–CO2

(B-type) and CO2-dominated (C-type), have been newly identified. Themeasured homogenization temperatures
(Th) range from 130 °C to 310 °C, with two peaks of about 245 °C and 170 °C. The calculated pressures of FIs
range from 50 MPa to 170 MPa. Immiscibility and CO2 effervescence of fluids may have played an important
role in gold precipitation during the ascent of the ore-forming fluids. The Hetai goldfield is a typical example of
orogenic gold deposits originating from auriferous metamorphic fluids.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Orogenic gold deposits occur as fault-controlled lodes in the
greenschist facies metamorphic terranes formed in accretionary or col-
lisional orogens (Groves et al., 1998). A number of characteristics were
used to identify orogenic gold deposits, viz.: 1) Orogenic gold deposits
are formed in convergent, collisional to post-collisional tectonic settings
(Chen, 2006; Chen and Fu, 1992); 2) the location and occurrence of
orebodies are controlled by brittle to ductile structures (Kerrich et al.,
2000); 3) the host rock lithologies vary, and are commonly metamor-
phosed from lower- to upper greenschist facies, and less commonly
to lower amphibolite facies (Goldfarb et al., 2001); 4) alteration
mineral assemblages are dominated by carbonate − sulfide ±
sericite ± chlorite (Groves et al., 2003; Li et al., 2012); 5) element as-
sociations include Au, Ag, As, Sb, Hg, W, Mo, Te and B (Reich et al.,
2005; Zhang et al., 2014); 6) the ore-forming process is character-
ized by mesothermal, low salinity, and carbon-rich fluids originating
from metamorphic devolatilization (Chen et al., 2007; Phillips and
Powell, 2010; Zhang et al., 2012). These characteristics have facilitat-
ed the recognition of some orogenic gold deposits, such as those in
the Yilgarn Craton and Bendigo goldfields in Australia (Hagemann
and Luders, 2003; Thomas et al., 2011), the Donlin Creek gold deposit
(Alaska) in North America (Goldfarb et al., 2004), the giant Sukhoi
ad, Haizhu District, Guangzhou
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Log gold deposit (Siberia) in Russia (Large et al., 2007, 2009), as well
as in Qinling (i.e., Henan, Shaanxi and Gansu provinces), Jiaodong
(Shandong Province) and Xinjiang Province in China (Chen et al.,
2001, 2012a, 2012b; Fan et al., 2003; Li et al., 2008, 2011; Nie, 1997;
Zhou et al., 2002).

TheQinzhou Bay–Hangzhou Baymetallogenic belt (QHMB) is one of
the most important metallogenic belts in South China. The QHMB is as-
sociated with the Qinzhou Bay–Hangzhou Bay Juncture Orogenic Belt,
whichhas been interpreted as a giant tectonic suture between theYang-
tze and Cathaysia blocks that has experiencedmulti-stage orogeny from
the Neoproterozoic to theMesozoic (Pirajno and Bagas, 2002; Shu et al.,
2011; Wang et al., 2003, 2008, 2013; Zhao and Cawood, 2012; Zhou
et al., 2012). The suture is about 2000 km long and 70–130 kmwide, ex-
tending from the Qinzhou Bay in Guangxi, through northwestern
Guangdong, eastern Hunan and middle Jiangxi, to Hangzhou Bay in
Zhejiang (Fig. 1). The southern section of the QHMB is one of the most
important gold-producing areas in China (Wang et al., 1997; Zhou
et al., 2012). Comparedwith the Jiaodong andQinling gold deposit clus-
ters (Fan et al., 2003; Li et al., 2008, 2011), gold deposits in the southern
QHMB are less well documented in the international literature (Chen
and Wang, 1994; Pirajno and Bagas, 2002; Zhang et al., 2001). The
Hetai goldfield is located in the southern QHMB (Fig. 1), with proven
gold reserves of over 100 t grading at 7 g/t, e.g., the Gaocun and Yunxi
gold deposits contain 21 t and 18 t gold, respectively (Wang and Yao,
2001). The ore-forming fluids have been argued to bemagmatic hydro-
thermal, metamorphic, meteoric or their mixing products (Li et al.,
2001; Liu et al., 2005; Wang et al., 1997; Zhou, 1992). More specific
studies on compositions and source of the fluids were needed to
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Fig. 1. Tectonic outline and distribution of gold deposits in the western Guangdong Province, South China.
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enhance our knowledge on this giant gold field and to provide guidance
for future exploration in this region.

The formation of gold deposits normally occurs as a consequence of
various geological and geochemical conditions that are important to ore
deposit model. Among themany contributing factors, the hydrothermal
fluid is critical on the significant amount of gold (Chen et al., 2007; Lu
et al., 2004; Pirajno, 2009). Changes in physiochemical conditions of
the hydrothermal fluids and their interactions with the wall rocks
have often led to the precipitation of gold from the solution (Li et al.,
2012). Thus, the nature and compositions of hydrothermal fluids in
the formation of gold deposit are becoming an increasingly important
topic of research (Chen et al., 2007).

This contribution focuses on the fluid inclusions (FIs) preserved
in the auriferous quartz veins of the Hetai goldfield. We will unravel
the geochemical characteristics of these FIs and their metallogenic
implications, with the aim to provide a case study to guide investiga-
tion of similar types of gold deposits in South China.

2. Geological background

The Hetai goldfield is situated in the western Guangdong Province,
part of the southern section of the QHMB (Fig. 1). The gold deposits ex-
posed in the mineral field include Xiniuding, Taipingding, Shangtai,
Yunxi, Taozishan, Kangwei, Gaocun, Huojing and Hehai (Fig. 2).
It has been suggested that these gold deposits belong to the altered
ductile shear zone-hosted type (Pirajno and Bagas, 2002; Wang et al.,
1997; Zhou et al., 1995). The altered ductile shear zones are the most
critical parameters for the formation of gold deposits. The NE-trending
ductile shear zones control the geometry, extent and occurrence of the
gold orebodies (Fig. 2). Gold abundance increases from anomalous
level to a peak wherever a deformation zone is encountered, regardless
of the host rock lithologies, and decreases sharply away from the shear
zones.

The rock units exposed in the Hetai mining area are predominantly
Sinian metamorphic rocks and Ordovician metasedimentary rocks
(Fig. 2). The thick Sinian strata, subjected to migmatization and intrud-
ed by granodiorite (197 to 233Ma, Wang et al., 1997), are themost im-
portant host rocks for the gold deposits, and they have been interpreted
to have originated from terrigenousmarineflysch sedimentary rocks in-
tercalated with bedded cherts (No. 719 Geol. Team, 1987; Zhou, 1992;
Zhou et al., 1994a). The migmatites at Hetai contain mainly plagioclase
and quartz and minor biotite (Fig. 3A), whereas the Sinian schists con-
tain mainly sericite and quartz (Fig. 3B).

The gold orebodies in the mining area are mainly controlled by a
Hercyno-Indosinian deformation system comprising numerous NE-
trending ductile shear zones (Fig. 2; Pirajno and Bagas, 2002; Wang
et al., 1997). In the shear zones, deformation gradually increases in-
ward towards the deformation center, with the rocks changing from



Fig. 2. Distribution of the mylonite zones and gold deposits in the Hetai goldfield, South China.
Modified after the No. 719 Geological Team (1987).
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undeformed protoliths, through proto-mylonite to mylonite. Three
sets of planar fabrics, namely S, C and E, and typical deformation tex-
tures are observed. The characteristic deformation pattern com-
prises domains of anatomizing shear fabrics separating rhomboid
domains of less deformed rocks (Fig. 2; Zhou et al., 1994b).

Wall-rock hydrothermal alteration is both spatially and temporally
associated with the development of the ductile shear system (Fig. 2).
The alteration products include hydrothermal quartz, sulfides,muscovite
Fig. 3. Microphotographs illustrating the alterations of the host rocks and ores at Hetai. (A) T
consisting of quartz (Qtz) and sericite (Ser); (C) pyrite (Py) occurring in the gold-bearing quart
and ankerite (Chen andWang, 1994; Zhang et al., 2001). Silicic alteration
occurred throughout the alteration processes. There are two groups of
auriferous quartz: 1) early lenticular quartz veins are associated with
large amount of sulfide and higher-grade gold; and 2) late auriferous
veins cross-cut the earlier lenticular quartz veins and contain fewer
sulfide and lower-grade gold (Fig. 3C and D). Additionally, the altered
mylonites also contain minor gold with important economic value. The
minerals of economic importance disseminated in the ores and host-
he migmatites consisting of quartz (Qtz), plagioclase (Pl) and biotite (Bi); (B) the schists
z veins; (D) pyrite (Py) and chalcopyrite (Cpy) occurring in the gold-bearing quartz veins.
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rocks include native gold, chalcopyrite and pyrite (Fig. 3C and D). Gold
precipitation is closely related to the formation of hydrothermal quartz
and sulfides (Fig. 4A and B; Zhou, 1992).

3. Fluid inclusion characteristics

3.1. Sampling and analytical methodology

20 samples of the auriferous sulfide-bearing quartz veins were se-
lected for FI analyses. Microthermometric measurements on FIs were
performed using a Linkam THMS MDS600 heating–freezing stage
(from −196 °C to 550 °C) at the Sun Yat-sen University. The precision
of temperature measurements is approximately ±0.1 °C on cooling
runs and±2 °C onheating runs. Theheating/freezing ratewas generally
0.2–5 °C/min, but reduced to less than 0.2 °C/min near phase transfor-
mation. Salinities of aqueous FIs were estimated using the reference
data of Bodnar (1993) for the NaCl–H2O system. Salinities of CO2-
bearing FIs were calculated using the equations of Collins (1979).
Fig. 4.Occurrence of FIs in host quartz grains from theHetai goldfield, southernChina. (A)Orien
through host quartz, but ends abruptly at the contacts between quartz and sulfides. The opaqu
aqueous inclusions (A-type FIs); (D) low-salinity H2O–CO2 inclusions (B-type FIs); (E) CO2-d
CO2 effervescence of the hydrothermal fluids.
Densities were calculated using the FLINCOR software according to the
microthermometry data of Brown and Lamb (1989).

3.2. FI classification

There are no significant differences in the FI content and type for the
two auriferous quartz vein types. Threemajor FI types, namelyA-, B- and
C-types, were identified based on the phases occurring at room temper-
ature and their behavior under heating and cooling. The slight difference
is that the early lenticular veins containmore pseudosecondary FIs along
the oriented healed fractures, whereas the late hydrothermal veins con-
tain more isolated primary FIs.

3.2.1. A-type FIs
This FI type commonly contains a liquid and a vapor phase at room

temperature (Fig. 4C). Both phases are aqueous, which are confirmed
by subsequent microthermometry data. Daughter minerals have not
been detected in the FIs of this type.
ted distribution of FIs alonghealed fractures, as indicated by trail of FIs. (B) Trail of FIs “cuts”
e mineral is pyrite (Py), and the pale white mineral is quartz (Qz); (C) moderate-salinity
ominated inclusions (C-type FIs) coexisting with B-type FIs, indicating immiscibility and



Fig. 5. Histogram for the observed homogenization temperatures (Th) of FIs. (A) Th of the
A-type FIs; (B) Th of the B-type FIs.
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3.2.2. B-type FIs
This FI type consistsmainly of two phases, namely liquidwater and a

CO2 vapor phase at room temperature (Fig. 4D). Occasionally, a liquid
CO2 phase is also observed. The FIs may be rounded or irregular in
shape. The CO2 phase occupies about 5–25% of the total volume of the
FIs. The FIs developed along the same healed fractures usually have a
constant volumetric proportion of CO2. The relatively constant phase
ratio is interpreted to have been resulted from the entrapment of a ho-
mogeneous fluid with no post-entrapment modification.

3.2.3. C-type FIs
The FIs contain one to two CO2 phases (liquid and/or vapor) at room

temperature (Fig. 4E). On slight heating (5 °C/min) from room temper-
ature, the FIs usually homogenize to a vapor phase. Small amount of H2O
is occasionally observed to occur as a thin film rimming the inclusion
walls or at the acute tips of inclusion walls.

3.3. Microthermometry

3.3.1. Homogenization temperature (Th)
The observed homogenization temperatures (Th) of FIs hosted in

hydrothermal quartz of the Hetai goldfield are listed in Table 1 and
displayed in Fig. 5. The temperatures range from 130 °C to 310 °C.
There is no distinct difference in the Th range between A- and B-
type FIs. Statistically, the frequency distribution of Th shows maxima
at 245 °C and 170 °C (Fig. 5).

3.3.2. Final melting temperature of ice (Tm) and salinity

3.3.2.1. A-type FIs. The observed Tm ranges from−9.9 °C to−4.2 °C, and
the calculated salinity varies from about 6 to 14 wt.% equiv. NaCl
(Table 1). This indicates that the A-type FI type is moderately saline,
compared to the B-type FIs.

3.3.2.2. B-type FIs. Tm ranges from about −3.4 °C to −0.9 °C, with the
corresponding salinity of 2.7 to 5.6wt.% NaCl equiv. (Table 1), indicating
low salinities. The melting temperatures of CO2 hydrate (Tcm) are
5.0 ± °C, corresponding to a salinity of about 2.1 wt.% NaCl equiv.
Thus, the salinities of B-type FIs should be the maximum salinities (Lu
et al., 2004).

In the Th vs. salinity plot (Fig. 6), it is shown that A- and B-type FIs
have similar range of Th, but A-type FIs have higher salinities than
those of B-type FIs.

3.3.3. First melting temperature (Tfm)
The FIs change completely into a solid phase after being frozen to

−120 °C. The first melting temperatures (Tfm) of the crystalline solids
are measured during progressive heating.

3.3.3.1. A-type FIs.Many A-type FIs have Tfms of about−19.9 °C, indicat-
ing dominant NaCl (Table 1). Thus observation suggests that the classi-
fied moderate-salinity aqueous FIs are of a multicomponent system,
with dominant H2O–NaCl and the presence of Ca2+ (Roedder, 1984).
The great variation of Tfm may be related to variation of the ratio of
CaCl2/NaCl in the ore-forming process.
Table 1
Microthermometric data of fluid inclusions of the Hetai gold deposit.

Type of FIs Th (°C) Tm (°C) Tcm (°C) Tfm (°C) V% a

A 130–294 −9.9 to −4.2 ND −20.8 to −19.9 10–2
B 130–310 −3.4 to −0.9 5.0 −61.2 to −56.6 10–2
C ND −8.6 13.7–30.2 −80.2 to −56.6 45–1

Notation: Th = homogenization temperature; Tm = finalmelting temperature of ice; Tcm = m
phase at room temperature; wt.% NaCl equiv. = weight percent salt equivalent; bulk density
1989); ND = not detected.
3.3.3.2. B-type FIs. Some FIs have initial melting temperatures of crystal-
line solids of−56.6 °C or below, and are characterized by the presence
of a central vapor bubble of CO2, plus minor amounts of other gaseous
components (possibly CH4 or H2S). Therefore, we concluded that
these inclusions are from a H2O + NaCl + CO2-dominant system.

3.3.3.3. C-type FIs. The first melting temperatures of this FI type range
from −80 °C to −56 °C (Table 1), with a frequency maximum at
around −56.6 °C, which is the eutectic temperature of the CO2 system
and therefore indicative of a CO2-dominated system. A few FIs record
a melting temperature lower than −56.6 °C, indicating the presence
of a small amount of other gases such as H2S and CH4 in the inclusions.

3.3.4. Entrapment pressure
The trapping pressure of FIs may be estimated using themethod de-

scribed by Roedder (1984). The adopted procedure includes: (1) Based
on the minimum and maximum densities, the range of isochors of A-
and B-type FIs is defined on the P–T diagram using FLINCOR software
(Brown and Lamb, 1989); and (2) the A- and B-type FIs with Th ranging
from 130 °C to 310 °C are selected to constrain the pressure. Using this
method, the calculated pressure of FIs is 50–171MPa for A-type FIs and
50–144 MPa for B-type FIs (Table 1).

4. Discussion

4.1. Characteristics and evolution of hydrothermal fluids

The ore-forming fluids from the Hetai deposit are characterized by
mesothermal (mainly 170 °C–245 °C), CO2-rich (e.g., B- and C-type FIs)
t 25 °C Salinity (wt.% NaCl equiv.) Bulk density (g/cm3) Pressure (MPa)

5 6.7–13.9 0.84–1.02 50–171
0 2.7–5.6 0.70–0.96 50–144
00 ND ND ND

elt temperature of clathrate; Tfm = firstmelting temperature;V%at 25 °C = ratio of vapor
and pressure were calculated using the FORTRAN program FLINCOR (Brown and Lamb,



Fig. 6. Plot of homogenization temperature vs. salinity of the Hetai FIs. Two fields are well
distinguished, i.e., the low salinity (A-type FIs) field marked with small rectangle and the
moderate salinity (B-type FIs) field marked with small triangle.
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and low salinities (below 10 wt.% NaCl equiv.), which is comparable
to that found in many famous orogenic gold deposits in the world,
such as those in the Yilgarn Craton and Bendigo goldfields in
Australia (Hagemann and Luders, 2003; Thomas et al., 2011), the
Donlin Creek gold deposit (Alaska) in North America (Goldfarb
et al., 2004, 2013), the giant Sukhoi Log gold deposit (Siberia) in
Russia (Large et al., 2007, 2009), as well as at Qinling and Jiaodong
in China (Fan et al., 2003; Li et al., 2008, 2011; Nie, 1997; Zhou
et al., 2002). In these gold deposits, moderately saline aqueous and
CO2-rich FIs are commonly present (Groves et al., 1998, 2003).

The fluid evolution of the Hetai goldfield is outlined in Fig. 7. The
primary ore-forming fluid was a low salinity CO2-bearing aqueous
solution, which was initially a homogeneous supercritical phase lo-
cated at the point a1 above the solvus curve. During the ascent of
the fluids, the temperature gradually dropped to a2, resulting in the
Fig. 7. The proposed hydrothermal fluid evolution path of the Hetai gold mineralization,
and the topological composition–temperature phase diagram for H2O–CO2–NaCl system
modified from Bowers and Helgeson (1983). Hydrothermal fluid evolution path from a1
to a2 is characterized by the entrapment of B-type FIs; CO2 effervescence takes place
along the path from aj to aj + 1; unmixing of fluid occurs from ai to ai + 1, accompanied
by the formation of A- and C-type FIs.
deposition of hydrothermal quartz, sulfides, and captured B-type FIs
(Fig. 4D). As the fluid evolution continued, CO2 effervesced from the hy-
drothermal solution, following the path from aj to aj + 1. At this point,
fluid segregation took place (Fig. 4E). The primary hydrothermal fluid
has segregated into two distinct phases, a more saline aqueous phase
(presented by A-type FIs, Fig. 4C) and a CO2-dominated phase (present-
ed by C-type FIs, Fig. 4E), as fluid evolution progresses along the path
from ai to ai + 1. This segregation process may have alternated several
times, and the dissolved solids became increasingly more saline. At
Hetai, the coexistence of B- and C-type FIs in the same host grains pro-
vides direct evidence for this mechanism (Fig. 4 E). Judging from the bi-
modal distribution of Th, at least two important segregation events may
have taken place during the gold mineralization in the Hetai goldfield,
i.e., the first occurred at 245 °C, and the second at 170 °C.

CO2 effervescence and hydrothermal solution unmixing appear to
have played an important role in gold deposition at Hetai. Experimental
data and thermodynamic calculations demonstrate that a two-phase
immiscibility domain for the H2O–CO2 system exists at low tempera-
tures (Lu et al., 2004). The addition of NaCl into this system extends
the two-phase domain to higher temperatures (Bowers and Helgeson,
1983). Recent literature has also revealed that for the proposed fluid
evolution, immiscibility andCO2 effervescence can lead to the formation
of daughter mineral-bearing FIs, CO2-dominated FIs and H2O-
dominated FIs (e.g., Zhang et al., 2012). Thus, a higher salinity aqueous
fluid can be produced by the unmixing of a relatively low-salinity
H2O–CO2 fluid.

4.2. Origin of ore-forming fluids

The mineralizing fluid preserved in the FIs of the Hetai goldfield is
characterized by low salinity, low homogenization temperature and
the presence of CO2. This evidence, combiningwith geological, petrolog-
ical and stable isotope data (Chen et al., 1988; Dai, 1986; Fu, 1988), can
provide useful constraints on the possible sources of the mineralizing
fluids.

Although granodiorite is widespread in the mining area, magmatic
fluids cannot be the major source of the Hetai mineralizing fluids, be-
cause magmatic fluids are commonly highly saline brines trapped at
higher temperature (400–700 °C) (Chen et al., 2007). Fluids derived
from granitic magmas are generally characterized by Na+/K+ b 1 and
Cl−/F− b 1 (Roedder, 1984), which are inconsistent with published in-
clusion leachate analyses and our microthermometry data of FIs which
indicate that Na+ N K+ and Cl− N F− (Table 1; Dai, 1986).

Therefore, the source(s) of themineralizing fluids at Hetai may have
beenmetamorphic ormeteoric. It has been reported that CO2-richfluids
are commonly found in high-grade metamorphic terrane regardless of
host-rock composition (Chi et al., 2009; Jiang et al., 2009; Phillips
et al., 1987). Another important characteristic of typical metamorphic
fluids is a generally low salinity in calc-silicate rock area (Crawford,
1981). These characteristics are similar to those of the hydrothermal
fluids at Hetai.

The O and H isotopes of the Au mineralization-related FIs at Hetai
favor a metamorphic–meteoric fluid mixing hypothesis. The Hetai hy-
drothermal fluids fall in the transitional zone between the meteoric
line and metamorphic fluid field, and far from the oceanic water field
in the δD vs. δ18O diagram (Chen et al., 1988; Fu, 1988). This indicates
thatmeteoricwatermay have undergoneO andH isotopic exchange be-
tween the metamorphosed country rocks and metamorphic fluids dur-
ing circulation. This mixture may have evolved into the principal
auriferous hydrothermal fluids, and subsequently migrated upward
within the deformation zone.

4.3. Implications for ore genesis

The Hetai goldfield is located in the southern QHMB, which is
interpreted as a tectonic suture that has experienced multiple
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deformation due to terrane accretions from the Neoproterozoic to the
Mesozoic (Shu et al., 2011; Zhao and Cawood, 2012; Zhou et al., 2012;
Wang et al., 2013). The ore-forming age of the Hetai goldfield has been
constrained by crosscutting relationships to be Indosinian (Triassic), as
the gold-bearing mylonite zones are younger than the Shijian–Wuhe
migmatite (378 to 263 Ma) but older than the Wucun monzonite (197
to 233 Ma) (Pirajno and Bagas, 2002; Wang et al., 1997).

The lodes are controlled by shear zones in the host rocks subjected to
greenschist faciesmetamorphism (Fig. 2), and the gold grade is concen-
trated in shear zone centers regardless of the host rock lithologies. Na-
tive gold is the only major economic element, which is hosted in
auriferous sulfide-bearing quartz veins.

The mesothermal ore-forming fluids are characterized by low sa-
linity and high CO2-rich, which may have originated from metamor-
phic fluids mixed with meteoric fluids (Chen et al., 2007; Phillips and
Powell, 2010).

Based on the tectonic settings, ore deposit geology and FI study, we
conclude that the Hetai goldfield is a typical orogenic gold deposit
formed in the Indosinian Orogeny.

5. Conclusions

(1) The Hetai goldfield is evidently controlled by ductile shear zones
in the greenschist facies metamorphosed host rocks.

(2) Three types of gold mineralization-related FIs have been newly
identified, including the moderate-salinity aqueous (A-type),
low-salinity H2O–CO2 (B-type) and CO2-dominated (C-type) FIs.

(3) The low-salinity H2O–CO2 FIs may represent the primary miner-
alizing hydrothermal fluids, with CO2 effervescence and
unmixing occurring at about 245 °C and 170 °C, contributing to
the gold precipitation.

(4) Ore forming fluids of the Hetai goldfieldmay have been originat-
ed frommetamorphic fluids, a feature in accordance with typical
orogenic gold deposits.
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