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1. Introduction

ABSTRACT

Mouchesh gold deposit (0.7 Mt @ 1.3 g/t gold) is located in the Takab-Delijan gold belt. Mineralization
with several 28 gold-bearing quartz-sulfide veins (N40E-trending, 1 to 10 m wide, and 5 to 200
m long) has been formed in the host of Lower Cretaceous andesite and andesitic lithic tuff units.
Open space-filling, comb, and disseminated textures are important mineralization textures that were
formed in quartz-sulfide+gold veins (vein I) and quartz-barite-galena (vein II), which and cut later by
carbonate veins (vein III). The homogenization temperature (Th) and salinity of the fluid inclusions,
respectively, with an average temperature of 180 °C and salinity of 0.2 wt% NaCl eq. (vein I),
155 °C and 1.6 wt% NaCl eq. (vein I), and 135 °C and 1.5 wt% NaCl eq. (vein III). The values of **S
in sulfide minerals of veins I and II are between +0.1 to -3%o (8*'S,,,, between -0.3 to +0.4%o), which
indicates a single magmatic source for sulfur. The results of this research reveal that the existence
of hydrostatic conditions (e.g., boiling) in the Mouchesh deposit has caused H,S releasing from the
hydrothermal fluid, the decrease in the solubility of the bisulfide complex Au(HS),", and ultimately
the gold instability.

The origin of gold and the ore-forming process are the key to
understanding the evolution of large-scale gold deposits (Phillips
and Powell, 2009). Enrichment of gold deposits is multistage
and often occurs through changes in the nature of the fluid (e.g.,
changing the sulfidation state and increasing the SO,*/H,S ratio)
(Seward, 1990). The Takab-Delijan gold belt with a mining

history of thousands of years (Ghorbani, 2013) is considered to
be an area with the greatest gold mineralization potential in Iran
and even neighboring countries such as Turkey (in the northwest)
and Pakistan (in the southeast), which more than 300 tons of gold
(Heidari et al., 2022). The Mouchesh gold deposit (47° 04"-47° 07"
E and 35° 02" - 35° 04" N) is located in 50 km south of Sanandaj
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city, one of the gold prospecting areas in the Takab-Delijan gold
belt and Sanandaj-Sirjan structural zone, which is about 50 km
away from the Sari Gunay epithermal gold deposit (Richards et al.,
2006) (Fig. 1). The first prospecting surveys in the Mouchesh gold
deposit were carried out by Parsi Kankav Company in 2020 and
the result was prepared in the form of a detailed exploration report.
Based on, the Mouchesh deposit has an approximate tonnage of
0.7 Mt and an average gold grade of 1.3 g/t. In this research, along
with introducing geological and mineralization characteristics of
the Mouchesh gold deposit, the fluid inclusions and stable isotope
of sulfur, sulfidation state, and evolution of ore-forming fluids have

been investigated.

2. Research methodology

A total of 41 rock samples were taken from different parts of the
deposit, including volcanic host rock, alteration and mineralization
zones. Petrographic and mineralogical studies were carried out in
the Geological Survey of Kurdistan by 10 polished sections, 29 thin
sections, and 4 thin-polished sections. The fluid inclusions studies in
order to obtain temperature, salinity, density, and pressure variables
were carried out on the number of 34 inclusions from veins I, IT and
III. These studies were carried out by Linkam THM600 heating—
freezing stage (-100 to +600 °C) with a temperature error of +2 °C,
in the fluid inclusions laboratory of Isfahan University. Samples
selected for sulfur isotope analysis were first ground and sieved.
Individual minerals were then separated into heavy liquids. Finally,
individual grains were handpicked under a binocular microscope.
The 8*S values were measured in SO, gas using a continuous-flow
gas-ratio [ISOPRIME-100 mass spectrometer in the isotopic research
laboratory of Arak University. The data are presented in delta (3)
notation as per mill (%o) deviations relative to the Vienna Canyon
Diablo Triolite (VCDT) standard for sulfur. Precision is estimated
to be 0.1 %o or better (15), based on repeated measurement of

internal standards.

3. Results

The Lower Cretaceous volcano-sedimentary units are the most
important rock unit in the Mouchesh area, which from old to new,
includes: medium to thick limestone unit (K1), lithic tuff to andesitic
tuff unit (K'). This unit is continuously placed on the K ' unit and
consists of lithic tuff horizons that slope towards the north (Fig. 2).
The Mouchesh gold deposit with geometry of epigenetic vein was
formed in the andesite tuffs host rock of the Lower Cretaceous.
Mineralization with a number of 28 Au-bearing quartz-sulfide veins
is exposed in three mineralization zones, where the veins often have
NA40E extension, 1 to 10 meters in length and 7 to 200 meters in
length (Fig. 3). The highest veins are exposed at the topographic

level of 1950 meters and the lowest level at 1820 meters from the sea

level. Considering the maximum depth of 20 meters for ore-bearing
veins, an approximate reserve of 0.7 Mt and an average grade of
1.3 g/t gold have been calculated (Parsi Kankav Company, 2020).
The main faults of the area are identified with NE-SW trend and the
secondary faults with NW-SE trend. The NE-SW faults control the
Au-bearing quartz-sulfide veins in the Mouchesh deposit. Sericitic
(muscovite, quartz and pyrite) and silicic alterations are the most
important alterations near the ore veins, which are surrounded
by argillic (kaolinite and dickite) and propylitic (chlorite and
carbonate) alterations. Primary sulfides in the hypogene zone
consist of sphalerite, pyrite, galena, and chalcopyrite along with
free gold particles (average size 170 um). The veins were formed in
three stages in the Mouchesh gold deposit. The quartz-sulfide+gold
vein (vein 1) was formed in the initial stage of mineralization and
is the main host of gold particles in the Mouchesh deposit. This
vein is observed in all three mineralization zones. Sulfide ores
observed in this vein include sphalerite, galena, chalcopyrite,
and pyrite, in order of abundance, and oxides and carbonates are
formed in secondary order. The quartz-baritetsulfide vein (vein II)
was formed chronologically after the occurrence of vein I and has
a smaller amount of sulfide ore. According to the classification of
Roedder (1984), fluid inclusions include four groups of two-phase
liquid-rich (LV-type), two-phase vapor-rich (VL-type), single-
phase liquid (L-type), and vapor (V-type). More than 80% of the
inclusions were shapeless and oval or ellipsoid shapes were rarely
observed. The dimensions of the inclusions vary from 2 to 25 um.

In the cooling stage, the eutectic temperature (7)) of fluid
inclusions was less than -21 °C, which trapped in the H,0-NaCl
system based on Steele-Mclnnis et al. (2012). The final ice melting
temperature (7m, ) was found between -2.5 to -0.4 °C (-0.9 °C in
average), based on which, the salinity of the fluid inclusions was
obtained in terms of NaCl equivalent percentage. The density of
fluid inclusions was obtained using the degree of filling between
0.84 and 0.98 g/cm? (0.91 g/cm?® in average). Also, by using the
HOKIEFLINCS_H,0-NaCl Excel software, the actual temperature
of the fluid inclusions in vein I is between 152 and 234 °C
(180 °C in average), vein II between 121 and 218 °C (155 °C in
average) and vein III between 123 to 171 °C (135 °C in average)
(Table 1).

The 8*S values were obtained for sulfide minerals of chalcopyrite
(+0.1 to +0.3%o) and sphalerite (-0.9 to -0.5%o) in vein I and galena
(-3%o) in vein II. Based on, 6*S,,  values were obtained in galena
minerals (-0.3%o), chalcopyrite (0.1 to -0.1%o) and sphalerite (0.0 to
+0.4%o), which shows the fluid changes in equilibrium with sulfur
during mineralization have fluctuated from -0.3 to 0.4%.. Since
there is no evidence of the presence of an oxide mineral in the
Au-bearing quartz-sulfide vein (vein I), the H,S species was used to

calculate the fluid in equilibrium with sulfur.
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4. Discussion and conclusions

Based on the binary diagrams of pH-logfO,, the amount of logfO,
is estimated to be around -45 in vein I of the Mouchesh deposit
which is comparable with the content of dissolved gold in the
hydrothermal fluid is 1 g/t, lead and copper are about 100 mg/t,
and zinc is about 10 mg/t. Based on the concentration of the
above-mentioned elements in the composition of the hydrothermal
fluid and considering the bisulfide complex, the changes in the
fugacity of sulfur gas (logfS,) in the Au-bearing polymetallic vein I
fluctuate between -11 and -13. A large volume of Cu-Pb-Zn sulfide
ores along with free gold particles occurred in the vein I of the
Mouchesh gold deposit, which shows that the reduction of H,S-rich
fluids with a logfS, = -11 to -13 after the instability of bisulfide
complexes (e.g., HS* and HS").

After the deposition of a large part of sulfide ores in vein I,
the total sulfur (XS) content in the hydrothermal fluid decreased
and due to the removal of a large part of H,S by the vapor phase
(caused by the boiling event), the ratio of SO,*/H,S increases,
which has led to the rise of ambient sulfate and the occurrence of
quartz-barite + galena veins (vein II). Due to this decrease in fugacity
of sulfur from vein I (logfS, = -11 to -13) to vein II (logfS, < -13),
the residual bisulfide complexes in the fluid became unstable, as a
result of which a small amount of galena and disseminated pyrite
is formed in vein I1.

The formation of late carbonate veins (vein III) without ore

mineralization was done after the main veins I and II. This vein
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was formed at a trapping temperature between 123 and 171 °C
(135 °C on average) and salinity of 0.7 to 2.5 (1.5 wt% NaCl eq.
on average), which due to the presence of LV- and L-type fluid
inclusions and low temperature and salinity is caused during fluid
mixing by meteoric waters.

Sulfur isotope composition in veins I (-0.9 to 0.3%o) and II (-3%o)
is relatively homogeneous and consistent with the range of isotopic
composition of mantle or igneous rocks (Seal, 2006; Hoefs,
2018). The range of &*S in hydrothermal sulfides with magmatic
origin is approximately between -3 and +1%o (Hoefs, 2018). The
amount of S of hydrothermal fluid in equilibrium with sulfide
in vein I was found between -0.1 and 0.4%o, which very limited
isotopic content confirms the magmatic origin of vein I. The §**S
composition in vein II for galena ore is about -3%o, which is lower
than other sulfide minerals in vein I. This negative value indicates
the increase of oxygen in the ore-forming fluid (occurrence of
barite), which caused the majority of &S enter to **SO,> in the
hydrothermal fluid during this reaction (4SO, + H,O — H,S +
3S04* + 6H").

Generally, according to the values of temperature, salinity, and
pressure of fluid inclusions in the Mouchesh deposit, it like that the
genesis of quartz-sulfide polymetallic Au-bearing veins (veins I and
II) and late carbonate (vein III) is consistent with low-sulfidation
epithermal styles, which is comparable to the temperature-salinity

condition of the Sari Gunay epithermal gold deposit in its vicinity.
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Figure 1. The Takab-Delijan gold belt (after Heidari et al., 2022) in the west of Iran consists of world class gold deposits

of Zarshuran, Sari Gunay, and Dalli and their location relative to Mouchesh gold deposit.
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Figure 3. Field photographs of ore-bearing veins in mineralization zones numbers 1 and 2 at Mouchesh deposit. a) gold-bearing quartz-sulfide
vein, b) cutting of the quartz-sulfide vein by fault, c) quartz-sulfide vein, d and e) gold-bearing quartz-sulfide vein in mineralization zone

number 2.
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Figure 4. Photographs of hand specimens from mineralization textures in the Mouchesh deposit. a) Sphalerite and galena dissemination in

vein, b) Carbonate veins within quartz, c) Crustiform texture of quartz,
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Continued from Figure 4. Photographs of hand specimens from mineralization textures in the Mouchesh deposit. d) Breccia texture with

sulfide cement (boiling evidence), e and f) Vuggy texture.

oo Lo S5 .@b-0 JSK8) Col ot S5 13N A g 5,155 gla S
53 el 5 o5 (druzy sl )1sS) bt s b dlin ST Koo slaysh Jols
Gl JS8) ol ot S5 Al g 518 g 4 sgdous 5 L1545 wg
23 el d &S5 5 S S e le ST oS 5LT Gl S s g0
Joiss @lasb OT a5 w53 45 0358 o sdaliie 1587 glyls la idu
LSk s Sl 3.0, d-0 JS) ol 4 § IS i §I57 4 55 4 56
dly > el S b GlaanS - 5 (el IS sl S

(e f, i0 JS8) s ectalin 55T

I Gos o5 @ Ses Sen pslal -0 JS
S S b sa e LS bl s
@ 5 codruzy 55055 Glays ol yon (o
Sy Lol pan Lot SISl LS 5T Sl S
S belen oIS Sl Es(fsec fgyensT,
Sl sbol s ks Gl S (g 0y 58
WSS GLSs s il sl L S
1S 55T 68T 1 o Jolis (gLl oy
«Chl oy IS Rt : |55, Kln oI 5" cArg

Ch:oly SQtz 518 Py s

Figure 5. Photomicrographs from
various alteration assemblages in
the Mouchesh deposit. a and b)
sericitic alteration with druzy quartz
crystals, ¢ and d) argillic alteration
with kaolinite and disseminated
rutile grains, e and f) silicification
alteration with various sizes of quartz
crystals, g and h) chlorite alteration
accompanied with pyrite, 1) carbonate
alteration. Mineral abbreviations=
Sericite: Ser, Argillic: Arg, Kaolinite:
Kln, Rutile: Rt, Chlorite: Chl, Pyrite:
Py, Quartz: Qtz, Carbonate: Cb.
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Figure 6. Photomicrographs of different ore minerals in the Mouchesh deposit. a) framboidal pyrite within

host rock (Py1), b) fine-grained pyrite (Py2) accompanied with sphalerite, ¢) euhedral coarse-grained

pyrite (Py3), d) sphalerite and galena mineralization, e) native gold nuggets in vein type-I, f) SEM image

with EDS from native gold, g) bright inclusions of arsenopyrite within euhedral Py3, h) chalcopyrite

inclusions within galena, i) replacement of chalcopyrite by covelline. Mineral abbreviations= Pyrite: Py,

Sphalerite: Sp, Galena: Gn, Chalcopyrite: Ccp, Arsenopyrite: Apy, Covelline: Cv, Goethite: Gt, Cerussite:

Cer, Quartz: Qtz.
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Figure 7. Photographs of various veins in the Mouchesh gold deposit. a-c) Gold-bearing quartz-sulfide vein, which is known as the

main ore-bearing vein and contains free gold nuggets, d-f) Sulfide-bearing quartz-barite vein, which was formed chronologically

after the main vein, g-i) Late carbonate veins without any sulfide mineralization.
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Figure 8. The paragenetic sequence of minerals in the Mouchesh gold deposit.
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Figure 9. Photomicrographs of fluid inclusions in the Mouchesh deposit, a) primary inclusions with secondary

trials, b) liquid-rich two-phase inclusions, ¢) liquid monophase inclusions and liquid-rich two-phase inclusions,

d) gas monophase inclusions with liquid single-phase inclusions (boiling assemblage), ¢) adjacent of liquid

and gas monophase inclusions (boiling assemblage), f) two-phase liquid-rich inclusions adjacent to liquid

monophase inclusions.
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Table 1. Microthermometric results from primary LV-type fluid inclusions in the three veins at Mouchesh gold deposit.

Sample ) ) Salinity Density )
Vein type | Minerals n T (°C) Tm. (°C) Th (°C) CETTL
no. ¢ e (wt% NaCl eq.) ' (g/em’) ! ©O)!
M-1 Vein | Quartz 14 <-21 -2.5t0-0.6 1.05-4.27 135 -227 0.84 —0.96 152 -234
M-2 Vein I1 Quartz 12 <-21 -2.1t0-0.4 0.7-3.55 110194 0.88—0.98 121 -218
M-3 Vein 111 Calcite 8 <-21 -1.5t0-0.4 0.7-2.50 105—-133 0.95-0.96 123 -171

Zel 0 4esles HOKIEFLINCS_H,0-NaCl (Steele-MaclInnis et al., 2012) S| o ) 531 SR STACLEEN

@5 G e Sllonn i ge (b HLIST | Caltin (ki) sor 8887 535,58 sl S 5 -Y s

el 0 ol La IS Sl D38 13 4 slos el

Table 2. Sulfur isotope compositions in different sulfide ores from the Mouchesh gold deposit.

Calculations of isotopic fractionation values are obtained based on trapping temperature of

the ore-forming fluids.

Sample no. Vein type Minerals T _ . (C) &S e 84S
(i (%0) 10 (%0)
M-Sp-2 Vein | Sphalerite 180 -0.5+0.01 0.0
M-Sp-3 Vein [ Sphalerite 180 -0.9+0.03 0.44
M-Cp-4 Vein 1 Chalcopyrite 180 0.1+0.02 0.18
M-Cp-5 Vein I Chalcopyrite 180 0.3+0.02 -0.18
M-Gn-1 Vein I1 Galena 155 -3.0+0.02 -0.3¢

A)8¥S,, = 84S
B) §%S,,, = 8%S
C) 88,4 = 8%S

sphalerite
chalcopyrite

galena
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—0.1 (10° x T-?) (Ohmoto and Rye, 1997)
—0.05 (10° x T-?) (Li and Liu, 2006)
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Figure 10. pH-logfO, diagrams showing the predominant
Cu, Zn, Pb, and Au speciation and solubility in
hydrothermal fluid of vein-type I in the Mouchesh gold
deposit, containing 1 mol/kg Cl- and 0.01 mol/kg XS at
2kbar and 200 °C (based on Li et al., 2022). The grey lines
show the boundaries of different sulfur species and the
green lines show the field of Cu and Fe minerals as a redox
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Figure 11. Effect of total sulfur losses in hydrothermal fluids on the instability of base metals
and gold bisulfide complexes in vein type-I of the Mouchesh gold deposit (based on Li et al.,
2022). a) logfS, = -11 with Au concentration of 1 ppm in the fluid, b) logfS, = -13.3 with Cu
concentration of 0.1 ppm in the fluid, ¢) logfS, = -11 with Pb concentration of 0.1 ppm in the
fluid, d) logfS, = -12 with Zn concentration of 0.01 ppm in the fluid.
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Figure 12. a) Precipitation of base metal sulfides and gold in logfS, = -11 to -13, b) Determination of fluid

sulfur and carbon content by pH and logfS,. The yellow area shows the estimated values of vein type-I of

the Mouchesh gold deposit. Diagram based on Williams-Jones et al. (2009).
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Figure 13. Temperature-salinity diagram showing boiling and fluid mixing trends

in the Au-bearing quartz-sulfide veins (veins I and II) and late carbonate (vein III),

respectively; in comparison with the general fluid trend by Wilkinson (2001). For

comparison, the fluid inclusions data of the Sari Gunay gold deposit (adapted from

Richards et al., 2006) are also plotted, which shows a close relationship with the

microthermometric data of the Mouchesh deposit.
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Figure 14. a) Binary diagram of homogenization temperature versus density in fluid inclusions of different veins of Mouchesh

deposit. b) Determining the depth of vein types-I and I under hydrostatic conditions using salinity curves (after Haas, 1971).
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Figure 15. a) range of 8*S values in different rock types (data from Marini
et al., 2011; Qiu et al., 2016), b) 8*S values in the Mouchesh deposit,

¢) 8*S composition of sulfides in the Mouchesh deposit, comparison with

some magmatic-thermal polymetallic deposits (after Tale Fazel et al.,

2023) in Iran.
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