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Abstract CO,-rich fluid inclusions containing opaque
mineral crystals were found in the Fenghuangshan skarn-
porphyry Cu-Fe-Au deposit in Tongling, Anhui, China.
These inclusions show variable CO, contents and are
accompanied by aqueous inclusions, both occurring as
secondary inclusions in quartz and being locally associated
with chalcopyrite mineralization. Laser Raman microspec-
troscopic analyses confirm the predominance of CO, in the
vapor and the presence of H,S as high as 8 mol%, and
identify the opaque mineral with yellow reflectance color in
the inclusions as chalcopyrite. More than half of the CO,-
bearing inclusions contains chalcopyrite, whereas few of
the associated aqueous inclusions do so. The chalcopyrite,
occupying less than 1% (volume) of the inclusions, is
interpreted to be a daughter mineral, and calculated Cu
concentrations in the inclusions range from 0.1 to 3.4 wt%.
Copper is inferred to have been transported in CO,-
dominated fluids as HS complexes. The occurrence of
chalcopyrite daughter crystals in CO,-rich fluid inclusions
indicates that CO,-rich vapor has the capacity of trans-
porting large amounts of Cu, and possibly Au. This finding
has significant implications for metal transport and miner-
alization in hydrothermal systems enriched in CO,, such as
orogenic-type and granitic intrusion-related gold deposits.
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Introduction

In hydrothermal mineralizing systems metals are generally
considered to be transported as complexes in aqueous liquid
(e.g., Barnes 1979). However, as summarized by Williams-
Jones and Heinrich (2005), more and more evidence
indicates that vapor can also transport large amounts of
metals, and some metals (notably Cu and Au) are even
preferentially transported by vapor rather than liquid in
some magmatic hydrothermal systems (Heinrich et al.
1999). The most direct evidence of high concentrations of
metal in vapor is the presence of metallic daughter minerals
in vapor inclusions; so far such inclusions were reported
mainly in porphyry copper deposits, with the vapor being
dominated by water (Williams-Jones and Heinrich 2005
and references therein). Other studies of metal transport in
vapor, including analysis of volcanic gases and their
sublimates and experimental studies of metal solubility
(see Williams-Jones and Heinrich 2005), also mainly deal
with fluid systems dominated by water. On the other hand,
a few recent studies have indicated that metals can be
transported in nonaqueous vapor, with CO, (Yang and Scott
1996; Schmidt Mumm et al. 1997; Chi et al. 2005, 2006) or
CH,4 (Hanley et al. 2005) as dominant components. In this
paper, we report CO,-rich fluid inclusions that contain
chalcopyrite daughter crystals from a skarn-porphyry Cu—
Fe—Au deposit (Fenghuangshan, Tongling, China), provid-
ing direct support of the potential of water-poor vapor to
carry high concentrations of copper. Although these
inclusions only occur locally and do not represent the
fluids that were mainly responsible for the formation of the
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Fenghuangshan deposit, where the dominant fluid inclu-
sions belong to aqueous salt types (Lai et al., in
preparation), their implications for metal transport in
nonaqueous vapor cannot be neglected.

Geologic background and study methods

The Fenghuangshan Cu—Fe—Au deposit, located in Ton-
gling, Anhui Province, China, is one of the more than 200
Cu, Fe, Au, Mo, Zn, Pb, Ag deposits related to Yanshanian
(Jurassic to Cretaceous) intermediate to felsic intrusions in
the Middle-Lower Yangtze River polymetallic belt (Chang
et al. 1991; Pan and Dong 1999). The deposit was first
formed as a skarn-type deposit in the contact zone between
a Late Yanshanian granodiorite intrusion and Lower
Triassic limestones, and then overprinted by porphyry-type
mineralization related to quartz monzodiorite porphyry
stocks. The skarn-type mineralization is characterized by
chalcopyrite and bornite cutting and replacing magnetite
that postdates an assemblage of massive garnet with some
diopside and wollastonite. The porphyry-type mineraliza-
tion occurs in quartz monzodiorite porphyry bodies that
crosscut the skarn, and consists of four successive miner-
alization stages characterized by quartzification (stage I),
garnet infill and recrystallization (I), quartz, chalcopyrite,
and bornite veinlets dissemination (III), and calcite veinlets
(IV). Stage I quartz and stage II garnet are characterized by
development of halite-bearing aqueous inclusions, whereas
stage III quartz and stage IV calcite contain aqueous
inclusions without salt daughter minerals (Lai et al., in
preparation). CO,-rich fluid inclusions and associated
aqueous inclusions of secondary origin were found locally
in stage I quartz, and are spatially associated with
chalcopyrite, which occurs along microfractures or in
irregular patches in quartz (Fig. 1a).

The petrography of fluid inclusions (modes of occur-
rence and phase assemblages) was studied with a conven-
tional petrographic microscope, and microthermometric
measurements were carried out with a USGS-style heat-
ing/freezing stage, which was calibrated using synthetic
fluid inclusions, with precisions of +0.3°C for measure-
ments below 30°C and +1.0°C for higher temperature runs.
Gas composition of the fluid inclusions was analyzed by
laser Raman microspectroscopy at CREGU-UMR GZ2R,
Nancy, France, with a LABRAM Jobin-Yvon system. The
exciting radiation is 514.5 nm, and the detection limits are
about 1 mol% for CO, and N, and 0.1 mol% for CH, and
H,S. Opaque minerals in the inclusions were examined
with a reflected light microscope, and selected samples
were checked with Raman microspectroscopy. The concen-
trations of Cu in chalcopyrite-bearing fluid inclusions were
calculated based on the volume ratios of chalcopyrite/fluid
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inclusion, the density of chalcopyrite (4.2 g/cm®) and bulk
inclusion fluid, and Cu content in chalcopyrite (34.6 wt%).
The volume ratios of chalcopyrite/fluid inclusion were
estimated from a modification of the area ratios, which
were calculated with the AutoCAD program tracing the
fluid and solid phases. Because the thicknesses of the fluid
inclusions and opaque daughter minerals cannot be objec-
tively measured, it is assumed that these objects are
ellipsoidal and the third dimension is equal to the geometric
mean of the two measured dimensions. Based on this
assumption, the volume ratio=(area ratio)*”. The density
and salinity of the fluid inclusions were calculated with the
Flincor program of Brown (1989), with the fluid composi-
tion being approximated by H,O-NaCl-CO,. The calcu-
lated concentrations of Cu are of semiquantitative nature
due to uncertainties of the volume ratios estimation.

Fluid inclusion occurrences and analytical results

The CO,-bearing fluid inclusions occur in trails or clusters
(Fig. 1b), or are relatively isolated, in stage I quartz of
porphyry mineralization. They are rounded, irregular, or
show negative crystal shape, and range in size from <1 to
16 um. Halite-bearing aqueous inclusions occur relatively
isolated (Fig. 1b), and aqueous inclusions without halite
crystals (Fig. 1c) occur either in the same trails or clusters
as the CO,-bearing fluid inclusions (Fig. 1b) or in separate
trails or clusters. In other samples from the Fenghuangshan
deposit, halite-bearing aqueous fluid inclusions are the
dominant type in stage I quartz, and aqueous inclusions
without salt crystals are typical of stage III quartz (Lai et
al., in preparation). The halite-bearing aqueous inclusions
are interpreted as primary inclusions, whereas the CO,-
bearing fluid inclusions and the aqueous inclusions without
halite crystals are considered as secondary ones in stage |
quartz.

Most of the CO,-bearing fluid inclusions consist of an
aqueous phase plus one or two carbonic phases at room
temperature (Fig. 1d—g), with variable carbonic/total area
ratios ranging from 25 to 95%. Some CO,-bearing fluid
inclusions do not have a visible aqueous phase (Fig. 1h)
and remained a single phase during the cooling runs. More
than half of the CO,-bearing fluid inclusions contain
opaque minerals (Fig. 1d-h), which are less than 2 pum in
size and show yellow reflectance (Fig. 1i,j). In contrast,
few aqueous inclusions associated with the CO,-bearing
fluid inclusions contain opaque minerals.

The melting temperatures of the carbonic phase range
from —59.2 to —56.2°C (Fig. 2a), indicating CO, as the
dominant component. Raman analysis indicates the mole
percentage of CO, in the carbonic phase from 90 to 100%,
CH,4 from <0.5 to 1.5%, N, from <1 to 4%, H,S from <0.5
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Fig. 1 a Chalcopyrite occurring as veinlets or patches in stage I quartz
in quartz monzodiorite porphyry (scanned thin section). b Trails of
CO,-bearing fluid inclusions coexisting with aqueous inclusions in
quartz secondary inclusions; note that a relatively isolated inclusion
containing a halite daughter crystal (4¢g + H, halite not visible on the
photo) primary inclusions. ¢ An aqueous inclusion without detectable
CO,. d—g CO, aqueous inclusions with different carbonic/total ratios
and solid minerals of chalcopyrite, calcite, anatase, and nahcolite.

to 8%, and C,Hg is detected (<0.1%) in one inclusion
(Table 1). The homogenization temperatures of CO, range
from 15.3-29.1 (to liquid) to 21.6-30.1°C (to vapor), and
some inclusions show critical homogenization from 29.3 to
29.5°C (Fig. 2b). The temperatures of total homogenization
of CO,-bearing fluid inclusions range from 224 to 390°C
(many were decrepitated between 260 and 400°C, before
total homogenization), and those of aqueous inclusions are
from 122 to 362°C (Fig. 2c). The clathrate-melting temper-
atures of the CO,-bearing fluid inclusions range from —7.1
to +10.4°C, and the calculated salinities range from 0 to

Inclusion numbers marked at top right corner correspond to those in
Table 1. h An carbonic inclusion (without a visible aqueous phase)
containing a chalcopyrite crystal. i A CO, aqueous inclusion with a
chalcopyrite crystal (plain polarized light). j Same as subpanel i but
under cross polarized light; note the yellow reflectance of chalcopyrite.
Aq Aqueous, C carbonic, Cc calcite, Cp chalcopyrite, H halite, L
liquid, Nah nahcolite, Oz quartz, V' vapor

21 wt% NaCl equivalent, mostly from 5 to 8.5 wt%
(Table 2).

Raman spectra confirm that the opaque mineral with
yellow reflectance color in CO,-bearing fluid inclusions is
chalcopyrite (Fig. 3a). In addition, nahcolite and calcite
occur in some inclusions, and anatase is found in one
inclusion (Figs. 1d—f and 3b—d). The volume percentage of
the chalcopyrite ranges from 0.04 to 0.92% (Table 2). The
calculated Cu concentrations range from 0.1 to 3.4 wt%
(Table 2). The relationships between the calculated Cu
concentrations and salinities, CO, mole fraction, and H,S
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Fig. 2 Histograms of melting temperatures of CO, (a), homogeniza-
tion temperatures of CO, phases (b), and total homogenization
temperatures (c)

mole percentage in the carbonic phase are shown in Fig. 4.
No apparent correlation is observed except the inclusion
with the highest Cu concentration correspond to highest
CO, mole fraction and H,S mole percentage values.

Data interpretation and discussion

The spatial association of CO,-bearing fluid inclusions with
chalcopyrite suggests that the CO,-bearing fluid was related
to copper mineralization in the studied samples, although
magmatic fluids with high salinities (represented by fluid
inclusions with halite and sylvite daughter crystals) were
mainly responsible for copper mineralization at the deposit
scale (Lai et al., in preparation). However, it is not the
purpose of this paper to discuss the importance of CO,-
bearing fluids for the formation of the Fenghuangshan
deposit. We are concerned in this study with the capacity
and form of CO,-dominated fluid to transport copper, even
though this may be of local significance for the deposit.

The chalcopyrite crystal in the CO,-bearing fluid
inclusions is interpreted to be a daughter mineral rather
than solid inclusion entrapped by accident, considering its
frequency of occurrence (in more than half of the CO,-
bearing fluid inclusions) and consistently small volume
percentage (<1%). The calculated Cu concentrations (0.1 to
3.4 wt%) indicate that the fluid has the potential to transport
large amounts of Cu.

The wide range of CO, contents of the fluid inclusions is
interpreted to have resulted from heterogeneous trapping of
two immiscible fluids, an aqueous fluid and a CO,-
dominated fluid. The coexistence of the two fluids is
indicated by the occurrence of CO,-rich and aqueous
inclusions in the same healed fractures (Fig. 1b). Although
we cannot rule out the possibility that the two fluids
resulted from phase separation of an initially homogeneous
fluid, we think they are more likely to be derived from two
different sources because aqueous inclusions with charac-
teristics similar to those in the samples of this study were
widespread elsewhere in the Fenghuangshan deposit (with-
out accompanying CO,-bearing inclusions). The large
variations of homogenization temperatures and salinities
may reflect, in addition to heterogeneous trapping, the
dynamic nature of the mineralizing environment, where

Table 1 Results of Raman

spectroscopic analyses of the Inclusion no. Carbonic/total area CO, CH, N, H,S C,Hs
carbonic portion of CO,-bear- ratio (%) (mol%) (mol%) (mol%) (mol%) (mol%)
ing fluid inclusions

F1-1 35 98.5 <0.5 <1 nd

F1-2 85 100 nd nd nd

F1-4 85 93 1 <1 5

F2-1 35 94 1.5 <1 4

F2-2 80 94 1.3 <l 4

F2-3 95 95.5 <0.5 4 nd

F2-4 45 92 2 <1 5 <0.1

F2-5 85 98 <0.5 <1 <0.5

F2-6 65 99 <0.5 <1 nd

F2-7 85 90 2 <1 8

F2-8 90 98 <0.5 <1 0.7
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Table 2 Calculated Cu concentrations (wt%) in CO,-bearing fluid inclusions with chalcopyrite daughter mineral

No.  Raman Area (um?) Volume Tncla  Tuc Bulk density  Salinity (wt%) NaCl ~ Xco, Cu
sample no. ratio (%) (°C) (°C) (g/em?) equivalent (Wt%)

Total CO, Cp co, OCp

1 F1-1 61 20 1.6 19 042 74 242L 097 5.0 0.06 0.6

2 F1-2 46 29 1.3 50 047 7.0 277V 0.66 5.7 0.10 1.0

3 F2-1 66 47 03 59 0.04 6.6 29.4C  0.62 6.4 0.16 0.1

4 F2-2 39 28 04 60 0.12 55 27.0V  0.58 8.2 0.15 0.3

5 F2-4 40 18 08 30 028 74 29.5C  0.82 5.0 0.05 0.5

6 F2-6 26 12 1.1 32 083 53 27.5L  0.93 8.5 0.11 1.3

7 F2-7 41 35 1.8 81 0.92 250V 040 0.30 34

8 33 8 08 13 042 0.8 249V 0.99 14.6 0.02 0.6

9 14 5 04 24 044 33 254V 0.88 11.5 0.03 0.7

10 43 21 08 34 024 104 25.6L  0.89 0 0.13 0.4

11 52 28 08 39 0.17 7.1 269L  0.90 5.5 0.15 0.3

12 55 16 1.3 16 035 7.1 29.1L 1.07 20.7 0.05 0.5

13 40 22 1.2 41 049 7.0 29.6V  0.75 5.7 0.09 1.0

14 21 7 06 19 049 45 284V 0.98 19.4 0.03 0.7

Cp Chalcopyrite, T,,-cla clathrate melting temperature, 72C carbonic phase homogenization temperature

significant temperature and salinity change might have been
caused by the interplay between hot magmatic fluids and
relatively cool fluids from the country rocks. At the deposit
scale, the mixing between a hot, saline, metal-carrying
magmatic fluid and a relatively cool fluid from the country
rocks was the main mechanism of ore precipitation (Lai et
al., in preparation), while locally, a metal-carrying CO,-
dominated fluid was involved in the mineralization, as
indicated by the chalcopyrite-bearing CO,-dominated fluid
inclusions.

It is not known how Cu was transported in the CO,-
dominated fluid, as there is no clear correlation between Cu

and salinities (Fig. 4a) or H,S (Fig. 4c). However, the fact
that chalcopyrite daughter crystals are common in CO,-
bearing inclusions (including those lacking visible aqueous
phase, thus low total salt contents) and rare in associated
aqueous inclusions, and the presence of H,S in most of the
CO,-bearing fluid inclusions suggest that H,S may be
responsible for Cu transport, perhaps in the form of HS™
complexes (Heinrich et al. 1999; Mountain and Seward
2003). The association between H,S and CO, are likely
related to their volatility, both being more volatile than H,O
and tending to be concentrated together in the vapor phase
when a hydrothermal system undergoes phase separation

Fig. 3 Raman spectra of min- 143
erals within fluid inclusions: a 12 E F2-4 1 O_' b F1-1
chalcopyrite (Cp), b nahcolite 7 Cr (a) - R ( ) )
(Nah), ¢ calcite (Cc), and d 10 l 8
calcite and anatase (4na) - 8 . 6 Nah
> 6 4
© 4 4
S 2 2]
o 0 - T | T | T | T O_ T T T T T T T
Z 500 1000 1500 500 1000 1500
=2 12 25-
I (c) F1-2 0] (d) F1-4
3 8
S 6
4 Cc
2 L.
) L
0 T T I T I T 0_ T | T | T | T
500 1000 1500 500 1000 1500

Wavenumber (cm-1)
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Fig. 4 Correlation diagrams between calculated Cu concentrations
and salinity (a), CO, mole fraction (b), and H,S mole percentage in
the carbonic phase (c)

(Drummond and Ohmoto 1985). The CO,- and H,S-
enriched vapor might have been derived from phase
separation at a deeper site, or from accumulation of
volatiles from various sources, including skarn formation
processes.

CO, is generally not a major component in shallow
magmatic systems because it preferentially escapes from
the magma at relatively deep environments (Lowenstein
2001). This may explain why vapor inclusions in porphyry
copper deposits, including those containing chalcopyrite
daughter crystal (see Williams-Jones and Heinrich 2005),
are not enriched in CO,. It also indicates that CO,, by itself,
is not an important agent for Cu transport. However, in
deeper mineralizing systems, such as orogenic gold
deposits (Ridley and Diamond 2000) and granitic intru-
sion-related gold deposits (Baker 2002), CO, can be the

@ Springer

major component. The affiliation between CO, and H,S
(due to their volatility), rather than CO, as a transporting
agent, is likely responsible for the association of gold
mineralization with CO,-rich fluids. Furthermore, in con-
trast to the hypothesis that CO,-enriched fluids resulted
from in situ phase separation, it is likely that the CO,-
enriched fluids originated from different sources and were
transporting gold to the sites of mineralization (Chi et al.
2005, 2006).

In conclusion, based on the observation of chalcopyrite
daughter crystal in CO,-bearing fluid inclusions from the
Fenghuangshan Cu—Fe—Au deposit, we propose that CO,-
enriched fluids have the capacity to carry large amounts of
copper. The CO,-rich fluids are also enriched in H,S, which
is mainly responsible for Cu transport. By extension, the
findings of this study suggest that in mineralizing systems
where CO, is a major component, large amounts of metals
might have been transported in vapor, which is channeled
to the sites of mineralization.
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