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ABSTRACT : Fluid inclusions in granite and hydrothermal quartz indicate that three fluids have
affected the Sannae granite. The earliest fluid is represented by three-phase aqueous fluid in-
clusions with high salinity (38 to 46 wt.% NaCl equiv.). It was exsolved from a crystallizing
melt and trapped at a relatively high-pressure condition. The second fluid is represented by two-
phase aqueous fluid inclusions with low eutectic temperatures (<-40T), low~ to moderate- sa-
linity (3 to 24.0 wt.% NaCl equiv.) and high homogenization temperatures (309 C<Th.,v<473T).
This fluid was trapped at higher pressures than 300-500 bars and precipitated molybdenite and
wolframite in quartz veins. It was probably generated by fluid-host rock interactions since they
show a wide range of salinity within a narrow range of homogenization temperatures. The final
fluid is represented by an aqueous fluid boiling ‘that separated into high-salinity (34-38 wt.%
NaCl equiv.) and low-salinity fluid (0 to 8.7 wt.%) at 303-376C and 50-150 bars. These boiling
fluids precipitated euhedral quartz in miarolitic cavities. The compositions of the final fluid was
rather complex in the H.0-NaCl-KCl-FeCl, system. The Sannae granite was a locus for re-
peated fluid events including magmatic fluids during the final stage of crystallization, the con-
vection of hydrothermal fluids causing a fluid ascending, fluid boiling, and the local W-Mo min-
eralization and formation of miarolitic cavities due to thermal, tectonic and compositional pro-
perties of the felsic granite.

Key words : fluid inclusion, hydrothermal quartz, exsolution, aqueous fluid immiscibility, W-Mo
mineralization

INTRODUCTION

The hydrothermal vein-type deposit of the
Sannae W-Mo mine is developed within the
Cretaceous-early Tertiary granite (referred to
locally as the Sannae granite) of the Kyong-
sang Basin in the southeastern part of the
Korean peninsula (Fig. 1). The granitic rocks
hosting the Sannae W-Mo mine show a diver-
sity in color, texture and mineralogy sugges-
ting shallow-seated intrusives (Bajwah et al.,
1995). In addition, abundant miarolitic cavities
in the granitic rocks indicate the presence of
fluids during late-stage crystallization of the
granite. Shallow-seated plutons generally form
thermal anomalies which are predicted to cause

46

fluid convection. This provides an explanation
for the widespread alteration, veining and min-
eralization which are commonly observed in
granites of the Kyongsang Basin (e. g. Yang and
Lee, 1998; Yang, 1996a, b). The granitic rocks
at the Sannae mining district experienced the
intensive hydrothermal activities evidenced by
fissure-filling veins cemented by W-Mo ore mi-
nerals and quartz, the pervasive alteration of
host granitic rocks and the occurrence of eu-
hedral quartz in the miarolitic cavities.

Shelton ef al. (1986) carried out geologic, iso-
topic and fluid inclusion studies on the Sannae
Mo-W mine, focussing only on the vein miner-
alization. The present study is focused on the
fluid inclusion in magmatic and hydrothermal
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Fig. 1. Geologic map of the Sannae mine area (after
Hong and Choi, 1988). Solid circles are sample loca-
lities.

quartz and presents data on the temperature,
pressure, and compositions of fluids as well as
the evolution of fluid properties in the mag-
matic-hydrothermal system in relation to the
Sannae granite.

GENERAL GEOLOGY AND THE
SANNAE ORE DEPOSIT

The Sannae granitic rocks containing the W-
Mo ore mineralization intrude Cretaceous sed-
imentary and volcanic rocks of the Basin (Fig. 1).
The fabric of the pluton is massive. There is no
tendency for minerals to be oriented either as
lineation or foliation. It is classified as a biotite-
granite (Hong and Choi, 1988) containing abund-
ant miarolitic cavities. Some miarolitic cavities
hosts big and euhedral quartz crystals throug-
hout the whole pluton. Schlieren composed of
mafic minerals are found where subangular to
ellipsoidal country rock xenoliths are common,
Well-developed sheet joints are also common.

The granitic rocks are composed of medium
to fine, anhedral to subhedral quartz, K-feld-
spar, plagioclase, biotite and rarely zircon. The
biggest phenocrysts are plagioclase although
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they are not as abundant as quartz phenocrysts.
Plagioclase phenocrysts often show zonal tex-
tures and the central part of the zoned plagio-
clase is shattered and altered to sericite. Albite
rimming the K-feldspar has been observed.
Quartz phenocrysts are highly corroded, micro-
fractured and broken into three or four parts
showing resorbed boundaries. Quartz is also in-
terstitial to K feldspar and plagioclase. Relati-
vely big K-feldspar is perthitic and is altered
with sericite. Biotite is the dominant mafic min-
eral and occurs either as large crystals or as
fine platy crystals with irregular grain boun-
daries disseminated in the matrix. Hornblende
is rarely observed. Accessory minerals are zir-
con, apatite, sphene and magnetite.

The granitic rocks containing the fissure-fil-
ling quartz veins grade into sericite-dominated
rocks toward the vein margin. Alteration pro-
cesses affecting the wall rock are probably re-
lated to the formation of the veins. The altera-
tion minerals are of sericite, epidote, and chlor-
ite. Sericite occurs as fine aggregates which
are irregularly distributed in the matrix or
within feldspars. Quartz occurs as secondary
mosaics produced during hydrothermal altera-
tion along the vein margin.

A large number of subparallel fissure-filling
quartz veins are associated with molybdenite-
tungsten mineralization. The ore minerals of
the fissure-filling quartz veins mainly include
molybdenite, wolframite and scheelite (Shelton
et al., 1986). According to Shelton et al. (1986),
the mineral paragenesis 1s simple and can be di-
vided into three stages: early molybdenum
stage, main tungsten stage, and late carbonate
stage. Quartz was deposited through all stages.
In the early molybdenum stage, milky fine-
grained anhedral quartz and molybdenite was
precipitated. During the late molybdenum stage,
the deposition of prismatic, euhedral milky or
clear quartz with wolframite and scheelite oc-
curred. Clear quartz and calcite were then de-
posited in the remaining open space. Carbonate
mineralization stage occurs as vug-filling. More
detailed descriptions for the mineral paragene-
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sis are shown in Shelton ef al. (1986).
FLUID INCLUSIONS
Petrography

Hydrothermal quartz in molybdenite- and
wolframite-bearing fissure-filling veins, euhe-
dral quartz in miarolitic cavities and magmatic
quartz in granitic rocks were collected for this
study. Doubly-polished plates varying in thick-
ness between 0.07 to 0.1 mm were prepared
for petrographic and microthermometric analy-
sis in order to determine the fluid compositions
and trapping temperatures of fluid inclusions.
Based on the criteria of Roedder (1984), fluids
are regarded to have been trapped as primary,
pseudosecondary, and secondary inclusions. Many
secondary inclusions occur along microfractures
In quartz veins, but the time relationships bet-
ween different generations of secondary in-
clusions could not be established. Thus, only
primary inclusions were examined in this study.

Three types of fluid inclusions were iden-
tified based on the phase behavior at room tem-
perature {Fig. 2). Type | inclusions are aque-
ous vapor-rich with a vapor bubble occupying
greater than 80 vol % of the inclusions (Fig.

2a). They occur in quartz from miarolitic cavi-
ties and are characterized hy low salinity. Type
I inclusions are aqueous hqud-rich with a vapor
bubble occupying less than 40 vol% of the in-
clusion (Fig. 2b). They occur in fissure-filling hy-
drothermal quartz vein and are characterized by
low to moderate salinity. Type II inclusions are
aqueous liquid-rich containing  halite with or
without other daughter crystals (Fig. 2¢ and d).
They occur in both magmatic and hydrothermal
quartz and are characterized by high salinity.

Quartz from granitic rocks

Primary type IHa inclusions in granitic rocks
oceur as isolated inclusions. Quartz phenocry-
sts are cloudy and highly embayed, and also
contain crystallized melt inclusions and secon-
dary types I and Il mclusions. Type Il inclu-
stons contain halite, a vapor bubble, and some-
times a birefringent crystal and opaque crys-
tals, indicating dense brines (Fig. 2c¢). This
type of inclusions show fairly consistent phase
ratios and form a single, discrete population.

Quartz from hydrothermal veins

Quartz from fissure-filling veins varies in

Fig. 2. Photomicrographs of different types of fluid inclusions observed in the Sannae granite area. (a) Type |
vapor-rich inclusions (100 pm) in quartz from a miarolitic cavity. (b) Type Il liquid-rich inclusions (20 gm) in
quartz vein. (c¢) Type Illa halite-bearing inclusions (10 gm) in magmatic quartz. Note relatively large halite
crystal and a small vapor bubble. (d) Type HIb halite-bearing inclusions (120 pm) in quartz from a miarolitic
cavity. L=liquid, V=vapor bubble, H=halite, B=unidentified hirefringent crystal.
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color from milky quartz (at the crystal base)
to clear (at the crystal terminations) and con-
tains primary type II inclusions (Fig. 2b). They
are distributed randomly or occur along growth
zones and have consistent phase ratios. They
have a relatively large vapor bubble, implying
the low density of the fluid and/or a high-tem-
perature fluid. Although type I inclusions with-
out a liquid phase are present in the examined
samples, the origin of the vapor-rich type I in-
clusions is ambiguous. No visible liquid phase
in type I inclusions indicates a low-tempera-
ture trapping.

Quartz from miarolitic cavities

Most type I (Fig. 2a) and III inclusions (Fig.
2d) occur together along well-defined growth
zones of euhedral miarolitic quartz indicating al-
most certain boiling conditions. Type I inclu-
sions sometimes contain an opaque solid phase
(Fig. 2a). Type III inclusions (Fig. 2d) contain
halite and sylvite, one or two birefringent daug-
hter crystals, and one or two opaque grains.
The birefringent grains with somewhat rectang-
ular crystal forms are thought to be erythro-
siderite (K,FeCls - H/O) based on the color, re-
fractive index and strong birefringence (e. g.,
Stefanini and Williams-Jones, 1996; Yang and
Lee, 1998). Type II are not present as primary in-
clusions in euhedral quartz from miarolitic cavities.

MICROTHERMOMETRY

Heating and cooling experiments were car-
ried out using a Linkam Th 600 heating and
freezing stage. The stage was calibrated with
pure CO. and pure H O synthetic fluid inclu-
sions (Bodnar and Sterner, 1987). The accur-
acy and reproducibility of temperatures of
phase changes are approximately £0.1C at T<
50C; £0.5C at T<374.1C; and 5T at T<
573C. Microthermometric measurements were
made to obtain homogenization temperature (Th)
and compositions (Fig. 3 and 4). Salinities of
aqueous inclusions were calculated using the
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Fig. 3. Frequency histogram of homogenization tem-
peratures of fluid inclusions. Mqtz=magmatic quartz,
Hgtz=hydrothermal quartz.
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Fig. 4. Homogenization temperatures of fluid
inclusions plotted against salinities. For abbreviations,
see Fig. 3.

program SALTY of Bodnar et . (1989) and
Bodnar and Vityk (1994). Although fluid inclu-
sions seemed to be one group of generation,
the inclusions with inconsistent homogenization
temperatures were excluded from the study.
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Fig. 5. Photomicrographs showing the appearance after sequential cooling and heating of a Type I inclusion. All

(399°C)

photographs were taken at temperatures indicated in parentheses. The inclusion is 150 pm in size.

RESULTS
Type I inclusion

Initial melting of ice (eutectic temperatures)
between -34 and -25C was observed in type I
inclusions along the growth zones in euhedral
quartz in miarolitic cavities, suggesting the
presence of cations such as K, Na, and Ca. Fig.
5 shows the typical phase changes observed
during cooling and heating experiments. When
the inclusion was cooled down to -70TC (Fig.
5b), it was completely frozen and the refrac-
tive index was changed showing a bit blurred
feature. At -29°C or below, the initial melting
of ice was observed with a small amount of li-

quid phase at the inclusion wall (see an arrow
in Fig. 5¢). More liquid was formed as the tem-
perature increased (Fig. 5d and e) and the fi-
nal melting of ice occurred at -5.6C, indicating
salinity of 8.7 wt. % NaCl (Fig. 4). Most pri-
mary type I inclusions along the growth zones
in euhedral quartz in miarolitic cavities showed
final melting of ice at temperatures between
-5.6 and 0T, indicating salinities of 8.7 to 0 wt.
% NaCl equiv. (Fig. 4).

Homogenization temperatures vary from 370
to 465C (Fig. 3). A histogram of homogeniza-
tion temperatures of primary fluid inclusions
displays a distinct cluster of data between 370
and 400C (Fig. 4). They have salinities bet-
ween 0 and 1.6 wt. % NaCl equiv. Type I in-
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clusions, upon heating, remained unchanged un-
til the temperature approached 50T helow the
Th of the inclusions and then gradually homo-
genized by the vapor bubble expansion (Fig. 5a
and f). No microthermometric data were ob-
tained from type I inclusions in fissure-filling
vein quartz. Because a liquid phase could not
be recognized in these inclusions at room tem-
perature, no change in the inclusions (homo-
genization) was apparent during heating.

Type II inclusion

Type II inclusions trapped in clear and milky
quartz from hydrothermal veins associated with
ore mineralization show first and final ice-melt-
ing temperatures at about -40C to -29T and
between -27.4 and -1.5C (corresponding to sal-
inities of 24-3 wt.% NaCl equiv.), respectively
(Fig. 4). These eutectic temperatures also re-
quire the presence of additional cations besides
sodium. They have the wide homogenization
temperatures between 309 and 473 (Fig. 3).
Homogenization temperatures of primary type
IT inclusions displays two distinct clusters of
data: a group between 38() and 390°C with sal-
inities of 3-4 wt.% NaCl equiv., and the other
group between 420-440C with salinities of 14-
15 wt.% NaCl equiv., respectively (Fig. 4).

Type III inclusion

The different melting behaviors of halite-
bearing inclusions in magmatic and hydrother-

20C)} | (260TC

(288

mal quartz indicate that they were trapped in
different regions of pressure-temperature con-
ditions (Cline and Bodnar, 1994, Yang and Lee,
1998). Based on the homogenization behavior,
type II inclusions are divided into two sub-
types: Type Illa inclusions in magmatic quartz
homogenize by halite dissolution (Fig. 2¢) and
Type IIIb inclusions in hydrothermal quartz by
vapor-bubble disappearance (Fig. 2d). Note re-
latively large halite crystal and a small vapor
bubble of type IMla inclusions in Fig. 2c com-
pared to those in Fig. 2d, suggesting a different
melting behavior. Type Illa inclusions homo-
genized at temperatures between 305 and 359
C, corresponding to 38 to 43 wt.% NaCl equiv.
(Fig. 3 and 4). A histogram of homogenization
temperatures of primary type Illa inclusions in
magmatic quartz displays one distinct clusters
of data between 310 and 3307 of salinities of
38-40 wt. % NaCl equiv.

Type IIIb inclusions in miarolitic quartz from
the granitic rocks have the homogenization
temperatures of 303-376C with salinities of 34-
38 wt. % NaCl equiv. (Fig. 3 and 4). These in-
clusions occur together with type I inclusions a-
long the growth zones possibly indicating fluid
immiscibility. Fig. 6 shows the melting beha-
viors of typical type IIb inclusions during cool-
ing and heating experiments. Upon heating
(Fig. 6a), sylvite dissolution is the first phase
at 98-139T followed by erythrosiderite (K
2FeCls - H/O) dissolution at 162-250C (Fig. 6b).
The next phase change in heating is the halite
dissolution at temperatures of 230-305C (Fig.

(370C) (207C)

Fig. 6. Photomicrographs showing the appearance after sequential heating of a Type IIlb inclusion. All photo-
graphs were taken at temperatures indicated in parentheses. The inclusion is 120 pm in size.
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6¢). With the continued heating, vapor-bubble
disappearance at temperatures of 303-376T
was observed as the final phase changes (Fig.
6d). As temperature decreased again following
homogenization, sylvite and erythrosiderite re-
nucleated not as a single crystal but as aggre-
gates of small granular grains or anhedral ir-
regular grains (Fig. 6e). Moreover, halite some-
times renucleated not as a single cubic crystal
shape (Fig. 6e). Unidentified opaque daughter
minerals or a transparent crystal always per-
sisted after the halite dissolution.

DISCUSSION AND SUMMARY

Type Illa inclusions represent the earliest
fluid hased because they present only in quartz
phenocrysts of granites. They homogenized by
halite dissolution, as has been commonly ob-
served in other granitic rocks of the Kyong-
sang basin (Yang and Bodnar, 1994; Yang,
1996a, 1996b). These fluids probably formed
by direct exsolution from the crystallizing gran-
itic magma. If they were exsolved from the
crystallizing magma, they should require a con-
siderable pressure correction for solidus tem-
peratures (around 600C) of granitic rocks. As-
suming that the solidus and minimum trapping
temperatures of a fluid are 600 and 330,
respectively, they need about 270°C pressure
correction which corresponds to approximately
2.7 kbars. This high pressure system may have
formed due to the deep crustal depth or the
overpressuring accompanying progressive par-
titioning of aqueous fluid inside a crystallizing
melt. Furthermore, this high pressure system
may have generated the high salinity (38 to 43
wt% NaCl) fluid. Partitioning of chlorine bet-
ween coexisting aqueous fluid and melt is a
function of the system pressure (Shinohara et
al., 1989). High salinities in exsolving fluid from
a typical calc-alkaline melt can be formed above
approximately 1.3 kbars (Cline and Bodnar,
1991). As an alternative explanation for the
low homogenization temperatures of type Illa
inclusions, we cannot exclude the possibility

that inclusion volumes were re-equilibrated aft-
er entrapment, despite the fact that the in-
clusions are texturally primary and show the
consistent homogenization temperature data
with a small range.

Shelton ef al. (1986) reported that the deposi-
tion of molybdenite, wolframite and scheelite
occurred from the fluids with salinity of 5-25
wt. % NaCl equiv. at temperatures of 300-
550C, whereas we presents data with the Th
and salinity of 309-473TC and 3-24 wt. % NaCl
equiv. with two distinct clusters at 380-390C
and 420-440°C (Fig. 4), which are in the com-
parable range of the data by Shelton ef al.,
(1986). In order to find the minimum trapping
pressure of type Il inclusions, data points that
encompass inclusions in which total homo-
genization temperatures, 380 and 440C and sai-
inities, 5 and 15 wt. % NaCl equiv. have been
selected in the P-T space of Bodnar and Vityk
(1994) (Fig. 7). These data suggest that the
minimum trapping pressures of type II inclu-
sions is 300 (point A in Fig. 7a)-500 (point B
in Fig. 7b) bars. Shelton ef al. (1986) calculated
the trapping pressures of less than 100 to 300
bars, assuming that this type of fluid was gen-
erated by boiling which is not required pres-
sure corrections. We could not obtain the evi-
dence of boiling during the Mo-W mineraliza-
tion at Sannae mine. It is equivocal that a fluid
boiled at this stage and should be re-evaluated
with respect to some points discussed in the
following paragraph. This study favors these
type II inclusions associated with ore minerali-
zation were trapped at higher pressures than
300-500 bars.

The trapping conditions of fluid inclusions
trapped in the two-phase (L+V) field can be
obtained by petrographic and pressure, volume,
temperature, and composition techniques (PVTX)
(Bodnar and Vityk, 1994). At the Sannae mine,
the petrographic evidences that saline (type
IIIb) and vapor-rich inclusions (type I) coexist
spatially in euhedral quartz from miarolitic cav-
ities and phase equilibrium constraints that
type IlIb inclusions homogenized by halite dis-
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Fig. 7. Diagrams Showing iso-Th lines for NaCl-H:0
fluids with salinities of 5 and 15 wt. % NaCl illu-
strating trapping conditions of type II inclusions in
fissure-filling quartz veins (after Bodnar and Vityk,
1994). See the text for details.

solution are indicating coeval trapping and thus,
certain fluid boiling. To confirm the fluid botling,
final homogenization temperatures of the saline
inclusions and vapor-rich inclusions should be
the same. However, our data show that homo-
genization temperatures of type I inclusions
are somewhat higher than those of type IIIb in-
clusions (Fig. 4). This may be due to the fact
that homogenization temperatures of vapor-
rich inclusions is always overestimated by the
small amounts of liquid along with the vapor
phase (Bodnar et al., 1985). As expected, homo-
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genization temperatures of type I inclusions in
miarolitic quartz are higher than coexisting
type IIIb inclusions (Fig. 4). Therefore, actual
homogenization temperatures of boiling fluids
during the deposition of miarolitic quartz can
be reflected by type IIb inclusions.

Within athe P-T space for NaCl-HO system,
data points that encompass the type IIIb in-
clusions with the homogenization temperatures
by vapor bubble disappearance and salinity of
303-376C and 34-38 wt. % NaCl equiv. were
selected. These homogenization temperatures
and salinity data are referred to vapor-pres-
sure curves for high salinity H.0-NaCl solu-
tions. The intersection of the isopleth corres-
ponding to the inclusion composition with the
measured homogenization temperature in P-T
space defines the pressure at the time of trap-
ping (e.g., Yang and Lee, 1998). Halite-bearing
inclusions with salinities of 34-38 wt. % NaCl
and the final homogenization temperature of
303-376C would have been trapped at about 50
to 150 bars (Fig. 8). Based on the occurrence,
the relatively low homogenization tempera-
tures, and trapping pressure, these boiling
fluids are thought to represent the late fluid to
affect the Granite. The compositions, melting
behaviors, and the occurrence of variable dau-

1000

Pressure (bars)
500

i

o 1 1 L
100 200 300 400 500

Temperature (°C)

Fig. 8. Vapor-pressure curves for HO-NaCl solutions
having salinities of 30-70 wt% NaCl (after Bodnar
and Vityk, 1994). Also shown is the liquid-vapor
curve for H,0, the H,O critical point (C.P.), and the
three-phase (L+V+H) curve in the H;0-NaCl system.
See the text for details.
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ghter crystals such as halite, sylvite, and eryth-
rosiderite indicate that the fluids contained
components such as KCl, CaCl;, and FeCl; in ad-
dition to NaCl.

A large number of subparallel fissure-filling
quartz veins associated with molybdenite-
tungsten mineralization appear to be localized
in small areas within the Sannae granite. Both
major fault crosscutting the host granitic rocks
(Fig. 1) and the ore mineralization within the
sheared zone (Shelton, et al., 1986) suggest the
temporal and spatial relationship between Mo-
W mineralization and tectonic events after the
emplacement of the granite. Available ra-
diometric ages of the host granite and the Mo-
W mineralization are 75.5+1.2 Ma (Choo and
Kim, 1981) and 65+3 Ma (Fletcher and Run-
dle, 1977), respectively, showing almost 10 Ma
difference. Fluid circulation driven by mag-
matic heat is generally expected to occur
within only a short period of time (<10° years)
following the intrusion (Cathles, 1981). There-
fore, we consider that the hydrothermal fluids
responsible for the W-Mo vein mineralization
of the Sannae mine was not from the direct ex-
solution of primary magmatic melt but derived
from hydrothermal leaching of the elements by
fluid-host rock interactions.

In conclusion, this study demonstrates that
the Sannae granite was a locus for repeated
fluid events including magmatic fluids during
the final stage of crystallization, the convection
of hydrothermal fluids causing a fluid ascend-
ing, fluid boiling, and the local W-Mo minera-
lization and formation of miarolitic cavities due
to thermal, tectonic and compositional pro-
perties of the felsic granite.
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