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Abstract: The Shah-Ali-Beiglou epithermal base metal-silver deposit is located in the Tarom-Hashjin
metallogenic province (THMP) in northwestern Iran. This deposit is hosted by quartz monzonite
dikes of Oligocene age and surrounded by andesite to trachyandesite volcanic and volcaniclastic rocks
of Eocene age. The subvolcanic rocks in the study area vary in composition from quartz-monzonite
to monzonite and have metaluminous, calc-alkaline to shoshonitic affinity. These rocks have I-type
geochemical characteristic and are related to post-collisional tectonic setting. The mineralization
occurs as NE-SW and E-W-trending brecciated veins controlled by strike-slip and normal faults,
which are associated to the Late Oligocene compressional regime. The mineral paragenesis of the
vein mineralization is subdivided into pre-ore stage, ore stage, post-ore stage, and supergene stage.
Pre-ore stage is dominated by quartz, sericite, and subhedral to anhedral pyrite as disseminated
form. Ore-stage is represented by quartz, sphalerite (from 0.1 mol % to 4 mol % FeS), galena,
chalcopyrite, tetrahedrite-tennantite, minor seligmannite and enargite, as vein-veinlet, cement and
clast breccias. Post-ore stage is defined by deposition of quartz and carbonate along with minor barite,
and supergene stage is characterized by bornite, chalcocite, covellite, hematite, goethite, and jarosite.
The ore mineralization is associated with the silicic alteration. The styles of alteration are silicic,
carbonate, sericitic, chloritic, and propylitic. Fluid inclusions in sphalerite have a wide range of
salinities between 0.35 wt % and 21.4 wt % NaCl equivalent and homogenization temperatures range
from 123 to 320 °C. The isotopic values of sulfides vary from 2.8%o to 6.7%0 suggesting a magmatic
source for the sulfur. In the present study, based on geological setting, alteration style of the host and
wall rocks, main textures, mineral assemblages, composition of ore minerals, and structural features,
it is suggested that the mineralization in the Shah-Ali-Beiglou is similar to intermediate-sulfidation
style of epithermal deposits.

Keywords: Shah-Ali-Beiglou deposit; Zn-Pb-Cu(-Ag) mineralization; Tarom-Hashjin metallogenic
province; Alborz-Azarbaijan magmatic belt

1. Introduction

A great number of important porphyry, epithermal, and base metal ore deposits are formed in
the Tethyan Eurasian Metallogenic Belt (TEMB) [1—4]. In the Iranian part of the TEMB, Eocene and
Oligocene base metal vein-type deposits formed in three belts: 1. Alborz-Azarbaijan Magmatic Belt
(AAMB); 2. Urumieh-Dokhtar Magmatic Belt (UDMB); and 3. Iran East Magmatic Assemblage
(IEMA) (Figure 1) [5-7].
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The magmatic activity of the AAMB in the NW Iran initiated after Late Cretaceous compressional
deformation related to the initial collision of the Arabia and Eurasia plates (e.g., [8-11]). The AAMB
occurred in an extensional tectonic setting during Late Paleocene-Eocene [12,13]. The northwestern
part of the AAMB includes two mineralized subzones named the Ahar-Arasbaran Belt (AAB)
in the north and the Tarom-Hashjin metallogenic province (THMP) in the south (Figure 1) [2,3].
The THMP is known as an economically important metallogenic province in Iran [2,14,15] and includes
a variety of mineral deposits such as Mn deposits, iron-skarns, manto-type Cu-Ag deposits,
and Zn-Pb-CuzxAu-Ag epithermal deposits [3,16-19]. All of these deposits are variably attributed
to post-collisional magmatic processes (e.g., [20-22]). The study area is located approximately 70 km
north of Zanjan (Figure 1). This deposit has long been known and numerous mining activities have

been carried out in different periods of time in the study area. The veins have an average grade of
3% Zn, 7% Pb, 1.1% Cu, and 24 g/t Ag.
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Figure 1. (a) Distribution of the Cenozoic magmatic assemblages in Iran [6]; (b) Geological schematic
map showing the main rock units and structures of the Alborz-Azarbaijan magmatic belt, the location
of the Ahar-Arasbaran belt (AAB) and Tarom-Hashjin magmatic province (THMP), and the location of
the study area in NW Iran; reproduced with permission from [21], published by Elsevier B.V., 2013.

The Shah-Ali-Beiglou deposit is hosted by the intermediate subvolcanic rocks occurring in

a breccia zone. In the present study, the inductively coupled plasma mass spectrometry (ICP-MS)
method has been applied for the lithogeochemical studies and electron probe micro analyzer (EPMA)
has been used for the geochemical studies. In addition, fluid inclusion and sulfur isotopic methods have
been applied in order to determine the composition and temperature of hydrothermal fluids, and the
origin of the sulfur in hydrothermal fluids, respectively. Also, through field geology, ore microscopy,

mineral geochemistry, and the paragenetic relationships of ore minerals, the ore genesis of the
Shah-Ali-Beiglou Zn-Pb-Cu-Ag deposit will be clarified.



Minerals 2018, 8, 148 3 of 40

2. Regional Geology

Alborz-Azarbaijan Magmatic Belt (AAMB), in the north of Iran, extends about 800 km, in NW-SE
direction (Figure 1a) [23]. The AAMB is located in the hinterland of the Arabian-Eurasia collision zone
in the TEMB [1,3]. The AAMB is an important structural zone of the Alpine-Himalayan range, situated
200-500 km north of the Neotethys suture. It forms the easternmost portion of the Pontides Arc-Lesser
Caucasus-AAMB belt in the Turkish—Iranian high plateau [24]. This magmatic belt is divided into
western and eastern parts. The eastern part consists of mafic and felsic tuff and lava with an alkaline
to shoshonitic affinity [14,22,25,26], whereas the western part consists of andesitic to dacitic lava flows
and many calc-alkaline to shoshonitic granitoid bodies [3]. Magmatic activities that occurred in the
AAMB and Urumieh-Dokhtar Magmatic Belt (UDMB) during the Cenozoic, are the most significant
events in the magmatic history of Iran [9,10,27]. Extensive magmatic episodes have occurred in
the AAMB as a result of subduction, collision and post-collisional extension [21,22,28]. High-angle
subduction in the northwestern part of Iran caused the development of an extensional tectonic regime
in the Alborz-Azarbaijan belt [1,14]. This extensional tectonic regime leads to the formation of a sialic
back-arc oceanic basin (Khoy Basin). The collision of the extensional back-arc basin with the active
continental margin of Iranian plate, occurred during the Laramide Phase (Late Cretaceous-Paleocene).

As a consequence of this collision, the Arabia and Eurasia Plates welded together and the
Neotethys Sea was eliminated completely. The extensional sialic back-arc basin was pressured after
the closure of the main oceanic basin, and most likely, this basin without subduction and along with
the activity of numerous faults, underwent shortening, compression, and ultimately was crumbled.
After the complete closure of the oceanic basin of Neotethys and the sialic back-arc basin which
was followed by the crustal uplifting, the basement fractures were activated in the Central Iran
margin and in different parts of it [14]. The partial melting occurred due to the crustal extension and
reduction of pressure in the metasomatised mantle beneath the continental crust, and following these
events, conditions for the Tertiary magmatism of UDMB and AAMB were provided [14]. The first
significant volcanoes in AAMB are related to the Upper Cretaceous [29], but significant volcanic
activity, mainly submarine, is emerged in the Eocene. The AAMB hosts Sungun Cu-Mo, Kighal Cu-Mo,
and Sonajil Cu porphyry deposits [30-32], Anjerd, Sungun, and Mazraeh Cu skarn deposits [33,34],
Au-Ag epithermal occurrences and several base metal vein-type deposits [3,35]. The northwestern
part of this belt is subdivided into Ahar-Arasbaran metallogenic province (AAP) in the north and
Tarom-Hashjin metallogenic province (THMP) in the south (Figure 1a) [3]. The magmatic activity
of the THMP as a part of the AAMB continued after the Laramide compressional phase and due to
post-collision extensional phase in the late Paleocene-Late Eocene. As a result of a change in the regime
of extensional to compressional in the early Oligocene-Miocene, volcaniclastic rocks have been folded
and granitoid intrusive bodies have been intruded in the axis of the folds (anticlines) [14].

THMP with 70-150 km wide and 300 km long hosts several epithermal Ag-Au and base-metal
deposits including: low-sulfidation (Chargar, Nikuyeh), intermediate-sulfidation (Agkand, Glojeh),
and high-sulfidation (Chodarchay, Khalifehlu) deposits (Figure 2; Table 1) [2,3,18,35,36]. Moreover, it
hosts many iron oxide-apatite deposits (including Sorkheh-Dizaj, Aliabad, Morvarid and Zaker; [22,
25,37]. All of these deposits were formed in a post-collisional environment, as a result of the Tertiary
magmatism with the NW-SE strike within an arc tectonic setting [11,14,27,38—40]. Tertiary volcanic
and plutonic rocks cover large areas and are the dominant lithology in the THMP (Figure 2). This
metallogenic province is characterized by a thick sequence of early to middle Eocene green submarine
tuffs (equivalent to the Karaj Formation in Central Alborz) which are followed by the flows of
submarine lava to the subaerial [38,41,42]. THMP has experienced different tectonic regimes from
extensional (Late Paleocene-Early Oligocene) to compressional (Early Oligocene to Miocene) [14]. This
structural inversion could have affected the spatial and temporal distribution of the ore deposits across
the metallogenic province. It might have also caused overprinting of different mineralization systems
over the early porphyry deposits formed during Early Paleocene-Eocene arc-related magmatism [35].
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Figure 2. Simplified geological map of the central part of AAMB in NW Iran (based on
1:250,000 geological maps of Bandar-e-Anzali [43], Takab [44], Zanjan [45], and Miyaneh [46] provided
by Geological Survey of Iran), showing the locations of the study area and some of the base metal-Ag,
base metal-Au, and Au deposits. Reproduced with permission from Geological Survey of Iran.

3. Materials and Methods

More than 70 samples have been taken from of the surface outcrops at two levels, one series from
an altitude of 1350 m and the second series from 1150 m in the Shah-Ali-Beiglou Valley.

The samples were prepared as polished, thin and, thin-polished sections in order to
identify minerals of interest and to establish textural relations by using reflected-light microscopy.
These sections were prepared at the University of Tabriz.

The chemical compositions of ore minerals were determined by Electron Microprobe Analyses
(EPMA) carried out at the Iranian Mineral Processing Research Center (IMPRC) in Karaj, Iran.
Mineral compositions were determined by a Cameca SX-100 microprobe, with 20 kV accelerating
voltage, 20 nA beam current, and with a beam diameter less than 1 um. A combination of
various mineral and metal standards was used with ZAF matrix corrections by means of CITZAF
version 3.03. The analytical limits are in the order of 0.01 wt %. From the thin-polished and
polished sections containing ore minerals, 15 samples were selected for electron microprobe
analyses. Minerals were analyzed for S, Cu, Fe, Pb, Zn, As, Sb, Ag, Au, Bi, Cd, Se, Te,
Mn, Co, Ni, In, and Hg concentrations and the detection limit for these elements are as
following: 433, 401, 1113, 441, 630, 789, 775, 445, 519, 364 ,656, 561, 591, 393, 1705, 1026, 390,
and 435 ppm, respectively. The calibration standards are as following: S: Chalcopyrite-5097.calDat,
Cu: Chalcopyrite-Cu094.calDa, Fe: Specularite-Fe088.calDat, Pb: Galena-Pb054.calDat,
Zn: Sphalerite-Zn074.calDat, As: GaAs-As052.calDat, Sb: Indium Antimonide-Sb042.calDat,
Ag: Hessite-Ag060.calDat, Au: Au-1-Au074.calDat, Cd: Greenockite-Cd030.calDat, Se: Se-Se004.calDat,
Te: Hessite-Te028.calDat, Mn: Rhodonite-Mn084.calDat, Co: Co-Co056.calDat, Ni: Nickel
Oxide-Ni060.calDat, and In: Indium Antimonide-In017.calDat.
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Table 1. The main features of epithermal deposits in the Tarom-Hashjin Metallogenic Province 2.
Deposit Chodarchay Agkand Glojeh Khalifehlu Nikuyeh Lahneh
quartz monzonite to quartz  Eocene andesitic volcanic and Eocene volcanic and . Eocene volcanic and
Host rocks . . . - . monzodiorite - .
syenite pluton basalt lavas volcaniclastic rocks volcaniclastic rocks volcaniclastic rocks
chalcopyrite, pyrite, galena, Sphalerltef galenfi, pyrite, chalcopyrite, native hematite, . pyrite, chalcopyrite,
L : . . . chalcopyrite, native . chalcopyrite, galena,  bornite, galena,
Main minerals sphalerite, enargite, chalcopyrite and hematite . . gold, bornite, ; .
i . silver, native gold, K . sphalerite, sphalerite,
tetrahedrite-tennantite . . chalcocite, covellite . . ;i
bornite, chalcocite bornite, pyrite tetrahedrite

Style of alteration

propylitic, sericitic, sericitic
tourmaline, argillic,
and silicic

silicic, propylitic,
and chloritic

propylitic, sericitic,
and argillic

vuggy quartz, argillic,
and propylitic

silicic, sericitic,
argillic, carbonate,
and propylitic

silicic, sericitic,
and argillic

Textures

veinlets, open space filling,
hydrothermal breccias and
disseminated

breccia veins, open space
filling, comb, colloform,
cockade, crustiform,

vein-veinlet, open
space filling,
replacement,

vein-veinlet, open space
filling, replacement,
dessiminated, and breccias

open space filling,
vein-veinlet,
colloform,

vein-veinlet, open
space filling,
and breccias

mineralization and plumose and breccias and crustiform
Main metals Cu-Au Base metals Ag-base metals Cu-Au Au- base metals Base metals-Au
Tonnage and grade gr? dl\gtga/\;ezafing 09%Cu 12’13, 1;4;;: Zf,gll-rg/fc/;r 2;02?1;02 r;/S’t i‘"sragiﬂg o -
and 350 g/t Ag ’
Type of deposit HS epithermal IS epithermal IS-HS epithermal HS epithermal LS epithermal IS epithermal
Reference Yasami et al. [35] Kouhestani et al. [18] Mehrabi et al. [3] Hosseinzadeh et al. [36] Aghajani et al. [47] Zamanian et al. [48]

2 HS: High-sulfidation, IS: Intermediate-sulfidation, LS: Low-sulfidation.
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Major, trace and rare earth element (REE) concentrations of nine samples from the subvolcanic
rocks (monzonite and quartz monzonite stock) and major vein were determined by ICP-MS method.
The location of the samples was indicated in Figure 3. The elements were analyzed by (ICP-MS)
with a HP-4500 system at the IMPRC, in Karaj, Iran, following digestion in HF + HNOj solution,
drying and second dissolution in 3 mL HNOj and later 3 mL HCI. The average precision and
accuracy for most of the elements fall in the range of 5%—-10%, and they were controlled by repeated
analyses of the SARM-1 (granite) and SARM-4 (norite) international rock standards. Qualitative
analyses of the prospect samples were performed using SEM-EDX in University of Tabriz. SEM-EDX
microanalysis were carried out using a FE SEM/MIRA3 FEG at the Center laboratory of University
of Tabriz. Doubly polished thin sections (150-200 um thick) were prepared from 12 samples taken
from quartz-sulfide, quartz-sulfide-carbonate, and sulfide-quartz veins and breccias. No suitable
fluid inclusions were found for microthermometric measurements in quartz and carbonate. Therefore,
microthermometric measurements of the fluid inclusions were performed only on 3 doubly polished
wafers containing sphalerite, using a Linkam THMSG-600 heating-freezing stage at the Department
of Geology, University of Tabriz, Tabriz, Iran. Salinities were expressed as wt % NaCl equiv. and
were calculated from measured last ice-melting temperatures using the equation of Hall et al. [49],
in the two-phase liquid-rich fluid inclusions.
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Figure 3. (a) Geological map of the Shah-Ali-Beiglou showing the rock units and ore-bearing veins,
revised and modified based on the new field data from 1:100,000 geological map of Hashjin provided
by Geological Survey of Iran; (b) Schematic cross-sections showing ore-bearing vein at the contact
of andesite-basalt lavas. Reproduced with permission from Faridi and Anvari [50], published by
Geological Survey of Iran, 2000.



Minerals 2018, 8, 148 7 of 40

Sulfur isotopic compositions were analyzed at the Isotope Laboratory of the University of Ottawa,
Ottawa, Canada. Samples are weighed into tin capsules and loaded into an Isotope Cube (Elementar)
elemental analyser to be flash combusted at 1800 °C. Released gases are carried by helium through
the EA to be cleaned, then separated. SO, gas is carried into the Delta Plus XP isotope ratio mass
spectrometer (Thermo Finnigan) via a conflo IV interface for 534S determination. Analytical precision
is about £0.2%.

4. Results

4.1. Local Geology and Tectonic Structures

The Shah-Ali-Beiglou area is situated in the northwestern part of the THMP and comprises
a sequence of Eocene and Oligocene volcanic and volcaniclastic rocks, which were intruded by
Oligocene plutonic rocks (Figure 3). The Shah-Ali-Beiglou deposit consists of two base metal-bearing
veins that occupy strike-slip and normal faults in intrusive rocks (Figure 3). The veins display
similar morphological and textural characteristics, and have regular sharp contact with volcanic and
volcano-sedimentary rocks.

Three major lithological units are recognized in the Shah-Ali-Beiglou mining district: (1) Eocene
volcanic and volcaniclastic rocks; (2) Early Oligocene volcanic rocks; and (3) Late Oligocene
subvolcanic rocks. Eocene lava flows have columnar structure beneath the volcaniclastic rocks and
occasionally as interlayers in the volcaniclastic rock unit (Figure 4a,b). The composition of the lavas
varies from andesite, basaltic andesite, alkali basalt, basalt, and trachyandesite. Andesite-basalt
lava contains plagioclase (Pl), pyroxene (Px), and amphibole (Amp), phenocrysts in a matrix of
plagioclase and pyroxene (Figure 4d) and shows glomeroporhyritic texture (Figure 4e). Volcanic
activity at Shah-Ali-Beiglou was largely explosive and consists of volcaniclastic rocks with andesitic
compositions. The volcaniclastic rocks are marked by alkaline to intermediate tuffs with interlayered
andesite-basalt lava (Figure 5a,b). The volcaniclastic rocks with the dominant texture of crystalloclastic
are characterized by crystal tuffs, vitric tuffs, and lithic tuffs. These tuffs are mostly composed of
quartz, pyroxene and plagioclase phenocrysts along with secondary carbonate minerals and glass.
Opaque minerals and chlorite are observed as accessory phases. Some of crystal tuffs have banded
texture which show successive bands of Fe oxide-hydroxides (hematite and goethite), altered pyroxene
and feldspar along with quartz (Figure 5c,d). Early Oligocene volcanic rocks are underlain by the tuffs
with an angular unconformity (Figure 6a) and are composed of trachy-latite, trachy-basalt, tracy-dacite,
and rhyodacite. There are some xenoliths in the trachy-latitic rocks that contain an assemblage of
carbonate, quartz, tremolite-actinolite, and goethite (Figure 6b). Olivine crystals in trachy-basalt rocks
have undergone two alteration phases due to hydration and oxidation. In the first phase, they were
altered into serpentine and in the second phase to anthophyllite and iddingsite. The center of some of
these alterations is filled with silica (Figure 6¢). Volcanic and volcaniclastic sequences, during the late
Oligocene, have been intruded by small intrusions of monzonite to quartz monzonite (Shah-Ali-Beiglou
Stock). The mineralogy of these rocks includes plagioclase (from 35% to 40%), potassium feldspar
(from 25% to 30%), quartz (from 10% to 15%), amphibole (from 10% to 15%), and accessory minerals
including biotite (from 2% to 5%), sphene, apatite, zircon, pyrite, and goethite. Tourmaline is observed
as both primary and secondary. The texture of the stocks varies from granular to porphyritic with
microcrystalline matrix.

Tectonic structures in the study area include folds and faults. The compressional forces in the
Oligocene have resulted in folding and extensive fractures. The formation of these fractures has created
open spaces as the passway for hydrothermal solutions. The presence of ore-bearing zones, in the same
trend with the fault zones, can indicate that mineralization is controlled by fault systems. Two types of
faults with the NE-SW (strike-slip fault) and E-W (normal fault) trends have been expanded parallel
and perpendicular to the axis of the fold. The quartz monzonite dikes and associated base metal
mineralization at Shah-Ali-Beiglou were emplaced in strike-slip and normal fault zones.
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Figure 4. Field photographs and photomicrographs of Shah-Ali-Beiglou area: (a,b) Outcrop
of ore-bearing vein, volcaniclastic rocks, and andesite-basalt lava; (c) Columnar structure in
andesite-basalt lava; (d) Porphyric texture consisting of phenocrysts of plagioclase (P1), pyroxene (Px)
and Amp (Amp) in the matrix of microcrystalline plagioclase and clinopyroxene; (e) Glomeroporhyritic
texture of pyroxene crystals in a fine grained matrix of plagioclase and pyroxene crystals in
andesite-basalt lava.
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Andesiteﬁ.\_
-basalt lava —_
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Figure 5. Field photographs and photomicrographs of Shah-Ali-Beiglou area: (a) Eocene lava flows
occurring as interlayers in the volcaniclastic rock unit; (b) Outcrop of volcaniclastic rocks containing
thin-bedded texture; (c) Hand sample of crystal tuff with banded texture; (d) Crystal tuffs with banded
texture (PPL). Fe-O-H: Fe-Oxide-Hydroxide.



Minerals 2018, 8, 148 10 of 40

Figure 6. Field photograph and photomicrographs of Shah-Ali-Beiglou area: (a) The unconformable
contact of Eocene volcaniclastic rocks and Oligocene lavas in south of the study area; (b) A xenolith
in trachylatite rock that is altered to an assemblage of carbonate, quartz, tremolite-actinolite (Tr-Act),
and goethite (Gth) minerals (crossed-polarized light); (c¢) The second phase of the alteration in
a trachy-basalt rock in which the serpentine resulted from the olivine (in the first phase), is altered to
anthophyllite (Ath) filled with quartz (Qz) (crossed-polarized light).

4.2. Petrogenesis and Tectonic Setting of the Subvolcanic Intrusion in the Shah-Ali -Beiglou Area

There is a subvolcanic intrusion in the east of the ore-bearing veins, which is referred as
the Shah-Ali-Beiglou stock (Figure 3). This intrusion is of interest because it is considered as the
most representative intrusive rocks related to the hydrothermal system. The composition of these
rocks is monzonite to quartz monzonite (Figure 7a). This stock exhibits a range in SiO; contents
from 57.23 wt % to 67.78 wt %, the K,O + NayO contents from 6.97 wt % to 9.30 wt %, and the
K>,0/NayO ratios from 0.90 to 1.87 (Table 2). Overall, the rocks exhibit metaluminous character with
ASI [= molar Al,O3/(CaO + K;O + NayO)] ranging from 0.77 to 0.96 (Figure 6b). The majority of the
analyzed samples show I-type affinity except two samples plotting within the A-type field (Figure 7c).
In addition, they mostly show a calc-alkaline to shoshonitic affinity in the Zr-5iO, diagram (Figure 7d).
In order to distinguish tectonic setting of the stock, Y-Zr [51] diagram was used (Figure 7e), which was
plotted in the arc related field. According to Zr x 3-Nb x 50-Ce/P,Os tectonic-discrimination diagram
presented by Muller and Groves [51], samples were plotted within the post-collisional arc field
(Figure 7f). Therefore, it is suggested that this stock was formed in an arc-related setting that has
developed in a post-collisional environment. In primitive mantle-normalized multi-element diagram
(Figure 8a) [52], all the samples display approximately similar trace element abundance patterns,
with enrichment in large-ion lithophile elements (LILEs) (e.g., Ba, Cs, Rb, Th, and K) and depletion in
high field strength elements (HFSEs), associated with pronounced negative anomaly in Ti. The studied
samples are characterized by robust negative Ti anomaly (Figure 8a) implying that the samples were
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not derived from normal MORB or OIB mantle sources which typically display positive Ti anomalies
in chondrite-normalized trace element diagrams (e.g., [53]). The depletion in Ti can be explained by
retention of Ti in Ti-rich residual mineral phases (i.e., rutile, titanite and titanomagnetite) in the mantle
source [54,55]. REE chondrite-normalized diagram (Figure 8b) [56] exhibits pattern with enrichment in
LREE and depletion in HREE. They show weakly fractionated HREE ((La/Yb)n = 7.48-14.85), negative
Eu (Eu/Eu* = 0.63-0.75) and Ce (Ce/Ce* = 0.08-1.10) anomalies (Table 2).
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Figure 7. Geochemical variation diagrams for the Shah-Ali-Beiglou stock. (a) Rock classification
diagram [57] for the Shah-Ali-Beiglou stock; (b) Al/Na + K (molar) versus Al/Ca + Na + K that showing
all of the samples exhibit metaluminous geochemical characters (after Maniar and Piccoli [58]) diagram;
(c) Zr versus SiO, diagram proposed by Collins et al. [59] that showing most of the samples have
I-type geochemical characters; (d) Ce/Yb versus Ta/Yb diagram for the samples with lines separating
the tholeiitic, calc-alkaline, and shoshonitic series [60] that showing samples have calc-alkaline to
shoshonitic affinity; (e) Y versus Zr diagram [51] that showing samples plot within the arc related field;
(f) Zr x 3-Nb x 50-Ce/P;0s tectonic setting discrimination diagram [51] that showing samples plot
within the post-collisional arc field (PCA).



Minerals 2018, 8, 148 12 of 40

Table 2. Major and trace element contents from the Shah-Ali-Beiglou stock.

Sample ID MG-1 MG-2 MG-3 MG-4 MG-5 MG-6 MG-7 MG-8 MG-9

wt %
5i0, 66.12 64.22 67.78 68.24 57.23 57.85 59.21 59.95 61.27
TiO, 0.56 0.64 0.56 0.51 0.94 0.84 0.82 1.17 0.73
Al,O3 13.38 15.22 13.71 13.64 15.71 15.14 15.32 15.58 14.21
Fep,Ost 3.82 4.02 3.85 3.18 7.37 7.3 6.12 6.13 5.99
MnO 0.07 0.09 0.11 0.06 0.14 0.12 0.12 0.08 0.13
MgO 33 2.6 1.63 1.17 2.84 5.75 3.49 3.8 4.54
K,O 4.79 5.15 522 5.59 3.85 3.66 5.81 4.14 4
Na,O 3.28 3.25 3.87 3.71 3.56 3.31 3.1 3.62 441
P,0s5 0.17 0.18 0.2 0.16 0.48 0.24 0.37 0.28 0.21
L.O.I 1.88 1.65 0.88 1.36 2.12 0.89 1.12 0.78 1.3
Total 99.59 99.75 100.01 99.81 99.85 99.77 99.9 100.03 100.03
ppm
Ag 8 11 14 17 10 21 19 24 13
Ba 475 918 648 605 678 551 697 719 716
Ce 57.12 57.62 94.12 91.08 31.64 28.69 17.36 5.94 9.81
Co 10 14 9 4 19 25 15 20 14
Cr 153 42 47 83 63 103 136 117 53
Cs 2.14 3.13 2.48 2.69 6.12 6.14 1.86 1.94 2.06
Cu 4 2 8 7 18 9 29 5 8
Dy 441 4.12 3.86 424 4.68 4.54 4.12 4.08 4.18
Er 2.77 2.69 2.78 2.54 2.66 2.58 3.12 3.18 2.81
Eu 1.08 0.98 0.96 0.94 1.34 1.41 1.21 1.12 1.08
Ga 14.8 14.5 1329 144 17.2 17.4 17.2 17.4 16.2
Gd 441 4.61 4.54 4.48 5.81 5.88 541 5.38 5.12
Hf 12 9 10 12 10 7 7 10 8
Ho 0.91 0.89 0.93 0.88 1.02 1.04 0.98 0.96 1.01
La 45.12 30.14 49.81 44.73 41.21 27.14 34.01 38.06 28.92
Lu 0.48 0.51 0.44 0.42 0.39 0.41 0.42 0.43 0.45
Nb 2431 18.89 32.16 35.75 26.61 15.45 19.72 20.14 22.06
Nd 26.61 24.14 22.72 22.61 29.31 33.14 21.17 16.9 17.81
Ni 25 12 11 14 21 38 20 31 32
Pb 17 19 33 17 12 8 9 7 7
Pr 7.21 7.32 7.14 6.98 6.59 6.54 7.06 7.21 6.94
Rb 177 149 217 284 130 115 204 120 135
Sc 3 2 3 4 6 7 4 5 3
Sm 4.14 421 4.36 4.82 5.68 5.72 5.36 521 5.06
S 8290 433 508 780 7626 400 126 98 176
Sr 220 229 242 259 469 390 385 318 290
Ta 1.36 1.52 2.06 1.86 1.19 0.8 1.13 1.18 1.09
Tb 0.81 0.77 0.74 0.82 0.89 0.92 1.01 0.84 0.86
Th 24 12 27 47 6 8 15 10 11
Tm 0.41 0.39 0.44 0.43 0.46 0.44 0.41 0.38 0.38
U 5 9 6 13 8 1 1 2 0
\% 79 71 67 56 155 157 124 124 128
W 11 0 10 1 0 0 0 0 3
Y 44 37 59 72 33 31 52 30 34
Yb 2.28 2.56 3.47 3.51 1.99 2.81 3.26 1.98 1.83
Zn 40 49 157 37 93 72 54 68 68
Zr 239 268 363 375 209 178 199 207 192
F 279 433 1220 1155 564 0 848 60 0
Cl 81 79 157 427 292 161 461 66 113
Ce/Ce* 0.68 0.88 1.04 1.10 0.41 0.49 0.25 0.08 0.15

Eu/Eu* 0.799 0.699 0.679 0.639 0.729 0.76 0.70 0.66 0.66
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Figure 8. (a) Primitive mantle-normalized trace elements [52]; (b) chondrite-normalized rare earth
elements [56] diagrams for the Shah-Ali-Beiglou stock.

4.3. Features of the Shah-Ali-Beiglou Deposit

The Shah-Ali-Beiglou vein-type deposit is hosted by quartz monzonite dikes. This deposit
including two veins which are perpendicular, one vein trending N10°-20° E and another one is
trending N70°-80° W with 70°-80° dip (Figure 3). The thickness of one vein varies between 5 and 10 m
with the length of 3.5 km, but another one is approximately 2 km in length and has variable thickness
of between 2 and 5 m. Ore mineralization occur as vein-veinlet (Figures 9a—c and 10), breccia cement
and clast (Figure 11a—f), and disseminated grains (Figure 11b). The vein-veinlet and breccia types
contain the most important economic quantities of ore. The field evidences indicate the presence of
silica-sulfide, silica-carbonate-sulfide, and carbonate vein-veinlets. Geometrically, these vein-veinlets
occur in the vicinity of each other trending parallel and approximately parallel to the host fault zone.

Some fractures are filled by carbonate during the post-ore stage (Figures 9c and 10c), implying
a successive re-opening of veins. The silica-carbonate-sulfide veins show a sequence, from the margin
to center, of galena and sphalerite (in contact with the wallrock), followed by ~1 cm dark quartz,
then ~5 cm orange dolomite with high Fe and, white dolomite with relatively low Fe at the center
(Figure 10). Brecciation plays an important role in the formation of Shah-Ali-Beiglou deposit and
is characterized by infilling of sulfides into open spaces. The compositions and morphologies of
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clasts along with the geometry of the hydrothermal breccia bodies support their emplacement by
hydraulic fracturing, which resulted in increased permeability within and around the breccia bodies.
Based on the lithology, size, and shape of the clasts, and also composition of cement from numerous
outcrops, three breccia types were distinguished consisting of breccia-I, breccia-II, and breccia-III
(Figure 11). Breccia-l is the earliest-formed breccia and contains rounded and subrounded clasts of the
silicified and sericified host rock which are cemented by fine- to coarse- grained quartz. Sulfide and
sulfosalt minerals occur within the clasts and along with silica cement. The Breccia-Il is characterized
by the presence of abundant silica cement and contains altered angular and subangular sericitized
and silicified clasts of the host rock. Ore minerals in this breccia are observed both breccia clast and
cement (Figure 11c,d). The breccia-III comprises fragments of ore minerals, host rock, and silica vein,
in carbonate and Fe-Oxide-hydroxide cement. The clasts size is up to 6 cm with angular shape which
are intensely altered to sericite (Figure 11e,f)., Breccia-III is the final stage of brecciation event in
studied deposit.

Figure 9. Photographs of hand samples showing: (a,b) Silica-sulfide vein-veinlets including galena
(Gn), sphalerite (Sph), and chalcopyrite (Ccp); (c) Silica-carbonate-sulfide vein containing typical
crustiform banding and comb quartz.
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Figure 10. (a) Close-up view of silica-sulfide-carbonate vein; (b) Schematic representation of
silica-sulfide-carbonate vein, illustrating multiple phases of mineral deposition and fracturing events;
(c) Photographs of hand sample showing enlarged fractures filled with ore mineral clasts and carbonates;
(d) The results of EDX analyses for relatively high Fe dolomite; (e) The results of EDX analyses for

relatively low Fe dolomite.
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Figure 11. Representative photographs and photomicrographs of the different breccias in the
Shah-Ali-Beiglou deposit (photomicrographs taken under transmitted cross-polarized light images).
(a) Breccia-I with rounded clasts in quartz-sulfide cement; (b) Pyrite with dessiminated texture in
clasts of Breccia-I; (c) Hand specimens of breccia-II with angular clasts in quartz-sulfide cement;
(d) Ore minerals in silica cement occurring as breccia clast; (¢) Hand specimens of breccia-III;
(f) Breccia-III with rounded to subrounded clasts in carbonate (-Fe-Oxide) cement. (Gn: galena,
Sph: sphalerite, Ccp: chalcopyrite, Py: pyrite, Qz: quartz, Cb: carbonate mineral, BC: breccia clast,
Pl: plagioclase, Opq: opaque, and Fe-O-H: Fe-oxide-hydroxide).

4.4. Hydrothermal Alteration

In the Shah-Ali-Beiglou deposit, the alteration zones both in the ore-bearing veins and their
surrounding zones, are related to the hydrothermal system that caused alteration of the host (quartz
monzonite dike) and wall rocks (volcanic and volcaniclastic rocks) during Late Oligocene. Intrusion
of quartz monzonite dikes through the strike-slip and normal faults, resulted in the formation of
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various hydrothermal alteration types including silicic, carbonate, sericitic, chloritic and phrophylitic.
Five alteration zones are identified in the study area including (1) silicic-carbonate-sericitic (quartz,
calcite, dolomite, sericite, jarosite, sulfide minerals and Fe oxide-hydroxide) within ore zone;
(2) silicic-chlorite-carbonate (quartz, chlorite and carbonate minerals); (3) silicic (quartz, carbonate,
pyrite and Fe oxide-hydroxide); (4) carbonate-sericite; and (5) propylitic (carbonate minerals,
chlorite, epidote, plagioclase, ferromagnesian minerals and Fe oxide-hydroxide). Some of the
hydrothermal alterations are overlapped, for example the silicic and carbonate alterations are
overlapped within the silicic-carbonate-sericitic alteration zone. Sulfide mineralization is formed within
the silicic-carbonate-sericitic alteration zone in quartz monzonite dike. The other alteration zones are
developed in the volcanic (silicic-chlorite-carbonate and propylitic alteration zones) and volcaniclastic
(silicic, carbonate-sericitic, and propylitic alteration zones) wall rocks (Figure 3). Due to the difference
in the chemical composition of the plagioclase minerals that are more sodic in the volcaniclastic
rocks and more calcic in the andesite-basalt rocks, so sericitic and carbonate alterations are found
in the volcaniclastic and andesite-basalt rocks, respectively. In addition, due to the presence of the
ferromagnesian minerals in the andesite-basalt rocks, so chloritic alteration is developed in these rocks.

4.5. Mineralogy and Mineral Chemistry

The primary ore minerals at the Shah-Ali-Beiglou mining district display a large variety of
Zn-Pb-Cu(-Ag) sulfide and sulfosalt assemblages dominated by sphalerite, galena, chalcopyrite,
tetrahedrite-tennantite, seligmannite, and enargite. In the ore-bearing veins, samples were collected
from different ore types including sulfides of vein-veinlets, breccia cement, and dissemination
occurring forms. Four main stages of mineralization are identified based on the textural relationships
and mineral paragenesis of the ore veins which include pre-ore stage, ore stage, post-ore stage,
and supergene stage. The pre-ore stage is characterized by sericitic and silicic alteration associated
with the deposition of pyrite-I as isolated grains and veinlets in both of the host rock and wall rocks.
The mineralization in ore stage is developed in hydrothermal breccias, and veins. Chalcopyrite,
sphalerite, and galena are the most important ore minerals in the silica-sulfide, silica-carbonate-sulfide
vein-veinlets, and breccia. Post-ore stage which is marked by carbonate and barite cutting all the
earlier mineral phases, and eventually the last stage is defined by formation of supergene minerals.
The results of representative electron microprobe analyses of the sulfide phases are reported in Table 3.

4.5.1. Sphalerite

Sphalerite is the most abundant sulfide mineral in the Shah-Ali-Beiglou deposit. It occurs
as vein-veinlet and breccia cement. The margins of sphalerite commonly contain “chalcopyrite
disease” which is interpreted the result of replacement due to interaction of sphalerite with solutions,
co-precipitation of sphalerite and chalcopyrite, crystal growth by solid state diffusion, and exsolution
of CuS in Fe-bearing sphalerite [61,62]. Sphalerite at the Shah-Ali-Beiglou replaces chalcopyrite, pyrite,
galena, and is, in turn, replaced by covellite along margins and fractures in the breccia-I and breccia-II
(Figure 12a,b). Sphalerite is an important carrier of a wide range of minor and trace elements [63].
The cations at the Shah-Ali-Beiglou substituting Zn sites in the structure of sphalerite, include Fe, Cd,
Mn, Ni, Cu, Te, Pb, Hg, and Bi (Figure 13a). Electron microprobe analyses of sphalerite are shown in
Table 3. Microprobe analyses reveal Fe content in the sphalerite ranges from 0.06 wt % to 2.28 wt %
(avg. 0.84 wt %) implying an Fe-poor nature of the sphalerite. The highest Fe content is measured
in the sphalerites of breccia-II and the lowest concentration of Fe occurs within the sphalerite of
quartz-carbonate veins.
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Table 3. Summary of average EPMA data for primary minerals from the Shah-Ali-Beiglou deposit (concentrations in wt %). B.I: Breccia I, V.I: sulfide-silica veinlets,

and V.I: silica-sulfide-carbonate vein.

Sphalerite (n = 42)

Galena (n =29)

Chalcopyrite (1 = 35)

Pyrite (n = 52)

Data on the Basis of wt %

B.1 B.1I B.IIl  veinlet vein B.1 B.1I B.III  veinlet B.1 B.I  veinlet  vein Py-1 Py-II Py-Ill  Py-IV
S 34.25 33.67 3361 3397 3452 13.21 13.13 12.8 1337 3441 34.51 34.73 34.55 5339 5306 5352  53.65
Mn 0.15 0.1 0.08 0.16 0.02 0.03 0.04 0.01 0.01 0.02 0.03 0.01 0.02 0.01 0.05 0.03 <mdl
Fe 0.82 1.43 0.81 0.78 0.36 0.13 0.03 0.09 0.06 2994  30.68 30.66  30.82 45.68  45.86 4637  46.06
Co 0.01 <md]l 0.01 0.02 <mdl <mdl <mdl 0.01 0.01 0.01 0.01 0.01 0.01 0.04 0.04 0.02 0.02
Ni 0.02 0.03 0.05 0.23 0.02 0.02 0.06 0.09 0.02 0.01 0.02 0.09 0.02 0.07 0.03 0.02 0.02
Cu 0.03 0.01 <mdl 0.12 0.02 0.02 <mdl 0.03 0.01 3399  33.59 33.79 33.57 0.04 0.3 0.05 <mdl
Zn 64.42 6427  64.16 64.31 64.15 0.01 <mdl 0.03 0.03 0.09 0.01 <md]l 0.15 0.02 0.06 0.01 0.01
As <mdl 0.01 0.02 <mdl  <mdl 0.02 0.05 <mdl  <mdl 0.04 0.02 0.07 0.02 0.12 0.19 0.04 0.12
Se 0.01 <mdl 0.02 <mdl  <mdl 0.01 <mdl 0.01 0.04 <mdl 0.01 0.01 0.05 <md] 0.01 <mdl  <mdl
Ag 0.01 <mdl  <mdl 0.04 <mdl 0.04 0.03 0.03 0.01 <mdl <mdl <mdl <mdl <mdl 0.01 <mdl  <mdl
Cd 0.15 0.19 0.19 0.17 0.19 0.07 0.03 0.07 0.06 <mdl <mdl <mdl <mdl <mdl <mdl <mdl <mdl
Te 0.03 0.06 0.1 0.09 0.05 0.04 0.1 0.05 0.08 0.04 0.07 0.06 0.23 0.03 0.03 0.06 0.03
Hg 0.14 0.13 0.11 0.06 0.23 0.18 0.14 0.14 0.12 0.22 0.06 0.09 0.18 0.14 0.07 0.02 0.06
pb 0.17 0.16 0.2 0.14 0.1 86.41 86.31 86.59 86.3 0.18 0.17 0.19 0.13 0.3 0.24 0.24 0.29
Bi 0.15 0.13 0.15 0.16 0.16 0.45 0.46 0.44 0.43 0.15 0.1 0.16 0.16 0.22 0.26 0.3 0.26
Tot. 100.43  100.51 99.6 100.33 9994 100.81 100.63 100.53  100.66  99.25 99.37 9997 100.02 100.11 100.28 100.72  100.71
Data on the Basis of Apfu

S 0.99218 0.97538 0.97364 0.98407 1 0.99969 1 0.99968 0.99879 2 1.99976 1.99977 1.99883 1.66506 1.65476 1.66911 1.67316
Mn  0.00271 0.00179 0.00145 0.00288 0.00037 0.00128 0.00172 0.00043 0.00043 0.00034 0.0005 0.00017 0.00033 0.00022 0.00109 0.00065 0

Fe 0.01458 0.02522 0.01446 0.01382 0.00649 0.00547 0.00127 0.00378 0.00254 0.49798 0.50795 0.50547 0.50741 0.99023 0.98403 0.99297 0.99319
Co 0.00017 0 0.00017  0.00034 0 0 0 0.0004  0.0004 0.00016 0.00016 0.00016 0.00016 0.00082 0.00081 0.00041 0.00041
Ni 0.00034 0.0005 0.00085 0.00388 0.00034 0.0008 0.00241 0.0036 0.00081 0.00016 0.00032 0.00141 0.00031 0.00144 0.00061 0.00041 0.00041
Cu 0.00047  0.00015 0 0.00187 0.00032  0.00074 0 0.00111  0.00037 0.49679 0.48869 0.48952 0.48566 0.00076 0.00566 0.00094 0
Zn 0.97796 0.96806 0.97811 0.9733  0.98797 0.00036 0 0.00108 0.00109 0.00128 0.00014 0 0.00211  0.00037 0.0011  0.00018 0.00018
As 0 0.00014  0.00027 0 0 0.00064 0.00162 0 0 0.00051 0.00025 0.00088 0.00025 0.00199 0.00312 0.00066 0.00198
Se 0.00012 0 0.00024 0 0 0.00031 0 0.00032  0.00121 0 0.00024 0.00023 0.00117 0 0 0 0
Ag 0 0 0 0 0 0.00087  0.00066 0.00065 0 0 0 0 0 0 0 0 0
Cd 0.00132 0.00166 0.00168 0.0015 0.0017 0.00146 0.00063 0.00146 0.00126 0 0 0 0 0 0 0 0

Te 0.00023  0.00046 0.00078 0.0007 0.00039 0.00074 0.00185 0.00092 0.00148 0.00029 0.00051 0.00043 0.00166 0.00028 0.00028 0.00056 0.00028
Hg 0.00069 0.00064 0.00055 0.0003 0.00115 0.00211 0.00165 0.00164 0.00142 0.00102 0.00028 0.00041 0.00082 0.00084 0.00042 0.00012 0.00036
Pb 0.00081  0.00076 0.00096 0.00067 0.00049 0.98045 0.98301 0.98001 0.98533 0.00081 0.00076 0.00084 0.00058 0.00175 0.00139 0.00139 0.00169
Bi 0.00071 0.00061 0.00072 0.00076 0.00077 0.00506 0.00519 0.00494 0.00487 0.00067 0.00044 0.0007 0.0007 0.00127 0.00149 0.00172 0.0015

Note: 1 is number of analyses and mdl is minimum detection limit.
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Figure 12. Photomicrographs of the sulfide minerals from Shah-Ali-Beiglou deposit showing the
textural relations among the minerals (images are taken under reflected plane-polarized light,
except e and I that are taken under transmitted cross-polarized light). (a) Chalcopyrite (Ccp) crystals
are replaced by sphalerite (Sph); (b) Sphalerite is substituted by covellite (Cv) along with borders and
fissure planes in the breccia-I; (c) Single grain of galena in silica cement containing undulation and
displacement triangular pits in the Breccia-III; (d) Replacement of galena (Gn) by covellite in breccia-I;
(e,f) Rounded grain of chalcopyrite in breccia-I; (g) Pyrite-II (Py-II) substituted by chalcopyrite and
both of them are substituted by galena and sphalerite; (h,i) Occurrences of coarse-grained pyrite-IV
(Py-1V) at contact between quartz and carbonate (Cb).

4.5.2. Galena

Galena is the second most abundant sulfide mineral at the Shah-Ali-Beiglou and occurs as
coarse to medium-grained crystals (from <1 to >20 mm). The galena was found approximately to
be quite homogenous in composition. Deformation texture is commonly observed in galena within
the breccia-III. Undulation and displacement of the curvilinear pits show that plastic deformations
developed following deposition of galena (Figure 12c). Galena mainly occurs as breccia cements and
vein-veinlet. Galena is formed prior to sphalerite and is substituted by it in silica-sulfide-carbonate
veins. Galena is partly to completely replaced by covellite along the borders, cracks, and cleavages
in the breccia-I and breccia-III (Figure 12d). Electron microprobe analyses reveal the presence of Mn,
Fe, Ni, Cu, Ag, Hg, Fe, Bi, Cd, and As in the structure of galena as trace elements. Ag concentrations
are at low levels in all mineralization forms (Table 3). The chemical data show Ag, Hg and Bi
contents vary between 0 wt % and 0.11 wt % (avg. 0.02 wt %), 0 wt %-0.44 wt % (avg. 0.12 wt %)
and 0.19 wt %-0.66 wt % (avg. 0.44 wt %), respectively.

4.5.3. Chalcopyrite

Chalcopyrite is the most common copper-iron sulfide at the Shah-Ali-Beiglou and is occurring
in two generations. Chalcopyrite-I is occurred in minor amounts as rounded grains in breccia
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clasts (Figure 12e,f) and chalcopyrite-II mostly in vein-veinlets and breccia cement accompanied
by quartz-II. Chalcopyrite-II replaces pyrite-1I and tiny islands of remnant pyrite are observed within
the it. The composition of chalcopyrite is close to stoichiometric. The EPMA data in all of the
chalcopyrite grains show the presence of variable amounts of Te (avg. 0.08 wt %), Pb (avg. 0.17 wt %),
Hg (avg. 0.12 wt %), and Bi (avg. 0.16 wt %) (Table 3; Figure 13).
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Figure 13. Histograms showing the average concentrations of the trace elements in different minerals
of Shah-Ali-Beiglou deposit: (a) Sphalerite; (b) Galena; (c) Chalcopyrite; (d) Pyrite; (e) Bornite in
Breccia-III and silica-sulfide veinlets; (f) Chalcocite in Breccia-III-veinlets; (g) Covellite in Breccia-I and
silica-sulfide veinlets (ascribed of ore minerals is based on the texture features; data in wt %).

4.5.4. Pyrite

Pyrite is one of the common sulfides in the study area which occurs during the pre-ore stage,
and ore stage. Pyrite grains have a porous appearance and show a spongy texture (Figure 12h).
Based on the mineralogy and texture studies, four pyrite generations are identified at the deposit.
The first generation (Py-I) occurs as anhedral crystals along with sericitic alteration within fragments
from host rock. The second generation (Py-II) and the first generation of quartz and are found as
disseminated fine-grains (up to 400 pm) (Figure 14a) and veinlet in the host (within breccia clast)
and wall rocks. The third generation pyrites (Py-III) is the earliest-formed in ore stage and occurs as
residual inclusions within chalcopyrite, bornite, covellite and chalcocite in silica-sulfide vein-veinlets
and breccia cements. Pyrite-III crystals usually exhibit a sieve texture along with corroded cores
including circular assemblages of anhedral pyrite grains (Figure 14f). Pyrite-IV includes coarse-grained
euhedral crystals occurring in breccia-IIl and silica-sulfides veinlets. The pyrite-IV in some of the
samples shows breccia texture (Figure 12h,i). The values of Pb (up to 0.49 wt %) and Bi (up to 0.39 wt %)
are higher than other trace elements in the pyrite (Table 3; Figure 13). Microprobe analysis shows that
pyrites do not contain significant amounts of Cu and Zn. Cu concentrations in pyrite-II are higher than
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other pyrite generations. Arsenic has low concentrations in the studied pyrite samples, ranging from
0wt % to 1.7 wt % (avg. 0.12 wt %, n = 52) in all samples (Table 3).

Figure 14. Photomicrographs of reflected-plain polarized light images of sulfosalt minerals and
supergene sulfides from Shah-Ali-Beiglou deposit. (a) Tetrahedrite (Td) accompanied by sphalerite
and galena in Breccia-III; (b) Galena is substituted by tetrahedrite in breccia-III; (c) Pyrite is substituted
by tennantite (Tn); (d) Occurrence of enargite (En) as a very minor phase associated with tennantite,
within chalcopyrite (Ccp); (e) Occurrence of tennantite around chalcopyrite; (f) Tennantite infills
cavities of the corroded aggregates of anhedral pyrite (Py) grains within chalcopyrite; (g) Tennantite
infills microfractures in sphalerite; (h) Chalcopyrite containing pyrite-II inclusions, is replaced by
bornite (Bn) and covellite (Cv) along margins in silica veinlets; (i) Chalcopyrite replaces pyrite and
both are replaced by bornite and chalcocite (Cct).

4.5.5. Tetrahedrite-Tennantite

Phases of tetrahedrite—tennantite (Td-Tn) solid solution series (Cuqg(Fe,Zn),SbySi3—
Cuyo(Fe,Zn), AssS13) were identified in most of the investigated samples, although the abundances
and sizes of these phases are minor. It is observed that tetraherite grains appear mostly associated
with sphalerite, galena, and pyrite, while tennantite is frequently accompanied by chalcopyrite and
pyrite. Tetrahedrite replaces pyrite, galena and sphalerite in breccia-III (Figure 14a,b). Tennantite
replaces pyrite and chalcopyrite (Figure 14c) and occurs as small-elongated grains (5-90 pm) within
and/or at the rims of chalcopyrite (Figure 14d,e). Also, it fills interstices of corroded pyrite aggregates
and fractures in sphalerite indicating its later deposition in the ore stage (Figure 14f,g). 19 chemical
analyses of Td-Tn minerals were obtained using the electron microprobe. Representative results
are shown in Table 4. The compositions were found to be very close to the both As end-member
(tennantite) and Sb end-member (tetrahedrite), as well as intermediate members of the series
(Figure 15). Sb and As contents vary between 0 wt % and 29.78 wt % and 1.43 wt %-20.97 wt %,
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respectively. Ag concentrations in Td-Tn are higher than those of galena. The Ag content of the studied
Td-Tn varies in a range from 0 wt % to 0.46 wt % (avg. 0.18 wt %). Based on the microprobe data, the
Ag average content in tetrahedrites (avg. 0.27 wt %) is more than tennantites (avg. 0.08 wt %) (Table 4).

Table 4.

Shah-Ali-Beiglou deposit.

22 of 40

Summary of electron microprobe results for tetrahedrite-tennantite series from the

Data on the Basis of wt %

S Cu As Sb Fe Zn Ag Te Bi Pb Hg Se Tot.
30.14 40.92 19.8 0.07 3.14 5.33 <mdl 0.02 <mdl 0.21 0.41 0.07 100.11
30.05 4332 1938 0.15 5.26 0.48 0.11 0.06 0.05 1.28 0.13 0.04 100.31
30.02 4119 1987 <mdl 146 7.55 <mdl 0.12 0.22 0.25 <mdl 0.11 100.79
29.80 4158 1925 0.33 1.39 7.2 0.04 0.1 0.15 0.48 0.02 0.03  100.37
2654 3981 10.79 14.09 1.23 7.3 0.15 0.07 0.15 0.22 0.39 0.07  100.81
M19 2621 4045 1094 14.05 1.19 7.24 0.05 0.01 0.13 0.11 0.25 0.05 100.68
2590 3426 9,57 1557 9.93 4.26 0.2 0.04 0.21 0.04 0.32 <mdl 100.30
27.06 4081 9.42 16.36  1.33 3.72 0.23 0.08 0.07 0.15 0.01 0.06 99.30
2644 3932 1011 1543 1.62 5.37 0.3 0.02 0.02 0.08 <mdl 0.06 98.77
28.74 4439 20.04 0.05 2.69 2.93 0.39 0.01 0.03 0.94 0.19 0.11 100.51
28.08 3949 2097 0.19 0.93 2.15 0.24 0.07 0.04 0.15 0.38 0.12 9281
2522 3792 338 2629 0.33 5.54 0.33 <mdl 0.02 0.25 0.65 0.05 99.98
2526 35.78 1.43 29.78 0.82 5.58 0.43 0.03 0.13 <mdl <mdl 0.07 99.31
2442 3813 3.17 2734 0.7 5.95 034 <mdl 0.16 0.16 <mdl 0.02 100.39
M9 25.28 37.09 1.86 29.72 0.63 5.19 0.33 0.11 0.02 0.25 <mdl <mdl 100.48
2513 3794 345 2697 1.03 441 0.46 0.04 0.01 0.29 0.42 0.02 100.17
3057 4221 1844 212 5.97 1.18 <mdl <mdl 0.07 0.09 <mdl 0.1 100.75
30.35 42.86 18.23 2.01 6.5 0.24 0.04 0.04 0.21 0.01 <mdl 0.15 100.64
3058 4248 1895 1.21 5.59 1.56 <mdl 0.01 0.07 0.09 0.14 0.08 100.76
M24 30.02 4239 1941 1.63 5.23 1.87 <mdl 0.01 0.18 0.2 0.19 0.01 101.14
27.63 3716 745 17.06  0.52 8.05 0.14 <mdl 0.04 0.23 <mdl 0.03 98.31
Data on the basis of apfu: 29 atoms
S Cu As Sb Fe Zn Ag Te Bi Pb Hg Se
13.68 9.37 3.84 0.01 0.81 1.18 0 0 0 0.01 0.03 0.01
13.64 9.92 3.76 0.02 1.37 0.10 0.01 0 0 0.09 0.01 0
13.60 9.41 3.85 0 0.37 1.67 0 0.01 0.01 0.01 0 0.02
13.59 9.56 3.75 0.04 0.36 1.61 0 0.01 0.01 0.03 0 0
1293 9.79 2.25 1.80 0.34 1.74 0.02 0.01 0.01 0.01 0.03 0.01
M19 1279 996 2.28 1.80 0.33 1.73 0.01 0 0.01 0 0.02 0.01
12.64 8.43 1.99 2.00 2.78 1.02 0.03 0 0.01 0 0.02 0
13.28 10.10 1.97 2.11 0.37 0.89 0.03 0.01 0 0 0 0.01
12.91 9.68 211 1.98 0.45 1.28 0.04 0 0 0 0 0.01
13.22 1030 3.94 0 0.71 0.66 0.05 0 0 0.06 0.01 0.02
12.92 9.17 4.13 0.02 0.24 0.48 0.03 0 0 0.01 0.02 0.02
13.08 9.92 0.75 3.58 0.09 1.40 0.05 0 0 0.02 0.05 0.01
13.27 9.48 0.32 4.11 0.24 1.43 0.06 0 0.01 0 0 0.01
12.70 10.00 0.70 3.74 0.20 1.51 0.05 0 0.01 0.01 0 0
M> 13.15 9.73 0.41 4.07 0.18 1.32 0.05 0.01 0 0.02 0 0
13.03 9.92 0.76 3.68 0.30 1.12 0.07 0 0 0 0.03 0
13.76  9.59 3.55 0.25 1.54 0.26 0 0 0 0 0 0.02
13.69 9.75 3.52 0.23 1.68 0.05 0 0 0.01 0 <mdl 0.02
13.74 9.63 3.64 0.14 1.44 0.34 0 0 0 0 0.01 0.01
M24 " 4356 966 375 019 135 041 0 0 00l 001 001 0
13.71  9.30 1.58 222 0.14 1.95 0.02 0 0 0.01 0 0

Note: mdl is minimum detection limit and apfu is number of atoms per formula unit.
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Figure 15. Chemical variations of As versus Sb in tetrahedrite-tennantite series.

4.5.6. Other Ore Minerals

with tennantite with grain sizes of up to 20 um.
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Enargite (CuAsS, ™) in very low quantities as small anhedral grains is commonly observed along

Seligmannite (PbCu(As)S3 ™) at the Shah-Ali-Beiglou, is less abundant and is observed only in
the two samples in the silica-sulfide veinlets in close relationship to tennantite and enargite, replacing
chalcopyrite. The contents of As and Sb range between 15.93 wt % to 17.18 wt % (avg. 16.55 wt %)
and less than 0.01 wt % to 0.07 wt % (avg. 0.03 wt %), respectively (Table 5). The highest concentration
of Ag at the Shah-Ai-Beiglou occurs within the seligmannites (avg. 0.83 wt %).

Table 5. Summary of average EPMA data for supergene sulfides and seligmannite from the

Shah-Ali-Beiglou epithermal deposit (concentrations in wt %).

Chalcocite

Covellite (Breccia-I and

Bornite (Breccia-III-Veinlet) (Breccia-ITI-Veinlet) Breccia-ITI-Veinlet) Seligmannite
Avg. (n=5) Min. Max. Avg. (n=13) Min. Max. Avg.(n=4) Min. Max. Avg.(n=4) Min. Max
S 26.272 2498 27.01 23.51 2198 2598 32.92 3153 33.76 28.74 2751  29.98
Mn 0.04 <mdl 0.12 0.02 <mdl 0.07 0.03 0.02 0.04 <mdl <mdl <mdl
Fe 11.14 8.24 13.13 0.81 0.07 1.93 0.68 0.21 1.22 4.97 3.52 6.42
Co 0.02 <mdl  0.05 <mdl <mdl <mdl 0.01 <mdl  0.03 <mdl <mdl <mdl
Ni <mdl <mdl  0.01 0.02 <mdl  0.12 <mdl <mdl <mdl <mdl <mdl <mdl
Cu 62.53 61.07 65.16 75.18 7154  76.65 64.61 63.72  65.59 41.13 40.28 41.99
Zn <mdl <mdl <mdl 0.23 <mdl 1.62 0.18 <mdl 0.47 0.23 0.11 0.35
As <mdl <mdl <mdl <mdl <mdl <mdl 0.25 <mdl  0.53 16.55 1593 17.18
Se 0.01 <mdl 0.05 0.01 <mdl 0.07 0.03 <mdl 0.04 0.11 0.10 0.13
Ag 0.04 <mdl 0.10 0.12 <mdl 0.25 0.36 <mdl 1.02 0.83 0.73 0.93
Cd <mdl <mdl <mdl 0.02 <mdl  0.07 0.02 <mdl  0.07 <mdl <mdl <mdl
In <mdl <mdl  0.02 <mdl <mdl  0.05 0.01 <mdl  0.03 <mdl <mdl <mdl
Sb 0.01 <mdl 0.05 0.01 <mdl 0.04 0.03 <mdl 0.05 0.03 <mdl 0.07
Te 0.06 <mdl 0.13 0.06 <mdl 0.16 0.03 <mdl 0.09 0.08 0.02 0.15
Au <mdl <mdl <mdl <mdl <mdl  0.03 0.023 <mdl  0.09 0.02 <mdl  0.04
Hg 0.21 0.07 0.46 0.08 <mdl 0.31 0.26 0.10 0.48 0.32 0.25 0.39
Pb 0.07 <mdl 0.17 0.1 <mdl 0.22 0.19 0.06 0.32 6.83 4.03 9.64
Bi 0.09 <mdl 0.21 0.09 <mdl 0.21 0.15 0.13 0.17 0.17 0.16 0.18
Tot. 100.63 100.23  100.88 100.35 98.47 10091 100.15 98.71  100.85 100.13 99.99  100.28

Note: mdl is minimum detection limit.



Minerals 2018, 8, 148 24 of 40

Supergene processes at the Shah-Ali-Beiglou have affected the sulfides. The main supergene
minerals are bornite, chalcocite, covellite, jarosite, Fe and Mn oxide-hydroxides. Bornite, chalcocite,
and covellite have partially to entirely replaced chalcopyrite. Presence of enclaves of chalcopyrite
within bornite is common (Figure 14i). Also, during supergene processes, galena and sphalerite
were replaced by covellite along the margins and fracture planes (Figure 12b,d). There is no sharp
contact in the border of bornite and chalcopyrite. Also, bornite can be seen in the margin of minerals
and as fillings of the microfractures, so these reasons indicate that bornite is probably a supergene
mineral (e.g., [64]).

4.5.7. Gangue Mineralogy

The vein and breccia gangue minerals in the Shah-Ali-Beiglou deposit consist of quartz,
carbonates (calcite and dolomite), sericite, jarosite, and minor barite. Quartz is observed as breccia
cement, breccia clast, vein-veinlet, and replacement. Based on the mineralogical studies, four quartz
generations are recognized. The first one along with sericite, pyrite, and Fe-oxide-hydroxide,
has formed before the main stage of mineralization and is cut by other quartz generations. It consists of
microcrystalline quartz within breccia clast cemented by coarser quartz-II and sulfides (Figure 11a,b).
The fine- to coarse-grained euhedral quartz-II during the ore stage, infills fractures and cavities in
host rock and occurs as vein-veinlet and breccia (cement and clast) (Figure 16b,c). The dominant
textures of the quartz-II crystals consist of plumose, vug infills, comb and zonal (Figure 16d). The third
occurs in breccia-1I as fine- to coarse-grained and is represented by breccia cement and narrow veinlets
cutting earlier sulfide materials and is not associated with ore minerals (Figures 11c,d and 16e).
The carbonate minerals (calcite and dolomite) at the Shah-Ali-Beiglou are formed in the pre- ore
and post- ore stages. In the pre-ore stage, carbonate minerals are observed within the breccia clasts
and in the post-ore stage are occurred as vein-veinlets (Figure 16f) and breccia cement (Figure 11ef).
Coarse-grained dolomites dominate in veins, while medium- to fine-grained are abundant in breccia
cement. In the pre-ore stage, interactions between hydrothermal solutions and host rock, resulted in
the formation of carbonates concomitantly with Fe-oxide in the breccia clasts. Also, the carbonates
are formed at the end of the post-ore stage, as a result of changing the acidic-neutral fluids to alkaline
fluids. Sericite occurs widely in the host rocks associated with quartz and pyrite, as observed within
the breccia clasts (Figure 16g). Jarosite occurs within fragments of the host rock in which the primary
minerals transformed to a mixture of jarosite and iron oxides (Figure 16h). During the final events of
the post-ore stage, barite occurs in low amounts as gangue mineral in voids associated with carbonate
in cement of breccias (Figure 16i). The paragenetic sequence of minerals is illustrated in Figure 17.
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Figure 16. Photomicrographs of gangue minerals from Shah-Ali-Beiglou deposit showing: (a) Textural
relationships between fine-grained quartz crystals (Qz-I) and coarse-grained crystals (Qz-II)
which precipitated during pre-ore stage and ore stage mineralization in breccia zones, respectively;
(b) Quartz-II in form of breccia clast in breccia-III; (c¢) Quartz-II in form of breccia cement along with
ore in breccia-II; (d) Quartz-II with zonal texture in quartz-carbonate veins; (e) Occurrence of quartz-III
within breccia-III; (f) Occurrence of carbonate (Cb) as veinlet without ore; (g) Occurrence of sericite
(Ser) as breccia clast; (h) Occurrence of jarosite (Jrs) along with Fe-oxide and sericite within breccia

clast; (i) Occurrence of barite (Brt) within a vug.
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Figure 17. Paragenetic sequence showing the stages of mineralization in the Shah-Ali-Beiglou deposit.
Line width indicates abundance (fine: not abundant, thick: abundant).

4.6. Fluid Inclusion Petrography and Microthermometry

Microthermometric measurements were performed on the primary fluid inclusions hosted in the
relatively transparent, honey-colored sphalerite from the ore stage (Figure 18).

Quartz and carbonate did not contain abundant inclusions with sufficient size to provide
a more comprehensive study. The fluid inclusions can be grouped into three types based on their
phase relationships at room temperature using the criteria of Roedder [65] and Goldstein [66]:
(1) liquid—vapor (L-V) inclusions; (2) liquid-only (L) inclusions; and (3) vapor-only (v). Liquid—vapor
(LV) inclusions comprise about 40 vol % of the fluid inclusion population. These inclusions are
irregular, oval, polygon, and tabular in shape and up to 60 um across (Figure 18a). These inclusions
containing from ~70 vol % to 90 vol % of liquid at room temperature, homogenize to a liquid phase.
Liquid-only (L) inclusions (Figure 18b) mostly have irregular or elongated shapes and vary in length
from ~3 to ~70 pm. They occur along with healed microfracture planes or within cleavage planes
and are assumed to be secondary, whereas those that coexist with LV inclusions and occur isolated
in clusters are likely primary suggesting that these inclusions may have formed through necking of
much larger inclusions [67]. Vapor-only (V) inclusions are oval in shape with diameters of 2-30 pm
and generally exist along with liquid-rich (LV) inclusions.

There is evidence of necking down in fluid inclusions (Figure 18d) and there is no evidence of
the presence of daughter minerals. The fluid inclusion studies did not reveal any evidence of boiling
due to the overall presence of an invariable V:L of ~1:8 and the absence of coexisting vapor-rich and
liquid-rich inclusions that homogenize at the same temperature. These observations are also consistent
with the absence of adularia and lattice-bladed calcite in the study area.
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Figure 18. Microphotographs of the fluid inclusions in sphalerite from the Shah-Ali-Beiglou deposit
(at room temperature in plane-polarized light). (a) Primary liquid-rich inclusions; (b) Liquid inclusions;
(c) vapor inclusions in sphalerite; (d) Evidence of the necking down in fluid inclusions.

Microthermometric measurements on two-phase liquid-rich fluid inclusions indicate that the
mineralization taken place by dilute to high saline hydrothermal fluids with the salinity and
temperature range of 0.35 wt % to 21.4 wt % NaCl equiv. and 123 to 320 °C, respectively.
Eutectic temperature (Te) of inclusions varies between —52 °C and —21 °C. The microthermometric
data are summarized in Table 6 and plotted in Figure 19. The data from fluid inclusion study in the
Th-salinity plot reveal the presence of three fluid inclusion groups including: 1. low to moderate
temperatures and high salinities (stage-I), with ranges of 130 to 320 °C and of 17.34 wt % to
21.4 wt % NaCl equiv., respectively; 2. low to moderate temperatures and moderate salinities
(stage-1I) homogenizing between 135 to 288 °C and 8.68 wt % to 14.97 wt % NaCl equiv., respectively;
and 3. low to moderate temperatures and low salinities (stage-III) with ranges of 123 to 274 °C and
0.35 wt % to 4.65 wt % NaCl equiv., respectively. These data indicate that the values of salinities
were the highest in the first stage (avg. 19.93 wt % NaCl equiv.) and decreased through the late-stage
(avg. 2.6 wt % NaCl equiv.).

Comparison of Th versus salinity measurements (Figure 20) shows the presence of high, moderate,
and low salinity fluids at approximately similar temperatures, even within a single sample in the
Shah-Ali-Beiglou deposit. This was most likely caused by the intermittent pulses of fluids with different
salinities, as recorded during the growth of individual crystals. The first ice-melting temperatures
(Tm-ice) of the first stage indicate a HyO-NaCl-CaCl, system with the salinities of 20 wt % NaCl equiv.
on average. In fluid inclusions of the second stage, the eutectic temperatures are between —52 to
—37 °C that indicate the possible presence of NaCl, MgCl,, CaCl,, FeCl,, NayCO3, and/or K,CO3
in the aqueous fluids [65,68,69], although there is a possibility that the low and variable eutectic
temperatures were caused by metastability. According to Hedenquist and Henley [70], where wt %
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NaCl equiv. refers to the equivalent of NaCl + KCI + CaCly; these salinity values may be overestimated
in fluid inclusion studies due to the presence of dissolved CO; and other gases.

Table 6. Microthermometric data summary for LV fluid inclusions (n = 80) from sphalerite of the
Shah-Ali-Beiglou deposit.

Mineral Incl. Type Th(°C) Th(Mean) Th(Mode) Te(°C) Tm-Ice(°C) Wt % NaCl Equiv. p (g/cm®)

Stage-I L-v 130-320 221 178 —52 —13.5--18.6 17.34-21.4 0.9-1.05
Stage-II L-v 135-288 231 280 —52-37 —5.6-—11 8.68-14.97 0.9-1.02
Stage-IIT L-v 123-274 177 130 —-21 —0.2--2.8 0.35-4.65 0.88-0.95
B stage-i [ stage-i
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Figure 19. Histograms of (a) homogenization temperatures (Th) and (b) salinities of primary fluid
inclusions in the sphalerite from the Shah-Ali-Beiglou deposit.
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Figure 20. Homogenization temperature (Th) versus salinity (wt % NaCl eq.) plot of fluid inclusion data
in the Shah-Ali-Beiglou deposit showing isothermal mixing trend during mineralization (Doted lines
indicate density curves after Wilkinson, [71]).

4.7. Sulfur Isotope Data

In order to constrain the source of sulfur in the hydrothermal system of the Shah-Ali-Beiglou
deposit, sulfur isotope (§34S) analyses were conducted on the samples chosen from veins and
breccias. These analyses were performed on 15 pure samples separated from sphalerite, galena,
and chalcopyrite. The results that are ranging from 2.8%o to 6.7%o, are presented in Table 7 and
Figure 21. There is a general decreasing trend in 534S sulfide values corresponding to the mineral
sequence of sphalerite, chalcopyrite, and galena (Figure 22a). This mineral sequence corresponds to
the sequence provided by Ohmoto and Rye [72] for the order of S enrichment. The 534S values of
the fluid were calculated using the 534S values of the sulfide minerals and mineral-H,S equilibrium
isotopic fractionation factor of Li and Liu [73], assuming H,S as the main sulfur species in the fluid
(Table 7). The isotopic compositions were calculated using the mean value of the homogenization
temperatures of fluid inclusion data obtained from this study. The average calculated 5>*S values of
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hydrothermal fluids in equilibrium with the sulfides (Table 7) range from a maximum of +3.96%. for
sphalerite to +8.1% for Galena (Figure 22b).

Table 7. Sulfur isotope data for galena, chalcopyrite, sphalerite and HjS of the Shah-Ali-Beiglou

deposit. The isotopic compositions were calculated using the mean value of the Th of L-V inclusion
data obtained from Table 6.

Mineral Sample 534S (%0) Mineral 534S (%o) HpS 2
MKH-2A 3.19 6.19
MKH-5gA 4.47 7.47
MKH-14B 5.1 8.1
MKH-17 3.48 6.48
Galena MKH-26 3.81 6.81
MKH-01 43 7.3
MKH-03 2.8 58
MKH-12 48 7.8
MKH-30 5.1 8.1
. MKH-22 49 4.7
Chalcopyrite MKH-22 472 45
MKH-1A 5.31 4.81
. MKH-5gB 4.46 3.96
Sphalerite MKH-14A 484 434
MKH-02 6.7 6.2
2 Calculated using equation of Li and Liu [73].
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Figure 21. Histograms illustrating the range of sulfur isotope values for sulfides from the
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5. Discussion

5.1. Geochemistry of Ore Minerals

Variations in FeS content in sphalerite may reflect variations in the activity of FeS in the fluid
and in physicochemical conditions during precipitation [74]. Also, variation in the mol % FeS of
sphalerite coexisting with pyrite and pyrrhotite reflects the variability of the sulfidation state in a given
system and provides useful information in classifying an epithermal deposit [75-77]. According to
Einaudi et al. [77] the mol % FeS in sphalerite coexisting with pyrite and pyrrhotite at intermediate
sulfidation states, should range from 1 mol % to 10 mol % FeS and locally up to 20 mol % FeS.
The composition of the sphalerite from Shah-Ali-Beiglou ranges from 0.1 to 4.00 (avg. 1.59 mol % FeS),
which is consistent with the sphalerite compositions from intermediate sulfidation systems. Gottesman
and Kampe [78] suggested that high Zn/Cd ratios of over 500 are inherited from basaltic source rocks,
whereas moderate ratios (~330-430) derive from andesitic source rocks. Similarly, Zn/Cd ratios
lower than 250 are characteristic of acidic sources. Considering the intermediate Zn/Cd ratios
(324-418) of sphalerite in the study region, we suggest that the hydrothermal solutions are linked to
the andesitic magmatism.

5.2. Source and Composition of Mineralizing Fluids and Sulfur

Regarding to the systematic variation of Th and salinity between fluid inclusion assemblages in
individual crystals of sphalerite from the Shah-Ali-Beiglou district, it is likely that the high-salinity
fluids were periodically injected and mixed with low-salinity ones over short period of time.
Similar evidence for the presence of lower and higher salinity fluids in the same deposit has also
been noted previously for silver and base metal mineralization in the Fresnillo district [79,80]
and in other intermediate-sulfidation epithermal deposits of Mexico, Iran, and Turkey [81-83].
Albinson et al. [81] noted that the salinity of individual Zn-Pb-Ag deposits is from 12 wt % to 23 wt %
NaCl equivalent. By contrast, the fluid responsible for quartz and carbonate gangue deposition in
intermediate-sulfidation vein deposits is usually much lower in salinity than the episodic pulses of
saline fluid that deposit the ore and associated sulfide minerals [80].

The origin of the hydrothermal fluids that form epithermal deposits can be varied;
from predominantly magmatic in high sulfidation (HS) and intermediate sulfidation (IS) epithermal
deposits to mostly meteoric in low sulfidation (LS) deposits [84-89]. High-salinity brines may evolve
in a magmatic environment [80,81]. Thus, the high salinities of the fluid inclusions in the study
area are consistent with a magmatic source. This interpretation corresponds to similar conclusions
in other magmatic-hydrothermal systems, such as those described by Camprubi and Albinson [90]
for formation of IS epithermal deposits and Shamanian et al. [82] for Abolhassani epithermal Prospect
in Iran. A relationship between silver and base metal ores with relatively higher salinities and
gold-silver ores with lower salinities, has been mentioned [91] and confirmed for Mexican epithermal
deposits [79-81]. According to Simmons et al. [92], Gold-silver deposits generally have dilute solutions
of less than 5 wt % NaCl equiv., whereas Ag-Pb-Zn deposits commonly have brines of less than
10 wt % to more than 20 wt % NaCl equiv. Correlation of Ag + Au/Pb + Zn + Cu ratios with
fluid inclusion salinities, indicates the importance of chloride complexing in transport of the base
metals in polymetallic mineralization [81]. The Au(HS), ™ bisulfide complexes are most important
for gold transportation in the epithermal environment [93,94]. By contrast, chloride complexes are
more significant for silver and base metal transport than for gold transport under the relatively
reduced, neutral pH conditions [94]. Therefore, Zn-Pb-Cu(-Ag) concentrations in the fluids of the
Shah-Ai-Beiglou deposit were most likely transported in the form of chloride complexes. We assume
that chlorine was magmatic in origin due to the lack of evaporates and connate brines in the region.

Sulfur in the hydrothermal fluids could have been derived from three sources: (1) preexisting
sulfides in the host sequence; (2) sulfur-bearing magmatic volatiles; or (3) dissolved sulfate in
seawater [85]. Sulfur in the magmatic fluids usually has §*S values near zero, although extensive
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open-system degassing can lead to local enrichment of 34S (e.g., [95]). Considering the isotopic data of
various geological environment, rock, and ore types reported in previous studies [72,96], it is clear that
our results are consistent with the §34S values of magmatic rocks [85,97,98]. The isotopic evidence for
a predominantly magmatic ore fluid, is further supported by the intermediate and high salinities of LV
inclusions (e.g., [99]).

5.3. Ore Deposition and Depth of Formation

The depth of formation below the paleowater table can be estimated from hydrostatic boiling
point curves [100], assuming hydrostatic pressure. However, because of the lack of evidence for boiling,
this estimation will provide a minimum value. Based on the temperatures from the fluid inclusion
studies (Figure 23), it can be seen that the mineralization in the Shah-Ali-Beiglou deposit has been
formed at depths of ~100 to ~1200 m below the paleowater table.

N
o

)
Frequency

200

Shah-Ali-Beiglu

=)

400F
Gandy

Depth (m)

600 F
Abolhassani

800f

1000

1200 b— T T T
100 150 200 250 300 350

Temperature (°C)

Figure 23. Temperature-depth diagram with boiling-point curves for pure H,O (0 wt %) and for brine
of different composition given in wt % NaCl (from Haas [100]). Shah-Ali-Beiglou data were fitted at
the mean Th values to the 8.6 wt % NaCl curve. Histograms of Gandy and Abolhassani are based on
Shamanian et al. [82].

5.4. Genesis of the Shah-Ali-Beiglou Deposit

The Shah-Ali-Beiglou deposit shows numerous similarities with epithermal deposits as discussed
by Einaudi et al. [77], Gemmell, [101], Hedenquist et al. [84], Sillitoe and Hedenquist [102], and White
and Hedenquist [103].

These are evidenced by recognition of: (1) epithermal textures such as hydrothermal vein-veinlets
and breccias associated with vug infilling, crustiform, plumose and comb textures; (2) alteration
mineral assemblage such as quartz, sericite, and carbonate; (3) vein-style mineralization as the
dominant morphology; and (4) ore mineralogy consisting of sphalerite, galena, chalcopyrite, pyrite,
and tetrahedrite-tennantite. The epithermal mineralization can be classified into three main groups of
LS, IS, and HS deposits based on the sulfur content, ore sulfide assemblage, dominant alteration and
gangue assemblages (e.g., [84,92,102]). The IS deposits present a large span in metal assemblage and
characteristics, from Au-Ag and Ag-Au deposits (division at Ag/Au ~50), with less than 0.05 wt %
combined base metal content, to Ag-base metal and base metal-Ag deposits [81]. A base metal-rich
intermediate sulfidation style of mineralization is supported by the following features: (i) development
of the sulfide and sulfosalt minerals consisting of sphalerite with low FeS content, galena, chalcopyrite,
tetrahedrite-tennantite, and silver occurring as Ag-bearing sulfosalts; (ii) development of sericite
rather than adularia, indicating higher temperatures and limited boiling, probably as a result of
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greater formational depths; (iii) high-K calc-alkaline and shoshonitic nature of the genetically related
igneous rocks; and (iv) precipitation from near neutral (pH ~6), reduced, moderately saline fluids
(5 wt %20 wt % NaCl equiv.) in moderate temperatures (150-300 °C) [77,102].

The main characteristics of the IS epithermal deposits according to the most recent terminology
for epithermal mineralization (e.g., [102]) are shown on Table 8 and have been compared with
the main features of Shah-Ali-Beiglou deposit, in order to define the style of mineralization in the
Shah-Ali-Beiglou deposit.

The Shah-Ali-Beiglou deposit is similar to the IS systems in terms of the following aspects:

(i)  vein-style mineralization with steeply dipping that is the dominant morphology in this deposit is
as typical for other IS epithermal deposits [104].

(ii) The Ag:Au ratio of the whole-ore composition in the Shah-Ali-Beiglou deposit ranges from 68 to
3666 and these values correspond to the IS systems where the Ag:Au ratio is at least 10:1 and
typically higher than 100 [77].

(iii) The composition of the sphalerite ranges from 0.1 mol % to 4 mol % FeS, which is consistent with
the sphalerite compositions from IS systems that range from 1 mol % to 10 mol % FeS and locally
up to 20 mol % [76,77,92].

(iv) Absence of illite-adularia and alunite typical of the LS and HS deposits in the alteration mineral
assemblage of the Shah-Ali-Beiglou deposit.

(v) The main ore minerals in the studied deposit consist of FeS-poor sphalerite, galena,
and chalcopyrite. These sulfides are usually related to IS (e.g., [77,84,102]).

(vi) The sericitic alteration in the study area is dominant. According to Sillitoe and Hedenquist [88],
this alteration is predominant in the IS epithermal mineralization.

(vii) The nature of calc-alkaline to shoshonitic of the igneous rocks related to Shah-Ali-Beiglou deposit
is common in the IS epithermal deposits (e.g., [102]).

(viii) The average temperatures of ore formation (123-320 °C), as well as the salinities
(0.35 wt %—21.4 wt % NaCl equiv.) in fluids determined in sphalerite, are typical of the IS
epithermal deposits so that base metal types commonly have brines of less than 10 wt % to more
than 20 wt % NaCl equiv. [92].

While a great number of IS epithermal deposits occur within continental margin arcs in extensional
settings (e.g., Tonopah, Nevada; Creede, Colorado; Fresnillo, Mexico; Pachula-Real de Monte, Mexico;
Tayoltita, Mexico; Arcata, Peru; Sacarimb, Romania, Rosia Montana, Romania; data from Sillitoe
and Hedenquist, [102], the Shah-Ali-Beiglou deposit is formed in an Oligocene-Early Miocene
compressional post-collisional tectonic setting [14].

Shah-Ali-Beiglou deposit show similarities with deep vein-type deposits, which are present in the
lower parts of the LS epithermal environment in Mexico (e.g., [81]). The base metal-rich deposits in
Mexico typically occur in deeper portions of the Au-Ag mineralization and below the boiling level.
These deposits can be recognized from fluid inclusion evidences (lack of vapor-rich inclusions and
high salinity) and petrographic evidence (lack of platy or lattice calcite, lack of adularia, and presence
of predominantly coarsely crystalline varieties of quartz and ore minerals) [105,106]. Accordingly,
it is likely that the base metal-Ag veins in the study area belong to the deep portion of an eroded LS
epithermal deposit with the base metal sulfide-rich veins now exposed.
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and intermediate sulfidation type deposits (after Sillitoe and Hedenquist,

Shah-Ali-Beiglou deposit.

33 of 40

Comparative characteristics of the main features of the Shah-Ali-Beiglou deposit

[102]) and

Tectonic Settings

Intermediate Sulfidation

Shah-Ali-Beiglou Deposit

Extensional Continental

Compressional Continental

Genetically related
igneous rocks

Calc-alkaline to shoshonitic
andesitic-dacitic arc

Calc-alkaline to shoshonitic magmatism,
post-collisional arc setting

Host rocks

Andesite to rhyodacite, locally rhyolite

Andesite, basaltic andesite, alkali basalt
and tuff unit

Ore textures

Open-space veins with variety of textures:

crustiform, banded, comb, breccia

Vein-veinlet, breccia, dessimineted,
crustiform, replacement, comb

Key alteration minerals

Sericite, without adularia

Sericite without adularia

Key sulfide species

Sphalerite (low Fe), galena,
tetrahedrite-tennantite, chalcopyrite

Sphalerite (low Fe), galena, chalcopyrite,
tetrahedrite-tennantite

Auand Ag

Native gold, electrum, native silver

Absent

Gangue minerals Silica

Vein-filling crustiform and comb quartz

Crustiform and comb quartz

Carbonate

Common, typically including
manganiferous varieties

Calcite and dolomite

Other gangue

Barite = manganiferious silicates

Barite, Sericite

Main metals

Ag-Au, Zn, Pb, Cu

Zn-Pb-Cu-(Ag)

Minor metals

As, Sb, Mo

As, Sb

5.5. Shah-Ali-Beiglou Mineralization Model

The fluid inclusion and stable isotope data presented in this work suggest a model for structural
and magmatism evolution in which: (a) ore veins are controlled by a regional dominant sinistral
strike-slip fault system; (b) Quartz monzonite magma intruded into Eocene volcanic and volcaniclastic
rocks along the fault as a dike; (c) Hydrothermal fluids deriving from an intrusion (Shah-Ali-Beiglou
stock) ascended along breccia zone to higher levels, causing extensive hydrothermal alterations
and finally deposited ore minerals mostly as vein-veinlet and breccia cement (Figures 24 and 25).
Hydrothermal fluids of dominantly magmatic source ascended along breccia and fracture zones to
higher levels and these fluids are responsible for the deposition of sulfides and sulfosalts. The galena,
sphalerite, chalcopyrite, and sulfosalts were deposited from a low to high salinity fluid and were
probably transported in the form of chloride complexes (e.g., [103]). Isothermal mixing of deep
meteoric water with the magmatic hydrothermal fluid is probably the main mechanism for base metal
deposition in ore stage (e.g., [91,107,108]).
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(a) Formation of sinistral strike-slipe fault (Prior to Late Oligocene)

[ Volcaniclastic rocks

Andesite, basaltic,
andesite, alkali basalt,
basalt, trachyandesite rocks

!

(b) Formation of quartz monzonite dike (Late Oligocene)
B8 Quartz monzonite dike

R~ Rising magma

(c) Formation of breccia zone and occurrence of mineralization (Post-Late Oligocene)
[841 Breccia clasts

N silica

[ carbonate

\/7 Rising mineralized fluid

™\ Meteoric fluid flow

Figure 24. Block diagrams showing structural and mineralization evolution of the Shah-Ali-Beiglou
deposit in the study area. (a) Displacement of rock units by sinistral strike-slip fault in a N10°-20° E
direction; (b) Rising quartz monzonite magma through the fault and formation of dike along the fault
plane; (c) Development of ore mineralization along breccia zone within the quartz-monzonite dike as
vein-veinlet, breccia cement and disseminated.

Stage A: pyrite-l in sericitic altration

Sub-stage B1: ore minerals associated

Sub-stage B1: Brecci: with silica cement

Sub-stage B1: quartz-sulfide
" vein-veinlets
Sub-stage B2: Breccia-llg

Stage C: Breccia-lll
Sub-stage B1: sphalerite-galena-quartz
layer in silica-sulfide-carbonate vein

Stage C: carbonate layer
in silica-sulfide-carbonate vein

iS_‘ Breccia Zone
[ auart-
B cuartz- Il o mirerais
[ auartz-n [ ] carvonate

Figure 25. Schematic presentation of Shah-Ali-Beiglou vein-type deposit, illustrating multiple phases
of ore mineral deposition and fracturing events. Stage A: The pre-ore stage in which pyrite-I was
deposited as isolated grains. Stage B1: The earliest stage of ore mineralization (ore stage) was developed
as hydrothermal breccias and vein-veinlets. Stage B2: The ore mineralization continued as breccia
cement associated with pyrite. Stage C: The post-ore stage, which is marked by mostly carbonate as
breccia cement and vein-veinlet that are associated with tetrahedrite.
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6. Conclusions

The Shah-Ali-Beiglou is an example of base metal-silver epithermal deposit in the Tarom-Hashjin
metallogenic province, occurring in the breccia zones. The studied deposit with vein-type
geometry is related to post-collisional magmatism ranging from calc-alkaline to shoshonitic affinity,
in a compressional tectonic setting. The phase of magmatism is characterized by rocks with
intermediate compositions (monzonite and quartz monzonite) that mostly shows I-type geochemical
features. Ore mineralization is formed in relation with the fault-controlled (strike-slip fault)
mineralization system during Late Oligocene. Mineralization is predominantly as vein-veinlets
and open-space fillings in the breccia zones. The wide ranges of salinity data for this deposit likely
reflect a large degree of isothermal mixing of end-member fluids. The relatively high-salinity fluids
(up to 21 wt % NaCl equiv.) along with sulfur isotope data suggest that mineralizing fluids contain
a substantial proportion of magmatic water. The moderate and high salinity fluids at Shah-Ali-Beiglou
could be linked to base metals transport in chloride-rich solutions. Ore minerals, alteration mineralogy,
alteration patterns, structural controls, and main textures, indicate that the Shah-Ali-Beiglou deposit
was formed under intermediate sulfidation epithermal conditions.
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