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Abstract

Epithermal high-sulfidation Au—Cu deposits at Chinkuashih in northeastern Taiwan are found both within Pleistocene
calc-akaline volcanic rocks and the Miocene sedimentary rocks. The deposits consist of gold—copper veins of the Penshan
group and breccia pipes of the Tushihshan—Changjen group. Primary two-phase inclusions in hydrothermal quartz and
secondary two-phase inclusions in hydrothermal quartz as well as igneous quartz phenocrysts probably represent fluids
related to mineralization. These inclusions have homogenization temperatures generally between 190°C and 280°C and
salinities mostly from 0.5-5.0 wt.% NaCl eg. In the Penshan group, microthermometric data indicate that variable amounts
of boiling, mixing and cooling occurred in the hydrothermal system. Based on the Th of inclusions trapped from boiling
fluids and the CO, contents of the inclusions, the hydrostatic pressure is estimated at 6.9—7.9 MPa. In the Tushihshan—
Changjen group, the microthermometry of sulfur gas-bearing secondary two-phase fluid inclusions from hydrothermal quartz
shows bimodal contents for a certain Th value, perhaps due to the intermittent incursion of brine at depth by phreatic or
phreato-magmatic explosions. The presence of poly-phase (liquid + vapor + halite + sylvite + opagues) fluid inclusions with
high Th (307°C—-484°C) and high salinities (30-51 wt.% NaCl eq.) in one sample suggests a dense brine of probable
magmatic derivation circulated in the Chinkuashih system. Halite-bearing inclusions which were homogenized by vapor
disappearance coexisting with low-salinity vapor-rich inclusions in this sample may have been trapped in an immiscibility
field at vapor-pressures from 7.5 to 21.5 MPa. Halite-bearing inclusions which were homogenized by halite dissolution after
the vapor disappearance may have been trapped under even greater pressures. Fluid inclusion gas in samples were analyzed
with a QMS. The results of bulk analyses indicate that these inclusions contain 99.45-99.67 mol% H,0O, 0.27—-0.52 mol%
CO,, 0.015-0.066 mol% N, 0.0015—-0.015 mol% CH , and small amounts of SO, in three samples. These data suggest that
the inclusion fluids are dominantly meteoric waters that interacted with host rocks and accumulated upward-fluxing
magmatic volatiles. The fluid inclusion data indicate that the hydrothermal fluids related to the ore deposition of the high
sulfidation Au—Cu deposits at Chinkuashih are characterized by the interaction of magmatic fluids with meteoric water
under epithermal conditions. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Pleistocene gold—copper deposits are found in the
Chinkuashih district in northeastern Taiwan (Fig. 1).
Ninety-two tons of gold, 119,101 tons of copper and
183 tons of silver were produced from about 20
million tons of ore between 1898 and 1987 (Tan,
1991). Tectonicaly, Chinkuashih is situated along
the western extension of the Ryukyu volcanic arc
which was formed by the subduction of the Philip-
pine Sea plate beneath the Eurasian plate. The
Chilung volcanic group, which is related to mineral-
ization, represents the western extension of the vol-
canic arc in the Ryukyu arc system. The igneous
rocks are mainly augite-bearing biotite hornblende
dacite and two pyroxene biotite hornblende dacite of

Pleistocene age (Chen and Huh, 1982). They occur
as small intrusive sills, bodies and dikes as well as
extrusive lavas and tuffs in or on interbedded sand-
stone and shales of Miocene age. Intense hydrother-
mal alteration and mineralization occur both within
the dacite and in the surrounding sedimentary rocks.

Ore deposits in the Chinkuashih area include
gold—copper veins of the Penshan group in the cen-
ter of this district, breccia pipes of the Tsu-
shihshan—Changjen group to the east of Penshan and
gold veins of the Chiufen—Wutanshan group to the
west of Penshan (Tan, 1991). Mineralogic and geo-
chemical characteristics indicate that the Penshan
and Tsushihshan—Changjen groups are similar to
‘high-sulfidation’ (Hedenquist, 1987) or ‘acid-
sulfate’ (Heald et al., 1987) types of deposit, whereas
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Fig. 1. Map of the Chinkuashih area showing the distribution of rock types and the location of Au—Cu deposits.
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the Chiufen—Wutanshan groups show an affinity to
‘low-sulfidation’ (Hedenquist, 1987) or ‘adularia—
sericite’ (Heald et al., 1987) types.

Pliocene—Quaternary normal faults resulting from
the oblique convergence between the Philippine Sea
plate and the Eurasian plate were important conduits
of ascending hydrothermal solutions which led to the
formation of the ore deposits. The most important
ore-vein, the ‘Main Vein' of the Penshan group is
mineralized along the north—south normal faults.

In this paper, fluid inclusion microthermometric
measurements were used to provide information on
temperature, pressure and salinity and to document
the evolution of high-sulfidation epithermal fluids.
Low-sulfidation systems were excluded due to the
paucity of samples. Particular attention was paid to
the characteristics of the magmatic contribution dur-
ing hydrothermal activity and mineraization. Fluid
inclusion gases were also analyzed in an attempt to
elucidate fluid—rock interaction processes and
physico-chemical conditions of hydrothermal fluids.

2. Method of study

Doubly polished thin sections, approximately 100
pm thick, were prepared from more than 50 quartz
and barite samples for preliminary petrographic
study. From these, 29 samples containing representa
tive populations of inclusions were then selected for

Table 1

detailed analysis. The homogenization temperature
(Th) and ice-melting temperature (Tm) were mea
sured for approximately 700 fluid inclusions. Mi-
crothermometric studies were performed using a
Fluid Inc-adapted U.S.G.S. gas flow heating and
freezing system. The data are reproducible to +2°C
for heating runs and +0.2°C for freezing runs. Ho-
mogenization temperatures were collected only from
inclusions within a growth zone or an isolated plane,
which exhibited consistent liquid-to-vapor volumet-
ric ratios. Fluid inclusions in barite both from gold—
copper veins of the Penshan group and breccia pipes
of the Tushihshan—Changjen group may have re-
sulted from later necking processes and were there-
fore excluded from this study. No liquid CO, or
evidence of clathrate formation was detected in any
of the samples after being frozen.

The gas composition of fluid inclusions were
analyzed with a rapid-scanning quadrupole mass
spectrometer in the laboratories of the Geological
Survey of Japan. Sample preparation and analytical
processes were followed according to Sasada et a.
(1992).

3. Gold—copper veins of the Penshan group
3.1. Geology and mineralization

The northern portion of the gold—copper veins of
the Penshan group is hosted by dacite and is known

Characteristics of epithermal high-sulfidation Chinkuashih Au—Cu deposits

Group name Penshan Tushihshan—Changjen

Deposit type Au—Cu veins Breccia pipes

Orebody name Penshan Hsumei First Changjen Third Changjen Buffalo

Host lithologies dacite sandstone sandstone dacite  sandstone sandstone shale

Alteration type silicic silicic silicic silicic silicic
advanced argillic  advanced argillic advanced argillic  advanced argillic  advanced argillic
argillic argillic argillic argillic argillic
propylitic

Ore mineral ogy—commodity

Age (Ma)

pyrite—enargite
luzonite—native
gold

1.0+ 014

pyrite—enargite
luzonite—native gold

pyrite—enargite

pyrite—enargite

pyrite—enargite

native gold native gold native gold
cinnabar—native

mercury—native

sulfur

- 0.96 + 0.01° -

AK—Ar dating of alunite was proposed by Chen et al. (1993).
B40Ar—*Ar dating of alunite was proposed by Yu (1994).
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Table 2

Summary of microthermometric results for fluid inclusions of the Chinkuashih deposits

Deposit name  Sample  Host Elevation  F.l. F.l. Th(°*C)range Th(°C)  wt.% NaCl wt.% NaCl
no. mineral  (m) type  character avg. €eq. range eg. avg.

Penshan 212 H-Qtz 380 la P 254-288(11) 271 1.4-2.6(11) 18
214 H-Qtz 425 la S 213-248(22) 230 1.7-3.2(22) 24
215 H-Qtz 425 la P 242-260(5) 255 1.1-1.2(3) 11
215 H-Qtz 425 la S 162-217(23) 189 1.1-8.1(22) 40
103 1-Qtz 495 la S 211-218(5) 215 1.6-1.7(4) 17
104 1-Qtz 495 la S 185-255(19) 225 2.9-4.3(19) 3.7
139 1-Qtz 505 la S 183-235(60) 200 0-3.7(59) 12
204 H-Qtz 520 la P 264-298(7) 277 1.1-2.4(7) 13
205 H-Qtz 520 la P 270-275(11) 273 0.9-1.1(11) 0.9
205 H-Qtz 520 la S 232-256(9) 245 2.7-4.009) 34
206 H-Qtz 520 la P 238-256(14) 248 1.7-3.4(14) 25
209 H-Qtz 520 la P 260-272(17) 269 1.1-1.7(17) 15
209 H-Qtz 520 la S 243-282(35) 258 0.7-2.4(35) 14

Hsumei 126 H-Qtz 500 la S 220-342(10) 233 1.6-2.2(5) 18
132 H-Qtz 500 la P 240-262(9) 247 0.9-1.4(9) 12
132 H-Qtz 500 la S 201-233(23) 217 0.7-2.4(18) 13
227 H-Qtz 595 la S 207-247(19) 231 1.1-1.9(19) 15

1st Changien 174 H-Qtz 300 la S 217-267(30) 243 1.1-2.7(24) 20
175 H-Qtz 300 la S 207-258(25) 235 2.2-4.0(25) 29
176 H-Qtz 300 la S 242-266(24) 259 1.7-37(22) 24

3rd Changien 202 H-Qtz 390 la S 196—248(60) 225 12-4.3(47) 22
201 H-Qtz 550 la S 206—251(45) 231 1.1-2.7(45) 17
182 H-Qtz 550 la S 208-242(46) 227 1.7-4.5(46) 3.2

Buffalo 160 H-Qtz 450 la S 235-267(30) 252 2.7-5.0(36) 35
164 H-Qtz 450 la P 310-372(113) 342 0.7-12.4(109) 3.8
164 H-Qtz 450 Ib P 345-387(2) 366 17.8-232(2) 205
164 H-Qtz 450 Ila P 274-457(24) 326 32.1-47.3(24) = 40.3
164 H-Qtz 450 11b P 342-417(6) 370 30.3-50.7(6)* 37.9
164 H-Qtz 450 Ic P 371-392(2) 381 439-51.1(2)« 475

F.I. = fluid inclusion, Tm = ice-melting temperature, Th = liquid—vapor homogenization temperature, number of measurements are given in
brackets; all salinities are calculated from Tm except those with an asterisk which are calculated from the final melting temperature of halite.
H-QTZ = hydrotherma quartz, 1-Qtz = relic igneous quartz, P = primary, S= secondary.

as the Penshan orebody; on the other hand, the volcanic activity. Early hydrothermal activity was

southern portion is hosted by Miocene sedimentary responsible for acid alteration, similar to other typi-
rocks and is referred to as the Hsume orebody. ca high-sulfidation systems. Four hypogene alter-
Hydrothermal circulation affected the volcano-sedi- ation types of silicification, advanced argillic ater-
mentary sequence most during or immediately after ation, argillic alteration and propylitization, have

Fig. 2. Microthermometric data for fluid inclusions in quartz from the Chinkuashih area. (A) Homogenization temperatures of primary and
secondary fluid inclusions in quartz from the Penshan group. (B) Average salinities (wt.% NaCl eq.) versus average homogenization
temperatures (Th) for genetically related populations of primary inclusions (filled circle) and secondary inclusions (open circle) in quartz
from the Penshan orebody, and primary inclusions (filled triangle) and secondary inclusions (open triangle) in quartz from the Hsumei
orebody of the Penshan group. (C) Homogenization temperatures of secondary fluid inclusions in quartz from the Tushihshan—Changjen
group. (D) Average salinities versus average Th for genetically related populations of secondary inclusions in quartz from the Buffalo (open
triangle), First Changjen (open circle) and Third Changjen (filled circle) overbodies of the Tushihshan—Changjen group. (E) Fina
homogenization temperatures of primary fluid inclusions in quartz from sample 164. Inclusions homogenized by either vapor bubble
disappearance or halite dissolution. (F) Salinities versus final homogenization temperatures of fluid inclusions in sample 164.
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previously been recognized within dacite of the Pen-
shan orebody (Wang, 1973). Silicification in the
orebody consists of massive and vuggy silica bodies.
In the Hsumei orebody, silicification, advanced
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The ore stage clearly postdates hydrothermal al-
teration, as indicated by the occurrence of fissure
filling, disseminations and stockworks in the silicifi-
cation zone. Enargite and luzonite are the principal
copper minerals. Gold occurs as native gold, elec-
trum and auriferous pyrite. Locally, the sulfide as-
semblages are accompanied by quartz crystals. In
some cases, quartz crystals lining vuggy silica cavi-
ties contain anhedral to euhedral crystal of pyrite. A
late stage of hydrothermal activity led to the em-
placement of barite veinlets in the surficial parts of
the system. These veinlets carry gold grades. Fission
track and K—Ar age dating of the mineralization and
its host igneous rocks have been proposed by Chen
et a. (1993). Their studies, indicated that intrusion
of the Penshan body occurred between ca. 1.4 and
1.1 Ma, whereas gold—copper mineralization of the
Penshan orebody was dated at 1.0 Ma. The charac-
teristics of the deposits are summarized in Table 1.

3.2. Occurrence of fluid inclusions and microther mo-
metric results

Fluid inclusions in the Penshan orebody were
studied in the following minerals: (1) igneous quartz
phenocrysts occurring in a matrix of vuggy silica; (2)
hydrothermal quartz occurring as vug-filling in the
matrix of vuggy silica; and (3) hydrothermal quartz
occurring as overgrowths on igneous quartz phe-
nocryst and lining fractures and voids of vuggy silica
bodies. In some cases, hydrothermal quartz crystal
are associated with pyrite. Hydrothermal quartz in
the Hsumei orebody occurs as euhedral crystals lin-
ing cavities and fractures of the silicified sandstone.

All the fluid inclusions contain two phases at
room temperature—a liquid phase and a vapor bub-
ble. Liquid-rich type la inclusions homogenize by
disappearance of the vapor bubble. In contrast, va-
por-rich type Il inclusions have vapor bubbles filling
more than 95 vol.% of the inclusion and homogenize
into the vapor. The homogenization temperatures of
type Il inclusions were not determined in this study
owing to the difficulty involved with making visual
estimations when the vapor phase filled the inclusion
(Bodnar et al., 1985). Primary type la inclusions
contain consistent liquid to vapor ratios within indi-
vidual growth zones. The inclusions are usually well
formed and consistent in size (5—10 wm). The coex-
istence of type laand type Il primary fluid inclusions

in well-defined growth zones suggests that these
inclusions resulted from the trapping of boiling flu-
ids.

Secondary type la inclusions in healed fracture
planes are abundant. They tend to be of various
shapes, from irregular to subspherical to dliptical
and of highly variable size, up to 45 pm. Some of
the secondary inclusion populations contain one-
phase, liquid-filled inclusions accompanied by highly
variable liquid-to-vapor ratios within individua
healed microfractures indicating the inclusions were
formed during necking processes. These inclusions
were excluded during heating /freezing analyses.

The characteristics of the studied fluid inclusions
and microthermometric data are summarized in Table
2. The fluid-inclusion homogenization temperatures
in quartz are shown in Fig. 2A. Fig. 2B illustrates
the relationship between the homogenization temper-
atures and salinities for genetically related popula-
tions of fluid inclusions. The apparent salinities were
obtained according to Bodnar (1993).

4. Breccia pipes of the Tushihshan—Changjen
group

4.1. Geology and mineralization

Breccia pipes occur east of the Penshan group,
including the Tsushihshan and Changjen orebodies
(Tan, 1991). Acidic wall-rock alteration was proba-
bly accompanied by phreatic and phreato-magmatic
eruptions, which intersected earlier Miocene sedi-
mentary rocks and produced the diatreme breccias of
the Tushihshan—Changjen group. However, the
Tsushihshan orebodies were not included in this
study due to the absence of samples.

The breccia pipes have a funnel shape being
200-700 m in the vertical dimension and just a few
up to 20 m in the upper diameter. Yu (1994) demon-
strated that the major constituent of the fragmentsin
the pipes is shale, although sandstone, dacite and
sedimentary chalcedony with laminated structure are
also present. Milled breccia fragments, sheeted frac-
tures, collapse breccia and sedimentary structures
were observed in the pipes. Yu (1994) aso found the
multi-layers of horizontal graded bedding within
clasts within the breccia pipes in the inclined sedi-
mentary rocks, and the clast-in-clast structure indi-
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cates that multiple series of brecciation have oc-
curred in the same pipe.

Ore-minerals are mostly found in the fractures
and pores of silicified breccias, suggesting that their
deposition was subsequent to the alteration process.
At a late stage, mineraization mainly consisting of
barite, localy with remarkable gold grades, was
deposited in the surficial parts of the system (Yu,
1994). The “Ar /*Ar ages from alunites indicate that
the breccia pipes were formed at 1.11-0.96 Ma and
mineralized at 0.96 + 0.01 Ma(Yu, 1994). The char-
acteristics of the deposits are also summarized in
Table 1.

4.2. Occurrence of fluid inclusions and microthermo-
metric results

Fluid inclusion data were obtained from hy-
drothermal quartz of the Buffalo, First Changjen and
Third Changjen orebodies. The quartz from the three
orebodies occurs as euhedral crystals lining fractures
in the slicified sediments. The quartz might have
been deposited after an initial leaching event, with
most of the crystals being syn-sulfide deposition. In
some cases, quartz crystals lining cavities contain
anhedral to subhedral enargite. Most of the fluid

inclusions in the hydrotherma quartz from the group
occur as secondary inclusions in headed fracture
planes. Primary fluid inclusions cannot be identified.
These secondary fluid inclusions are irregular in
shape, with size ranging from 1 to 10 pm. Two-phase
liquid-rich (type la) and two-phase vapor-rich (type
I1) inclusions make up the only two types of inclu-
sions. Type Il inclusions are common, but some of
them probably resulted from necking.

A summary of the microthermometric results for
fluid inclusions of the hydrothermal quartz are pre-
sented in Table 2. Fluid-inclusion homogenization
temperatures in the hydrotherma quartz from the
three orebodies are shown in Fig. 2C. A diagram of
salinities (wt.% NaCl eq.) versus This shown in Fig.
2D. There, the sdinities of inclusions from the Buf-
falo orebody show a large variation at a narrow
homogenization temperature range, while the salini-
ties of inclusions from the first Changjen and Third
Changjen orebodies occur as two clusters in different
domains at certain Th values.

In one sample, namely, no. 164 from the Buffalo
orebody, quartz crystals (0.5—-3 mm long) occur as
cement within porous residual silica. Each quartz
crystal contains fluid inclusions. Three major types
of these inclusions are identified in terms of their

Plate 1. Photomicrograph of type I11b fluid inclusions in sample 164 (H = halite; O = opague daughter mineral). Bar scale equals 50 wm.
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phases at room temperature. Liquid-rich type | inclu-
sions contain liquid + vapor + opaque minerals. As
stated, they homogenize with vapor bubble disap-
pearance, but are then further divided into subpopu-
lations based on the absence (type |a) or presence
(type 1b) of opague mineras. Type Ib inclusions
containing opaque phases are rare. Two-phase
vapor-rich type Il inclusions with vapor bubbles
filling more than 90 vol.% of the inclusion homoge-
nize to vapor. Liquid-rich type Il inclusions contain
halite + additional daughter minerals at room tem-
perature (Plate 1). Subpopulations are based on the
presence or absence of opague minerals and sylvite.
Type llla containing liquid, vapor and halite is the
typical type Il inclusions. Rarely do inclusions con-
tain either an opague, or an opaque and sylvite. They
are classified as type I11b (liquid + vapor + halite +
opaque) and type IlIC (liquid + vapor + halite +
opaque + sylvite), respectively.

The majority of the inclusions in this sample are
within growth zones or randomly distributed
throughout the crystals and are interpreted as being
primary or of pseudosecondary origin. Though type
la inclusions are by far the most abundant, type Il
inclusions are also widespread. Type Ill inclusions
are relatively rare and may concentrate in a certain
area within quartz grains or occur as a single inclu-
sion within abundant type | or type Il inclusions. No
definitive paragenetic relationships between the three
inclusion types, though, can be observed.

Halite is the most common daughter mineral.
Sylviteis identified by its rounded form, lower relief
and higher thermal coefficient of solubility than
halite. Most opague solid phases are either nearly
rectangular in form or so small that the shape could
not be distinguished. Hematite is identified by its
characteristic red color.

Fluid inclusions in sample 164 display higher
homogenization temperatures (Fig. 2E). In this study,
with continued heating, halite daughter minerals dis-
solve after vapor bubble disappearance in approxi-
mately 50% of type Ill inclusions; the remaining
50% homogenized with vapor bubble disappearance
at temperatures above the halite dissolution tempera-
ture. Salinities are calculated from the melting tem-
perature of halite based on Potter et al. (1977) and
Chou (1987). Salinities (wt.% NaCl eq.) as a func-
tion of the fina homogenization temperatures for

500
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LIQUID-VAPOR HOMOGENIZATION T (°C)

Fig. 3. Halite dissolution temperatures as a function of liquid—
vapor homogenization temperatures for type Il inclusions. The
diagonal line separates those inclusions which undergo final ho-
mogenization by halite dissolution (upper left) from those which
undergo final homogenization by vapor bubble disappearance
(lower right). Symbols as in Fig. 2F.

type | and type Il fluid inclusions from sample 164
are shown in Fig. 2F.

Fig. 3 illustrates liquid—vapor homogenization
temperatures versus halite dissolution temperatures
for type Ill inclusions. As shown in Fig. 3, inclu-
sions trapped to the left of the iso-Th line, which is
defined by Th(L-V) = Td(halite), homogenize with
halite dissolution after the vapor has disappeared,
while inclusions trapped to the right of the iso-Th
line exhibit liquid—vapor homogenization after halite
dissolution. Inclusions trapped along the iso-Th line
will homogenize with the simultaneous disappear-
ance of halite and vapor.

5. Gas chemistry
5.1. Bulk analysis

Fluid inclusion gases from the Chinkuasih hy-
drothermal system were analyzed with a quadrupole
mass spectrometer (QMS) and a capacitance
manometer. The H,0, CO,, N,, CH, and Ar con-
tents were determined quantitatively by bulk analy-
sis, where ‘bulk’ refers to the average of al the
inclusions decrepitated in the furnace. Sulfur gas
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Table 3
Results of bulk analyses of gases in fluid inclusions

Sample no. 209 139 132 174 202 160

Gas contents (mol %)

H,0 99.66 9949 99.67 99.45 99.66 99.61
CO, 027 046 029 052 032 033
N, 0.066 0.044 0.028 0026 0.015 0.049
CH, 0.0028 0.0015 0.015 0.0019 0.0016 0.0088
Ar - - - - - -
SO, de. - - de. de. -

de.: detected, but not quantitatively determined.

species could not be quantitatively determined be-
cause of their adsorption and reaction with the stain-
less steel tubing.

Six analyzed samples al contain vapor-rich inclu-
sions which may have resulted from boiling fluids.
About 0.3 g of the samples were pre-heated at 200°C
for 3 h. After the mass spectrometer system was
evacuated at 4 X 10~ Torr for one night, measure-
ments were started at a high heating rate in an
infrared furnace. It took 3 min to heat samples to
500°C.

The results of bulk analysis (Table 3) indicate that
the inclusion fluids are mainly comprised of H,O
and CO,. The concentration of CO, ranges from
0.27 mol% to 0.52 mol%. N, is about one order of
magnitude less than CO,. The CH, content though
variable, is consistently less than N,. The Ar content
in al of the samples is below the detection limits. A
small amount of SO, was detected in three samples.
However, the SO, which was detected in the fluid
inclusions could have been generated from H, S, and
the N, and Ar reported in the gas compositions
could have also been from atmospheric contamina
tion, rather than inclusion fluids, during QM S analy-
sis (Graney and Kesler, 1995).

5.2. Individual fluid inclusion analysis

Individual fluid inclusions were analyzed semi-
quantitatively for 10 samples to determine the major
gaseous species in the mass range from 2 to 70.
About 10 mg of each sample was placed in the fused
silica tube of the QMS. After preheating at 200°C for
1 h, the sample was heated from 200°C to 480°C at a

«Imax=509312

M/Z=5-70 T T T T T T e T
339° 348° 358° 367° 378°
50,[64] «Imax=1088
S0[48] k <« [max=784

00l _____ N Nl

H,S[34]

S or 0,[32]

<« Imax=125

N2 or C0[28] WMWMW@W

N-0[18]

A N

«—Imax=387072

PN .

Fig. 4. Analysis of individual fluid inclusions from sample 201, Third Changjen. Eight charts represent mass spectrometer response for the
major gaseous species in the mass range from 2 to 70 versus temperatures. The heating rate is 10°C/min. |, iS the maximum ion count.
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heating rate of 10°C/min. Gases were released con-
tinuously from individual decrepitated inclusions and
were analyzed with a rapid-scanning quadrupole
which provided very fast, continuous data acquisi-
tion. A single peak detected by the QMS is believed
to correspond to the decrepitation of a single fluid
inclusion. Occasionally, a larger peak burst or subor-
dinate multiple peaks of a burst may have corre-
sponded to a cluster of inclusions.

The results of individual fluid inclusions indicate
that the fluids contain mainly H,O and small but
variable amounts of CO,. Some inclusions have an
unusually high CO, content, indicative of the de-
crepitation of the vapor-rich inclusions which are
richin CO,. These inclusions could have been caused
by the heterogeneous trapping of a two-phase boiling
fluid. Significant quantities of SO, which may have
been oxidized from H,S during the QMS analysis
are also identified in some fluids. The peak height of
other gas species, such as CH,, N, and H,S are
very difficult to identify due to their low concentra-
tions. Fig. 4 shows that the SO, peaks correspond
well with those of H,O0 (M/Z=18), Sor O, (M/Z
= 32), CO, (M/Z = 44) and SO(M/Z = 48), asso-
ciated with a large burst in sample 201. The good
agreement with SO,, SO, and S or O, indicate that
some of the SO and S or O, may have been formed
by the fragmentation of SO,.

6. Discussion

The epithermal gold—copper deposits at Chin-
kuashih exhibit general features in common with
typical high-sulfidation systems. These include: the
tectonic setting, associated calc-alkaline volcanic
rocks, acidic wall-rock alteration, ore mineral assem-
blages and possible association with a porphyry-type
mineralization at depth. (Arribas, 1995). The evolu-
tion of the hydrothermal system consists of an early
stage of acidic wall-rock alteration and a late stage
of Au—Cu mineralization. During the alteration stage,
acidic H,SO,—HCl-bearing fluids caused strong
leaching of the rock, and formed the vuggy silica
bodies and advanced argillic alteration zone. By
analogy with other high-sulfidation systems
(Hedenquist et al., 1994; Arribas et a., 1995; Rug-

gieri et a., 1997), it is suggested these acidic fluids
were generated by the interaction of a magmatic
vapor plume which separated at depth from fluids
exsolved from a crystallizing magma, with shallow
waters, most probably of meteoric origin. Following
the early stage of hypogene acidic alteration, Au—Cu
mineralization occurred in the shallowest parts of the
central core of the hydrothermal activity, in associa-
tion with hydrothermal brecciation and the deposi-
tion of amorphous silica and sulfides along open
fractures or in open spaces. An underlying shallow
intrusion may have provided the heat needed to drive
fluid circulation and to induce phreatic and
phreatomagmatic explosions which then produced
the diatreme breccias. Geophysical evidence for the
presence of such an intrusion at a present depth of
700 m, in fact, was reported by Chen (1993).

Fluid inclusion data provide some information on
the hydrothermal fluids circulating in the Chinkuashih
epithermal system. The different fluid inclusion types
and microthermometric data are similar to the fluid
inclusions documented in severa high-sulfidation
deposits (Arribas, 1995). For example, moderate- to
low-salinity fluid inclusions with Th mostly < 300°C
were recorded in many high-sulfidation systems
(Arribas, 1995; Mancano and Campbell, 1995; Rug-
gieri et al., 1997). These inclusion fluids included
the main-stage fluids of epithermal high-sulfidation
mineralization.

Primary type lainclusions in hydrothermal quartz
(except sample 164) probably contain the fluid pre-
sent during the deposition of pyrite or enargite co-
eval with euhedral hydrothermal quartz crystals lin-
ing vuggy silica fractures. This pyrite and enargite
precipitated during the ore stage. Therefore, primary
type la inclusions may represent some of fluids
directly related to ore deposition. Secondary type la
inclusions in both hydrothermal quartz and igneous
quartz phenocrysts were introduced after primary
type la inclusions, which contained the fluid related
to the precipitation of the hydrothermal quartz. These
primary and secondary type la inclusions with Th
mostly from 190°C—-280°C and salinities mostly from
0.5-5.0 wt.% NaCl eqg., probably represent fluids
related to the epithermal high-sulfidation mineraliza-
tion at Chinkuashih.

In the Penshan group, the relationship between
homogenization temperatures and the salinities of
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primary and secondary fluid inclusions within differ-
ent quartz probably reflects a complex sequence of
fluid events, such as cooling, mixing, and boiling.
The trend of increasing salinities with decreasing
temperatures, as observed in Fig. 2B, may be par-
tialy related to boiling because during the process,
vapor loss led to an increase in the salinity in the
cooling residual liquid (Hedenquist and Henley,
1985). Consequent cooling recorded by secondary
inclusions may have been caused by the incursion of
cold fluid, or it could have been due to a falling
water table caused by uplift and erosion.

Microthermometric measurements of secondary
fluid inclusions indicate that the salinities at constant
Th in the samples from the breccia pipes of the
Tsushihshan—Changjen group show a bimodal distri-
bution. The higher salinity of the fluid cannot be
attributed to dissolved gas since the results of gas
bulk analysis indicate that inclusions in the samples
contain a total gas content (CO,, N,, and CH,) of
less than 0.5 mol%. These values are too low to have
yielded significant freezing-point depressions. Never-
theless, as described by Fournier (1979), a bimodal
chloride content for a certain temperature value can-
not only be explained by boiling and dilution. On the
contrary, some other dissolved constituents may have
been added into the hydrothermal fluid. Hedenquist
et al. (1992) indicated that this phenomenon may be
due to the intermittent incursion of magmatic fluid at
depth. However, the amount of magmatic fluid in-
volved in the shallow level can be very small, also
phrestic or phreato-magmatic.

The microthermometric characteristics and daugh-
ter phases of type Il inclusions are similar to those
found in many porphyry copper deposits (Roedder,
1984). For example, total salinities determined for
the two inclusions that contain halite and sylvite are
58.6 wt.% and 63.8 wt.%, respectively. Ratios of
NaCl /(NaCl + KCI) are 0.75 and 0.80 (Bodnar et
al., 1989), which is typical of inclusions found in
porphyry systems (Roedder, 1984). Recent research
has also shown that high-salinity inclusions occur in
a number of high-sulfidation deposits, such as in the
Nansatsu district, Japan (Hedenquist et a., 1994),
Rodalquilar, Spain (Arribas et al., 1995) and Furte,
Italy (Ruggieri et al., 1997). These inclusions in
high-sulfidation deposits may represent fluids of
magmatic origin or the result of the mixing of mag-

matic and meteoric fluids (Arribas, 1995). High-tem-
perature, liquid-rich high-salinity (type I11) inclu-
sions coexisting with high-temperature, vapor-rich,
low-salinity inclusions (type 1) in sample 164 sig-
nify that these fluids may be the result of the boiling
of a high-temperature liquid, or they may reflect
immiscible vapor and hypersaline liquid derived from
emplaced magma (Hedenquist and Lowenstern, 1994;
Arribas, 1995).

Some information on pressure conditions during
the evolution of the Chinkuashih epithermal system
may be derived from the fluid inclusion data. In the
Penshan group, the homogenization temperatures of
inclusions trapped from the boiling fluid provide
measures of pressure which, in turn, are also indica-
tions of the depth of deposition. On the basis of a
model in which mineralization occurs from a hydro-
statically pressured NaCl-CO,-H,O fluid, total
pressure at the Th was calculated according to the
procedure described by Barton and Chou (1993a,b).
Using the homogenization temperature of 271°C, a
salinity of 0.88 wt.% NaCl eq., and a bulk CO,
determination of 0.27-0.46 mol%, the pressure esti-
mate of 6.9-7.9 MPa was obtained for the Penshan
orebody which corresponds to a boiling depth of
850—-970 m below the surface. This estimated pres-
sure (and therefore depth) demonstrates that the pres-
sure of CO, could add 200—300 m to the probable
depth of inclusion trapping. It should be noted that
this compares to the 5.2 MPa that was estimated by
Haas (1971) from CO,-free water.

The formation pressure of hydrothermal quartz
containing high-temperature high-salinity inclusions
can aso be obtained from the microthermometric
data of these inclusions. The coeval halite-bearing
and vapor-rich inclusions along growth zones and /or
healed fractures which were trapped in an immisci-
ble fluid system are P-T indicators (Bodnar and
Vityk, 1994). Based on petrographic observation, the
inclusions that exhibit liquid—vapor homogenization
between 315°C and 396°C and sdlinities of 30 to 42
wt.% NaCl eq. are assumed to be trapped under a
two-phase (immiscibility) condition. Vapor-pressures
determined for these inclusions are in the range of
7.5 and 21.5 MPa (Bodnar and Vityk, 1994). The
difference in pressure may indicate fluctuating pres-
sure conditions between lithostatic and hydrostatic.
These fluids at greater depth could have been trans-
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ported to the relatively shallow level by phreatic or
phreato-magmatic explosion.

Yet, as emphasized in Bodnar and Vityk (1994),
if the halite-bearing inclusions homogenize by halite
dissolution, then the coexisting halite-bearing and the
vapor-rich inclusions cannot represent an immiscible
pair. A number of saline inclusions in this sample
which have similar liquid—vapor homogenization
temperatures but which exhibit higher halite-melting
temperatures may have been trapped at similar tem-
peratures but under greater pressure (Bodnar, 1994;
Cline and Bodnar, 1994). Such conditions might
have indeed occurred as the system became over-
pressured prior to fracturing during phreatic and
phreato-magmatic explosions.

Type | inclusions in sample 164 may be caused
by pressure reduction and agueous fluid exsolution
during the brecciation of the deep-seated magma and
overlying rocks. At low pressure, the chlorine parti-
tion coefficient was reduced and exsolved; however,
these inclusions could have formed during some later
event.

As indicated by Giggenbach et a. (1990) and
Giggenbach (1992), the CO, and CH, in the hy-
drothermal fluids may largely be derived from sedi-
ments, whereas, most of the N, may be related to
meteoric (atmospheric) origin. The relatively low
salinity and the contents of CO,, N, and CH, in the
inclusions suggest that the inclusion fluids are preva-
lently meteoric waters that have reacted to varying
degrees with the host rocks (Moore and Norman,
1996). The presences of SO, (or H,9) in the inclu-
sions could be induced by pnenumato-magmatic
events (Giggenbach et al., 1990).

7. Conclusions

Fluid inclusion in quartz records the hydrothermal
activity of the Chinkuashih, epithermal, high-sulfida
tion Au—Cu deposits. Low-salinity fluid inclusions
(0.5-5.0 wt.% NaCl eq.) with homogenization tem-
peratures mostly ranging from 190°C—-280°C repre-
sent some of the fluids related to ore deposition.
These inclusions trapped small amounts of CO,, N,,
CH, and SO, (or H,S). The coexistence of liquid-
and vapor-rich inclusions suggests boiling condi-
tions. The inclusions were trapped at depths of

850-970 m below the water table. Microthermomet-
ric data indicate that mixing and cooling also proba-
bly occurred in the hydrothermal system, and hyper-
saline fluids from the deep-seated magma sometimes
rose at shallower levels and mixed with meteoric
water during the mineralization stage.
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