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ABSTRACT

The Ulsan Fe–W mine is located within the Cretaceous Gyeongsang volcano-sedimentary basin at the southeastern edge of
the Korean Peninsula. Distinct hydrothermal events resulted in calcic skarn and vein deposits in recrystallized limestone near a
Tertiary epizonal granite stock. The deposits of the Ulsan mine present a unique opportunity to document geochemically the
complex evolution of a skarn–vein system that is related genetically to a low-sulfidation system. Isochemical contact metamor-
phism of an early skarn stage (stage I) is displayed by the presence of anhydrous Ca–Al–Mg skarn minerals at the contact between
granite and recrystallized limestone. Following magnetite deposition in the main prograde skarn (stage II), the first deposition of
arsenopyrite occurs intergrown with rammelsbergite – niccolite – gersdorffite – löllingite – native bismuth – bismuthinite –
hexagonal pyrrhotite. These common sulfide assemblages are characterized by an overall low-sulfidation state during the main
skarn stage. Retrograde skarn (stage III) is characterized by minor impregnations of scheelite in calcite and quartz, with actinolite
and chlorite. During the latest part of stage III, Cu–Zn and polymetallic sulfide mineralization was introduced. The latest episode
in the hydrothermal system (stage IV) is characterized by Zn–Pb–Ag mineralization in siderite–quartz veins. Decreasing As
contents in arsenopyrite from stages II to IV indicate a decrease in temperature or sulfur fugacity (or both) with time. The various
skarn-forming events and ore minerals from various stages are interpreted to have resulted from an evolutionary trend from
hypersaline magmatic fluids during prograde skarn formation associated with Fe–As(–Ni) mineralization to low-salinity and low-
temperature fluids during the retrograde skarn formation, associated with W–Cu–Zn mineralization. As the influence of magma-
derived fluids waned, surficial fluids descended to deeper levels along fractures, resulting in siderite–quartz deposition associated
with Zn–Pb–Ag mineralization. These results demonstrate that the Ulsan deposit is likely a skarn deposit that is genetically
related to a low-sulfidation porphyry system.

Keywords: arsenopyrite, geothermometry, Fe–W skarn, polymetallic, fluid evolution, fluid inclusions, low sulfidation, Ulsan,
southeastern Korea.

SOMMAIRE

La gisement de fer et de tungstène d’Ulsan est située dans le bassin volcano-sédimentaire crétacé de Gyeongsang, près de la
bordure sud-est de la péninsule coréenne. Des événements hydrothermaux distincts ont mené à la formation d’un skarn calcique
et des veines minéralisées dans un calcaire recristallisé, l’encaissant d’un pluton granitique épizonal d’âge tertiaire. Les gisements
exploités à Ulsan fournissent une occasion unique de documenter l’évolution géochimique complexe d’un système de skarns et
de veines lié génétiquement à un système à faible taux de sulfuration. Un métamorphisme de contact isochimique a produit un
premier skarn (stade I) contenant des minéraux anhydres à Ca–Al–Mg au contact entre granite et calcaire recristallisé. Suite à la
déposition de magnétite au stade principal de skarnification prograde (stade II), il y a eu un premier épisode de déposition
d’arsénopyrite en intercroissance avec rammelsbergite – niccolite – gersdorffite – löllingite – bismuth natif – bismuthinite –
pyrrhotite hexagonale. Ces assemblages de sulfures courants témoignent d’un état de faible sulfuration généralisé pendant la
skarnification principale. Les skarns rétrogrades (stade III) contiennent des imprégnations mineures de scheelite dans la calcite et
le quartz, avec actinolite et chlorite. Au cours de la partie ultime du stade III, les sulfures Cu–Zn et polymétalliques ont été
introduits. Le dernière épisode du système hydrothermal (stade IV) a mené à une minéralisation Zn–Pb–Ag associée à des veines
de sidérite–quartz. Une diminution des teneurs en As dans l’arsénopyrite en allant du stade II au stade IV indique une diminution
en température ou en fugacité du soufre (ou les deux) avec le temps. Les divers événements de skarnification et les assemblages
de minéraux de minerais des divers stades auraient résulté d’une évolution impliquant d’abord des fluides hypersalins
magmatiques au cours de la skarnification prograde, associés à la minéralisation Fe–As(–Ni), et ensuite des fluides à faible
salinité et faible température au stade rétrograde, associés à la minéralisation W–Cu–Zn. Avec la diminution de l’influence des

§ E-mail address: seongyu@kuccnx.korea.ac.kr

567 38#3-juin00-2150-02 27/07/00, 11:26567



568 THE CANADIAN  MINERALOGIST

INTRODUCTION

Minerals of iron, tungsten, copper, zinc and lead
occur in calcic skarns and hydrothermal vein deposits
at the Ulsan mine, southeastern Korea. Skarn and ore
mineralization developed as a result of multistage
geochemical phenomena, which included silicate–ox-
ide–sulfide metasomatism and subsequent hydrothermal
alteration. Arsenopyrite is the most common sulfide
mineral formed during the prograde metasomatic event
through vein-filling episodes; it is closely associated
with magnetite, scheelite, löllingite, native bismuth,
bismuthinite, hexagonal pyrrhotite, pyrite and mono-
clinic pyrrhotite.

The successful application of the arsenopyrite
geothermometer is only possible where arsenopyrite,
sphalerite, löllingite and iron sulfides are deposited un-
der equilibrium conditions, and where the arsenopyrite
composition does not change during subsequent pro-
cesses. The Ulsan mine presents an excellent opportu-
nity to study arsenopyrite compositions with appropriate
buffer assemblages to estimate changes in composition
and temperature of the mineralizing fluids during ore
deposition.

The first objective of this study is to document the
compositional variation of arsenopyrite formed at dif-
ferent stages of mineralization. The second aim is to
elucidate the nature and evolution of the physicochemi-
cal environment of ore deposition.

GEOLOGICAL SETTING AND DESCRIPTION

OF THE ORE DEPOSIT

The Ulsan mine is located within the Cretaceous
Gyeongsang Basin at the southeastern edge of the Ko-
rean Peninsula (Fig. 1). Mixed sequences of post-oro-
genic, molasse-type sedimentary rocks are intercalated
with volcaniclastic rocks and lavas (the Hayang and
Yucheon groups) in the basin. These Cretaceous sedi-
mentary and volcanic rocks unconformably overlie
highly deformed Precambrian crystalline basement of
the Yeongnam Massif. The Middle Cretaceous to early
Paleogene Bulgugsa suite of granitic rocks ranges from
tonalite and granodiorite through granite to alkali-feld-
spar granite, and is predominantly of the magnetite se-
ries (Lee et al. 1987). These granitic rocks are epizonal
and invariably display characteristics of subvolcanic

emplacement (Jin et al. 1981, Choi & Wee 1994). The
Bulgugsa intrusive suite and volcanic rocks of the
Hayang and Yucheon groups are considered to be co-
magmatic, subduction-related complexes (Lee et al.
1987). Within the Gyeongsang Basin, felsic volcanic
rocks and granites at the southeastern margin are related
closely to various types of copper, iron and tungsten
deposits (Jin et al. 1981, Woo et al. 1982, Park et al.
1985).

At the Ulsan mine, recrystallized limestone and par-
tially serpentinized ultramafic rocks (dunite and harz-
burgite) are exposed as a small roof pendant within the
Upper Cretaceous sequence and intruding granitic rocks.
Although the ages of both the ultramafic rock and re-
crystallized limestone are unknown, they are consid-
ered to represent the basement of the Cretaceous
volcano-sedimentary piles in the study area. The Early
Tertiary Gadae-Ri hornblende–biotite granite intruded
the center of a dome structure located in the western
part of the mine area (Fig. 1). Its biotite yields a K–Ar
age of 58 and 62.9 ± 1.9 Ma (Lee & Ueda 1977,
Reedman et al. 1989). In spite of the spatial separation
(<100 m) between the mineralized zones and the Gadae-
Ri granite stock, the ore deposits are considered to be
related genetically to this pluton (Choi & Imai 1993).

The calcic Fe–W skarn deposit at Ulsan occurs as a
nearly vertical ore pipe within recrystallized limestone
at the direct contact with the Upper Cretaceous volca-
nic rocks containing thin layers of pelitic sedimentary
rocks. Ore minerals consist mainly of magnetite and
lesser amounts of scheelite with minor sulfides, arsen-
ides, sulfosalts and sulfarsenides. The formation of the
ore pipe seems to be controlled by the intersection of
two structural elements: (1) east–west-trending, steeply
dipping stratigraphic contacts between recrystallized
limestone and the overlying intercalated Cretaceous
volcanic and sedimentary rocks, and (2) north–south-
trending high-angle fractures now occupied by parallel
andesitic dykes.

SKARN EVOLUTION AND MINERALIZATION

Skarn development and ore mineralization in the
Ulsan deposits are the results of complex, multistage
geochemical phenomena. The sequential deposition of
minerals has been determined from cross-cutting fea-
tures, replacement textures, relationships among miner-

fluides orthomagmatiques, les fluides de surface ont atteint des niveaux profonds le long de fissures, pour déposer l’association
sidérite–quartz avec minéralisation en Zn–Pb–Ag. D’après ces résultats, le gisement d’Ulsan semble être un skarn génétiquement
lié à un système de porphyre à faible sulfuration.

(Traduit par la Rédaction)

Mots-clés: arsénopyrite, géothermométrie, skarn à Fe–W, polymétallique, inclusions fluides, évolution des fluides, faible
sulfuration, Ulsan, Corée.
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als and mineral assemblages. Skarn formation and min-
eralization due to the emplacement of the Gadae-Ri
granite took place in four distinct stages; the paragenetic
episodes of skarn and ore mineralogy are summarized
in Figure 2.

During stage I, skarn formation began with a highly
calcic assemblage represented by diopside + wollasto-
nite + grossular + vesuvianite at the granite–marble con-
tact. This stage did not involve ore minerals.

Prograde metasomatic skarn formation during stage
II is divided into two substages (IIa and IIb) depending
on whether the predominant ore mineral is magnetite or
arsenopyrite. Skarn minerals formed at high tempera-
ture during the main prograde event (substage IIa) are
characterized by fine-grained anhydrous calc-silicates,
magnetite and calcite. Clinopyroxene is, however, the
volumetrically most important mineral. The early fine-
grained phases were followed by formation of medium-
grained clinopyroxene with 5.3–48.6 mole % heden-
bergite and a grandite-type garnet with intermediate
compositions (10.4–82.4 mole % andradite). The main

Fe mineralizing event, which played an important role
in the development of bodies of massive magnetite in
the ore pipe, took place in the middle period of this skarn
stage. During latest part of stage IIa, veins that cross-
cut earlier assemblages of skarn minerals consist of
coarse-grained clinopyroxene and garnet that become
progressively more iron-enriched and magnesium-de-
pleted. At the beginning of substage IIb, minor amounts
of niccolite, rammelsbergite, löllingite, gersdorffite, ar-
senopyrite, and native bismuth were deposited with cal-
cite and minor quartz. The Fe–As(–Ni) association is
present mainly as massive and disseminated ores with
skarn minerals, magnetite and calcite within the mag-
netite ore pipe and the surrounding calcite zone.

During stage III (retrograde skarn stage), hydrous
alteration of pre-existing skarn minerals occurred, in-
volving for example the alteration of clinopyroxene to
calcic amphibole, with chlorite, ilvaite, epidote, calcite
and quartz. Scheelite as a byproduct overgrew and re-
placed magnetite and calc-silicates within the ore pipe
during substage IIIa. Copper–zinc and polymetallic

FIG. 1. Geological map of the Ulsan mine area showing the detailed map of the mining geology. The location of the Ulsan mine
area (shaded box) is shown on the inset map of the Republic of Korea. GB: Gyeongsang Basin, GM: Gyeonggi Massif, IB:
Imjingang Belt, NM: Nangrim Massif, OB: Ogcheon Belt, PB: Pyongnam Basin, YM: Yeongnam Massif.
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mineralization overprinted previous tungsten mineral-
ization during substage IIIb. Substage IIIb is also repre-
sented by the crystallization of chalcopyrite, sphalerite,
hexagonal pyrrhotite, pyrite, arsenopyrite, cubanite,
bornite, chalcocite and bismuthian tennantite, with mi-
nor or trace amounts of bismuth, bismuthinite, roquesite,

tetrahedrite, cobaltite, wittichenite, miharaite, hessite,
mawsonite and aikinite, although these ore minerals are
present in minor or trace amounts. Substages IIIa and
IIIb are successive, and must be regarded as resulting
from a single event.

FIG. 2. Simplified paragenetic sequences for the assemblages of principal ore and alteration minerals at Ulsan mine. Line
thicknesses represent schematically the relative abundances of the mineral deposited.
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Stage IV represents the formation of fissure-con-
trolled veins that clearly cut the Fe–W ore pipe and sur-
rounding skarns. This stage represents the latest phase
of hydrothermal Zn–Pb–Ag mineralization superim-
posed on the skarn alteration described previously. The
Zn–Pb–Ag association occurs in veins of siderite –
quartz – chlorite gangue with galena, sphalerite, pyrite,
arsenopyrite, monoclinic pyrrhotite, and minor amounts
of chalcopyrite, molybdenite, Ag-bearing tetrahedrite,
pyrargyrite, polybasite, gudmundite and marcasite. It is
volumetrically insignificant and is uneconomic.

TYPES OF ARSENOPYRITE

Arsenopyrite-bearing ores formed during the vari-
ous stages of mineralization have been examined, and

three episodes of arsenopyrite deposition were recog-
nized. Ores containing arsenopyrite are present mainly
as massive and disseminated sulfides intergrown with
skarn minerals, and as stringer and subordinate veins
with quartz, siderite and chlorite (Table 1). Although
these sulfides are more abundant in the outer calcite-
rich zone than in the magnetite-dominant ore zone, there
is no systematic lateral zonation of mineral assemblages.
Arsenopyrite is subdivided into five groups on the basis
of texture, relationships with gangue minerals, and co-
existing Fe–As–S minerals. The groups are described
as arsenopyrite A, B, C, D and E throughout the text,
figures, and tables.

The first generation of arsenopyrite, formed during
the prograde skarn of stage II, is present mainly as dis-
seminated, fine-grained particles or massive aggregates
distributed within magnetite ore, skarn and calcite. Such
arsenopyrite has been divided into three groups, depend-
ing on whether the predominant opaque phase is Ni–Co
arsenide (arsenopyrite A), Fe arsenide (arsenopyrite B)
or native bismuth – bismuthinite (arsenopyrite C). Ar-
senopyrite A tends to occur as discrete grains (100–
200mm) with an irregular outline; it is erratically
distributed in various types of skarn. Arsenopyrite A
fills the interstices between calc-silicate aggregates,
consisting commonly of clinopyroxene + grandite gar-
net. It is intergrown intimately with niccolite, rammels-
bergite, gersdorffite, löllingite and native bismuth.
Arsenopyrite overgrew and replaced niccolite or
gersdorffite, and locally contains gersdorffite remnants
in the core. Arsenopyrite A also occurs as euhedral to
subhedral rhombs whose rim has lower concentrations
of Ni and Co. Although this compositional zoning can-
not be recognized optically, it is easily recognized in
back-scattered electron images. Most grains of arseno-
pyrite B and C occur in massive As-rich ores distrib-
uted within the Fe–W ore pipe and in the outermost
calcite zone (Choi & Imai 1985).

The most common and characteristic sulfides asso-
ciated with first-generation arsenopyrite at the Ulsan
mine are native bismuth – löllingite – arsenopyrite B
and native bismuth – bismuthinite – arsenopyrite C.
Arsenopyrite B is intergrown intimately with löllingite
lamellae and native bismuth. Arsenopyrite C contains
spindle- or wedge-shaped inclusions consisting of both
native bismuth and bismuthinite. These textural rela-
tions indicate the simultaneous equilibrium crystalliza-
tion of arsenopyrite B with löllingite and native bismuth,
and of arsenopyrite C with bismuthinite and native bis-
muth. In some samples (e.g., U840518A), signs of re-
placement and corrosion of arsenopyrite by pyrite are
present locally, indicating the later deposition of pyrite.

The second generation, arsenopyrite D, formed dur-
ing the complex polymetallic mineralization of stage
IIIb. In the main Cu–Zn sulfide stage, arsenopyrite D is
intergrown with hexagonal pyrrhotite, pyrite, chalcopy-
rite and sphalerite. Euhedral arsenopyrite and pyrite
coexist with pyrrhotite, suggestive of coprecipitation.
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Chalcopyrite displays exsolution textures with fine
lamellae of cubanite, hexagonal pyrrhotite, and star-
shaped sphalerite. Hexagonal pyrrhotite was partly
altered to monoclinic pyrrhotite and marcasite, particu-
larly along fractures and grain boundaries. In this study,
the distinction between hexagonal and monoclinic pyr-
rhotite was determined by X-ray diffractometry and the
magnetic colloidal suspension method (Craig &
Vaughan 1994).

The third generation, arsenopyrite E, was formed
during Zn–Pb–Ag mineralization (stage IV), which
comprises pyrite, sphalerite, galena, monoclinic pyrrho-
tite and Ag-bearing sulfosalts, with siderite and quartz.
Arsenopyrite E generally occurs as euhedral to
subhedral grains and appears texturally to be coprecipit-
ated with pyrite and sphalerite. In addition, monoclinic
pyrrhotite and Ag-bearing sulfosalts fill interstices
among grains of arsenopyrite, sphalerite and pyrite,
open fractures, and the opened cleavage of galena.

COMPOSITION OF ARSENOPYRITE AND SPHALERITE

Arsenopyrite, sphalerite, löllingite, pyrite and pyr-
rhotite were analyzed with a JEOL JXA–8600 Super-
probe with energy-dispersion and wavelength-disper-
sion spectrometers at the Center for Mineral Resources
Research (CMR), Korea University. The instrument was
operated at an accelerating voltage of 20 kV and a beam
current of 30 nA. Special attention was paid to quantita-
tive analysis of the samples for arsenic. The As con-
tents were invariably checked using two ultrapure stan-
dards (InAs and GaAs). Also, emphasis was placed on
selecting arsenopyrite and sphalerite grains in mutual

contact with iron sulfides or iron arsenide, and investi-
gating the homogeneity of these grains. Raw data were
corrected using the Oxford ZAF matrix-correction pro-
gram. Analytical totals accepted for this study are be-
tween 98.5 and 101.0 wt.%.

Arsenopyrite

Over 300 spot analyses were made on arsenopyrite
from three different stages of mineralization, and sev-
eral grains were analyzed in the same polished section.
In addition to the main components of arsenopyrite, Ni,
Co, and Sb also were sought (Table 2). Although there
is a wide range in chemical composition of arsenopy-
rite, especially in terms of As, S, Ni and Co, in almost
all cases, with the exception of arsenopyrite A, indi-
vidual grains are typically homogeneous.

Arsenopyrite A (Ni–Co-bearing species) is associ-
ated with niccolite, rammelsbergite, löllingite, and
gersdorffite, deposited during stage IIb. It contains up
to 10.0 wt.% Ni, and higher As and Co contents than
the other types of arsenopyrite. The analyses indicate
that arsenopyrite A is strongly zoned; a striking enrich-
ment in As in the core is correlated with an increase in
Ni and Co contents. Ni and Co are also present as minor
elements in the coexisting löllingite (up to 1.8 and 4.0
wt.%, respectively). The total concentration of Ni and
Co in most grains of arsenopyrite does not exceed 1
wt.% (Fig. 3). The variation in iron content of most
grains of arsenopyrite at Ulsan is insignificant: 33.3 ±
0.7 atomic %.

In contrast, the arsenopyrite may exhibit extreme
chemical variations in As and S. The range of As con-

FIG. 3. The average content of Ni + Co (atomic %) and As
(atomic %) in arsenopyrite from the samples studied. Note
the very high Ni + Co content of arsenopyrite A.
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tents and the average for all grains analyzed are shown
in Table 3. The arsenic contents of each specimen show
a narrow compositional variation (<1.5 atomic %). The
compositional variation within a single grain is normally
less than the variation among different grains from the
same polished section. All arsenopyrite grains that show
>1 atomic % As variation in core–rim pairs were
rejected for geothermometry.

The chemical compositions of arsenopyrite reveal
that there is a consistent relationship between arsenic
and sulfur on one hand and mineral assemblage (Fig. 4,
Table 3). Arsenic and sulfur are strongly negatively
correlated, following roughly the classical substitution:
FeAs1±xS1±x. The consistency implies chemical equilib-
rium during the formation of various stages of mineral-
ization (Fig. 5). However, arsenopyrite grains in some
specimens (U840518A, UB830113A and U820880)
seem to be compositionally more variable than others.
The conspicuous presence of pores in the margins of
some grains indicates that they subsequently underwent
chemical overprinting by retrograde reaction or disso-
lution. This textural evidence reflects varying degrees
of retention of equilibrium; data from such grains of
arsenopyrite are not considered reliable for geothermo-
metric purposes.

Sphalerite

At least two generations (retrograde skarn and vein
stage) of sphalerite are recognized from the Cu–Zn and
Zn–Pb–Ag ores. Sphalerite is present mainly in dissemi-

nated or massive ores accompanying hydrous silicates,
and in stringer and subordinate veins with quartz, sider-
ite and chlorite. Chemical compositions of sphalerite
were determined in order to define more precisely the
T–X conditions of ore formation (Table 4), as the
cogenetic sulfides (arsenopyrite, sphalerite and chal-
copyrite) possess a wide field of stability. Only small or
negligible amounts of Cd, Cu, In and Mn were detected.

The Cu–Zn ore developed in stage IIIb is classified
into two groups on the basis of the mineral species
present: Cu–Zn (I) and polymetallic Cu–Zn (II). The
Cu–Zn associations may have formed after the deposi-
tion of the scheelite and vuggy quartz, together with
calcite, at the end of stage IIIb. Electron-microprobe

FIG. 4. The average content of S and As (atomic %) in
arsenopyrite from samples studied. Note the wide variation
of As content in arsenopyrite as a function of different as-
semblages (A though E).

FIG. 5. Frequency distribution of As content (atomic %) in
arsenopyrite of different stages and different assemblages
from the Ulsan mine. See Table 1 for mineral abbrevia-
tions.
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results show that sphalerite intergrown with chalcopy-
rite, hexagonal pyrrhotite and pyrite in Cu–Zn (I) ore
contains 17.1 to 18.7 mole % FeS (Fig. 6). Sphalerite
intergrown only with chalcopyrite and hexagonal pyr-
rhotite is generally more iron-rich (19.4 to 22.1 mole %
FeS). Such restricted iron contents are typical of sphaler-
ite deposition along the hexagonal pyrrhotite – pyrite
buffer equilibrium. The beginning of this sulfide depo-
sition, therefore, took place over a range of f(S2), around
10–6.0 to 10–5.2 atm at 450°C. The bimodal distribution
of FeS content in sphalerite from specimen no. U820880
is similar to the wider compositional variation of As
content in arsenopyrite (Tables 3, 4). This result is con-
sistent with the presence of the association löllingite –
bismuthinite – pyrite – bornite – tennantite – pyrrhotite,
suggestive of a disequilibrium association. Overprint-
ing of earlier compositions by later ore fluids helps to
explain the formation of unusual compositions of both
sphalerite and arsenopyrite.

The polymetallic Cu–Zn (II) ore obtained from drill
core was found only at the innermost contact zone be-
tween granite and recrystallized limestone. Bornite,

sphalerite, chalcopyrite, chalcocite and tennantite are
abundant, and sulfosalts of Cu and Ag tellurides also
occur. The composition of sphalerite without pyrrhotite
or pyrite is iron-poor (0.3 to 2.2 mole % FeS). During
the latest part of stage IIIb, the appearance of bornite,
chalcopyrite, chalcocite and tennantite, and then iron-
poor sphalerite in Cu–Zn (II) ore, implies a shift to
higher f(S2) conditions outside the stability field of pyr-
rhotite. The high sulfidation assemblage in the Cu–Zn
(II) ore may be interpreted to indicate that ore fluids
evolved locally as a result of repeated emanations of
magmatic fluid from the nearby granite. Sphalerite
throughout stage IIIb formed at similar temperatures as
massive or disseminated ores, but with quite different
mineral assemblages, firstly sulfide-rich Cu–Zn (I), with
chlorite – quartz – calcite, then polymetallic sulfide-rich
Cu–Zn (II), with quartz – calcite.

Sphalerite in Zn–Pb–Ag ores from stage IV, which
is iron-rich (14.2 to 19.6 mole % FeS), is found in as-
semblages dominated by pyrite, sphalerite, galena, mar-
casite, monoclinic pyrrhotite and Ag-bearing sulfosalts
with siderite and quartz. Deposition of these minerals
appears to have begun within the stability field of pyrite
and continued into that of monoclinic pyrrhotite. The
end of the vein stage occurred at conditions of lower
f(S2), in the stability field of siderite. Such changes in
composition of the ore fluid could reflect several differ-
ent processes, including changes in temperature and com-
position of the ore fluid or mixing of fluids with time.

FLUID INCLUSIONS

Fluid inclusions in skarn and vein minerals from
various stages of mineralization were studied in order
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to determine temporal variations in temperature and
composition of ore-forming fluids. All fluid-inclusion
measurements were made using doubly polished sec-
tions (100 mm thick) prepared from calcite, clinopy-
roxene, garnet, quartz, and scheelite. Microthermo-
metric measurements were made on fluid inclusions
using a U.S. Geological Survey gas heating and freez-
ing system adapted by Fluid Inc. (Woods et al. 1981)
calibrated with synthetic H2O and CO2 inclusions. Heat-
ing rates were maintained near 2°C/min for measure-
ments of total homogenization temperatures (Th-total).
During freezing experiments, a sequential technique of
freezing (Haynes 1985) was employed. Salinity data are
based on freezing-point depression in the system H2O–
NaCl (Potter et al. 1978) for CO2-absent, aqueous
inclusions (types I and II), on clathrate-melting tempera-

tures (Bozzo et al. 1975, Diamond 1992) for CO2-bear-
ing inclusions (type IV), and on the dissolution tempera-
tures of daughter minerals (Chou 1987, Sterner et al.
1988) for daughter-mineral-bearing inclusions (type III).
The reproducibility of measurements was ±1.0°C for
Th-total values and melting temperatures of halite
(Tm-NaCl). Homogenization temperatures of the CO2
phase (Th-CO2) and melting temperatures of CO2 phases
(Tm-CO2), ice (Tm-ice), and clathrate (Tm-clath.) have
errors of ±0.2°C.

Types of fluid inclusions

Fluid inclusions were subdivided into four types on
the basis of phase relations at 20°C and microther-
mometric behavior during cooling and heating experi-
ments. Type-I inclusions are two-phase and H2O-rich
inclusions with small vapor bubbles (<25 vol.%). Type-
II inclusions are two-phase and H2O-rich inclusions with
large vapor bubbles (>80 vol.%). Type-III inclusions are
polyphase daughter-mineral-bearing inclusions with
small vapor bubbles (<35 vol.%). Type-IV inclusions
are three-phase CO2-bearing inclusions with liquid CO2,
vapor CO2, and liquid water.

Fluid inclusions occur in a variety of minerals with
various salinities and homogenization temperatures. In
general, type-III inclusions occur only in minerals of the
prograde skarn stage, forming the Fe–As mineralization,
whereas inclusions of types I, II and IV occur in miner-
als of the retrograde skarn and vein stages that form the
tungsten and polymetallic sulfide mineralization. The
size of inclusions is variable (<10 to 150 mm), but ranges
generally from 20 to 40 mm. Repeated fracturing and
healing, both during and after mineral deposition, make
it difficult to determine the relative chronology of fluid
inclusions within skarn and vein minerals. However, in
some cases, it was possible to establish a relative chro-
nology of inclusions using the criteria of Roedder
(1984). Several generations of fluid inclusions may be
recognized from their textural relationships with respect
to other assemblages of fluid inclusions. Most type-III
inclusions are isolated, without planar array, and are
regular in shape, suggestive of a primary origin. Some
secondary type-III inclusions, however, occur along
healed fractures. Type-I inclusions show a variety of
forms ranging from irregular to rounded or negative-
crystal shapes. Secondary type-I inclusions occur in pla-
nar arrays on the healed traces of fractures that cut the
crystal boundaries. Type-II and type-IV inclusions are
found in randomly distributed and isolated occurrences.

Fluid inclusions in the prograde metasomatic skarn-
formation event (stage II) are found in clinopyroxene,
garnet, calcite and quartz. The order of relative abun-
dance is type III >> type I. No vapor-rich or CO2-bear-
ing inclusions were observed. Most inclusions in
clinopyroxene, calcite and quartz are of type III, i.e.,
daughter-bearing inclusions (Figs. 7A, B). They contain
vapor bubbles comprising 15 to 35 vol.% and daughter

FIG. 6. Frequency distribution of FeS contents (mole %) in
sphalerite of different stages and different assemblages
from the Ulsan mine. Note the gap (shaded area) of FeS
content (mole %) in sphalerite from specimen no. U820880
in stage IIIb (Po-I + py). See Table 1 for mineral abbrevia-
tions.
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minerals comprising 10 to 25% of the inclusion volume,
and homogenized by disappearance of vapor. The domi-
nant solid in these inclusions is NaCl, though other uni-
dentified daughter minerals are present.

Type-I aqueous inclusions are found in anisotropic
garnet and in some coarse-grained euhedral crystals of
clinopyroxene. Fluid inclusions in euhedral garnet,
which fills the local fractures within magnetite ore, oc-
cur along growth zones and are assumed to be primary
(Fig. 7C). Fluid inclusions in clinopyroxene and aniso-
tropic garnet, trapped during the later period of stage
IIa, are not sufficiently abundant for study.

Fluid inclusions in stage III occur in calcite, scheelite
and quartz formed in retrograde skarn. The order of rela-
tive abundance is type I >> type IV > type II. Type-I
inclusions contain vapor bubbles comprising 10 to 25
vol.%, homogenize readily to the liquid phase upon
heating, and do not contain any daughter minerals. Only
four type-II inclusions in quartz were recognized, and

they occur only in this stage. They contain vapor
bubbles comprising 80 to 90 vol.% and homogenize to
the vapor. Type-IV inclusions occur only as primary
inclusions in quartz crystals (Fig. 7D) overgrown by
chalcopyrite. They have variable CO2 contents, even
within individual samples. Tm-CO2 values near –57°C
indicate that the vapor bubbles are composed of nearly
pure CO2. The actual CO2 content of the vapor, how-
ever, is not well constrained owing to difficulties in
observing CO2 liquid–vapor homogenization. These
type-IV inclusions seem to be coeval with inclusions of
type-I and type-II, suggesting that CO2 effervescence
has occurred.

Siderite, associated with Pb–Zn sulfides, fills the
interstices of euhedral quartz grains in stage-IV veins.
Individual crystals of quartz are commonly cloudy ow-
ing to the presence of primary and secondary fluid in-
clusions and wispy, partly healed fractures. Because of
the tiny size of its inclusions, siderite was excluded from

FIG. 7. Photomicrographs showing the types and occurrences of fluid inclusions in skarn and vein minerals from the Ulsan
deposits. (A) Type-III hypersaline inclusion in stage-II calcite. (B) Type-III inclusion in stage-II clinopyroxene. (C) Type-I
aqueous inclusion in stage-II garnet. (D) Type-IV CO2-bearing inclusion in stage-III quartz. All scale bars are 25 mm. Arrows
point to halite as a daughter mineral in type-III inclusions.
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this study. Type-I and type-IV inclusions ranging in size
from <5 to 20 µm were identified in quartz, and contain
a vapor phase making up 10 to 20 vol.%.

Fluid-inclusion data

The fluid inclusions in skarn from the preore stage
(stage I) are too small to use for microthermometric data.
Table 5 summarizes the results of heating and freezing
experiments for ore-forming fluids from later stages (II,
III and IV) from the Ulsan deposit.

The massive skarns that formed during the early
period of stage II consist mainly of fine-grained
clinopyroxene and granular magnetite and calcite crys-
tals cut by coarse-grained clinopyroxene and veinlets
of anisotropic garnet. Primary inclusions of types I and
III within iron-rich clinopyroxene from the late metaso-
matic portion of stage IIa show ranges of homogeniza-
tion temperature, 370°–442°C and 379°–456°C,
respectively (Fig. 8). Salinities of primary type-III in-
clusions in clinopyroxene range from 38.6 to 45.1 equiv.
wt.% NaCl (Fig. 9). Unfortunately, type-I inclusions in
clinopyroxene were found to be too small for accurate
freezing experiments. Primary type-III inclusions in
skarn calcite homogenize at temperatures from 361° to
464°C, with salinities of 32.9 to 38.2 equiv. wt.% NaCl.
Secondary inclusions in calcite homogenize at tempera-
tures of 222° to 347°C, with salinities of 31.3 to 36.8
equiv. wt.% NaCl. The presence of these hypersaline
(up to 45 wt.% NaCl) and high-temperature (up to
460°C) fluids in stage II indicates that fluids respon-
sible for prograde skarn may have had a magmatic
source.

Primary inclusions in quartz are only of type III.
They homogenize at temperatures from 251° to 340°C,
with salinities of 30.1 to 35.2 equiv. wt.% NaCl. Pri-

mary inclusions in andradite in veins are only type-I
inclusions and homogenize at temperatures from 404°
to 452°C and have salinities of 16.9 to 24.5 equiv. wt.%
NaCl. These less saline fluids indicate incursion of more

FIG. 8. Frequency histogram of total homogenization tem-
peratures (Th) for fluid inclusions in skarn and vein miner-
als from the Ulsan mine. For type-IV fluid inclusions, de-
crepitation temperatures before anticipated homogeniza-
tion are used as minimum estimates of homogenization.
Cal: calcite, Cpx: clinopyroxene, Grt: garnet, Qtz: quartz,
and Sch: scheelite.
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dilute near-surface fluids during the late metasomatic
portion of stage IIa. Secondary inclusions in garnet ho-
mogenize at a temperature between 170° and 315°C, and
have salinities near 9.5 equiv. wt.% NaCl.

Primary inclusions in calcite of stage III are all of
type I. They homogenize at temperatures from 260° to
425°C, with salinities of 3.5 to 24.4 equiv. wt.% NaCl.
Primary inclusions in scheelite also are of type I, and
homogenize from 287° to 370°C, with salinities of 18.7
to 22.9 equiv. wt.% NaCl. Secondary inclusions in
scheelite homogenize between 125° and 268°C, and
have salinities of 2.2 to 15.3 equiv. wt.% NaCl.

Primary inclusions in quartz include types I, II and
IV. The first melting of ice in type-I and type-IV inclu-
sions in quartz was recognized near –21°C, indicating
the predominance of NaCl among dissolved salts in later
periods of stage III. Type-I and type-II inclusions ho-
mogenize at temperatures from 239° to 314°C and from
300° to 334°C, respectively, with salinities of 3.4 to 19.0
and 8.0 equiv. wt.% NaCl, respectively. Temperatures
of final melting of solid CO2 (Tm-CO2) in primary type-
IV inclusions in quartz are –57.8° to –56.9°C. Homog-
enization of the CO2-rich phase (Th-CO2) occurs at
temperatures of 12.2° to 27.9°C. Clathrate-melting tem-
peratures (Tm-clath, 4.2 to 9.1°C) correspond to salini-
ties between 1.8 and 10.3 equiv wt.% NaCl. Because
most type-IV inclusions decrepitated prior to total ho-
mogenization, only 17 estimates of temperatures of to-
tal homogenization (Th-total) are available. They range
from 250° to 380°C. The similar ranges of temperature
in coexisting type-I and type-IV inclusions may indi-
cate CO2 effervescence (fluid unmixing). Secondary
type-I inclusions in quartz homogenize from 145° to
218°C, and have salinities of 2.4 to 6.0 equiv. wt.%
NaCl.

Primary inclusions in calcite are only of type I and
homogenize between 156° and 300°C, with salinities of
2.7 to 14.3 equiv. wt.% NaCl. Secondary inclusions in
calcite homogenize near 120°C, and have salinities of
2.4 to 2.7 equiv. wt.% NaCl. These lower temperatures
of homogenization and salinities, compared to stage I,
likely indicate progressive mixing with near-surface flu-
ids.

Primary inclusions in quartz of stage IV are of type
I and type IV. Type-I inclusions homogenize from 234°
to 291°C, and have salinities of 2.6 to 10.5 equiv. wt.%
NaCl. Secondary type-I inclusions in stage-IV quartz
homogenize at temperatures of 125° to 171°C, and have
salinities of 0.2 to 4.1 equiv. wt.% NaCl. Though few
type-IV inclusions were measured, they are similar to
those in stage-III quartz, but have generally lower
Th-total and higher Tm-clath values (Th-total: 252° to
352°C; Tm-clath: 6.8° to 7.8°C).

Fluid-inclusion data from the Ulsan deposit indicate
that mineralization formed over wide ranges of tempera-
ture and salinity, which reflects multiple hydrothermal
episodes rather than one protracted event. Fluid inclu-
sions in stage II (prograde metasomatic event) consist
mainly of primary halite-bearing type-III inclusions,
whereas those of stage III (retrograde skarn) and stage
IV (vein) consist of types I, II, and IV, implying that
ore-forming fluids in the Ulsan deposit originated from

FIG. 9. Frequency histogram of salinity (equiv. wt.% NaCl)
for fluid inclusions in skarn and vein minerals of the Ulsan
mine. See Figure 8 for mineral abbreviations.
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two distinct sources (Fig. 10). The decrease in salinity,
from 45 to 2 equiv. wt.% NaCl, may correspond to dras-
tic changes in the fluid-evolution history of the hydro-
thermal system, from dominantly magmatic to a mixture
of magmatic and meteoric water. The distinct high-sa-
linity trend in stage II could be the result of phase sepa-
ration from a magma. There are no significant evaporite
units known in the stratigraphic section in the Ulsan
area. Thus the dissolution of evaporite units cannot be
responsible for the high-salinity trend in the prograde-
skarn stage. Also, there is no evidence of significant
boiling in anhydrous skarn minerals in stage II. Thus
boiling of a less saline fluid would be not expected. This
highly saline fluid remained present over the entire
range of temperature (250°–460°C) along the high-sa-
linity trend. Thus release of a high-salinity fluid from
an underlying body of magma is a realistic process to
explain the high-salinity trend in the fluid-inclusion
data. During stages III and IV, dilution of the highly
saline fluid by mixing with less saline water could re-

sult in both low-salinity and low-temperature trends.
There is evidence of sporadic boiling in the retrograde
skarn and vein stages, suggesting that repeated fractur-
ing must have occurred. The transition from conditions
of lithostatic to near-hydrostatic pressure would allow
meteoric fluids to interact with an initially magmatic hy-
drothermal system, resulting in the complexity of the
fluid evolution within the Ulsan deposit.

DISCUSSIONS AND CONCLUSIONS

Pressure considerations

The maximum thickness of the sedimentary rock
near the Gadae-Ri granite in the Ulsan mine area is ap-
proximately 2,500 m (Choi et al. 1980). This thickness
is equivalent to a maximum lithostatic pressure at about
0.7 kbar. The Gadae-Ri granite pluton consists of
equigranular hornblende–biotite granite in the center,
but with porphyritic texture as well as miarolitic, gra-

FIG. 10. Plot of homogenization temperature (Th) versus salinity (equiv. wt.% NaCl) for fluid inclusions in minerals from
various stages of mineralization. Stages I, II, III and IV following mineral names are types of fluid inclusions. See Figure 8
for mineral abbreviations; p: primary, s: secondary.
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nophyric and micrographic textures toward the intrusive
contact, indicative of high-level emplacement. Choi &
Wee (1994) suggested that the magma in this pluton,
with a minimum-melt bulk composition, crystallized at
pressures of 0.5 to 2.0 kbar under H2O-saturated condi-
tions. The pluton is surrounded by a contact-metamor-
phic aureole in the sedimentary rocks, showing a steep
geothermal gradient (Imai & Choi 1984). We suggest
that the iron, tungsten and polymetallic mineralization
is related to the intrusive activity of the Gadae-Ri gran-
ite pluton, probably at about 58–62.9 Ma.

Ore-forming conditions

Arsenopyrite, a common constituent of sulfide de-
posits, exhibits appreciable solid-solution dependence
on temperature, sulfur fugacity and, to a lesser extent,
pressure. Equilibrium compositions of arsenopyrite are
usually preserved in hydrothermal deposits that have
undergone relatively rapid cooling, and their composi-
tions are not typically subject to change during subse-
quent processes. The arsenopyrite geothermometer was
first proposed by Kretschmar & Scott (1976), and was
re-examined by Sharp et al. (1985), but the geother-
mometer was not calibrated at temperatures below about
300°C. Scott (1983) also constructed a phase-equilib-
rium diagram in the Fe–Zn–As–S system in which the
compositions of arsenopyrite and sphalerite are deter-
mined by temperature and sulfur fugacity. Thereafter,
the arsenopyrite geothermometer has received consid-
erable attention as a way of estimating the physico-
chemical conditions of those ore deposits that formed at
temperatures higher than 300°C (Lowell & Gasparrini
1982, Kay & Strong 1983, Sundblad et al. 1984, Sharp
et al. 1985, Bortnikov 1993).

In conjunction with arsenopyrite geothermometry
and fluid-inclusion data (Tables 3, 5), an attempt was
made to determine the physicochemical conditions of
skarn formation and ore mineralization, and to propose
a conceptual model for fluid evolution in the Ulsan hy-
drothermal system.

The distinctive high-salinity trend from the Ulsan
deposit has been recognized in other porphyry-type de-
posits (Bodnar 1995). Yang (1996) found that primary
type-III inclusions in vug and vein quartz within the
Gadae-Ri granite homogenize at temperatures from
380° to 600°C, with salinities of 49 to 63 equiv. wt.%
NaCl. This result indicates that the initial hypersaline
hydrothermal fluid originated from the exsolution of
magmatic fluids and metals from the upper levels of a
porphyry intrusion, suggestive of mineralization in a
porphyry-type magmatic–hydrothermal system (Corbett
& Leach 1998). Initial penetration of hydrothermal flu-
ids during the prograde-skarn stage led to the introduc-
tion of Si, Mg, Fe, Al, As and W, with concomitant
leaching of Ca and expulsion of CO2 from recrystallized
limestone, resulting in deposition of anhydrous calcic
skarn-forming minerals and magnetite. Skarn-forming

fluids in this stage are typically of high salinity (up to
45 equiv. wt.% NaCl) at a high temperature (up to
460°C) (Fig. 10). Ore-forming fluids trapped in fluid
inclusions at this stage do not coexist with vapor-rich
inclusions. A lack of cogenetic vapor-rich fluid inclu-
sions indicates that high-salinity fluids (up to 45 equiv.
wt.% NaCl) were generated by direct exsolution of an
immiscible highly saline brine from a crystallizing gra-
nitic magma, and are not a product of aqueous fluid
immiscibility (Cline & Bodnar 1994). Fluid flow was
perhaps channeled primarily along fractures within re-
crystallized limestone, being driven by pressure gradi-
ents along a zone of higher permeability to initiate
development of the pipe-shaped magnetite-dominant
orebody. The rare occurrences of type-I inclusions in
vein garnet and some late clinopyroxene, however, in-
dicate that hypersaline fluids mixed locally with mete-
oric water within fractured massive skarn during the
latter periods of stage IIa. During the late period of pro-
grade skarn (stage IIb), fluids trapped in quartz also are
hypersaline (30.1 to 35.2 equiv. wt.% NaCl) at tempera-
tures of 251° to 340°C.

Following the deposition of magnetite in the main
prograde skarn, the first deposition of arsenopyrite was
associated mainly with stage-IIb prograde metasomatic
skarn, intergrown with niccolite – rammelsbergite –
gersdorffite – löllingite – native bismuth – bismuthinite
– pyrrhotite. These common sulfides are characterized
overall by a low sulfidation state during the main skarn
stage. The nature of these arsenides and sulfarsenides
can be considered to be a hybrid type, with a source tran-
sitional between magmatic ore fluid and material
leached selectively from surrounding ultramafic rock.
Such an origin would account for the deposition of the
unusual Ni–Co-bearing minerals. Diagrams using the
chemical compositions of arsenopyrite associated with
these specific assemblages provide reliable estimations
of temperature and f(S2) (Fig. 11). The Ni–Co-bearing
nature of arsenopyrite A precludes its use as a geo-
thermometer. The presence of löllingite + native bis-
muth ± pyrrhotite with the absence of bismuthinite
constrain the stability field of arsenopyrite B. Arsenopy-
rite C coexists with native bismuth + bismuthinite and
allows estimation of the temperature of Fe–As mineral-
ization. The average compositions of arsenopyrite B and
arsenopyrite C cluster at 34.39–35.37 atomic % As in
the löllingite + native bismuth ± hexagonal pyrrhotite
assemblage, and 33.85–34.14 atomic % As in the native
bismuth ± bismuthinite assemblage, which corresponds
to temperatures of 490° ± 25°C and 470° ± 10°C,
respectively.

A slight decrease in ore-fluid temperature at the
Ulsan mine also resulted in a change from löllingite- to
arsenopyrite-saturated conditions. In this respect, it is
noteworthy that the As-excess and S-deficient arsenopy-
rite in the stability field of löllingite indicates high tem-
peratures (460° to 520°C). For the equilibrium
assemblages arsenopyrite – löllingite – pyrrhotite and
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arsenopyrite – native bimuth – bismuthinite, the sulfur
fugacity can be determined from the arsenic content of
arsenopyrite B and C, and is in the range 10–7.5 to 10–6.3

and 10–7.1 to 10–6.7 bars, respectively (Fig. 11).
Considering the inferred minimum pressure (0.5 kbar)

equivalent to the stratigraphic depth, the temperatures
of trapping of the fluid inclusions (380° < Th < 460°C)
in stage II can be pressure-corrected, based on the salin-
ity of NaCl–H2O inclusions, 40 equiv. wt.% NaCl, and
the data from Bodnar & Vityk (1994). The pressure-
corrected temperatures in stage II range from 410° to

480°C. The temperatures (470° ± 30°C) derived from
the associations arsenopyrite – löllingite – native bis-
muth and arsenopyrite – native bismuth – bismuthinite
are in fair agreement with the pressure-corrected tem-
perature from late clinopyroxene and calcite crystallized
during this stage II.

The ore-forming fluids in stage II show an evolu-
tionary trend from high salinity and high temperature to
high salinity and low temperature. This finding suggests
that ore-forming fluids in the prograde-skarn stage un-
derwent an overall simple cooling (Fig. 10).

FIG. 11. Schematic model showing the compositional variation of arsenopyrite in sulfur fugacity and temperature and the
evolution of ore fluids during different stages of mineralization at the Ulsan mine. Sulfur fugacity – temperature projection of
the stability field of arsenopyrite given by Kretschmar & Scott (1976), and modified by Sharp et al. (1985), upon which the
bismuth–bismuthinite buffer curve is superimposed. Arrows show an evolutionary trend from prograde skarn stage associated
with Fe–As and As mineralization through retrograde skarn stage associated with Cu–Zn (I) and (II) mineralization to the vein
stage associated with Zn–Pb–Ag mineralization. Apy: arsenopyrite, As: arsenic, Bi: bismuth, Bm: bismuthinite, Bn: bornite,
Ccp: chalcopyrite, L: S–As liquid, Lol: löllingite, Po: pyrrhotite, and Py: pyrite.
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During stage IIIa, retrograde skarn and W mineral-
ization were formed from moderately saline liquids (3.5
to 24.4 equiv. wt.% NaCl) at temperatures of 260° to
425°C. Retrograde skarn may have formed owing to
influx of meteoric water. However, amphibole, chlorite
and quartz formed at a much lower temperature and
salinity than clinopyroxene and garnet.

Moderate salinity (1.8 to 19.0 equiv. wt.% NaCl)
fluids deposited hydrous silicates and Cu–Zn (I) miner-
alization in stage IIIb at temperatures of 156° to 380°C.
The presence of arsenopyrite D (S-excess and As-defi-
cient) buffered by hexagonal pyrrhotite and pyrite indi-
cates relatively low temperatures compared to the
stoichiometric composition FeAsS. On average, that
arsenopyrite contains from 32.31 to 32.78 atomic % As,
which corresponds to temperatures of 450° ± 20°C.
Pressure-corrected fluid-inclusion temperatures are 380°
± 70°C and overlap the lower limit of temperatures in-
dicated by the arsenopyrite geothermometer. The begin-
ning of deposition of arsenopyrite D took place within a
range of f(S2) near 10–6.0 to 10–5.2 bars. The later ap-
pearance of bornite, chalcopyrite, chalcocite, tennantite
and then iron-poor sphalerite is characteristic of an over-
all high sulfidation state. The Cu–Zn ore marked “(II)”
in Figure 11 implies a shift to higher f(S2) conditions.
Cooling of the mineralizing fluids could have led lo-
cally to subsequent deposition of polymetallic sulfides
under conditions that overlap the sulfidation curves of
iron-poor sphalerite in the stability field of pyrite.

Low-salinity fluids (2.6 to 10.5 equiv. wt.% NaCl)
led to Zn–Pb–Ag mineralization in stage IV at tempera-
tures of 234° to 352°C. The difference of fluid compo-
sitions between stages III and IV may be due to influx
of low-temperature – low-salinity fluids, presumably of
meteoric origin. The average compositions of arsenopy-
rite E in association with pyrite exhibit a relatively wide
variation, from 30.26 to 32.84 atomic % As. Tempera-
ture and sulfur fugacity estimated from these data are
310° to 470°C and 10–10.0 to 10–5.1 bars, respectively.
Pressure-corrected fluid-inclusion temperatures are 320°
± 50°C, which overlap the lower temperatures indicated
by the arsenopyrite geothermometer. Decreasing As
contents of arsenopyrite, together with the appearance
of pyrite, indicate a decrease in sulfur fugacity or tem-
perature (or both) over this period.

Model of mineralization

On the basis of results of arsenopyrite geothermo-
metry and the fluid-inclusion data, the evolutionary
trend from hypersaline magmatic fluids associated with
Fe mineralization to low-salinity, lower-temperature
ore-forming fluids related to W–Cu–Zn and Zn–Pb–Ag
mineralization suggests an influx of meteoric water into
the waning hydrothermal system at deep levels along
fractures. The relationship between homogenization
temperature and salinity suggests a complex history of
simple cooling, dilution and local CO2 effervescence.

Decreasing As contents of arsenopyrite indicate a de-
crease in sulfur fugacity or temperature (or both) over
all the stages of sulfide mineralization. Fe mineraliza-
tion began above 464°C from a fluid containing greater
than 45 equiv. wt.% NaCl. Considered to have a genetic
relation to felsic magmatism, i.e., the Gadae-Ri granite
pluton, the nature of Fe–W and polymetallic mineral-
ization at the Ulsan deposit may be regarded as having
been formed at high temperatures and shallow depths
(0.5 kbar). The formation of Ulsan skarn deposit may
be due to its proximal position to a magma source, which
is genetically related to a low-sufidation porphyry system.
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