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Abstract

The Siah Kamar porphyry Mo deposit is the newly discovered deposit of this type in the Neo Tethys-
related Urumieh—Dokhtar magmatic arc, northwest Iran. Mineralization occurs as stock-work quartz—
molybdenite and mono-mineralic molybdenite veinlets within the porphyry quartz-monzonite stock and the
country rocks, accompanied by locally scattered later-stage and cross-cutting quartz-chalcopyrite-pyrite
veinlets in the trachy-andesite and trachy-basalt country rocks.

U-Pb zircon geochronology of the porphyry stock yielded Early Oligocene dates of 32.7 + 0.4 to 30.9
+ 0.4 Ma (at 20 level). The Th/U ratios of the zircon range between 0.48 and 0.77, and possess initial eHf(
values of 3.2 to 12.1, which may suggest a dominant mantle source for the magma. Molybdenite separates
yielded rhenium contents between ~10 and 41 ppm (average ~26 ppm, n = 4) and slightly younger Re-Os
ages compared to the porphyry stock, ranging from 29.1 + 0.2 to 28.1 = 0.2 Ma (at 20 level).

The Siah Kamar porphyry Mo deposit is nearly temporally coeval with the vein-type Cu—Mo—Au
mineralization in the Qarachilar and the Haft Cheshmeh porphyry Cu deposit, corresponding to the second
porphyry Cu—Mo mineralization epoch in NW Iran. However, it is younger than the majority of the
porphyry Cu deposits in the southern Lesser Caucasus, only showing temporal correlation with the
Paragachay and first-stage Kadjaran porphyry Cu deposits. Moreover, it is older than all the porphyry Cu—
Mo systems across the central and south-eastern parts of the Urumieh—Dokhtar magmatic arc, except the
Bondar Hanza deposit, which is nearly coeval with the Siah Kamar porphyry Mo deposit. All these data
reveal an old to young trend along the UDMA and the porphyry Cu belt of Iran, further testifying the

diachronous and later closure of the Neo-Tethyan oceanic basin in central and SE Iran.

Key words: Siah Kamar, Porphyry Mo, U-Pb zircon dating, Re-Os dating, Hf isotope, Cu—Mo

metallogenesis, NW Iran.

1- Introduction
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The majority of the well-known porphyry Mo deposits (PMDs) are located in the North America (Westra
and Keith 1981; Edwards and Atkinson 1986), though porphyry Mo deposits are also found in Russia,
Central Asia (Berzina ef al. 2005) and China (Westra and Keith 1981; Huang et al. 1989; Laznica 2006;
Zhu et al. 2010). The Siah Kamar PMD is a newly discovered deposit of this type in Iran, which is located
10 km west of Mianeh (NW Iran, Figs. 1 and 2). According to the final exploration report, this deposit
contains ore reserves of about 105.6 Mt of which, 39.2 Mt is proven reserves at 539 ppm Mo, and 66.4 Mt
is the probable resource at 266 ppm Mo. The ore-host porphyry stock has a quartz-monzonite composition
with a relative Oligocene age, which intruded the volcanic and pyroclastic rocks of the Eocene age(Zarnab
Ekteshaf 2009; Khaleghi et al. 2013).

Based on structural and geologic classifications of Iran, this deposit is situated in the Alborz—
Azarbaidjan structural zone (Nabavy 1976) of the Central Iranian Domain (Alavi 1991; Agha Nabaty 2004),
on the Cenozoic Urumieh—Dokhtar Magmatic Arc (UDMA) (Fig. 1), which extends from northwest to
southeast of Iran over nearly 2000 km and is formed by northeast-ward subduction of the Neo-Tethyan
oceanic crust beneath the Central Iranian plate during the Late Mesozoic and Early Cenozoic. The timing
of collision, however, is highly controversial (e.g., Agard et al. 2011), ranging from Late Cretaceous
(Berberian and King 1981) to Miocene (Berberian and Berberian 1981) and even uppermost Pliocene
(Stocklin 1968), with others also suggesting initial collision between the Late Eocene to Oligocene (e.g.,
Jolivet and Faccenna 2000, Agard et al. 2005, Vincent et al. 2005, Ballato et al. 2010 and references
therein).

The UDMA also coincides with the porphyry copper metallogenic belt of Iran, comprised of several
metallogenic zones like Ahar—Jolfa (Arasbaran) and Kerman, which host most of the major and small
porphyry Cu—Mo deposits (PCDs) and prospects, such as Sungun (NW Iran) and Sarcheshmeh (the largest
porphyry deposit; central Iran) (Fig. 1).

This contribution presents the U-Pb age and Hf isotopic composition of zircons from the porphyry stock,
as well as the Re abundance within molybdenite samples of the Siah Kamar PMD and their Re-Os age, in

order to specify the age of intrusion and mineralization in this deposit. The Hf isotopic composition of
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zircons can aid in constraining the magma source and the obtained Re concentrations may be used to
provide further information regarding the source of parental magma and the physico-chemical
characteristics of the ore-forming fluids. Moreover, by comparing the age of this PMD with porphyry Cu—
Mo deposits in NW Iran (e.g., Sungun, Haft Cheshmeh, etc.) and the southern Lesser Caucasus (Meghri—
Ordubad pluton) (Fig. 2), as well as porphyry mineralizations along the UDMA, such as the Kerman
metallogenic zone (Fig. 1), the temporal similarities and differences can be identified and interpreted in

order to better constrain the mineralization epochs in the Alborz-Azarbaidjan zone and along the UDMA.

2- Regional geology

The Mianeh—Hashtrood—Bostanabad area (Fig. 2) is mainly distinguished from the neighbouring areas
by the occurrence of Cenozoic plutonic rocks. Most of the area is covered by magmatic rocks, as well as
Miocene sedimentary units, though Lower Paleozoic to Cretaceous rock units also sporadically crop out in
the area. The oldest rock units belong to Cambrian (230 m thick micaceous shale and thin-layered
sandstone), which are overlain by Early Cambrian sandstones, Middle—Late Cambrian dolomite and finally,
Permian sedimentary units. Outcrops of the Mesozoic rocks are scarce and mainly limited to Late
Cretaceous conglomerate, shale and limestone, while the main outcrops of the area are of Eocene, Oligocene
and Miocene age. Most of the Eocene units comprise andesite and latite, with intercalations of basaltic,
andesitic and dacitic composition.

Post-Eocene magmatism (Oligocene and probably Miocene) is represented by basic—moderate to felsic
intrusive bodies emplaced as stocks, domes and dikes, ranging in composition from granodiorite and
monzodiorite to granite and porphyritic rhyo-dacite. During the Oligocene, a shallow sedimentary basin
was present in the area, which is manifested by the Lower Red Formation of Early Oligocene. This
formation is comprised of argillaceous marl with thin-layered intercalations of chalk, shale, red siltstone
and sandstone. This environment was later transformed to a marine sedimentary basin during the Miocene.
Vast outcrops of Miocene sedimentary units are found within the depressions of the area, including

alternations of conglomerate, sandstone, marl and limestone. Emplacement of rhyo-daciticdomes and the
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deposition of acid tuffs and ignimbrites also occurred in this period. The regression of the Miocene marine
environment is highlighted by the Upper Red Formation (Middle—Late Miocene), which is comprised of
conglomerate, sandstone and mudstone. Activities of the Sahand volcano commenced in the Late Miocene,
covering large areas to the west of the Mianeh—Hashtrood—Bostanabad area and south of Tabriz by lavas
and pyroclastic rocks. Volcanic activity of the Sahand continued during the Pliocene and Quaternary, and
produced andesitic and dacitic lava flows and pyroclastic rocks. However, contrary to the Ahar—Jolfa zone,
no evidence of Late Cretaceous and Plio—Quaternary volcanism was found within this area (Zarnab
Ekteshaf 2009).

The occurrence and distribution of hydrothermally altered zones in the Mianeh—Hashtrood-Bostanabad
area is far less than in the Ahar—Jolfa (Arasbaran) or Tarom—Hashtjin zones (at the northern and southeast
end of this area, respectively) (Fig. 1). However, all these zones encompass similar intrusive bodies and
related hydrothermal alterations, which may testify to their similar magmatic and mineralization history
(Aria Kansar Samin 2013). Despite the presence of altered zones, only a few mineralized regions have been
discovered within the Mianeh—Hashtrood—Bostanabad area. These include native Cu mineralization of
Sheikhdar Abad in the west of Mianeh (3 km south of the Siah Kamar PMD), few manganese prospects
(e.g., Chay Telor and Zareshlu), as well as kaolinite (Ebek) and gold (Aqveran) deposits (3 and 7 km west
of the Siah Kamar PMD, respectively). Evidence of granitoid magmatism and Mo mineralization is found
in the Mianeh—Hashtrood area, though it is far less pronounced compared to the Ahar—Jolfa and Tarom—

Hashtjin zones, which contain Cu—Mo—Au—Fe and Cu—Pb—Zn—Fe ores, respectively.

2-1 Geology of the Siah Kamar area
Outcropping lithologies in the Siah Kamar area are mainly Eocene volcanic and pyroclastic rocks, which
are intruded by Oligocene deep and sub-volcanic intrusive bodies of porphyritic quartz-monzonite and

microgranite, as well as andesitic dikes (Fig. 3; Zarnab Ekteshaf 2009).

2-1-1 Eocene volcanic and pyroclastic units
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Porphyritic trachy-basalt, basaltic andesite and latite (E”): The oldest volcanic rocks include alternations
of trachy-basalt, basaltic andesite and latite with few intercalations of tuff layers. This complex crops out
at the east and north of the study area and is cut by faults with various trends (Fig. 3). This association
changes upwards to porphyritic basalts and basaltic andesite lava flows. Some brecciated trachy-andesites

are also found in the northwestern margin of the Siah Kamar porphyry stock, adjacent to a fault zone.

Tuff and agglomerate with intercalations of trachy-basaltic to porphyritic basaltic and andesitic lava flows
(E'): This association is stratigraphically found within the lower to middle parts of the E" unit. Its outcrops
are found to the west of the study area (Fig. 3). The main part of the argillic and silicic alterations described

in section 4-2 occurs within this association, especially adjacent to the faults and fractures.

2-1-2 Oligocene intrusive and sub-volcanic units

Quartz-monzonite porphyry stock (Omz): This stock is the oldest intrusive body in the area, which is
emplaced into the Eocene volcanic and pyroclastic rocks (Fig. 4a—b) and is cut and dislocated by younger
faults. It is dark grey in hand specimen with visible plagioclase phenocrysts. This stock hosts the Mo
mineralization and the related hydrothermal alteration, inasmuch as it is intensely altered, especially along

the main faults, where some quartz and calcite veins and veinlets are found (Fig. 4c—d).

Porphyritic microgranite (Gr): Outcrops of this rock unit are found to the west of the area (Fig. 3),
surrounded by the volcanic and pyroclastic rocks of Eocene (E'). The color of this unit ranges from
yellowish white to cream, red and purple. Argillic and sericitic alterations are dominant. This unit has no
contact or cross-cutting evidence with the porphyry stock (Qmz). Its relative age is inferred from its
emplacement within the Eocene units and the general geological history of Azarbaidjan region, where post-

Eocene intrusive activities belong to Oligocene to Miocene.
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Andesitic dikes: Only few andesitic dikes have been found in the northwest of the porphyry stock
(Zarnab Ekteshaf 2009). They are about 5 m thick and several hundreds of meters long with NE-SW trend
and have intruded the quartz-monzonite stock and the volcanic and pyroclastic rocks (E' and E') and so,

they are younger than the porphyry stock and the porphyry molybdenum mineralization.

2-1-3 Pliocene sedimentary units

Post-mineralization Pliocene sedimentary units are found in the southeast of the study area. They include
alternations of gypsiferous marl and mudstone with intercalations of conglomerate, sandstone and fresh-
water limestone (P1™) with thickness of > 100 m, and tens of meters thick alternations of conglomerate with
marl, mudstone and fresh-water limestone (PI°). The main part of the latter is comprised of conglomerate.
The PI° unit shows normal contact with PI™ unit. Both units are not sorted and include clay- to gravel-size

grains, as well as gypsum and limestone.

3- Materials and methods

Following field studies and sampling of the rock units in the study area, as well as the diamond-drilled
cores, petrographic and mineralogic studies were performed at the Research Institute for Fundamental
Sciences, University of Tabriz. Following it, a representative sample from the Siah Kamar porphyry quartz-
monzonite stock with potassic alteration (S1 sample, taken from the outcrop near the Qaranqu river; Fig.
3) was chosen for U-Pb zircon dating. Zircons were extracted from the whole-rock using standard
techniques of heavy liquid and magnetic separation, and handpicked under a binocular microscope. Then,
the zircon grains were sent to the Arizona LaserChron Center (ALC) and were incorporated into a 1” epoxy
mount along with multiple fragments of each of ALC 4 primary zircon standards (FC, SL-F, SL-mix, and
R33). The mounts were sanded down ~20 microns, polished progressively using a 9, 5, 3, & 1 micron
polishing pads, and cathodoluminescence (CL)-imaged using a Hitachi S-3400N scanning electron

microscope (SEM) equipped with a Gatan Chroma CL2 detector. Prior to isotopic analysis, the mounts
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were cleaned in an ultrasound bath of 1% HNO; and 1% HCI in order to remove any residual common Pb
from the surface of the mount.

Twelve U-Pb analyses were conducted (limited by total number of grains and polished space within the
grains) using a 20 micron spot diameter and grain selection and spot placements were based on CL-images,
results of which are shown in Supplementary Table 1 (uncertainties in age calculations are at 2c level). U-
Pb geochronology of individual zircon crystals was conducted by laser ablation multicollector inductively
coupled mass spectrometry (LA-ICPMS) at the ALC (Gehrels et al. 2008). The isotopic analyses involved
ablation of zircon using a Photon Machines Analyte G2 excimer laser coupled to a Thermo Element 2
single-collector-ICPMS. Drill rate was ~1 micron/second, resulting in a final ablation pit depth of ~15
microns.

The common Pb correction is accomplished by using the Hg-corrected **Pb and assuming an initial Pb
composition from Stacey and Kramers (1975). Uncertainties of 1.5 for 2*Pb/***Pb and 0.3 for **’Pb/**Pb
are applied to these compositional values based on the variation in Pb isotopic composition in modern
crystalline rocks. Interference of **Hg with **Pb is accounted for measurement of **’Hg during laser
ablation and subtraction of ***Hg according to the natural *?Hg/***Hg of 4.35.

Hf isotope analyses were conducted with a Nu Plasma MC-ICP-MS connected to a Photon Machines
Analyte G2 excimer laser at the Arizona LaserChron Center (ALC). Instrument settings were optimized for
laser ablation analyses and seven different standard zircons [Mud Tank (MT), 91500, Temora (TEM), R33,
FC52 (FC), Plesovice (PLES), and Sri Lanka (SL or SL-F)] were analyzed. These standards were included
with unknowns on the same epoxy mounts. Each standard was analyzed once for every ~15 unknowns.
When precision and accuracy were acceptable, unknowns were analyzed using exactly the same acquisition
parameters as the standards.

Laser ablation analyses were conducted with a laser beam diameter of 40 microns, with the ablation pits
located on top of the U-Pb analysis pits (on the same zircon domains that were previously dated; results are
presented in Supplementary Table 2). CL-images were used to ensure that the ablation pits do not overlap

multiple age domains or inclusions. Each acquisition consisted of one 40-second integration on
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backgrounds (on peaks with no laser firing) followed by 60 one-second integrations with the laser firing.
Using a typical laser fluence of ~5 J/cm? and pulse rate of 7 hz, the ablation rate was ~0.8 microns per
second.

Isotope fractionation was accounted for using the method of Woodhead et al. (2004): BHf was
determined from the measured '"’Hf/'”’Hf; BYb was determined from the measured '>Yb/'"'Yb (except for
very low Yb signals); BLu was assumed to be the same as BYb; and an exponential formula was used for
fractionation correction. Yb and Lu interferences were corrected by measurement of '*Yb/!”'Yb and
6Lu/'Lu (respectively), as advocated by Woodhead et al. (2004). Critical isotope ratios were 'Hf/'7"Hf
=0.73250 (Patchett and Tatsumoto 1980); '*Yb/!"'Yb = 1.132338 (Vervoort et al. 2004); '°Yb/""'Yb
=0.901691 (Vervoort et al. 2004; Amelin and Davis 2005); '"*Lu/'"*Lu = 0.02653 (Patchett 1983). All
corrections were done line-by-line. For very low Yb signals, BHf was used for fractionation of Yb isotopes.
The corrected '"°Hf/'""Hf values were filtered for outliers (2c filter), and the average and standard error
were calculated from the resulting ~58 integrations. There was no capability to use only a portion of the
acquired data.

All solutions, standards, and unknowns analyzed during a session were reduced together. The cutoff for
using BHf versus BYb was determined by monitoring the average offset of the standards from their known
values, and the cutoff was set at the minimum offset. For most data sets, this was achieved at ~6 mv of
Yb. For sessions in which the standards yield '"*Hf/'”"Hf values that are shifted consistently from the
known values, a correction factor was applied to the '"Hf/'”’Hf of all standards and unknowns. This
correction factor, which was not necessary for most sessions, averaged 1 epsilon unit. The '"*Hf/'""Hf at
time of crystallization was calculated from measurement of present-day '"*Hf/'"”’Hf and '7Lu/'""Hf, using
the decay constant of '"°Lu (A = 1.867¢'") from Scherer et al. (2001) and Séderlund et al. (2004).

Four molybdenite-bearing samples were selected from diamond-drilled cores within the porphyritic
quartz-monzonite stock for Re—Os dating. The locations and depths of the dated samples are noted in

Supplementary Table 3. The majority of the molybdenite occurrences in the samples are fine-grained (<2
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mm). Pure molybdenite separates were obtained using traditional methods as outlined by Selby and Creaser
(2004). An average of 30 mg of pure molybdenite was obtained for each sample. The Re and Os abundance
and isotopic composition measurements were conducted on 10 — 20 mg aliquots of molybdenite separates
at the University of Durham (UK), as described by Selby and Creaser (2001a, b; Lawley and Selby 2012).
As such, given the fine-grained nature of the molybdenite, the analysis of >10 mg significantly reduces
probability of Re and Os spatial decoupling (Stein et al. 2003; Selby and Creaser 2004). The weighted
aliquots of the molybdenite separates and tracer solution ('*’Re + isotopically normal Os) were loaded into
a Carius tube with 1 1NHCI (1 ml) and 15.5N HNO; (3 ml), sealed and digested at 220°C for ~24 h. Osmium
was purified from the acid medium using solvent extraction (CHCl3) at room temperature and micro-
distillation methods. The Re fraction was isolated using standard NaOH-acetone solvent extraction and
anion column chromatography. The purified Re and Os fractions were loaded onto Ni and Pt wire filaments,
respectively, and their isotopic compositions were measured using negative thermal ionization mass
spectrometry (Creaser ef al. 1991; Volkening et al. 1991). Analyzes were conducted on a Thermo Scientific
TRITON mass spectrometer, with the Re and Os isotope composition measured using static Faraday
collection. Full procedural analytical blanks for this study are 2.2 pg for Re and 0.2 pg for Os, with the
1870s/'%80s of the blank being 0.28 + 0.09 (n = 1). Internal uncertainties include uncertainties related to Re
and Os mass spectrometer measurements, blank abundances and isotopic compositions, and spike
calibrations. The reproducibility of the isotopic measurements was checked using RMS8599 NIST
molybdenite standard, which was analyzed during the same period as that of Li ef al. (2017b,c). The Re—
Os ages obtained for the RM8599 are 27.69 £ 0.04, which is in good agreement with the recommended
value 27.66 £ 0.10 Ma (Markey et al. 2007; Zimmerman et al. 2014), and previous analysis at Durham
(Lawley and Selby 2012).

The model Re—Os ages for molybdenites (t) were calculated by assuming no initial '*’Os, similar to the

method of McCandless ef al. (1993) and using the following equation:
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where A is the decay constant of "*’Re (1.666x107''+ 0.017 a™'; Smoliar et al. 1996).The uncertainties
for the model ages are reported as the 2c absolute level in two forms; full analytical + tracer, and full

analytical + tracer + decay constant uncertainties (given in brackets) (Supplementary Table 3).

4- Background information on the Siah Kamar deposit
4-1 Petrography of the quartz-monzonite porphyry stock

According to the petrographic studies and the geochemical data and classification provided by Khaleghi
et al. (2013), the porphyry stock has quartz-monzonite composition and contains plagioclase phenocrysts
set in a fine to medium-grained groundmass comprised of plagioclase, K-feldspar and quartz (Fig. Sa-b)
portraying a porphyritic texture. Plagioclase (40 — 50 %) occurs as mostly fresh fine microlites, as well as
euhedral to subhedral phenocrysts (< 5 mm) with Carlsbad and occasionally polysynthetic twinning.

K-feldspar (20 — 35 %) and quartz (10 — 20 %) occur as anhedral fine to medium grains within the
groundmass. Quartz is locally found as medium-sized anhedral grains and moreover, silicic veinlets are
also found within the porphyry stock. Opaque minerals (<5 %) are found as anhedral to subhedral grains
disseminated within the groundmass, as well as within the quartz veinlets or occur as mono-mineralic
veinlets. Based on mineralographic studies, most of the disseminations within the host porphyry stock are
magnetite, though pyrite is also present, with relatively larger and more euhedral grains. The abundance of
opaque minerals within the sericitic alteration zone reaches up to 10 %. Primary ferro-magnesian minerals
were not recognized within the studied samples, but fine flakes of secondary biotite are commonly observed
within the groundmass (0 — 10 %), showing a considerable increase towards the potassic alteration zone.

Apatite and zircon form the accessory minerals.

4-2 Geochemistry and petrogenesis of the Siah Kamar porphyry stock
Based on the geochemical analysis data (n = 11; Khaleghi et a/. 2013), the porphyry stock has a relatively
high silica (60.6—73.3 wt%, with an average of 65.7 wt%), K»O+Na,O (7.4—11.5 wt%) and Al,O; (14.2—

19.79 wt%) and low TiO, (0.28-0.6 wt%), MgO (0.1-1.27 wt %) and CaO (0.37-2.30 wt%) contents.
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Considering the geochemical composition of the fresh samples of the porphyry stock and the criteria defined
by Westra and Keith (1981) for the Climax-type vs. Endako-type (quart monzonite-type) PMDs, especially
the Rb (71-250 ppm with the average of 173 ppm; <250 ppm), F (<3%), Nb (15-23 ppm with the mean of
19 ppm; <20 ppm), Ta (0.73-2.37 with the average of 1.1 ppm; almost <2 ppm,) and Sr (212-958 ppm with
the mean of 536 ppm; >100 ppm) concentrations, as well as the distribution of the alteration zones (Fig. 3),
the Siah Kamar deposit is classified as an Endako-type PMD. Most of the samples show high-K calc-
alkaline and shoshonitic characteristics and mainly peraluminous composition. Trace element-based
discrimination diagrams show a post-collisional volcanic arc setting for the studied intrusive body. In
addition, chondrite-normalized distribution pattern of the trace and rare earth elements display enrichment
of LIL elements and depletion of HFSEs, which is in agreement with subduction related magmatism

(Khaleghi et al. 2013).

4-3 Hydrothermal alteration

Hydrothermal alteration zones have been developed within the host porphyry stock and the country
rocks, with more intense occurrence in the vicinity of faults and the intrusive stock. Hydrothermal alteration
includes potassic, sericitic, silicic, argillic and propylitic assemblages, which show a regular zonation from
the center of the porphyry stock towards the country rocks.

According to field investigations and diamond-drilled cores, the potassic alteration is mainly developed
within the central part of the porphyry stock and even it has affected the adjacent volcanic rocks in contact
with the porphyry stock. This alteration zone contains the main part of the molybdenite mineralization and
is characterized by the formation of large amounts of secondary biotite within the groundmass (sometimes
up to 40 %), as well as disseminated magnetite (Fig. 5¢). Moreover, stockwork-type veinlets of quartz +
molybdenite + magnetite (+orthoclase) are also distinguished in this zone. Secondary biotite aggregates
give a mottled appearance to the porphyry stock in this zone.In the deeper levels, the potassic alteration
zone is much more extensive in the northern outcrop of the porphyry stock (north of the Qaranqu river; Fig.

3), where it is surrounded by the sericitic alteration zone. The boundary between these two zones is
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transitional, where the sericitic alteration is superimposed on the potassic zone. Finally, both zones are
surrounded by propylitic alteration zone. However, in the southern part of the stock, the potassic alteration
has a transitional boundary with the propylitic alteration zone.

Sericitic alteration occurs both within the porphyry stock and the adjacent volcanic and pyroclastic
rocks. The most considerable feature of this zone is the moderate to intense sericitization of feldspars,
inasmuch as the sericite content reaches up to 50 % and due to it, this alteration is introduced as sericitic.
Other minerals formed in this zone are secondary quartz, pyrite, chlorite and Fe oxides—hydroxides (Fig.
5d). The latter two minerals are products of the supergene alteration. Furthermore, stock-work veinlets
containing quartz, sericite and pyrite are present within this zone, along with Fe-oxide veinlets (<1 cm
thick), which most likely were initially pyrite-bearing.

Silicic alteration has mainly occurred within the central part of the region and accompanies the potassic
alteration, as well as within the tuffs and agglomerates of the Eocene age (E"). Moreover, quartz veinlets
have also been formed within the porphyry stock, especially in its central part of the stock, within the
potassic alteration zone, as well as within the volcanic country rocks. Their thickness ranges from mm scale
up to several cm (<10 cm) and they display stockwork texture. These veinlets are locally cross-cut by calcite
veinlets (<1 cm). Additionally, 23 silicic veins are discovered in the area, which have various trends ranging
from N-S to NE-SW and occasionally NW-SE (Aria Kansar Samin Co. 2013).

The argillic alteration is observed in the northern outcrop of the porphyry stock and the peripheral
volcanic—pyroclastic rocks. The intensity of this alteration is weak to moderate. This zone is especially
found in the vicinity of fault zones and is occasionally accompanied by silicic veinlets. Based on XRD
analysis results (Zarnab Ekteshaf 2009), the main minerals are montmorillonite, kaolinite, quartz and
sericite.

Propylitic alteration is the most extensive hydrothermal alteration zone, which is mainly developed in
the northern part of the porphyry stock and has also affected the Eocene volcanic rocks. The mineral

assemblage characterizing this alteration zone includes chlorite, epidote, calcite, actinolite and tremolite,
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which have replaced feldspars and ferro-magnesian minerals and to lesser extent, occur as veinlets. This

alteration zone overprints the potassic alteration zone at the southern part of the porphyry stock.

4-4 Hypogene mineralization

Based on the current investigation, as well as previous studies of Zarnab Ekteshaf (2009), Aria Kansar
Samin (2013) and Khaleghi ef al. (2013), molybdenum mineralization occurs mainly within the porphyry
quartz-monzonite stock, and subordinately within the Eocene volcanic rocks to the north, with an overall
length of about 1 km and width of 300-500 m. The ore-bearing trachy-andesitic country rock at the vicinity
of the porphyry stock is about 500 m long and 250 m wide. Diamond drillings within the mineralized zone
reveal that Mo mineralization is present to a depth of 600 m.

Molybdenite (from trace amounts up to 0.5 vol.%) is disseminated within the host quartz-monzonite,
the stockwork-type quartz and quartz—K feldspar veinlets and/or mono-mineralic molybdenite veinlets of
several cm (<10 cm) to <1 cm thick, especially in the potassic alteration zone (Fig. 6a). It is also found as
open-space fillings within the porphyry stock. Magnetite (< 5 vol.%) is found as anhedral aggregates (Fig.
6 b—c), as well as disseminations within the porphyry stock, especially in the potassic alteration zone, and
shows weak martitization.

In addition to it, a later stage Cu mineralization is also locally and sporadically found within the trachy-
andesite and trachy-basalt country rocks, extending in an area of several decametres. This mineralization is
mainly restricted to the fractured zones and appears as veinlets (<1 cm thick) or open-space fillings and is
accompanied by weak to moderate calcic and argillic alterations. According to the geochemical data
provided by Zamab Ekteshaf (2009), the highest Cu content among 10 ICP-MS analyses are 0.26% and
0.21%, obtained from an andesitic dike and the trachy-basaltic country rock, respectively. Other data for
Cu in the porphyry stock and the country rocks range between 7 and 61 ppm (average of 27.3 ppm).The Cu
content in a sample from the potassic alteration zone is about 58 ppm.

The later stage quartz-sulfide veinlets contain pyrite, chalcopyrite, along with trace amounts of bornite,

covellite and hematite. They cross-cut the quartz-molybdenite veinlets, causing clear dislocation along

14

340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364

365



them. Pyrite (0 — 1 vol.%) occurs as large to fine euhedral to subhedral grains within the open-space fillings,
as well as within the quartz—sulfide veinlets. Chalcopyrite (< 0.3 vol.%) occurs as inclusions surrounded
within the pyrite grains (Fig. 6b—c). Evidence of supergene sulfide enrichment in the form of replacement
by covellite and bornite is observed at the margins of these inclusions (Fig. 6¢c). Finally, late-stage barren
quartz and calcite veinlets cross-cut the earlier generations and the country rocks (<1 cm).

According to the results of 87 surficial samples taken from the porphyry stock and the altered country
rock (analyzed by AAS method in the laboratory of Sarcheshmeh Cu Complex; Khaleghi et al. 2013), the
average Mo grade is above 0.02 %, with a maximum value of 0.27 %. However, subsurface core samples
reveal grades up to 0.54% with an average of 0.25 %. In addition to molybdenite, W accompanies Mo in
the potassic zone (max.= 30.6 ppm), as well as within the trachy-basaltic country rock (max.= 16.3 ppm),
though most of the W data fall within the range of 3.2 and <0.5 ppm. Weak mineralization of gold is also
evident; the highest Au content is obtained from quartz veinlets (303 ppb) and the microgranitic intrusive
body (130 ppb). Silicic and argillic alteration zones show weak enrichment of gold, while other samples
contain negligible amounts of Au (1-55 ppb, mean= 11.34 ppb from) (Zarnab Ekteshaf 2009; Aria Kansar
Samin 2013).

Regarding the mineralization in the Siah Kamar area, since the porphyry stock only hosts molybdenite
with no concomitant Cu-sulfide mineralization, and by considering the fact that the only occurrences of Cu
is in the trachy-andesite and trachy-basalt country rocks, where the quartz-chalcopyrite-pyrite veinlets
cross-cut and postdate the quartz-molybdenite veinlets, the Siah Kamar deposit has been introduced as

porphyry molybdenite deposit.

5- Results
5-1 U-Pb ages and Hf isotopic composition of the analyzed zircons

Twelve spots on the separated zircons were analyzed for U-Pb dating. Zircons are 150-250 pm long,

predominantly euhedral and prismatic, with aspect ratios of 2 to 3 and concentric oscillatory zoning of

15

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389
390



magmatic origin. No inherited cores were detected. The analytical data are reported in Supplementary Table
1. One analysis (spot 46) was deleted during data reduction due to relatively high uranium concentration
compared to the rest of the sample. One other analysis (spot 49) was rejected due to low concordance. The
resulting interpreted ages of ten analyzed zircons are shown on the Pb*/U concordia and weighted mean
diagrams using the routines in Isoplot (Ludwig 2008; Fig., 7), the obtained **Pb/***U ages of which range
from 32.70 + 0.40 Ma to 30.90 = 0.40 Ma (Supplementary Table 1) with a weighted mean age of 31.41+
0.37 Ma (at 20 level) (MSWD=0.0113; Fig. 7) corresponding to Early Oligocene age
(Rupelian). Meanwhile, the U and Th contents of the analyzed zircons are 689 — 314 and 149.5 — 530 ppm,
respectively, with averages of 413.5 and 266 ppm, respectively. On this basis, the Th/U ratio of the analyzed
zircons ranges between 0.48 and 0.77 (Fig. 8a), indicating a magmatic source for the zircons (Teipel ef al.
2004).

Six laser-ablation Lu-Hf measurements were performed on the dated zircon grains. The Supplementary
Table 2 summarizes the Hf isotope data obtained from zircons. The analyzed zircons have '"*Lu/'""Hf ratios
of 0.000976-0.002557 and present day '"*Hf/'7"Hf ratios between 0.282856 and 0.283118, with positive
initial eHf values (at the time of zircon crystallization) of 3.2 to 12.1, which are distributed between the
CHUR (Chondritic Uniform Reservoir model; Blichert-Toft and Albaréde 1997) and the Depleted Mantle
evolution (DM; Griffin et al. 2000) lines (Fig. 8b). eHfyvalues indicate a rather inhomogeneous source,
making reconciling them with derivation from a single magma difficult. Higher eHf(; variations may show
zircons crystallization from a magma undergoing continuous assimilation-fractional crystallization or the
interaction of the magma from the depleted mantle source with the crustal lithospheric materials. This
variation cannot be accounted for different magmas with different ages (e.g. Griffin et al. 2000), since all
show very similar U-Pb ages. Single-stage depleted-mantle model ages (Topm) were calculated using
the measured !7°Lu/!"’Hf ratios, referred to a model depleted mantle with a present-day "SHf/ '""Hf

=(.28325, similar to that of average MORB (Nowell et al. 1998) and '"Lu/!""Hf = 0.0384 (Griffin

et al. 2000); this is similar, though not identical, to the depleted mantle curve defined by juvenile
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rocks through time (Vervoort and Blichert-Toft, 1999). These Tpwm ages represent a minimum age
for the source material of the host magma from which the zircon crystallized, which range from
197 to 564 Ma for the studied samples (Supplementary Table 2). We also present the more realistic
two-stage Hf model ages (Tpm®) of the source rocks for the magmas, derived by projecting the
initial 7Hf/ !"7Hf of the zircon back to the depleted mantle model growth curve, assuming a mean
crustal value for Lu/Hf (1"Lu/!’Hf = 0.015; Griffin e al. 2002). The Tpm® ages for the analyzed

zircons are about 284 — 875 Ma (Supplementary Table 2).

5-2 Re content and Re—Os age of molybdenites

The Re concentration in the four representative molybdenite separates collected from molybdenite-
bearing veinlets within the porphyry stock (Supplementary Table 3) are between ~10 and 41 ppm, with an
average concentration of 25.8 = 13 ppm (1 SD, n = 4). The '®’Os abundance ranges from ~3.1 — 12.2 ppb,
with an average of 7.7 £ 3.8 ppb (Supplementary Table 3). The calculated model ages range between 29.06
+ 0.20 [0.22] (sample K2 — bracketed uncertainties includes the uncertainties in the decay constant) and
28.10 £ 0.15[0.18] Ma (sample K3) (Fig. 9). The Re-Os dates for samples K1 and K3 are broadly identical
including uncertainty (28.28 + 0.13[0.16] and 28.10 + 0.15[0.18] Ma, respectively). Considering that the
Re-Os ages do not overlap with uncertainties, it may be suggested that mineralization occurred episodically

in this PMD (e.g., Stein 2014, Li ef al. 2017a,b).

6- Discussion
6-1 Re content interpretation for molybdenites
At the first glance and by a simple comparison, the rhenium content of the studied molybdenites

corresponds to the Re range of molybdenites in global porphyry Mo deposits, which is about tens of ppm
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(e.g., Berzina et al. 2005) and differs from those of porphyry Cu and Cu—Mo deposits, which have higher
Re contents about hundreds of ppm. This difference can primarily be related to the volume dilution of Re
with the presence of high molybdenite content in porphyry Mo deposits, whereas in Cu—dominated deposits
the Re content of the co-existing scarce molybdenites will be increased (Stein et al. 2001a; Berzina ef al.
2005). However, many other variables such as temperature, pH, fCI, magma source, etc. can affect the Re
content of molybdenites (Selby et al. 2001), discussion of which is out of the aim of this contribution. The
measured Re contents are in the range of most of the measured PMDs in Russia and Central Asia, as well
as the typical deposits of Endako in Canada, Climax and Urad Henderson in the USA. The average Re
content of the studied samples is a little lower than the average of 42 ppm calculated based on 19 PMDs
and porphyry Mo—Cu deposits across the world (Berzina et al. 2005). This can be resulted from relatively
lower fCl conceived from the very low population of halite and sylvite-bearing fluid inclusions within the
ore-bearing quartz veinlets, which may have negative impact on the Re transportation by ore-bearing fluids
(availability of Re) and its precipitation within the molybdenites.

On a regional scale of northwest and central Iran, as well as the southern Lesser Caucasus, the Siah
Kamar deposit is the only PMD discovered so far and so, there is no other counterpart to make comparison.
When comparing it with porphyry Cu—Mo deposits across the region, it is clearly seen that the measured
values for the Siah Kamar PMD are much lower than those of PCDs, which can simply and dominantly be

attributed to the volume dilution of Re at the presence of high molybdenite content in the PMDs.

6-2 U-Pb and Re—-Os age data and temporal interpretations

The zircon U-Pb ages for the Siah Kamar quartz-monzonite porphyry stock indicate that its
crystallization occurred during 32.7 = 0.4 to 30.9 = 0.4 Ma, corresponding to the Early Oligocene
(Rupelian).

The molybdenite model Re-Os ages for the Siah Kamar PMD indicate that mineralization based on the
sample set occurred, in part, between 29.06 + 0.20[0.22] and 28.10 + 0.15[0.18] Ma (bracketed uncertainties

include the uncertainty in the decay constant), constraining the timing of mineralization to the Middle
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Oligocene (upper part of the Rupelian). Further, the Re-Os molybdenite dates, including all uncertainties,
suggest that Mo mineralization at Siah Kamar occurred over a minimum and maximum duration of 0.56
and 1.35 Ma, respectively. Meanwhile, comparing the ages of crystallization and mineralization obtained
in this study for the Siah Kamar ore deposit, it can be said that mineralization has started at least ~1.5 Ma
after the emplacement and crystallization of the porphyry stock (Fig. 10). However, it must be noted that
considerable uncertainties remain in estimating this time interval (Li ef al. 2017b).

Given that no other PMDs have been discovered in Iran or in the southern Lesser Caucasus to date, it is
not possible to make any conclusion regarding the age constraints of PMDs in these regions. However,
comparing the ages of crystallization and mineralization in the Siah Kamar PMD with dominantly
distributed PCDs in Iran reveals the temporal relationship between these two types of mineralization. As
discussed earlier, porphyry Cu—Mo mineralization in Iran is present predominantly along the UDMA,
including the Ahar—Jolfa, Central Iran and Kerman Cu metallogenic zones, as well as in the east Iran (Fig.
1). The PCDs of east Iran are the oldest deposits, dated to the Late Eocene (~37 — 39 Ma; Aghazadeh et al.
2015) and are related to the closure of the Sistan oceanic basin between the Lut and Afghan blocks. The
Siah Kamar PMD is younger than these PCDs. The second oldest metallogenic zone is the Ahar—Jolfa zone
in northwest Iran, which includes the nation's second largest PCD of Sungun, as well as several other
smaller PCDs and prospects. Taking into account the published ages for the PCDs and prospects in Ahar—
Jolfa zone, Simmonds ef al. (2017) have proposed three epochs of porphyry Cu mineralization in this area,
including Late Eocene (represented by Saheb Divan PCD), Middle Oligocene (including the Haft
Cheshmeh PCD and the vein-type Cu—Mo—Au mineralization in the Qarachilar area, for which some
authors speculate about porphyry-type genesis) and the Early Miocene (e.g., Sungun, Masjed Daghi, Kighal
and Niaz PCDs and prospects) (Fig. 2). Comparing the ages obtained for the Siah Kamar PMD with the
PCDs in the Ahar—Jolfa zone reveals that mineralization in the Siah Kamar corresponds to the second
porphyry mineralization epoch in the Ahar—Jolfa zone, being more or less coeval with the Haft Cheshmeh

PCD and showing a narrow temporal overlap with the Cu—Mo—Au mineralization of Qarachilar.
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Given that the Ahar—Jolfa zone shares many magmatic, geodynamic and mineralization features with
the neighboring South Armenian Block (SAB) of the southern Lesser Caucasus and that the Meghri—
Ordubad pluton is considered the northern extension of the Qaradagh batholith in NW Iran (Fig. 2), the
ages of porphyry Cu and Mo deposits in both areas may help to better understand the magmatic and
mineralization activities in the whole region. Compared to the Cenozoic metallogenic evolution of the SAB
proposed by Moritz et al. (2016b) and Rezeau ef al. (2016), the Siah Kamar deposit fits with the second
Cenozoic event dated as Oligocene, similar to the PCDs in northwest Iran. The Siah Kamar deposit is nearly
coeval with the Paragachay and the first stage of mineralization in the world-class Kadjaran PCDs, although
postdates most of the PCDs in SAB, especially those of the Late Eocene age (Fig. 2). The only younger
event is the second stage of mineralization in the Kadjaran PCD, dating at 20.48 + 0.1 Ma (molybdenite
Re—Os age), as well as Cu-rich epithermal veins overprinting porphyritic granodioritic dikes (dated at 22.2
+ 0.30 Ma) (Rezeau et al. 2016).

Finally, intrusion and mineralization in the Siah Kamar deposit is older than all the porphyry Cu—Mo
mineralizations across the central and SE parts of the UDMA, except the Bondar Hanza PCD in the Kerman
zone (Fig. 1) with the U-Pb age of 30.20 + 0.90to 26.60 + 0.80 (mean of 27.35 = 0.71) and the Re—Os age
of 28.71 + 0.46 to 28.06 + 0.47 Ma (Aghazadeh et al. 2015), which nearly correlate with the ages of Siah
Kamar PMD. Other dated PCDs and prospects in this zone range between 16.19+ 0.23 Ma (Chah Firouzeh
PCD) and 6.19 = 0.10 Ma (Abdar PCD; Aghazadeh et al. 2015) (Fig. 1), showing ages of Lower to Middle

Miocene.

7- Conclusion

The Siah Kamar porphyry Mo deposit is the first porphyry molybdenum deposit discovered in the
UDMA. The Re abundance of molybdenite separates is comparable with global porphyry Mo deposits (e.g.,
Climax and Henderson in the USA), being clearly distinguished from porphyry Cu—Mo deposits, which
typically possess several hundred ppm Re. The relatively high Re content of the Siah Kamar molybdenites,

compared to the global average of PMDs, may be attributed to a mixed mantle+crust source for supplying

20

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516



the ore materials, with the dominance of mantle component, which is also supported by the positive initial
eHf(t) values and the Th/U ratios of zircons from the porphyry stock.

The U-Pb dating of the zircons from the quartz-monzonite porphyry stock in the Siah Kamar PMD
yielded ages 0f 32.7 = 0.4 Ma to 30.9 + 0.4 Ma, corresponding to an Early Oligocene age. The Re—Os dating
of molybdenites from the Siah Kamar PMD indicates that mineralization occurred episodically between
29.06 + 0.22 to 28.10 + 0.18 Ma, which corresponds to the Middle Oligocene (upper part of the Rupelian).
These two data sets testify that mineralization has potentially occurred ~1.5 Ma after the crystallization of
the porphyry stock, though the uncertainties remain in this regard. Comparing the ages obtained for
molybdenites of the Siah Kamar with porphyry Cu—Mo mineralizations in the southern Lesser Caucasus
indicates that this deposit is younger than many of the dated PCDs and prospects in the Meghri—-Ordubad
pluton, especially those of the Late Eocene, although it is roughly coeval with the Paragachay and the first-
stage mineralization in Kadjaran PCDs (Fig. 10).

On the regional scale of NW Iran, mineralization in the Siah Kamar corresponds to the second porphyry
mineralization epoch in NW Iran, proposed by Simmonds ef al. (2017), showing an overlap or similar ages
with the Haft Cheshmeh PCD and the vein-type Cu—Mo—Au mineralizations in the Qaradagh batholith (Fig.
10). The age of the Siah Kamar porphyry stock is also coeval with the calc-alkaline magmatism in the
Shaivar Dagh intrusive complex with the zircon U-Pb age of 30.8 £2.1 Ma (Aghazadeh ef al. 2011).

In contrast, mineralization in the Siah Kamar is older than all the porphyry Cu—Mo mineralizations
across the central and southeastern parts of the UDMA, except the Bondar Hanza PCD in the Kerman zone,
which nearly correlates with the Siah Kamar PMD (Fig. 10). All these comparisons signify the migration
of the magmatic activities and the related mineralizations along the UDMA following the collision between
the Arabian and Iranian plates, which was earlier in NW Iran and occurred later in SE Iran (e.g., Agard et

al. 2011).
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Figure Captions

Fig. 1 The main tectonic zones of Iran (Agha Nabaty 2004), the Cu metallogenic zones with some major
and minor porphyry Cu deposits (1. Sungun, 2. Chah Firouzeh, 3. Abdar, 4. Sarcheshmeh, 5. Bondar Hanza,
6. Maher Abad) and the location of the study area. The Urumieh—Dokhtar magmatic arc (UDMA) includes
the NW-SE trending Cenozoic volcanic and plutonic rocks, parallel to the Neo-Tethyan suture zone. The
Alborz and Sistan sutures are from Berberian (1983), the Sevan—Akra suture is from Moritz ef al. (2016a)
and the Zagros suture is from Agard et al. (2011) and Topuz et al. (2017). Outline of the Fig. 2 is shown in

NW Iran. AAZ=Alborz—Azarbaidjan zone (Nabavy, 1976).

Fig. 2 Distribution of the Cenozoic (mainly Oligo—Miocene) granitoids in NW Iran and South Armenia,
including the major Meghri—Ordubad and Qaradagh plutons and other smaller intrusives, along with the
location of the Ahar—Jolfa metallogenic zone and the Mianeh—Hashtrood—Bostanabad area, as well as the
main porphyry Cu—Mo, base and precious metal deposits in the region. Presented ages are from Moritz et
al. (2016 a and b) and Rezeau et al. (2016) for Dastakert, Hankasar, Kadjaran, Paragachay and Agarak (Re-
Os), Hassanpour (2010) for Saheb Divan (“’Ar/*’Ar), Aghazadeh et al. (2015) for Haft Cheshmeh and
Masjed Daghi (Re-Os), Hassanpour et al. (2015) for Niaz (*’Ar/*’Ar), Aghazadeh et al. (2011) for Shaivar
Dagh (zircon U-Pb), Simmonds and Moazzen (2015) for Qarachilar (Re-Os), Simmonds et al. (2017) for
Sungun (Re-Os), and unpublished zircon U-Pb data from the first author for Kighal. Outline of the Fig. 3

is shown by dotted line in NW Iran.

Fig. 3 1:25000 geologic and alteration map of the Siah Kamar area (simplified and modified after Zarnab

Ekteshaf 2009 and Aria Kansar Samin Co. 2013).
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Fig. 4 Field photographs of the Siah Kamar PMD. (a) The northern and (b) the southern outcrops of the
Siah Kamar porphyry stock (looking northwest and south, respectively), (¢) quartz veinlets within the

porphyry stock, (d) sericitic alteration zone within the porphyry stock.

Fig. 5 Photomicrographs illustrating the Siah Kamar porphyry stock and the hydrothermal alteration
zones within it. (a) and (b) Plagioclase phenocrysts set in a fine-grained groundmass made of quartz and
feldspar, (c) potassic alteration characterized by the formation of fine flakes of secondary biotite, (d) intense

sericitic alteration. Mineral abbreviations from Whitney and Evans (2010).

Fig. 6 Photomicrographs of ore minerals in the Siah Kamar PMD. (a) first-stage mineralization:
molybdenite mainly occurs as veinlets within the porphyry stock, (b) later-stage mineralization: anhedral
and brecciated pyrite with chalcopyrite inclusions, accompanied by anhedral magnetite, (c) replacement of
chalcopyrite inclusions by covellite in the supergene enriched zone. Mineral abbreviations from Whitney

and Evans (2010).

Fig. 7(a) U-Pb concordia diagram for zircons from the Siah-Kamar porphyry stock. (b) Weighted mean

diagram of the ages obtained for the analyzed zircons.

Fig. 8 (a) Th and U concentrations in the analyzed zircons from the Siah Kamar porphyry stock. Relevant
Th/U ratios are included for comparison: 1.0 = lower limit for magmatic zircon from mafic rocks, 0.3-0.4
= accepted lower limits for magmatic zircon and 0.1 = upper limit for metamorphic zircon (Teipel et al.
2004).The available data of other porphyry stocks and volcanic rocks from the UDMA and NW Iran are
also shown for comparison (Aghazadeh et al., 2010 for Khankandi; Hassanpour et al. 2015 for Sungun and
Haft Cheshmeh). (b) T—eHf plot for the analyzed zircons from the Siah Kamar porphyry stock. Reference
lines representing the chondrite Hf evolution (CHUR; Blichert-Toft and Albaréde 1997) and the depleted
mantle (DM; Griffin et al. 2000). The Depleted-Mantle model ages (Towm) are also shown.
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Fig. 9 Re-Os ages of molybdenites from the Siah Kamar PMD (uncertainties at 2 absolute level).

Fig. 10 Schematic illustration of zircon U-Pb ages of the intrusive rocks (red boxes) and Re-Os ages of
molybdenite (gray boxes) for the Siah Kamar PMD and the almost coeval magmatic and mineralization
events in SAB, NW and central parts of the UDMA (including the entire analytical errors). Presented ages
are from Moritz ef al. (2016 a and b) and Rezeau et al. (2016) for Kadjaran and Paragachay, Aghazadeh et
al. (2015) for Haft Cheshmeh and Bondar Hanza, Aghazadeh et al. (2011) for Shaivar Dagh, and Simmonds

and Moazzen (2015) for Qarachilar.
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