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The Gharehchay-Kurmolla (Gh-Ku) base and precious metals occurrence is located in ~2 km south of Tikmehdash, 75 km
south-east of Tabriz, and is a part of Bostanabad-Miyaneh gold-bearing district in the West Alborz-Azarbaidjan structural
zone. Mineralization in the study area occurs in quartz veins and veinlets hosted by the Eocene volcanic-pyroclastic units as
well as granite. Recognizable alteration zones around the quartz veins and veinlets include silicic, phyllic, intermediate
argillic, and propylitic types. The mineralization was developed during three conspicuous stages. In stage 1, minerals such
as quartz, pyrite, and chalcopyrite with slight amounts of gold were formed. During stage 2, minerals such as quartz, galena,
sphalerite, and gold together with pyrite and chalcopyrite were developed. Stage 3 was concurrent with deposition of quartz
accompanied by Mn-oxides and hydroxides (pyrolusite and psilomelane). The major gangue minerals are quartz, adularia,
sericite, epidote, chlorite and calcite. Micro-thermometric investigations on primary 2-phase (LV) fluid inclusions in quartz
crystals showed that the hydrothermal fluids responsible for mineralization had temperatures and salinities ranging from 215
to 325°C and from 2.6 to 10.4 wt.% NaCl eq., respectively. The oxygen isotopic composition of the fluid (+9.7 to +12.5%o) sug-
gests that the ore-forming solutions had a largely magmatic component. The sulphur isotopic composition of the fluid (—1.5 to
—3.4%o) is also indicative of magmatic origin. On the basis of data obtained from micro-thermometric and stable isotope anal-
yses, boiling along with mixing were two important mechanisms involved in the precipitation of ore and gangue minerals in
the study area. The geological and geochemical characteristics of the Gh-Ku area indicate that mineralization in this area is
of epithermal type with a low-sulphidation style.

Key words: Tikmehdash, Au-bearing quartz veins, low-sulphidation, epithermal, micro-thermometric analysis, stable iso-
topes.

INTRODUCTION 1990; Hedenquist et al., 2000; Cooke and Simmons, 2000;
Sillitoe and Hedenquist, 2003; Einaudi et al., 2003; Simmons et
al., 2005).

Epithermal deposits are recognized as valuable base (Cu, Iran, situated in the middle part of the gigantic Alpine-Hima-

Pb, and Zn) and precious (Au and Ag) metal resources (Sim-
mons et al., 2005). These deposits are commonly formed at
depths from <1 to 1.5 km in low to intermediate temperature (50
to 300°C) conditions by relatively low-salinity (5 to 15 wt.%) flu-
ids (Cooke and Simmons, 2000; Simmons et al., 2005; Pirajno,
2009). These epithermal deposits are categorized into three
styles: (1) low-sulphidation (LS), (2) intermediate-sulphidation
(IS), and (3) high-sulphidation (HS) (White and Hedenquist,
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layan Belt, was always a suitable location for the development
of epithermal base and precious metal deposits (Richards et al.,
2006). In recent years, extensive research has taken place con-
cerning the genesis and evolution of hydrothermal fluids associ-
ated with epithermal base and precious metal deposits in north-
-west Iran (Heidari et al., 2015; Mehrabi et al., 2016; Zamanian
et al., 2019; Kouhestani et al., 2019a, b, 2020; Miranvari et al.,
2020; Ferdowsi et al., 2021; Ebrahimi et al., 2021; Ghasemi
Siani et al., 2022).

The Gharehchay-Kurmolla (Gh-Ku) base and precious met-
als occurrence is located ~2 km south of Tikmehdash, 75 km
south-east of Tabriz, east-Azarbaidjan province, NW Iran. This
mineral prospect is a part of the Bostanabad-Miyaneh gold-bear-
ing district in the West Alborz-Azarbaidjan structural zone
(Nabavi, 1976; Fig. 1). Eocene volcanism in this district produced
a succession of volcanic-pyroclastic rocks which were intruded
by Oligocene plutonic rocks. The hydrothermal fluids released
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Fig. 1. An index map showing the major geological-structural divisions of Iran (Nabavi, 1976)

The location of the study area is marked (filled square)

from these intrusives was a source of alteration and mineraliza-
tion in this district (Maghsoudi et al., 2005). Except for preliminary
studies by Hassani Soughi et al. (2021), no other comprehensive
scientific research on these hydrothermal fluids has been done
so far. We have investigated the alteration and mineralization
processes and analysed certain physico-chemical conditions
controlling the ore deposition via constraints based on fluid inclu-
sion and stable isotope data from the study area. The results of
this research can contribute to better understanding and explora-
tion of similar deposits in this district.

GEOLOGICAL SETTING

The Bostanabad-Miyaneh gold-bearing district starts from
east of Miyaneh and extends to the west of Bostanabad, and is
bounded to the north by the Bozghoosh mountain range. A
large part of the district is covered by Paleogene volcanic rocks.
Extensive volcanism took place in this district as the result of an
extensional phase of the Laramide orogeny (Maghsoudi et al.,
2005). The widespread volcanic rocks include lavas of latite,
trachyandesite, basalt, dacite, and rhyolite composition with as-
sociated pyroclastic deposits. Oligocene intrusive rocks in the
district occur as stocks, laccoliths, dikes, and sills intruding the
Eocene volcanic rocks. In general, all the igneous rocks (both
extrusive and intrusive) in the district were folded during the Al-
pine (Pyrenean) Orogeny. The volcanic activities continued un-
til the Miocene as shown by the presence of volcanic rocks
(lavas and pyroclastics) together with shallow marine deposits.

Pliocene strata (gypsiferous marl and conglomerate) uncon-
formably overlie the Miocene sequence (Maghsoudi et al.,
2005).

According to the geological map of the Bostanabad quad-
rangle (1:100,000) (Behrouzi et al., 1997) and the map (1:5000)
prepared by the authors (Fig. 2), the lithological units in the
Gh-Ku area consist of Eocene volcanic lavas and pyroclastics
with Oligocene intrusive bodies (e.g., granite). The oldest units
cropped out in the area belong to Eocene (E', EY, and E¥) and
these host the ore-bearing veins and veinlets. Unit E" consists
of tuffs, some sandy, and green andesitic lavas (Fig. 3A) and
crops out mainly near the granite with which it has a sharp con-
tact. Following the intrusion of the granite, the accompanying
hydrothermal fluids brought about alteration and mineralization
in the E" unit. Unit E" (younger than E") is pale in colour and
comprises porphyrytic andesite and andesitic basalt (Fig. 3A). It
has suffered intense alteration in places, where in contact with
granite, and is dark purple. Unit E' consists of tuff breccias and
pyroclastic rocks (Fig. 3B). In general, the Eocene lavas have
porphyritic texture with microlithic matrix. The Oligocene intru-
sive bodies include the T unit. This unit (granite) hosts part of
the mineralization in the area (Fig. 3C). The principal structural
features in the Gh-Ku area include a group of fault systems
trending NW-SE and NE-SW. Those faults striking NW-SE
have almost similar trends to the well-known Tabriz Fault and
have a dextral strike-slip component, while the faults striking
NE-SW have a sinistral strike-slip component. Generally, these
faults had a controlling role on the ore-bearing quartz veins and
veinlets in the study area.
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Fig. 2. Geologic map of the study area on which the locations and trends of the ore-bearing quartz veins are shown

(modified after Behrouzi et al.,

METHODS

Investigations took place both in the field and laboratory.
During the fieldwork, a geological map (1:5000) was prepared
and the ore-bearing veins and the associated host rocks were
identified. Approximately 100 representative surface and sub-
surface samples were collected from the ore zones and host
rocks. Laboratory work include preparation and examination of
15 thin and 30 polished thin-sections. Further mineralogical

1997)

studies were made by scanning electron microscopy (SEM).
This work was carried out in the Central Laboratories of the Uni-
versity of Tabriz using a Tescan MIRA3 FEG-SEM at 0.56 nA
and accelerating voltage 15 kV. Ten doubly polished wafers
were prepared for fluid inclusion studies. Micro-thermometric
analysis took place using a Linkam THMSG600 stage. Calibra-
tion of the measurements was ensured via the melting point of a
sodium nitrate standard (+306.8°C) during heating (with an ac-
curacy of +0.6°C) and by the freezing point of a carbon tetra-
chloride standard (—22.99°C) during cooling (with an accuracy
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Fig. 3. Field photos of the lithological units in the Gh-Ku area

A — exposures of the lithological sequence of tuff, sandy tuff, andesite (E"), and andesite-basalt (E")
(view towards the north); B — exposures of pyroclastic and tuff breccia units (E');
C — exposure of a granite

of +0.2°C). For determining the source of the ore-bearing fluid
and its H,S component, isotopic analyses of oxygen and sul-
phur were performed in laboratories at Arak University using an
IRMS (Isotope Ratio Mass Spectrometer) system. The pre-
cisions of the measurements for sulphur and oxygen were 0.1
and +0.2%o, respectively.

ALTERATION

Field evidence and petrographic investigations show that
the hydrothermal alteration at Gh-Ku is not pervasive, being
mainly restricted to the wall rock margins of the veins and

veinlets and the mineralized zones. The hydrothermal alteration
in the study area includes four distinct types:

— silicic,

— phyllic,

— intermediate argillic,

— propylitic.

The first three are intimately affiliated with ore-bearing
zones in the host rocks. The silicic zones are observed primarily
in the margins of the ore-bearing quartz veins and veinlets, and
outwards they gradually change to the sericitic zone. The silicic
zones in the area are significant because of being associated
with the ores (Fig. 4A), and because their high resistance to
weathering means that they have high topographic relief at out-

Fig. 4. Field photos depicting the surface expressions of the hydrothermal alteration zones at Gh-Ku

A — surface view of a silicic alteration zone; B — exposure of an intermediate argillic alteration zone; C — veinlets of epidote in a propylitic
alteration zone; all abbreviations are from Whitney and Evans (2010); Ep — epidote; for other explanations see Figure 3
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crop relative to the surrounding rocks. Quartz is the major min-
eral present in the silicic zone, accompanied by small amounts
of adularia (Fig. 5A), which commonly occurs replacing primary
silicate minerals in the host rocks. The phyllic alteration is lim-
ited in extent, is commonly observed around silicic zones, and
is characterized by the presence of sericite, quartz, pyrite, and
small amounts of clay minerals (Fig. 5B). In this alteration zone,
sericite is mainly present replacing plagioclase. This zone grad-
ually and outwards turns into the intermediate argillic alteration
zone which appears as a white to yellow halo with relatively
wider extent surrounding the ore-bearing veins (Fig. 4B). In
places, this alteration is orange to red owing to the presence of
Fe-oxides and hydroxides. This alteration zone is marked by
clay minerals which commonly replace feldspar and sericite
(Fig. 5C). The propylitic alteration zone has a relatively limited
extent in the study area, being observed farther away from the
ore-bearing veins. This alteration is recognized by its green col-
our at exposure and has affected most of the Eocene units (Fig.
4C). It formed by replacement of plagioclase, amphibole and bi-
otite by epidote, chlorite and calcite (Fig. 5D-F).

MINERALIZATION

CHARACTERISTICS OF THE ORE-BEARING VEINS

Field observations show that mineralization at Gh-Ku took
place as quartz veins and veinlets, mostly along the strike of
fault and fracture zones. These veins and veinlets are hosted
by the Eocene volcanic-pyroclastic and Oligocene intrusive
(granite) units (Fig. 6A, B). Most of the quartz veins have
NE-SW trends but some strike NW-SE with varying dips rang-
ing from 70-90°. These veins have varying widths and lengths,

ranging from 0.5 to 15 m and from 10 to 700 m, respectively, be-
ing milky white to dark grey in colour and red to brown in the
weathered parts (due to Fe-oxides and hydroxides) or green
(from the presence of malachite) (Fig. 6C). These veins and
veinlets occasionally exhibit stockwork structure (Fig. 6D). The
quartz crystals within them generally demonstrate massive,
brecciated (Fig. 6E), comb (Fig. 6F), crustiform, and vug infill
(Fig. 6G) textures. Mineralization within the quartz veins and
veinlets consists of pyrite, chalcopyrite, galena, sphalerite, na-
tive gold, and Mn-oxides and hydroxides. These ore minerals
occur as disseminated grains within the veins. The overall as-
says of Cu, Pb, Zn, Au and Ag in samples collected from the
ore-bearing veins are 0.1, 0.4 and 0.35%; 0.2 and 10 ppm, re-
spectively (TSIG, 2022).

MINERALIZATION STAGES

On the basis of the types of minerals and textural relation-
ships in the ore-bearing veins and veinlets, the mineralization
processes at Gh-Ku can be categorized into three distinct
stages. During stage 1, minerals such as quartz, pyrite and
chalcopyrite along with slight amounts of gold were deposited
(Fig. 7A). In the course of the stage 2, quartz, galena, sphalerite
and gold along with pyrite and chalcopyrite were precipitated
(Fig. 7B). The sulphides of stages 1 and 2 occur as fine to
coarse crystals within quartz veinlets. The quartz formed in
stages 1 and 2 comprises fine to coarse crystals of milky white
to grey colour. Stage 3 of mineralization is characterized by the
presence of Mn-oxides and hydroxides (pyrolusite and psilo-
melane) together with quartz (Fig. 7C). The quartz crystals of
this stage are also fine to coarse, displaying milky white to violet
(amethystine) colour (Fig. 7D). From field observations and
mesoscopic and microscopic investigations at Gh-Ku, the para-

Fig. 5. Photomicrographs (xpl) of samples from the hydrothermal alteration zones at Gh-Ku

A — quartz and adularia in the silicic zone; B — sericite, quartz, and pyrite in the phyllic zone; C — the intermediate alteration zone in which the
plagioclase has been replaced by clay minerals; D — the presence of euhedral epidote in the form of void-filling in the propylitic zone; E — for-
mation of chlorite with spheroidal texture in the propylitic zone; F — replacement of plagioclase by calcite in the propylitic zone; Adl — adularia,
Cal — calcite, Chl — chlorite, Clay — clay minerals, Ep — epidote, Py — pyrite, Qz — quartz, Ser — sericite
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Fig. 6. Field photos of quartz veins and veinlets at Gh-Ku

A — exposures of quartz veins hosted by lithological units such as tuff, sandy tuff, andesite (E"), and granite (T%) (view towards the
north-west); B — exposure of quartz veins in a granite (view towards the north-east); C — quartz vein containing malachite; D — stockwork
structure in the quartz veins and veinlets; E — brecciation in the quartz veins and veinlets; F — quartz crystals with comb texture within quartz
veins and veinlets; G — quartz crystals showing crustiform and open-space filling textures within quartz veins and veinlets; Mic — malachite,

Qz - quartz

genetic sequence of coexisting minerals (ore and gangue) and
their relative abundance formed during hypogene and super-
gene processes is summarised in Figure 8.

TYPES OF ORE AND GANGUE MINERALS

The important ore minerals in the mineralized zones at
Gh-Ku are pyrite, chalcopyrite, galena, sphalerite and gold ac-
companied by pyrolusite and psilomelane. Quartz, adularia,
sericite, epidote, chlorite and calcite are the significant gangue
minerals accompanying the ores. During the supergene pro-
cesses, minerals such as cerussite, goethite, hematite, jarosite,
bornite, covellite, chalcocite, digenite, cuprite, malachite and
azurite formed. The ore and gangue minerals at Gh-Ku show, in

general, various types of textures including vein and veinlet,
massive, brecciated, disseminated, replacement, relict, cauli-
flower, comb, crustiform, cockade, vug infill, plumose, flamboy-
ant and saccharoidal.

Pyrite occurs as very fine- to medium-grained (10 um to
2 mm), anhedral to euhedral disseminated crystals within the
quartz matrix (Figs. 9A and 10A). It is often replaced marginally
and along the micro-fractures by secondary minerals: goethite,
hematite, and jarosite exhibiting relict texture (Fig. 9A). In the
hypogene zone, it is occasionally replaced by chalcopyrite indi-
cating its earlier paragenetic deposition (Figs. 9B and 10B).
Intergrowth of pyrite with chalcopyrite, however, is also com-
mon (Fig. 9C). Tiny inclusions of pyrite within galena and
sphalerite were also observed. Chalcopyrite is the most abun-
dant sulphide at Gh-Ku and occurs as fine- to medium-grained
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B

Fig. 7. Mesoscopic photos representing the different stages of mineralization at Gh-Ku

A - stage 1 of mineralization manifested by the presence of pyrite and chalcopyrite along with quartz; B —
the presence of pyrite, chalcopyrite, galena and sphalerite together with quartz developed in stage 2 of the
mineralization; C — formation of quartz and Mn-oxides and hydroxides during stage 3 of the mineralization;
D — formation of quartz crystals of violet (amethystine) colour during stage 3 of the mineralization; Ccp —
chalcopyrite, Gn — galena, Mn ore — manganese ore minerals, Py — pyrite, Qz — quartz, Sp — sphalerite

(up to 3 mm), anhedral to subhedral disseminated crystals
within the silicic matrix (Fig. 10C). In the supergene zones, it
was also marginally and along micro-fractures altered to goe-
thite, bornite, covellite, chalcocite, digenite, cuprite, malachite,
and azurite (Fig. 9B, D, E). In places where the supergene alter-
ation is intense, it was almost entirely replaced by supergene
minerals and shows relict texture. It typically shows inter-
growths with pyrite, galena and sphalerite (Fig. 9C and F), but
occasionally was replaced by galena and sphalerite so that in-
clusions of chalcopyrite within these minerals were also ob-
served (Fig. 9C and G).

Galena mostly occurs as fine to medium-grained (up to
3 mm), anhedral to euhedral crystals in the silicic zones (Figs.
9G and 10D). It was concurrently precipitated with pyrite, chal-
copyrite and sphalerite (Fig. 9C and G), and was replaced at its
margins by cerussite in the supergene zone (Fig. 9H). Spha-
lerite occurs as medium- to coarse-grained (up to 2 cm), sub-
hedral to euhedral crystals and is scattered within the silicic ma-
trix (Figs. 9F and 10E). It shows intergrowth texture with pyrite,
chalcopyrite and galena (Fig. 9C, F, G). In places, sphalerite
along with galena replace and engulf pyrite and chalcopyrite
crystals (Figs. 9G and 10A) suggesting that they formed after
pyrite and chalcopyrite. The native gold is present as very
fine-grained inclusions within quartz (Fig. 9l), pyrite, goethite
and chalcopyrite (Figs. 9J and 10B, F). Pyrolusite occurs as
fine- to medium-grained, anhedral to subhedral disseminated
crystals within quartz veins and veinlets, and is more abundant
than psilomelane (Fig. 9K). Psilomelane is accompanied by
and coexisted with pyrolusite within quartz veins and veinlets
and occasionally shows cauliflower texture (Fig. 9L).

Quartz is the most abundant gangue mineral at Gh-Ku and
occurs as fine- to coarse-grained (<10 um up to 5 cm), anhedral
to euhedral crystals (Fig. 5A). It is commonly milky white, grey,
and violet (amethystine) in colour but is occasionally colourless
and transparent. The quartz crystals display typical veinlet,
comb (Fig. 11A), crustiform (Fig. 11B), cockade (Fig. 11C), vug
infill, plumose (Fig. 11D), flamboyant (Fig. 11E) and saccha-
roidal (Fig. 11F) textures. Adularia usually occurs as medium to
coarse grains along with quartz crystals within the quartz
veinlets (see Fig. 5A). Sericite is mainly present as fine flakes
(see Fig. 5B). Epidote is observed as anhedral to euhedral crys-
tals and displays veinlet, disseminated and vug infill textures
(Fig. 5D). Chlorite primarily occurs as fine to medium flakes and
shows veinlet, vug infill, and spheroidal textures (see Fig. 5E).
Calcite is mostly present in the form of fine to medium crystals
(Fig. 5F), and occasionally shows micro-veinlet textures.

FLUID INCLUSION (FI) STUDIES

The main objectives of the fluid inclusion studies were de-
terminations of certain physico-chemical conditions (tempera-
tures and salinities) of the hydrothermal ore-bearing solutions.
Micro-thermometric studies have proven important in acquiring
such information and contribute to better constraints on the
evolution of hydrothermal fluids, and on ore genesis (Wilkinson,
2001; Van den Kerkhof and Hein, 2001; Bodnar et al., 2014).
Considerations of the ore-containing veins and veinlets along
with petrographic examinations of the ore and gangue minerals
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Fig. 8. Paragenetic sequence of the ore and gangue minerals and their relative abundance along with various
types of textures they show at Gh-Ku

at Gh-Ku delineated that the quartz crystals within the quartz
veins and veinlets, through being cogenetic with the sulphides,
are very suitable for micro-thermometric analysis.

During examinations by optical microscopy, certain physical
characteristics of the Fls including their shape, type, size, de-
gree of fill and phase ratio were recognized. The Fls studied at
Gh-Ku had irregular, triangle, square, polygonal, acicular, ellip-
soidal, vermicular, elongated, spheroidal and negative quartz
crystal shapes (Fig. 12). According to criteria suggested by
Roedder (1984) and Goldstein (2003), three types of FI (pri-
mary and secondary) were distinguished in samples from the
study area (Fig. 12). The micro-thermometric measurements

were done exclusively on the primary Fls. The Fls vary in size
from <10 to 100 um but most of them have sizes within the
range of 10 to 50 um. A necking-down phenomenon was also
recognized in few cases (Fig. 12C). On the basis of the ratios of
the phase content and also according to Shepherd et al. (1985),
the Fls were classified into three types: (1) liquid-rich 2-phase
(LV) inclusions, (2) mono-phase vapour (V) inclusions, and (3)
vapour-rich 2-phase (VL) inclusions (Fig. 12). There was no evi-
dence to indicate the presence of liquid CO, and/or solid daugh-
ter phases. The liquid-rich 2-phase (LV) inclusions are relatively
more abundant than the other types, and their liquid phase is
dominant and occupies >70 vol.% of the FI. The vapour phase
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Fig. 9. Photomicrographs (ppl) of the ore and gangue minerals within quartz veins and veinlets at Gh-Ku

A — pyrite crystals replaced by goethite; B — pyrite crystals replaced and rimmed by chalcopyrite; replacement of chalcopyrite by chalcocite is
visible; C — intergrowth of pyrite, chalcopyrite, galena and sphalerite; replacement of chalcopyrite by galena and sphalerite is visible; D —re-
placement of chalcopyrite by bornite, covellite, chalcocite and digenite; E — complete replacement of primary Cu minerals by covellite,
digenite and cuprite; F — intergrowth of chalcopyrite and sphalerite; G — intergrowth of galena and sphalerite; the presence of inclusions of
chalcopyrite within sphalerite and galena in this picture is also noticeable; H — presence of coarse galena crystal displaying typical galena
pits with replacement by cerussite; | — presence of native gold within quartz matrix; J — presence of gold inclusions within chalcopyrite; K —
coarse crystal of pyrolusite; L — psilomelane with cauliflower texture; Au — gold, Bn — bornite, Ccp — chalcopyrite, Cct — chalcocite, Cer —
cerussite, Cpr — cuprite, Cv — covellite, Dg — digenite, Gn — galena, Gth — goethite, Ps — psilomelane, Py — pyrite, Pyr — pyrolusite, Qz —
quartz, Sp — sphalerite

in the vapour-rich 2-phase (VL) inclusions occupies almost >80 Micro-thermometric analyses of the selected samples were
vol.% of the FI. In most samples studied, all of the three types  carried out on 90 liquid-rich 2-phase Fls. Because it was not
coexisted and present next to each other (Fig. 12L), that could  feasible to detect the liquid phase in the vapour-rich 2-phase
be indicative of boiling. (VL) Fls during the heating process and there was a possibility



10 Zahra Hassani Soughi / Geological Quarterly, 2023, 67: 43

Fig. 10. Backscattered electron (BSE) images of the ore and gangue minerals in quartz veins and veinlets at Gh-Ku

A —fine and coarse crystals of pyrite in association with chalcopyrite; replacement of pyrite by galena is visible; B — overgrowth of pyrite by
chalcopyrite with small gold inclusions within chalcopyrite; C — coarse crystal of chalcopyrite next to pyrite; D — coarse crystals of galena and
sphalerite; E — coarse crystal of sphalerite; F — blebs of gold within chalcopyrite; Au — gold, Ccp — chalcopyrite, Gn — galena, Py — pyrite, Qz —
quartz, Sp — sphalerite

Fig. 11. Photomicrographs (xpl) of quartz crystals depicting various types of texture at Gh-Ku

A — quartz with comb texture; B — crustiform texture displayed by quartz crystals; C — cockade texture in quartz crystals; D — quartz with
plumose texture; E — flamboyant texture exhibited by quartz crystals; F — quartz grains with saccharoidal texture; Qz — quartz
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Fig. 12. Photomicrographs (ppl) of various types of Fl in quartz crystals at Gh-Ku (A — secondary Fl and B-L — primary FI)

A —liquid-rich 2-phase (LV) Fl of regular shape; B — liquid-rich 2-phase (LV) Fl of triangular shape; C — necking-down in liquid-rich 2-phase FI;
D - liquid-rich 2-phase (LV) polygonal Fl; E — liquid-rich 2-phase (LV) elliptical FI; F — mono-phase vapour (V) acicular Fl; G — liquid-rich
2-phase (LV) FI with negative quartz crystal shape; H — mono-phase vapour (V) Fl; | — vapour-rich 2-phase (VL) Fl; J — coexistence of
vapour-rich 2-phase (VL) FI with mono-phase vapour (V) Fl; K — coexistence of liquid-rich 2-phase (LV) FI with mono-phase vapour (V) FI; L
— coexistence of 2-phase (LV and VL) Fl with mono-phase vapour (V) Fl

of error, these Fls were not selected for micro-thermometric
analysis. During the cooling procedure, the salinities and types
of solutes were determined by measuring the eutectic (first
melting) point and the last melting point of ice (Roedder, 1984;
Davis et al., 1990; Goldstein and Reynolds, 1994; Goldstein,
2003; Prokofiev et al., 2010). The eutectic points of the first
melting (Tim) of the samples of stages 1, 2, and 3 of mineraliza-
tion vary from —19 to —26°C, from —21 to —24°C, and from —18 to

—23°C, respectively (see Table 1), which generally correspond
essentially with a H,O-NaCl system which may also have small
amounts of KCI. Therefore, it can be envisaged that NaCl is the
dominant salt in the Fls studied. The last melting points (Tmice)
of the Fls within the quartz crystals of stages 1 and 2 of the min-
eralization range from —3.8 to —6.9°C and from —2.5 to —4.9°C,
respectively (see Table 1 and Fig.13A). The Tmi values in Fls
of stage 3 of the mineralization range from —1.5 to —3.3°C (see
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Table 1

Summary of the micro-thermometric data obtained from liquid-rich 2-phase (LV) Fls in quartz
crystals within ore-bearing quartz veins and veinlets at Gh-Ku

: Incl. Ts Tm, Th range Salinity
Mineral type [08] [o(_jc]e [°C] [wt.% NaCl equiv.] [g/gm3]
Stage 1 Qz (n = 30) LV |-19to-26|-3.8t0-6.9 | 275-325 6.2-10.4 0.71-0.88
Stage 2 Qz (n = 30) LV |-21to-24|-2.5t0-4.9 |253-312 4.2-7.7 0.78-0.90
Stage 3 Qz (n = 30) LV |-18to-23|-1.5t0-3.3 |215-284 2.6-54 0.76-0.91
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Fig. 13. Diagrams of frequency distribution of A — the last melting points of ice, B — salinity,
and C - homogenization temperature (Th) for liquid-rich 2-phase Fls in the quartz crystals at Gh-Ku

Table 1 and Fig. 13A). On the basis of the Tmic. values and also  a liquid state. The homogenization temperatures (Th) of Fls in
referring to the table of Bodnar (2003), the FI salinity values of ~ stages 1, 2, and 3 of the quartz crystals demonstrated a range
stages 1, 2, and 3 of the mineralization were determined to be  of 275 to 325°C, 253 to 312°C, and 215 to 284°C, respectively
within the range of 6.2 to 10.4 wt.%, 4.2to 7.7 wt.%, and 2.6 to  (see Table 1 and Fig. 13C). The overall range of densities of the
5.4 wt.% NaCl eq., respectively (see Table 1 and Fig. 13B).  Flsis 0.71 to 0.91 glcm?® (see Table 1 and Fig. 14A).

During heating, all the liquid-rich 2-phase FIs homogenized into
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Fig. 14A — variation of density values in Fls on a bivariate plot of Th vs salinity (Wilkinson, 2001); B — bivariate diagram of Th vs sa-
linity (Shepherd et al., 1985; Wilkinson, 2001) on which the Fl data points delineate both boiling and mixing evolutionary trends;
NaCl saturation and critical curves are from Ahmad and Rose (1980) and the dashed lines related to vapour pressure are from
Roedder (1984); C — bivariate diagram of Th vs salinity (Wilkinson, 2001) on which the Fl from Gh-Ku plot principally within the

epithermal domain

STABLE ISOTOPE STUDIES

Studies of stable isotopes in ore deposits are important, be-
cause they furnish useful information on the source of hydro-
thermal fluids, origin of ore-forming components, mineralization
temperatures, and genesis of the deposit (Ohmoto and Rye,
1979; Faure et al., 2002; Hoefs, 2015). To obtain such informa-
tion, four sulphide samples (chalcopyrite, galena and spha-
lerite) for sulphur isotopes and four cogenetic quartz samples
for oxygen isotopes were selected from quartz veins and
veinlets at Gh-Ku. The isotopic data obtained for oxygen and
sulphur are listed in Table 2. According to the data obtained, the
measured 3'0 values for stages 1, 2, and 3 of the quartz are
+18.2, +18.8, and +18%o, respectively. The oxygen isotopic
compositions of the hydrothermal fluids in equilibrium with
quartz were calculated by taking the average temperature of
homogenization (Th) of the Fls studied and also applying the
equation of Méheut et al. (2007). The calculated §'0 values of
the hydrothermal fluids for stages 1, 2, and 3 of the mineraliza-
tion are +12.5, +12.1, and +9.7%o, respectively (see Table 2).
The 8*S values of the sulphide minerals (chalcopyrite, galena
and sphalerite) vary from —1.6 to —3.6%o (see Table 2). By tak-
ing the average Th value of the Fls studied as the equilibrium

temperature and using the equation of Li and Liu (2006), the
5%S values of the ore-bearing fluids in equilibrium with the
sulphides range from —1.5 to —3.4%o. (see Table 2).

DISCUSSION

EVIDENCE FOR BOILING

Coexistence of Fls of LV and VL types within the host crys-
tals may provide evidence for boiling of the ore-forming fluids
(White and Hedenquist, 1995; Ronacher et al., 2000; Prokofiev
etal., 2010; Moncada et al., 2017). The presence of V type Fls
may also indicate boiling (Albinson et al., 2001; Moncada et al.,
2017). The coexistence and simultaneous trapping of LV, VL,
and V FI types within quartz crystals at Gh-Ku (Fig. 12L)
strongly suggests their entrapment from boiling fluids. However,
sometimes these types of FI may co-exist as a result of neck-
ing-down or leakage (Ramboz et al., 1982; Rusk et al., 2008).

The presence of adularia may also indicate boiling of the
ore-forming fluids (Simmons and Browne, 2000; Moncada et
al., 2012). The existence of adularia within quartz veins and
veinlets at Gh-Ku (see Fig. 5A) may be proof of boiling. Expul-
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Table 2

List of compositional values of stable isotopes of oxygen (5'°0) and sulphur (5**S)
in samples from the study area

Sample Stages Mineral 8" Ouartz 8" Ora0 8**Seuphige | 8*Shis

no. of mineralization [%0 VSMOW] | [%0VSMOW] | [%o CE)T] [%0 CDT]
T-01 1 chalcopyrite -3.3 -3.4
T-02 2 chalcopyrite -2.4 -2.5
T-03 2 galena -3.6 -1.5
T-04 2 sphalerite -1.6 -1.9
T-05 1 quartz +18.2 +12.5

T-06 2 quartz +18.8 +12.1

T-07 2 quartz +18.2 +11.5

T-08 3 quartz +18.0 +9.7

sion of CO, during boiling causes pH increase of the solution
and consequently results in the stability of adularia (Browne,
1978; André-Mayer et al., 2002). The precipitation of quartz
crystals with crustiform (see Figs. 6G and 11B), cockade (see
Fig. 11C) and plumose (see Fig. 11D) textures in the study area
suggest boiling. Crustiform and cockade textures in quartz
veins and veinlets may point to rapid precipitation of quartz
crystals in relatively shallow epithermal systems (Roedder,
1984; Fournier, 1985; Bodnar et al., 1985). These textures usu-
ally develop during rapid opening of fractures in connection to
pressure decrease and the ensuing temperature decrease as-
sociated with boiling (Thiersch et al., 1997; Taylor, 2009; Mon-
cada et al., 2012). The plumose texture displayed by quartz
crystals might have formed as a result of boiling which in turn
brought about silica saturation, rapid temperature decrease,
and subsequent precipitation of amorphous silica (Henley and
Hughes, 2000).

The evidence of boiling at Gh-Ku can be further demon-
strated by the development of hydrothermal breccias and ore-
-bearing brecciated veins (see Fig. 6E) which are normally
caused by sudden pressure drop (from lithostatic to hydro-
static). In general, such evidence in the study area can individu-
ally denote boiling events in the hydrothermal system (Cole and
Drummond, 1986; Jobson et al., 1994; Cigcek and Oyman,
2016). Moreover, the veins and veinlets in the study area have
sharp contacts with the host rocks, which strongly suggest that
they were formed via filling of open spaces under hydrostatic
pressure (Hedenquist et al., 1998; Liu et al., 2014; Ouyang et
al., 2014) which in turn caused the development of hydrother-
mal breccias (Thiersch et al., 1997; Muntean and Einaudi,
2001).

SOURCE(S) OF ORE-BEARING FLUIDS

The 'O values of the hydrothermal fluids in equilibrium
with quartz at Gh-Ku vary from +9.7 to +12.5%. (see Table 2) in-
dicating that the ore-bearing solutions had a predominantly
magmatic signature but in the course of mineralization became
progressively cooled and diluted. Fluids of stage 3 of the miner-
alization, relative to the earlier stages (1 and 2), were depleted
in 8'%0 (see Table 2) which may denote the involvement of me-
teoric waters in the hydrothermal system (Rye, 1993; Simmons
et al., 2005; Li et al., 2018b; Yu et al., 2018; Yuan et al., 2019).
The salinity data suggest that the ore-forming fluids from the

early to the late stages of mineralization were dilute. These re-
sults are in agreement with the isotopic evidence. The salinities
obtained from the FI analyses (see Table 1) illustrate that the
ore-forming fluids were initially derived from magmatic sources
and became diluted by meteoric waters during the next stages
of mineralization. Similar processes have been reported for
many magmatic-hydrothermal systems from other parts of the
world (Thiersch et al., 1997; Camprubi and Albinson, 2007;
Zhai et al., 2013; Xie et al., 2017) and particularly from NW Iran
(Zamanian et al., 2019; Kouhestani et al., 2019a, b, 2020;
Ferdowsi et al., 2021; Ghasemi Siani et al., 2022).

The 8*S values of the sulphides (see Table 2) reflect that
they were developed under stable physico-chemical conditions
and that the sulphur was derived from a relatively homoge-
neous magmatic source (Faure, 1986; Calagari, 2003; Chen et
al., 2009; Hoefs, 2015). In general, the measured §'°0 and §*'S
values suggest that the hydrothermal fluids at Gh-Ku had
chiefly magmatic components.

EVOLUTIONARY TREND
OF THE ORE-FORMING FLUIDS

The micro-thermometric data at Gh-Ku show that the ore-
bearing fluids belong predominantly to a H,O-NaCl system of
intermediate temperature and low salinity. The temperatures of
this system decreased gradually from 325 to 215°C during the
three stages of mineralization. According to Figure 14B, boiling
and mixing of hypogene magmatic fluids with low-temperature
and low-salinity solutions (probably of meteoric origin) were the
two crucial mechanisms causing the precipitation of the base
and precious metals in the Gh-Ku area. The micro-thermomet-
ric data on the bivariate diagram of salinity versus homogeniza-
tion temperature (Th) (Fig. 14C) plot in the domain of epithermal
fluids, so close to the domain of magmatic fluids (Roedder,
1984). Salinities of magmatic fluids commonly vary from <5 to
10 wt.% NaCl eq. (Burnham, 1979; Hedenquist and Lowen-
stern, 1994; Yardley, 2005; Simmons and Brown, 2006), al-
though magmatic fluids with higher salinities have also been re-
ported (Yardley and Bodnar, 2014). Therefore, the relatively
wide range of salinity values at Gh-Ku can be indicative of mix-
ing of the magmatic fluids with underground waters of meteoric
origin. These results are in agreement with the oxygen isotope
data. Boiling causes salinity increase in the liquid phase
(Wilkinson, 2001; Calagari, 2004; Canet et al., 2011) and has
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been widely reported for epithermal systems (Simmons and
Browne, 2000; Simpson et al., 2001; Camprubi and Albinson,
2007; Klemm et al., 2007).

TRAPPING PRESSURE AND DEPTH
OF MINERALIZATION

Considering the evidence of boiling at Gh-Ku, there is no
need for the measured homogenization temperatures (Th) of
the FI to be corrected for pressure (Simeone and Simmons,
1999). In such conditions, the homogenization temperatures
can be regarded as trapping temperatures and the trapping
pressures of the ore-bearing fluids can be equal to hydrostatic
pressures at homogenization temperatures (Roedder and Bod-
nar, 1980; Ouyang et al., 2014). By following Albinson (1988)
and Hedenquist et al. (1998), the highest Th (284 to 325°C)
were taken for determining the pressure and depth of mineral-
ization at Gh-Ku. The trapping pressures of the Fls were deter-
mined to be within the range of 70 to 120 bars (Fig. 14B), ap-
proximately equal to hydrostatic depths of 700 to 1200 m below
the water table. Similar depths have also been widely inferred
for epithermal deposits from other parts of the world (Cooke
and Simmons, 2000; Simmons et al., 2005; Pirajno, 2009).

MINERALIZATION TYPE

With due attention to the evidence reported here and also
by the many other workers (White and Hedenquist, 1990;
Hedenquist et al., 2000; Sillitoe and Hedenquist, 2003; Einaudi
et al., 2003; Moritz et al., 2003; Simmons et al., 2005; Pirajno,
2009; Moncada et al., 2012, 2017; Leary et al., 2016; Moussa et
al., 2019), the mineralization at Gh-Ku can be classified as an
epithermal base and precious metals deposit. This inference
can be justified as follows:

— the mineralization at Gh-Ku was structurally controlled by
faults and hosted by volcanic-pyroclastic units and a granite
intrusive body;

— the hydrothermal alterations are characterized by mineral
assemblages such as adularia, sericite, epidote, chlorite
and calcite;

— the ore minerals are pyrite, chalcopyrite, galena, sphalerite,
pyrolusite and psilomelane which are accompanied by the
gangue mineral assemblage of quartz, adularia, sericite,
epidote, chlorite and calcite;

— the ore and gangue minerals represent epithermal struc-
tures and textures including vein/veinlet, brecciated, cauli-
flower, comb, crustification, cockade, vug infill, plumose,
flamboyant and saccharoidal.

Additionally, the relatively lower temperature, salinity and
density of the ore-forming fluids at Gh-Ku are characteristics of
epithermal base and precious metal deposits which have also
been reported for similar deposits from different areas of NW
Iran (Heidari et al., 2015; Mehrabi et al., 2016; Zamanian et al.,
2019; Kouhestani et al., 2019a, b, 2020; Miranvari et al., 2020;
Ferdowsi et al., 2021; Ebrahimi et al., 2021; Ghasemi Siani et
al., 2022) as well as from other parts of the world (Albinson et
al., 2001; Sabeva et al., 2017; Li et al., 2018a, b; Soberano et
al., 2021; Chen et al., 2022). Furthermore, the depth of mineral-
ization at Gh-Ku was determined to be within the range of 700
to 1200 m, analogous to those of most other epithermal base
and precious metal deposits (Hedenquist et al., 2000; Cooke
and Simmons, 2000; Simmons et al., 2005). The presence of

adularia and carbonates and lack of vuggy quartz and ad-
vanced argillic alteration (with a mineral assemblage of alunite,
kaolinite and pyrophyllite) and also lack of a mineral assem-
blage such as alunite, enargite, luzonite and tetrahedrite in the
ore-bearing veins and veinlets show that the mineralization at
Gh-Ku is neither of high-sulphidation (HS) nor intermedi-
ate-sulphidation (IS) style (Hedenquist et al., 2000). Generally,
the geological characteristics, paragenetic sequence, ore and
gangue textures, types of alteration, and nature of ore-forming
fluids at Gh-Ku provide convincing evidence that the mineral-
ization here has the greatest resemblance to epithermal depos-
its of low-sulphidation (LS) style.

CONCLUSIONS

1. Hydrothermal solutions in the Gh-Ku area caused the for-
mation of quartz veins and veinlets along structural (fault)
zones. The volcanic-pyroclastic rocks together with granite are
the host rocks for the ore-bearing quartz veins and veinlets.

2. Silicic, phyllic, intermediate argillic and propylitic alter-
ation zones were developed around the quartz veins and vein-
lets.

3. The mineralization in the study area took place in three
distinct stages. The mineral assemblages formed during stage
1 are quartz, pyrite, chalcopyrite and gold; during stage 2
quartz, pyrite, chalcopyrite, galena, sphalerite and gold; and
during stage 3 quartz and Mn-oxides and hydroxides (pyrolusite
and psilomelane).

4. The micro-thermometric considerations of liquid-rich 2-
phase fluid inclusions in the quartz crystals showed that homog-
enization temperatures (Th) and salinities of the inclusions
studied vary within the range of 215 to 325°C and 2.6 to
10.4 wt.% NaCl eq., respectively.

5. On the basis of micro-thermometric data, the ore-forming
fluids at Gh-Ku had densities within the range of 0.71 to 0.91
g/cm3 and experienced hydrostatic pressures varying from 70
to 120 bars, corresponding to depths of mineralization approxi-
mately ranging from 700 to 1200 m below the water table.

6. The isotopic values of oxygen (8'®Ozo: from +9.7 to
+12.5%0) and sulphur (634SH23: from —1.5 to —3.4%o) indicate that
the ore-forming fluids at Gh-Ku had a predominantly magmatic
signature and gradually mixed with meteoric solutions during
the evolutionary trend of mineralization. Moreover, consider-
ation of micro-thermometric and stable isotope data indicate
that boiling and mixing were two effective factors contributing to
the deposition of the base and precious metals in the study
area.

7. The geological characteristics, mineralization, ore and
gangue textures, types of hydrothermal alteration, and nature of
the ore-forming fluids, signify that mineralization at Gh-Ku is es-
sentially of epithermal type with a low-sulphidation (LS) style.
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