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Cretaceous Epithermal Au-Ag Mineralization in the Muju-
Yeongam District (Sulcheon Mineralized Area),
Republic of Korea

Chil-Sup So*, Seong-Taek Yun**, Sang-Hoon Choi*, Se-Hyun Kim***
and Moon-Young Kim****

ABSTRACT : Late Cretaceous (90.5Ma), epithermal gold-silver -vein mineralization of the Weolseong and
Samchang mines in the Sulcheon area, 60 km southeast of Taejeon, can be separated into two distinct stages
(I and II) during which fault-related fissures in Precambrian gneiss and Cretaceous (102 Ma) porphyritic
granite were filled. Fluid inclusion and mineralogical data suggest that quartz-sulfide-electrum-argentite-
forming stage I evolved from initial high temperatures (x 340°C) to later lower temperatures (~ 140°C)
at shallow depths of about 400 to 700 m. Ore fluid salinities were in the range between 0.2 and 6.6 wt. %
eq. NaCl. A simple statistic model for fluid-fluid mixing indicates that the mixing ratio (the volumetric ratio
between deep hydrothermal fluids and meteoric water) systematically decreased with time. Gold-silver

deposition occurred at temperatures of 230+ 40°C mainly as a result of progressive cooling of ore-forming
fluids through mixing with less-evolved meteoric waters.
Measured and calculated hydrogen and oxygen isotope values of hydrothermal fluids indicate meteoric

water dominance, approaching unexchanged meteoric water values. The geologic,

mineralogic, and

geochemical data from the Weolseong and Samchang mines are similar to those from other Korean epithermal

gold-silver vein deposits.

INTRODUCTION

Gold-silver vein deposits in South Korea are fis-
sure-filling quartzt carbonate veins intimately as-
sociated with Jurassic and Cretaceous granites
(Shimazaki et al., 1981, 1986). Three main types
of deposit have been documented, based on min-
eralization age, Au/Ag ratio, depth of forma-
tion, water-rock ratio (Shelton et al., 1988). These are:
gold-rich mesothermal gold deposits, Korean-type
gold-silver deposits, and more silver-rich epithermal
deposits.

Within the Sulcheon area, there are many gold-
silver deposits made the area one of the largest and
most productive gold-silver mine districts in South
Korea (Kim, 1971). The Weolseong and Samchang
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mines are examples of the numerous gold-silver
deposits in the Sulcheon area. Ore grades of the
Weolseong mine were reported to be 5.2 to 18.5 g/ton
Au and 48 to 73g/ton Ag. Ore reserves are not
known.

Studies of the Weolseong and Samchang mines
were undertaken in order to understand the phys-
icochemical conditions and origin of the ore flu-
ids in the Sulcheon area. Data of the present study
are compared with those from other epithermal gold-
silver deposits in Korea. ’

GEOLOGIC SETTING

The Sulcheon Au-Ag mine area is located approx-
imately 60 km southeast of Taejeon within the Sobaeg-
san Massif. The massif forms the basement of south-
ern parts of Korean peninsula, and is mainly com-
posed of Precambrian metamorphic rocks.

Rocks in the mine area, from oldest to youngest
units, is composed of Precambrian gneiss complex,
age-unknown amphibolite, and Cretaceous porphy-
ritic granite and felsic dykes (Fig. 1).

The Precambrian gneiss complex occupies most of
the mine area, and consists of migmatitic gneiss,
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Fig. 1. Geologic map of the Weolseong and Samchang Au-Ag mine area.

Ar age of 98.7+ 3.6 Ma. Detailed lithochemical char-
acteristics of the granite are described in Youn and

Park (1991).

biotite banded gneiss, granitic gneiss and mica schist.
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white. Chloritization and pyritization of host gneiss
(especially the biotite banded gneiss) extends up to
0.2m from vein margins. Porphyritic biotite granite
has distinct alteration zones (usually up to 0.5m
wide). The alteration, from inner to outer zones, is
as follows: silicic, sericitic, and chloritic. The sericitic
alteration zones are characterized by obliteration of
feldspar and biotite. Sericite locally comprises up to
75 volume percent of the altered rock. Minor illite
occurs in the innermost zones of sericitic alteration.
Fine-grained euhedral pyrite is common
within the sericitized zones. The chloritic zones are char-
acterized by alteration of biotite to chlorite plus pyrite,
and by feldspar phenocrysts that appear to be dusty
due to development of microscopic-sized sericites.
An alteration sericite yielded a K-Ar date of 90.5+
1.1Ma (So and Yun, in prep.), suggesting a Late
Cretaceous age of gold-silver mineralization. The
mineralization may be associated with ubiquitous
felsic dykes in the mine area, rather than with the
older porphyritic biotite granite.

VEIN MINERALOGY

Vein minerals of the Weolseong and Samchang Au-
Ag deposits were deposited in two distinct miner-
alization stages (I and II) which were separated by
a tectonic fracturing event (Fig.2). Stage I was
quartz-sulfide-electrum-argentite mineralization. Stage
IT was post-ore carbonaie mineralization stage which
filled newly opened fractures.

Stage |

Economic quantities of gold and silver, together
with quartz and sulfides were deposited during this
stage. The principal sulfides of stage I were pyrite,
sphalerite and galena, and the minor sulfides were
chalcopyrite, arsenopyrite and pyrrhotite. Stage 1
mineralization can be further divided into three
substages, based on mineral assemblages and textural
relationships: (1) Early substage (pyrite, arsenopyrite
and dark sphalerite); (2) Middle substage (sphalerite,
galena, electrum and argentite); and (3) Late (Vug)
substage (pyrite and calcite).

Early Substage

The Early Substage is characterized by massive
milky to gray quartz associated with pyrite and dark
sphalerite. Minerals of this substage occur as follows:
1) thin veins and stockworks within sericitized rocks;
2) discontinuous segments near vein margins; and
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Fig. 2. Generalized paragenetic sequence of vein minerals
from the Weolseong and Samchang Au-Ag mines. Line
widths indicate relative abundance. Temperature scale (T,
°C) is based on fluid inclusion homogenization
temperatures. *; mole % FeS of sphalerite.

3) fragments enclosed within later white quartz veins.
The quartz locally occurs as gray chalcedonic bands
near vein margins.

Early-Substage pyrite, the major sulfide, occurs as
ubiquitous, fine to coarse crystalline aggregates within
quartz veins and altered wall-rocks. Earliest fine-
grained pyrite commonly forms massive bands near
vein margins, and includes euhedral to subhedral
arsenopyrite that contains 29.1 to 30.6atom. % As
(Table 1). Rare pyrrhotite occurs as tiny inclusions
within pyrite and dark sphalerite.

Early-Substage sphalerite is typically black and
closely intergrown with pyrite. It commonly includes
biebs of chalcopyrite and rare pyrrhotite. The sphal-
erite is characteristically iron-rich, with mole %
FeS ranging from 9.2 to 12.0 % (Table 1 and Fig. 3).
Siderite occurs locally intergrown with sphalerite in
thin veins cutting the altered granites.

Early-Substage sulfides, especially pyrite and sphal-
erite are often brecciated and cemented by the Mi-
ddle-Substage minerals. This indicates that a fractu-
ring event occurred after the Early-Substage min-
eralization,

Middle Substage
The Middle Substage is characterized by white
comb quartz associated with yellow-brown sphalerite
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Table 1. Chemical compositions of arsenopyrite, sphalerite, and electrum from the Weolseong and Samchang Au-Ag
mines.
A. arsenopyrite

Associated wt. % atom. %
Mine Sample no. Substage
minerals Fe As S total Fe As S
Weolseong WS-2:3 Early Py, sp 3462 4187 2372 10021 3231 2913 3856

3526 4247 2273 10046 3310 2072 317
3476 4239 2321 10036 3255 2959 3786
WS-32 Early DY, spopo 3508 4238 2207 9953 3337 3005 3657
3384 4322 2336 10042 3170 3018 3812
479 4278 2208 9964 3309 3033 3658

Samchang SC-15 Early py 3448 4214 2208 98.69 33.05 3010 36.85
SC-17 Early pY, Sp 3498 4195 2192 98.85 3349 2994 36.56

3527 4283 2202 10012 334 3025 3633

3449 4356 2242 10047 32.53 3063 3684

B. Sphalerite

Associated wt. % atom. %
Mine Sample no. Substage
minerals Fe Mn Cd FeS MnS CdS
Weolseong WS-1-3 Early pY, apy 7.16 0.16 0.18 12.01 0.30 0.23
WS-2-1 Late py, gn 0.65 0.08 0.40 1.10 0.12 0.52
0.54 0.02 034 0.90 0.03 0.44
0.51 0.00 0.42 0.85 0.00 0.54
WS-2-2 Early py, apy 549 0.05 0.14 9.21 0.10 0.19
6.61 0.06 0.09 11.09 0.10 0.1
WS4-2 Middle py, gn, el, arg 180 0.02 0.29 3.02 0.04 0.39
1.74 0.03 0.23 292 0.05 0.30
WS-7-1 Middle Py, gn, cp 1.17 0.00 042 197 0.00 0.54
WS-7-3 Middle py, gn 270 0.00 0.41 4.53 0.00 0.53
245 0.03 0.16 4.14 0.06 021
0.88 0.03 0.33 147 0.05 042
Samchang SC-5-1 Middle py, gn 091 0.02 0.17 1.53 0.03 022
093 0.02 0.24 1.56 0.03 031
SC-10-2 Middle py, gn 0.82 0.34 0.21 138 0.07 0.27
0.83 0.02 0.38 140 0.04 0.49
0.72 0.02 0.19 1.21 0.03 0.25
SC-12-1 Late Py 0.50 0.11 0.34 0.84 0.21 045
0.19 0.01 0.19 032 0.02 0.24
C. Electrum
Associated wt. % atom. %
Mine Sample no. Substage
minerals Au Ag total Au Ag
Weolseong WS4-2 Middle pY, sp, gn, arg 55.05 44.70 99.75 40.28 59.72
5345 49.96 10041 33.12 66.88
5042 47.85 98.27 31.71 68.29
46.27 53.58 99.85 28.24 71.76

Abbreviation: apy=arsenopyrite, arg=argentite, cp=chalocopyrite, el=electrum, gn=galena, po=pyrrhotite, py=pyrite,
sp=sphalerite

and galena. The yellow-brown sphalerite (1.2 to 45 anhedral aggregates near vein margins, which are
mole % FeS; Table 1 and Fig. 3) commonly occuras closely associated with pyrite, galena and chal-
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Fig.3. Variation of iron content (mole % FeS) of
sphalerite from the Weolseong and Samchang Au-Ag
mines. Abbreviations: apy=arsenopyrite, arg=argentite,
el=electrum. gn=galena, py=pyrite.

copyrite. Microscopic chalcopyrite veinlets crosscut
the Early-Substage sphalerite and pyrite.

Electrum occurs as fine irregular grains occupying
fractures in Early-Substage pyrites. It is intergrown
with galena, sphalerite (~3 mole % FeS) and argen-
tite. Silver contents (atom. % Ag) of electrum grains
are 59.7 to 71.8% by EPMA (Table 1).

Late (Vug) Substage

Pyrite, sphalerite, galena, dickite and calcite were
deposited in vugs during the close of stage L. Fine-
grained, honey-colored sphalerite (0.3 to 1.1 mole %
FeS; Table 1 and Fig.3) and galena are rarely
intergrown with vug quartz. Fine (<1 mm) pyrite
cubes, white dickite powders, and white calcite
thombs rarely coat and OVergrow vug quartz,
although they do not coexist together at a single
locality.

Stage 1l

Following stage I mineralization, tectonic activity
resulted in extensive brecciation and fracturing of
stage T veins. The newly opened fractures (<10cm
wide) were filled with barren, white calcite with rare
pyrite.

FLUID INCLUSION STUDIES

701 fluid inclusion (450 primary and 251 secon-
dary) in 33 samples of quartz, sphalerite, and calci-

te were examined in order to document composition
and temperature ranges of hydrothermal fluids during
the mineralization at the Weolseong and Samchang
mines.

Microthermometric data were obtained on a Fluid
Inc. gas-flow heating/freezing system. Temperatures
of total homogenization and final ice melting have
standard errors of +1.0° and *0.2°C, respectively.
Salinity data are reported based on freezing-point
depressions in the system H,O-NaCl (Potter et al.,
1978).

Two types of fluid inclusion were observed: liquid-
rich (type I), and vapor-rich (type II) fluid inclusions.
Liquid-rich inclusions are the predominant type and
contain a liquid and a vapor bubble comprising <10
to 35 vol. percent at 25°C. The bubbles were
determined (by crushing) to be essentially water
vapor. No traces of gas hydrates were observed
during freezing. Initial (eutectic) melting of ice was
measured for some liquid-rich inclusions, and
occurred at = —20°C. This indicates that NaCl was
the dominant dissolved salt (cf. Crawford, 1981).

Vapor-rich inclusions contain a liquid and a vapor
bubble comprising >60vol. percent at 25°C. They
occur only as primary inclusions in milky to gray
quartz of the Early stage I, and homogenize to the
vapor phase.

All samples examined contained both primary and
secondary fluid inclusions. Most samples had a
higher proportion of secondary inclusions, probably
due to repeated fracturing and healing both during
and after quartz deposition. Obvious secondary
inclusions occur along healed fractures and have
small (<15 vol. %) vapor proportions. However, it was
often difficult to distinguish between true primary
and secondary inclusions using normal criteria
(Roedder, 1984) because many secondary inclusions
appeared to be primary-like inclusions as reported
by Sterner and Bodnar (1984). Therefore, we have
taken special care in selecting adequate samples for
our fluid inclusion study, and in distinguishment
between primary and secondary inclusions.

Microthermometric Data

Microthermometric data of fluid inclusions are
summarized in Table 2 and Figs.4 and 5. Inclusions
in each type of mineral from the Weolseong and
Samchang mines have similar ranges of homoge-
nization temperature and salinity (Figs.4 and 5).

Primary fluid inclusions in stage I minerals were
homogenized at wide temperatures between 138° and
338°C (Fig.4). This wide temperature range is
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Table 2 Summary of microthermometric data of fluid inclusions from the Weolseong and Samchang Au-
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mines.

Inclusion Tx(°C) Salinity (wt. % eq. NaCl)
Mine Stage  Substage Mineral :

type Range Average? Range Average?

Weolseong I  Early milk to gr qtz PI 237~338 282(81) 2.7~6.6 4.8(31)

Pl 283~316 299(6) 52~5.1 5.4(3)

SI 157~242 189(62) 09~4.8 3.3(25)

Middle wht qtz PI 192~271 232(74) 22~6.6 3.9(31)

SI 144~198  182(53)  09~36  23(1)

sp PI 204~241  229(7) 48~58  5.2(4)

SI 159~197 180(16) 1.7~3.2 2.5(6)

Late(Vug) c qtz Pl 146~213 184(65) 02~4.6 2.7(32)

I - cc PI 138~177 157(26) 04~3.1 2.0(13)

Samchang 1  Early milk to gr qtz PI 246~322  289%(68) 34~6.3 4.7(24)

Pl 282~293 288(4) 58 5.8(1)

SI 164~244  193(73)  12~40  29(14)

Middle wht gtz PI 202~261 233(58) 14~6.1 3.2(23)

SI 158~207  185(47)  1.0~37  22(14)

Late(Vug) cl qtz PI 138~211 185(61) 0.7~4.8 2.3(25)

D Numbers in parentheses refer to number of inclusions measured. Abbreviation: I=liquid-rich inclusions, I=vapor-
rich inclusions, cc=calcite, cl=clear, gr=gray, milk=milky, P=primary, qtz=quartz, S=secondary, sp=sphalerite,

wht=white.

thought to reflect a continuum of several episodes
of hydrothermal activity rather than one specific
event. Specific temperature ranges for each substage
are: Early Substage, 237° to 338°C; Middle Substage,
192° to 271°C; and Late (Vug) Substage, 138° to 213
°C. Vapor-rich (type II) inclusions in milky to gray
quartz (Early substage) were homogenized to vapor
at temperatures of 282° to 316°C.

Salinities of primary inclusions in stage I minerals
range from 0.2 to 6.6 wt. % eq. NaCl (Fig. 5). Within
each substage the values are: Early Substage, 2.7 to
6.6wt. % (for vaporrich inclusions, 5.2~5.8%);
Middle Substage, 1.4 to 6.6wt %; and Late (Vug)
Substage, 0.2 to 483 wt. %.

Primary liquid-rich inclusions in stage II calcite
have homogenization temperatures of 138° to 177°C
and salinities of 0.4 to 3.1wt. % eq. NaCl.

Within Stage 1 mineralization, the temperatures
and salinities of each substage's primary fluid
inclusions are nearly identical to those of secondary,
low-temperature fluid inclusions in former substages
(see peaks in histograms of secondary inclusions in
Figs. 4 and 5). Shelton and Orville (1980) showed that
secondary fluid inclusions can be trapped along
healed fractures in quartz within hours under
geologically reasonable conditions. Fractures were
present throughout Stage I mineralization in the
Weolseong and Samchang mines. Therefore, it is
likely that primary fluids during the Middle and Late
substages were trapped as secondary inclusions in

minerals of previous substages. This may indicate
that the fluids of the later substages passed rather
pervasively through earlier-formed vein systems.

Varigtions in  Temperature ond  Salinity of
Hydrothermal Fluids

Fluid inclusion data indicate that stage I evolved
from initial high temperatures (~340°C) to lower
temperatures (~ 140°C). It is noteworthy that homo-
genization temperatures of primary fluid inclusions
display a systematic decrease with increasing para-
genetic time (through successive substages) (Fig.4).
This indicates that each substage was a distinct
mineralizing system which largely abated prior to the
onset of the next, and that stage I mineralization
progressively cooled with time. Such progressive
cooling of stage I fluids was probably a result of
progressive introduction of cooler meteoric waters
(see below). Temperature data for stage II calcite-
depositing fluids indicate continued cooling of fluids
by interaction with less evolved meteoric waters (x
140°C) (Fig. 4).

Salinity data of hydrothermal fluids show a gradual
decrease with increasing time from = 6.5 to ~0wt.
% eq. NaCl (Fig. 5). This indicates a gradual dilution
of the fluids, probably also due to the increasing
influx of dilute (~ 0wt. % eq. NaCl) meteoric waters.
Stage II hydrothermal fluids that deposited calcite
must have been much diluted (Fig.5).
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Fig.4. Histograms of homogenization temperatures of
fluid inclusions in vein minerals from the Weolseong and
Samchang Au-Ag mines. P=primary inclusions, S=
secondary inclusions.

Measured salinities of some vapor-rich (type II)
fluid inclusions in the Early-Substage quartz (= 5~8
wt. % NaCl) are generally higher than those of
liquid-rich (type I) inclusions (Fig.5). The increase
in salinity may reflect liquid loss as vapor during
boiling (Hedenquist and Henley, 1985).

As described in “VEIN MINERALOGY”, Au-Ag
minerals (electrum and argentite) were formed only
during the Middle Substage of stage 1. Homoge-
nization temperatures of primary fluid inclusions
in Middle-Substage minerals ranged from 192° to
271°C (Fig.4), so this temperature range (230°
+40°C)corresponds to the period of Au-Ag ore min-
eralization. Temperature data from sphalerite (230°
+15°C, Fig.4) may further constrain the tem-
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Fig. 5. Histograms of salinities of fluid inclusions in vein

minerals from the Weolseong and Samchang Au-Ag
mines. Symbols are the same as in Fig.4.

perature conditions of Au-Ag-depositing fluids
because the precious-metal minerals are commonly
associated with sphalerite (in adddition to galena).

The relatively narrow range of salinities (most, 2~6
wt. % eq. NaCl) and paucity of vaporrich fluid
inclusions in the Middle-Substage minerals suggest
that Au-Ag deposition probably resulted from cooling
of the ore fluids. If gold and silver were present as
Au(HS); and AgClL; in solution, then a temperature
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Table 3. Volumetric mixing ratios between deep hydrothermal fluids and less-evolved meteoric water, calculated from

microthermometric data of primary fluid inclusions from the Weolseong and Samchang Au-Ag mines.
TH°C) Salinity(wt. % eq. NaCl) Mixing ratio
Stage Substage

Range Average Range Average From Tx(°C) From salinity

I Early 237~338 286 2.7~6.6 4.81 0.49~1.00(0.73) 0.39~1.00(0.72)
Middle 192~271 232 1.4~6.6 371 0.26~0.66(0.46) 0.19~1.00(0.55)

Late(vug) 138~213 184 02~4.38 252 0.00~0.37(0.22) 0.00~0.72(0.36)

1 - 138~177 157 04~3.1 204 0.00~0.19(0.09) 0.03~0.45(0.29)

*The equations used are: Tj,=X * (Ty)+(1-X) - (L), and S$,=X « (S)+(1—-X) * (Sym), Where X=mixing ratio (volume

of deep hydrothermal fluid),

I—-X=volume of introduced less-evolved meteroric water, T,m=temperature (°C) of

introduced less-evolved meteoric water, Ty, =temperature of deep hydrothermal fluid, T:,=temperature of measured fluid
inclusions, S,,,=salinity (wt. % eq. NaCl) of introduced less-evolved meteoric water, S;=salinity of deep hydrothremal
fluid, and S,=salinity introduced less-evolved meteoric water.

* Temperature and salinity of end members of the mixing are chosen as follows, based on measured fluid inclusion
data: deep hydrothermal fluid, 340°C and 6.6wt. % eq. NaCl; and introduced less-evolved meteoric water, 140°C and

0.2wt. % eq. NaCl

decrease below 250°C would greatly reduce their
solubilities, triggering Au-Ag ore deposition (Seward,
1976, 1984).

Statistic  Esfimation of Mixing with Less-Evolved
Meteoric Water

Homogenization temperatures and salinities of
primary and secondary fluid inclusions form the
same populations in each substage both from the two
mines studied (Table 2, Figs.4 and 5). This may be
estimated by the Mann-Whitney U (Mann and
Whitney, 1947) and Kolmogorov-Smirnov (Siegel,
1956) non-parametric tests. Differences in data
population may arise when cold, ambient meteoric
water enters the interior of the hot mineralizing
system.

The progressive decrease in homogenization tem-
perature of primary fluid inclusions with increasing
paragenetic time is not best explained by simple
conductive cooling of hydrothermal fluids, be-
cause the temperature drop observed between each
substage is quite large. Heat loss through fluid boiling
is not an explanation, because the boiling was
observed in only Early-Substage quartz. We prefer
the interpretation of progressive inundation of cooler
meteoric waters as an effective mechanism of fluid
cooling. This is further supported by the gradual
decrease in salinity (dilution) of hydrothermal fluids.

Toward the later portions of mineralization, such
mixing with less-evolved, cooler meteoric waters
became more pronounced, probably due to further
fracturing which allowed meteoric waters into the
system (see “VEIN MINERALOGY”).

Here, we evaluate the mixing model statistically
(Table 3), assuming that deep hydrothermal fluids
(340°C, 6.6wt. % eq. NaCl) simply mixed with less-
evolved, ambient meteoric waters (140°C, 0.2wt. %
eq. NaCl). Temperature and salinity of the end
members of ‘parent’ fluids which mixed together are
inferred from the ranges of fluid inclusion data. The
equations used for the calculation are described in
Table 3. They indicate that the mixing ratio
(volumetric ratio between deep hydrothermal fluids
and less-evolved meteoric waters) progressively
decreased with increasing time, from 0.73 (for Early
Stage I) through 0.46 (for Middle Stage I) and 0.22
(for Late Stage I) to 0.09 (for Stage II) (Table 3).
A similar trend of decreasing mixing ratio (from 0.72
to 0.29, Table 3) was obtained using the salinity data,
However, this calculation method will have large
errors because the salinity data have relatively narrow
ranges as well as large errors of measurement.

The above calculation should only be considered
as a simple approach to understand the paleo-
hydrology of a hydrothermal system, because hydro-
thermal fluids for different periods of mineral-
ization would have had and variable initial T-X
conditions. However, it indicates a general pro-
gressive increase in involvement of less-evolved
meteoric-water, and also progressive waning of deep
hydrothermal fluid flow due to replacement by local
meteoric waters in the mineralizing system.

Pressure-Depth Consideration

Liquid-rich and vapor-rich fluid inclusions are
intimately associated in some samples of Early stage
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Fig. 6. Fugacity of sulfur versus temperature diagram showing sulifidation reactions pertinent to mineral assemblages
of the Weolseong and Samchang Au-Ag mines. Cross-hatched, single hatched, and dotted areas indicate depositional
environments of Early, Middle, and Late substages, respectively. Numbers denoted by * are atomic % of As in
arsenopyrite. Numbers in [ ] and () are the atomic % of Ag in electrum and the mole % of FeS in sphalerite,
respectively. Abbreviations: Ag=native silver, Apy=arsenopyrite, Arg=argentite, As=arsenic, Po=pyrrhotite, Py=pyrite,
Th(°C)=homogenization temperature.

I quartz, and tend to homogenize at similar tem- attempted to estimate the chemical evolution of stage
peratures (282° to 316°C). This phenomenon indi- I ore fluids.
cates that fluids boiled during the Early Substage of Ranges of temperature and fugacity of sulful (fs,)

stage I. The P-T-X data of Sourirajan and Kennedy for stage I fluids were estimated from the phase
(1962) and Haas (1971) for the system H,O-NaCl 52 relations and mineral compositions in the systems
to 5.8wt. %) indicate pressures of ~65 to 100 bars Fe-Zn-S (Barton and Toulmin, 1966), Au-Ag-S (Barton
for the Early stage I mineralization. These pressures and Toulmin, 1964), and Fe-As-S (Kretschmar and
correspond to depths around 720 to 1,200m as- Scott, 1976). Figure 6 indicates a general decrease

suming lithostatic conditions, and to depths around in fs, and temperature with time during stage
230 to 380 m assuming lithostatic conditions. There- L. Pyrite-arsenopyrite (29.1 to 30.6atom. % As)
fore we suggest that the mineralization occurred at -sphalerite (9.2 to 120 mole % FeS) assemblages in

depths of about 400 to 700m under pressure the Early Substage precipitated within a temper-
conditions that fluctuated between lithostatic and ature range of 300° to 350°C, which corre-

hydrostatic. sponds to log fs, values of —10.9 to —8.4 (Fig. 6).
Middle Substage minerals include electrum (59.7
CHEMISTRY OF ORE FLUIDS to 71.8 atom % Ag) and more iron-poor sphalerite

(1.2 to 45mole % FeS), indicating lower temperature
Equilibrium thermodynamic calculations were (190° to 275°C) and log fs, (—15.1 to —11.3)
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Fig. 7. Fugacity of sulfur versus fugacity of oxygen diagram at 250°C showing mineral stabilities of Middle substage
(hatched area). Thick solid lines indicate stability fields of minerals in the system Fe-O-S; vertical thin solid, graphite
stability at a log fco, of 0.5; oblique thin solid lines, molality of H.S. Equilibrium constants used for constraining
reactions are from Helgeson (1969) and Robie et al. (1978). Abbreviations: el=electrum, sp=sphalerite.

conditions than during the Early Substage. Pyrite and
most iron-poor sphalerite (0.3 to l.1mole % FeS)
were deposited during the Late Substage. Probable
log fs; values for the Late Substage are in the range
of —18.0 to —12.3, at a temperature range of 150°
to 210°C (based on homogenization temperatures of
fluid inclusions in vug quartz). The temperature
ranges determined for each substage are in good
agreement with the homogenization temperatures of
fluid inclusions in vein minerals from each substage
(see “FLUID INCLUSION STUDIES").

It is possible to define limits of the fugacities of
O, and H,S of the gold-deposited fluid in the Middle
Substage using an fsfo, diagram (Fig.7). The log
fs; values defined by the compositional isopleths of
sphalerite and electrum were —12.0 to ~12.3 at 250
°C (Fig.6). From Fig.7, the maximum fo, value is
defined by the pyrite-magnetite reaction curve
because magnetite is absent. The lower fo, value is
limited by the graphite-CO, reaction curve because
graphite is absent. The graphite-CO, reaction curve
is set at a log fco, of 0.5 (@ maximum value

calculated using Henry's law constant for a 0.5m
NaCl solution at 250°C; Ellis and Golding, 1963).
For the calculation of log fco, value, Xco, in the
gold-depositing fluids was assumed to be Isee than
0.0005, based on the absence of liquid CO, and CO,
hydrates in fluid inclusions. The range of log fo, for
the Middle Substage is about —36 to —39. Under
these conditions of low fo, and fs,, log molality of
H,S in the ore fluid is in the range of about —2.0
to —3.5 (Fig.7).

STABLE ISOTOPE STUDIES

In this study we measured th sulfur isotope compo-
sitions of 13 samples of vein sulfide, the carbon
isotope composition of 1 vein calcite sample, the
oxygen isotope compositions of 3 granite whole-rocks
samples, 3 samples of vein quartz, and 1 sample of
vein calcite, and the hydrogen isotope compositions
of 3 inclusion waters from vein quartz. Standard
techniques for extraction and analysis were used as
described by McCrea (1950), Grinenko (1962), Taylor
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Table 4. Sulfur isotope data of stage I sulfides from the Weolseong and Samchang Au-Ag mines.

Mine Sample no. Substage Mineral 54S(%eo) A*S(%o)? T(°C)? S 1,5(%o0)”
Weolseong WS-2-1 Late pyrite 2.1 200 0.3
WS-22 Early pyrite 0.3 300 -09
WS-2-3 Early pyrite 1.9 py-sp 340 0.8
Sphalerite 1.1 0.8(342+ 78) 340 0.8
WS-24 Late pyrite 14 185 -0.5
WS4-3 Middle sphalerite -1.6 sp-gn 245 =20
galena —4.3 2.7(2441 38) 245 -20
WS-7-1 Middle chalcopyrite 0.2 230 04
Samchang SC-10-2 Middle pyrite 2.6 py-gn 215 0.9
galena -17 4.3(2141 30) 215 09
SC-14 Late sphalerite -1l sp-gn 190 -1.6
galena 3.6 25264+ 40) 190 =07
SC-17 Middle galena -33 230 -08

"Data in parenthesis are sulfur isotope temperatures calculated using sulfur isotope fractionation equations compiled
by Ohmoto and Rye (1979). ® Based on fluid inclusion and/or sulfur isotope temperatures. » Calculated using sulfur
isotope fractionation equations compiled by Ohmoto and Rye (1979).

and Epstein (1962), Hall and Friedman (1963), and
Rye (1966). Data are reported in standard 8 notation
relative to the CDT standard for sulfur, the PDB
standard for carbon, and SMOW standard for oxygen
and hydrogen. The standard error of each analysis
is approximately * 0.1 per mil for sulfur, carbon, and
oxygen, and *2 per mil for hydrogen.

Sulfur Isotope Study

Stage I sulfide minerals have 5S values that range
from —4.3 to 2.6 per mil (Table 4). No systematic
spatial or temporal variation of the &S values of
sulfides is observed.

The A®S values of four mineral pairs yielded
apparent equilibrium isotope temperatures between
214°£30°C and 342°+ 78°C (for Early Substage, 342°
1 78°C; for Middle Substage, 214°+ 30°C and 244°
£38°C; for Late Substage, 264°+40°C) (Table 4).
Apart from for the Late Substage, these sulfur iso-
tope temperatures are in good agreement with the
homogenization temperatures of primary fluid in-
clusions in associated minerals (Fig.4). A tem-
perature range of 214° to 244°C for pyrite-sphalerite-
galena-electrum-argentite mineralization (Middle Sub-
stage) agrees well with the temperature range (230°+
15°C) determined from fluid inclusions in sphalerite
(see “FLUID INCLUSION STUDIES”).

Based on the fluid inclusion and/or sulfur isotope
temperatures, S values of H,S in stage I fluids
were calculated (using the compiled data of Ohmoto
and Rye, 1979). Calculated ranges of 6Su,s values
based on the &S values of sulfides are (Table 4):

Early Substage sulfides, —0.9 to 0.8 per mil; Middle
Substage sulfides, —2.0 to 0.9 per mil; and Late
Substage sulfides, —1.6 to 0.3 per mil.

The calculated 6*Sy,s values for the hydrothermal
fluids of the Weolseong and Samchang mines show
small variations over a temperature range of 340°
to 150°C. This may suggest dominance of H,S in
the fluids, because a temperature decrease of 190°C
would have little effect on the §**Sy,s value of a fluid
if its sulfur were dominantly H,S. Therefore, a
maximum 6*Sg,s value of ~ 1 per mil may be taken
as an approximation of the sulfur isotope composi-
tion of the fluids (6Sgs).

However, we must also consider the probable
presence of aqueous sulfates (e.g. SO,27) in the
fluids. Occurrences of hematite and barite in veins
of the nearby Yonghwa and Suwang mines (Youn
and Park, 1991; Park and Youn, 1991) may indicate
a mixed H,S-SO/" character of the hydrothermal
fluids in the Sulcheon area. Sulfate species in
solution incorporate S in preference to H,S. Sulfur
isotope fractionation between SO~ and H,S ranges
from 20.0 to 354 per mil at temperatures between
150° and 340°C (Ohmoto and Rye, 1979). Therefore,
the presence of sulfate species in solution can greatly
affect the &Sys value.

A Sy value of about 4 per mil was obtained
for the epithermal system of a mine located approx-
imately 25km northeast of Sulcheon (the Wolyu
Ag-Au mine whose mineralization dates at 79 Ma;
Yun et al, 1992). Assuming that a &*Sss value of
4 per mil represents the overall isotopic compo-
sition of magmatically-derived sulfur in Late Cre-
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Table 5. Carbon, oxygen, and hydrogen isotope data for samples from the Weolseong and Samchang Au-Ag mines.
Mine Sample no. Description 813C(%o) 8¥0%e) T(CCP  8%0,uel%0)® 8D (%0)

Weolseong WS-G-1 fresh granite (whole rock) 9.1

WS-G-2 sericitized granite (whole rock) 5.1

WS-G-3 ditto 4.2

WS-3-5 stage II vein calcite -4.2 9.8 160 —-21

WS4-3 stage I vein quartz (middle) 3.7 245 -54 -74

WS-5-1 ditto 4.3 235 -5.3 =70
Samchang SC-10-2 stage I vein quartz (middle) 5.7 250 -32 =75

Y Based on fluid inclusion temperatures. » Calculated using quartz-water and calcite-water oxygen isotope fractionation
equations of Matsuhisa et al. (1979) and Friedman and O'Neil (1977), respectively.

taceous, gold-silver depositing fluids within the
Youngdong-Muju mine district, we can calculate the
H,S/sulfate ratio of the fluid (using the A™S values
between SO,*~ and H.,S, 20.0 to 35.4 per mil). If we
assume an initial 5*Sgs value -of 4.0 per mil, so that
the 5*S values of H,S during the mineralization at
the Weolseong and Samchang mines are —2.0 to 0.9
per mil at 150° to 340°C, the probable H,S/sulfate
ratio of the fluid must have been about 8:2.

Carbon, Oxygen, and Hydrogen Isotope Study

The %S value of one stage I calcite sample from
the Weolseong mine is —4.2 per mil (Table 5).

The 60 values of three whole rock samples of
porphyritic granite are: fresh granite, 9.1 per mil; and
hydrothermally altered (sericitized) granite, 4.2 and
5.1 per mil (Table 5). The whole-rock §°0 value of
fresh granite (9.1 per mil) is similar with that of
the Cretaceous Bulgugsa granites in South Korea
(average 8.3 per mil; Kim et al, 1991). It is
noteworthy that sericitized granites have much lower
8"%0 values (at least 4 per mil lower) than the non-
altered (fresh) granite. This indicates that the
granite was isotopically depleted by interaction with
isotopically lighter hydrothermal fluids (6'*0 of <4.2
per mil) (cf. Taylor, 1973, 1974) and therefore the
hydrothermal fluids in the Sulcheon area were
probably not related genetically with the intrusion
of porphyritic granite.

The §%0 values of three vein quartz samples from
the Middle Substage of stage I range from 3.7 to
5.7 per mil (Table 5). Using the quartz-water oxygen
isotope fractionation equation of Matsuhisa et al.
(1979), coupled with primary fluid inclusion tem-
peratures of each sample, the &%0 values of
waters in equilibrium with the stage I quartz are
calculated to be —54 to —3.2 per mil. One stage
I calcite sample has a 80 value of 9.8 per mil

(Table 5), yielding a §%0,u value of —2.1 per mil,
using the calcite-water oxygen isotope fractionation
equation of Friedman and O'Neil (1977).

Fluids extracted from inclusions in 3 stage I vein
quartz samples have 6D values of —75 to —70 per
mil (Table 5).

Inferpretation of Oxygen and Hydrogen Isotope
Data

Figure 8 shows the measured and calculated
hydrothermal fluid compositions from the Weolseong
and Samchang Au-Ag mines in the Sulcheon area
(solid triangles) on a conventional hydrogen versus
oxygen isotope diagram. These data are consistent
with meteoric water dominance as fluid composi-
tions approach those of local unexchanged meteoric
waters.

Youn and Park (1991) reported a 80 value of
3.9 per mil for the alteration sericite from the nearby
Yonghwa mine. Assuming a temperature of 340C
for the sericite formation, a 60, value of 1.5 per
mil can be calculated using the muscovite-H,0
oxygen isotope fractionation equation of Friedmen
and O'Neil (1977). This %0, value is at least 3.6
per mil higher than our calculated data for vein
fluids (68"Opuer=—54 to —2.1 per mil). Assuming
that the hydrothermal sericitic alteration mostly
preceded the deposition of vein minerals (see “VEIN
MINERALOGY”), we suggest that the oxygen isotope
compositions of hydrothermal fluids decreased due
to interaction with progressively larger volumes of
meteoric water with time.

COMPARISON WITH OTHER KOREAN
EPTHERMAL GOLD-SILVER DEPOSITS

Several epithermal gold-silver vein deposits in
South Korea have been the subjects of recent
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Fig.8. Hydrogen versus oxygen isotope diagram, displaying stable isotope systematics of hydrothermal fluids from Late
Cretaceous gold-silver deposits in South Korea. Solid triangles are values for Weolseong-Samchang. The magmatic and
metamorphic water boxes (Taylor, 1974) and the meteoric water line (Craig, 1961) are shown. The ranges of 6D values
of paleometeoric (Mesozoic) waters and modern groundwaters in Korea are from Shelton et al. (1990) and Kim and
Nakai (1988), respectively. Labeled boxes represent ore fluids from the following Korean Au-Ag deposits: JJ=Jeongju
(So et al,, 1991b): NS=Nonsan (So et al,, 1987); TY=Tongyoung (Shelton et al, 1990); WY=Wolyu (Yun et al., 1992);
YJ=Yeoju (So and Shelton, 1987); YW="Yangpyeong-Weonju (So et al,, 1989).

geologic and geochemical studies (Table 6). They trending fault zones. Gangue minerals are mainly

show several similarities, such as in Au/Ag ratios quartz with some rhodochrosite and calcite. Gold-
of ores, mineralogy, paragenesis, alteration assem- silver commonly occur as electrum and argentite.
blages, age, mineralization temperatures, ore fluid Minor amounts of Ag-Sb(—As) sulfosalts and native
compositions, pressure-depth conditions, stable iso- silver are also present in the more silver-rich deposits.

tope compositions of ore fluids, and ore deposition Various silver tellurides (hessite, stuetzite, empressite)
mechanism(s). However, the geology of these deposits and a Ag-Ge-S mineral (argyrodite) have been
is rather diverse. For example, the Wolyu and reported respectively in the volcanic and sediment-
Tongyoung deposits are hosted in Cretaceous, volcan- ary rock-hosted, Tongyoung and Wolyu deposits.

ic and sedimentary rocks. Hydrothermal wall-rock alteration characteristically
Their ores have gold/silver ratios that range from consists of silicic and sericitic assemblages, with
14:1 to 1:207, but they are typically silver-rich. minor argillic assemblages. The pervasive presence

Shelton et al. (1988) suggested that the gold/silver of sericitic alteration in these deposits suggests that
ratios of Korean vein-type gold-silver deposits relates the pH of the ore fluids was nearly neutral (Hemley
directly to their depths of formation. and Jones, 1964).

The Korean epithermal gold-silver deposits were The ages of mineralization of these deposits fall
formed by open-space filling along mostly N-S in the narrow range from 90.5 to 67.5 Ma. Two main
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granitic intrusive episodes are recognized in Korea:
one in the Jurassic and one in the Cretaceous. The
Jurassic granites are thought to have been intruded
to depths of greater than 5km, whereas the Cre-
taceous granites have been shown to be much
shallower (<2~3km) (Reedman et al,, 1973; Tsusue
et al, 1981). Epithermal gold-silver occurrences in
Korea are all Late Cretaceous, and this indicates that
they are associated with shallow, Cretaceous granitic
activity.

Homogenization temperatures of fluid inclusions
from Korean epithermal gold-silver deposits range
widely from 138° to 365°C. Within this range, gold-
silver deposition occurred at temperatures between
180° and 285°C (the higher temperatures within this
range correspond to gold deposition, whereas lower
temperatures correspond to the main silver depo-
sition). Ore fluid salinities range from 0.2 to 9.2
wt. % eq. NaCl; and CO, contents of fluids
(determined during crushing of fluid inclusions for
hydrogen isotope analysis) are low (<0.5mole %).
Depths of mineralization are typically shallow
(mostly less than 850 m).

Sulfur isotopic compositions (§**S) of sulfides from
Korean epithermal gold-silver deposits range from —
4.3 to 9.6 per mil. The §*Sy values of hydrothermal
fluids have been estimated to be >1 (and =4) to
~9 per mil. These &Sy, values indicate that sulfur
in ore fluids was largely derived from igneous
sources. The higher (>7 per mil) 6Sy, values were
obtained from some gneiss (probably paragneiss)-
hosted deposits. Possibly, an isotopically lighter
igneous source of sulfur (possibly ~4 per mil) mixed
with an isotopically heavier wall-rock sulfur (>9 per
mil).

Oxygen and hydrogen isotope compositions of
hydrothermal fluids were estimated as follows: &'
Oyaer=—15.7 to +3.8 per mil; and 6Dyur=—144 to
—44 per mil. The stable isotope systematics of
hydrothermal fluids from Korean epithermal gold-
silver deposits are also shown in Figure 8. All the
data display various degrees of ¥0Q enrichment
relative to meteoric water, produced by exchange
with hot igneous or wall rocks, the classic '*O shift
(Taylor, 1974). However, individual mines and
districts have relatively narrow ranges of isotope
conpositions. The wide range of 6D values of
hydrothermal fluids may represent large hydrogen
isotope variations of paleometeoric water at the times
of mineralization in these deposits, because most
mineral-H,O fractionation factors for hydrogen are
negative, resulting in isotopically heavier water compo-

sitions due to water-rock interaction.

The ranges of all data (Fig.8) are consistent with
meteoric water dominance, and this is not surprising
in the shallow (mostly <850 m) Au-Ag systems. It is
interesting that the Tongyoung data fall on the
meteoric water line, indicating that the Tongyoung
Ag-Au system had the lowest degree of water-rock
interaction, and probably occurred at the most
shallow depths.

Precious-metal ore deposition in Korean epithermal
gold-silver deposits was mainly a result of cooling
of ore fluids by progressive mixing with cooler
meteoric waters. Although boiling of hydrothermal
fluids was reported in some deposits, fluid boiling
probably occurred prior to the main gold-silver
deposition, and therefore seems not to have been a
genetically important mechanism of gold-silver depo-
sitions.
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