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ARTICLE INFO ABSTRACT

Keywords: The Chodarchay Cu-Au deposit in northwestern Iran represents an example of the transition from the deep
Porphyry-epithermal porphyry mineralization stage overprinted by the shallow high-sulfidation epithermal stage in porphyry — high
Mi“era_lizaﬁﬂn sulfidation epithermal systems. The mineralization at Chodarchay mostly occurred within the Eocene volcanic
Alteration and volcaniclastic units; some parts are hosted within an Oligocene quartz monzonite intrusion. The porphyry
Fluid inclusions . PP . . . . . . L

Chodarchay mineralization is mainly associated with a potassic zone in the deepest part of the stock. The potassic alteration is

followed by late alteration types of phyllic, argillic and propylitic. The advanced argillic alteration near the
surface postdates other alteration types. Based on the phase contents, six types of fluid inclusions are recognized.
At depth, the early generation of halite-bearing inclusions that in some places contain opaque daughter minerals
indicates a high-density, high-salinity mineralizing fluid. Usual trails of only vapor-rich inclusions in the shallow
parts, suggest intense boiling at (or below) this level. Coexisting vapor-rich and halite-bearing inclusions, as well
as vapor-rich and type II fluid inclusion assemblages, indicate fluid immiscibility. The distribution of alteration,
mineralization, and fluid inclusion features at Chodarchay provides an example for systematic variations from

depth to surface in porphyry—epithermal systems.

1. Introduction

A magmatic-hydrothermal system connecting to arc-type magma-
tism usually comprises a deep magmatic system related to an inter-
mediate intrusion that develops a higher level to a shallower hydro-
thermal system (Hedenquist and Lowenstern, 1994). Epithermal
mineralization is found in the shallower section, whereas porphyry
mineralization develops in deeper, magmatic part of the system
(Sillitoe, 2010). Preserved systems that show a transition from shal-
lower epithermal to deeper porphyry mineralization are unusual in the
Tarom subzone of western Alborz structural zone of northwestern Iran.
The Chodarchay with ore reserve of about 3 million tons and 1.27% Cu
grade is the only reported example. Little is known about the porphyry
potential of the Tarom. The Chodarchay is unique in the Tarom subzone
in its genesis, which is a porphyry — high sulfidation epithermal deposit.
Epithermal type mineralization overprints porphyry type mineraliza-
tion at Chodarchay (Yasami et al., 2017) and provides a window for the
exploration potential of porphyry systems in Tarom and western Al-
borz.

The aim of this investigation is to characterize the distribution of the
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lithology, alteration, ore mineralization, fluid composition; and prob-
able patterns from depth to the surface, finally compiling all data to
develop a schematic model for the Chodarchay deposit as an example of
porphyry - high sulfidation systems.

2. Geological setting

The Chodarchay Cu-Au deposit is located approximately 50 km east
of the city of Zanjan in the volcano-plutonic Tarom subzone, western
Alborz structural zone of NW Iran (Nabavi, 1976) (Fig. 1). The Alborz
magmatic belt in northern Iran has an E-W orientation 600 km in length
and 100 km wide. The Alborz in the hinterland of the Arabia-Eurasia
collision zone occurs in the Alpine-Himalayan belt (Nabatian et al.,
2014).

Cenozoic successions of the Alborz are represented mainly by
marine and subaerial, porphyritic and non-porphyritic massive lava
flows of andesite, basaltic andesite and basalt compositions (Aghazadeh
et al., 2010). In the northwestern parts of the Alborz, Cenozoic strata
were intruded by Upper Eocene and Oligo-Miocene shoshonitic and
high-K calc-alkaline plutons, which are typically related to post-
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Fig. 1. (a) Simplified structural map of Iran (modified after Sahandi, 2013).
Black rectangle represents the location of b. (b) Geological schematic map of
the volcano-plutonic Tarom from 1:250,000 geological map of Zanjan (mod-
ified after Hirayama et al., 1965, 1966). Tertiary plutonic complex and Karaj
Formation are elongated NW-SE. The small black circle shows the location of
the Chodarchay area in Fig. 2.

collisional magmatism (Berberian and King, 1981; Aghazadeh et al.,
2010; Verdel et al., 2011; Nabatian and Ghaderi, 2013; Nabatian et al.,
2014).

Granitoids intruded into the Eocene pyroclastic and lava flows
(Karaj Formation) in the Tarom. They form larger plutons in the wes-
tern and central parts (Castro et al., 2013). The plutonic complex is
widespread and forms an elongated NW-SE trending body (Fig. 1). The
intrusions show high-K calc-alkaline and shoshonitic affinities and are
related to a typical post-collision (Berberian and Berberian, 1981;
Nabatian and Ghaderi, 2013).

The study area as part of the Tarom subzone of the western Alborz is
mostly composed of lava and pyroclastic rocks (Karaj Formation; Fig. 1)
later followed by the intrusion of plutonic rocks. Hirayama et al. (1966)
divided Karaj Formation in Tarom into the Kordkand and the Amand
members; both composed of volcanic, sedimentary and pyroclastic
units. The Amand, which lay upon the Kordkand, is absent in the study
area. Four of the Kordkand five units outcrop in the Chodarchay (Fig. 2)
and consist mainly of alternating pyroclastic rocks and lava flows. In-
termediate to acidic compositions are dominant in the study area.

In the Chodarchay, the plutonism consists of two intrusions; the first
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one is a broad suite of quartz monzonite to alkali granite, and the
second is an alkali granite porphyry stock. The latter is younger because
while intruding, it has broken the quartz monzonite margins into
pieces.

3. Geology of the Chodarchay

The Chodarchay constitutes the first reported example of the in-
timate spatial association of high-sulfidation epithermal and porphyry
Cu systems in the Tarom (Yasami et al., 2017). The oldest sequence in
the area is an Eocene volcanic—pyroclastic complex (Karaj Formation),
consisting of rhyolitic crystal and lithic crystal tuff, rhyolite, andesite,
and trachyte. Late Eocene-post-Eocene intrusions intruded this se-
quence as stocks (Fig. 2). The Chodarchay is associated with a shallow
quartz monzonite crumbled by younger late alkali granite. Both in-
trusive bodies are younger than the Karaj Formation units. Hydro-
thermal alteration types are potassic, phyllic, argillic, propylitic and
advanced argillic.

Two types of porphyry and epithermal mineralization have been
identified. The latter superposed upon the early one. The ore body is
hosted by quartz monzonite and Karaj Formation. The quartz mon-
zonite is the main host to the porphyry mineralization. Mineralization is
found mainly as vein-veinlet, disseminated and breccia. Minerals such
as enargite, covellite, and bornite which are typical of high-sulfidation
mineralization (Einaudi et al., 2003) are less abundant, showing a
deeper erosional level.

The major structure is the Chodarchay Fault with an axis oriented at
NW 40 (Fig. 2). The ore bodies formed mainly in the direction of the
NW fault zone, which most apparently played a consequential role in
the lateral migration of the mineralizing fluids.

4. Methods and materials
4.1. Field surveys and subsurface sampling

Field surveys were conducted as part of a study that concentrated on
the epithermal and porphyry systems in the area. Samples were col-
lected from the exploration galleries; as well as 1400 m of drill cores
from 27 holes. A few suites of fresh and altered samples were collected
from the intrusions and surrounding units and mineralized parts in
outcrops and drill cores. Core samples from various depths were col-
lected for petrography, mineralography and laboratory analyses.
Distribution of lithologic units, alteration types, mineralization zones
and fluid inclusions has been examined to define distribution patterns.
Based on the above studies, a geological map in the scale of 1:2000 was
prepared for the Chodarchay area.

4.2. Analytical methods

Of a few hundred field samples, suitable specimens were chosen. To
scrutiny of ore-related metals, samples were collected from drill holes.
Ten polished, 70 thin, 50 thin-polished, and 20 double polished sections
were prepared from the intrusive, volcanic and volcaniclastic samples
from the surface and the bore holes for microscopic studies. A total of
262 drill core samples were analyzed for base metals. Base metal (Cu,
Pb, Zn, and Fe) contents were measured using a Varian 220Z atomic
absorption spectrometer at the Laboratory of Madankaran Angouran
Company in Behabad, Iran.

4.3. Petrography and mineralogy

Prepared thin, thin-polished and polished sections were studied
under reflected light microscopy at Tarbiat Modares University, Tehran,
Iran. Ore mineralogy, textures, various generations of minerals, para-
genesis and petrography, were examined with all the specifics. Also,
double-polished thin sections were petrographically examined. Fluid
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Fig. 2. Geological map of the Chodarchay Cu-Au deposit, Tarom (modified after Yasami et al., 2018).

inclusions in quartz, sphalerite, biotite, and plagioclase were identified,
described and classified.

5. Results
5.1. Distribution of rock types

The geology of the area is dominated by volcanic and volcaniclastic
sequences. Rhyolite, andesite, trachyte and volcaniclastic units (mainly
rhyolitic) (Fig. 3a-d) outcrop in the area. Two types of intrusive stocks
are hosted in the Karaj Formation: (1) early quartz monzonite to alkali
granite series; and (2) late alkali granite stock (Fig. 3e-h).

Most of the drill cores start with felsic volcanic and volcaniclastic
units at the surface and end with quartz monzonite series at depth. The
andesite volcanic unit is distal relative to the drilling site, so none of the
holes cut it.
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Multiple phases of volcanic activity have occurred in the region.
Relative dating of the units comes from contact relationships. Magmatic
activity is divided into four classes: (1) Eocene lavas and volcaniclastics
(Karaj Formation); (2) Late Eocene—post-Eocene quartz monzonite to
alkali granite; (3) alkali granite stock that impressed the early intrusion;
and (4) late volcaniclastic units that contain lithics from the intrusions.

The small late alkali granite in the northern margin of the quartz
monzonite (Fig. 2) with a surface outcrop area of ~0.1 km? and its
western dike (Fig. 4) crop out just at the surface. The alkali granite is
younger enough that has pushed and fractured the quartz monzonite
margin and intruded as aplite veinlets into the quartz monzonite
(Fig. 5). The quartz monzonite series area is ~0.5km?. Since the hy-
drothermal alteration and mineralization show zoning in the quartz
monzonite, it can be suggested that it was effective in alteration and
mineralization. Thin section photographs of the two intrusions are
presented in Fig. 6.
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Fig. 3. Macroscopic features of the Chodarchay rock units: (a—d) Lavas and
volcaniclastic units: (a) Rhyolite; (b) Andesite; (c) Trachyte; (d) Rhyolitic
crystal tuff. (e-h) Intrusive bodies: (e) Quartz monzonite; (f) Early alkali
granite; (g) Quartz syenite; (h) Late alkali granite.

Fig. 4. A dike formed at a later stage as the magma cooled: (a) Outcrop showing
the dike intruding into the Karaj Formation; (b) Close-up view of a. (c—d)
Microscopic images of the dike from the Chodarchay: (c) In crossed Nicols; (d)
In reflected light.

(1) The quartz monzonite as the bottom of the intrusive series displays
granular and graphic textures. The major minerals are euhedral to
subhedral plagioclase, euhedral to anhedral orthoclase and anhe-
dral quartz. Plagioclase shows polysynthetic twinning (Fig. 6a and
b). Euhedral to subhedral hornblende, euhedral clinopyroxene, and
subhedral biotite are the minor minerals. Magnetite is the pre-
dominant accessory phase. Other accessory minerals include eu-
hedral apatite, euhedral zircon (Fig. 6¢), titanite and ilmenite.

(2) The granular quartz syenite part of the series consists of anhedral
orthoclase and subhedral quartz as major minerals (Fig. 6d-f).
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(3) The early alkali granite as the upper part of the series shows
granular and graphic textures. Major minerals consist of subhedral
to anhedral orthoclase. Anhedral to subhedral quartz is relatively
large. Most of the quartz grains show undulose extinction. The
plagioclase is euhedral and shows polysynthetic twinning. The
biotite as a minor mineral is subhedral. The hornblende is euhedral
to subhedral. Accessory minerals consist of subhedral to euhedral
zircon, euhedral titanite, and apatite that occur as inclusions inside
the quartz and orthoclase (Fig. 6g—i).

(4) The late alkali granite stock has porphyritic texture and consists of
K-feldspar, plagioclase, quartz, biotite, and amphibole. Accessory
minerals include magnetite, ilmenite, titanite, apatite, and zircon
(Fig. 6j-1).

5.2. Hydrothermal alteration patterns

Hydrothermal alteration in porphyry deposits is usually widespread
and has zoning in deposit scale and near the veinlets and fractures
(Titley, 1982; Sillitoe, 2000, 2010; Seedorff et al., 2005, 2008; Tosdal
et al., 2009). Ideal porphyry deposits are typically described by hy-
drothermal alteration zonation (Lowell and Guilbert, 1970). Usual al-
teration zones in porphyry deposits include an inner potassic zone and
an outer propylitic zone. Phyllic and argillic zones may have occurred
between the potassic and propylitic zones or as younger irregular or
tabular zones overprinting the former sulfide and alteration assem-
blages (Meyer and Hemley, 1967; Sillitoe, 2010).

Hydrothermal alteration has affected volcanic and intrusive rocks at
the Chodarchay. Distribution of alteration types in the deposit scale has
been studied by petrography of the outcrop and core samples. Spatial
progression of alteration types was examined by cross-cutting re-
lationships in hand specimens and their thin sections.

The potassic as the oldest alteration event is developed in the in-
nermost part of the intrusion. The secondary K-feldspar replacing pla-
gioclase and the smaller secondary biotite and magnetite replacing
hornblende within the quartz monzonite, indicate to potassic alteration
(Fig. 7a). At the Chodarchay, mineralization in this zone can be im-
portant as an exploration guide for other possible similar deposits due
to the deposit being the first reported porphyry mineralization in the
Tarom. The potassic alteration grades to a higher level either to phyllic
and then to argillic or directly to the argillic alteration.

Phyllic zone normally overprints potassic and chlorite-sericite al-
teration assemblages (Dilles and Einaudi, 1992; Sillitoe, 2010). The
phyllic assemblage consists of sericite, quartz, and pyrite at the Cho-
darchay (Fig. 7b). This alteration changes to potassic and chlor-
ite-sericite alteration (Fig. 7c¢) with an increase in depth.

The phyllic alteration changes upwards to argillic alteration in some
cores. In the upper parts of the system, host rocks are thoroughly al-
tered to propylitic or argillic alteration (Fig. 7d). The argillic alteration
that is characterized by sericite, clay mineral, and quartz, has affected
the intrusion as well as the surrounding rocks.

The propylitic alteration surrounds the other alteration types. The
propylitic alteration zone typically consists of chlorite and calcite or
epidote (Fig. 7e). The presence of sericite and chlorite in the absence of
epidote (Fig. 7c) may equate to the intermediate argillic zone (e.g.,
Ohio Creek; Brathwaite et al., 2001).

The advanced argillic alteration overprinted on an early-formed
alteration halo. In the high-sulfidation environment, ore deposition is
thought to be a separate event from early advanced argillic alteration
which produces the residual vuggy quartz (Fig. 7f) typical of high-sul-
fidation epithermal deposits (Arribas, 1995).

The alteration and mineralization at the Chodarchay is the result of
hydrothermal activity from the interplay of magmatic fluids from the
high-level intrusion and neighboring country rocks. Hydrothermal al-
teration assemblages at the Chodarchay are described in Table 1.

Leached cap, oxide/sulfide mixture zone and hypogene miner-
alization zones are regularly distributed at the Chodarchay (Fig. 8). The
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Fig. 5. (a) Late alkali-granite outcropped in the north of the quartz monzonite; (b) Outcrop of quartz monzonite at the Chodarchay; (c) Alkali granite next to the
quartz monzonite. left: outcrop image of alkali granite; right: outcrop image of quartz monzonite; (d) Close-up view of c; crushed zone developed along the contact of
the two intrusive units; (e) Younger aplitic vein cross-cutting the early quartz monzonite.

leached cap contains abundant oxides and is characterized by high
porosity. Coexistence of limonite and sulfides denote oxide/sulfide
mixture zone. The hypogene as the deepest zone is without limonite,
and other ferro oxy-hydroxy minerals, while sulfides are the dominant
ore minerals.

5.3. Mineralization and paragenesis

The mineralization at Chodarchay is characterized by two distinct
successive events of ore formation. Late stage high-sulfidation epi-
thermal postdates the previous porphyry mineralization. The miner-
alization was emplaced within a fault system. Observations reveal an
important primary structural control on the mineralization at the
Chodarchay (Yasami et al., 2017), associated with little lithological
control.

The porphyry mineralization developed within and around the
quartz monzonite series. High-sulfidation epithermal is linked with
porphyry Cu mineralization (Yasami et al., 2017). This model is based
on concepts for epithermal deposits (Hedenquist and Lowenstern, 1994;
Hedenquist et al., 2000). The potassic alteration is the pre-epithermal
ore hydrothermal activity in the intrusion. Epithermal mineralization
postdates the intrusion of a quartz monzonite and is defined as the
period of hydrothermal activity that occurred after cessation of the
intrusive activity at present levels of exposure and reactivity of the
Chodarchay Fault (Yasami et al., 2017).

5.4. Mineralization zoning

The mineralized area is divided into three zones: (1) deeper hypo-
gene sulfides; (2) near-surface enriched supergene sulfides; (3) surface
oxidized and leached zone. The most abundant hypogene sulfides are
chalcopyrite, pyrite, sphalerite, and galena. The supergene sulfide zone
is characterized by chalcocite, digenite, and covellite replacing

chalcopyrite, with chalcopyrite relicts observed in many samples.
Chalcopyrite is completely or partially replaced by chalcocite, digenite,
and covellite. The exposed hypogene sulfides near the surface have
been largely oxidized by supergene processes and replaced by Fe-hy-
droxides, Cu-oxides, Cu-carbonates, and Cu-silicates such as malachite,
azurite, hematite, goethite, and limonite to form a leached cap and the
oxide zone.

The geometries of mineralization consist of vein-veinlets, miner-
alized breccias, open space filling, massive sulfides, and dissemination.
The vein-veinlet is volumetrically the most important mineralization
type. The thickness of veinlets varies from a few cm to several dm. The
mineralized breccias are present in all the cores and outcrops.
Dissemination is mainly widespread in the phyllic zone; generally, the
disseminated mineral is pyrite. In higher levels, magnetite is associated
with pyrite. Gold, chalcopyrite, pyrite, sphalerite, galena, bornite,
chalcocite, covellite, digenite, copper and iron oxides, malachite,
azurite and sulfosalts are the main minerals (Figs. 9 and 10).

5.4.1. Hypogene sulfides

Chalcopyrite is the most abundant ore mineral during the hypogene
stage. Three generations of chalcopyrite are present. The first genera-
tion occurs as fine-grained and disseminated crystals and veinlet in the
porphyry stage (Fig. 9a). The veinlet and open space filling chalcopyrite
in the mineralized breccias characterize the second generation
(Fig. 9b). Equilibrium boundaries of chalcopyrite, sphalerite, and ga-
lena show that they are contemporaneous (Fig. 9c). Epithermal stage
chalcopyrite has been replaced in margins and fractures by bornite,
chalcocite, covellite, digenite, copper and iron oxides. Malachite and
azurite are the other minerals replacing the chalcopyrite. In some mi-
croscopic sections, chalcopyrite surrounded automorph pyrite, thus this
generation of pyrite formed before the chalcopyrite (Fig. 9d). The latest
generation formed by chalcopyrite emulsions inside the sphalerite
(chalcopyrite disease) (Fig. 9c).
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Fig. 6. Thin section photomicrographs showing mineral assemblages and textures in the intermediate-felsic intrusions from the Chodarchay area: (a—c) Representing
samples of the quartz monzonite: (a) Apatite needles are found at alkali-feldspar and plagioclase contact margin; (b) Plagioclase, alkali-feldspar, quartz, amphibole,
and biotite in quartz monzonite; (c¢) Euhedral zircon grain within a quartz monzonite. (d-f) Minerals of the quartz syenite unit: (d) Zircon fully enclosed within
orthoclase; (e) Elongated apatite within orthoclase; (f) Zircon and apatite inclusions within orthoclase. (g-i) Early alkali granite: (g) Rhombohedral titanite as
accessory mineral within quartz in early alkali granite; (h) Black and white graphic texture with intergrowths of quartz and alkali-feldspar; (i) Undulose extinction of
quartz in early alkali granite. (j-1) Represent late alkali granite: (j) An intergrowth of quartz and alkali-feldspar (granophyric texture); (k) Zircon inclusion within late
alkali granite; (1) The porphyritic texture in late alkali granite. Plagioclase twinning is easily seen using a polarizing microscope.

Pyrite is common in most hydrothermally altered and mineralized
rocks and occurs in four generations. Porphyry mineralization related
disseminated pyrite shows the first and the oldest generation (I). The
second is alteration related very fine to large disseminated crystals of
euhedral to subhedral pyrite (II) (Fig. 9e). Mineralization stage eu-
hedral to subhedral pyrites (III) associated with other ore minerals such
as chalcopyrite, sphalerite, and galena occur in quartz veinlets and
breccia clasts and matrix (Fig. 9d and f). The colloform pyrite is the last
generation (IV), some rounded pyrites formed in late stages of the hy-
drothermal system associated with magnetite show that the hydro-
thermal fluid was oxidized (Fig. 9g).

Sphalerite and galena occur as veinlets and in quartz veinlets and
mineralized breccias isolated or associated with other ore minerals.
Galena surrounds sphalerite indicating that galena formation continued
after sphalerite (Fig. 9h). Enargite points to the high-sulfidation
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epithermal mineralization. This mineral is associated with sulfide mi-
nerals such as galena and pyrite (Fig. 9i). Tetrahedrite and tennantite
occur as amorphous sulfosalt inclusions inside the chalcopyrite and
sphalerite (Fig. 9j, k). There is no association between the gold and
other ore minerals, and it occurs just inside the quartz (Fig. 91).

5.4.2. Enriched supergene sulfides

Near the surface, supergene bornite and chalcocite partially replace
hypogene sulfide minerals, typically as thin rims near fracturing and
outskirt of the sulfides. Supergene chalcocite and bornite have replaced
chalcopyrite (Fig. 10a). Covellite associated with digenite replaced
chalcopyrite as thin rims (Fig. 10b).

5.4.3. Oxidized and leached zone
The Chodarchay mineralization system has been oxidized and
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Fig. 7. Hydrothermal alteration associated with the Chodarchay porphyry-epithermal deposit: (a) Brown biotite replaces amphibole (hornblende) in the potassic
alteration; (b) Quartz + sericite + pyrite assemblage in phyllic alteration; (c¢) Chlorite-sericite (intermediate argillic) alteration assemblage; (d) Fine-grained illite
(birefringent mineral) in argillic alteration; (e) Epidote + calcite + chlorite assemblage shows propylitic alteration; (f) Vuggy quartz is clearly visible in advanced
argillic alteration. Abbreviations: Amph: Amphibole, Bio: Biotite, Mag: Magnetite, Qtz: Quartz, Py: Pyrite, Ser: Sericite, Chlo: Chlorite, Il: Illite, Cal: Calcite, Epi:

Epidote, V: Vuggy.

Table 1

Hydrothermal alteration assemblages, alteration types and altered rock units at the Chodarchay deposit.

Alteration minerals Alteration types

Rock units

Secondary alkali-feldspar, secondary biotite, magnetite Potassic

Sericite, chlorite Intermediate argillic
Sericite, quartz, pyrite Phyllic

Sericite, tourmaline Sericite-Tourmaline
Tourmaline Tourmaline
Sericite-clay associated with disseminated pyrite Argillic

Actinolite, epidote, chlorite, carbonate, pyrite Propylitic

Kaolin, quartz, alunite Advanced Argillic
Quartz Vuggy quartz
Quartz Siliceous
Carbonate Carbonated

Quartz monzonite

Alkali granite - rhyolite

Alkali granite - quartz monzonite — rhyolite - rhyolitic crystal tuff - breccia
Alkali granite - rhyolite - breccia

Alkali granite - trachyte tuff - rhyolitic crystal tuff - breccia

Alkali granite - breccia

Alkali granite - quartz monzonite - rhyolite

Alkali granite

Unknown

Alkali granite - quartz monzonite - quartz syenite - rhyolitic crystal tuff - breccia
Alkali granite - trachyte tuff - rhyolite - rhyolitic crystal tuff - breccia

partially leached at the surface (Fig. 8a). Oxide copper minerals (such
as malachite and azurite) appear in surface exposures (Fig. 10b and c).
Oxidation of hypogene sulfides such as pyrite and oxide minerals such
as magnetite produces goethite and hematite (Fig. 10d—f). Bernalite
which is a very rare ferric iron hydroxide with a structure related to that
of perovskite exists at the Chodarchay. Chemical analyses of this unu-
sual mineral reveal presence of very small amounts of Si, Pb, Zn, H,O
and CO, (Birch et al., 1992, 1993; McCammon et al., 1995).

The relative timing of successive events is described by paragenesis.
The paragenesis comprises two principal stages clarifying how the
porphyry system evolved through high-sulfidation to supergene pro-
cesses (Fig. 11).

The Chodarchay mineralization system is structurally and mor-
phologically related to the ore-controlling fault with NW-SE trend.
There are some lines of evidence for the post-mineral faulting. Pyrite III
in some places shows breccias and cataclastic textures that emphasize
on post-mineralization structural activity (Fig. 12a). Chalcopyrite has
been tectonically brecciated (Fig. 12b). Tectonics affected the galena
too, and lead to triangle cleavages elongated (Fig. 12c and d).
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5.5. Vein-veinlet classification

Various types of hydrothermal mineralized veinlets were categor-
ized at Chodarchay based on their mineralogy. The main types include:
(1) Quartz-sulfide veinlets (e.g., quartz-chalcopyrite veinlets and
quartz-chalcopyrite-pyrite veinlets) (Fig. 13a and b); (2) Calcite-sulfide
veinlets (e.g., calcite-sphalerite-galena-pyrite-chalcopyrite veinlets)
(Fig. 13¢); (3) Epidote-sulfide veinlets (e.g., epidote-sphalerite veinlets)
(Fig. 13d); (4) Chlorite-sulfide veinlets (e.g., chlorite-sphalerite-galena
veinlets; chlorite-chalcopyrite-sphalerite veinlets) (Fig. 13e-g); (5)
Sulfide veinlets (e.g., galena-sphalerite-chalcopyrite veinlets, chalco-
pyrite-pyrite veinlets, chalcopyrite veinlets, pyrite veinlets and galena
veinlets) (Fig. 13h-1). The main types are the quartz-sulfide veinlets.
Veinlet types associated with their host rocks and related hydrothermal
alteration types are presented in Table 2.

5.6. Metal dispersion

Distribution of deposit-scale ore-related metals is shown in Fig. 14.
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Fig. 8. Distribution of the three zones at the Chodarchay deposit: (a) Leached cap; (b) Oxide/sulfide mixture zone; (c) Hypogene mineralization zone.

Copper grades in the shallow parts are below 0.5%. Zinc grades are
mostly below 4.5%, although locally they reach concentrations up to
21%. Lead grades are all below 4.5%. The highest iron grades (between
10 and 22%) are associated with the highest Cu grades in the system.
Elevated Cu and Fe grades occur at the shallow parts.

5.7. Fluid inclusions

Numerous studies have been carried out on fluid inclusions in active
geothermal systems, their fossil equivalents, and the epithermal pre-
cious metal deposits (Kamilli and Ohmoto, 1977; Roedder, 1984;
Bodnar et al., 1985; Vikre, 1985; Hedenquist et al., 2000; Albinson
et al., 2001; Simmons et al., 2005; Camprubi and Albinson, 2007). The
close association between boiling and mineral deposition in the epi-
thermal environment is documented by a large database of fluid attri-
butes (c.f., Brown, 1986).

Petrographic examination of fluid inclusions including identifica-
tion of daughter minerals and gases, paragenesis of fluid inclusion po-
pulations, and recognition of constant or variable phase ratios within
populations in hydrothermal and igneous minerals can determine
qualitatively the major components, relative ages, and evolution of
fluids that formed porphyry deposits (John, 2010).

Fluid inclusions provide the means for investigating the nature and
composition of the involved fluids in ore-making processes. Fluid in-
clusion assemblage (FIA) is a group of fluid inclusions that all form at
the same time (Goldstein and Reynolds, 1994). The secondary FIAs at
the Chodarchay quartz trapped in repaired fractures. This generation of
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fluid inclusions is typical in porphyry deposits (Lecumberri-Sanchez
et al., 2013).

5.7.1. Distribution of fluid inclusion types

The fluid inclusions are hosted by quartz, biotite, plagioclase, and
sphalerite. Six types of fluid inclusions were identified in the host mi-
nerals (Fig. 15; Table 3).

5.7.1.1. Fluid inclusion types in the quartz. Veinlet quartz includes small
liquid- and vapor-rich two-phase inclusions. Filling quartz includes
liquid-rich two-phase, vapor monophase and solid-bearing multiphase
inclusions. There are liquid-rich two-phase, vapor-rich two-phase, and
halite-bearing multiphase inclusions in the magmatic quartz grains. Six
types of fluid inclusions were recognized in the quartz (Fig. 16).

Type I occurs as oval and elongated liquid monophase (up to 20 um
in their maximum dimension) in one sample from about 14 m depth
(Fig. 16a).

Type II as oval, square, sphere, elongated and irregular shapes,
exists in all depths and is the most abundant type. 20-40% of the vo-
lume is occupied by the vapor. These are between 2 and 70 um in their
maximum dimension (Fig. 16b).

Type III is in oval, rhombic, irregular and negative crystal shapes
and between 3 and 60 um. The vapor occupies 60-90% of the volume
and in some cases more than 90% (Fig. 16c¢).

Type IV as oval, rhombic and negative crystal shapes and are vapor-
rich (Fig. 16d).

Type V as oval, square, rectangular and irregular forms are
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Fig. 9. Ore minerals in plane-polarized reflected light: (a) Disseminated chalcopyrite and magnetite in the deepest part of the intrusion; (b) Veinlet chalcopyrite; (c)
Simple grain boundary relationships between chalcopyrite, galena, and sphalerite; extremely fine-grained inclusions of chalcopyrite (yellow) are present in the
sphalerite (chalcopyrite disease); (d) Pyrite surrounded by chalcopyrite; (e) Very-fine disseminated pyrite (pyrite II generation); (f) Pyrite III is associated with
sphalerite; (g) Rounded disseminated pyrite IV and disseminated magnetite; (h) Chalcopyrite, galena and sphalerite; galena surrounded sphalerite; (i) Enargite and
galena; (j) Tennantite inclusion in chalcopyrite; (k) Tennantite and chalcopyrite veinlets in sphalerite associated with pyrite; (1) Gold and darker quartz gangue.
Abbreviations: Ccp: Chalcopyrite, Py: Pyrite; Sph: Sphalerite; Gn: Galena; Ena: Enargite; Tet: Tennantite; Mag: Magnetite; Au: Gold. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

dominant, halite and in some places, sylvite and opaque minerals (he-
matite and chalcopyrite) exist as daughter crystals. Halite occupies
20-40% of the volume and is cubic and lesser as sphere form. The vapor
occupies 20-30% of the volume. The inclusions are 5-40 pm (Fig. 16e).

Type VI is oval, square and irregular and includes CO, as liquid and
vapor in addition to another liquid phase (three-phase). They are
10-30 um (Fig. 16f).

5.7.1.2. Fluid inclusion types in the sphalerite. Light-colored sphalerite is
a rare case of sulfides, which can be studied using the optical
microscopy for fluid inclusions and has two types of fluid inclusions
(Fig. 17a—c).

Type II is oval, and vapor occupies more than 90% of the volume. It
is between 5 and 30 um (Fig. 17a and b).

Type III has oval, sphere and cylinder shapes, is 5-10 um. The vapor
occupies ~30% of the volume (Fig. 17c).

5.7.1.3. Types of fluid inclusions in the biotite. One single type is hosted
by biotite at a depth of ~59m.

Type III forms a negative crystal. Its average length is ~15 um. The
vapor occupies more than 90% of the volume (Fig. 17d).

5.7.1.4. Types of fluid inclusions in the plagioclase. Vapor only and two-
phase (liquid-rich) fluid inclusions are hosted by plagioclase
(Fig. 17e-f).

Type I has an average length of ~ 25 pm. Inclusion shapes are cy-
linderal and some spread in the plagioclases (Fig. 17e). Mostly trails
arranging of fluid inclusions in cleavages give evidence of pseudo-sec-
ondary origin.

Type II appears at the center of the plagioclases as cylinder and
irregular. The vapor occupies ~30% of the volume (Fig. 17f).
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Fig. 10. (a) Pyrite enclosed by chalcopyrite; replacement relationships between chalcopyrite, chalcocite, and bornite; (b) Replacement relationships between
chalcopyrite, chalcocite, malachite and blue copper sulfides (largely covellite and digenite); (c) Malachite veinlet; (d) Pyrite replaced by hematite; (e) Hematite
replacing magnetite; (f) Goethite replacing magnetite. Abbreviations: Ccp: Chalcopyrite; Cc: Chalcocite; Cov: Covellite; Dig: Digenite; Bor: Bornite; Py: Pyrite; Mag:
Magnetite; Hem: Hematite; Goe: Goethite. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

5.7.2. Daughter minerals

The incident of daughter minerals over a wide area has been re-
ported in porphyry systems (Wilkinson, 2001). The most distinguishing
feature of the Chodarchay is the common occurrence of highly saline
inclusions containing multiple daughter minerals including halite, syl-
vite and commonly chalcopyrite (Fig. 18a—c). These often coexist with
low-density vapor inclusions (Fig. 18a); hence the assemblages are
commonly interpreted as the product of liquid-vapor phase separation,
a process considered to be an intrinsic part of the magmatic-hy-
drothermal evolution of such systems (Henley and McNabb, 1978). The
common occurrence of chalcopyrite and hematite in magmatic-related
inclusions (Fig. 18a, d—f) testifies to the high levels of dissolved Fe in
such fluids. Recent data indicate that Fe is a major component of such
solutions, together with K, Na and lesser amounts of Ca (Rankin et al.,
1992; Wilkinson et al., 1994; Ulrich et al., 1999).

Chalcopyrite as opaque and triangular (Fig. 18a) indicates to Cu-
rich fluids. Copper was transported by fluids from the magma to a
higher level into the Cu mineralization area. Both brine and vapor-rich
inclusions are ubiquitous in porphyry deposits, and the presence of
chalcopyrite in either inclusion type in various deposits implicates both
fluid phases as efficient Cu-transporting mediums (Ulrich et al., 2001;
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Bouzari and Clark, 2006). Chalcopyrite-bearing inclusions are trapped
in quartz crystals containing small chalcopyrite crystals and suggest
that crystals host fluids that precipitated chalcopyrite at depth. These
inclusions commonly contain liquid, vapor bubble and halite (Fig. 18a).
These oval and sometimes irregular inclusions contain opaque and/or
transparent daughter minerals, and a few contain up to three daughter
minerals.

5.7.3. Necking

Large and irregular inclusions by splitting into several smaller, more
equant inclusions in a post-entrapment process tend towards morpho-
logical equilibrium and minimization of surface free-energy. During
this process, the asperities in the inclusion walls narrow down, adopting
shapes that resemble necks. This subsequent event has occurred in the
fluid inclusions of the Chodarchay samples (Fig. 19), so it has been
considered in the petrography of the fluid inclusions.

5.7.4. Boiling and flashing

In many ore deposits, physical processes are the most important
mechanisms that result in the deposition of economic concentrations of
ore minerals (e.g., Skinner, 1997). The two processes that commonly
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Fig. 11. Paragenetic sequence for porphyry and epithermal mineralization types from the Chodarchay deposit.

Fig. 12. Some ore minerals at the Chodarchay display post-mineral tectonic event: (a) Brecciated pyrite; (b) Crackle brecciated chalcopyrite; (c-d) Galena cleavages
(triangular pits) elongation. Note elongated cleavage pits. (c) Galena. (d) Galena plus sphalerite. Abbreviations: Py: Pyrite; Ccp: Chalcopyrite; Gn: Galena; Sph:

Sphalerite.
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Fig. 13. Microscopic images of various types of hydrothermal veinlets at the Chodarchay deposit: (a) Quartz-chalcopyrite veinlet; (b) Quartz-chalcopyrite-pyrite
veinlet; (c) Calcite-sphalerite-galena-pyrite-chalcopyrite veinlet; (d) Epidote-sphalerite veinlet; (e-f) Chlorite-sphalerite-galena veinlet in cross-polarized light and
plane-polarized reflected light; (g) Chlorite-chalcopyrite-sphalerite veinlet; (h) Galena-sphalerite-chalcopyrite-pyrite veinlet; (i) Chalcopyrite-pyrite veinlet; (j)

Chalcopyrite veinlet; (k) Pyrite veinlet; (1) Galena veinlet.

provide the necessary conditions for effective ore mineral precipitation
are boiling, or effervescence in volatile-rich systems, and fluid mixing
(Wilkinson, 2001).

Coexistence of the types II and III fluid inclusions can indicate fluid
boiling at the time of entrapment. Vapor-rich inclusions that result from
boiling in low depth and pressure are predominant in near-surface
environment. In systems containing volatiles such as CO,, using the
term effervescence is more proper than boiling. The partitioning of
vapor from a more saline residual liquid can occur by boiling or ef-
fervescence (Wilkinson, 2001).

If pressure decreases to less than hydrostatic pressure leads to 100%
of the original liquid convert into a low-density vapor, boiling is re-
ferred to as flashing (Moncada et al., 2012). Boiling or effervescence
and flashing can be concluded from petrography of the Chodarchay
fluid inclusions. There is strong textural and fluid inclusion evidence
that boiling was widespread during the mineralizing events. Fluid in-
clusion characteristics of fluid immiscibility or boiling including coex-
isting liquid-rich and vapor-rich inclusions and assemblages of vapor-
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rich only inclusions (flashing) have been identified in the mineralized
samples (Fig. 20).

6. Discussion

Mineralization in the high-sulfidation epithermal environment ap-
pears to be genetically linked to deeper porphyry deposits (e.g., Arribas
et al., 1995; Hedenquist et al., 1998; Einaudi et al., 2003; Pudack et al.,
2009). The development of a high-sulfidation deposit is related to fluid
evolution in the underlying porphyry. Mineralization at the Chodarchay
commenced as a porphyry system that evolved to epithermal condi-
tions.

Porphyry mineralization is related to the emplacement of the quartz
monzonite plutonic body that intruded into the Karaj Formation.
Phyllic and argillic alterations overprint earlier potassic alteration. The
overprinting of potassic alteration by phyllic alteration has been widely
reported in porphyry copper systems (Landtwing et al., 2010; Sillitoe,
2010), and this alteration paragenetic sequence is characteristic of most
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Table 2

Distribution of hydrothermal veinlet types from the surface to the depth associated with their host rocks and related hydrothermal alteration. Abbreviations: Qtz:

Quartz; Cal: Calcite; Epi: Epidote; Cpy: Chalcopyrite; Py: Pyrite; Sph: Sphalerite; Gn: Galena.
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Sample No. Depth (m) Lithology Alteration type Veinlet type

001-1 0.2 Rhyolitic tuff Tourmaline-siliceous Qtz — Py

1-1 7.2 Hydrothermal breccia Tourmaline-siliceous Qtz — Py — Cpy

1-2 7.5 Hydrothermal breccia Tourmaline-siliceous Qtz - Py — Cpy

1-4 10.7 Breccia Tourmaline-siliceous Cpy; Qtz — Cpy

9-3 18 Alkali granite Argillic Py, Cpy; Sph - Cpy

5-3 20 Siliceous vein Siliceous Py

22-1 24.2 Alkali granite Intermediate argillic-carbonated Chl - Cpy - Sph

17-8 25.2 Breccia Phyllic-tourmaline Cpy

12-1 26 Breccia Argillic Cpy - Gn - Sph, Py; Qtz — Cpy — Py
1-8 30.3 Rhyolitic tuff - Qtz - Sph - Cpy - Gn

1-9 31.7 Rhyolitic crystal tuff Siliceous-carbonated Qtz - Sph - Cpy

10-5 32.8 Rhyolite Phyllic-carbonated Cpy - Gn - Sph; Qtz — Cpy
9-5 33 Alkali granite Phyllic Cpy - Gn - Sph

20-2 343 Breccia Siliceous-carbonated-tourmaline Qtz — Cpy — Py

5-4" 35 Volcanic Siliceous Cpy - Py; Cpy

15-11 35 Breccia Siliceous-carbonated Cpy - Py

5-8 40.3 Rhyolitic tuff Siliceous Cpy - Gn - Sph, Cpy

31 41.6 Rhyolitic crystal tuff Carbonated Gn - Py

9-6 53.8 Alkali granite Argillic Cpy - Gn - Sph, Gn

1-12 59.3 Alkali granite Argillic Qtz — Py — Cpy

11-4 61.20 Rhyolitic lithic-crystal tuff Phyllic-carbonated Qtz — Cpy - py

15-14 61.3 Trachyte Propylitic Cal — Cpy — Gn - Sph; Epi - sph
15-18 66.5 Alkali granite Propylitic Epi — Sph - Cpy - Py — Gn
1-16 89.4 Alkali granite Phyllic-carbonated Py - Sph

porphyry deposits hosted in intermediate rocks. The occurrence of en-
argite suggests that some portion of the high-sulfidation epithermal
system has been preserved and was not destroyed by supergene pro-
cesses, as has been recognized in some other porphyry deposits by
Sillitoe (2005).

High salinity inclusions recognized by fluid inclusion petrography
and daughter minerals (halite and sylvite) are closely associated with
the porphyry system. Fluid inclusions in epithermal systems are typified
by low salinity fluids (Wilkinson, 2001). Detected daughter minerals in
the Chodarchay samples are commonly observed in typical porphyry
systems (Wilkinson, 2001). In the porphyry systems, the occurrence of
hypersaline fluid inclusions containing several daughter minerals and/
or vapor-rich inclusions has been linked to ore (Roedder, 1971; Nash,
1976; Bodnar, 1981). Vapor-rich inclusions are seen in shallow por-
phyry systems (Bodnar, 1982; Hedenquist et al., 1998; Muntean and
Einaudi, 2000) and precious metal epithermal systems (Buchanan,
1979; Moncada et al., 2012). They represent the fluids responsible for
advanced argillic alteration. Solids nucleation from an oversaturated
liquid solution has been indicated by the presence of daughter minerals.
Na*, Cl7, K*, Cu®*, and Fe?™ in these hypersaline fluids are the most
common dissolved ions. The abundance of NaCl in fluid inclusions in
hydrothermal systems points out to the significance of chloride com-
plexing. ZnCl,, CuCl, and AgCl, aqueous species can form in chloride-
rich solutions. Chloride complexes are more stable than sulfide com-
plexes at higher temperatures (above 350 °C; Barnes, 1979). This
complexing can be valid for the transport of Au in the deeper and hotter
parts of magmatic and hydrothermal systems. Deeper than 24 m, all
samples have type V (hypersaline fluids), but in shallow levels, the
halite-bearing inclusions decrease. Lower salinity in shallower depths
can reflect dilution by meteoric waters. Therefore, the second me-
chanism has been effective at the Chodarchay mineralization system.
During the epithermal stage, the salinity of aqueous fluid was lower. It
may be because of low salinity magmatic vapor transfer to near surface.
More saline liquid has stayed at depth (Henley and McNabb, 1978). In
many porphyry systems, potassic alteration forming at temperatures
above approximately 450 °C is associated with quartz veins containing
these hypersaline liquid inclusions (e.g., Redmond et al., 2004;
Williams-Jones and Heinrich, 2005).
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Homogeneous hydrothermal fluids exsolved from deep to moder-
ately deep intrusions undergo phase separation to a low salinity vapor
and a corresponding hypersaline liquid during ascent and cooling
(Hedenquist et al., 1998). The relatively low buoyancy of the hy-
persaline liquid causes it to remain at depth, where it generates potassic
alteration in the porphyry environment (Heinrich, 2005). According to
Arribas (1995), the rising low salinity vapors to shallow crustal levels
interact with meteoric water and generate the acid-type alteration that
characterizes epithermal deposits that exist at the Chodarchay.

Fluid inclusion association, including vapor-, liquid-rich two-phase,
opaque mineral or unknown transparent mineral-bearing inclusion,
halite with or without sylvite and hematite-bearing inclusion and minor
CO,-bearing fluid inclusions at the Chodarchay, resemble those com-
monly observed in typical porphyry systems in the world (Lu et al.,
2004; Chen et al., 2007; Pirajno, 2009). There is a strong correlation
between CO, content and gold mineralization, such as in the deep-se-
ated intrusion-related systems (Lowenstern, 2001; Baker, 2002).

Even where the genetic relationship between porphyry and epi-
thermal mineralization is evident, physical and chemical evolution of
hydrothermal systems that accompany this transfer, need further in-
vestigation (Gammons and Williams-Jones, 1997; Muntean and
Einaudi, 2001; Sillitoe and Hedenquist, 2003; Heinrich et al., 2004).
Deposit-scale distribution of fluid inclusions shows that fluid inclusions
evolved spatially and temporally during the life of the hydrothermal
system from porphyry to epithermal type. Coexisting vapor- and liquid-
rich inclusions are observed in the upper part of the system indicating
that boiling occurred. The coexistence of the types II and III fluid in-
clusions is characteristic of porphyry copper systems (Bodnar, 1995;
Roedder and Bodnar, 1997). In epithermal systems, the occurrence of
cogenetic vapor- and liquid-rich inclusions may be used to identify
zones of boiling or immiscibility and ore mineral precipitation (Kamilli
and Ohmoto, 1977). Type IV at shallower levels emphasizes flashing of
hydrothermal fluids. Flashing is the result of fractures and pressure
decrease; so flashing at the Chodarchay can support the structural
control. Type VI near the surface indicates to the effervescence or im-
miscibility. Fluid immiscibility emphasized by fluid inclusion evidence,
is characteristic of porphyry copper deposits (Roedder, 1971; Nash,
1976; Roedder, 1984; Bodnar, 1995), and by the partitioning of metals
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Fig. 14. Variation in the grades of ore-related metals including Cu (a), Pb (b), Zn (c) and Fe (d) with depth at the Chodarchay deposit.

and other species between vapor and hypersaline liquid may result in
metal and sulfide zoning patterns in porphyry deposits (Heinrich et al.,
1999; Audétat et al., 2000). Type V and salinity changes provide evi-
dence for the fluids flow and salinity decrease from the porphyry up-
wards to the high-sulfidation system with focusing on boiling, flashing
and faulting.
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Schematic genetic section of the Chodarchay indicating fluid in-
clusion distribution as well as veinlet types are illustrated in Fig. 21
based on field mapping, core logging, and microscopic examinations.
The Chodarchay formed in relation to high-level volatile-rich quartz
monzonite. The porphyry mineralization is typically associated with
saline fluids in the quartz monzonite. Continuation of crystallization led
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Fig. 15. Six fluid inclusion types at the Chodarchay deposit: (a) Type I: Liquid monophase; (b) Type II: Liquid > 50% + Vapor < 50%; (c) Type III:

Vapor > 50% + Liquid < 50%; (d) Type IV: Vapor only; (e) Type V: Liquid = Vapor + Solid (> 50% or < 50%); (f) Type VI: Immiscible Liquid L; + Ly

V: Vapor; L: Liquid; S: Solid.

Table 3

Fluid inclusion types in host minerals at the Chodarchay epithermal-porphyry deposit. H:

mineral; Cpy: Chalcopyrite.

+

Vapor.

Halite; S: Sylvite; He: Hematite; O.m.: Opaque mineral; T.m.: Transparent

Sample No. Lithologic unit Depth (m) Fluid type in Daughter minerals
plagioclase biotite sphalerite quartz

CHO6" Late alkali granite 0 - - - I, I, Vv H, S, O.m., T.m.

CHO24 Quartz monzonite 0 - - - 1L, 110, V H

CHO36 Tuff 0 - - - I -

CHO44 Quartz monzonite 0 - - - I, III, V H

001-1 Tuff 0.2 - - - I, v H

19-2 Early alkali granite 4.4 - - - 1L, 11, IV, V H

18-2 Quartz syenite 6.2 - - - 11 -

25-1 Early alkali granite 10.9 - - - 11, VI -

17-2 Early alkali granite 14 - - - I, IT, 11 -

22-1 Early alkali granite 24.2 - - - I -

18-6 Quartz monzonite 26 L 1I - - 1L, 100, IV, V H, O.m., T.m.

20-2 Volcanic 34.3 - - - I, v H, He, T.m.

15-11 Breccia 35 - - - IL, V H, O.m

04-5 Early alkali granite 36.5 - - - I, IV, V H

03-1 Tuff 41.6 - - - I, IV, V H

24-6 Early alkali granite 43.3 - - - I, 100, IV, V H, O.m. T.m

24-7 Quartz monzonite 59.1 I 111 - II, III, V H

01-12 Early alkali granite 59.3 - - 1L, 11 1L, 1L, V H, S, O.m., T.m.

15-14 Volcanic 61.3 - - - I, I00, IV. V H, He, Cpy, T.m.

14-7 Breccia 97.3 - - - 1L, 101, V H

* Late alkali granite outcropped at the surface is aside from the quartz monzonite series.

to increasing fluid pressure and fracturing. Hydrothermal mineral de-
position closed these hydrothermal and tectonic open spaces, so fluid
pressure increased resulting in fracturing and secondary boiling event.
The presence of the extensive hydrothermal brecciation within the ore
zones show the possibility of boiling. As a result of the exit of acidic
fluids, vuggy quartz formed in the epithermal environment. Fluids be-
came progressively neutralized, cooler and low-salinity outward by
fluid-rock interaction and meteoric water dilution. High-sulfidation
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epithermal mineralization formed during these processes overprinting
the early deeper-seated porphyry mineralization at the Chodarchay.

7. Conclusions

Field evidence, core logging, prevailing mineralogical and geo-
chemical data along with other data obtained from the Chodarchay
indicate two stages of ore formation. The Chodarchay is the only
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Fig. 16. Six types of fluid inclusions were recognized in the quartz crystals from the Chodarchay deposit. (a) Type I, (b) Type II, (c) Type III, (d) Type IV, (e) Type V,
(f) Type VI. V: Vapor; L: Liquid; S: Solid.

S0um

Fig. 17. Microphotographs showing different types of fluid inclusions observed in sphalerite, plagioclase and biotite at the Chodarchay deposit. (a-b) Type II fluid
inclusion in the sphalerite. (¢) Type III fluid inclusion in the sphalerite. (d) Type III fluid inclusion in the biotite. (e) Type I fluid inclusion in the plagioclase. (f) Types
I and II fluid inclusions in the plagioclase. Sph: Sphalerite; Bio: Biotite; Plag: Plagioclase; V: Vapor; L: Liquid.

example of a spatial association and transition of porphyry to high- The fluid inclusion distribution and paragenetic sequence indicate
sulfidation epithermal systems in the Tarom subzone of western Alborz that a magmatic fluid at depth evolved with time from a high-salinity to
structural zone of northwestern Iran. Both epithermal and porphyry a low-salinity mineralizing fluid and hydrothermal ores precipitated
systems have been preserved. Mineralization is hosted in the quartz from fluids with variable salinities. Boiling was a dominant process at
monzonite and the surrounding volcanic and volcaniclastic units. shallow levels in the system.
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Fig. 18. Daughter minerals in fluid inclusions from the Chodarchay deposit. (a) Multiple daughter minerals including halite, sylvite and triangular chalcopyrite
associated with vapor inclusion. (b) Multiple daughter minerals including sylvite and halite. (c) Multiple daughter minerals including halite, sylvite, and transparent
solid phase. (d) Halite and opaque mineral (hematite or chalcopyrite) as daughter minerals. (e) Sylvite, opaque mineral (hematite or chalcopyrite) and transparent
solid phase as daughter minerals. (f) Opaque mineral (hematite or chalcopyrite) and transparent solid phase as daughter minerals. T.S: Transparent Solid phase.

Fig. 20. Fluid inclusion types observed in samples from the Chodarchay: (a) Fluid inclusion assemblages (FIAs) containing liquid-rich inclusions only with consistent
liquid-to-vapor ratios are indicative of non-boiling conditions. (b) FIAs consisting of coexisting liquid-rich and vapor-rich inclusions are indicative of boiling con-
ditions. (c) FIAs containing only vapor-rich inclusions indicate flashing of the system.
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Fig. 21. Deposit-scale distribution of fluid inclusions and veinlet types at the Chodarchay deposit.

The distribution of alteration, mineralization, and fluid inclusion
features at Chodarchay provides vectors that show systematic varia-
tions from depth to surface in porphyry-epithermal systems.
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