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Abstract The Kighal porphyry Cu—Mo prospect is located to
the north of Varzeghan, NW Iran. It is hosted by a quartz
monzonite porphyry stock that intruded Eocene volcanic
rocks. Hydrothermal activity and associated liquid—vapor im-
miscibility caused hydro-fracturing and generation of various
kinds of quartz—sulfide veinlets. Almost all quartz crystals
within these veinlets are fluid inclusion-rich. The entrapped
fluids are of four main compositional types: mono-phase
vapor-rich, two-phase liquid-rich, two-phase vapor-rich, and
multiphase (L +V+S). Based on microthermometric studies
of fluid inclusions, the salinity ranges from 1.4 to 70 wt%
NaCl equivalent, while most of the values cluster between 35
and 70 wt% NaCl equiv. The Ty values of two-phase inclu-
sions homogenizing into liquid and vapor states range be-
tween 180-440 and 360-540 °C, respectively. Most of the
multiphase inclusions homogenize by halite dissolution with
T'mnacyy varying from 360 to 600 °C, while some of them
homogenize by simultaneous disappearance of halite and
vapor which show a wider range of 7'y (300-600 °C). Inclu-
sions with T'yaciy® T'ha-vy and higher salinity values may
have suffered necking down and/or liquid loss or trapped solid
halite crystals. The approximate depth of mineralization and
entrapment of the studied inclusions is estimated about >1.0 to
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2 km. The principal process responsible for mineralization
was liquid—vapor immiscibility and consequent supersatura-
tion of the hydrothermal fluids. Based on stable isotope anal-
yses carried out on quartz—sulfide veinlets, 5'%0 (5.4-5.8%o)
and 6D (=77 to —61%o) values of the ore-bearing fluids, as
well as the 5°*S value of a representative pyrite sample (1.3
%o) are consistent with a predominantly magmatic source.

Keywords Kighal - Fluid inclusion - Homogenization
temperature - Salinity - Immiscibility - Stable isotope

Introduction

The quartz monzonite porphyry stock at Kighal is located at
~12 km north of Varzeghan, East-Azarbaidjan Province, NW
Iran (Fig. 1). Geologically, this area is a part of the Alborz-
Azarbaidjan structural zone (Nabavy 1976), Central Iranian
domain (Agha Nabaty 2004). This stock lies within the north-
western part of the Cenozoic Sahand-Bazman volcano-
plutonic belt of Iran, formed by subduction of Neo-Tethyan
oceanic crust beneath the Central Iranian plate during the
Alpine orogeny (Berberian and King 1981). This belt hosts
most of the major porphyry copper deposits (PCDs) of Iran,
including Sar-Cheshmeh (Shahabpour 1982) and Sungun
(Calagari 1997, 2004a; Hezarkhani and William-Jones 1998)
along with many other smaller deposits and prospects.

The mineral exploration office of the Iranian National
Copper Industries Company conducted 15 diamond drillings
in the Kighal area and 5 drillings in the adjacent Barmolk area
during 2006-2007. During this period, reconnaissance works
including geophysical, litho-geochemical, and geochemical
investigations on stream-sediments were carried out in the
Kighal region. The geology, alteration, mineralization, geo-
chemistry, and genesis of the Kighal Cu—Mo porphyry
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Fig. 1 Modified and simplified geologic map of the Kighal area (after Zarnab Ekteshaf Consultant Engineers 2007), with the locations of boreholes and
the main quartz—sulfide veinlets at the surface
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prospect were studied by Simmonds (2010, 2013) and
Simmonds et al. (2012).

This study aims to elucidate the physical-chemical charac-
teristics (i.e., temperature, pressure, salinity, and stable isotope
composition) of the ore-forming fluids through fluid inclusion
and stable isotope studies on selected samples from quartz—
sulfide veinlets in phyllic and potassic alteration zones (also
including some samples from the transitional alteration zone
formed by overprinting of phyllic alteration on the potassic
alteration zone), as well as sulfate and carbonate veinlets
within the Kighal porphyry stock. However, the data used
here do not provide the details of changes occurred in fluid
properties as a function of time of entrapment within individ-
ual host mineral.

Geology

The Kighal porphyry stock which hosts the porphyry Cu—Mo
mineralization, intruded andesite—latite and basaltic andesite
rocks of upper Eocene (Fig. 1) during magmatic activities of
Pyrenean orogenic phase (upper Oligocene—lower Miocene).
The resulting hydrothermal activity caused shattering and
hydro-fracturing within the cupola of the Kighal stock, lead-
ing to the development of various kinds of pervasive alteration
zones and Cu—Mo mineralization. The average grades of Cu
and Mo in hypogene zone of porphyry stock (based on chem-
ical analyses obtained from Pars Olang Consultant Company)
are about 760 and 30 ppm, respectively. However, copper
mineralization is more pronounced at the north and northeast
of Kighal village (east of Ghaleh-Daghy dome) as manifested
by the higher Cu grade in these parts.

This stock along with peripheral host rocks was in turn
invaded by three barren sub-volcanic bodies, ranging in com-
position from granodiorite through micro-diorite to monzonite
(Fig. 1). Moreover, six generations of cross-cutting porphyrit-
ic dikes with compositions ranging from diorite—quartz diorite
to granodiorite, microdiorite, and monzodiorite (in order of
intrusion) cut the porphyry stock.

The porphyry stock consists of plagioclase (40-50 %;
<5 mm), biotite (0—10 %; <4 mm), and amphibole (0-5 %;
<1 mm) phenocrysts in a fine- to medium-grained aplitic quartz-
feldspar groundmass, portraying a typical porphyritic texture
(Simmonds et al. 2010; Simmonds 2013). This stock and its
related cross-cutting dikes display I-type magnesian, calc alka-
line to high-K calc alkaline signature and metaluminous to
peraluminous geochemical character, being emplaced within
an active continental margin setting (Simmonds et al. 2010;
Simmonds 2013).

Veinlets and micro-veinlets

The porphyry stock at Kighal underwent multiple intense
episodes of shattering and hydro-fracturing manifested by

various types of cross-cutting stockwork-like veinlets and
micro-veinlets. Based upon mineralogy and paragenetic se-
quence, they were spatially and temporally classified into five
groups, described in Table 1 (Simmonds et al. 2012). Quartz
veinlets of vl and v2 types are surrounded by potassic and
phyllic alteration zones and contain the main part of the
sulfide (molybdenite, chalcopyrite, and pyrite) mineralization
with sulfide contents up to 10 %. Their thickness varies from
several millimeters to tens of millimeters. Molybdenite is only
present in v1-type veinlets, mainly occurring at their margins.
V2 veinlets also display stockwork texture and also contain
sphalerite and galena in the peripheral parts of the stock. The
dark color of vl-type veinlets is due to presence of fine-
grained disseminated sulfides as well as abundant mono-
phase vapor-rich inclusions (Sillitoe 2000; Seedorff et al.
2005). V3-type veinlets are mainly pyritic, with several mm
thicknesses and being found in potassic and phyllic alteration
zones. V4 veinlets are originally made of anhydrite, contain-
ing subordinate amounts of anhedral pyrite crystals. Some of
these veinlets are transformed to gypsum through hydration.
V5-type carbonate veinlets are mainly found in the peripheral
parts of the porphyry stock, surrounded by phyllic alteration
zone, and contain pyrite, chalcopyrite, sphalerite, and galena.

Quartz and sulfide crystals within the v1 and v2-type
veinlets show intimate association and intergrowth boundaries
with each other. Such relationship is also partly evident be-
tween carbonate and sulfide crystals in v5-type veinlets.
Quartz veinlets of v1 and v2-type are fluid inclusion-rich so
they were sampled for microthermometric studies, while v5-
type veinlets had no suitable inclusions for this purpose.

Alteration

The stock-related hydrothermal activity led to the develop-
ment of pervasive zones of potassic, phyllic, argillic, and
propylitic alteration zones (Fig. 2; Simmonds et al. 2012)
and concurrent Cu—Mo mineralization. The dominant alter-
ations within the porphyry stock are phyllic and potassic,
while propylitic alteration zone is predominantly developed
within the peripheral volcanic host rocks.

The potassic alteration zone (mainly found in the sub-
surface diamond-drill cores) is characterized by the occur-
rence of hydrothermally developed secondary biotite (5—
15 %; replacing primary biotite and amphibole) and K—feld-
spar (05 %; occurred as fine-grained anhedral crystals within
the groundmass and also marginally replacing plagioclase)
along with opaque minerals (magnetite, pyrite, molybdenite,
and chalcopyrite).

The phyllic alteration is the most pervasive alteration zone
both in superficial outcrops and in subsurface diamond-drill
cores. It overlies the potassic zone and covers most of the
upper parts of the Kighal porphyry stock. Based on petro-
graphic studies and XRD data, this alteration zone is
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Table 1 Different types of veinlets and micro-veinlets present within the Kighal porphyry stock

Type Veinlets Paragenesis

Thickness Occurrence

vl  Dark-grayish quartz veinlets

Quartz, with molybdenite and euhedral and sometimes 10-70 mm Potassic and phyllic alteration zones

hydrothermally brecciated pyrite and lesser amounts

of chalcopyrite
v2  Quartz—sulfide veinlets

Quartz, pyrite and chalcopyrite; it also contains

2-40 mm  Phyllic alteration zones

sphalerite and galena in the peripheral parts

of the stock
v3  Pyrite veinlets and micro-veinlets Pyrite, almost mono-mineralic

v4  Anhydrite and gypsum veinlets

v5 Carbonate-sulfide veinlets
sphalerite, and galena

Anhydrite or gypsum with lesser amounts of pyrite

Calcite, pyrite, with lesser amounts of chalcopyrite,

1-10 mm
5-20 mm

Potassic and phyllic zones

Phyllic alteration zone, especially at the
peripheral parts of the stock

2-35 mm Phyllic alteration zone, especially at the

peripheral parts of the stock

characterized by the presence of sericite (20-50 %), pyrite (2—
10 %), secondary quartz (2040 %), and clay minerals (illite).
The boundary between potassic and phyllic alteration zones is
transitional containing secondary biotite and K—feldspar,
sericite, pyrite, and secondary quartz, which implies the su-
perimposition of phyllic alteration on the potassic alteration
zone (e.g., Seedorff et al. 2005).

The Argillic alteration zone is developed adjacent to the
fracture and fault zones in the upper parts of the porphyry
system and suffered high rate of erosion and hence a large part
of this zone is wiped out. Based on the XRD data, the main
mineral assemblage of this alteration in the area includes
kaolinite (<65 %, average 10 %), montmorillonite (<15 %,
average 8 %), illite (<61 %, average 14.5 %), and chlorite
(<14 %, average 4.9 %). Quartz veinlets in this zone are scarce
and thin, only containing insignificant amounts of pyrite and
were not suitable for fluid inclusion studies.

Finally, the propylitic zone is characterized by the presence
of epidote (1-6 %), chlorite (1-10 %), and calcite (1-8 %)
with lesser amounts of sericite, magnetite (<1 %) and locally
pyrite (<2 %). There is no quartz veinlet found in this zone.

Moreover, hypogene alteration zones were overprinted by
supergene alteration (chiefly argillic) assemblage. Supergene
processes developed a leached-oxidized zone above and a
sulfide-enriched blanket below the water table.

Mineralization

Sulfide ores principally occurred within potassic and phyllic
alteration zones as stockwork-type veinlets and micro-veinlets
(quartz—sulfide and sulfide) and as disseminations within the
groundmass. Thus, it can be concluded that most of the
hypogene sulfide mineralization is controlled by fractures
and micro-fractures. The main sulfides are pyrite (1-10 %)
and chalcopyrite (0-5 %), accompanied by lesser molybdenite
(0-5 %), sphalerite (0-3 %), and galena (0-3 %). Pyrite is the
most abundant sulfide mineral and chalcopyrite is the main
hypogene Cu-—sulfide mineral. Sphalerite and galena are

@ Springer

mainly found in the peripheral parts. Stockwork textures and
hydrothermal breccias are common both in the surface out-
crops and the diamond-drill cores. These may testify to the
occurrence of hydro-fracturing caused by the phase immisci-
bility (boiling) occurred in magmatic-hydrothermal fluids.
During the development of the porphyry system, the chem-
ical weathering and leaching of primary sulfide minerals has
led to formation of oxidized and sulfide-enriched supergene
zones. The main secondary mineral within the oxidized zone
is goethite, which is accompanied by lesser amounts of
jarosite and occasionally hematite, as well as malachite and
azurite. The sulfide-enriched zone contains low amounts of
covellite and bornite, replacing chalcopyrite grains at their
margins. In general, the supergene zone has mainly been
superimposed on the phyllic alteration zone and there is
almost no evidence of its occurrence in the potassic zone.

Microthermometric analysis
Methods and materials

Fluid inclusion studies at Kighal were performed on quartz
crystals of vl and v2-type veinlets collected from different
depths of K1, K2, K3, K6, and K7 diamond-drill cores, as well
as the outcrops of these veinlets at the bottom of the valley at
east of Ghaleh-Daghy dome (Fig. 2). The sampled veinlets
were surrounded by phyllic and potassic alteration zones. For
implementing this investigation, 20 samples were selected and
doubly polished thin sections were prepared. The samples were
examined under microscope to determine the distribution pat-
tern, shape, size and phase content, genetic and compositional
types of fluid inclusions and the species of daughter minerals.
After petrographic examination, the wafers of 10 samples (five
samples from v1-type dark-grey veinlets containing molybde-
nite, pyrite and chalcopyrite in the potassic and phyllic alter-
ation zones, and five samples from v2-type quartz-pyrite-
chalcopyrite veinlets in the phyllic alteration zone) were
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Fig. 2 Modified alteration map
of the Kighal area (after Zarnab
Ekteshaf Consultant Engineers
2007), with the locations of
boreholes and the main quartz—
sulfide veinlets at the surface
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subjected to microthermometric analysis, using a calibrated and These analyses were carried out at Mineralographic Labo-
standardized THMS600 Linkam heating-freezing stage,  ratory of Advanced Research Center for Ore Materials in
equipped with two heating (TP94) and freezing (LNP) control-  Karaj, Iran. Samples were rapidly cooled down to about

lers, attached to a Zeiss petrographic microscope and a moni-  —100 to —110 °C to detect the possible formation of chlathrate,
toring video apparatus. The data are reproducible to 0.2 °C for  ice, salt hydrates, and carbonic solid phase. Upon progressive
freezing runs and +0.6 °C for heating runs. heating, up to five phase transitions were observed in the
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inclusions, namely eutectic melting (7,), melting of the ice
(Tm(ice))> dissolution of the solid phase (7' msolia)), mainly
halite and sylvite, and total homogenization (Totar)), along
with few measurements on melting of a carbonic phase
(T m(coz))- The bulk salinity of the fluid was calculated from
T'in(icey (Bodnar 1993) or Tacty (Sterner et al. 1988). The
presence of other chemical species (in addition to NaCl and
KCI) in the entrapped fluids was estimated based on eutectic
temperatures (Borisenko 1977). The density calculations for
the studied inclusions were carried out according to Zhang
and Frantz (1987).

Results and interpretation
Fluid inclusion petrography

Quartz crystals within almost all types of quartz veinlets at
Kighal are fluid inclusion-rich and contain randomly distribut-
ed relatively large-sized inclusions (up to 20 um in size) as well
as numerous cross-cutting healed micro-fractures along which
a large number of fluid inclusions are aligned (Fig. 3a, b).
However, most of the inclusions in the quartz—sulfide veinlets
deep in the potassic zone are too small (<5 pum), hosted in the
relatively thinner veinlets, and are mainly vapor-rich inclu-
sions, which are not favorable for microthermometric analysis.
Anhydrite/gypsum (v4-type) and carbonate (v5-type) veinlets
have no recognizable inclusions.

There is no clear evidence of inclusions being trapped
along growth zones in quartz crystals, which makes it difficult
to identify primary inclusions using criteria of Roedder (1984)
and Goldstein (2003). However, randomly scattered and rela-
tively larger inclusions with relatively similar phase ratios
(e.g., Hedenquist et al. 1998; Wanhainen et al. 2003; Bodnar
2003; Goldstein 2003; Seedorff and Einaudi 2004; Bouzari
and Clark 2006) with no trails of secondary inclusions
encircling them were considered as primary, while unambig-
uously secondary inclusions were all recognizable by their
orientation along healed micro-fractures of host crystals.
Moreover, some of these secondary inclusions are found along
the micro-fractures confined within the host crystals and can
be considered as pseudo-secondary inclusions.

In practice, each of the selected similar fluid inclusion
assemblages provided narrow ranges of salinity and Ty v),
indicating their probable simultaneous entrapment. On the
other hand, variations in these parameters in all the studied
samples revealed that the physical-chemical characteristics of
the hydrothermal fluids were changing through time during
the development of potassic and phyllic alteration zones.

Based on the terminologies presented by Kranz (1983) and
Vollbrecht (1989), secondary and pseudo-secondary fluid in-
clusions in the studied samples are mainly transgranular,
trans-phase and intragranular trails.

@ Springer

Fig. 3 Microphotographs illustrating different types of fluid inclusions P>
within studied samples of v1 and v2-type quartz veinlets (plane polarized
light). a Numerous trails of secondary inclusions, along with sporadically
distributed primary inclusions with relatively bigger size (v2), b two
intragranular trails of pseudo-secondary inclusions (v1), ¢ negative crys-
tal shape mono-phase vapor-rich inclusions (v1), d two-phase liquid-rich
and mono-phase vapor-rich inclusions with negative crystal shapes (v2),
e multiphase negative crystal shape inclusions containing daughter min-
erals (v1), f a multiphase inclusion containing halite, sylvite, chalcopyrite
(triangular opaque crystal) and an unidentified solid phase (v1), g multi-
phase inclusion containing halite, sylvite, hematite and opaque daughter
minerals (v2), h multiphase inclusion containing a halite cube and 2
opaque daughter minerals (v2)

The observed inclusions have negative crystal, irregular, elon-
gate, ellipsoidal, rounded, and discoid shapes, in order of abun-
dance (Fig. 3). Necking-down is evident in some inclusions.

Based on their phase content at room temperature, the
observed inclusions are mainly categorized into four types,
(1) mono-phase vapor-rich, (2) two-phase liquid-rich
(aqueous), (3) two-phase vapor-rich, and (4) multiphase and
multi-solid, containing a vapor bubble, an aqueous liquid and
one or more solids (Fig. 3). There were also some mono-phase
liquid inclusions and very few recognizable CO,-bearing
vapor-rich inclusions, where the CO, phase was observed as
a thin rim around the vapor bubble.

Mono-phase vapor-rich inclusions have bigger size com-
pared to other types (2 to >20 um) and their distribution is
very irregular (Fig. 3c).

The two-phase and multiphase inclusions range in size from
1 to 20 wum (Fig. 3d-h). Most of the two-phase inclusions
(containing an aqueous liquid with a vapor bubble) homoge-
nize to liquid phase during heating process.

A large number of fluid inclusions are multiphase (L + V' +S)
ranging in size from 5 to >25 um (Fig. 3). The most common
daughter minerals are halite (identified by its cubic shape,
isotropism, and refractive index; Fig. 3e-h) and hematite
(red-color blebs; Fig. 3g). Sylvite (smaller cubes with rounded
edges; Fig. 3f-g), opaque minerals (Fig. 3e, g, h; in some cases
triangular, which might represent chalcopyrite; Fig. 3f) and
most likely anhydrite (transparent rod-shape) are other solid
phases present within the inclusions. The size of the halite
daughter minerals ranges from 1 to 5 um. In general, up to
five solid phases have been observed in a single inclusion and
inclusions with two and three daughter minerals are common.

Since there is no hematite within the quartz veinlets, the
presence of hematite blebs as daughter crystals within the
studied inclusions may be due to post-entrapment diffusion
of hydrogen through the inclusion wall after the entrapment of
a fluid with high levels of dissolved Fe (most likely in the form
of FeCl,) (Roedder 1984; Mavrogenes and Bodnar 1994;
Wilkinson 2001). Meanwhile, the presence of chalcopyrite
and opaque daughter minerals within the fluid inclusions, as
well as the occurrence of these minerals within the studied
quartz veinlets confirms that these inclusions contain samples
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of ore-forming fluids. These opaque daughter minerals may
represent trapped solid phases or can be a result of precipita-
tion from trapped fluid during degassing or other changes
within the inclusion, as they do not show dissolution during
heating process.

The approximately estimated degree of fill (the volumetric
proportion of liquid to the total volume of the inclusion) for
type 2, 3, and 4 inclusions are about 0.6-0.7, 0.15-0.2, and
0.1-0.3, respectively (Shepherd et al. 1985). Most of the ther-
mometric analyses were carried out on fluid inclusions of type
2 and type 4, which were preferentially primary and had
relatively large size (>7 pm up to 20 pm).

Salinity determination

Freezing-based salinity measurements were principally car-
ried out on type 2 (halite-free liquid-rich) inclusions. Salinities
of multiphase inclusions were calculated using the melting
temperature of halite daughter minerals.

On freezing mode, the measured first melting point values for
the majority of the two phase fluid inclusions were mainly
within the range of —52 and —45 °C, with some values varying
from —35 to —30 °C, which may indicate the presence of a poly-
saline and multi-cation fluid containing Ca, Mg, and Fe chlo-
rides in addition to NaCl and KCl (Borisenko 1977; Chen et al.
2011). FeCl, presence is also conceivable from observed hema-
tite blebs within the fluid inclusions. Calcium and magnesium
might be supplied during the potassic alteration and destruction
of Ca— and Mg-silicates (Ulrich et al. 2001; Rusk et al. 2004) or
just the saline fluid was in equilibrium with Ca—Mg silicates.
The last melting point of the ice was about —5 to —0.7 °C.

The melting of hydrohalite could only be observed in some
of type 2 inclusions, with melting temperature ranging from
—21.2 to —19.5 °C. Because of the low proportion of liquid in
multiphase solid-bearing inclusions, the disappearance of
hydrohalite and the final melting of ice were difficult to observe.

The identified CO,-bearing inclusions were vapor-rich
with a large vapor bubble and a thin rim of CO,-liquid
surrounded by an aqueous phase, which made it quite difficult
to detect and measure carbonic phase melting (7' co2)) and
homogenization (Tcoz2)) as well as clathrate melting
(T m(Clathrate)) temperatures. Only for some of these inclusions,
it was possible to determine T'ycop) values, which ranged
between —57.2 and —58.4 °C, suggesting the presence of a
small fraction of other gases dissolved within the carbonic
phase (<5 mol%) (Prokofiev et al. 2010).

The overall salinity estimates range from 1.4 to 70 wt%
NaCl equiv (Fig. 4). Most of the values cluster between 35 and
70 wt%, belonging to multiphase inclusions and the values
between 23 and 25 wt% are in the second place of frequency,
which belong to two-phase liquid-rich inclusions. The lack of
halite daughter mineral in the last group is due to the fact that
halite saturates at >26 wt% at 25 °C. Also, some of the fluid
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inclusions show salinities between 1.4 and 7.9 wt% NaCl
equiv which are two-phase vapor-rich inclusions.

Homogenization temperature

As previously mentioned, heating experiments were
conducted on two groups of fluid inclusions that include
two-phase (type 2 and 3) and multiphase (type 4) inclusions.
Most of the two-phase inclusions homogenize into liquid state
by disappearence of vapor bubble, and the measured 7'y v,
values cluster between 180-340 and 360440 °C (Fig. 5a). A
few percent of two-phase inclusions homogenize to vapor
phase. Their Ty v, values mainly lie within the ranges of
360460 °C with the error range of +20 °C, and few measure-
ments yielding values about 500-540 °C (with the maximum
error range less than =100 °C; Fig. 5b).

Multiphase inclusions also show two types of homogeni-
zations. A large number of them are homogenized by disso-
lution of halite daughter crystal. They display three distinct
clusters of homogenization temperatures, 360—500, 520-600,
and 240-280 °C, in order of decreasing abundance (Fig. 5¢).

Those multiphase inclusions that homogenized by simul-
taneous disappearance of halite crystal and vapor bubble or by
disappearance of vapor bubble, show sparse homogenization
temperatures within narrow ranges of 300-360, 440460, and
580-600 °C (Fig. 5d).

Taken as a whole, v1-type veinlets yielded higher homog-
enization temperatures compared to v2 veinlets, which are
found in the upper parts of the potassic alteration zone and
contain molybdenite mineralization and more mono-phase
vapor-rich inclusions, compared to v2 veinlets.

The dissolution temperature of sylvite daughter crystals
within multiphase halite—sylvite-bearing inclusions varies be-
tween 66 and 110 °C with average value of 89 °C.

None of the opaque daughter minerals underwent dissolu-
tion or size decrease during heating process, which can be
interpreted as the result of post-entrapment hydrogen diffusion
and the change in the redox state of the inclusions (Wilkinson
2001) or may be due to their entrapment from ore-bearing
fluid as suspended solid crystals.

In general, such wide ranges of salinities and homogeniza-
tion temperatures for two-phase and multiphase inclusions are
also reported by many workers (e.g., Etminan 1978; Wilkinson
2001; Gonzalez-Partida and Levresse 2003; Calagari 2004b;
Landtwing et al. 2010) for typical porphyry copper deposits
throughout the world.

Discussion
Interpretation of microthermometric data

Three distinct and separate populations of fluid inclusions are
recognizable in salinity versus T'yq.vy plot (Fig. 6): high-
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salinity (halite-bearing) with wide range of 7'yt v), moderate-
salinity (two-phase) and low-salinity (two-phase) inclusions
with relatively narrow ranges of 7'y vy (compared to high-
salinity inclusions). Halite-bearing multiphase inclusions plot-
ted above the NaCl-saturation curve can be resulted in three
ways: (1) entrapment from a NaCl-saturated fluid (Roedder
1984), (2) necking down and/or loss of liquid (Audétat and
Giinther 1999), and (3) entrapping solid halite crystals from
hydrothermal fluids. Almost all of these inclusions homoge-
nize by halite dissolution, and just few of them, which lie on or
around this curve, show homogenization through vapor or
simultaneous vapor-halite disappearance. Inclusions lying un-
der or adjacent to this curve, reflect entrapment from a NaCl-
undersaturated or -saturated fluids, respectively.

Based on this diagram, the vapor pressure of NaCl-solutions
during the entrapment of low-salinity and moderate-salinity
(two-phase) inclusions is estimated below 100 and 250 bars,
respectively. Moreover, it can be conceived that hydrothermal
fluid experienced saturation (with respect to NaCl) at temper-
atures about <430 °C.

The wide range of Ty v, and salinities obtained for the
studied inclusions in Figs. 5 and 6 can be explained in several
ways. First, it may testify to variations in the physical and
chemical characteristics of hydrothermal fluids, or in other
words, presence of different fluids at different times, which is
rather common in porphyry Cu—Mo deposits. So, quartz crys-
tals have entrapped fluid inclusions with different 7'y, vy and
salinity values. Moreover, post-entrapment modifications,
such as necking down or leakage can provide inclusions with
different phase ratios, salinities and homogenization tempera-
tures. For example, Audetat and Gunther (1999) have dem-
onstrated that many hypersaline fluid inclusions are formed by
post-entrapment liquid loss.

Meanwhile, the data points lying above the NaCl-saturation
curve in Fig. 6 show distributions along vertical arrays. In other
words, in a relatively narrow range of Ty v, for such inclu-
sions (especially in the range between 200 and 300 °C), a wide

range of salinity is present (35—70 wt.% NaCl). Such a situation
can be resulted from entrapment of suspended solid halite
crystals from hydrothermal fluids (Bodnar and Beane 1980;
Shepherd et al. 1985), and/or isothermal mixing of fluids with
different salinities (Shepherd et al. 1985; Wilkinson 2001). For
example, Wilkinson (2001) has stated that significant salinity
variations are most likely controlled by fluid mixing.

Furthermore, pressurization—depressurization and cooling
trends (horizontal arrays) (Wilkinson 2001) are also observ-
able which reveal the pressure fluctuations and alternative
dominance of lithostatic and hydrostatic conditions, signify-
ing repeated shattering and hydro-fracturing events.

Further petrographic and microthermometric evidence in-
cluding the presence of two-phase (liquid-rich and vapor-rich)
and halite-bearing multiphase inclusions homogenizing over
the same temperature range (Fig. 5), as well as systematic
distribution of the densities of liquid- and vapor-rich fluid
inclusions (not shown), however, testifies to the occurrence
of liquid—vapor immiscibility (boiling) and separation of a
high-salinity liquid phase from a low-salinity vapor-rich phase
following the initial separation of an aqueous phase from
magma at pressures below 1.3 kb (Van den Kerkhof and
Hein 2001; Wilkinson 2001) rather than direct segregation
of a saline fluid from crystallizing magma (Roedder 1978). If
the fluid was directly separated from a crystallizing melt, we
could find vapor-rich two-phase inclusions containing opaque
daughter minerals, as such phases are less likely found in
vapor inclusions produced by immiscibility (Wilkinson
2001). Furthermore, the different phase ratios observed within
inclusions of any type can also be attributed to entrapment
from a boiling and heterogeneous hydrothermal fluid
(Wilkinson 2001), though post-entrapment modifications of
the fluid inclusions due to necking down or leakage must not
be neglected.

During the occurrence of liquid—vapor immiscibility, fluid
salinity gradually increases and the inclusions trap more and
more saline fluids. In this condition, entrapment of suspended

Fig. 6 Ty v, vs. equivalent 80
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halite crystals from the resulted heterogeneous and NaCl-
supersaturated hydrothermal fluids is also possible.

Presence of cross-cutting quartz veinlets and micro-
veinlets also indicates multiple hydraulic fracturing events
during the lifetime of the porphyry stock, most likely related
to repeated immiscibility events and various stages of phase
separation within the hydrothermal fluids. Consequently, dif-
ferent types and generations of aqueous fluid inclusions with
different 7Ty and salinity values might be entrapped during
these events.

In T'yvacy— Tu-v) diagram (Fig. 7), most of the samples
are plotted above the diagonal line which similarly can be
attributed to entrapment from a NaCl-saturated fluid (e.g.,
Wilson et al. 1980) at high pressure (Cline and Bodnar
1994; Bodnar 1994), necking down, and loss and leakage of
H,O after fluid entrapment (Sterner et al. 1988; Audétat and
Giinther 1999) or solid halite entrapment (Bodnar and Beane
1980; Shepherd et al. 1985). Inclusions homogenizing by
halite dissolution have entrapped at the low-temperature part
of liquid stability field where no coexisting vapor phase is
present, whereas inclusions homogenizing by vapor disap-
pearance indicate fluid entrapment at high-temperature part
of liquid stability phase in the presence of vapor phase
(Roedder and Bodnar 1980; Bodnar 1994; Cline and Bodnar
1994; Zhang et al. 2007).

The discrepancy between I'yacty and Ty may reflect
the relative pressure of the system. For the studied inclusions,
this value mainly reaches 100-350 °C. High discrepancies
may refer to fluid entrapment at high-pressure condition,
which may be present just before the occurrence of hydro-
fracturing (Cline and Bodnar 1994). On the other hand, neck-
ing down (Ahmad and Rose 1980; Audétat and Giinther 1999)
and/or solid-phase entrapment may also lead to such high
discrepancies. Meanwhile, low discrepancies (7 mnaci)~
T'y-vy) can be interpreted as an indicator for entrapment of
a boiling fluid (Shepherd et al. 1985).

According to Fig. 6, it can be conceived that fluids respon-
sible for the formation of the studied quartz—sulfide veinlets
have started boiling at about 440450 °C, following depres-
surization of the system. Subsequently a vapor phase has been
separated from a saline aqueous liquid phase manifested by
inclusions trapped fluids with about 53 wt% salinity. Liquid—
vapor immiscibility events recurred episodically until the fluid
temperature decreased to ~180-200 °C.

In T'yyFinay vs. salinity plot (Fig. 8), halite-bearing multiphase
inclusions show positive correlation and a linear trend with
constant slope, which is also reported from many other porphyry
deposits (Cloke and Kesler 1979; Roedder 1984).

The estimated bulk density for low-salinity two-phase in-
clusions is about 0.7-0.9 g/cm?, while it ranges from 0.8 to
1.0 g/em® for moderate-salinity (two phase) inclusions (Zhang
and Frantz 1987; Fig. 9). The bulk density of high-salinity
halite-bearing inclusions is above 1.0 g/cm®; halite-bearing
inclusions with Ty=TNacty OF Tu> T mnacty have relatively
lower and narrow range of density, mainly falling between 1.0
and 1.1 g/em®, whereas those with Ty <T' m(Nact) have higher
values (1.1-1.3 g/em®). It must be noted that there is a nega-
tive correlation between density and 7'y values of high-
salinity as well as moderate-salinity inclusions, indicating that
with decreasing homogenization temperature, the density of
entrapped fluids increases. Meanwhile, the more the density of
inclusions, the higher their salinity is. Such a wide range of
estimated bulk density values in coexisting set of inclusions
testifies to entrapment from heterogeneous, supersaturated
and/or boiling fluids during multiple events of phase immis-
cibility (Wilkinson 2001).

On this basis, the principal process that ultimately resulted
in the deposition of ore minerals in the studied area was
liquid—vapor immiscibility and consequent supersaturation
of the hydrothermal fluids in a restricted rock volume.

As the occurrence of effervescence and immiscibility is
obvious for the studied veinlet samples and hence the aqueous
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inclusions, especially those with T'\Nach=TH-v), have
trapped fluids of boiling events; therefore, there is no need
to do pressure correction for homogenization temperatures of
these inclusions (Roedder and Bodnar 1980; Wilkinson
2001). On the other hand, the presence of coarse-grained
quartz crystals along with hydrothermal brecciation evidence
within the studied inclusion-hosted veinlets, as well as occur-
rence of relatively large inclusions (up to 20 um) signify a
near-surface and hence relatively low-pressure environment
and thus, the pressure correction for 7y values will be minor
(Chen et al. 2011).

The minimum estimated pressures for two-phase inclu-
sions homogenizing around 200-320 °C ranges from 50 to
80 bars corresponding to the hydrostatic depths of 470 to
750 m, respectively. Based on the pressure-7'y diagram for
multiphase fluid inclusions (Roedder and Bodnar 1980), the
estimated minimum pressure during the entrapment of halite-
bearing multiphase inclusions with Ty vy equal or almost
similar to 7' mNacry is about 140-200 bars which is equivalent
to hydrostatic pressure heads of about 1,300-1,900 m. The
wide range of pressure/depth discrepancy between two-phase
and multiphase inclusions can be explained by considering the
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high rate of uplift and erosion in the area during the lifetime of
the porphyry mineralization due to its emplacement within the
tectonically active Alpine-Himalayan orogenic belt, which
has caused the erosion and removal of the main parts of the
top of the deposit, so that the potassic alteration zone has
outcropped on the surface in some parts. An evidence for this
proposition is that four of the studied samples were taken from
currently outcropped quartz—sulfide veinlets located in phyllic
and potassic alteration zones.

On the other hand, the undeveloped characteristic and low
thickness of the sulfide-enriched zone with predominance of
covellite and bornite and no trace of chalcocite also implies
that the sulfide-enriched blanket is rather young and had not
enough time to be developed due to uplift and consequent
erosion in the area. So, later low-temperature hydrothermal
fluids were trapped at shallower depths (e.g., Rusk et al. 2008)
mainly forming low-salinity two-phase inclusions.

However, multiphase inclusions with 7noacn™THr-v)
show two separate peaks for estimated minimum pressure:
one about 100-800 bars and the other about 1,000-2,500 bars.
The first group has relatively lower salinities, smaller halite
crystals, and lower homogenization temperatures, but the
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second group is characterized by higher salinities, larger halite
crystals and higher Tpwacr and Tyq. vy It was shown that
these fluid inclusions may have suffered necking down and/or
loss of liquid, or have already entrapped solid halite crystals, so
it can be concluded that the exceptionally high estimated values
up to 2,500 bar especially for the second group of these
inclusions cannot be realistic, as two adjacent inclusions in a
single quartz crystal cannot entrap two different fluids at such
enormously different pressures. Solid halite entrapment from a
heterogeneous fluid will lead to shifting of T'yacry to much
higher values in a similar 7'y__v,. In this case, the variation of
salinity values for such inclusions may depend mainly on the
size of the trapped solid halite crystal and thus, their salinity and
final homogenization temperature will be abnormally higher
than other coexisting inclusions and definitely does not repre-
sent the real salinity of hydrothermal fluids at the time of
entrapment. Necking down and/or loss of liquid can also pro-
duce fluid inclusions with large Ty vy and T'yacry discrep-
ancies (Ahmad and Rose 1980; Audétat and Giinther 1999).

Very few observations of CO,-bearing inclusions within
the studied samples also indicate that phase immiscibility has
occurred at shallow depth, as the CO, content of magma is
higher at much deeper settings and its solubility in felsic
magmas declines while the pressure and/or temperature de-
creases (Lowenstern 2001; Wilkinson 2001). Therefore, the
intruding magma will first generate low-salinity CO,-rich
fluid at depth and afterwards, high-salinity low-CO, fluid at
relatively shallow levels (Shinohara and Kazahaya 1995;
Baker 2002; Rusk et al. 2008).

In general, the approximately estimated depth of the mineral-
ization, regardless the false pressures mentioned above, ranges
from >1 to 2 km, which is consistent and comparable with the
estimated mineralization depths of porphyry deposits in the
world (1-5 km; e.g., Pirajno 2009; with the exception of Butte,
which has formed at 7-8 km depth in early stages of Cu—Mo
mineralization, Seedorff et al. 2005; Rusk et al. 2008) and can be
regarded as a shallow porphyry system (Cline and Bodnar 1991).

Stable isotope studies
Methods and materials

Three representative samples of quartz—sulfide veinlets (two
from vl-type, one from v2-type veinlets) from potassic and
phyllic alteration zones were selected and their quartz grains
were handpicked through crushing and leached by HCI acid.
Furthermore, three representative separates of pyrite (from v1-
type veinlets), gypsum (from v4-type veinlets) and calcite
(from v5-type carbonate veinlets) were also analyzed for sulfur
and carbon isotopes.

Stable isotope analyses were performed at the Queen's
Facility for Isotope Research (QFIR), Queen's University,

Canada. Oxygen isotopic composition of quartz grains were
measured using a dual inlet Finnigan MAT 252 isotopic ratio
mass spectrometer (IRMS). Approximately 5 mg of each
sample was used for the analyses. Oxygen was extracted using
the BrF5 method of Clayton and Mayeda (1963).

Hydrogen isotopic compositions of quartz-hosted fluid in-
clusions were determined based on a modified procedure from
Sharp et al. (2001), using TC/EA coupled to a Thermo
Finnigan DELTAP"*XP mass spectrometer following the ex-
traction of entrapped fluids through thermal decrepitation.
Samples weighing 2 mg were loaded in 5%3.5-mm silver
capsules and degassed for 1 h at 100 °C, then compacted and
loaded into a zero-blank auto sampler. Samples were dropped
into a graphite crucible at 1,450 °C, converting the released
H,O into H,, which was separated by a PORAPLOT-Q gas
chromatograph column and measured with a Thermo Finnigan
DELTAP"XP IRMS.

Pyrite grains were selected by handpicking from crushed
v1-type quartz—sulfide veinlet samples. Sulfur was extracted
online with continuous-flow technology, wherein 0.2—-0.3 mg
of sulfide samples was converted to SO, in a Carlo Erba
Element Analyzer NCS 2500, with CuO as an oxidant.

Sulfate oxygen was extracted using the technique of
Clayton and Mayeda (1963). Sulfur isotopic compositions of
sulfide and sulfate samples were corrected using NIST stan-
dards 8556 for sulfur and 8557 for sulfur and oxygen.

Calcite from v5-type carbonate-sulfide veinlets were
extracted by drilling and analyzed for carbon and oxygen
isotopes. Carbonate §'°C and 5'®0 values were measured on
CO, released from dissolution of 0.5-1.5 mg of sample in
100 % H3PO,, using a Thermo Finnigan Gas Bench II at-
tached to a Thermo Finnigan DELTAPMSXP IRMS through
continuous flow technology. Calcite samples weighing 1—
2 mg were loaded in Vacutainer vials, flushed with helium,
dosed with 100 % H5POy, and left to react at 72 °C for 46 h,
after which the CO, was analyzed.

Carbon, Sulfur, oxygen, and hydrogen isotopic composi-
tions are reported in standard & notation in units of per mil
relative to the Vienna Peedee Belemnite standard for Carbon,
Canyon Diablo Troilite standard for sulfur and Vienna Stan-
dard Mean Ocean Water (SMOW) standard for oxygen and
hydrogen. The 5**S, §'%0, 5'°C, and 5D analyses are repro-
ducible to £0.3, £0.2, 0.1, and £3 %o, respectively, as deter-
mined by replicate analysis of samples and reference mate-
rials. Analytical precision for §'%0goy is better than +0.3 %o
(e.g., Chen et al. 2011; Beyer et al. 2012).

Results and interpretation
Oxygen and hydrogen isotopes

Isotopic analyses of oxygen in quartz samples show that 5'%0
values vary from 8.1 to 8.9%o (relative to SMOW) with a
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mean value of 8.6 %o (Table 2). Based on these values and the
temperature at which quartz veinlets formed (using mean to
maximum fluid inclusion homogenization temperatures
obtained from microthermometric studies), the calculated
5'%0 values of the ore-bearing fluid (using fractionation equa-
tion of Matsuhisa et al. (1979) for quartz—H,O) range from 5.4
to 5.8 %o (relative to SMOW).

The 6D values obtained for the fluids extracted from quartz
grains which were entrapped within different types and gen-
erations of fluid inclusions (including ore-bearing and post-
mineralization secondary fluids) range from —77 to —61 %o
(relative to SMOW) with a mean value of —67 %o, which are
significantly higher than the 8D values calculated by Calagari
(2003) for mid-Tertiary meteoric waters of the region (—110 to
—130%o). Although the fluid inclusions analyzed for 8D at
Kighal, belong to different generations and contain fluids of
probably different origins, they nevertheless indicate that the
fluids were enriched in *H relative to the expected paleo-
meteoric values.

The 5'®0 values calculated for ore-bearing fluids are con-
sistent with a dominantly magmatic source and lie in the range
of §'%0 proposed for primary magmatic waters (Taylor 1979),
felsic magmas (Taylor 1992), and andesitic waters (Giggenbach
1992) (Fig. 10).

However, the 8D values obtained for the fluids
entrapped within the quartz grains is somewhat lower
than the 8D values reported for felsic magmas (Taylor
1992) and andesitic waters (Giggenbach 1992), though
they lie within the primary magmatic box of Taylor
(1979; Fig. 10). As the quartz crystals host mixed
populations of fluid inclusions with primary and sec-
ondary origins trapped at high to low temperatures and
different stages, and by taking into account the fact that
secondary inclusions may contain post-mineralization
fluids with mainly meteoric origin, therefore the extract
will contain a mixture of magmatic and meteoric fluids
which can lead to deviation from the typical 0D values
proposed for magmatic waters.

However, geochemical investigation on amphiboles of
Yanacocha volcanics in Peru has yielded 8D values as low
as —60 to —80%o for magmatic volatiles related to gold min-
eralization (Chambefort et al. 2013). So, it can be concluded

that the ore-bearing fluids during the development of the
quartz—sulfides veinlets had predominantly magmatic isotopic
signature. The narrow range of §'®0 suggests that isotopic
characteristics of the ore-bearing fluids did not significantly
change during the formation of these veinlets.

A similar range of 5'0 and 5D values are also reported by
Hezarkhani and William-Jones (1998) and Calagari (2003) for
neighboring Sungun PCD in the region.

Sulfur isotopes

The 5°*S value of the pyrite sample extracted from v1-type
quartz—sulfide veinlets is about 1.3%o (Table 3) which may
suggest that the sulfur within ore-forming fluids was derived
from a magmatic source (Ohmoto and Rye 1979; Faure 1986).

The 6°*Spag of the ore-forming fluid is calculated about
0.53-0.63 %o, using the &° *S value of pyrite, fluid inclusion
thermometry data and the equation: A (,yrite_r125)=0.4( 10%/T 2)
(Ohmoto and Rye 1979). Accordingly, the 8>S i Was esti-
mated about 1.9-2.0%o, using the equation: A s fiuiay=(1/
T)x10* (Ohmoto and Rye 1979) which also lies within the
range of sulfur isotopic composition of fluids derived from
granitic magmas (=3 to +7%o; Ohmoto and Rye 1979). So, the
sulfur may have derived from parental magma.

The §**S value of the gypsum sample derived from
gypsum-pyrite veinlets is higher, as expected, being about
15.2%o (Table 3). The presence of later-stage anhydrite and
gypsum (replacing anhydrite through hydration) veinlets in-
dicates that the SO,/H,S ratio has subsequently increased due
to liquid—vapor immiscibility and removal of reduced sulfur
from the fluid phase as sulfide minerals, which may also result
in a change in 6°*Sg,q (Ohmoto and Rye 1979; Calagari
2003).

5*'S values of analyzed sulfide and sulfate samples are
comparable with those of the majority of PCDs, whose 5°*S
values range from —3 to 1%o and 8 to 15%o., respectively
(Ohmoto and Rye 1979).

Carbon isotopes

Calcite veinlets in Kighal porphyry stock mainly occur at the
peripheral parts and contain sulfide minerals. The sulfides are

Table 2 5'%0 (of quartz samples) and 5D (in inclusion fluids) values from quartz—sulfide veinlets within Kighal porphyry stock. The approximate

temperatures of quartz formation were obtained from fluid inclusion data

Sample Mineral 5'80 (%o) of quartz (SMOW) OD (%o) of fluid within inclusions Approximate temperature of Calculated 5'%0
in quartz (SMOW) fluid inclusion entrapment (°C) (%o) of fluid*

Al Quartz 8.9 —61 425 54

Bl Quartz 8.9 —63 450 5.8

B2 Quartz 8.1 =77 490 5.7

8" Opyq is calculated using the equation of Matsuhisa et al. (1979) [A (quartz-fuiay=3-34(10° /72)=3.31]
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mainly pyrite accompanied by chalcopyrite, sphalerite and
galena.

The §'3C value obtained for the calcite sample is about 1.7%o
PDB, which is close to 5'*C of typically sedimentary carbonates
(0+4 %o, Ohmoto and Rye 1979). Therefore, the potential source
of carbon in the calcite veinlets at Kighal was possibly the
dissolution of the upper Cretaceous carbonate rocks, which are
cropped out a few kilometers north of Kighal and most likely
overlain by Eocene volcanic rocks at the studied area.

Unfortunately, there were no favorable fluid inclusions for
microthermometry within these veinlets, so it was not possible
to calculate their formation temperature and &'*Ccq,. How-
ever, since these veinlets contain sulfide minerals, so it can be
concluded that the fluid responsible for precipitation of car-
bonate and sulfide minerals was still high temperature, and
therefore, the dominant carbon species within the fluid phase
was mainly CO,, as dissolution reactions of carbonates pro-
duce CO, at high temperatures and HCO;5 is produced at
surface conditions (Ohmoto and Rye 1979)

The §'%0 value of calcite sample is about 14.3 %o which is
isotopically lighter than §'®0 of sedimentary carbonates. The

Table 3 5>*S values of a representative gypsum sample (from gypsum—
sulfide veinlets) and a representative pyrite sample (from quartz—sulfide
veinlets of phyllic alteration zone)

Sample Mineral Approximate S wt% 5**S (%o) (CDT)
D1 Gypsum 11 152
A2 Pyrite 66 1.3

difference may be due to the fact that when CO, and carbonate
ions derived from the sedimentary carbonate rocks were iso-
topically equilibrated (through isotopic exchange reaction)
with magmatic fluids at high temperatures, their original
5'®0 values might have undergone a major shift towards a
lower range (Calagari 2003).

Conclusion

The data obtained from the fluid inclusion studies within quartz
samples of quartz—sulfide veinlets in the phyllic and potassic
alteration zones at Kighal display remarkable similarity with
those obtained from other PCDs across the world, in respect of
salinity, homogenization temperature, shape, and phase content.
However, the similarities of these aspects at Kighal with those of
Sungun PCD (located about 10 km north of the area; Calagari
1997, 2003, 2004b) are much more pronounced. Based upon
petrographic and microthermometric evidence, ore-forming
magmatic-hydrothermal aqueous fluids had undergone liquid—
vapor immiscibility events after severe shattering and hydro-
fracturing. Moreover, multiple immiscibility episodes can be
conceived from the presence of different generations of cross-
cutting stockwork-type quartz veinlets within the porphyry
stock.

Variations in T’y v, and salinity values of the studied fluid
inclusions may be attributed to the presence of different fluids
at different times through the lifetime of the porphyry mineral-
ization and/or post-entrapment modifications, such as necking
down and liquid loss. The approximately estimated depth for
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the entrapment of the studied fluid inclusions ranges from >1 to
2 km.

Furthermore, the stable isotope data (O, H, and S) indicate
that the ore-forming fluids and their sulfur content are most
likely derived from dominantly magmatic source, whereas
carbon is probably originated from sedimentary carbonate
source rocks.
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