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Abstract: Eunjeok Au–Ag deposits are situated in the Yeongam district, Cheollanamdo-province,
South Korea. They are genetically related to the Bulgugsa magmatic event (ca. 110–60 Ma), caused by
the transition in the subduction direction and style of the Izanagi Plate. Three gold- and silver-bearing
hydrothermal veins filled the fractures of the Cretaceous rhyolitic tuff. The major ore minerals were
arsenopyrite (31.47–32.20 at.% As), pyrite, chalcopyrite, sphalerite (8.58–10.71 FeS mole%) and galena
with minor amounts of electrum (62.77–78.15 at.% Au), native silver, and argentite. Sericitization was
dominant in the alteration zone. The various textures of quartz veins (i.e., breccia, crustiform, comb,
and vuggy) may indicate the formation of an epithermal environment. The auriferous fluids with the
H2O–NaCl system have homogenization temperatures and salinities of 204 ◦C to 314 ◦C, less than
10 wt.% equiv. NaCl, and experienced mixing (dilution and cooling) events during mineralization.
Considering the characteristics of the geologic setting, major fault system, and host rock, the Eunjeok
Au–Ag deposit within the Yeongam district tends to share the general geologic characteristics of
Haenam–Jindo epithermal mineralization episodes. However, the age of gold–silver mineralization
(86.0 Ma) is older than that of Haenam–Jindo epithermal mineralization episodes (<70.3 Ma), implying
some differences exist in the genetic sequence of extensional characteristics caused by transcurrent
Gwangju–Yeongdong faults.

Keywords: Eunjeok deposit; epithermal gold–silver; Late Cretaceous magmatism

1. Introduction

Cretaceous epithermal gold–silver deposits in South Korea are tectonically related to
pull-apart basins and volcano–tectonic depressions [1–3]. Two representative epithermal
gold–silver mineralized areas are the Mugeuk and the Haenam–Jindo districts [1–10]
(Figure 1). The major veins in these districts occur in subvolcanic to volcanic rocks of
approximately similar ages [1,2]. Cretaceous epithermal gold–silver mineralization in
South Korea may imply that the tectonic setting developed into suitable conditions for ore
deposit genesis in shallow crustal environments [1,2].

The Eunjeok Au–Ag deposit is located in Taebaek-ri, Seoho-myeon, Yeongam-gun,
Cheollanamdo-province, in terms of administrative district, and corresponds to 34◦47′47.7′′N and
126◦32′43′′ E in terms of geographic coordinates. As for the current status of exploration in
this deposit area, the Korea Resources Corporation (KORES) conducted test drilling in 1984
(four holes, 450 m) and 1985 (three holes, 300 m). Three shafts (lower main shaft, upper
main shaft, and upper shaft) were excavated for more than 1200 m within the deposit. They
are currently not accessible except for the upper pit, and the entrance to the lower conduit
was flooded, and the main conduit collapsed making it impossible to enter the adit [11].
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Figure 1. Simplified geological map of South Korea showing the distribution of Cretaceous basins 
and major epithermal gold–silver deposits. This figure was entirely modified from [2]. 
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Figure 1. Simplified geological map of South Korea showing the distribution of Cretaceous basins
and major epithermal gold–silver deposits. This figure was entirely modified from [2].

Several studies have been conducted by previous researchers on the geology and
physicochemical conditions of Au–Ag mineralization in the deposits. The researchers
in [12] documented that the N10–15◦W trending veins emplaced along fissures and breccia
zones in rhyolitic tuffs occur at Eunjeok and Sangeun Au–Ag deposits within the Yeongam
district in South Korea. Three stages of mineral deposition were identified in the deposits.
The major constituent minerals are pyrite, arsenopyrite, sphalerite, chalcopyrite, galena,
pyrrhotite, electrum, and native silver. The Eunjeok and Sangeun deposits have gold
content of electrum from 10.10 to 33.24 at. % and 16.78 to 20.72 at. %, respectively. They
have homogenization temperatures of fluid inclusions in quartz from 170 to 328 ◦C and
190 to 323 ◦C, respectively. The δ34S values, with an average of 4.8‰, may imply that
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sulfide sulfur is derived from magmatic origin. These results suggest that the Eunjeok
and Sangeun deposits are classified as epithermal-to-mesothermal type. Furthermore, [11]
reported that gold and silver deposits within the Eunjeok deposit have three gold- and
silver-bearing hydrothermal veins that fill the fracture of the Cretaceous rhyolitic tuff. The
major ore minerals are arsenopyrite, pyrite, chalcopyrite, sphalerite, galena, electrum, and
argentite. Sericitization was dominant in the alteration zone. Various vein textures of
quartz veins (i.e., breccia, crustiform, comb, and vuggy) may indicate the formation of an
epithermal environment.

In this study, we aim to focus on the physicochemical conditions of the auriferous
hydrothermal system favorable for the genesis of the Eunjeok deposit, using geological,
mineralogical, geochemical, fluid inclusion, and stable isotope systematics.

2. Tectonic Framework

From north to south, the tectonostratigraphic units in South Korea are divided into
the Gyeonggi Massif (GM), Ogcheon (OB)–Taebaeg (TB) Belt, Yeongnam Massif (YM), and
Gyeongsang Basin (GB; Figure 1). High-grade gneiss and schist of the Late Archean to
Early Proterozoic ages occur in Gyeonggi and Yeongnam Massifs [13,14]. The Taebaeg and
Ogcheon basins are distributed in the Ogcheon–Taebaeg Belt based on lithology and meta-
morphic grade (Figure 1). Non-fossil-bearing, metasedimentary, and volcanic rocks with
low- to medium-grade with their ages not well constrained occur in the Ogcheon Basin [15].
In contrast, fossiliferous, non- or weakly metamorphosed sedimentary rocks of the Paleo-
zoic to Early Mesozoic age occur in the Taebaeg Basin (Figure 1). Siliciclastic sedimentary
and calc–alkaline volcanic rocks occur in the Cretaceous Gyeongsang Basin. The Izanagi
Plate started to subduct northward beneath the Eurasian Plate in the Late Jurassic–Early
Cretaceous, creating the NE–SW-trending Gongju–Eumseong and Yeongdong–Gwangju
fault systems [16] (Figure 1). The strike-slip basins were developed by the left-lateral
intorsion of these fault systems (Figure 1). In addition, abrupt loading caused by volcanoes
locally affected the regional stress field [16]. Thus, the succeeding extension started to form
local volcano–tectonic depressions such as the Haenam–Jindo Basin. Therefore, we believe
that the Yeongam district, including the Eunjeok Au–Ag deposit, is tectonically associated
with the caldera structure related to the Yeongdong–Gwangju fault system (Figure 1).

3. Geology

Economic Au–Ag mineralization from the Eunjeok deposit area was found to be
associated with the Mogpo cauldron [17]. The Mogpo cauldron, 22 km× 18 km in diameter,
consists primarily of acidic volcanics, comprising approximately two-thirds of the cauldron
volume and ring dike of granite, quartz porphyry, and felsite. Near the cauldron margin,
high-angle gravity faults dip inward to the central portion of the cauldron (Figure 2).
The acidic volcanics unconformably overlie the Precambrian gneiss complex and Jurassic
granite and are intruded by Cretaceous granite and quartz porphyry. At the eastern aspect
of the Mogpo cauldron, felsite, which extends over 13 km long and is less than 300 m
in thickness, intrudes as ring dikes along the contact between volcanics and Cretaceous
granite. Acidic volcanics primarily distributed in the Eunjeok Au–Ag deposit area consist
of dominant Jindo rhyolite and Hwangsan tuff. The Jindo rhyolite, which occupies the
central portion of the cauldron, mainly comprises tuffaceous rocks such as rhyolitic welded
tuff. This rock is interlayered by lapilli tuff, and rhyolitic lava flows in the Haenam
area (Figure 3). The Hwangsan tuff consists, primarily, of air-fall tuff intercalated with
pyroclastic rocks and trachytic tuff and often contains volcanic bombs. Coarse-grained
pinkish biotite granite contacted along a high-angle fault contacted with the Jindo rhyolite,
less than 2 km in width, extends over 20 km in the NW direction.
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4. Ore veins and Hydrothermal Alterations

Within the deposit area, an extensive system of mainly NS- and NW-trending high-
angle gravity faults exists that were formed in the northeastern marginal parts of the Mogpo
cauldron. Three Au–Ag-bearing hydrothermal quartz veins were created by narrow open
space filling along the N20–50◦W trending fault planes in the Late Cretaceous volcanics.
The productive veins can be traced for approximately 1 km along the strike and vary from
0.1 to 0.3 m in thickness. Repeated pinching and swelling of the veins along the strike
and dip directions are common. The ore mineralization of quartz veins is simple metallic
with local concentrations of sulfide minerals associated with economic quantities of silver
and gold. The ore minerals occur as polycrystalline aggregates, disseminate, and often
cocade ores around wall-rock breccias throughout the veins. Arsenopyrite and pyrite are
disseminated as fine-grained crystals in altered wall-rock and tend to concentrate on the
edges of the veins. Native silver occurs mostly in the central portions of veins and vugs.
Rarely, ore veins display sulfide banding in mineral paragenesis from margins to centers:
pyrite–arsenopyrite, sphalerite–galena–chalcopyrite, and native silver.

To carry out the preliminary feasibility study for deposit according to the commodity,
common commodity (Pb, Zn, Cu, Fe, Mo, W, Au, and U), and industrial commodity (In, Re,
Ga, Ge, Se, Te, Y, Eu, and Sm) for six ore specimens were analyzed (Table 1; Figure 4A–D).
This analysis was conducted using an inductively coupled plasma emission spectrometer
(ICP-AES) from the Korea Basic Science Institute. Results showed an unusually high gold
contentment of 57.2 g/t on average. Moreover, the silver content did not significantly
exceed that of gold but averaged 197.7 g/t (Table 1).
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Table 1. Analytical result of representative samples from the Eunjeok Au–Ag deposit modified from [11].

Elements
Sample

No.

Fe
%

Pb
%

Zn
%

Cu
mg/kg

In
mg/kg

Ga
mg/kg

Ge
mg/kg

Se
mg/kg

Te
mg/kg

Y
mg/kg

Mo
mg/kg

Re
mg/kg

W
mg/kg

Sm
mg/kg

Eu
mg/kg

Ba
mg/kg

Ag
mg/kg

Au
mg/kg

U
mg/kg

EJ-3 3.56 0.08 0.61 1787 8 71 141.8 8 38 213 350 1 837 37 6 3046 206 41 95
EJ-4 12.84 0.08 0.13 50 4 33 273.7 89 76 70 1325 N.D 651 15 3 58 216 100 21
EJ-5 4.79 0.17 0.30 92 2 13 123.1 31 28 37 4787 2 1006 12 1 524 325 132 39
EJ-7 2.95 0.29 0.01 175 6 53 111.3 6 - 334 657 1 876 42 4 4843 157 10 114
EJ-8 4.18 0.20 0.71 1751 5 38 106.9 75 16 9 262 2 1202 1 N.D 1990 124 304 4

EJ-10 1.85 0.45 0.39 2690 11 89 94.5 135 - 59 755 3 673 15 2 304 158 30 14

Abbreviations: N.D. = not detected.
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Figure 4. Photographs of high-grade ore specimens from the Eunjeok deposit. (A) Quartz vein
showing comb structure as well as vug. Dark brown sphalerite, pyrite, chalcopyrite, galena, and
arsenopyrite were observed. Sample No. EJ-3, Au 41.3 g/t, Ag, 206 g/t, (B) Comb textures with
vuggy structures. Large amounts of fine-grained arsenopyrite were observed in quartz vein. Sample
No. EJ-4, Au, 100 g/t, Ag, 216 g/t, (C) Within massive white quartz vein, large amounts of vugs
developed. Fine-grained arsenopyrite observed with some pyrite and sphalerite. Sample No. EJ-5, Au,
131.6 g/t, Ag, 325 g/t, (D) Tuffs were altered, fine-grained galena and chalcopyrite concentrated along
the fractures. Epidotization occur along the fractures. Sample No. EJ-10, Au, 29.8 g/t, Ag, 158g/t.

Three distinct alteration zones based on major mineral assemblages were identified in
the Eunjeok deposit. These alteration zones were defined by thin sections and XRD studies.
Each alteration zone is graded into the next zone without a sharp boundary. The width
of vein-related alteration haloes varies in proportion to vein thickness. The presence of
additional fractures in the vein walls may increase the width of these haloes. Figure 5 shows
the generalized alteration zoning of the strongly altered wall rock from the Eunjeok deposit.
Altered wall rocks vary in color and texture. Adjacent to a vein, the wall rock is commonly
bleached to a whitish color. This gradually grades outward through yellowish-green into
normal greenish propylitized rock. Closest to the vein, the wall-rock was converted to a
continuous envelope of fine-grained quartz–kaolinite–rare sericite. This alteration zone is
graded into a completely recrystallized assemblage of quartz–sericite–chlorite, which in
turn grades outward into a rock in which primary volcanic textures can be recognized. In
this transitional zone, sericite dominates and replaces feldspar in the matrix.

The vein-related alteration assemblages grade into quartz–sericite–chlorite–feldspar
(adularia)–calcite assemblages of typical propylitically altered rocks. Figure 6 shows that
the alteration path depends on the temperature for the Eunjeok deposit.

Sericite from a vein alteration halo in the Eunjeok deposit was measured to be a K–Ar
date of 86 ± 7.7 Ma, indicating a Late Cretaceous age for Au–Ag mineralization (Table 2).
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Table 2. K–Ar data of alteration sericite, Eunjeok Au–Ag deposit.

Description K (%) 40Ar (mol/g) 40Ar Rad. (%) Age (Ma)

Sericite from alteration selvage 7.40 1.3236 × 10−10 80.49 86.15 ± 7.7

5. Mineralization and Paragenesis

The common characteristics of open space filling in numerous epithermal deposits,
such as crustification and brecciation, and small vugs commonly occur in the Au–Ag-
bearing quartz veins from the Eunjeok deposit. The textural relationships in the field and
hand specimens indicate that the veins were created in four paragenetic stages separated
by fracturing and brecciation events. During stage I and III mineralization, barren white to
milky quartz with minor amounts of sulfides was deposited in the fracture system. During
stage II, quartz with an economic concentration of Ag and As minerals associated with
base metal sulfides was deposited. Stage IV is marked by carbonates. The main vein of
the Eunjeok deposit contains mineralization in all three stages. The mineralization and
paragenesis of the studied deposit are summarized in Figure 7.
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5.1. Stage I Vein Mineralization

This stage is composed of massive white quartz and minor amounts of arsenopyrite,
pyrite, and chalcopyrite. Stage I quartz veins, usually less than 10 cm, often contain
altered wall-rock breccias. Arsenopyrite occurs often in the form of fine- to medium-
grained disseminations throughout the veins and, frequently, as aggregates of anhedral
grains that are intimately intergrown with pyrite and chalcopyrite at the edges of the vein.
Fine-grained euhedral pyrite rarely occurs in small vugs or as individual euhedral grains
included in the vug filling quartz.

5.2. Stage II Vein Mineralization

Stage II veins are economically the most significant and display paragenesis sequences
in which two substages are present in relation to time and space: the vein and vug stage.

Vein Stage: Mineralization in the vein stage is characterized by early (IIa) and late (IIb)
mineralization based on quartz morphology and mineral assemblages. Early mineralization
(IIa) is represented by mostly early gray quartz with large amounts of arsenopyrite and
pyrite and minor amounts of chalcopyrite, pyrrhotite, and sphalerite. Fine-grained gray
quartz at the edges of the vein grows inwardly as prismatic crystals. Early arsenopyrite
is predominantly observed as euhedral to subhedral grains with a characteristic rhombic
shape in host rocks and near the margin of the vein. Some arsenopyrite is in the form of
polycrystalline aggregates and rarely massive bands, ranging from a few millimeters to
10 mm in thickness, at the edges of the veins. Representative electron microprobe analyses
of arsenopyrite are presented in Table 3. The compositions (32.20 to 31.47 atomic% As)
of arsenopyrite analyzed by electron probe microanalyzer (EPMA) lie close to the line
representing the stoichiometric composition and do not show compositional zoning. Pyrite
occurred as dominant subhedral to euhedral grains commonly disseminated in the host
rocks and does not contain inclusions of other ore minerals; however, vein pyrite often
includes small irregular and rounded grains of pyrrhotite and chalcopyrite. Rare pyrrhotite
blebs and chalcopyrite disease were included in sphalerite (Figure 8A). Minor amounts
of chalcopyrite are interstitial to granular aggregates of pyrite and arsenopyrite. Iron-rich
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sphalerite occurs as small inclusions in arsenopyrite and pyrite. These sphalerites contain
FeS mole% of 17.50 to 18.20, as shown in Table 4. Late mineralization (IIb) of the vein stage
is represented by white quartz with electrum, argentite, and base metal sulfides such as
chalcopyrite, sphalerite, galena, and rare native silver. White quartz, occurring as a coarse-
grained crystal, overgrows on the prismatic IIa gray quartz crystal. Pyrite and arsenopyrite
(30.10 to 30.96 atomic % As) occur as fine-grained disseminates. Irregular corroded margins
are commonly observed on pyrite by galena along the irregular cracks. Some highly
brecciated arsenopyrite fragments are cemented by galena and chalcopyrite associated with
electrum and argentite. Chalcopyrite is associated with galena and sphalerite (Figure 8B)
and occurs as interstitials to other sulfides. Sphalerite and galena occurrences were minor
and not economically significant. Reddish-brown sphalerite occurs as polycrystalline
aggregates associated with electrum and argentite and rare native silver in the intermediate
zone of the veins. Their FeS contents are between 8.58 and 10.71 mole %. Highly brecciated
sphalerite was cemented and replaced by galena. Most sphalerite contains oriented rows of
chalcopyrite blebs. Tetrahedrite is commonly associated with galena, replacing sphalerite.
Tetrahedrite grains are rarely coprecipitated with argentite within the galena matrix and
are interstitial to euhedral pyrite and arsenopyrite. Gold occurs as small grains of electrum
(less than 1 mm) containing 62.77 to 78.15 wt.% Ag (Table 5). According to [19], gold–
silver alloys with fines 200 to 800 are classified as electrum. In case of Eunjeok Au–Ag
deposit, the fineness ranges from 219 to 375 (avg. = 309, N = 5), indicating electrum.
Electrum-formed ellipsoidal grains are intimately associated with galena (Figure 8C) and
occur as isolated inclusions in late pyrite and arsenopyrite. Argentite commonly occurs as
replacements surrounding and replacing sphalerite and galena (Figure 8D). In addition, its
small grains are included in the galena. EPMA analysis indicates that argentite contains
59.86 to 66.44 atomic % of Ag [20].
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(C) electrum coexisting with galena infilling the quartz vein fracture; (D) infilling of the quartz
vein by argentite and galena. Abbreviations: Arg = argentite, Cp = chalcopyrite, EL = elctrum,
Gn = galena, Sp = sphalerite, po = pyrrhotite, Qtz = quartz.
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Table 3. EPMA data of stage II arsenopyrites from the Eunjeok Au–Ag deposit.

Sample No. Stage Association
Minerals Fe (wt.%) As (wt.%) S (wt.%) Total As (atomic %)

Ej-3 IIa py + asp 34.65 43.90 21.52 99.92 31.21
Ej-5 IIa py + asp 35.08 44.24 21.08 101.06 31.47
Ej-6 IIa py + asp 34.89 43.51 20.53 98.93 31.47

Ej-12 IIb py + asp + sp 35.29 42.81 21.70 99.80 30.40
Ej-13 IIb py + asp + el + sp + arg 35.11 43.40 21.26 99.77 30.96
Ej-16 IIc py + arg + cp + gn 34.50 42.63 22.56 99.69 30.10
Ej-19 IIc py + asp 35.01 43.22 21.94 100.17 30.56

Abbreviations: arg = argentite, asp = arsenopyrite, cp = chalcopyrite, el = elctrum, gn = galena, py = pyrite, sp = sphalerite.

Table 4. FeS mole% of stage II sphalerites by EPMA analyses from the Eunjeok Au–Ag deposit.

Sample No. Stage Association Minerals FeS (mole %)

Ej-1 IIa py + asp + po 18.20
Ej-2 IIa py + asp 17.50
Ej-3 IIb asp + gn 10.71
Ej-8 IIb asp + py 8.95
Ej-9 IIb py + arg + el + gn + cp 8.58
Ej-11 IIb asp + py 8.95
Ej-14 IIb asp + gn + el + arg 10.71
Ej-15 IIb py + el + gn 10.24
Ej-17 IIb asp + py + el + gn 9.80
Ej-22 IIb py + el + gn 10.02

Abbreviations: arg = argentite, asp = arsenopyrite, cp = chalcopyrite, el = elctrum, gn = galena, py = pyrite.

Table 5. EPMA data of electrum from the Eunjeok Au–Ag deposit.

Sample No. Au (wt. %) Ag (wt. %) Atomic Fraction
(NAg)

Ej-9 37.60 62.77 0.7529
Ej-13 27.89 71.40 0.8238
Ej-14 33.24 66.71 0.7857
Ej-15 33.30 65.70 0.7777
Ej-17 21.85 78.15 0.8672

Vug stage (IIc): The mineralization of the vug stage is characterized by clear quartz,
native silver, pyrite, and calcite. Native silver overgrew on vug quartz as acicular or
wire. This is often associated with pyrite. Some native silver is commonly interstitial to
the late quartz boundaries. The economic quantities of silver in the Eunjeok deposit are
concentrated in the vug stage. White calcite is the most recent gangue mineral in stage
II mineralization. Massive calcite rhythmically overgrows vug quartz, and fine euhedral
crystals are rarely observed in small vugs.

5.3. Stage III Vein Mineralization

Stage III veins contain breccias of early materials and occur along both sides of the
stage II veins. This stage was composed of white quartz and minor amounts of pyrite. It
contains numerous elongated cavities with clear quartz prisms, and often, chalcedonic
quartz rhythmically overgrows around the orbs of earlier materials. Pyrite is disseminated
through the veins as fine euhedral to subhedral grains.

5.4. Stage IV Vein Mineralization

This was the final stage of the hydrothermal mineralization. The latest phase of
tectonic activity occurred after the mineralization of the stage II veins. Later movement in
the vein is indicated by the presence of several narrow later carbonate veinlets within the
massive quartz vein. This stage is composed of only white calcite.
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6. Fluid Inclusion Study

Fluid inclusion studies were conducted on 53 samples from the Eunjeok deposit.
Doubly polished plates were prepared from vein materials, including quartz and calcite.
During the measurement, temperature determinations were performed on 682 inclusions
and salinity determinations on 56 inclusions. Microthermometric measurements were
performed using a U.S.G.S. gas-flow heating/freezing system. Replicate measurements of
homogenization temperatures indicated reproducibility within ±3.0 ◦C at temperatures
near 350 ◦C. Replicate measurements of the melting temperature of H2O- and CO2-rich
fluid inclusions indicated a reproducibility within ±0.2 ◦C. The salinity data are based on
freezing point depression in the H2O–NaCl system [21]. The minerals studied in most of
the plates contained numerous primary and secondary inclusions. Only liquid-rich type I
inclusions are recognized based on their phase relations at room temperature, according
to the terminology of [22]. Type I fluid inclusions contain liquid and vapor phases. The
bubble usually makes up 20–30% of the total volume of the inclusions and is homogenized
to the liquid phase during the heating test. No liquid CO2 or daughter minerals were
observed in these inclusions. They are generally less than 10 µm mm in diameter. Gas
hydrates were not observed during freezing tests.

6.1. Inclusions in Stage II Veins

Stage II minerals examined for the fluid inclusion study were gray and white vein
quartz, clear vug quartz, and calcite. The gray and white vein quartz contains mainly
secondary and primary type I inclusions. The cavity sizes of the inclusions ranged from
less than 10 µm. Various inclusions were not suitable for the measurement of heating
and freezing temperatures because they were too small in cavity size. Fluid inclusions in
vug quartz and calcite occur as regular facetted cavities and often as negative inclusions.
The homogenization temperatures of the primary fluid inclusions for all minerals in stage
II ranged from 354 to 210 ◦C (Figure 9). The homogenization temperatures of the fluid
inclusions in the vein quartz ranged from 354 to 220 ◦C (gray quartz, 354–230 ◦C; white
quartz, 328–220 ◦C). Fluid inclusions in the vug quartz and calcite were homogenized at
temperatures of 290–210 ◦C and 270–210 ◦C, respectively. The measured salinities of the
primary fluid inclusions of stage II minerals were between 5.4 and 1.0 wt.% eq. NaCl. The
salinities of the fluid inclusions in the gray, white, and clear quartz were 5.4 to 4.5, 4.6 to
2.7, and 3.5 to 1.0 wt.% eq. NaCl, respectively (Figure 10).

6.2. Inclusions in Stage III Vein

The stage III mineral examined was only white quartz. The inclusion varied in cavity
sizes from 5 to 20 µm. The limited data obtained were gathered from the veins overgrowing
and cutting stage I gray quartz. The homogenization temperatures of the primary fluid
inclusions in white quartz ranged from 285 to 215 ◦C (Figure 9).

6.3. Inclusions in Stage IV Carbonate Vein

Massive white calcite from stage IV mineralization predominantly contained sec-
ondary and rare primary inclusions. The cavity size of the primary inclusion was usually
less than 20 µm, and the bubble occupied less than 30% of the inclusion volume. The homog-
enization temperature of the primary fluid inclusions in calcite ranged from 265 to 180 ◦C.

6.4. Variations in Temperature and Composition of Auriferous Fluids

During the mineralization episodes, variations in the temperatures and compositions
of Au–Ag-bearing hydrothermal fluids were documented by fluid inclusions. Fluid inclu-
sion data show that stages I and II evolved from an initial high temperature (350 ◦C) to a
later lower temperature (200 ◦C). The homogenization temperature of primary inclusions
in minerals from all stages decreased systematically with time and space (Figures 9 and 10).
There is a distinct indication that homogenization temperatures for vug clear quartz and
calcite of stage II deposition (210 to 290 ◦C) were lower than the homogenization temper-
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ature for vein quartz (IIa, 204–314 ◦C; IIb, 230–303 ◦C) depositions. The salinity of clear
vug quartz (1.0 to 3.5 wt.% eq. NaCl) was lower than that (2.5 to 5.4 wt.% eq. NaCl) of
vein quartz. The homogenization temperature and salinity decrease indicated that the
hydrothermal ore fluid was cooled and diluted by increasing the influx of meteoric water
during mineralization.
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Low-sulfidation deposits are almost exclusively precious metal deposits with Th
ranging from 120 to 320 ◦C and salinity from 0 to 14 wt.% NaCl, with most data in
the 200–300 ◦C range and <5 wt.% salinity [23]. Considering the characteristics of the
compositional variation of epithermal fluids, the Eunjeok Au–Ag deposit is believed to be
a low-sulfidation deposit.

7. Chemical Environments of Ore Deposits

The typical environments of the main ore deposit types can vary in terms of fS2 and
temperature. Crosscutting relationships between successive mineral assemblages facilitate
evolutionary tracing of the hydrothermal system sulfidation-state [24].

To investigate the environmental conditions of the main ore mineralization in the
stage II veins from the Eunjeok deposit, the compositions of arsenopyrite, electrum, and
sphalerite were analyzed by EPMA. The data on these minerals are shown in Tables 3–5.
The variations in sulfide assemblages in relation to time and space document decreasing
sulfidation depending on decreasing temperature. Moreover, sulphidation of iron-bearing
minerals in the wall rocks to form pyrite represents another effective means for reducing
HS concentration [25]. The sulfidation of stage II veins is provided by fluid inclusion and
stable isotope data, and the compositions of arsenopyrite and sphalerite in equilibrium
with pyrite and pyrrhotite are shown in Figure 11.

Vein stage: The presence of the pyrite–arsenopyrite–pyrrhotite–sphalerite assemblage
in the early mineralization (IIa) of the vein stage from the Eunjeok deposit restricts fS2
to a narrow range. The upper limit of fS2 can be set by the pyrite–arsenopyrite reac-
tion curve [26] and isopleths of arsenopyrite and sphalerite. The lower limit of fs2 may
be set by the As content of arsenopyrite and pyrite–pyrrhotite [27]. The obtained tem-
perature of formation and log fs2 range may be approximately 300–400 ◦C and −7 to
−10 atm., respectively.
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The maximum fO2 condition of pyrite–pyrrhotite stability is at the pyrite–pyrrhotite–
magnetite triple point.

6FeS + 2O2 = Fe3O4 + 3FeS2
The minimum fO2 condition can be obtained as follows
H2 (g) + 1/2 O2 = H2O, if fH2 = fH2O, log fO2 = −2 log K
Because the fugacity of H2 is unlikely to exceed that of water in hydrothermal

ore fluids.
Assuming that the possible temperature of coexisting pyrite–pyrrhotite is near 300 ◦C

based on fluid inclusion data, the range of log fO2 is near −34.4 atm. logm∑H2S can be
calculated from the following equation:

H2S (aq) + FeS2 +1/2 O2 = FeS + H2O (aq)
From this equation, the calculated logm∑S is −2.2.
The sulfidation of late mineralization (IIb) of the vein stage was estimated from the

phase relations in the Fe–Zn–S system [28] and Au–Ag–S system [29]. By decreasing the
temperature below 300 ◦C, the FeS content of sphalerite gradually decreased from 17.1–18.2
to 8.9–10.7 mole %. The formation temperature of late mineralization was near 250 ± 30 ◦C,
which corresponds to a logfs2 range of −12 to −14 atm. This formation temperature range
corresponds well to fluid inclusion and stable isotope data, indicating that white quartz
associated with electrum and argentite was deposited near 230–320 ◦C.

The association of native Ag and pyrite implies that their formation temperature and
logfS2 value may be less than 230 ◦C and −14 atm., respectively, based on the reaction
curves of pyrite–pyrrhotite and argentite–native Ag.

8. Stable Isotope Studies

Recent studies have demonstrated the usefulness of stable isotopes in elucidating
the origin and history of hydrothermal fluids and their constituents in vein-type gold
deposits [30–36]. In this study, we measured the oxygen isotope compositions of quartz
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and calcite along with the sulfur isotope compositions of sulfide minerals. Standard
techniques for extraction and analysis were used as described previously [37–41]. Isotope
data are documented in standard notation relative to the Vienna SMOW standard for
oxygen, Canyon Diablo Troilite standard for sulfur, and the Pee Dee Belemnite standard
for carbon. The standard error of each analysis was approximately ±0.1 per mil for oxygen,
sulfur, and carbon.

8.1. Sulfur Isotope Study

Analyses of sulfur isotopes were performed on 14 hand-picked sulfide minerals from
the Eunjeok deposit (five pyrite, two sphalerite, and seven arsenopyrite; Table 6). Negligible
change was observed in the S values of the individual minerals in the ore veins. Pyrite has
S values between 4.91 and 6.20 per mil; sphalerite, 5.40 to 5.50 per mil; and arsenopyrite,
6.52 to 7.46 per mil. No systematic spatial or temporal variations in the S values of the
sulfides were discovered within the ore deposits.

Table 6. Sulfur isotope data from the Eunjeok Au–Ag deposit.

Sample No. Stage Minerals δ34S (‰) py-sp T (◦C)

Ej-4 alteration asp 6.52
Ej-5 alteration asp 6.70
Ej-6 alteration asp 6.56
Ej-1 IIa asp 7.40
Ej-2 IIa asp 7.46
Ej-3 IIa asp 7.46

IIa py 4.93
Ej-8 IIa py 4.91
Ej-9 IIa py 5.21

Ej-12 IIb py 6.50 1.1 251 ± 38
IIb sp 5.40
IIb sp 5.50

Ej-14 IIc asp 7.00
Ej-15 IIc py 6.20

Abbreviations: asp = arsenopyrite, sp = sphalerite, py = pyrite.

The pyrite–sphalerite pairs of stage IIb analyzed had textures suggesting coprecipi-
tation of the phases. They had S values of approximately 1.1 per mil, yielding apparent
equilibrium isotope temperatures between 251 and 38 ◦C [42]. This temperature range
agreed with the peak in the homogenization temperatures of primary fluid inclusions in
stage IIb quartz, which corresponded to the major period of gold mineralization. Consid-
ering depositional temperatures of 350 ◦C for early pyrite (IIa), 300 ◦C for early pyrite,
250 ◦C for IIb pyrite and sphalerite, and 230 ◦C for IIc pyrite, ranges of possible S values of
the hydrothermal fluid were calculated (using the compiled data of [42]). The ranges of
calculated δ34S values of sulfide minerals were early IIa pyrite, 3.7 to 4.0 per mil; IIb pyrite,
5.0 per mil; sphalerite, 5.0 to 5.1 per mil; and IIc pyrite, 4.6 per mil. The overlap in the ranges
suggests that a fluid with a δ34SH2S value of approximately 4 per mil was responsible for
mineralization in the Eunjeok deposit. The δ34SH2S values of the hydrothermal fluids in this
study area recorded slight variations in the temperature range of 300–230 ◦C. This suggests
that the dominant sulfur species in the fluid was H2S. A temperature decrease of 230 ◦C
would be ineffective for the δ34SH2S value of a fluid if its sulfur species prevails as H2S.
Therefore, the δ34SH2S value near 4 per mil may be considered as the approximate value of
the sulfur isotope composition of the entire solution (δ34S∑S). The authors of [42] showed
that a magmatic fluid phase in equilibrium with a hydrous melt of granitic composition
(log fo2 = −12, 1000 bar, 800 ◦C, and an initial S value near 0‰) will have an S value of
approximately 4 to 5 per mil. It is therefore tempting to interpret the source of sulfur in
the Eunjeok gold–silver mineralized veins as an igneous source, probably the associated
Cretaceous granitic intrusion.
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8.2. Oxygen and Carbon Isotope Studies

The δ18O values of four stage III calcites from the Eunjeok deposits range from 5.53 to
5.82 per mil (Table 7). Applying the calcite-water oxygen isotope fractionation equation
of [43] in conjunction with temperature estimates based on fluid inclusions and paragenetic
constraints, the range of δ18O values of waters in equilibrium with the calcites was 2.72‰
to 3.01‰. The δ13C values for calcites ranged from −4.94 to −5.37 per million.

Table 7. Carbon and oxygen isotope data of calcite from the Eunjeok Au–Ag deposit.

Sample No. Minerals δ13C (‰) δ18O (‰) δ18OH2O (‰) T (°C)

Ej-23 calcite −4.93 5.53 3.01 220
Ej-24 calcite −5.37 5.82 2.72 220

9. Discussion

The Eunjeok Au–Ag deposit has the structural characteristics of extensional systems
formed with relation to the nearly NE-trending Gwangju–Yeongdong strike-slip fault
(Figures 1 and 2). Furthermore, it has been found to be associated with the Mogpo inferred
cauldron [17]. Near the cauldron margin, high-angle gravity faults (e.g., Hwangsan fault)
dip inwardly to the central portion of the cauldron. The occurrence of Late Cretaceous
(i.e., 86 Ma) gold–silver mineralization in the Eunjeok deposit may indicate that the tectonic
setting of the Korean Peninsula during this time affected the suitable environment for ore
formation. This indicates that epithermal gold–silver mineralization in South Korea mainly
occurred from ca. 100 to 70 Ma, corresponding to the Bulgugsa magmatic event [2,44,45].
Based on fluid inclusion studies, we suggest that the auriferous hydrothermal ore fluid
in the Eunjeok deposit was cooled and diluted by increasing the influx of meteoric water
during mineralization, implying that a very shallow environment was accompanied by
epithermal precious-metal mineralization. It is also suggested that cauldron-related frac-
tures as the predominant fluid conduit are important in forming the Cretaceous epithermal
Eunjeok gold–silver deposit.

As is well known, Cretaceous epithermal Au–Ag deposits in South Korea are related
tectonically to pull-apart basins and volcano–tectonic depressions [1,2,7,8,16,46]. Two
representative epithermal gold–silver mineralized areas were recognized: the Mugeuk
and Haenam–Jindo districts (Figure 1). To understand the genetic nature of Cretaceous
auriferous hydrothermal systems in South Korea, comprehensive contrasts among Eunjeok,
Mugeuk, and Haenam–Jindo mineralization episodes will be meaningful (Table 8).

Table 8. Comparison of general characteristic features, mineral composition, fluid inclusion, and stable isotope data for the
representative Cretaceous gold–silver deposits in South Korea.

Deposit Eunjeok [11,12] Mugeuk [4–7,10] Haenam–Jindo [3,9,47,48]

Geologic setting Volcano–tectonic
setting(Mokpo cauldron)

Pull-apart sedimentary
setting(Eumseong basin)

Volcano–tectonic setting
(Haenam basin)

Major fault system Gwangju–Hwangsan fault Gongju–Eumseong fault Gwangju–Yeongdong fault

Host rock Late Cretaceous
volcanics, granite

Jurassic granitoids and
sedimentary rocks

Intermediate-to-silicic
extrusive rocks in the

Cretaceous
volcano–tectonic terrane

Age of gold–silver
mineralization 86.0 Ma 105.7 or 98.0 Ma <70.3 Ma

Commodities Ag ≥ Au Ag ≥ Au Ag� Au
Mineral composition

(range, average)
Au (at.%) in el 62.77–78.15 5.2–82.0 8.6–57.5

FeS (mole%) in sp 8.58–10.71 0.03–7.4 0.2–6.6
As (at.%) in ap 31.47–32.20 28.5–32.7 Not found
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Table 8. Cont.

Deposit Eunjeok [11,12] Mugeuk [4–7,10] Haenam–Jindo [3,9,47,48]

Fluid inclusion data
Fluid system H2O-NaCl H2O-NaCl H2O/-CO2-NaCl

Type I� II I� II I > II > III
Th (°C) 204–314 137–341 113–298
Salinity

(wt.% equiv. NaCl) 2.5–5.4 0.8–7.9 0.0–3.4

Isotope data
(range, average)

Oxygen (‰)
quartz - 7.7–12.7, 9.4 1.6–10.2

calculated δ18OH2O - −1.2 to 3.8, 0.5 −10.1 to −2.1
carbonate 5.53–5.82 6.9 0.0–3.8

calculated δ18OH2O 2.72–3.01 −2.6 −9.5 to −7.8
Hydrogen (‰)

quartz - −73 to −71, −72 −76 to −71
carbonate - −76 −80 to −52

Carbon (‰)(carbonate) −4.94 to −5.37 −4.7 −6.9 to −5.0
Sulfur (‰) −4.91 to −7.46 - -

calculated δ34SH2S 3.7–5.1 - -

Abbreviations: “-“ = No data.

Mugeuk epithermal gold–silver (–antimony) deposits of the Eumseong pull-apart
basin are situated in central South Korea [4–6,10]. They occur within Jurassic granitoids
and sedimentary rocks and have the structural characteristics of extensional systems in re-
lation to the NE-trending Gongju–Eumseong fault. In contrast, Cretaceous Haenam–Jindo
epithermal gold–silver deposits are distributed in calc–alkaline volcano–tectonic depres-
sions [3,47,48]. They have intermediate-to-silicic extrusive lithologies in the Cretaceous
volcano–tectonic terrane and have the characteristics of extensional systems with respect to
the NE-trending Gwangju–Yeongdong fault.

As shown in Table 8, variations in auriferous ore-forming fluids are projected onto the
mineralogical and geochemical characteristics of the Cretaceous Korean epithermal Au–Ag
deposits. The Mugeuk gold–silver deposits are estimated to be epithermal-to-mesothermal
deposits [4–6,10], whereas the Haenam–Jindo gold–silver deposits are unquestionable as
epithermal deposits [3,47,48]. In contrast, the Eunjeok deposit has some similarities with
Haenam–Jindo deposits in terms of geologic setting, major fault system, host rock, and
age of gold–silver mineralization, whereas they share some characteristics with Mugeuk
deposits based on mineral composition and fluid inclusion characteristics. In terms of
tectonic evolution, it is thought that the Haenam–Jindo and Eunjeok deposits experienced
similar periods of volcano–tectonic depression, resulting in similar host rock and related
fault systems [3,9,16,49–51]. In contrast, Mugeuk and Eunjeok deposits show similar
fluid inclusion characteristics, such as the inflow of progressively less evolved meteoric
waters during the deposition of gold–silver mineralization [10–12]. The above-mentioned
Cretaceous gold–silver deposits have a wide range with variable average values in terms
of the gold composition of the electrum, implying dramatic mineralogical and geochemical
variations among these deposits [52–54]. These considerable variations may indicate
that the chemical composition of the auriferous hydrothermal fluids changed rapidly in
response to various physicochemical variables in the epithermal environment.

10. Conclusions

The Eunjeok Au–Ag deposit is genetically related to Late Cretaceous magmatism
(i.e., Bulgugsa event, ca. 110–60 Ma) which was caused by the transition in subduction
direction and style of the Izanagi Plate [55]. Considering the characteristics of geologic
setting, major fault system, and host rock, the Eunjeok Au–Ag deposit within the Yeongam
district tends to share general geologic characteristics with those of Haenam–Jindo ep-
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ithermal mineralization episodes. However, the age of gold–silver mineralization is older
than that of Haenam–Jindo epithermal mineralization episodes, implying that there are
some differences in the genetic sequence of extensional features (i.e., fluid conduit) related
to transcurrent Gwangju–Yeongdong strike-slip movement. The auriferous fluids with
the H2O–NaCl system in the Eunjeok deposit have homogenization temperatures and
salinities of 204–314 ◦C and less than 10 wt.% equiv. NaCl and experienced mixing (dilution
and cooling) events during mineralization. In terms of the depositional mechanism, the
characteristics of auriferous fluids in the Eunjeok deposit share fluid characteristics with
those of Mugeuk deposits rather than Haenam–Jindo deposits.
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