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Mesothermal Gold-Silver Mineralization at the Bodeok Mine,
Boseong Area:A Fluid Inclusion and Stable Isotope Study

Chil-Sup So*, Seong-Taek Yun**, Se-Hyun Kim***, Seung-Jun Youm*,
Chul-Ho Heo* and Seon-Gyu Choi*

ABSTRACT: Electrum (32~73 atom. % Ag)-sulfide mineralization of the Bodeok mine in the Boseong area was
deposited in two stages of mineralogically simple, massive quartz veins that fill the fractures along fault shear
zones in Precambrian gneiss. Radiometric dating indicates that mineralization is Late Jurassic age (155.9+2.3
Ma). Fluid inclusion data show that ore mineralization was formed from H,0-CO, fluids with variable CO, conte-
nts (Xco,=0.0 to 0.7) and low salinities (0.0 to 7.4 wt. % eq. NaCl) at temperatures between 200° and 370°C.
Evidence of fluid unmixing (CO, effervescence) indicates pressures up to 1 kbar. Gold-silver deposition occurred
later than base-metal sulfide deposition, at temperatures near 250°C and was probably a result of cooling and
decreasing sulfur activity caused by sulfide precipitation and/or H,S loss (through fluid unmixing).

Calculated sulfur isotope compositions of ore fluids (6*Sx=1.7 to 3.3%.) indicate an igneous source of sulfur
in hydrothermal fluids. Measured and calculated O and H isotope compositions of ore fluids (5*0yuer=4.8 to
7.2%0, ODwaee=—73 to —76%.) indicate that mesothermal auriferous fluids at Bodeok were likely mixtures of

H,O-rich, isotopically evolved meteoric waters and magmatic H;0-CO, fluids.

INTRODUCTION

Vein-type gold-silver deposits in Korea are closely
associated with major periods of Jurassic and Creta-
ceous granitic activity (Shimazaki et al., 1986; Shel-
ton et al.,, 1988; So et al., 1989; Choi and Wee, 1992).
Based on a consistent relationship among vein occur-
rence, gold/silver ratio of ores and electrums, vein
mineralogy and paragenesis, physicochemical enviro-
nments of ore formation (e.g., temperature, pressure,
depth), water/rock ratio (degree of meteoric water in-
volvement) and age of mineralization, gold-silver de-
posits in Korea have been classified into three to six
major types (Shelton et al.,, 1988; So et al., 1989; Choi
and Wee, 1992). Among these deposits, mesothermal
to hypothermal type deposits occur characteristically
in central parts of South Korea and are known to
have formed during the Jurassic “Daebo” granitic ac-
tivity. However, comparatively little is known about
their geochemical depositional environments and ori-
gin(s) of their mesothermal to hypothermal auriferous
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fluids.

Geochemical studies of the Bodeok Au-Ag mine
in the Boseong mineralized area were undertaken
because it is the first occurrence of gold-silver mine-
ralization in southern parts of South Korea that is
contained within fissure-filling quartz veins that show
characteristics of mesothermal to hypothermal-type
deposits. In this paper we determine the age and na-
ture of ore mineralization at Bodeok and document
the chemistry and origin of its mesothermal gold-de-
positing fluids.

GENERAL GEOLOGY

The Bodeok Au-Ag mine area is located =20 km
south of Kwangju within the Sobaegsan Massif which
is composed mainly of a Precambrian gneiss comp-
lex. Geology of the mine area is very simple and
is composed of Precambrian metamorphic rocks and
age-unknown granites (Fig. 1).

Precambrian metamorphic rocks occupy most of
the mine area, and consist of porphyroblastic gneiss,
pegmatitic gneiss, and granitic gneiss. Schistosity of
the metamorphic rocks strikes mainly N40°~60°E
and dips 40°~60°NW. Lee (1986) suggested that me-
tamorphic rocks of the Sobaegsan Massif formed
mainly from shales and graywackes by polymetamor-
phism ranging from upper amphibolite to epidote-
amphibolite facies with partial greenschist facies.
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Fig.1. Geologic map of the Bodeok Au-Ag
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Table 1. K-Ar data of alteration sericite from the Bodeok Au-Ag mine, Boseong area.

Sample . Radiogenic “°Ar (moles/g) Radiogenic Date
o Description Ko STPX 1010 DAL%) (Mat 10)
BD-1* Sericite from alteration 5.57 1.573 76.4 1559+2.3

zones near stage I vein

*The prepared sample contains small amounts (<5vol. %) of kaolinite.

STAGE 1I
MINERALS STAGE 1 |
ITa ! IIb
gray milky
QUARTZ ~e— :
30.4-32.6 atom. % As 29.7-32.0 ’llom. % As
ARSENOPYRITE f===—""== —"1
{
PYRITE - — -
PYRRHOTITE o |
=< mole 7 FeS
SPHALERITE 6.1-7.4 mole % FeS § (13.1—|4.7);|£—13.s)
&) E
MARCASITE g 5
g o
CHALCOPYRITE ]
|
GALENA —_———
ELECTRUM T s
|
ARGENTITE L
|
CALCITE —

Fig.2. Generalized paragenetic sequence of vein minerals
from the Bodeok Au-Ag mine. Line widths correspond
to relative abundance. [ J; atomic % As, ( ); mole % FeS,
and < ); atomic % Ag.

Stage |

Stage I mineralization is characterized by massive
gray quartz with arsenopyrite. Pyrite occurs as altera-
tion products in wall rocks and as fine, euhedral to
subhedral grains within vein quartz. Pyrite aggregates
at vein margins are intergrown with fine euhedral
arsenopyrites (30.4~32.6 atom. % As; Table 2). Spha-
lerite (6.1~7.4 mole % FeS; Table 3) occurs as rims
on and/or inclusions in pyrite.

Stage |l

Stage II mineralization consists mainly of milky
quartz with sphalerite, pyrite, galena, arsenopyrite,

chalcopyrite, pyrrhotite, electrum, and argentite. Ba-
sed on a fracturing event, stage II mineralization can
be further divided into two substages: Ila and IIb.

During substage Ila, base-metal sulfides were mos-
tly deposited. Pyrite occurs as subhedral to euhedral
grains. Some pyrites are brecciated and cemented by
galena and sphalerite. Pyrite is frequently replaced
by substage IIb marcasite along grain margins and/or
fractures. Arsenopyrite (29.7~32.0 atom. % As; Table
2) occurs commonly as euhedral to subhedral grains
in association with pyrite. Sphalerite (13.1~14.7 mole
% FeS; Table 3), the most abundant sulfide, is wides-
pread throughout stage II veins, and occurs typically
as anhedral masses. Subrounded pyrrhotite and chal-
copyrite are present rarely as tiny inclusions within
sphalerite. Rare, gold-rich electrum (32.4~56.4 atom
% Ag, mostly less than 45%) occurs as subrounded
inclusions in pyrite.

During substage IIb, sphalerite, galena, electrum,
and argentite were deposited in fractures cutting qua-
rtz and sulfides of substage Ila. Stage IIb sphalerite
(11.1~13.6 mole % FeS; Table 3) is associated with
pyrite, galena, electrum, and argentite. Electrum (71.3
~72.5 atom. % Ag) is associated frequently with ga-
lena and argentite. Rare calcite fills fractures in qua-
rtz.

FLUID INCLUSION STUDIES

Fluid inclusions (471 primary+ pseudosecondary,
29 secondary) were examined in 42 samples of quartz
and sphalerite in order to document the ranges of
fluid compositions and temperatures during the mi-
neralizing event at Bodeok. Microthermometric data
were obtained on a FLUID Inc. gas-flow heating/
freezing system which was calibrated with synthetic
CO; and H,O inclusions and various organic solve-
nts. During freezing experiments, the sequential re-
peated freezing technique described by Haynes (19
85) was used for optimum precision. Salinity data
are reported based on freezing point depression in
the system H,O-NaCl (Potter et al.,, 1978) for liquid-
rich aqueous inclusions, and on clathrate melting te-
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Table 2. Chemical composition of arsenopyrite from the Bodeok Au-Ag mine.
Sample wt. % atomic %
Stage
no. Fe As S Total Fe As S
1 BD5-1/1 3447 44.49 20.28 99.23 3348 3221 34.31
BD5-1/2 35.00 43.64 20.37 99.00 3398 31.58 3444
BD3-1/1 33.72 44.60 20.57 98.88 32.80 3234 34.86
BD3-1/2 33.26 45.06 21.55 99.86 31.86 32,18 35.96
BD3-1/3 34.83 44.28 21.36 10047 33.16 31.42 3542
BD3-1/4 34.49 43.70 20.44 98.62 33.59 31.73 34.68
BD3-1/5 33.87 4481 20.16 98.85 33.08 3262 3430
BD11-1/1 35.23 4457 20.16 99.95 34.02 32.08 3390
BD11-1/2 35.08 4444 20.32 99.84 33.86 31.98 34.16
BDI11-1/3 3471 4378 19.55 98.04 34.23 3218 33.59
BD3-2a/1 35.24 42.98 2171 99.93 33.54 3049 35.98
BD3-2a/2 35.33 43.54 21.26 100.13 3371 30.97 3532
BD3-2a/3 35.78 4347 21.22 10047 34.03 30.82 35.15
BD3-2a/3" 35.78 4341 2205 10123 33.58 30.37 36.04
BD3-2a/3* 35.69 4343 2191 101.02 33.60 3048 3593
Ila BD16-5/1 34.80 43.29 2215 100.24 3293 30.55 36.52
BD16-5/1' 35.14 43.32 2291 101.36 3274 30.09 3717
BD16-5/2 34.38 42.24 23.04 99.66 3244 29.71 37.86
BD16-5/3 3540 42.83 21.72 99.95 33.67 30.36 3597
BD16-3/1 35.01 43.57 20.10 98.67 34.16 31.69 34.15
BD1603/2 3445 43,63 20.00 98.08 33.84 31.95 KZW) |
Table 3. Chemical composition of sphalerite from the Bodeok Au-Ag mine.
Stag Sample weight percent mole percent Associated
e
no. Fe Mn Cd FeS MnS CdS minerals
I BD1-2 4.39 0.00 0.76 7.37 0.00 1.00 asp, py
BD2-1 361 0.00 0.62 6.06 0.00 0.81 asp, py
BD3-1 3.76 0.00 071 6.30 0.00 093  asp, py
average 392 0.00 0.70 6.58 0.00 091
S.D. 0.34 0.00 0.06 0.57 0.00 0.08
Ila BD16-1 875 0.03 0.57 14.68 0.05 0.75 asp, py
BD17 8.61 0.00 0.56 1444 0.00 072 py
BD20-2 8.79 0.03 0.32 14.75 0.05 042 py
BD23 779 0.02 0.24 13.07 0.03 032 py
BD24 851 0.00 0.00 14.28 0.00 065 py
average 849 0.02 0.34 14.24 0.03 0.57
S.D. 0.36 0.01 0.21 0.61 0.02 0.17
Ib  BD51 8.07 0.00 0.38 13.54 0.00 050 py, el, arg, gn
BDs5-2 8.11 0.02 041 13.61 0.04 054  py, e, arg, gn
BD6-1 7.96 0.04 0.68 13.35 0.07 0.89 el, gn
BD7-3 7.65 0.04 0.58 12.83 0.08 0.76 cp, el, arg, gn
BD8 7.76 0.00 0.87 13.01 0.00 L14 e, gn
BD10-2 6.60 0.00 0.88 1107 0.00 L15 el gn
BDI12 792 0.00 0.92 13.29 0.00 1.21 el, gn
BD14 8.04 0.00 0.77 1349 0.00 1.01 el, gn
BDi16 7.75 0.00 0.58 13.00 0.00 0.75 el, gn
average 7.76 0.01 0.68 13.02 0.02 0.88
S.D 0.4 0.02 0.19 0.74 0.03 0.25

Abbreviations: arg; argentite, asp; arsenopyrite, cp; chalcopyrite, el; electru, gn; galena, and py; pyrite.
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mperatures for CO,-bearing inclusions (Collins, 1979;
Diamond, 1992).

Massive vein quartz from the Bodeok mine is inc-
lusion-rich, probably due to repeated fracturing and
healing both during and after quartz deposition. Ho-
wever, it was frequently difficult (if not impossible)
to distinguish among primary, pseudosecondary, and
secondary inclusions using normal criteria (Roedder,
1984a). Due to the difficulty of distinguishing bet-
ween pseudosecondary and true primary inclusions
(Shelton and Orville, 1980; Sterner and Bodnar, 19
84), a more practical distinction between primary+
pseudosecondary inclusions and obvious secondary
inclusions was used.

Compositional Types of Fluid Inclusions

Two main types of fluid inclusions were recognized
and classified herein based on their phase relations
at 15°C (Nash, 1972): liquid-rich aqueous inclusions
(type 1), and liquid COx-bearing inclusions (type IV).

Liquid-rich aqueous inclusions (type I) are the pre-
dominant inclusion type. They range from <5 to >30
um in size and contain liquid and a vapor bubble
comprising 20~40 volume percent at 15°C. They ho-
mogenize to the liquid phase upon heating. Type I
inclusions can be further classified into two subtypes:
types Ia and Ib. Type Ia inclusions are typically irre-
gular in shape and contain a vapor bubble compri-
sing >10% of the total inclusion volume, whereas type
Ib inclusions contain a vapor bubble comprising 20~
40 volume % and nucleate characteristically CO, hy-
drates during freezing, The nucleation of CO, hydra-
tes in type Ib inclusions indicates that they contain
minor amounts of CO, (= 0.85 molal CO,; Heden-
quist and Henley, 1985). Type Ib inclusions are obse-
rved abundantly in stage IIb quartz and rarely in
stage 1 quartz.

Liquid COybearing fluid inclusions (type IV) occur
as obvious primary inclusions in stage Ila milky qua-
rtz. They typically contain three phases at 15°C: li-
quid H;0, liquid CO,, and vapor CO,. The CO, vo-
lume proportions of type IV inclusions vary widely
from 15 to 80% at 15°C. Type IV inclusions can be
classified into two subtypes, based on volume propor-
tions of CO, phase: COprich, and H,O-rich. CO,-rich
type IV inclusions contain 60~80 volume % CO, at
15°C and homogenize totally into a CO, phase upon
heating, whereas H,O-rich type IV inclusions contain
15~50 volume % CO, and homogenize to liquid H,O.
COzonly inclusions are observed rarely in stage
Ia quartz, although it was difficult to assess whether
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Fig. 3. Frequency diagrams of last melting temperature (A)
and homogenization temperature (B) of the carbonic
phase in liquid CO bearing fluid inclusions in stage Ila
quartz from the Bodeok Au-Ag mine.

they are primary or secondary in origin. The wide
range of CO, volume % for type IV inclusions may
indicate that these inclusions formed as a result of
CO, unmixing of an initially homogeneous fluid.
Final melting temperatures of CO, in type IV inc-
lusions in stage Ila quartz range from —56.5° to
—584°C (Fig. 3A). These temperatures indicate that the
COyrich phase in type IV inclusions is composed
nearly of pure CO,, although the lowest temperature
(—58.4°C) may indicate a maximum CH, concentra-
tion of up to 5 mole % (Donelly and Katz, 1954;
Burruss, 1981). Homogenization of the CO, phase
(to liquid COy) in type IV inclusions occurs at tem-
peratures between 19.8° and 26.4°C (Fig. 3B).

Total Homogenization Temperature and Salinity

Stage |

Fluid inclusions in stage I gray quartz are mostly
type Ia inclusions with some type Ib inclusions. Ho-
mogenization temperatures of primary-+ pseudosecon-
dary inclusions range from 253° to 397°C (for 34
measured type Ib inclusions, 292° to 331°C; Fig.4).
Estimated fluid salinities range from 1.2 to 4.9 wt.
% eq. NaCl (for 8 measured type Ib inclusions, 1.7
to 3.2 wt. %; Fig.5).

Stage 1l

Stage II minerals examined for fluid inclusion
study were milky quartz and sphalerite. Due to the
translucency or opacity of sphalerite, the samples for
fluid inclusion study of sphalerite must be prepared
as very thin, paper-like materials. Milky quartz con-
tains all types of fluid inclusions, whereas sphalerite
contains only type Ia inclusions.



438 Chil-Sup So et al.

150 200 2|50 390 350 490

;
+ PS

© SPHALERITE
’ (type lo)

3

S
0 MILKY QUARTZ W
I (type la) |

El MILKY QUARTZ
{type 1b)

STAGE lib

[ 1
@ MILKY QUARTZ

7
70 ) (type V)
7| %’7///////}””‘ A

STAGE Ha

® GRAY QUARTZ
(type 1) ’

STAGE 1

A T
150 Z(I)O 250 300 350 400

Fig.4. Frequency diagrams of total homogenization tem-
peratures of fluid inclusions in vein minerals from the
Bodeok Au-Ag mine. P+PS; primary-+ pseudosecondary
and S; secondary.

Homogenization temperatures of primary+pseudo-
secondary inclusions in stage II minerals range from
202° to 367°C (for type IV inclusions in stage Ila
milky quartz, 241° to 367°C; for type I inclusions
in stage ITb minerals, 202° to 295°C) (Fig.4). Within
stage IIb, homogenization temperatures of primary
+ pseudosecondary inclusions in milky quartz range
from 202° to 295°C (type Ib inclusions, 234° to 295°C;
type Ia inclusions, 202° to 273°C); those in sphalerite
range from 229° to 267°C.

Salinities of primary+pseudosecondary inclusions
in stage II minerals range from 0.0 to 7.4 wt. % eq.
NaCl (Fig. 5). Salinities of type IV inclusions in stage
Ila quartz are 0.3 to 4.4 wt. %. Within the range of
fluid salinity for stage IIb milky quartz (0.0 to 7.4
wt. %), salinities of type Ib inclusions (0.0 to 5.9 wt.
% eq. NaCl) are lower than those of type Ia inclu-
sions (Fig. 5). Salinities of type Ia inclusions in spha-
lerite are 4.2 to 5.9 wt. % eq. NaCl.

Density and Composition of Type IV Fluid Inclu-
sions

Bulk chemical composition and density of liquid

P + PS

6] [©) SPHALERITE
*0 (type la)
0 O O
0 0 0 O S

O MILKY QUARTZ M
(type Ia)

. MILKY QUARTZ
(type Ib)

STAGE IIb

1 MILKY QUARTZ
(type 1V)

X GRAY QUARTZ
(type D)

Fig.5. Frequency diagrams of salinities of fluid inclusions
in vein minerals from the Bodeok Au-Ag mine. P+PS;
primary+pseudosecondary and S; secondary.

COybearing type IV inclusions can be estimated
from data on relative volumes of CQ, and aqueous
phases. Relative volumes of CO, and aqueous phases
were estimated by measuring the enlarged inclusions
with a graduated ocular (Roedder, 1984a). The den-
sity of CO, phase (dco,) was determined from the
homogenization temperature of CO, phase (Thcoy)
and the mode of homogenization (Bodnar et al.,
1986). The density of the aqueous phase (dag.) was
calculated from the total homogenization temperature
(Thya) and salinity data, using the equation of Bod-
nar (1983). Then, the bulk density (dow) of inclusion
fluids was calculated using the equation: diw (g/cc)=
[(dag) X (volume fraction of aqueous phase)]+[(dco,)
X(volume fraction of CO, phase)]. Bulk chemical
composition of inclusion fluids were calculated using
the equations described in Ramboz et al. (1985), as-
suming that the mole fractions of CO, dissolved in
aqueous phase are negligible. The calculated results
for some type IV inclusions are summarized in Table
4,

Calculated bulk density of the type IV inclusion
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Table 4. Microthermometric data of liquid COxrbearing inclusions in stage Ila milky quartz from the Bodeok Au-Ag

mine.

Tmco, Tmegan  Theo, Thew Vol % density(g/cc) wt%

(°C) 0) 0 (C) aq. CO, aq. total NaCl Xco, X0 Xnact
—-56.7 99 24.1 255 85 0.72 0.79 0.73 0.2 0.06 094 0.00
~57.6 9.8 24.8 257 80 0.71 0.79 0.73 04 0.09 091 0.00
—56.6 9.7 258 260 80 0.70 0.78 0.72 0.6 0.08 0.92 0.00
—56.8 9.7 234 265 80 0.73 0.77 0.74 0.6 0.09 091 0.00
-571 99 239 270 65 0.73 0.76 0.74 0.2 0.17 0.83 0.00
-570 95 227 275 70 0.74 0.76 0.75 1.0 0.15 0.85 0.00
—57.0 9.7 264 275 15 0.69 0.76 0.75 0.6 0.68 0.32 0.00
—56.8 9.5 254 277 70 0.71 0.76 0.72 1.0 0.14 0.86 0.00
-569 9.6 230 280 80 0.74 0.75 0.74 0.8 0.09 091 0.00
-571 99 252 281 75 0.71 0.74 0.72 0.2 0.12 0.88 0.00
—57.6 92 26 281 75 0.74 0.76 0.75 1.6 0.12 0.88 0.00
—56.6 9.0 222 290 75 0.75 0.75 0.75 20 0.12 0.87 0.01
—56.7 9.3 24.8 290 80 0.71 0.74 0.72 14 0.09 091 0.00
—582 9.2 215 293 80 0.76 0.74 0.75 1.6 0.10 090 0.00
—58.0 9.3 219 295 20 0.75 0.73 0.73 14 0.63 0.37 0.00
-577 82 227 295 65 0.74 0.75 0.75 36 0.18 0.81 0.01
—56.6 8.7 24.7 300 80 0.72 0.73 0.72 26 0.09 0.90 0.01
—578 9.0 24.0 301 18 0.73 0.72 0.72 20 0.65 0.34 0.00
—56.8 86 219 307 30 0.75 0.72 0.73 2.8 0.50 049 0.00
—575 9.0 23.0 315 79 0.74 0.70 0.71 20 0.09 0.90 0.01
—56.7 85 4.5 320 20 0.72 0.70 0.70 3.0 0.63 0.36 0.00
—56.6 8.7 235 328 30 0.73 0.70 0.70 26 0.51 048 0.00
—57.5 89 232 329 70 0.74 0.67 0.72 22 0.16 0.83 0.01
—56.6 8.6 223 330 57 0.75 0.68 0.72 2.8 0.26 0.74 0.01
-56.7 8.5 223 335 60 0.75 0.67 0.72 3.0 0.24 0.76 0.01
—56.5 84 19.8 340 65 0.78 0.66 0.74 32 0.21 0.78 0.01

DVisual estimate at 15°C.

Abbreviations: aq; aqueous phase, clath; CO, clathrate, Th; homogenization temperature, and Tm; melting temperature.

fluids ranges from 0.70 to 0.75 g/cc (Table 4). Calcu-
lated molar fractions of CO, (Xco,) are (Table 4):
for H,O-rich inclusions, 0.06 to 0.26 (mostly less than
0.15); and for CO,rich inclusions, 0.50 to 0.68.

Variation in Temperature and Composition of Hyd-
rothermal Fluids

Wide range of homogenization temperature (<~ 200°
to 400°C; Fig.4) of fluid inclusions in vein minerals
from the Bodeok mine probably reflects several hyd-
rothermal episodes rather than one specific event.
The upper ends of homogenization temperatures are
400°C for stage I and 370°C for stage I mineraliza-
tion. Combined with the abundance of liquid CO»-
bearing fluid inclusions, such high temperatures for
hydrothermal fluids indicate that the vein minerali-
zation at Bodeok belongs to mesothermal-hypother-
mal type deposits. However, the relatively lower ho-
mogenization temperatures (< 225° to 270°C) for fluid

inclusions in sphalerite which is closely associated
with gold and silver minerals indicate that main Au-
Ag deposition occurred at temperatures near 250°C.
It is also noteworthy that the ranges and peaks of
homogenization temperatures decrease gradually with
time (Fig.4), likely due to progressive cooling of the
hydrothermal fluids.

As described previously, hydrothermal fluids obser-
ved in stage II minerals are composed of two types:
(1) dominantly aqueous fluids of moderate salinity
(type I), occasionally containing minor amounts of
CO; (type Ib), and (2) mixed CO,-H,0 fluids of low
salinity (type IV). CO, contents of the type IV fluid
inclusions are highly variable within individual sam-
ples. The more COyrich type IV inclusions homoge-
nized at nearly the same temperatures as more H,O-
rich type IV inclusions. These observations indicate
that the type IV fluid inclusions represent the trap-
ping of immiscible H;0-CO, fluids which evolved th-
rough CO, effervescence.
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Fig. 6. Salinity versus homogenization temperature diag-
ram for primary and pseudosecondary fluid inclusions
in stage II quartz from the Bodeok Au-Ag mine.

The relationship between homogenization tempera-
ture and salinity for gold-silver-depositing stage II
fluids is shown in Fig. 6. Liquid COxbearing type
IV inclusions in stage Ila quartz show a decreasing
salinity (from =4 to 0 wt. % eq. NaCl) with decrea-
sing temperature from 340° to 250°C. This trend is
explained by the boiling (CO, effervescence) of CO,-
rich (“high gas”) fluids, although this trend also may
result from simple cooling (Hedenquist and Henley,
1985). The CO,-poor fluids which remained after ex-
tensive escape of CO, gas were probably trapped at
temperatures between 270°C and 230°C (Fig.4) as
CO, clathrate-forming type Ib inclusions in stage IIb
quartz. Type Ib inclusions tend to show an increasing
salinity (from <2 to 6 wt. % eq. NaCl) with decrea-
sing temperature, likely indicating the extensive con-
tinued boiling of COxypoor fluids. Such continued
boiling of hydrothermal fluids is thought to be the
result of pressure decrease during the ascent of hyd-
rothermal fluids. Following the complete loss of CO,
from stage II fluids, the residual fluids were trapped
as COyabsent type la fluid inclusions (T,°C=200°~
275°C; Fig.4) in quartz and sphalerite. The close as-
sociation of gold-silver minerals with stage IIb spha-
lerite indicates that the fluids present during Au-Ag
deposition at Bodeok were predominantly H,O-rich.

Fluid boiling accompanying CO, effervescence in
hydrothermal systems may result in abrupt chemical
changes in the liquid phase (e.g, fo, sH,S). These
changes may favor deposition of precious metals th-
rough destabilization of metal complexes (Seward,
1973, 1984; Drummond and Ohmoto, 1985; Cole and
Drummond, 1986). Gold precipitation mechanisms
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Fig.7. Mole fraction of CO, (Xco,)-temperature diagram
showing the two-phase immiscibility curves for H;0-CO,
(—NaCl) fluids at different pressures (after Todheide and
Franck, 1963; Hendel and Hollister, 1981; Bowers and
Helgeson, 1983b). Data are for liquid COybearing fluid
inclusions in stage Ila quartz from the Bodeok Au-Ag
mine.
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Fig.8. Temperature-pressure diagram showing the two-
phase solvus curves and isochores for H,O-CO, fluids
(after Bowers and Helgeson, 1983a). Hatched fields repre-
sent the estimated pressure conditions for entrapment of
liquid COxbearing fluid inclusions in stage Ha quartz
from the Bodeok Au-Ag mine.

involving gold bisulfide complex include a decrease
in temperature at constant pH, oxidation of the com-
plex, pH decrease, and decrease of sulfur activity by
sulfide precipitation and/or H,S loss accompanying
boiling. Several of these possibilities are illustrated by
the reaction: Au(HS), +1/2Hy,+H* =Au’+2H,S,,
Given the frequent association of galena, sphalerite,
and chalcopyrite with gold in the Bodeok mine, the
role of sulfide precipitation accompanying boiling is
critical. We suggest that decrease of sulfur activity
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Table 5. Sulfur isotope data for stage II sulfide minerals from the Bodeok Au-Ag mine.

Substage Sample No. Mineral &S (%o) A8 (%0) T(’C)? *Shzs (%o)?

Ha BD-16-1 arsenopyrite 3.6 325 3.3
BD-17-1 pyrite 34 310 22
BD-20-3 sphalerite 32 330 29
BD-22-1 sphalerite 26 280 23
BD-25-1 pyrite 32 340 21
BD-25-2 chalcopyrite 20 340 21

b BD-5-3 sphalerite 23 250 19
BB-7-3 galena 0.0 260 22
BD-12-1 galena 0.3 250 2.6
BD-33-1 sphalerite 21 sp-gn 244 1.7
BD-33-2 galena -05 26 (2541 30)0 2144 17

DNumber in parenthesis is sulfur isotope temperature calculated using the equation in Ohmoto and Rye (1979).
DBased on fluid inclusion and/or sulfur isotope temperatures and paragenetic constraints.
» Calculated sulfur isotope compsitions of H,S in ore fluids, using the isotope fractionation equation in Ohmoto and

Rye (1979).

Table 6. Oxygen and hydrogen isotope data for stage II quartz from the Bodeok Au-Ag mine.

Sample no. Mineral 5'80(%) T(C) 8" 0uater(%0)? SD(%0)
BD-8-1 quartz 115 280 to 320 (305) 39 to 53 4.8) =75
BD-10-3 quartz 12.3 272 o 320 (300) 44 to 6.1 (54) -76
BD-16 quartz 132 293 to 348 (325) 6.1 to 7.8 (7.2) -73
BD-22-2 quartz 126 269 to 327 (290) 4.1 to 6.6 (54 =75
BD-24-1 quartz 13.1 258 to 338 (295) 46 to 7.5 (6.1) -75

DRanges of fluid inclusion homogenization temperatures. Numbers in parentheses are average values.
?Calculated water compositions based on oxygen isotope fractionation equation of Matsuhisa et al. (1979).

accompanying boiling, through sulfide deposition
and/or H,S loss, is likely the most important mecha-
nism for gold deposition in the mesothermal-type
vein deposits at Bodeok.

Pressure Consideration

Data of P-T-X relations on the system H,0-CO;-
NaCl can be used to estimate the evolution of CO,-
rich hydrothermal fluids and the pressure conditions
of fluid entrapment. Fig.7 shows the relations bet-
ween the estimated compositions of type IV inclusion
fluids (Table 4) and the two-phase (solvus) curves
for the system H,0-COx—NaCl). The two-phase cu-
rve of the H,0-CO, system moves toward lower tem-
peratures by increasing pressure (Todheide and Fra-
nck, 1963; Takenouchi and Kennedy, 1965). Addition
of NaCl to the H,0-CO, fluids raises the two-phase
curve (Danneil et al, 1967; Gehrig, 1980; Hendel
and Hollister, 1981; Bowers and Helgeson, 1983a).
The data from Bodeok fall mostly between two-phase
curves of an H,0-CO»6.0 wt. % NaCl fluid at 1 kbar
and an H,0-CO; fluid at 1kbar. The data tend to

run subparallel with the two-phase curve of an H,0-
CO»2.6 wt. % NaCl fluid at 1 kbar. There is a com-
positional gap at the Xco, range of 0.25 to 0.5 (Fig. 7).

These observations may indicate that the fluids in
liquid COx-bearing type IV inclusions were entrapped
at or near the two-phase boundary (boiling condi-
tions). Fluid inclusions with the highest homogeniza-
tion temperatures (near 340°C) have Xco, values of
0.2 to 0.25 and plot on or near the two-phase curve
of an H;0-CO»2.6 wt. % NaCl fluid at 1 kbar. These
fluid inclusions are thought to represent the initial
homogeneous fluid and, therefore, indicate fluid pre-
ssures at the time of entrapment of about 1 Kkbar.

Fig. 8 shows the two-phase curves for the H,0-CO,
system on a temperature versus pressure diagram,
with Xco, of 0.1 and 0.3 (Bowers and Helgeson, 1983
a). The distribution of our data on a temperature
versus Xco, diagram (Fig. 7) indicated that the pa-
rent homogeneous fluids probably had Xco, values
less than 0.3. Combined with the calculated bulk de-
nsities (diwi=0.70~0.75 g/cc for type IV fluid inclu-
sions), the evidence of fluid boiling (CO, effervesce-
nce) indicates a range of fluid pressures of about 300
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to 750 bars (Fig.8). The two-phase curves and the
isochores (Fig.8) also show that trapping temperatu-
res must have been in the range of 270° to 330°C,
which is in agreement with homogenization tempera-
tures (240°~370°C, Fig.4) of fluid inclusions. Howe-
ver, this range of fluid pressures must be considered
as a minimum estimate because the addition of NaCl
to the system moves the two-phase curves toward
much higher pressures (Bowers and Helgeson, 1983
a). We suggest that fluid pressures during the mine-
ralizing event at Bodeok approached 1 kbar. This
pressure corresponds to minimum depths of 3.5 to
10.0 km, assuming lithostatic and hydrostatic pres-
sure conditions, respectively.

STABLE ISOTOPE STUDIES

Sulfur isotope compositions of sulfide minerals, ox-
ygen isotope compositions of quartz, and hydrogen
isotope compositions of inclusion waters extracted
from quartz were measured in order to interpret the
source(s) and evolution of ore constituents in the hy-
drothermal fluids at Bodeok. Standard techniques of
extraction and analysis was used, as described by
Grinenko (1962) and Hall and Friedman (1963).
Data are reported in standard & notation relative to
the CDT standard for S, and Vienna SMOW for O
and H. The standard error of each analysis is appro-
ximately 0.1 per mil for S and O, and 2 per mil
for H.

Suifur Isofope Study

Sulfur isotope analyses were performed on. 11 mo-
nomineralic samples from stage II veins (Table 3).
The minerals measured have &S values of —0.5 to
3.6 per mil. One sphalerite-galena pair from stage
Iib vein has a A*S value of 2.6 per mil, yielding
an equilibrium isotope temperature of 254°+ 30°C
(Ohmoto and Rye, 1979), in agreement with fluid
inclusion temperatures in associated quartz.

Assuming appropriate depositional temperatures for
each sample (based on fluid inclusion and paragene-
tic constraints), the &S values of H,S in hydrother-
mal fluids are calculated to be 1.7 to 3.3 per mil
(Table 5). The narrow range of S values of sulfide
minerals and the presence of pyrrhotite in veins indi-
cate that sulfur was present dominantly as reduced
sulfur (H,S). Therefore, the calculated range of &S
values of H;S may be taken as the sulfur isotope
composition of entire fluid (5Sy). The 6*Sss values
of 1.7 to 3.3 per mil indicate a likely igneous source

of sulfur in the Bodeok hydrothermal fluids (Ohmoto
and Rye, 1979).

Oxygen and Hydrogen Isotope Study

Five samples of stage Il vein quartz were prepared
and measured for oxygen and hydrogen isotope com-
positions (Table 6). The §®0 values are 11.5 to 13.2
per mil. Using the quartz-water oxygen isotope frac-
tionation equation of Matsuhisa et al. (1979), coupled
with fluid inclusion temperatures, the calculated §°0
values of waters in equilibrium with quartz are 3.9~
5.3 (average 4.8) to 6.1~7.8 (average 7.2) per mil
Inclusion waters extracted from the quartz samples
by crushing have uniform 6D values of —73 to —76
per mil (Table 6).

The measured and calculated oxygen and hydro-
gen isotope compositions of the hydrothermal fluids
at Bodeok can be used to assess the importance of
meteoric, magmatic, and metamorphic waters in the
gold-mineralized mesothermal systems. Although the
8®0\aer values for the Bodeok fluids (3.9~7.8%o) are
slightly lower than the range of magmatic water iso-
topic compositions (5'*0=5.5 to 10%., SD=—40 to
—80%o; Taylor, 1974), the overlap of the SD data
may reflect the input of a primary magmatic water
component to the ore fluids. This could occur th-
rough mixing between an isotopically evolved meteo-
ric water and a magmatic H;0-CO, fluid, as propo-
sed for the Mink Lake Archean gold deposits by Bu-
rrows and Spooner (1987). The common occurrence
of liquid COx-bearing fluid inclusions in Jurassic gra-
nites of Korea was recognized by Watanabe (1981).
The COyrich character of the inclusion fluids from
the Jurassic Bodeok mine may indicate a significant
contribution of fluids from Jurassic granitic melts.
Our data are not compatible with ore formation from
metamorphic fluids (68*0=4 to 25%., D=-20 to
—65%o).
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