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Fluid Inclusion and Stable Isotope Studies of
Mesothermal Gold Vein Deposits in Metamorphic Rocks of
Central Sobaegsan Massif, Korea : Youngdong Area
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ABSTRACT : Mesothermal gold deposits of the Heungdeok, Daewon and Ilsaeng mines in the Youngdong area
occur in fault shear zones in Precambrian metamorphic rocks of central Sobaegsan Massif, Korea, and formed in
single stage of massive quartz veins (0.3 to 3 m thick). Ore mineralogy is simple, consisting dominantly of pyr-
rhotite, sphalerite and galena with subordinate pyrite, chalcopyrite, electrum, tetrahedrite and native bismuth. Fluid
inclusion data indicate that hydrothermal mineralization occurred at high temperatures (>240° to 400°C) from H,O-
CO,(-CH,4)-NaCl fluids with salinities less than 12 wt. % equiv. NaCl. Fluid inclusions in vein quartz comprise two
main types. These are, in decreasing order of abundance, type I (aqueous liquid-rich) and type 1I (carbonic). Vol-
umetric proportion of the carbonic phase in type I inclusions varies widely in a single quartz grain. Estimated CH,
contents in the carbonic phase of type II inclusions are 2 to 20 mole %. Relationship between homogenization tem-
perature and salinity of fluid inclusions suggests a complex history of fluid evolution, comprising the early fluid's
unmixing accompanying CO, effervescence and later cooling. Estimated pressures of vein filling are at least 2
kbars. The ore mineralization formed from a magmatic fluid with the &*Sgg, §'80, 4 and 8Dy, values of -2.1
10 2.2%0, 4.7 t0 9.3%0 and -63 to -79%o, respectively. This study validates the application of a magmatic model for

the genesis of mesothermal gold deposits in Youngdong area.

INTRODUCTION

Mesothermal gold deposits worldwide recently
have been the major target of active exploration
and genetic study. However, the fluid source and
genetic environments of mesothermal gold deposits
are remained elusive and controversial. In many of
the mesothermal gold deposits the metamorphic
source model has been widely proposed for the
fluids. Recently however, the magmatic model
(e.g., Burrows et al., 1986; Spooner, 1991) and the
meteoric water model (e.g., Nesbitt, Muehlenbachs,
1989) also have been proposed. Along the eastern
edge of the Sino-Korean platform, the occurrence
of many mesothermal gold deposits is recently
known and pulls the great scientific and economic
interest. These deposits in eastern China are
considered to have formed from magmatic fluids
during Mesozoic tectono-magmatic reactivation of
the edge of the Archean North China Craton (e.g.,
Trumbull ez al., 1992; Miller et al., 1998; Zhang et
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al., 1999).

The occurrence of mesothermal-type gold deposits
also has been recently documented in Precambrian
metamorphic rocks of central part of southern Korea,
including the Jungwon (Shelton ez al., 1988) and
Youngdong areas (Yun, 1991; So et al., 1995; So,
Yun, 1997). These deposits share common features
which include (1) the host rock petrography, largely
Precambrian paragneiss, (2) the Jurassic age of
mineralization, ranging from 146 to 166 Ma, (3)
the association with weak hydrothermal alteration,
and (4) the volumetrically low sulfide concentration
and simple sulfide mineralogy, including pyrrhotite+
pyrite, base-metal sulfides and gold-rich electrums.
Fluid inclusion and stable isotope studies have
suggested that these mesothermal deposits formed
from CO,-rich fluids with high temperatures, 290°
to 375°C for Jungwon area and 220° to 480°C for
Youngdong area. According to Yao et al. (1999),
these data for Korean deposits are comparable
with those of mesothermal gold deposits in eastern
edge of the Sino-Korean platform.

The Youngdong area, located approximately 180
km southeast of Seoul, forms one of the important
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gold-silver mineralized district in South Korea, in
which different genetic types of gold-silver deposits
occur. These are metamorphic rock-hosted gold de-
posits, granite-hosted gold-silver deposits, and vol-
canic rock-hosted silver-gold deposits. The meta-
morphic rock-hosted gold deposits, including those
of the Samhwanghak and Samdong mines, are
considered to have formed from mesothermal-type
fluids genetically related to the Jurassic Daebo
orogeny (Yun, 1991; So er al., 1995; So, Yun,
1997). In order to convince the origin and genetic
environments of metamorphic rock-hosted mesother-
mal gold deposits in central Korea, fluid inclusions
and stable isotopes of gold deposits in the Heungdeok,
Daewon and Ilsaeng mines are studied in this
paper. These mines have not been studied. The
results of this study will be helpful to understand
the genesis of mesothermal gold deposits in south
Korea and in edge parts of the Sino-Korean Platform
in tectonic viewpoint.

ORE DEPOSITS

At least sixteen quartz veins of the Heungdeok,
Daewon and Tlsaeng mines are hosted in Precambrian
metamorphic rocks of the Sobaegsan massif (see
Fig. 1 for the setting of principal veins). These
mines have been exploited actively during 1910s
to 1960s but is now abandoned. Annual gold
production during 1940s was 1.4 to 43 kg from
each mine, with average ore grades of about 6 to
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13 g/ton Au. Remained ore reserves are totally
estimated to be about 180,000 metric tons (Kim et
al., 1982). The metamorphic rocks in the mine
area comprise banded biotite gneiss and granitic
gneiss. These two rocks commonly show gradual
contacts. Banded biotite gneiss is locally migmatitic.
These metamorphic rocks yielded a whole-rock
Rb-Sr age of 1,810+10 Ma (Choo, Kim, 1985),
and show the metamorphic mineral assemblages
of amphibolite facies.

Gold-bearing quartz veins fill the NE- or NW-
trending fault shear zones with steep dips (60~70°),
and can be traced up to >0.5 km. The veins of the
each mine are subparallel each other and commonly
to the foliation of host rocks, and show similar
morphology and mineralogy. Vein thickness is
varied considerably from <0.3 to 3 m. Narrow
(usually <0.5 m thick), weak hydrothermal alteration
zones with an assemblage of chlorite, sericite,
siderite and albite is recognized in wall rock adjacent
to veins. Earthy graphite often occurs along mi-
neralized fault planes.

Mineralogy and paragenesis of veins are quite
similar among the Heungdeok, Daewon and Ilsaeng
deposits and are shown in Fig. 2. Ore mineralization
occurs in single stage quartz veins which are
massive in occurrence. The ore mineralogy is very
simple, consisting mainly of iron- and base-metal
sulfides. Sulfide minerals are rare in amounts
(usually <10 vol. % of vein) and largely occur
within small healed fractures cutting quartz matrix.
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This relationship indicates that deposition of
sulfide minerals largely occurred after deposition
of quartz. Ore minerals consist mainly of pyrrhotite,

Chiorite — ! i
Sericite — | _—
Quartz I milky to white |
|
Rutile B !
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Magnetite -— | :
Pyrrhotite N E
Pyrite ——_-——:——
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Chalcopyrite | — 2
Tetrahedrite ; S E
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Fig. 2. Generalized paragenetic sequence of alteration and
vein minerals from the Heungdeok, Daewon and Ilsaeng
gold mines.

sphalerite (Xg.g = 0.10~0.17), chalcopyrite and galena
with rare amounts of electrum, native bismuth and
tetrahedrite. Pyrrhotite and dark brown to black
sphalerite are characteristic of veins and are closely
intergrown each other. Gold grains (usually <0.1
mm long) are associated with sufide-rich fractures,
and occur as anhedral gold-rich electrums (74 to 83
atom. % Au) in association with galena, chalcopyrite,
tetrahedrite and native bismuth. Gold content of
electrum grains is very uniform without any
compositional zoning.

FLUID INCLUSIONS

About 60 vein samples were collected from
underground and surface area, and about 600 fluid
inclusions were examined for fluid inclusion study.
Vein quartz was usually inclusion-rich, whereas
sphalerite was not suitable for fluid inclusion study
due to its opacity. Microthermometric data were
obtained on a FLUID Inc. gas-flow heating/freezing
stage which was calibrated with synthetic CO, and
H,0 inclusions and various organic solvents. Salinity
data reported are based on freezing-point depression
in the system H,O-NaCl for H,O-rich inclusions
(Bodnar, 1993) and on clathrate melting tempera-
tures for clathrate-forming and liquid CO,-bearing
(carbonic) inclusions (Bozzo et al., 1975; Diamond,
1992). Temperatures of total homogenization have
standard errors of +1.0°C. Both the melting tem-

Table 1. Summary of microthermometric data of fluid inclusions in vein quartz from Au deposits in the Youngdong area of

the central Sobaegsan Massif.

. Inclusion Occurrence! o Th-CO, Tm-clathrate Tm-ice Th-total  Estimated salinity
Mine type ) Tm-CO, (°C) €C) ©C) o) (°C) (wt. % NaCl)
Heungdeok Ia P- - - - -1.,8~-5.6  244~401 3.1~8.7

Ib S - - - -0.2~-7.7 153~244 04~11.3
Na p -62.9~-56.6  19.8~29.7 6.5~11.0 - 264~343 0.2~5.8
IIb P -62.8~-58.8 9.8~25.8 6.4~9.1 - 266~304 1.8~6.8
Daewon Ia P - - - -0.9~-5.8 245~358 1.2~9.0
Ib P - - - -1.8~-6.2 151~241 1.0~10.2
a P -62.6~-57.2  8.4~26.7 5.8~9.2 -4.2 275~357 1.6~7.8
b P -63.3~-583 14.3~27.7 6.3~9.2 - 256~358 1.6~7.0
Ilsaeng Ia P - - - -1.0~-4.8 249-~401 1.3~7.6
Ib S - - - -0.6~-7.2 152~238 1.1~10.7
Ila P -6.2~-56.6  8.9~21.0 4.7~11.6 - 152~238 0.0~7.8
Ib P -59.8~-58.9 20.8~27.6 - 310~322 3.0~54

1) Based on normal criteria of Roedder (1984). P = primary; S = obvious secondary.
Ia = aqueous, liquid-rich (primary); 1b = aqueous, liquid-rich (secondary); Ila = CO,(-CH,)-bearing(CO,<H,0); IIb = CO,(-CH,)-

bearing(CO,>H,0)
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peratures of frozen carbonic phase, ice and clathrate
and the homogenization temperatures of carbonic
phase have standard errors of +0.2°C. In addition
to the measurements of microthermometric data
(Table 1), the mole fraction of each fluid phase
was determined visually for some inclusions.

Types of fiuid incClusions

Vein quartz samples are inclusion-rich, probably
due to the repeated fracturing and healing during
and after the quartz deposition. The size of fluid
inclusions ranges from <3 to 25 um. Two major
types of fluid inclusions are identified on the basis
of phase relations and cooling behavior. These are
type 1 (aqueous liquid-rich) and type II (carbonic)
inclusions, as shown in Fig. 3.

Type 1 inclusions occupies about 70% of the
numbers of fluid inclusions, and comprise H,O-

rich, liquid and vapor at room temperature. The
gas bubble occupies <10 to 45% of the total in-
clusion volume. Some type I inclusions recognizably
formed CO, clathrates during freezing runs, and
are classified into type la inclusions. Type Ib
inclusions seem to purely water-rich without the
formation of clathrate, and occur as clusters along
healed fractures (Fig. 3D). Based on the criteria of
Roedder (1984), type I inclusions are both primary
and secondary in origin.

Type I inclusions consist of three (water+carbonic
liquid+carbonic vapor) or two (water+carbonic
liquid) phases at room temperature. With slight
cooling down to 0°C, however, a carbonic vapor
also forms in two phase type II inclusions. Type II
inclusions can be classified into two subtypes,
according to the relative volumetric abundance of
carbonic phase at 0~20°C: type Ila (H,0>CO,)
and type IIb (CO,>H,0). The volumetric proportion

Ag. 3. Occurrence and compositional type of fluid inclusions in vein quartz. A. Sketches of types of fluid inclusions. Type
T=aqueous liquid-rich inclusions (Ia=CO, clathrate-forming; Ib =purely aqueous); Type II =carbonic inclusions
(Ila = H,0>CO, in volume; ITb = H,0<CO,). B. Photomicrograph showing the coexistence of type Ila and type IIb inclusions
(Heungdeok mine). C. The coexistence of type 1la, type IIb, type Ia inclusions (Daewon mine). D. The cluster of fracture-
controlled (secondary) type Ib inclusions (Ilsaeng mine). Scale bars are 10 pm long.
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of carbonic phase (liquid+vapor) at 25°C are about
10 to 35% (mostly between 15 and 20%) for type
[a inclusions and about 65 to 90% for type IIb
inclusions. The whole range of carbonic phase
volume is usually observed within a quartz grain.
Type IIb inclusions comprise about 10% of type II
inclusions. Except for rare type IIb inclusions
occurring along healed fractures, type II inclusions
are mostly regular in shape with no planar ori-
entation (Fig. 3B, C). This occurrence indicates the
primary origin for most type II inclusions (Roedder,
1984).

All of type Ia and type Ila inclusions and most
type IIb inclusions appear to be primary, whereas
type Ib inclusions are predominantly secondary
(Fig. 3B, C, D). However, it is impossible to
establish consistently the fluid inclusion chronology
due to repeated fracturing and healing. Therefore,
in this study we have employed a more practical
distinction between primary+pseudosecondary (P+
PS) and obvious secondary (S).

Hedtfing and freezing data

Type | inclusions

The first ice melting of type I inclusions occurred
at temperatures near -21°C (although it was so
difficult to be observed), possibly indicating the do-
minance of NaCl among dissolved salts (Borisenko,
1977; Crawford, 1981). Temperatures of final ice
melting (Tm-ice) in type Ia inclusions range from
-0.9° to -5.8°C, corresponding to salinities of 1.2 to
9.0 wt. % NaCl equiv (Fig. 4). The Th-total data of
P+PS type I inclusions range from 244° to 401°C
(Fig. 5). Secondary type Ib inclusions did not
nucleate recognizable clathrates upon cooling, sug-
gesting the poverty of CO, (<2.7 wt. % CO, if
present; Hedenquist, Henley, 1985). The Tm-ice
values of type Ib inclusions range from -0.2° to
-7.7°C, corresponding to salinities of 0.2 to 11.3
wt. % NaCl equiv (Fig. 4). They have the Th-total
values of 153° to 244°C (Fig. 5).

Type lla inclusions

After the cooling down to about -100°C, melting
of the solid CO, (Tm-CO,) occurred at temperatures
between -62.9° to -56.6°C (Fig. 6). The low Tm-
CO, values suggest the presence of CH, in addition
to CO, in carbonic phase (Burruss, 1981; Heyen et
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Fig. 4. Frequency diagrams of salinity of fluid inclusions in
vein quartz. For the type II inclusions, salinity estimates are
reported by assuming a simple H,O-CO,-NaCl system without
CH,4. Type I=aqueous liquid-rich inclusions (Ia=CO,
clathrate-forming; Ib=purely aqueous); Type II= carbonic
inclusions (Ila = HyO > CO; in volume; IIb = H,0<CO,).

al., 1982). Homogenization of the carbonic phase
(Th-CO,) occurred to a liquid at temperatures
from 14.3° to 29.7°C (Fig. 6). The Th-CO, values
were much variable within a single sample, sug-
gesting the variation of the density of carbonic
phase at the time of entrapment. Melting tem-
peratures of clathrate (Tm-clathrate) range from
4.7° to 11.6°C (Fig. 6). The Tm-clathrate values of
>10.0°C are larger than that of pure CO, (Bozzo et
al., 1975). This may be due to the presence of
CH,, because the formation of CH, clathrate
(CH45H,0) would raise the clathrate melting tem-
perature (Hollister, Burruss, 1976; Burruss, 1981).
Unfortunately, there is no available data on the
relationship between Tm-clathrate value and salinity
for H,0O-CO,-CH,4-NaCl system. Assuming a H,O-
CO,-NaCl system for type Ila inclusions, these
Tm-clathrate values may indicate the low salinity
(<9.5 wt. % NaCl equiv.). A small number of total
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Fig. 5. Frequency diagrams of total homogenization tem-
perature of fluid inclusions in vein quartz. Symbols of fluid
inclusion type are the same as in Fig. 4.

homogenization temperatures (Th-total) were ob-
tained because most type Ila inclusions examined
decrepitated prior to the total homogenization. The
obtained Th-total data range from 264° to 357°C
(Fig. 5).

Type iib inclusions

The Tm-CO, values range from -63.3° to -58.3°C
(Fig. 6). The Th-CO, (to a liquid) values range
widely from 8.4° to 26.7°C (Fig. 6). The Th-
clathrate values have the range of 6.3° to 9.2°C
(Fig. 6). For a H0-CO,-NaCl system, these Th-
clathrate values correspond to salinities of 1.6 to
7.0 wt. % NaCl equiv. (Fig. 4). The Th-total values
obtained range from 256° to 358°C (Fig. 5).

Buk composition of type ii inclusions

Bulk composition and density of type IT inclusions
can be estimated from data on the relative volumes
of the carbonic and aqueous phases, combined
with microthermometric data. The relative volumes
of the carbonic and aqueous phases were estimated
by measuring the inclusions with a graduated ocular
(Roedder, 1984). Assuming that CH, is the sole
agent responsible for the observed depressions of
Tm-CO, and Th-CO, values (relative to those of
pure CO,), the quantitative V-Xcp4 projection of
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Fig. 7. Molar volume versus mole % CH, diagram for the
system CO,-CH, system (after Heyen et al., 1982). Semi-
quantitative estimates of CH, contents in carbonic phase of
type II inclusions in vein quartz, based on the melting and
homogenization temperatures of carbonic phase, are shown.
Symbols of fluid inclusion type are the same as in Fig. 4.

the CO,-CH, system (Heyen et al., 1982), combined
with the obtained Tm-CO, and Th-CO, data, was
used to estimate the CH, contents in the carbonic
phase of type II inclusions. The estimated CH,
contents range from <4 to 20 mole % (type Ila, 11
to 20 mole %; type IIb, <4 to 18 mole %; Fig. 7).

Densities of the carbonic phase (p..) in type 11
inclusions can be estimated using the Th-CO, data
and estimated mole % CH, (Angus et al.,, 1973;
Hollister, 1981). Similarly, densities of the aqueous
phase can be estimated by extrapolation of the phase
diagram for the system H,O-NaCl (Roedder, Bodnar,
1980). Bulk densities (P,) of some type II in-
clusions were calculated from the densities and
volumes of the carbonic and aqueous phases, and
range from 0.83 to 094 g/cc. Furthermore, bulk
chemical compositions of type II inclusions were
calculated from data on the densities, volumes and
relative fractions of the carbonic and aqueous phases.
The calculated mole fractions of carbonic phase in
type II inclusions (Xcox+Xcps) range from 0.05 to
0.78 (type La, 0.49 to 0.78; type Ib, 0.05 to 0.23).

Fluid immiscibifity

As described above, hydrothermal fluids trapped
in vein quartz as P+PS inclusions consist of two
types: (1) a carbonic (CO,- and CHg-rich) fluid
(type 1I); (2) an aqueous fluid with minor amounts
of CO, (type Ia). Type I inclusions are quite
variable in the carbonic content within individual
samples. However, the homogenization temperatures

of type Ila (CO, < H,0) and type IIb (CO, > H,0)
inclusions have the similar range within frequency
diagrams (Fig. 5). These observations indicate that
fluid unmixing accompanying CO, effervescence
was a major history of fluid evolution during the
fluid entrapment.

It is noteworthy that gold grains and sulfide
minerals occur mostly within fractures cutting quartz
matrix. Therefore, the fluids responsible for gold
deposition might have trapped as secondary or
pseudosecondary inclusions in vein quartz. The
secondary or psedosecondary inclusions occur ch-
aracteristically as dominantly aqueous inclusions
(type I). The carbonic inclusions (type II) are
thought to have been trapped mostly prior to gold
deposition, because they occur mostly as primary-
like inclusions in quartz. We consider that the
compositional change of hydrothermal fluids from
largely carbonic toward aqueous fluids occurred
due to extensive unmixing of fluids and was
related to the deposition of gold and sulfides. The
fluid inclusions with the Th-total data around 250°C
are thought to record the unmixed fluids during the
main gold deposition.

The relationships between Th-total data and
salinity of P+PS inclusions are unclear, possibly
suggesting the heterogeneity of hydrothermal fluids
due to the fluid unmixing over the temperature
range 250° to 370°C (Fig. 8). Some secondary
aqueous inclusions with high salinity (>6 to about
12 wt. % NaCl equiv.) are thought to have been
trapped successively from later unmixed fluids.

Experimental data on the system H,O-CO,(-CH,)-
NaCl may support the history of fluid unmixing.
Fig. 9 shows the relations between the estimated
compositions of type II fluid inclusions and the
two-phase regions for the systems H,O-CO,(-CH,)-
NaCl at different salinity and pressure conditions.
Not only the decreasing pressure but also the
addition of CH, and/or NaCl raise the two-phase
region of the H,0-CO, system to higher tem-
peratures (Takenouchi, Kennedy, 1965; Danneil et
al., 1967; Gehrig, 1980; Hendel, Hollister, 1981;
Hollister et al., 1981; Bowers, Helgeson, 1983).
Our data plots mostly fall in the region between
the HyO-CO,-6 wt. % NaCl (2 kbar) solvus and
H,0-CO,-CH4-6 wt. % NaCl (1 kbar) solvus but
approach the H,O-CO,-6 wt. % NaCl (2 kbar)
solvus, and show a compositional immiscibility
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Fig. 8. Total homogenization temperature versus salinity
relationships for fluid inclusions in vein quartz. Symbols of
fluid inclusion type are the same as in Fig. 4.

gap at the range of Xco,cps=0.25 to 0.5 (Fig. 9).
Therefore, this approach gives an additional evidence
of fluid unmixing. If considered the presence of
CH, in type I inclusions, which raises the two-
phase curve to higher temperatures, the approach
of our data to the HyO-CO,-6 wt. % NaCl (2 kbar)

suggest that pressures during the deposition of quartz
were at least 2 kbars.

STABLE ISOTOPES

We measured sulfur isotope compositions of
sulfides, oxygen isotope compositions of quartz,
and hydrogen isotope compositions of fluid in-
clusion waters. Standard techniques were used for
extraction and analysis, as described by Grinenko
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Table 2. Sulfur isotope data of sulfide minerals from Au deposits in the Youngdong area of the central Sobaegsan Massif.

Mine Sample no. Mineral S (%o) AMS %)V T (°CY?
Heungdeok HD 1 sphalerite 0.5
HD 2 galena -0.4
HD 3 pyrrhotite 1.2
HD 4-1 sphalerite 0.3 2.1 313445
HD 4-2 galena -1.8
HD 6 pyrrhotite 0.7
HD 11 pyrrhotite -14
HD 28-1 sphalerite -1.0
HD 28-2 pyrrhotite -0.9
HD 28-3 galena 0.9
HD 29 pyrrhotite -14
HD 97-1 sphalerite 0.1 22 300+45
HD 97-2 galena -2.1
Daewon DW 1-1 pyrrhotite 12
DW 1-2 pyrrhotite 22
DW 2 pyrite 1.6
DW 3 galena -1.5
DW 9 galena 1.0
DW 97-1 pyrrhotite 1.4
Ilsaeng IL 1 pyrrhotite 1.0
10 pyrite 14

' The observed sulfur isotopic fractionation between sphalerite and galena.
2 Using sulfur isotope fraction equations in Ohmoto and Rye (1979).

Table 3. Oxygen and hydrogen isotope data of quartz and their inclusion fluids from Au deposits in the Youngdong area of

the central Sobaegs\an Massif.

Mine Sample no. Mineral 50 (%o) T (°C)Y 3*Oyuter (%0)? D (%)
Heungdoek HD 1-1 quartz 12.8 300 59 <17
HD 1-2 quartz 11.8 300 49 -77
HD 51 quartz 14.9 360 9.0 -6.8
HD 7 quartz 14.1 370 9.3 -7.2
HD 11 quartz 13.7 310 7.2 -74
HD 28 quartz 12.6 290 5.4 -72
Daewon DW 1 quartz 11.9 320 57 -75
DW 4-1 quartz 13.2 310 6.7 -6.3
Dw 4-2 quartz 11.9 300 5.0 -76
Dw 9 quartz 12.6 330 6.7 -74
Dw 97-1 quartz 12.5 340 6.9 -
Ilsang 1 quartz 14.8 370 9.0 -79
n2 quartz 11.0 300 4.7 -78

Y Based on fluid inclusion and/or sulfur isotope temperatures and paragenetic constraints.
2 Calculated water compositions based on quartz-water oxygen isotope fractionation equation in Matsuhisa et al. (1979)

(1962), Hall and Friedman (1963) and Rye (1966).
Isotope data are reported in notations relative to
the CDT standard for sulfur and the Vienna SMOW
standard for oxygen and hydrogen. The standard
error of each analysis is about +0.1%o. for S and O,

‘and +0.2%0 for H (Tables 2 and 3).

Sufur isotope

Analyses of sulfur isotopes were performed on
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twenty-one hand-picked sulfide minerals from the
Heungdeok, Daewon and Iisaeng mines. They have
the following &S values (Table 2): pyrrhotite,
-1.4 to 2.2%; pyrite, 1.4 to 1.6%o; sphalerite, -1.0
0 0.5%o; galena, -2.1 to 1.0%.. Two sphalerite-
galena pairs have the A*S values of 2.1 and 2.2%o,
yielding the coprecipitation temperatures of 313°
+45°C and 300°+45°C (Ohmoto, Rye, 1979).

Because the sulfur isotope fractionations between
H,S and pyrrhotite or sphalerite are very small
over the temperature range 200~400°C (Ohmoto,
Rye, 1979), the °*S values of pyrrhotite and
sphalerite (-1.4 to 2.2%o) can be considered as an
approximation of 8*S values of H,S. Furthermore,
these 3°*S;ps values can be considered as an
approximation of 8*S values of total sulfur in ore
fluids (8**Sg), because the ore mineral assemblage
pyrrhotite+pyrite along with the alteration mineral
assemblage sericite+quartz indicates the dominance
of H,S among dissolved sulfur species (Ohmoto,
Rye, 1979). The §**Syg values around -2 to 2%
also may indicate the igneous origin for the sulfur
source.

Compared with previous data on ore sulfurs
from metallic ore deposits in Korea (So, Shelton,
1987a, b; Shelton er al., 1988; So et al., 1988,
1989a,b), our present data are slightly lower.
Previous studies for Korean gold-silver deposits
show not only the scarcity of negative (isotopically
light) sulfur isotope values but also the common
range of 8*Sg values falling within 3 to 9%.. The
difference in 8**Ss values may reflect the different
reservoir characteristics (e.g., oxidation potential)
of the ore-associated igneous melts.

Oxygen and hydrogen isofopes

Analyses of oxygen and hydrogen isotopes were
performed on thirteen quartz samples and their
extracted inclusion waters (Table 3). Careful optical
observations were undertaken for the selection of
samples for hydrogen isotope analysis in order to
minimize the percentage of fracture-controlled
secondary inclusions. The 8'%0 values of quartz
samples range narrowly from 11.0 to 14.9%.. Hy-
drothermat fluid’s 8'80 estimates can be calculated
from the fluid inclusion temperatures and the frac-
tionation equation of Matsuhisa er al. (1979). The
calculated 830, ,,, values are 4.7 to 9.3%.. The D
values of inclusion waters in quartz are -63 to -79%eo.

Fig. 10 shows the measured and calculated
1sotopic compositions of hydrothermal fluids for
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Fig. 10. A diagram showing hydrogen isotope (measured)
and oxygen isotope (calculated from O isotope composition
of quartz) compositions of hydrothermal fluids responsible
for the formation of the Heungdeok, Daewon and Ilseang
gold mines in the Youngdong area. The general magmatic
and metamorphic water boxes are from Taylor (1979); the
meteoric water line from Craig (1961).

the formation of the Heungdeok, Daewon and
Ilsaeng gold mines. Our data significantly overlap
the general magmatic water box, and do not
overlap with the metamorphic water box and the
seawater or meteoric water values (Taylor, 1979).
We conclude that the hydrothermal fluids responsible
for gold deposits of the Heungdeok, Daewon and
Ilsaeng mines were derived magmatically (possibly
from hidden granitoids).

SUMMARY

Gold-quartz veins of the Heungdeok, Daewon,
and Ilsaeng mines in Youngdong area were ex-
amined for fluid inclusions and stable isotopes, in
order to evaluate the successful application of a
magmatic model for the genesis of mesothermal
gold deposits in central Korea. Major conclusions
of this study are summarized as follows:

1. Gold deposits of the studied mines occur as
single stage of massive quartz veins (average gold
grade=6 to 13 g/ton Au) which fill the fault shear
zones in Precambrian metamorphic rocks of central
Sobaegsan Massif. Hydrothermal wallrock alteration
is weak and consists of low greenschist facies as-
semblage. The ore mineralogy is characterized by the
dominance of pyrrhotite among iron sulfides and the
gold-rich nature of electrums (74 to 83 atom. % Au).

2. Fluid inclusions in vein quartz comprise two
main types: type I (aqueous liquid-rich) and type I
(carbonic). Gold-quartz veins formed from meso-
thermal fluids with temperatures and salinities of
244° to 401°C and <9.5 wt. % NaCl equiv.,
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respectively. The volume of carbonic phase in type
IT inclusions within a single quartz grain varies
widely from about 10 to 90% at room temperature.
Combined with the coexistence of type Il in-
clusions with some type I inclusions, this observation
indicates the occurrence of fluid's unmixing accom-
panying CO, effervescence. The overall composi-
tional change of hydrothermal fluids from largely
carbonic toward aqueous fluids occurred due to
extensive unmixing of fluids and was related to the
deposition of gold and sulfides.

3. Low melting temperatures (down to -63.3°C)
and wide homogenization temperatures (8.4° to
29.7°C) of type Il inclusions indicate the presence
of appreciable CH,; (2 to 20 mole %) in the
carbonic phase. Mole fractions of the carbonic
phase in type II inclusions (Xcgp+Xcys) are cal-
culated to fall in the wide range of 0.05 to 0.78.
Plots of the homogenization temperature versus
Xcoo+cna relationship for type I inclusions also
indicate the occurrence of the fluid immiscibility
with an immiscibility gap between Xcg),cp4 values
of 0.25 to 0.5 over the temperature range 250° to
370°C, and suggest the pressure conditions of >2
kbars for the mineralization. The homogenization
temperature versus salinity relationships of fluid
inclusions also indicate the fluid evolution com-
prising the early fluid's unmixing accompanying
CO, effervescence and later cooling.

4. Stable isotope studies indicate that mesothermal
gold mineralization of the Heungdeok, Daewon,
and Ilsaeng mines occurred from the fluids with
the 8°*Sys, 880y ey and OD,,,, values of -2.1 to
2.2%o, 4.7 t0 9.3%0 and -63 to -79%e, respectively.
These data indicate the magmatic origin of the
mesothermal fluids. The occurrence, mineralogy,
and fluid inclusion and stable isotope data of the
studied three mines are quite comparable to those
of the nearby Samhwanghak gold mine (So, Yun,
1997) and of mesothermal gold deposits in the
eastern and northern edge parts of the Sino-Korean
platform (Trumbull er al., 1992; Miller et al.,
1998; Yao et al., 1999), and may validate the
applicability of a magmatic model for the genesis
of these mesothermal gold deposits.
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