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Abstract 

The Sungun porphyry copper deposit is located in northwestern Iran (Azarbaijan province) and is associated 
with diorite-granodiorite to quartz monzonite of Miocene age which intrnded Eocene volcano-sedimentary 
and Cretaceous carbonate rocks. Copper mineralization was accompanied by both potassic and phyllic alter- 
ation. Field observations and petrographic studies demonstrate that emplacement of the Sungun stock took 
place in several intrusive ptdses, each with associated hydrothermal activity. Molybdenum was concentrated 
at a very early stage in the evolution of the hydrothermal system and copper somewhat later. Four main vein 
groups have been identified: (I) quartz + molybdenite + anhydrite _+ K feldspar with minor pyrite, chalcopy- 
rite, and bornitc; (II) quartz + chalcopyrite + pyrite +_ molybdenite; (III) quartz + pyrite + calcite +_ 
chalcopyrite _+ anhydrite (gypsum) + molybdenite; and (IV) quartz _+ calcite + gypsum +_ pyrite. Early 
hydrothermal alteration produced a potassic assemblage (orthoclase-biotite) in the central part of the stock, 
propylitic alteration occurred contemporaneously with potassic alteration, but in the peripheral parts of the 
stock, and phyllic alteration occurred later, overprinting the earlier alteration. The early hydrothermal fluids 
are represented by high-temperature (340 ø- 500øC), high-salinity (up to 60 wt % NaC1 equiv) liquid-rich 
fluid inclusions, and high-temperature (320ø-550øC), low-salinity, vapor-rich inclusions. These fluids are 
interpreted to represent an orthomagmatic fluid which boiled episodically; the brines are interpreted to have 
caused potassic alteration and deposition of group I and II quartz veins containing molybdenite and chalcopy- 
rite. Propylitic alteration is attributed to a liquid-rich, lower temperature (240ø-330øC), Ca-rich, evolved 
meteoric fluid. Infltux of meteoric water into the central part of the system and mixing with magmatic fluid 
produced deep albitization (transition alteration) and shallow phyllic alteration. This influx also caused dissolu- 
tion of early formed copper sulfides and remobilization of Cu into the sericitic zone where it was redeposited 
in response to a boiling-induced decrease in temperature. Supergene alteration was minor and restricted to 
a thin blanket of Cu sulfides below an argillic cap. 

Introduction 

ALTHOUGH porphyry copper deposits have been intensively 
studied in the Mesozoic-Cenozoic orogenie belts of the Amer- 
ican Cordillera and East Padfie rim (e.g., Sillitoe, 1973; Gus- 
tafson and Hunt, 1975; Titley and Beane, 1981) and their 
genesis is relatively well understood, there have been few 
investigations of this style of mineralization in Iran and south- 
ern Asia. In Iran, all known porphyry copper mineralization 
occurs in the Cenozoic Sahand-Bazman orogenie belt (Fig. 
1). This belt was formed by subduetion of the Arabian plate 
beneath central Iran during the Alpine orogeny (Niazi and 
Asoudeh, 1978; Berberian and King, 1981; Pourhosseini, 
1981) and hosts two major porphyry Cu deposits. The Sar- 
Cheshmeh deposit is the only one of these being mined and 
contains 450 Mt of sulfide ore with an average grade of 1.13 
percent Cu and •0.03 percent Mo (Waterman and Hamilton, 
1975). The Sungun deposit, which contains >500 Mt of sul- 
fide reserves grading 0.76 percent Cu and •0.01 percent 
Mo (unpublished data of the Iranian Copper Company), is 
currently being developed. Sar-Cheshmeh, Sungun, and a 
number of subeconomic porphyry copper deposits are all 
associated with mid- to late Miocene diorite-granodiorite to 
quartz monzonite stocks (Shahabpour, 1989,; Emami, 1999,). 

The Sungun deposit area was first described by Bazin and 
Hiibner (1969), who reported skarn-type mineralization at 
the contact between Cretaceous limestone and the granodio- 
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ritic stock. On the basis of the overall geologic setting and 
alteration patterns, Etminan (1977) proposed that the Sungun 
Cu deposit is porphyry related. Mehrpartou (1993) subse- 
quently made a preliminary study of the igneous petrology 
and fluid inclusions, and concluded that the overall character- 
istics of the deposit are very similar to those predicted by the 
generalized porphyry deposit model of Lowell and Guilbert 
(1970). However, these studies have not provided sufficient 
data to evaluate the evolution of the mineralizing system and 
establish a genetic model. 

The purpose of this paper is to duddate the hydrothermal 
history of the Sungun porphyry deposit and identify the fac- 
tors controlling Cu ___ Mo mineralization. To aid us in this 
task we have (1) documented the alteration and vein mineral 
paragenesis by a combination of field mapping, core logging, 
and microscopic examination of polished thin sections, (2) 
conducted a fluid inclusion study; (3) analyzed the major and 
trace element, and isotopic compositions of selected minerals, 
and (4) evaluated mineral stabilities and solubilities. This in- 
formation has enabled us to determine the conditions under 

which the deposit formed, to reconstruct the fluid evolution, 
and to develop a model which satisfactorily explains the con- 
centration of Cu mineralization to economic levels. By com- 
paring the results from this study with data available from 
Sar-Cheshmeh and porphyry copper deposits in other parts 
of the world, we have been able to achieve a better under- 
standing of the nature of Sahand-Bazman porphyry copper 
province. 
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Fx½. 1. Geologic map oflran (modified from StSckiln, 1977, and Shahab- 
pour, 1994) showing major lithotectonic units as follows. Zagros fold belt: 
Paleozoic platform sediments ovedain by miogeosynclinal mid-Triassic to 
Miocene sediments and synorogenic Pliocene-Pleistocene conglomerates; 
Sanandaj-Sirjan zone: Mesozoic granodioritic intrusions and metamorphosed 
Mesozoic sediments; Central Iran zone: Paleozoic platform sediments dis- 
rupted by late Triassic tectonic activity, and including horsts of Precambrian 
crystalline basement and Cambrian to Triassic cover rocks; Sahand-Bazman 
belt: calc-alkaline volcanic, quartz monzonite, and quartz diorite intrusions 
of dominantly Miocene age, hosting Cu-Mo porphyry-style mineralization; 
Lut block: the Lut block is considered to be an old stable platform (St0cklin 
and Setudenia, 1972; Stockline, 1977), covered by thick Mesozoic sediments 
and Eocene volcanics; Alborz Mountains and Kopeh Dagh zones: Eocene 
volcanic and volcanoelastic rocks in the Alborz segment, and in the Kopeh- 
Dagh segment; and the Eastern Iran and Makran zones: post-Cretaceous 
fiysch-mollasse sediments. 

(geologic Setting of the Sungun Deposit 
The Sungun porphyry copper deposit is hosted by a diorite- 

granodiorite to quartz monzonite stock (Mehrpartou, 1993), 
located 75 km northwest of Ahar in the Azarbaijan province 
of northwestern Iran (Fig. 1). The stock is part of the Sahand- 
Bazman igneous and metallogenic belt (northern Iran), a 
deeply eroded Tertiary volcanic field, roughly 100 by 1,700 
km in extent (from Turkey to Baluchistan in southern Iran), 

consisting mainly of rhyolite and andesitc, with numerous 
felsic intrusions. The volcanics were laid down unconformably 
over folded and eroded Upper Cretaceous andesitic volcanic 
and sedimentary rocks (--•500 m thick). Subduction and sub- 
sequent continental collision during the Paleocene to Oligo- 
cene caused extensive alkaline and calc-alkaline volcanic and 

plutonic igneous activity (Etminan, 1978; Shahabpour, 1982; 
Berberian, 1983), including intrusion of a porphyritic calc- 
alkaline stock at Sungun during the Miocene (Emami, 1992). 
Bordering the belt to the southwest is a major zone of com- 
plexly folded, faulted, and metamorphosed Tertiary and Pa- 
leozoic sedimentary rocks which form the Zagros Mountains 
(Waterman and Hamilton, 1975). 

Sungun Stock and Peripheral Intrusive Rocks 
The Sungun stock is a complex intrusive body, which crops 

out over an area of about 1.5 by 2.3 km (Fig. 2). The stock 
consists of three different intrusive phases: (1) monzonite- 
quartz monzonite, (2) diorite-granodiorite, and (3) andesitc 
and related dikes, listed in order of eraplacement (Mehrpar- 
tou, 1993; Hezarkhani, 1997). The monzonite-quartz monzo- 
nite is volumetrically the most important and includes most 
of the western part of the intrusive complex at the current 
erosional surface. The diorite-granodiorite is volumetrically 
the next most important and hosts most of the mineralization. 
These two intrusive phases are cut by monzonitic and andes- 
itic dikes, which in the northern and eastern parts of the 
Sungun stock are also locally mineralized. Petrographic stud- 
ies have shown that mineralized dikes are mainly andesitic 
and are related to the diorite-granodiorite intrusive phase. 
The diorite-granodiorite and monzonite-quartz monzonite 
contain some marie xenoliths, whereas xenoliths are rare in 
the mineralized dikes. 

The Sungun diorite-granodiorite intrudes Cretaceous lime- 
stones (--•500 m thickness) and lower Tertiary volcanic and 
related sedimentary rocks (--• 1,000 to --• 1,500 m thickness). 
The latter consist of andesitic to trachytic tuff and agglomer- 
ates, with intercalated marly tuff. Quaternary trachytic to an- 
desitic lavas are exposed locally to the west and south of the 
deposit. They are unaltered and contain no known mineraliza- 
tion. 

The Sungun stock is highly altered, and even in the outer- 
most part of the intrusion it is not possible to find completely 
fresh rock. Metasomatic effects are also evident in the country 
rocks, particularly in the eastern part, where limestone has 
been altered to garnet-pyroxene and-amphibole-epidote 
skarns containing disseminated pyrite, chalcopyrite, sphaler- 
ite, and galena, together with calcite, quartz, and magnetite. 

Petrographic Observations of the Stock 
Petrographic observations of polished thin sections indicate 

that monzonitic and quartz-monzonitic rocks contain 60 to 
70 vol percent phenocrysts including up to 30 vol percent 
of K feldspar phenocrysts. The other important phenocryst 
phases are quartz (up to 20%) and plagioclase (up to 25%). 
Plagioclase (An•7_as) appears to have been the first of these 
phenocryst minerals to crystallize, as indicated by the com- 
mon occurrence of euhedral to subhedral inclusions ofplagio- 
dase in K feldspar and quartz. Accessory minerals include 
magnetite, apatite, zircon, monazite, scheelite, titanitc, urani- 
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FIG. 2. Detailed geologic map of the Sungun area showing the distribution of different igneous suites (modified from 
Mehrpartou, 1993). Numbers on map refer to locations of drill holes that were sampled. 

nite, and rutile, which occur as inclusions in the silicate phases 
and interstitial to them. The diorite-granodiorite contains 
•50 percent by volume of phenocrysts consisting mainly of 
zoned plagioclase (An•5_a•), highly altered hornblende, quartz, 
and biotite; it is distinguished from the monzonite-quartz 
monzonite by the lack of K feldspar phenocrysts. Hornblende 
was the earliest major mineral to crystallize and forms euhe- 
dral to subhedral phenocrysts. Quartz phenocrysts crystal- 
lized next and are ubiquitously rounded or embayed, which 
is a (predicted) consequence of isothermal decompression of 
a water vapor-undersaturated magma (Whitney, 1989). Pla- 
gioclase phenocrysts (mainly subhedral) formed shortly after 
the quartz phenocrysts, and biotite phenocrysts (subhedral to 
anhedral) formed late. The diorite-granodiorite groundmass 
is fine grained and consists mainly of quartz, plagioclase, and 
K feldspar, with lesser biotite and amphibole. Apatite, zircon, 
scheelite, titanitc, uraninite, and rutfie are present in minor 
to trace amounts. 

Dikes consist mainly of plagioclase (An•_•7), K feldspar, 
biotite, quartz, and highly altered amphibole. Plagioclase oc- 
curs both as microcrystals in the groundmass and phenocrysts 
(up to 10 mm in diam) and composes more than 40 percent 
of the total volume of the rock unit. K feldspar crystals com- 
pose up to 30 vol percent of the total volume of the rock and 
occur both as phenocrysts and in the groundmass. Amphibole 
occurs only as phenocrysts (up to 5 mm in length) and com- 
poses less than 7 percent of the rock. Apatite, quartz, and 
magnetite occur as inclusions in the plagioclase and K feld- 
spar. 

Mineralized dikes are pervasively altered and contain abun- 
dant argillized feldspar and biotitized amphibole phenoerysts 
in an aphanitie groundmass. A small proportion of primary 
biotite is also present. The prealteration modal mineralogy of 
these mineralized dikes is estimated to have been 32 percent 
plagioclase, 30 percent orthoclase, 25 percent quartz, and 14 
percent ferromaguesian and accessory minerals. 

Alteration and Mineralization 

Hydrothermal alteration and mineralization at Sungun are 
centered on the stock and were broadly synchronous with its 
eraplacement (Figs. 3, 4, and 5). Early hydrothermal alter- 
ation was dominantly potassic and propylitic and was followed 
by later phyllic, silicic, and argillic alteration. 
Potassic alteration 

The earliest alteration is represented by potassic mineral 
assemblages developed pervasively and as halos around veins 
in the deep and central parts of the Sungun stock (Figs. 3, 
4, and 5). Potassic alteration is characterized by K feldspar, 
irregularly shaped crystals of Mg-enriched biotite, and anhy- 
drite. This alteration displays a close spatial association with 
mineralization; perhaps as much as 80 percent of the copper 
and all the molybdenum were eraplaced during this alteration 
episode. On average, potassically altered rocks contain 28 
percent plagioclase, 35 percent orthoclase (2 mm to 2 cm in 
diam), 20 percent quartz, 15 percent ferromagnesian minerals 
(mainly biotite, and sericite and chlorite after biotite), and 2 
percent chalcopyrite, pyrite, titanitc, zircon, scheelite, urani- 
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nite, bismuthinite, and rutfie. Petrographic observations and 
electron microprobe analyses indicate the presence of two 
compositionally distinguishable types of biotite with. in this 
alteration zone: primary biotite, which is Fe enriched, brown 
in color, and generally euhedral; and hydrothermal biotite, 
which is mainly pale brown to greenish-brown in color, very 
ragged, and Mg enriched (Table 1). The hydrothermal biotite 
is generally interstitial to feldspar and quartz, and locally 
replaced hornblende and primary biotite phenocrysts. Elec- 
tron microprobe data indicate that some grains of potassium 
feldspar are rimmed by albite (An14), suggesting a later transi- 
tion alteration event. Magnetite is rarely present, except in 
skarns. Relict crystals of secondary biotite are observed almost 
everywhere in the stock, suggesting that potassic alteration 
was initially very extensive but has been subsequently over- 
printed and obliterated by later stages of alteration. 

Quantitative study of whole-rock chemical data indicates 
that the principal mass changes accompanying potassic alter- 
ation were an appreciable addition of K, a small addition of 
Si, and large depletions of calcium and magnesium. These 

reflect the replacement of plagiodase and amphibole by K 
feldspar and biotite, respectively (Hezarkhani, 1997). 

Propylitic alteration 
There is a relatively sharp boundary between the propylitic 

and potassic alteration zones in the deep part of the deposit, 
but at shallow levels this contact is obscured by later phyllic 
alteration (Figs. 4 and 5). Propylitic alteration is pervasive 
and represented mainly by chloritization of primary and sec- 
ondary biotite and groundmass material in rocks peripheral 
to the central potassic zone. Epidote replaced plagiodase, but 
this alteration is less pervasive and intense than chloritization. 
Electron microprobe analyses indicate that the chlorite com- 
position corresponds mostly to that of clinochlore and pyc- 
nochlorite. Minor minerals associated with propylitic alter- 
ation are albite, calcite, sericite, anhydrite (gypsum), and py- 
rite. 

Transition zone alteration 

Potassic alteration is overprinted by a large zone of perva- 
sive transition alteration in the central part of the stock, which 
grades upward into phyllic alteration. Transition alteration is 
characterized by albite replacement of more An-rich plagio- 
clase and by albite rims on orthorase. Minor sericite and 
pyrite also partially replaced plagioclase, biotite, and horn- 
blende. A distinguishing characteristic of this type of alter- 
ation is the white color of the affected rocks. This change of 
color from the original gray to white reflects a strong deple- 
tion of ferromagnesian minerals like hornblende and biotite. 
In contrast to potassic alteration, K was depleted and Ca 
added, probably due to breakdown of K feldspar and addition 
of anhydrite, respectively. Other major elements were rela- 
tively unchanged. The most important change among trace 
elements was the depletion in Cu (Hezarkhani, 1997). 

Phyllic alteration 
The change from transition alteration to phyllic alteration 

is gradual and is marked by an increase in the proportion of 
muscovite. It is difficult to separate transition and phyllic 
alteration because of intense silicification during the latter 
alteration. Phyllic alteration is characterized by the replace- 
ment of almost all rock-forming silicates by sericite and 
quartz, and overprints the earlier formed potassic and transi- 
tion zones. Pyrite forms up to 5 vol percent of the rock and 
occurs in veins and disseminations. Quartz veins are sur- 
rounded by weak sericitic halos. Vein-hosted pyrite is partially 
replaced by chalcopyrite. Silicification was synchronous with 
phyllic alteration and variably affected much of the stock 
and most dikes. This observation is supported by whole-rock 
chemical analyses, which show that Si was added in higher 
proportions than for any other stage of the alteration (Hezark- 
hani, 1997). The rocks were depleted in other major ele- 
ments, except A1 and Mg, to varying degrees. Finally, in con- 
trast to the transition zone, appreciable Cu was added to the 
rock during phyllic alteration. 

Argillic alteration 
Feldspar is locally altered to clay down to a depth of 400 

m, and within 80 m of the erosional surface the entire rock 
has been altered to an assemblage of day minerals, hematite, 
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and quartz. The affected rocks are soft and white colored. 
XRD analyses indicate that kaolinitc is the dominant phyllosil- 
ieate and that it is aeeolnpanied by illitc. The shallow alter- 
ation is interpreted to represent a supergene blanket over 
the deposit and the deeper clay alteration of feldspar may 
have had the same origin. However, the possibility cannot be 
excluded that the latter represents an argillie stage of the 
hypogene alteration. 

Mineralization 

Hypogene copper mineralization was introduced during 
potassie alteration, and to a lesser extent during phyllie alter- 
ation, and exists as disseminations and in veinlet form. During 
potassie alteration, the copper was deposited as ehaleopyrite 
and minor bornitc; later hypogene copper was deposited 
mainly as ehaleopyrite. Hypogene molybdenite was concen- 
trated mainly in the deep part of the stock and is associated 
exclusively with potassie alteration, where it is found in quartz 
veins accompanied by K feldspar, anhydrite, sericite, and 
lesser chalcopyrite (see section on vein classification). The 
concentration of sulfides and copper mineralization increases 
outward from the central part of the stock, with the latter 
generally reaching a maximum of >0.8 wt percent along the 
interface between the potassic and phyllic alteration zones 

and in silicified phyllically altered rocks (Figs. 4 and 5); sulfide 
concentrations, mainly pyrite, are highest in the phyllie alter- 
ation zone. The ratio of pyrite to ehaleopyrite increases from 
4:1 in the outer parts of the potassie alteration zone to 15:1 
toward the margins of the stock. 

At the exposed surface of the deposit, rocks are highly 
altered and the only mineral which has survived supergene 
argillization is quartz. Most of the sulfide minerals have been 
leached, and copper was concentrated in an underlying super- 
gene zone by downward-percolating ground waters. This zone 
is very limited and consists of a thin (up to 45 m) blanket 
containing eovellite, ehaleoeite, and digenite located below a 
thin, intensely oxidized cap. 

Vein Classification 

The Sungun deposit contains a well-developed stockwork 
that is concentrated in the potassie and transition zones (the 
transition zone is actually the outermost part of the potassie 
zone and is characterized by a low content of biotite and 
abundant serieite). On the basis of mineralogy and erosscut- 
ting relationships, it is possible to distinguish four main 
groups of veins representing four episodes of vein formation 
(Fig. 6): (I) quartz + molybdenite + anhydrite _+ K feldspar 
with sporadic pyrite, chalcopyrite, and bornitc; (II) quartz + 
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chalcopyrite + pyrite _ molybdenite; (III) quartz + pyrite 
+ calcite + chalcopyrite _+ anhydrite (gypsum) +_ molybde- 
nite; and (IV) quartz, and/or calcite, and/or gypsum _ pyrite. 

In order to determine the volume percent of each vein 
type in the different alteration zones, we have used the two- 
dimensional method of Haynes (1984). First, we split the 
core (drill core 25) along its axis to expose a rectangular 
surface of dimension 2r x T, where r is the radius of the 
core, and T is the total length of split core. The density of 
all veins in a given core was measured by the sum of the 
lengths of veins which had been exposed in the cut area 
divided by the area. The length of the fracture is a function 
of the radius of the core and the angle with which the fracture 
intersects the core; the area of the rectangle is 2rT (Haynes, 
1984). 

The stockwork system is dominated by group IV and group 
I veins (up to 21 and 24% byvolume of the rock, respectively). 
Group II and group III veins occupy up to 15 vol percent 
and 13 vol percent of the rock, respectively. The proportion 
of the rock occupied by all types of veins averages • 16 vol 
percent. Group I and II veins occur predominantly in the 
potassic alteration zone and are also the most important vein 
groups in the transition alteration zone (Fig. 6). Group III 

and IV veins are dominant in the phyllic and argillic alteration 
zones, respectively. 

Group I veins 

Group I veins are discontinuous, vary in thickness between 
0.5 and 3 mm, and formed during the early fracturing of the 
porphyry stock. Molybdenite is the most important sulfide 
mineral and occurs mainly along vein margins; K feldspar, 
anhydrite, chalcopyrite, bornite, and pyrite occur in the cen- 
tral part of the vein, and less commonly, at the margins. There 
are some traces of bismuthinite (Bi2Sa) in the molybdenite 
grains (Fig. 7a). Pyrite and chalcopyrite partially replace the 
molybdenite. Quartz makes up from 60 to 95 percent of the 
volume of the veins. The veins are surrounded by potassic, 
and less commonly, phyllic and propylitic alteration halos. 

Group II veins 

Group II veins generally crosscut and in places offset the 
group I veins. The most important characteristics of group 
II veins are well-developed sericitic alteration halos and the 
lack of K feldspar. The volume ratio of chalcopyrite to pyrite 
is 2:1. Molybdenite contents vary from traces to less than 5 
vol percent of the vein. The alteration halos are most obvious 
in the potassic alteration zone, where hydrothermal biotite 
in the halo was destroyed. The sericitic alteration halos have 
thicknesses varying between i and 5 min. Vein quartz is 
relatively coarse grained and tends to be oriented perpendicu- 
lar to the walls of the vein. Sulfide minerals are located mainly 
in a narrow discontinuous layer in the vein centers, but in 
some cases the sulfides are disseminated through the quartz. 
Group II veins occur in all alteration zones but are concen- 
trated mainly in the potassic alteration zone. Their thickness 
varies from 3 to 30 ram, and they are generally more continu- 
ous than group I veins. 

Group III veins 

Group III veins crosscut both group I and II veins and in 
some cases offset the earlier formed veins. Group III veins 
are most abundant in the phyllic alteration zone and are 
relatively continuous, commonly layered, and vary in thick- 
ness from 3 to 50 min. Quartz occurs mainly near the vein 
margins with anhydrite, calcite, and sulfide minerals in- 
tergrown in the vein centers. Quartz is relatively coarse 
grained, and locally shows optical zoning (overgrowths). The 
only copper mineral is chalcopyrite, which is observed mainly 
as small blebs and inclusions in pyrite. Early formed anhedral 
to subhedral grains of pyrite are replaced by anhedral grains 
of chalcopyrite (Fig. 7b and c). Group II and III veins appear 
to have a common origin, with group III veins probably hav- 
ing formed by reopening of group II veins. As will be dis- 
cussed in the section on fluid inclusions, primary saline fluid 
inclusions similar to those in group II veins, are present in 
the centers of zoned quartz crystals in group III veins. The 
paucity of chalcopyrite and other copper minerals in group 
III veins suggests that they have been leached by later fluid 
circulating in these veins. 

Group IV veins 

Group IV veins crosscut all the other vein groups and rep- 
resent the youngest vein-forming event in the Sungun stock. 
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TABLE 1. Composition of Magmatie and Hydrothermal Biotite in the Sungun Porphyry Copper Deposit 

Hydrothermal biotite (greenish-brown color) Magmatic biotite (dark brown color) 

Sample no. 25-431 25-431 25-431 25-431 34-477 25-514 34-477 34-163 34-164 34-163 
Drill core 25 25 25 25 34 25 34 34 34 34 

Type 1 K K K K Phc Frs Phc Trn K Trn 

SiO.2 (wt %) 41.29 39.25 39.03 38.74 41.29 38.58 37.27 37.60 38.58 37.27 
TiO.2 2.02 2.17 2.11 3.91 2.02 3.82 4.27 4.95 3.82 4.27 
A1.203 15.05 15.50 15.54 15.53 15.05 14.55 13.53 22.86 14.55 13.53 
FeO '2 2.53 4.17 4.18 4.79 2.53 15.69 16.38 13.51 15,69 16.38 
MnO 0.00 0.04 0.01 0.02 0.00 0,17 0.18 0.06 0.17 0.18 

MgO 23.18 21.50 21.58 21.39 23.18 14.34 14.40 14.39 14.34 14.40 
CaO 0.00 0.00 0.04 0.04 0.00 0.03 0.01 0.13 0.03 0.01 

Na,20 0.14 0.18 0.17 0.20 0.14 0.30 0.30 0.09 0.30 0.30 
K.20 10.51 10.43 10.25 10.34 10.51 9.35 9.41 2.26 9.35 9.41 
F 2.60 1.96 2.10 1.87 2.60 0.38 0.33 0.38 0.38 0.33 

C1 0.04 0.09 0.08 0.07 0.04 0.20 0.17 0.05 0.20 0.17 
Total 97.35 95.29 95.09 96.91 97.35 97.41 96.24 96.29 97.41 96.24 

Number of atoms based on 11 O 

Si 2.77 2.75 2.72 2.68 2.77 2.81 2.77 2.72 2.81 2.77 
Ti 0.10 0.11 0.11 0.20 0.10 0,21 0,24 0.05 0.21 0.24 
A1 1.20 1.28 1,29 1.27 1.20 1.26 1.20 2.02 1.26 1.20 
Fe 0.14 0.24 0,24 0,28 0.14 0,96 1.02 0.84 0.96 1,02 

Mn 0.00 0.00 0.00 0.00 0.00 0,01 0.01 0.00 0.01 0.01 

Mg 2.32 2.23 2.24 2.20 2.32 1,56 1.60 1.37 1.56 1.60 
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 
Na 0.02 0.02 0.02 0.03 0.02 0,04 0.04 0.01 0.04 0.04 

K 0,90 0.93 0.91 0.91 0.90 0.90 0,89 0.21 0.87 0.89 
F 0.55 0.43 0,46 0.41 0.55 0,09 0.08 0.09 0.09 0.08 
C1 0.00 0.01 0,01 0.01 0.00 0.02 0.02 0.01 0.02 0.02 
F/(F + C1) 1.00 0.98 0.98 0.98 1.00 0.82 0.80 0.90 0.82 0.80 
Fe/(Fe + Mg) 0.06 0.10 0.10 0.11 0.06 0.38 0.39 0.38 0.38 0.39 

1 Frs = fresh rock, K = potassic zone, Phc = phyllic zone, Trn = transition zone 
ß 2 FeO = total Fe 

They are very thick (up to 17 cm) and are filled by quartz, and/ 
or calcite, and/or gypsum. Group IV veins are found mainly in 
the propylitic zone, but also occur locally in the phyllic and 
potassic alteration zones. The only sulfide mineral is pyrite, 
which occupies -10 vol percent of these veins. Group IV 

Group I Qz + Ksp + Mo + Anh + Py+ Cp 

Group H Qz + Cp + Py + Brn + Mo 

Group III Qz + Py + Cal + Cp + Anh (Gyp) 

Group IV Qz + Py+ Cal + Gyp 

2O 

o 

Argillic 
Alteration 

Zone 

Phy#ic 
Alteration 

Zone 

Transition 
Alteration 

Zone 

Potassic 

Alteration 
Zone 

-80 -180 -280 ---620 

Approx. Depth (m) , 

•Fresh ' 

Rocks 

FIG. 6. 

groups in each of the alteration zones. 
Diagram showing the volume proportions of the different vein 

veins are usually surrounded by zones of silicification up to 
3 cm wide. 

Fluid Inclusion Studies 

Fluid inclusions are abundant in quartz of all the vein types 
and range in diameter from 1 up to 15/,tin. The majority of 
inclusions examined during this study had diameters of 4 to 
12/,tin. They are also common in quartz phenocrysts, but are 
too small (<3 /,tin) to be analyzed microthermometrically. 
Most of our measurements were conducted on fluid inclu- 

sions in group I and II veins, with a few from group III veins. 
Group IV veins do not contain any workable fluid inclusions. 

Fluid inclusion classification 

Fluid inclusions were classified into three main types based 
on the number, nature, and proportion of phases at room 
temperature. 

LV inclusions consist of liquid + vapor _ solid phases, 
with the liquid phase volumetrically dominant. These fluid 
inclusions are common in all mineralized quartz veins and 
are abundant in group II and III veins. Their diameters range 
from 3 to 12 /,tin. Vapor bubbles are variable in size but 
constitute less than 35 percent of inclusion volumes. The 
inclusions homogenize to liquid. In a small number of LV 
fluid inclusions, a cube of halite (< 1 /,tin in diameter) and 
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FIc. 7. Scanning electron photomicrographs. (a). Molybdenite with as- 
sociated anhedral bisrauthinite and pyrite. (b). Pyrite altered to chalcopyrite. 
(c). Chalcopyrite filling fractures in pyrite. Abbreviations: Bi -- bisrauthinite, 
Cp = chalcopyrite, Mo = raolybdenite, Py -- pyrite, Qtz -- quartz. 

unidentified transparent or opaque minerals (mainly hema- 
tite) were observed. The distribution and volume of solid 
phases are irregular (•5 to • 10%), suggesting that they rep- 
resent trapped solids rather than daughter minerals. 

VL inclusions contain vapor + liquid ___ solid phases. Vapor 
bubbles are variable in size, but in all cases consist of •60 
percent of the inclusion volume. These inclusions mainly ho- 
mogenize to vapor, rarely to liquid, or by critical behavior. 
Most VL inclusions contain only vapor + liquid. However, 
some inclusions contain a single solid phase which is either 
halite or an unidentified mineral, probably also trapped. 

LVHS inclusions are multiphase and consist of liquid + 
vapor + halite + other solids. Based on the number and type 
of the solids, we have further classified LVHS fluid inclusions 
into three subtypes. Subtype S1 inclusions are characterized 
by the presence of halite + chalcopyrite ñ anhydrite ñ a K- 
Fe-C1 phase (identification of this mineral is discussed below). 
Halite, anhydrite, and chalcopyrite have consistent phase ra- 
tios and are interpreted to be daughter minerals. Vapor bub- 
bles occupy •25 percent of the inclusion by volume. Subtype 
S•. inclusions contain sylvite in addition to the phases in S• 
inclusions. The solid phases occupy •60 percent of inclusion 
volumes, and the vapor bubbles •20 percent. Subtype Sa 
inclusions contain halite, which is commonly accompanied by 
hematite, but they do not contain chalcopyrite, sylvite, and 
the K-Fe-C1 phase. The volume of the solid phases is typically 
•40 percent of the inclusions and the bubble volumes range 
between 20 and 60 percent. 

Solid phases in fluid inclusions 
Halite and sylvite in the inclusions were identified by their 

cubic and subcubic shapes and optical isotropy. The identifi- 
cation was confirmed by SEM-EDAX analyses which yielded 
peaks for Na/C1 and K/C1, respectively. Sylvite was distin- 
guished from halite by its rounded edges and lower relief; it 
also dissolves at lower temperatures. Halite crystals are gener- 
ally larger and more common than those of sylvite and have 
a well defined habit. Chalcopyrite was identified on the basis 
of its optical characteristics (opacity and triangular cross sec- 
tion) and composition in opened inclusions (SEM-EDAX 
analyses yielded peaks for Cu, Fe, and S). Anhydrite forms 
transparent anisotropic prisms (Fig. 8a) and was shown by 
SEM-EDAX analyses to consist only of Ca and S (elements 
lighter than F could not be analyzed). Hematite was easily 
identified from its red color, hexagonal shape, extremely high 
index of refraction, and high birefringence (this identification 
was confirmed by SE M-EDAX analyses on opened inclusions, 
which only produced a peak for Fe). A transparent, colorless 
to pale green solid with a rounded shape and strong birefrin- 
gence, which dissolves at •200øC, was shown by SEM-EDAX 
analyses to consist of K, Fe, and C1. This solid could be the 
K-Fe chloride, erythrosiderite (K•.FeCI• ß Xi•o). 

Distribution of fluid inclusions types 
The Sungun intrusions have undergone repeated episodes 

of fracturing and healing, with multiple generations of fluid 
inclusions representing the evolution of hydrothermal fluids 
and corresponding alteration and mineralization. 

LV inclusions are found in all vein groups but occur in 
variable proportions. They are most abundant in the group 
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FIG. 8. Scanning electron photomicrographs of daughter minerals from 
decrepitated quartz-hosted fluid inclusions. (a). Group II quartz veins; An 
= anhydrite and Ha = halite. (b). Group I quartz veins; accumulations of 
both halite and sylvite crystals. 

II and III veins and are rare in group I veins. Most LV 
inclusions are distributed along healed fractures and are sec- 
ondary. 

VL inclusions are found in quartz phenocrysts from fresh 
rocks and in group I, II, and III quartz veins. Some of these 
inclusions occur in growth zones in group I and II quartz 
veins, where they are accompanied by LVHS fluid inclusions, 
indicating that at least some of them are primary. VL inclu- 
sions are generally elongate and have rounded ends, but some 
have negative crystal shapes. Some of the VL inclusions have 
variable liquid-vapor ratios and may have formed from the 
necking-down of LVHS inclusions or heterogeneous entrap- 
ment of liquid and vapor. 

LVHS inclusions up to 10 pm in diameter are found in all 
veins, from the deepest, potassically altered part of the stock 
(group I and II veins) through to the shallow-level veins. At 
shallow levels (group III veins), most of the LVHS inclusions 
are of subtype Sa, but at deeper levels (mainly group I and 
II veins), subtypes S1 and S2 predominate. Up to seven solid 
phases have been observed in a single LVHS inclusion. The 
coexistence of LVHS inclusions (mainly LVHS• and LVHSa) 
and vapor-rich inclusions with consistent phase ratios in the 
growth zones of quartz grains from potassic and phyllic alter- 
ation zones suggests a primary origin and coexistence of two 
immiscible aqueous fluids. 

Fluid inclusion population I: LVHS•, LVHS2, and VL fluid 
inclusions occur in group I and II quartz veins from the 
potassically altered zone (35-500 m below the present ero- 
sional surface), but are rare at shallow levels in the phyllic 
alteration zone. In group I veins, LVHS• and LVHS• fluid 
inclusions commonly form isolated clusters in the cores of 
quartz grains. VL inclusions commonly occur along micro- 
fractures, but they are also present in clusters with LVHS1 
fluid inclusions. LVHS1, LVHS•, and VL fluid inclusions, 
which have been identified in quartz from group II and III 
veins in phyllic alteration zones at shallow levels, may be 
relics of earlier potassic alteration. These three fluid inclusion 
types are interpreted to represent the eadiest episode of fluid 
entrapment in the deposit. 

Fluid inclusion population II: At shallower levels, in the 
phyllic alteration zone, there is a close spatial association of 
solid-rich LVHSa and VL fluid inclusions. They are found 
together in growth zones but occur mainly along healed frac- 
tures. This population of inclusions is spatially associated with 
LV inclusions, especially in group III veins, although clearly 
the latter must have been trapped separately from the LVHSa 
inclusions, if, as discussed later, halite is a daughter mineral. 
The relative timing of entrapment of the two inclusion types 
is unclear. 

Fluid inclusion population IH: LV fluid inclusions occur in 
all vein groups but are most common in group II and III 
veins from phyllic and propylitic alteration zones. They are 
clearly located along fracture' planes and are secondary in 
origin. LV inclusions appear to represent a later stage fluid 
that circulated in the intrusion. 

Fluid inclusion microthermometry 
Microthermometric studies were carried out on 25 samples 

of quartz from group I, II, and III veins. Temperatures of 
phase changes in fluid inclusions were measured with a 
FLUID, Inc., U.S.G.S.-type gas-flow stage which operates by 
passing preheated or precooled N• gas around the sample 
(Werre et al., 1979). Stage calibration was performed using 
synthetic fluid inclusions. Accuracy at the standard reference 
temperatures was _0.2øC at -56.6øC (triple point of CO•), 
+_0.1øC at 0øC (melting point of ice), +__2øC at 374.1øC (critical 
homogenization of H20), and +__9øC at 573øC (alpha to beta 
quartz transition). The heating rate was approximately 1øC/ 
min near the temperatures of phase transitions. 

Low-temperature phase changes: The temperatures of ini- 
tial (Te) and final melting (Tmi•e) of ice were measured on 
type LV, VL, and LVHS fluid inclusions. In the case of type 
VL inclusions, Te was difficult to determine because of the 
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high vapor/liquid ratios. Clathrate formation was not observed 
in any of the inclusions, which rules out the presence of 
significant CO2. The crushing of quartz under anhydrous glyc- 
erine confirmed this conclusion; the vapor bubble collapsed 
during crushing in all but a few inclusions, and in the latter 
inclusions, the bubble size was unchanged or increased 
slightly, indicating that the maximum pressure of incondensi- 
ble gases was -1 bar. 

The temperatures of initial ice melting (Te) of most LV 
fluid inclusions are between -25 ø and -16øC (Fig. 9), sug- 
gesting that NaC1 _ KC1 are the principal salts in solution. 
The Tinice values for these inclusions range from - 1 ø to - 10øC 
(Fig. 10), corresponding to salinities of 1.7 to 14 wt percent 
NaC1 equiv, respectively (Sterner et al., 1988). A small pro- 
portion of LV inclusions in quartz phenocrysts in shallow 
dikes have Te between -25 ø and -39øC, suggesting the pres- 
ence of appreciable CaC12, FeCI•, or MgCI• in addition to 
NaC1 and KC1. The Tmic• values for LV fluid inclusions in 
group I quartz veins range from -1.3 ø to -8.1øC, correspond- 
ing to a salinity of 2.3 to 9.6 wt percent NaC1 equiv (Sterner 
et al., 1988); in group II quartz veins they range from -1.2 ø 
to -10.5øC, corresponding to a salinity from 2.1 to 14.5 wt 
percent NaC1 equiv; and in group III quartz veins they range 
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F•o. 9. Histograms of eutectic temperatures for LV, VL, and LVHS fluid 
inclusions from mineralized quartz veins. 

from -2.1 to -12.3øC corresponding to a salinity from 3.5 
to 16.3 wt percent NaC1 equiv (Table 2). The salinity data 
discussed above ignore a small number of LV inclusions 
which contain cubes of halite that are interpreted to have 
been entrapped with the fluid. 

The T• values of VL fluid inclusions range from -48 ø to 
-18øC with a mode of ca. -26øC, suggesting that Na and K 
are the dominant cations in the solution but that there are 

significant concentrations of divalent cations. The Tm,c• value 
for these inclusions varies from -0.5 ø to -14.9øC, which 
corresponds to a salinity between 0.8 and 18.5 wt percent 
NaC1 equiv. The low T• (-31 ø to -46øC) for some of the VL 
inclusions in group I and II veins could indicate that these 
inclusions are the product of necking down of LVHS inclu- 
sions or heterogeneous entrapment (see below). 

Owing to the small volume of liquid in LVHS fluid inclu- 
sions, it is difficult to measure T• and the melting temperature 
of hydrohalite (T,,..). The eutectic temperatures that could 
be measured in group I and II veins (LVHS• and LVHS•) 
range from -30 ø to -64.4øC, suggesting important concen- 
trations of Fe, Mg, Ca, and/or other components in addition 
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to Na and K in this type of inclusion (Fig. 9). Eutectic temper- 
atures for the CaC12-H20, NaC1-CaC12-H,, and FeC13-H, 
systems are -49.8 ø, -52 ø, and -55øC, respectively (Linke, 
1965), and could explain the low first melting temperatures 
observed for some of the LVHS inclusions. TmHH values vary 
between -5 ø and -32øC in LVHS inclusions (Fig. 10). SEM- 
EDAX analyses of the residues of decrepitated fluid inclu- 
sions showed that Fe and Ca are more abundant than Mg 
(discussed later). 

LVHS fluid inclusions (subtype LVHS3) in group III vein 
quartz yielded distinctly different microthermometric data 
froin those of LVHS1 and LVHS,inclusions in group I and 
II veins. The eutectic temperatures vary from -29 ø to -43øC 
and the hydrohalite melting temperature varies between -2 ø 
and -13øC (Fig. 10). 

High-temperatures phase changes: LV fluid inclusions ho- 
mogenize to liquid (ThL+v•L) at temperatures between 240 ø 
and 330øC, with a well-defined mode atThL of --270øC for 
groups I and II, and 300øC for group III mineralized quartz 
veins (Fig. 11). Ahnost all VL inclusions homogenize to vapor 
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FIG. 11. Histograms of homogenization temperatures for LV, VL, and 
LVHS fluid inclusions from mineralized quartz veins. 

(ThL+v•v) between 320 ø and 500 øC. VL inclusions froin group 
III veins holnogenize at telnperatures between 375 ø and 
535øC (Fig. 11), but solne of the VL inclusions from group 
II veins exhibit no changes until the telnperature is within 
•30øC of the homogenization temperature; the vapor then 
rapidly expands to fill the inclusion, indicating a near-critical 
density fluid (cf. Roedder, 1984). 

The liquid and vapor phases in LVHS1 and LVHS2 inclu- 
sions from group I veins homogenize to liquid at tempera- 
tures between -280 ø and -500øC (Fig. 11) and between 
•260 ø and -460øC in group II veins. The liquid-vapor ho- 
mogenization temperature for LVHS3 inclusions is from 
--220 ø to --420øC in group I and II veins and -220 ø to 
-390øC in group III veins (Fig. 11). The first mineral to 
dissolve in LVHS2 inclusions is sylvite, at temperatures be- 
tween 55 ø and 119øC (group I and II veins). The K-Fe chlo- 
ride phase (LVHS1 and LVHS2) dissolves between 200 ø and 
256øC, and halite in these inclusions dissolves between 280 ø 
and 498øC (group I and II veins). Salinities based on the 
halite dissolution temperature range froin 36 to 60 wt percent 
NaC1 equiv (Sterner et al., 1988; Fig. 12). The halite dissolu- 
tion temperatures for LVHS3 inclusions are 230 ø to 450øC in 
group I and II quartz veins. The halite dissolution tempera- 
tures (Tmh•e) in LVHS• inclusions in group III quartz veins 
are 198 ø to 351øC which correspond to salinities of 31 to 42 
wt percent NaC1 equiv with an average of 34 wt percent NaC1 
equiv (Table 2). 

Most LVHS• inclusions (group I and II veins) and LVHS• 
inclusions in group I and II veins homogenized by vapor 
disappearance (Fig. 13). By contrast LVHS•2 inclusions (group 
I and II veins) homogenized mainly by halite dissolution. 
LVHS• inclusions in group III veins homogenized by other 
vapor disappearance or halite dissolution (Fig. 13). Anhydrite 
and ehaleopyrite did not dissolve on heating to temperatures 
in excess of 600øC. 

Compositional trends in the system NaC1-KC1-H20 
The compositions of LVHS2 inclusions, when modeled in 

the system NaC1-KC1-H20, appear to define a linear trend 
(Fig. 14) similar in many respect to the halite trend of Cloke 
and Kesler (1979) but directed more strongly toward the 
H20 apex than in other porphyry systeins (e.g., Eastoe, 1978; 
Ahmad and Rose, 1980; Wilson et al., 1980). The slope corre- 
sponds to a K/Na ratio of approxiinately 0.26, although it 
should be cautioned that this provides a very rough estimate 
of the coinposition of the fluid as it ignores the possible 
effects of other ions on the solubility of halite and sylvite. 
The absence of sylvite in LVHS1 and LVHS3 inclusions is 
evidence for a K/Na attonit ratio of <0.2 (Roealder, 1984), 
which is supported by SEM-EDAX analyses on decrepitares 
from these inclusions (see below). 

Decrepitate compositions 

Residues from deerepirated fluid inclusions were analyzed 
using the procedures of Haynes et al. (1988). Ten cleaned, 
doubly polished thin sections were heated rapidly to a tem- 
perature of 450øC, which was sufficient to cause inost inclu- 
sions to decrepitate and low enough to avoid significant loss 
of volatile cmnponents (Fig. 8a and b). The sections were 
analyzed using a JEOL JSM-840A scanning electron micro- 
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F•c. 12. Histograms of salinities (wt % NaCI equiv) from microthermo- 
metric data for LV, VL, and LVHS fluid inclusions in mineralized quartz 
veins. 

scope equipped with a Tracor Northern energy dispersive X- 
ray spectrometer in raster mode. Analyses in which the sum 
of eation charges differed by < 15 percent from the sum of 
anion charges were considered reliable and are reported in 
Table 3. 

The following elements were present in appreciable con- 
centrations in the residues: Na, Ca, K, Fe, Mg, C1, and S. 
Only C1, however, was consistent in its concentrations among 
the various residues analyzed. Other elements varied by at 
least a factor of two (e.g., Na), and in some eases (e.g., Ca), 
ranged from 0 to >20 wt percent. Copper is present only in 
residues from LVHS2 inclusions. In general Na + is the domi- 
nant eation in residues from all three solid-bearing inclusion 
types. However, in LVHS• deerepitates, the atomic propor- 
tion of Ca 2+ approaches and in some cases exceeds that of 
Na +. Next to Na +, Ca •+ is the most important eation in 
LVHS1 inclusions and has high but variable concentrations 
in LVHS2 inclusions. The concentration of K +, as expected, 
is highest in LVHS2 inclusions and among the other eations 
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FIG. 13. Liquid-vapor homogenization temperature vs. halite dissolution 
temperature for halite-bearing fluid inclusions (all LVHS inclusions) in min- 
eralized quartz veins. 

is exceeded only by that of Na +. In these inclusions the K/ 
Na ratio ranges from 0.18 to 0.73 and has a mean value of 
0.36; the K/Na ratio determined mierothermometrieally from 
the dissolution of sylvite and halite ranges between 0.19 and 
0.35 (see earlier discussion). The K/Na ratios of LVHS1 and 
LVHS3 inclusions are 0.03 to 0.15 and 0.07 to 0.24, respec- 
tively. 

The molalities of the above elements were calculated with 

the aid of mierothermometrieally estimated salinities and are 
presented in Table 3. Of particular interest is the unusually 
high molality of S, which varied from 0.35 to 0.44 in LVHS1, 
0.15 to 2.18 in LVHSz, and 1.25 to 2.41 in LVHS3 inclusions. 
Some of the high S molalities may reflect contamination with 
anhydrite. However, even inclusions with little or no Ca con- 

30 ,••C[•• 3o 

NaCl 30 s0 .0 KCl 

F[G. 14. An NaC1-KC1-HaO phase diagram sho•ng the compositions 
LVHSa fluid inclusions determined [rom the dissolmion o[ h•ite and syl•te 
(phase •agram alter Roedrier, 1984). 
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T^m,E 4. Oxygen Isotope Results of the Mineralized 
Group Quartz Veins 

Vein Alteration Yield 6•SO 

Sample no. Mineral type type values (%0) 

25-437 Quartz I Potassic 16.5 9.5 
25-466 Quartz I Potassic 16.9 9.5 
25-487 Quartz I Potassic 15.9 9.5 
34-498 Quartz II Transition 16.2 10.1 
36-213 Quartz III Phyllic 16.0 10.3 

tain up to 0.6 m S. The molality of Cu varied from 0.02 to 
0.06 and compares favorably with estimates of 0.02 to 0.04 
m obtained by relating the volume of the daughter mineral 
to the volume of fluid in eight LVHS2 inclusions. 

Stable Isotope Geochemistry 
Oxygen isotopes 

Oxygen isotope analyses were conducted on five samples 
of quartz from group I, II, and III veins in the potassic, 
transition, and phyllic alteration zones (Table 4). Quartz 
grains were separated using both heavy liquid and hand- 
picking methods. The •SOfi60 ratios were determined by D. 
Pezderic at the Department of Geological Sciences, Univer- 
sity of Saskatchewan, employing methods similar to those 
described by Sheppard and Taylor (1974). The values are 
precise to a level of 0.1 per mil. The •5•SO values of quartz 
are the same (9.50/00) in all samples (3) from the potassic 
alteration zone (group I veins) and are slightly higher for the 
transition (group II veins) and phyllic (group III veins) zone 
samples at 10.1 and 10.3 per mil, respectively. The corre- 
sponding •5180 values for the fluids in group I and II quartz 
veins are 6.5 to 7.1 per mil, assuming an average temperature 
of vein formation of 450øC, and 5.2 per mil in group III quartz 
veins assuming an average temperature of 360øC (discussed 
later). These values are consistent with a dominantly mag- 
matic source for the vein-forming fluids. It should be noted, 
however, that the group III veins are interpreted to represent 
reopened group II veins, and it is thus possible that the •51SO 
values for the group III vein samples are related to their 
earlier history. 

Sulfur isotopes 
Sulfur isotope analyses were performed on 15 pyrite, anhy- 

drite, chalcopyrite, and molybdenite samples separated from 
group I, II, and III veins. Mineral separation was performed 
by heavy liquids and by handpicking. The purity of the sepa- 
rated minerals was confirmed by examination with a binocular 
microscope. The analyses were performed at the Stable Iso- 
tope Laboratory at the University of Ottawa and have a preci- 
sion of 0.1 per mil. 

Sulfur isotope data are reported in Table 5. Although the 
data are limited, there is no evidence that any of the minerals 
vary systematically in isotopic composition with respect to 
mineral paragenesis or alteration. The four molybdenite sam- 
ples analyzed have (534S values between -0.3 and -2.0 per 
mil, the three chalcopyrite samples have 604S values of- 1.4 
to -1.6 per mil, the five pyrite samples have (534S values 
ranging from -0.5 to -3 per mil, and the two anhydrite 

+1 +1 +1 +1 

+1 +1 +1 +1 
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samples have nearly identical 1•348 values of 11.6 and 11.8 per 
mil. In the group I and II veins, the textural relationships 
between the sulfide (i.e., pyrite, chalcopyrite, and molybde- 
nite) and anhydrite show that they have been coprecipitated. 
For group I veins, the only mineral pairs for which data 
are available from which to calculate temperature are pyrite- 
molybdenite, anhydrite-pyrite, and anhydrite-molybdenite. 
The temperatures calculated from •5a4S for anhydrite-pyrite, 
anhydrite-molybdenite, and anhydrite-chalcopyrite pairs 
from the group I veins using the fractionation equations given 
in Barnes (1979) range from 450 _+ 10 ø to 485 _+ 10øC. The 
•534S value for molybdenite-pyrite is too small to permit reli- 
able calculation of temperature. Trapping temperatures of 
primary fluid inclusions in group I quartz veins vary between 
330 ø _+ 10 ø and 500 ø _ 10øC. The isotopic temperatures from 
S isotope geothermometry are therefore in good agreement 
with the fluid inclusion data and suggest attainment of sulfur 
isotope equilibrium (Fig. 15). Unfortunately •5a4S data for 
group II veins were restricted to values for chalcopyrite and 
pyrite from separate samples, and a temperature for these 
veins could not be calculated. However, the •534S values are 
very similar to those for the corresponding minerals in group 
I veins, suggesting that temperatures were also similar. Anhy- 
drite-pyrite, anhydrite-chalcopyrite, and pyrite-chalcopyrite 
pairs for group III veins yielded temperatures of 450 ø +__ 10øC, 
470 ø _+ 10øC, and 360 ø _ 10øC, respectively. We interpret 
this disagreement to reflect earlier deposition of anhydrite as 
a higher temperature group II vein mineral in a vein that 
was subsequently reopened to allow entry of group III vein- 
forming fluids. This interpretation is supported by textural 
relationships which suggest that the sulfide minerals were 
precipitated later than the anhydrite. 

Discussion 

Pressure-temperature conditions 
The maximum pressure of fluid entrapment can be calcu- 

lated from the estimated thickness of the overlying rock col- 

umn at the time of intrusion, which at Sungun is estimated 
to have been between 1.5 and 2.0 km. The latter represents 
-•500 m of Cretaceous limestone, plus 1,000 to 1,500 m of 
lower Tertiary volcanic, volcanoelastic, and related sedimen- 
tary rocks. This corresponds to a lithostatie pressure of 400 
to 500 bars (assuming an average rock density of 2.7 g/em 3) 
and a hydrostatic pressure of 150 to 200 bars (assuming a 
fluid density near 1 g/em3). 

Estimates of the temperatures of fluid entrapment can be 
made from the mierothermometrie and sulfur isotopee data. 
In the ease of LVHS inclusions the mierothermometrie data 

also permit independent estimates of pressure. As discussed 
earlier, the various fluid inclusion types are interpreted to 
represent three populations which, in principle, could have 
been trapped under different pressure-temperature condi- 
tions. LVHSt fluid inclusions occur with VL inclusions in 
group I quartz veins associated with potassie alteration, and 
together with LVHS2 fluid inclusions, define fluid population 
I. The homogenization temperatures for type LVHS1 inclu- 
sions (generally ThL_v > Tmhahte) vary between 330 ø and 
--•500øC, and for coexisting VL inclusions, between 400 ø and 
500øC (Fig. 16); LVHS2 inclusions homogenize at tempera-. 
tures from 280 ø to 500øC (generally ThL_v < Tmhahte)' Similar 
temperatures are predicted by the sulfur isotopec data (Fig. 
15). At these temperatures the maximum pressure for the 
coexistence of these two fluid inclusion types (bubble point 
curve) is approximately 300 to 400 bars. On the other hand, 
the existence of LVHS fluid inclusions with Tmh•i,• >> 
ThL_v (mainly LVHS2) implies that pressure was locally or 
temporarily much higher, assuming that the high values of 
Tmhalit e do not reflect accidental trapping or metastable dissolu- 
tion of halite (cf. Chivas and Wilkins, 1977). If a single outlier 
is excluded, the pressures estimated for inclusions with 
Tinhalite > > ThL_v range as high as 800 bars, which exceeds the 
lithostatic pressure of 400 to 500 bars. We therefore propose 
that fluid pressure exceeded lithostatic pressure and that pres- 
sure generally oscillated between 150 to 200 bars (hydro- 
static) and >500 bars in response to repeated cracking and 
sealing of the rock at a temperature of --•450øC. 

LVHS3 and VL inclusions are spatially associated in the 
higher levels of the deposit (phyllic alteration zone) where 
they are interpreted to constitute fluid inclusion population 
II. In group I and II veins, LVHS3 inclusions homogenize 
by vapor disappearance after halite dissolution at a modal 
temperature of 350øC. Based on data from Sourirajan and 
Kennedy (1962) and Chou (1987) for the NaC1-H20 system, 
the corresponding fluid pressure was --0200 bars. VL inclu- 
sions (vapor rich) homogenize to a vapor at between 380 ø and 
520øC, i.e., at significantly higher temperatures than LVHS3 
inclusions. We attribute this to heterogeneous entrapment of 
liquid and vapor during boiling. In group III veins, the LVHS3 
inclusions homogenize at temperatures <300øC by both va- 
por disappearance and halite dissolution. Fluid II was thus 
trapped at considerably lower temperatures than fluid I 
(-•350 ø vs. 350ø-500øC) and underwent cooling with the de- 
velopment of a progressively more open fracture system rep- 
resented by group III veins. The pressure was dominantly 
hydrostatic (150-200 bars). 

Fluid inclusion population III is represented by secondary 
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LV fluid inclusions, which occur largely in group II and group 
III veins and homogenize to liquid at temperatures between 
'240 ø and 330øC. Using the data of Chou (1987), the minimum 
corresponding pressure is between •30 and •120 bars. 
Fluid evolution 

The high trapping temperatures (350 ø to >500øC) and high 
salinity of LVHS1 and LVHS.• fluid inclusions suggest that 
fluid population I probably represents an orthomagmatie 
fluid. We propose that this fluid exsolved as a high-density 
phase from a diorite-granodiorite magma (the solidus temper- 
ature of this magma and eraplacement pressure are above 
the critical point curve for high-salinity fluids in the system 
NaC1-KC1-H,20), and subsequently saturated with halite and 
boiled. Furthermore, we propose that the LVHS,2 fluid inclu- 
sions generally represent the preboiled fluid, and the LVHS• 
and VL inclusions, the high- and low-density products of 
boiling, respectively. 

The conclusion that LVHS,2 fluid inclusions represent the 
preboiled fluid is based on the fact that their compositions, 
as discussed previously, delineate a so-called halite trend on 
an NaC1-KC1-H,20 diagram (Fig. 14), similar to those re- 
ported for other porphyry copper deposits (e.g., Eastoe, 1978; 

Ahmad and Rose, 1980; Wilson et al., 1980; Quan et al., 
1987). These trends have been interpreted by Cloke and 
Kesler (1979) as being due to early saturation of the fluid with 
halite and subsequent trapping of the fluid over an interval of 
cooling. We propose that this was also the case for the LVHS2 
fluid inclusions, i.e., that they were largely trapped before 
the onset of widespread boiling. However, the displacement 
of the trend toward the H.20 apex and the existence of LVHS2 
fluid inclusions which homogenize by vapor disappearance 
suggest that there was some boiling even at this early stage 
of fluid evolution. The halite trend, represented by fluid inclu- 
sions that homogenize by halite dissolution, is described by 
the path M-N-O in Figure 17. Liquids trapped between 
points N and O would be on the halite trend because they 
are in equilibrium with halite. By contrast, LVHS2 fluid inclu- 
sions, which homogenize by vapor disappearance (ThL_v•L > 
T,,•,•,,•,), probably record sudden lowering of pressure from 
M-N-O along N-P or N-Q (isothermal) and boiling. This 
decompression most likely occurred episodically due to fluid 
overpressuring (recorded by LVHS.2 fluid inclusions which 
appear to have been trapped at pressures greater than lith- 
ostatic; see previous section), hydrofracturing, and resultant 
sharp changes from supralithostatic to hydrostatic conditions. 
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Our interpretation that LVHS1 fluid inclusions are the prod- 
ucts of boiling is supported by the facts that they almost invari- 
ably homogenized by vapor disappearance and that they are 
commonly associated spatially with VL inclusions. We conclude 
that LVHS1 and VL fluid inclusions record a later stage in the 
evolution of the Sungun hydrothermal system than that of the 
LVHS•. fluid inclusions, i.e., a stage when conditions were closer 
to hydrostatic and fluid I bofied extensively. 

We propose that the soume of fluid population II (LVHS3 
and VL fluid inclusions) was also mainly orthomagmatie (high 
salinity), but that this fluid circulated at lower temperature 
than fluid I (•350øC vs. 350ø-500øC) and mixed with an 
external fluid. Mixing is suggested by the high concentrations 
of Ca measured in residues of decrepitated inclusions; these 
could have been introduced from the surrounding limestones. 
This is also suggested by a weak trend from higher tempera- 
ture and higher salinity to lower temperature and lower salin- 
ity in going from LVHS3 to LV fluid inclusions (Fig. 16). 
Coexistence of LVHS3 fluid inclusions (which homogenize 
largely by vapor disappearance) with VL fluid inclusions indi- 
cates that fluid II boiled extensively. 

Fluid III (LV inclusions) circulated mainly in group II and 
III veins at temperatures from 330 ø to 240øC. We propose that 
the soume of fluid III was mainly meteoric water and that it 
mixed to variable degrees with magmatie fluids. This conclusion 
is based on the decrease in salinity from 18 wt percent down 
to i wt percent NaC1 equiv (Fig. 16) in LV fluid inclusions and 
the corresponding decrease in homogenization temperature. 

Fluids II and III commonly occur together in group II and 
III veins. We interpret this to record the downward move- 
ment of fluid III (dominantly meteoric), which initially was 
at conditions indicated by point X in Figure 17, and its subse- 
quent evolution along a path of increasing temperature due 
to mixing with orthomagmatic fluids, which originated at 
point M. At point Y the fluid reached its maximum depth 
and subsequently ascended along an adiabatic cooling curve 
(Y-Z). 

The fluid inclusion data discussed above indicate that there 

was a general decrease in temperature and salinity with time 
in the fluid responsible for ore deposition. Homogenization 
temperatures of fluid inclusions decrease from around 500øC 
in group I veins to about œ40øC in group III veins, and the 
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salinity of LVHS fluid inclusions decreases from 55 wt per- 
cent NaC1 equiv in group I veins to 33 wt percent equiv in 
group III veins; the salinity of LV inclusions decreases from 
18 to 1 wt percent NaC1 equiv. These changes in fluid temper- 
ature and salinity reflect the cooling of a saline aqueous fluid 
exsolved from a diorite-granodiorite magma, and its subse- 
quent boiling and mixing with meteoric waters as conditions 
evolved from being dominantly lithostatie to dominantly hy- 
drostatic. 

Alteration and mineralization 

The presence of molybdenite and anhydrite in group I 
veins, chalcopyrite and anhydrite in group II veins, and chal- 
copyrite and anhydrite in LVHSt and LVHS2 inclusions from 
group I and II veins suggests that fluid I was responsible for 
the transport and eventual deposition of Mo, Cu, Fe, and S. 
Molybdenite formed at the margins of the group I veins, 
where its deposition was probably controlled by the tempera- 
ture decreasing from -520 ø to -450øC. If Mo was trans- 
ported as the complex KMoO4 ø, it is also possible that deposi- 
tion occurred due to destabilization of this complex as a result 
of the transfer of K + to the surrounding potassic alteration 
halos (Nast and Williams-Jones, 1991). The cooling (and K + 
transfer) stabilized K feldspar at the expense of plagioclase, 
and biotite at the expense of hornblende; the K/Na ratio was 
approximately 0.3. The rarity of chalcopyrite in group I veins 
and its abundance in group II veins indicates that physico- 
chemical conditions only became appropriate for bulk Cu 
deposition during formation of group II veins, i.e., after some 
evolution of the hydrothermal system. The occurrence of 
anhydrite in the hypogene mineral assemblage can be ex- 
plained by the hydrolysis of SO2 upon cooling: 4SO2 + 4H20 
= 3H2SO4 + H2S. Thus, the breakdown of SO2, which is 
believed to occur around 400øC (Burnham, and Ohmoto, 
1980; Burnham, 1981), is a possible source for both sulfate 
(to form anhydrite) and sulfide (to form molybdenite, pyrite, 
and chalcopyrite). 

A fluid of mainly mixed meteoric and magmatic origin cir- 
culated later in the central part of the stock, at temperatures 
up to 420øC. Late fractures, or reopened veins, provided the 
pathways for this fluid to circulate in the system. It is pro- 
posed that the low K/Na ratio (<0.2) and relatively high 
temperature of this fluid caused destabilization of the pre- 
viously formed K feldspar in the potassic alteration zone and 
its replacement by albite (transition zone). The fluid also 
dissolved earlier formed copper sulfide minerals (higherfo2) 
and remobilized Cu to the upper levels of the intrusion. There 
it boiled causing extensive sericitization and silicification, and 
reprecipitation of the Cu as chalcopyrite all in response to 
the resultant cooling. During potassic alteration and main- 
stage Cu-Mo mineralization, (380ø-520øC), the peripheral 
part of the stock was altered propylitically at lower tempera- 
tures (240ø-420øC). The circulation of fluid III, which did 
not penetrate into the hotter central part of the intrusion, 
caused this alteration zone. This fluid also may have caused 
some of the argillic alteration, in which almost all the feldspars 
were altered to kaolinitc and other clay minerals. 

Conclusions 

The multiple intrusions of dioritic and granodioritic to 
quartz-monzonitic rocks at Sungun indicate a long-lived intru- 

sive episode associated with repeated fracturing and hydro- 
thermal activity. Mineralogical, fluid inclusion, and isotopic 
analyses from the deposit indicate three distinct hydrothermal 
fluids. The first hydrothermal fluid caused potassic alteration 
and Cu _ Mo mineralization. This fluid was characterized by 
high temperatures and moderate to high salinities, and was 
probably magmatically derived. It was responsible for the 
wide distribution of group I and II mineralized quartz veins, 
at temperatures ranging from 380 ø to 520øC, and boiled epi- 
sodically. The data from oxygen isotope analyses suggest a 
magmatic source for the corresponding hydrothermal miner- 
alization in those veins. The second hydrothermal fluid (fluid 
II) was formed mainly by the mixing of magmatic fluid, at 
moderate to low temperatures (up to 420øC), with a predomi- 
nantly meteoric fluid (fluid III), and also boiled. This fluid 
was responsible for the transition and sericitic alteration zones 
in the lower and upper portion of the stock, respectively, and 
also remobilized Cu upward. The third hydrothermal fluid 
(fluid III) consisted of low-temperature, low- to moderate- 
salinity (1-18 wt % NaC1 equiv) oxidized meteoric water, 
which was responsible for peripheral propylitic alteration in a 
zone outside the core ofpotassically altered rock, and possibly 
argillic alteration when it was allowed to penetrate into the 
system. Final supergene enrichment of copper minerals was 
very limited and consists of a thin blanket (up to 45 m) con- 
taining covellite, chalcocite, and digenite, located below an 
intensely altered cap. 
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