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At the Tongyeong mine, quartz, rhodochrosite (kutnahorite), muscovite, illite, pyrite, galena, chalcopyrite, sphalerite,
acanthite, and hessite are the principal vein minerals. They were deposited under epithermal conditions in two stages. Ore
mineral assemblages and associated gangue phases in stage can be clearly divided into two general associations: an early
cycle (band) that appeared with introduction of most of the sulfides and electrum, and a later cycle in which base metal
and carbonate-bearing assemblages (mostly rhodochrosite) became dominant. Tellurides and some electrum occur as
small rounded grains within subhedral-to euhedral pyrite or anhedral galena in stagell. Sulfide mineralization is zoned
from pyrite to galena and sphalerite. We have used computer modeling to simulate formation of four stages of vein gen-
esis. The reaction of a single fluid with andesite host rock at 280°C, isobaric cooling of a single fluid from 260°C to
120°C, and boiling and mixing of a fluid with both decreasing pressure and temperature were studied using the CHILLER
program. Calculations show that the precipitation of alteration minerals is due to fluid-andesite interaction as temperature
drops. Speciation calculations confirm that the hydrothermal fluids with moderately high salinities and pH 5.7 (acid), were
capable of transporting significant quantities of base metals. The abundance of gold in fluid depends critically on the ratio
of total base metals and iron to sulfide in the aqueous phase because gold is transported as an Au(HS),” complex, which
is sensitive to sulfide activity. Modeling results for Tongyeong mineralization show strong influence of shallow hydro-
genic processes such as boiling and fluid mixing. The variable banding in stagell mineralization is best explained by mul-
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tiple boilings of hydrothermal fluid followed by lateral mixing of the fluid with overlying diluted, steam-heated ground
water. The degree of similarity of calculated mineral assemblages and observed electrum composition and field rela-
tionships shows the utility of the numerical simulation method in identifying chemical processes that accompany boiling
and mixing in Te-bearing Au-Ag system. This has been applied in models to narrow the search area for epithermal ores.

Key words:reation path modeling, epithermal gold, Te-bearing Au-Ag, Tongyeong mine, boiling and mixing,

geochemical exploration

1. INTRODUCTION

Most of the Korean Peninsula and adjacent Chi-
nese coastal region are characterized by belts of
deeply eroded high grade metamorphic rocks of
Precambrian to Paleozoic age, which host younger
granitoid-related mineral deposits formed at sig-
nificant depth. In contrast, gold and silver min-
eralization in Koreas southeastern province occur
in hydrothermal quartz veins that fill fracture zones in
Cretaceous volcanic and sedimentary rocks of the
Gyeongsang Basin, or in granites. Nearby southern
Japan is well known for epithermal/hot spring
gold-silver deposits associated with very late Ter-
tiary silicic volcanic rocks and hot springs, but
such young systems are not found in the Republic
of Korea. In southeastern Korea the host rocks are
older and the shallow environment has largely
been removed by erosion. The predominant coun-
try rock of epithermal systems is weakly region-
ally-metamorphosed (albite-epidote to hornblende
hornfels) sediments and igneous rocks. These
rocks are cut by abundant areas of zoned pyro-
phyllite+sericite+kaolinite/dickite+alunite diaspore
dumortierite alteration, and locally by epithermal
precious and base metal veining which we discuss
in this paper. All of the gold-silver deposits in the
province are generally characterized as gold-silver
or “silver-dominant” type deposits which contain
more silver-bearing minerals than those deposits in
central Korea (Choi et al., 1994).

The Tongyeong mine lies near the southern edge
of the town of Tongyeong, at Lat. 34° 50' 8",
Long. 128° 26' 4". This epithermal deposit formed
in proximity to Late Cretaceous granites and is
characterized by relatively low Aw/Ag ratios (1:10-
1:200) and abundant and complex sulfide min-
eralization. It is unusual among the deposits of
Korea, and the world as well, for an abundance of
silver tellurides. The Au-Ag-Te vein mineraliza-
tion of the deposit consists of two generations: 1)

early, characterized by gold precipitation, and 2)
late, represented by silver-rich or Te-bearing min-
erals. There are no preserved manifestations (pale-
osinters, etc) of hot springs. Ongoing detailed field
work and laboratory alteration studies suggest that
epithermal precious metal veining and nearby dis-
trict-scale pyrophyllite kaolinite/dickitetsulfide alter-
ation are separate events (Park and Choi, 1989;
James et al., 1999).

Mineralogical data on electrum-sphalerite and
arsenopyrite geothermometry and fluid inclusions
exists for various assemblages in this mine. These
data indicate that the gold and silver mineraliza-
tion occurred at temperatures of 190~280°C and
150~180°C, respectively (Choi et al., 1994). These
suggest that the gold-silver mineralization formed
under low temperature and pressure (epithermal)
conditions. These samples led Shelton ez al. (1990)
studied to the geochemically-derived conclusion
that gold-silver deposition occurred at tempera-
tures of <240°C in response to boiling and cooling
at depths of <1.0 km. Shelton et al. documented
the complex mineralogy, geochemistry, and water
rock interactions in this shallow hydrothermal sys-
tem.

In this paper we model quantitatively the con-
trols of main-stage hydrothermal mineral depo-
sition and mineral zoning pattern at Tongyeong,
using chemical speciation and reaction path cal-
culations. Our modeling draws on the detailed
mineralogical and chemical framework established
by Shelton er al. (1990), and thermodynamically-
based modeling programs. Reed and Spycher
(1985) modeled the results of boiling and acid-
ification in a small epithermal ore system. Their
chemical speciation and reaction path calculations
used three steps: reaction with andesite, boiling,
and dilution of metal bearing fluids and heated
meteoric ground water. The main processes Reed
and Spycher considered were the reaction of a sin-
gle fluid with andesite host at 280°C, isobaric
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cooling of that fluid from 260°C to 120°C, and
boiling and mixing of that fluid with decreasing
pressure and temperature. Reaction path studies on
some similar aspects of the Acupan district, Phil-
ippines are presented by Cooke and McPhail
(2001), and for low temperature lead zinc systems
by Plumlee et al. (1994).

2. GEOLOGY AND ORE DEPOSITS
2.1. Geology

The Tongyeong mine area is near the present
day southernmost exposure of the Cretaceous
Gyeongsang Basin. Rocks of the basin belong
mainly to the Gyeongsang Supergroup, consisting
mainly of post orogenic, molasse-type sediments
intercalated with lavas and volcaniclastic rocks.
Strata of the Gyeongsang Supergroup dip at very
low angles and rest unconformably on Precam-
brian metamorphic rocks of the Ryeongnam mas-
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sif and upper Proterozoic metasediments of the
Ogcheon Group. The Gyeongsang Supergroup is
divided into three groups. The youngest of these,
the Upper Cretaceous Yucheon Group, crops out
in the mine area. It is a sequence of predominantly
volcanic rocks that conformably overlies the Hay-
ang and Sindong Groups. Three main units of the
Yucheon Group are found in the mine area. They
are, in ascending stratigraphic order: andesitic
lapilli tuff, andesite, and the Jangpyeongri For-
mation (Fig. ).

The lapilli tuff unit has an andesitic matrix with
fragments of porphyritic andesite, aphanitic andes-
ite, tuft, plagioclase grains, and small amounts of
epidote, calcite, and iron oxides. The andesite unit
occurs as both extrusive rocks and as intrusive
bodies which commonly intrude the andesitic
lapilli tuff. Overlying the andesitic lapilli tff and
andesite, the Jangpyeongri Formation is a mixed
sequence of tuffaceous sandstone, tuffaceous con-

Fig. 1. Geological map of the study area and the location of mines. 1; Tongyeong (gold), 2; Mireugdo (pyrophyllite), 3;
Kwangdo (pyrophyllite), 4; Bongsang (gold), 5; Goseong (copper).
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glomerate, sandy shale, and shale. These subaqueous
tuffaceous sedimentary rocks strike N15° to 30E,
dip 15° to 20°SE and show facies changes both lat-
erally and vertically (Hwang, 1978). The calc-
alkaline Bulgugsa Series rocks, mainly grano-
diorite, locally intrude the Yucheon Group in the
mine area. The Bulgugsa rocks are Cretaceous
orogenic andesites generated near the Asian con-
tinental margin. Local geology is described in sev-
eral papers, e.g. Fletcher, 1976, Park (1983), Kim
and Shin (1989), Shelton er al. (1990), James et al.
(1999).

2.2. Ore deposits

The ore vein is well described by Park (1983),
Kim and Shin (1989), and Shelton et al. (1990).
Ore occurs along a steeply dipping hydrothermal
quartz vein which formed by open-space filling of
a fault plane in volcanic rocks of the Yucheon
Group. The ore vein varies from 0.3 to 7.0 m in
thickness (usually <1.2 m). It strikes N50" to
60°W, dips 70° to 80°SW, and extends >0.7 km
along strike The Tongyeong mine produced more
than 5 tonnes of gold 1916-1927. Based on history
of the Japanese Colonial Era, later production data
may be incomplete (only 1943-1945 records were
found, and note only <200 kg Au). Where data
exists, gold grades averaged 12 g/tonne, and silver
135 g/tonne. Grade and width extensively vary,
hence some areas along the vein produced no ore.
Recent assays show lower grade material was
left unmined. The top of the system, of unknown
extent, has been eroded away. Thus the full size
of the system is not known. The vein shows a
close spatial relationship to shallow-seated
Bulgugsa granodiorite plutonism. The vein is
frequently displaced by numerous, steeply dip-
ping post ore faults striking N20° to NSO“E. Hor-
izontal displacements range from a few cm to
>80 m. The ore body at Tongyeong is less than
800 m long and is faulted off at both ends. Work-
ings and 1980s drilling tested mineralization to
250 m below the surface but failed to find high
grade ore. The most extensive exploitation was
on the 11" level. Twelve levels were developed,
and Lee (1991) obtained some samples from top
to bottom. The bulk of the material used in this
study was from level 4. Within ore bodies the
vein contains a higher percentage of wall-rock
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Fig. 2. A representative stratigraphy of the stage+veining
in the Tongyeong Au-Ag-Te-bearing epithermal system.
The boundaries of quartz (Qtz; white parts) bands and
rhodochrosite (kutnahorite) bands are sharp. No primary
pyrites occur in rhodochrosite (Rd), but some replaced
pyrites (secondary) occur in rhodochrosite. Some
rhodochrosite shows leaching texture at boundary of
rhodochrosite band and sulfide (Sul) rich bands. Some illite
is contained in pyrite rich band. Level nine, Tongycong
mine.

breccias. Ore shoots typically developed at
points of vertical and horizontal bending of the
vein.

The ore vein consists mainly of multiple gen-
erations of breccias and bands with quartz, rhodo-
chrosite, ankerite, calcite, base metal sulfides,
gold, silver and telluride minerals. Chalcedonic
quartz and rhodochrosite are rhythmically banded
and colloform in texture throughout most of the
vein (Fig. 2). Ore minerals occur as polymineralic
bands ranging from 0.1 to 4.0 cm in width and also
as disseminations in quartz. Sulfide bands with
associated gold and silver minerals occur com-
monly at the contact between quartz and rhodo-
chrosite bands. Lateral mineral zoning is commonly
observed in the thickest ore bands. Vertical zoning
of vein minerals is not evident, although pyrite,
galena and sphalerite are more concentrated in the
southern portion of the lower levels of the mine
(Shelton et al., 1990).
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3. MINERALOGY AND PARAGENESIS

Four main stages have been distinguished based
on structure and mineral assemblages. Stagel is an
early breccia filling and Stagell contains the Au-
Ag ores, while later stagesIll and IV are barren
(Table 1). Areas of the vein occupied by Stagel are
highly brecciated and occur as discontinuous seg-
ments (<15) cm thick found mainly at the contact
between wall rock and stagell veins and as inclu-
sions in late vein stages. Stagel contains mostly
quartz and minor pyrite, and matrix in Stagel brec-
cias is altered to illite/smectite, hematite and
quartz (Fig. 2). Stagell vein matter, in places 2 m
thick, occurs frequently as matrix cementing
highly brecciated fragments of stageand wall rock.
It is cut by numerous later thin quartz veins. The
ore mineral assemblages and associated gangue
phases in stagell can be clearly divided into two
general associations: an early cycle (band) that
included the introduction of most of the sulfides
and electrum, and a later cycle in which base metal
and carbonate bearing assemblage (mostly rhodo-
chrosite) became dominant (Fig. 3). Tellurides and
some electrum occur as small rounded grains
within sub-to euhedral pyrite or anhedral galena in
stagell. Stagell volumetrically dominates miner-
alization, and consists mainly of gray to clear
quartz, carbonates, sulfides, electrum, and tellu-
rides. Stagell is composed of several rhythmical
band which show a progressive change in ore min-
eralogy with increasing paragenetic time (Shelton
et al., 1990): electrum—electrum+argentite—elec-
trum + Ag tellurides—Ag tellurides+native silver.

Fig. 3. Photomicrograph of vein textures of the alternating
quartz (white) and rhodochrosite bands (gray) with
disseminated sulfides (black). Level nine, Tongyeong mine.

Early electrum in stagell has a lower Ag content
(36.7-409 wt.% Ag) than later bands of electrum
(46.4-52.1 wt.% Ag; Table 2 and 3).

Stagesill and IV contain mainly milky quartz,
minor rhodochrosite and calcite, and rare sulfides.
The most common types of wall-rock alteration
associated with the vein are argillic, propylitic,
silicic, and sericitic. This alteration, characterized
by illite, sericite, and fine-grained silica, is inti-
mately associated with stagel mineralization. Red-
dish-brown jasperoid occurs as breccia fragments
in strongly sericitized alteration selvages adjacent
to quartz veins. Advanced argillic alteration (Woit-

Table 1. Representative stratigraphic units of a vein, and its inferred genesis and history.

Stage Unit Inferences and history Inferred cause
Alteration illite/smectite and pyrite relatively acid water-rock interaction
Stagel breccia and gray quartz physical break-}l p opened'up . break
(breccia) hematite and quartz excess heat boiling intrusion of boil and quench

O,-bearing water q
Stagell* rhodochrosite boiling and pH increase boil

(cyclic band) fine-grained sulfides and native silver
course-grained sulfides and native silver

clear comb quartz

rapid deposition
excess heat boiling
quartz saturated by temperature effect

quench and dilute
boil
quiescent time

Stagelll milky quartz excess heat boiling boil
(cross cutting vein) clear quartz quartz saturated by temperature effect  quiescent time
StagelV calcite ground water heating heating without boil

*Cyclic bands of the stagell vein indicate some fundamental processes are repeated. Electrum is associated with suifides of the

stagell.
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Table 2. EPMA analysis of electrum from stagell of the Tongyeong Au-Ag-Te mine.

Weight percent

Specimen No.

Atomic percent

Ag Au Sum Ag Au Ag/Au

TE-1 36.74 61.24 97.98 523 47.7 1.10

TE-2 37.59 61.25 98.84 52.8 47.2 112

) TE-3 37.60 59.76 97.36 53.5 46.5 1.15

Barly TE-4 37.55 61.16 98.71 529 47.1 112

TE-5 36.32 6231 98.63 516 48.4 1.07

TE-6 40.93 57.60 98.53 56.5 43.5 1.30

TLA-1 50.70 47.10 97.80 66.3 33.7 1.97

TLB-2 49.84 48.40 98.24 65.3 34.7 1.88

Late TLI1-1 49.97 46.36 96.33 66.3 33.7 1.97

TL1-2 46.49 52.05 98.54 62.0 38.0 1.63

Table 3. Microprobe analyses of pyrites from the Tongyeong epithermal veins.
Sample No. Fe Zn Mn Cd As Sb Ag Stage

Level 5

2-D 32.808 - 0.013 0.032 0.125 - - I

10-D 32.682 0.129 0.073 - - - - 11

3-E 32.742 - 0.102 - - 0.042 0.100 I
Level 9

I-A 32262 0.161 0.065 - 0.051 - 0.010 I

1-B 32.258 0.051 - - 0.489 0.033 - I

3-C 33.193 0.018 0.016 - 0.388 - - I

3-A 32.695 - - 0.054 0.519 0.028 0.121 Il

3-B 32.541 - - - 0.992 - - 1

Level 12

A 32.604 0.075 0.093 0.088 0.136 - 0.082 11

B 32.737 - - 0.030 0.085 - 0.024 11

C 33.015 0.118 - 0.024 0.971 - 0.170 11

D 32.804 - - - 0.243 - - 11

E 32.564 0.038 0.043 - 0.166 - 0.045 1l

*— not detected

sekhowskaya and Hemley, 1995) is lacking within
this epithermal vein deposit. However, within 2
km of the mine, pyrophyllite quarries contain wide
zones and pods of advanced argillic alteration
(Fletcher, 1976), locally containing minor sulfides.
These most probably are an end member of unre-
lated high level hydrothermal processes, in which
heat related to shallow pluton emplacement gen-
erated regional low temperature fluids. These
became supersaturated with silica, generating
pyrophyllite in permeable zones at shallow depths
(James er al., 1999).

Pyrite at Tongyeong is associated closely in time
with gold mineralization. Some of the ore-stage
(stagell) pyrite is As-rich. Most electrum was

deposited late in the precipitation of relatively
arsenic rich pyrites in stagell. Arsenic concen-
trations in pyrite are shown in Table 3.

4. GEOCHEMICAL BACKGROUND

4.1, Host rock

Fresh and weakly altered host andesites (Fig. 4)
were analysed (Table 4). The altered andesites are
characteristically more enriched in K (hydrother-
mally altered andesites-TY 7 and TY 10} than rel-
atively fresh rock (TY 1). The difference between
the samples is consistent with, the decrease of Ca
and increase in K (Table 4). Only Cu appears to be
anomalous in the host rock. Pb, Sb, Te, As, Hg,
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Table 4. Representative compositions of andesite in
Tongyeong area.

Elements TY-1 TY-7 TY-10
SiOy(wt %) 53.86 55.25 54.28
ALO, 16.53 16.32 15.16
Fe,05* 8.18 6.49 7.74
TiO, 0.86 0.86 0.76
MnO 0.14 0.11 092
Ca0 8.77 5.07 2.20
MgO 4.66 2.26 4.69
K,0O 1.34 2.65 8.49
Na,0 2.16 3.37 0.11
P,0s 023 0.22 022
LOI 2.51 6.52 4.10
Total 99.23 99.12 98.65
Zn (ppm) 88.79 79.52 69.79
EIZ’S:’;? As, nd. n.d. n.d.
Cu 98.65 79.52 58.33
Ba 226.90 1391.68 2323.17

Remark: All samples were analyzed three times and aver-
aged. Fe,04*=Total Fe, LOI = Loss of Ignition. **: n.d. =
Not determined due low concentrations below detection limit
(<0.1 ppm). Analyses by Center for Mineral Resource Stud-
ies (CMR), Korea University, by X-ray fluorescence except
as noted.

and Ag were not detected in the andesitic host
(detection limits are <0.1 ppm). Ba shows higher
content in altered host rock, but Cu and Zn
decrease in altered host rock. In vein ores, mea-
sured Au concentrations range from <0.] ppm
(detection limit) to 120 ppm and Ag values range
from <0.2 ppm (detection limit) to 860 ppm in
mine production. There is a strong positive cor-

relation between Au and Ag.

Geochemical environment of ore deposition:
Shelton et al., (1990) concluded the formation of
the Tongyeong Au-Ag-Te deposits resulted from a
convective hydrothermal system recharged by
meteoric water. They infer a history of progressive
cooling and dilution of ore-forming solution from
the linear relationship between homogenization
temperatures and salinities of fluid inclusion. They
also reported that only liquid-rich fluid inclusions
and no definitive boiling evidences were observed.
We identified many very small single-phase inclu-
sions, both liquid-only, and apparent vapor-only
inclusion distributed in chalcedonic quartz bands
of stagell (Fig. 5). The mineralogy reflects rapid
decreases in temperature and fugacity of sulfur,
with dilution by groundwater into the system
(Reed and Spycher, 1985; Park et al., 1992). Also
fluid inclusion data (Shelton er al., 1990; Lee,
1991) indicate repeated cooling and dilution of ore
fluids. A similar mixing trend is also apparent in
hydrogen and oxygen isotopic data (Shelton et al.,
1990). We use these results to reconstruct the ore
forming solution. Homogenization and electrum-
sphalerite temperatures of the ore-forming stage
range from 180-260°C with mean of approxi-
mately 220°C (Table 5). The salinities range from
1~3 equiv. wt.% NaCl. Homogenization temper-
atures of primary fluid inclusions in quartz are
generally lower than temperatures determined
from mineral phase relations and compositions.
Part of this temperature difference could have
been due to quartz deposition at consistently lower
temperatures than sulfides and electrum. Alter-

® Sampling locations
,(" Quartz vein with dip

7~ Faunt
Alluvium

Granodiorite
3 ~— intrusion -
a V/// Jongpyeongri Formation

E Andesites

E Andesitic Lapiil Tult

Fig. 4. Sample location map of host andesite analysed in this study (after Shelton ef a/., 1990).
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Fig. 5. A: Photomicrograph showing vein associations with quartz, and rhodochrosite and sulfides. B: Zoned quartz showing
different density of fluid inclusions due to repeated boiling and mixing. Level twelve, Tongyeong mine.

natively, the difference between homogenization
and mineral assemblage temperatures could be real
and reflect a pressure correction for the fluid inclu-
sions. Using the data of Potter (1977) for volu-
metric properties of the system H,O-NaCl, a
temperature correction of 25°C for a 6 wt percent
NaCl fluid at a homogenization temperature of
260°C corresponds to a pressure of approximately
300 bars. The same determination for a 1 wt per-
cent NaCl fluids at 170°Ccorresponds to a pressure
of approximately 225 bars. The logarithms of total
sulfur concentration range from 2 to 3 moles. Sta-
ble isotope compositions of mineralizing fluids
from Tongyeong (D=-44 to -61; 8'%0=-6.8 to 9.4)
are similar to modern meteoric and thermal spring
waters in the area and indicate meteoric water
dominance during all stages of the Au-Ag-Te min-
eralizing system (Shelton et al, 1990).

To reconstruct the ore-forming solution, infor-
mation from fluid inclusion data was augmented
by several assumptions. We propose a combina-
tion of extensive boiling and mixing processes in
the Tongyeong system which resulted in the
entrapment of co-existing fluids with variable
salinities at the same time. The hydrothermal fluid
rose along fractures under hydrostatic conditions,
and reached the boiling isotherm level for the
fluid. Boiling and mixing of hydrothermal solu-
tions commonly occur in present geothermal sys-
tems and are often cited as ore-forming processes
in epithermal deposits (e.g. Buchanan 1981; Heald
et al. 1987). General aspects of the physicochem-
ical changes attending boiling in epithermal sys-

tems have modeled previously (Drummond and
Ohmoto 1985; Reed and Spycher 1985; Cline et
al. 1992). Roedder (1960) proposed variable lig-
uid/vapor ratios in contemporaneous fluid inclu-
sion which had been trapped various amounts of
liquid and vapor phase. Direct fluid inclusion evi-
dence for boiling at Tongyeong is observed in
stage (Fig. 5)

Some indirect evidence for boiling has also been
found. Illite/smectite alteration is well developed
in stagel breccias which are interpreted to have
formed by the reaction of the andesitic rocks with
acid species derived from hydrothermal fluids dur-
ing boiling. Repeated carbonate (dominantly rhodo-
chrosite) bands in stagell indicate deposition by
sporadic boiling. Fine-grained milky quartz over-
grown on clear quartz shows a zoned texture (Fig. 5).

Fluid inclusion studies are interpreted as fol-
lows: low salinity inclusions represent the com-
position of the liquid phase after mixing, and the
moderate salinity inclusions are representative of
the early liquid phase, before boiling and vapor
loss in an open system. This mechanism resulted
in the entrapment of fluids with variable salinities
at the same time. Deposition of ore minerals
within the Tongyeong vein system also occurred at
this time as a result of boiling and gas loss. Fluid
inclusion data of stagell quartz indicate the homog-
enization temperatures and salinities decreased pro-
gressively. Although Shelton et al. (1990) did not
analyses inclusions formed by boiling condition,
we observed many high salinity inclusions with
halite daughters of very small size (<2 pm). This
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is evidence that mixing of the hydrothermal fluid
with overlying groundwater was the dominant ore
deposition mechanism of stagell in the Tongyeong
vein system. We conclude fluid inclusion data
indicate mixing between hydrothermal fluids and
overlying dilute heated groundwater and cool
groundwater.

Boiling is an important process in gold pre-
cipitation within low-sulfidation epithermal sys-
tems (Hedenquist and Henley, 1985; Drummond
and Ohmoto, 1985; Larson and Taylor, 1987) as
H,S, the principal species for gold transport
(Seward, 1973) is lost into the vapor phase. Boil-
ing also releases CO, to the vapor, resulting in an
increase in solution pH, shifting from illite to adu-
laria stability, and leading to the precipitation of
calcite and adularia (e.g., Browne and Ellis, 1970).
From equilibrium thermodynamics studies, the
minus logarithms of fugacity of O,, CO,, and S,
on stagell are 12.5~-11, 0 to 5 and 38.6 to 34.4
respectively (Shelton et al., 1990). Multiple cyclic
bands of rhodochrosite in the Tongyeong vein also
indicate releases of CO, gas by boiling (Fig. 2).

4.2. Methods of calculation

The chemical speciation and reaction path cal-
culations were accomplished with the multicom-
ponent heterogeneous equilibrium programs SOLVEQ
and CHILLER (Reed, 1982). The speciation pro-
gram SOLVEQ was used to calculate starting
compositions for the fluids used for the reaction
path calculations. The reaction path program
CHILLER models change in fluid chemistry and
amounts of minerals precipitated from solution.
This program was used to calculate each series of
steps over various chemical evolution paths such
as boiling, cooling, fluid mixing, and titration reac-
tion.

Thermodyamic data used in the present calcu-
lations are contained within the SOLTHERM data-
base, with data for solids and gases from the
SUPCRT database (Johnson et al, 1992), and data
for aqueous species from sources listed in SOLTH-
ERM. Some modifications were made to the
CHILLER and SOLVEQ database during the course
of calculation. Activity coefficients were calcu-
lated using the method derived by Helgeson et al.
(1981) and they were determined to be valid for
ionic strengths of Tongyeong hydrothermal fluids.

Calculated ionic strength of the Tongyeong ore
fluid is at the upper limits of reliability of the
activity coefficient.

When simulating boiling, CHILLER is used to
solve for the amount and composition of the aque-
ous, solid, and, gas phases at equilibrium and the
pressure at which gas and liquid are in such pro-
portions that the sum of their respective heat con-
tents equals a given total enthalpy plus an optional
heat gain or loss for the system. There are accom-
plished by solving simultaneously a set of mass
balance and mass action equations and an enthalpy
equation. The amount of each gas species in equi-
librium with the aqueous phase is dictated by mass
balance and mass action equations that are similar
in form to the equations used for mineral solid
solution (Reed, 1982). Mass action equations for
gases make use of true equilibrium constants.
These are different from Henry's law constants,
K, in being independent of salinity and defined
for a given specific chemical reaction. Most of the
speciation and reaction path calculations were
made assuming that equilibrium was attained
between sulfate and sulfide in solution.

In this study, multicomponent heterogeneous
chemical equilibrium computations are used to
simulate the transportation and deposition of base
metals and precious metals in a boiling and simple
cooling epithermal system. The main processes
considered were (1) the reaction of a single fluid
with andesitic rock host at 280°C, (2) the boiling
of parent liquid 260°C to 120°C, and (3) the cool-
ing with mixing of fluid with both decreasing pres-
sure and temperature from 260°C to 120°C; also
gas extraction at 200°C, (4) steam heated 260°C

Gas = = == | Steamheated L. .. .. .. }Ground water
200 oround wter 251
100T

[ |

Bolled
260-120C

Cooled
260-120C

Parent liquid
280¢C

Ag. 6. Schematic diagram showing the relationship of the
reaction path models of the Tongyeong epithermal system.
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groundwater cooling to {50°C. Flow diagrams of
the calculations presented in this study are shown
in Fig. 6.

5. STARTING COMPOSITION OF FLUIDS

5.1. Parent fluid

The composition used in this study is a Broad-
lands-type water (Reed and Spycher, 1985). The
initial composition and chemical speciation of the
ore fluids used in the reaction path calculations
were calculated with SOLVEQ, using measured
fluid inclusion temperature. salinities and assum-
ing saturation with various hydrothermal minerals
(Table 5). These initial fluid compositions were
used as input for CHILLER. For a closed system
model, the amounts of andesite (composition
based on petrographic data) and fluid were held
constant. The entire amount of fluid reacts with
progressively larger amounts of rock. Tempera-
tures and salinities for the fluids were based on
fluid inclusion measurements on stagell veins.
Dissolved species were calculated using SOLVEQ
by assuming the solution was in equilibrium with
the following vein minerals: muscovite (source for
dissolved Al), native gold (Au), pyrite (Fe), Chal-
copyrite (Cu), acanthite (Ag), rhodochrosite (Mn),
and quartz (SiOy,q). In addition, Ca content was
chosen to result in a fluid that is unsaturated with
respect to calcite by approximately | log unit (to
be consistent with the lack of calcite in the ore
stage). We used calculated minimum values for the
dissolved species because the solution may have
been supersaturated with respect to the phase pre-
cipitated. In the case of silica quartz was chosen to
control the dissolved silica content, as it is the
more soluble phase. In reality, the dissolved silica
content could have been significant higher, given
the kinetic inhibition of quartz precipitation at
temperatures <250°C (Fournier, 1985). Total Cl in

solution was calculated by SOLVEQ by charge
balance; this is reasonable, given that the total cal-
culated chloride values generally are close to the
charge sum for Na, K, and Ca. The reconstructed
fluid is similar in composition to the geothermal
water modeling by Spycher and Reed (1989) and
Saunders and Schoenly (1995) except for telluride
composition. The ore-forming solution has 200
ppb Au, which is the saturation value at 260°C,
pH=5.9, and -3 to 2 moles of log total sulfur dis-
solved. The pH chosen for the model solution was
based on the minimum stability of muscovite and
rhodochrosite.

The early fluid composition used for alteration
reaction in the modeling is relatively acidic and
equilibrium with sericite, quartz and pyrite at
280°C and cooled to 260°C. The second and
third stage fluid was taken from the former
titrated fluid and then saturated with pyrite, chal-
copyrite, galena and sphalerite. These assumed
mineral saturation values were chosen based on
ore minerals. Thus, it is possible to compare
meaningfully the modeling result with a real
geologic example.

5.2, Overlying groundwaters

Chemical constraints on overlying steam heated
groundwaters are limited. As a result, a variety of
ground-water compositions were tried in the cal-
culations. The composition used most frequently,
near that of a steam-heated groundwater (con-
taining CO?, SO,>~, H,S, and other species derived
from gas condensates) from the Tauhara geother-
mal system (Reed, 1992), is listed in Table 5.
Modifications of this composition were used in
some runs to test for the effects on the predicted
mineral precipitation sequence of variations in the
pH. oxidation state, sulfidation state, iron, alu-
minum, and silica contents, and temperature of the
ground water.

Table 8. Silver content of electrum, iron content of sphalerite, electrum-sphalerite temperatures and filling temperatures of
fluid inclusions from the Tongyeong epithermal Au-Ag-Te deposit.

Ag content of electrum
Stage (atm. fraction)
(No. analyses, avg.)

Iron content of sphalerite
(FeS mole %)

Electrum-sphalerite temperature*

Filling
(°C) (min., avg., max.)

temperature (°C)

Early 0.516-0.565(6, 0.533)
Late 0.620-0.663(4, 0.650)

1.66-6.42(8, 3.76)
3.33-4.53(7, 3.84)

(No. analyses, avg.) 1 I (avg.)
253, 273, 282 233, 256, 265 226
250, 251, 253 230, 231, 232 186

*Calculated using Electrum-sphalerite temperature equations (6) and (7) from Shikazono (1985), respectively
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6. REACTION PATH MODELING

Reaction path models are a simplification of nat-
ural processes, which here simulates fluid from the
Tongyeong epithermal system. They describe chem-
ical processes that can approximate ore deposition.
Au-Ag-Te precipitation closely compares 10 the
result of repeated boiling and ground water mix-
ing. Natural geothermal fluids do actually equil-
ibrate with their wall rocks, as can be shown by
whole-system geothermometry using graphs of
mineral saturation indices vs. temperature for
reconstructed fluids from may system (Reed and
Spycher, 1984). Equilibration with wall rock does
not mean that the fluid reaches complete equi-
librium with the primary minerals of the host rock,
but overall equilibrium between fluid and rock has
been achieved. The formation of wall-rock alter-
ation was simulated by calculating the reaction of
andesite at 150 bars and 280°C, that was initially
saturated with quartz, muscovite, Mg and Fe chlo-
rite, pyrite, chalcopyrite, galena, sphalerite, elec-
trum, and telluride minerals. The chemical
composition, oxidation, state and pH of hydro-
thermal fluid are fixed by reaction of the fluid with
wall rock. Once the hydrothermal wall rock reac-
tion fixes pH, it determines the type of reaction
paths. The calculations are divided into named
segments (simple cooling, boiling and mixing) in

fig. 5. In an andesite reaction with an assumed
fluid, pH is gradually increased and quartz, seric-
ite, chlorite and pyrite precipitate with decreasing
water/rock ratio.

Simple Cooling Reaction Path: Cooling of the
hydrothermal fluid could have occurred due to
conductive heat loss as the fluids moved into
cooler rocks. Reaction path cooling of a single
fluid without boiling predicts the precipitation of
vein minerals (Fig. 7). Quartz, pyrite, chalcopyrite,
sphalerite, calaverite precipitated at high temper-
ature, and muscovite, hessite, sphalerite, galena,
and acanthite at low temperature. In this numerical
experiment, quartz and pyrite precipitate imme-
diately at high temperature and are followed after
a few degrees temperature drop by pyrite, chal-
copyrite, sphalerite, galena, and acanthite (Fig. 6).
But no electrum is precipitated by cooling alone.
Kaolinite is replaced by muscovite at 200°C. The
activity of H” initially increase but this trend
reverses as HSO, forms with decreasing temper-
ature. When the hydrothermal fluid cools without
addition of cool groundwater, HSO,™ dissociates to
H* and SO,> with decreasing temperature. Pre-
cipitation of the sulfide assemblage in the cooling-
only numerical experiment clearly is not the prin-
cipal cause of electrum precipitation.

Boiling Reaction Path: Boiling and consequent
cooling result in precipitation of vein minerals,

Quartz

-1V/—'

-2

-3 Pyrite

Muscovite

Kaolinite

Log gram precipitated

st f e

Sphalerite

Calaverite

6

F 2\

260 240 220 200

180 160 140 120

Temperature (C)

Fig. 7. Reaction path diagram showing amounts of mineral precipitated during cooling of the assumed stagell fluid from

260° to 120°C.
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Fig. 8. Reaction path diagram showing amounts of mineral precipited during boiling of the assumed stagell fluid from 260°

to 120°C.

which fractionate as the liquid and gas ascends.
The gas and liquid are assumed to remain in con-
tact with each other throughout ascent. The chem-
ical system is treated as partially open because
minerals are removed as they form. The computed
scale mineral assemblage is thermodynamically
quite stable (Reed, 1985). In a boiling geothermal
system, the temperature profile in the boiling zone
matches the P-T path of boiling water (iso-
enthapic). When a homogeneous aqueous phase
rises in a hydrothermal system, it experiences a
decrease in pressure. The resultant boiling induces
a temperature decrease and a pH increase, which
cause minerals to precipitate. Thus, the initially
homogencous aqueous phase separates into several
phases including gas, liquid, and minerals. An
open-system boiling process (gas removed from
the hydrothermal fluids at each reaction step) was
modeled.

Hydrothermal fluids with assumed initial com-
positions initially matching Tongyeong fluids
(Table 5) immediately become undersaturated with
respect to most sulfides during boiling. Boiling of
stagell fluids precipitates quartz, Mg- and Fe-chlo-
rite, pyrite, chalcopyrite, galena, sphalerite, acanthite,
calaverite, hessite and electrum (Fig. 8). The lack
of sulfide precipitation at relatively high temper-
ature results from low reduced sulfur (HS™) con-
tents of fluid. The initial boiling of fluid at about
260 deposits quartz, pyrite, Mg and Fe chlorite,

chalcopyrite and calaverite. After a 10 temperature
drop, the fluids becomes undersaturated with
sphalerite, galena, acanthite, hessite and electrum
(Fig. 8). With temperature drop by continuous
boiling, the fluid becomes undersaturated in chlo-
rite and pyrite. Starting at 260°C. the liquid water
(Table 6) has a pH of 6.17 and solids are under-
saturated or exactly saturated except for quartz and
pyrite. The pH increases at 120°C, driven by
escape of CO, to a gas phase upon boiling. The pH
increase is steep intially, as aqueous CO, is more
strongly partitioned into the gas at the beginning of
boiling than subsequently. The steep pH increase
promotes precipitation of sulfides by boiling pro-
cesses (Fig. 8). The temperature decrease com-
bines with the pH increase to force sulfide and
carbonate (rhodochrosite) precipitation.

As boiling proceeds between 227°C and 184°C,
the precipitated assemblage is dominantly base
metal sulfides and rhodochrosite. At 240°C and
227°C, microcline and acanthite precipitate respec-
tively. Chlorite (Mg-Fe solid solution) precipitates
near 250°C, with Mg content of chlorite increasing
with temperature drop. Over the short temperature
interval (270°C to 184°C) where the greatest min-
eral mass precipitates, the loss of reduced gases,
H, and CH,, causes oxidation of aqueous sulfide
to sulfate, increasing sulfate molality. Degassing
causes total aqueous carbonate and sulfide (CO,
and HS) to decrease. This precipitation sequence
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Fig. 9. Reaction path diagram showing amounts of mineral precipitated during mixing of the assumed stagell fluid with

heated groundwater from 260° to 160°C.

closely resembles that at Tongyeong for the sulfide
cycles in the

stagell assemblage. It is apparent that progres-
sive boiling alone of the initial fluid in the
Tongyeong environment could not have produced
the complete stagell mineral zoning (band) pat-
terns (e.g., Fig. 2).

6.2. Fluid miking reaction path

Fluid inclusion study indicates relatively small
variation (1 to 3 wt % NaCl) in salinity during the
low temperature mineral deposition in the Tongyeong
epithermal system. The fluid mixing path modeled
in this study was carried out assuming isoentalpic
conditions, with no heat loss to the wall rocks. A
given mixing path tracks the progressive dilution
of 1 kg of hydrothermal fluid by successive incre-
ments of ground water. Cooling and dilution accom-
panying mixing are important processes driving
fluid chemistry evolution and mineral deposition,
and cause breakdown of metal chloride complexes
and the resulting precipitation of base metal sul-
fides, Te-bearing minerals, muscovite and kaolin-
ite. The pH initially drops because hydrogen ions
are released during sulfide precipitation, and then
increases slightly because of the overriding effects
of the higher pH ground water. Total reduced sul-
fur concentration in the hydrothermal fluids is ini-
tially low and decreases substantially during the
mixing as a result of oxidation and sulfide pre-

cipitation. The hydrothermal fluid lacks sufficient
reduced sulfur to precipitation both galena and
sphalerite (Fig. 9). It does not produce electrum.
Only a restricted range (260° to 150°C) of inmixed
heated groundwater fluid composition produced
very minor amounts of Te-bearing assemblages
(Fig. 9). Therefore, mixing of different fluids is not
an efficient gold precipitation mechanism in stagell.

7. CONCLUSIONS

Using: calculation of simultaneous, multi-phase
chemical equilibria, we identify chemical speci-
ation and reaction paths that model fluid chemistry
evolution and ore deposition in the Tongyeong epi-
thermal system. A mineralogical and geochemical
framework for Au-Ag-Te mineralization, estab-
lished by previous researchers, was used to recon-
struct the fluids. The main processes considered
were reaction of a single fluid with an andesite
host at 280°C, isobaric cooling of a single fluid
from 260°C to 120°C, and boiling and mixing of
fluid with both decreasing pressure and temper-
ature. Reaction path modeling indicates that the
main stage of Au-Ag-Te mineralization (stagell)
resulted from boiling. The assemblages resulting
from mixing include only small amounts of base
metal sulfides with no electrum. The abundance of
gold depends critically on the ratio of total base
metals and iron to sulfide in the aqueous phase
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Table 6. Temperature, saturation pressures and reference compositions of fluids used in reaction path calculations. (log

values for gas phases.)

Hydrothermal fluids

Ground water

Fluid
parent brine stage (II) steam heated cold

Temperature (°C) 280 250~150 100 25
Saturation pressure (bars) 82.9522 66.6323 - {
pH 6.43 6.17 5.7 7
Total Cl (m) 2749089E-01 .2749089E-01 2.20E-03 7.33E-03
Total Sox (m) -4257701E-02 -.4257708E-02 1.10E-03 3.23E-03
Total CO, (m) - - 2.50E-03 2.02E-01
Total O, (m) - - - 2.50E-02
Total S,q (M) .9985828E-02 .9985820E-02 2.00E-05 -
Total SiO; (m) .3036205E-02 .3036205E-02 8.10E-04 1.05E-01
Total Al (m) .2253680E-05 .2253680E-05 - 1.11E-05
Total Ca (m) 1561400E-04 .1561400E-04 4.10E-04 7.24E-03
Total Mg (m) .2355503E-06 .2355503E-06 1.00E-07 5.35E-03
Total Fe (m) 1180087E-07 .4020242E-08 5.00E-10 1.79E-05
Total K (m) 3715700E-02 3715700E-02 9.70E-04 3.58E-03
Total Na (m) .2963300E-01 .2963300E-01 3.00E-03 4.57E-03
Total Mn (m) 4140424E-05 4140424E-05 - -
Total Zn (m) .8030000E-06 .8030000E-06 - -
Total Cu (m) 1126191E-06 .1559973E-06 - -
Total Pb (m) .1610000E-06 .1610000E-06 - -
Total Ag (m) .5000000E-06 S000000E-06 - -
Total Au (m) .8010000E-08 .8010003E-08 - -
Total Te (m) .9596672E-16 .6084875E-14 - -
Total F (m) 2439100E-03 .2439100E-03 - 1.74E-03
gas phase

S, -11.501 -13~-15 -11.635 -
tCO, 1.107 O~+5 1.153 -

fO, -35.5 -36~-39 -37.092 -
Salinity (eq. wt % NaCl) 4~6 1~3 - -

because gold is transported as an Au(HS), com-
plex, which is sensitive to sulfide activity. Thus
boiling and mixing produce distinctly different
mineralogy. Relatively large amounts of galena
precipitate with a low degree of mixing, but
sphalerite and acanthite contents increase with a
high degree of mixing. Mineral assemblages and
mineral zoning patterns (cyclic bands) are most
likely to form from boiling, plus mixing of hydro-
thermal fluids with heated groundwater. The cal-
culation for boiling yields mineral assemblages
with large amounts of base metal and Au-Ag-Te
mineralization.

Reaction path calculations are useful in explain-
ing mineralogical variations. These can be useful
guides to ore zone with in Au-Ag-Te-bearing epi-

thermal systems that are meteoric water dominant.
Also the modeling results provide useful tools for
epithermal gold exploration in environments that
are strongly influenced by shallow hydrologic pro-
cesses such as boiling and fluid mixing. As gold
behaves slightly differently from silver, base met-
als and tellurium, low-level metal zoning iden-
tified by simple rock-chip sampling (especially in
zones with evidence of steam-heated groundwater)
may suggest concealed locales of mixing and boil-
ing (gold precipitation) at depth. Data can be plot-
ted on geologic sections to identify permeable
zone or structures. Successful application of Hg
and Sb zoning in discovery of gold zones in epi-
thermal/fossil geothermal systems (without the aid
of numerical modeling) are well known in the
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western U.S. Refinements using our modeling
technique, perhaps incorporating other recent work
on epithermal telluride precious metal systems
(Cooke and McPhail, 2001) and argillic alteration
systems in fractured rock (Xu and Pruess, 2001),
published after our study was completed, may lead
to further refinement of specific drilling targets.
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