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Abstract

In northwest of the Takestan area (NW Iran), as a part of the western Alborz mountain belt, various
plutonic (monzodiorite, quartz monzonite, granite, and alkali granite), volcanic (andesite, basalt, basaltic
andesite, rhyolite, and dacite) and pyroclastic rocks (tuff, agglomerate, and ignimbrite) are hosted of
Eocene age. Electron probe micro analyzing (EPMA) on clinopyroxene, orthopyroxene, biotite, and
amphibole show that they are diopside to augite (Mg# = 0.6-0.8), enstatite (Mg# = 0.63-0.68), annite to
phlogopite (Fe# = 0.15 - 0.3) and pargasite (Mg# = 0.6 - 0.8), respectively. The plagioclases have
different compositions with normal chemical zoning from labradorite (in the basalts, An% = 40 - 60) to
andesine (in the monzodiorite, An% = 27 - 50) to oligoclase (in the other rocks, An% = 13 - 38). All
minerals are primary magmatic except for the alkali granite biotites that have low Ti contents which
indicate that they formed by re-equilibrium with a hydrothermal fluid. Chemical compositions of the
clinopyroxene, biotite, and amphibole reveal that they crystallized from calc-alkaline magmas formed
by subduction of Neo-Tethys oceanic crust beneath the Iran micro-plate. Geothermometry calculations
based on the mineral compositions indicate ca. 880 to 980 °C for the basalts, 800 to 850 °C for the
andesite and the dacite, 750 to 820 °C for the monzodiorites and the quartz monzonite, and 520 to 670
°C for the alkali granite. High Al contents of the plagioclases from the quartz monzonite and
monzodiorite as well as Fe™ contents of the biotites from the alkali granite show that they formed from
oxidized magmas that were suitable for Cu porphyry systems. Propylitic and argillic alteration zones in
the area confirm it.

Keywords: Mineral Chemistry, Alkaligranite, Dacite, Basalt, Andesite, Neo-Tethys, Alborz Mountain
Belt, Takestan, Eocene.

Introduction

Chemical compositions of igneous minerals provide important information about their parental
magma. Temperature, pressure and oxygen fugacity conditions of magma during crystallization
can be estimated using mineral chemistries (e.g., Hammarstrom & Zen, 1986; Hollister et al.,
1987; Johnson & Rutherford, 1989; Blundy & Holland, 1990; Schmidt, 1992; Holland &
Blundy, 1994; Anderson & Smith, 1995). Clinopyroxene, biotite, and amphibole formed from
magmas of different tectonic settings can discriminate these conditions by using their cation
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contents, such as Al, Fe, Mg and Ti (e.g. Nisbet & Pearce, 1977; Leterrier et al., 1982; Abdel-
Rahman, 1994; Molina et al., 2009). Crystallization depth of calc-alkaline magmas reveals
conditions and evolution of magmas in orogenic belts (Rutter et al., 1989).

The Takestan arca northwest of Iran and west of Alborz mountain belt (AMB), hosts
granitoid bodies including monzodiorite, quartz monzonite, granite, and alkali granite together
with some andesite, basalt, basaltic andesite, rhyolite, and dacite, as well as pyroclastic units,
such as tuffs, agglomerates, and ignimbritic flows. Whole-rock geochemistry of volcanic rocks
in western AMB (Alborz-Azarbayjan magmatic belt) indicate that they are products of
fractional crystallization of parental magmas that originated during subduction of the Neo-
Tethys oceanic lithosphere beneath the Iran micro-plate during the Tertiary (e.g. Asiabanha et
al., 2009; Asiabanha & Foden, 2012; Omrani et al., 2013; Nabatian et al., 2015). According to
Asiabanha et al. (2012), volcanic rocks of western AMB are calc-alkaline to shoshonitic and
possess geochemical characteristics of continental arcs and back-arc extensional setting.
Ashrafi et al. (2019) also reported SiOz-undersaturated intrusive rocks (foid-bearing monzonite
and syenite). Chiu et al. (2013) suggested zircon U-Pb age of 35.8+ 0.3 Ma (Late Ecocene) for
a basaltic andesite from the Qazvin area. Similar ages of 35 - 37 Ma were reported for the
Tarom-Olya pluton (diorite, monzonite, quartzmonzonite and monzogranite) from western
AMB (Nabatian et al., 2015). A whole-rock geochemical study (Foudazi et al. 2015) shows that
the igneous rocks of NW Takestan are high calc-alkaline formed in a volcanic arc setting.

All the previous studies used whole-rock geochemical data to investigate petrogenesis and
tectonic history of magmatic rocks in western AMB. However, they have not been studied using
chemistry of the minerals. In this paper, we provide a whole set of EPMA data for olivine,
clinopyroxene, orthopyroxene, hornblende, plagioclase, and biotite from magmatic rocks of
NW Takestan to compare the results with those of whole-rock geochemistry studies. Moreover,
the ore mineralization potential of the intrusive rocks is examined, using biotite and plagioclase
compositions.

Geological setting

The study area belongs to the AMB, north of Iran (Fig. 1a). The AMB is a part of the Alpine—
Himalayan orogenic belt in western Asia (Stocklin, 1974) between the Caspian Sea to the north
and the Iranian Plateau to the south. It formed during subduction of the Neo-Tethys oceanic
lithosphere beneath the Iranian micro-plate and collision of Arabia with Eurasia during the
Alpine-Himalayan orogeny (Stocklin, 1974; Berberian & Berberian, 1981). Zanchi et al. (2006)
considered that the AMB as an orogenic belt resulted from Paleo-Tethyan and Neo-Tethyan
closures during the Late Triassic. During the Cenozoic, widespread magmatic activities
occurred in Iran in relation to subduction of the Neo-Tethys oceanic lithosphere beneath the
CIB, especially along the AMB and the Urumieh-Dokhtar magmatic belt (UDMB) (Fig. 1a).
These activities produced huge and very extensive deposits of pyroclastic, volcanic rocks, and
intrusive masses. The present-day intra-continental deformation associated with the Arabian
and Eurasian plate convergence due to opening of the Red Sea, affected the structural evolution
of the Alborz belt (Zanchi et al. 2006; Guest et al. 2007; Agard et al., 2011; Madanipour et al.
2013).

The N-S trending Rasht-Takestan Fault divides the AMB into western and eastern segments.
The western segment (Alborz-Azarbayjan magmatic belt) consists of andesitic-dacitic lava and
tuffs that were intruded by several granitoid bodies of calc-alkaline to alkaline affinity while
the eastern segment is composed of alkaline to shoshonitic basic and acidic tuff and lava (e.g.
Aghazadeh et al., 2011; Castro et al., 2013; Nabatian et al., 2015). Annells et al. (1975)
considered that the igneous rocks of the western Alborz zone (Taleghan and Qazvin regions)
formed in three phases. Phase 1 (with Eocene age) is dominated by acidic and andesitic tuffs
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plus mudstone tuffs, and phases 2 and 3 (with Oligocene age) include basic lavas and andesitic-
acidic lavas, respectively. Asiabanha et al. (2009) divided the western Alborz volcanic rocks
into three stages: submarine eruptions, surface eruptions, and plutonism. Thickness of lava
flows and the ratio of lava flow to the pyroclastic rocks increases to the west (Asiabanha &
Foden, 2012).
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There are several reasons for intensive magmatism in the Eocene, including the development
of the rift/back arc basin (Amidi et al., 1984; Amidi and Michel, 1985; Kazmin et al., 1986),
changes in the subduction angle (Barbarian and Barbarian, 1981; Shahabpour, 2007), and
changes in subduction velocity (Takin, 1972; Pazirandeh, 1973; Kazmin et al., 1986).
According to Moin-Vaziri (2004), the main cause of the Eocene's massive magmatism in Iran
is the breaking of the oceanic crust of Neo-Tethys in the Upper Cretaceous. Verdel et al. (2011)
argued that slab roll-back in the Eocene caused extensional regime and asthenosphere
upwelling.

The study area, as mentioned above, contains both intrusive and volcanic rocks of Eocene
(Alai Mahabadi and Fonoudi, 1992). The phase I pyroclastic rocks, crop out in northern and
southern parts of the area in the form of thin and thick layers and in some places masses of large
extent and thickness. The phase II lavas overlay phase I tuffs although in a more limited
expansion (Fig. 2a). Sub-volcanic dacitic and rhyolitic domes (Figure 2, b) as well as granitoid
intrusive bodies (monzodiorite, quartz monzonite, and alkali granite) of the phase III,
subsequently or simultaneously intruded the phase I tuffs (Fig. 2c). Alterations are dominant in
the area that consist of argillic-alunitic, silicified and propylitic zones (Fig. 1b), indicating
possibility of ore mineralization.

The study method
About 120 samples from different volcanic, intrusive, and pyroclastic rocks were collected and

studied using a polarizing microscope. Six samples (3 intrusive and 3 volcanic samples)
containing suitable minerals were selected for electron microprobe analysis (EPMA).

Figure 2. (a) Placement of lava flows on the tuff; (b) Aqcheh Kand dacite dome in the area; (c) the alkali
granite rocks in the area
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The analyzes were performed in the laboratories of the Department of Geological
Engineering and Application and Research of Earth Sciences of Ankara University (YEBIM-
Ankara, Turkey) using a JEOL JXA 8230 device under 20 kV voltage and 10 nA beam current,
2 um spot size and 10 minutes counting time. The matrix effect was corrected using ZAF
method. About 200 points were analyzed from olivine, pyroxene, biotite, amphibole,
plagioclase, alkali feldspar, titanite, and opaque minerals. Representative analyses are in Table
1 to 4 and the whole set of data is given in the Supplementary (Table 1). Ferric and ferrous iron
contents in olivine, pyroxene and biotite were calculated using Droop (1987) and those of the
amphibole using Schumacher (2007) methods.

Petrography
Alkali granite

Granular hypidiomorphic is the main texture but granophyric and perthite textures are in some
samples (Fig. 3a, b). These rocks generally contain orthoclase (50-40 vol%), quartz (20-30 vol
%), plagioclase (<10 vol%), and biotite (<10 vol%) (Fig. 3a, b). The accessory minerals are
sphene (titanite), apatite, zircon and opaque minerals. In some samples, in addition to primary
titanites and secondary titanites formed due to the alteration of opaque minerals or biotites.

Figure 3. Photomicrographs of intrusive rocks from the area; (a) granular and granophyric textures in
the alkali granite (sample MGB6); (b) perthitic orthoclase together with zircon and apatite in the alkali
granite (sample MGB6); (c) perthitic orthoclase and plagioclase with suture boundaries in the quartz
monzonite. The clinopyroxene is replaced by chlorite and opaque minerals (sample GN7); (d) ophitic
and sub-ophitic textures in monzodiorites (sample GNS). All photomicrographs are in crossed polarized
light (XPL). Mineral abbreviations are Ap: apatite; Bt: biotite; Cpx: clinopyroxene; Kfs: K-feldspar;
Opx: orthopyroxene; Pl: plagioclase; Qz: quartz; Zrn: zircon (Whitney & Evans, 2010)
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The granophyric and perthitic texture indicate crystallization under low H2O pressure
conditions at a shallow depth and near the surface (Blatt et al., 2006).

Quartz monzonite

These rocks also have subhedral granular and perthite textures (Fig. 3c-d). The main minerals
are plagioclase (50-40 vol%), orthoclase (15-20 vol%), clinopyroxene (25-20 vol%), quartz (5-
10 vol%) and minor biotites (> 5 vol%). Zircon, apatite and opaque minerals are the minor
minerals with different abundances in the samples. Sericite, chlorite, actinolite, and epidote are
the secondary minerals formed by alterations of the feldspars and clinopyroxenes. Suture
boundaries of the grains show that the rocks underwent some deformations.

Monzodiorite

The main texture of monzodiorites is subhedral granular. Ophitic and sub-ophitic textures are
also present (Fig. 3d). Plagioclase (50-40 vol%), pyroxene (40-30 vol%), orthoclase (15-10
vol%), and quartz (<5 vol%) are the main minerals. Opaque minerals, apatite and zircon are
minor minerals. Alteration replaced some of the pyroxenes by chlorite, biotite, actinolite, and
opaque minerals. The feldspars also are sericitized. Ophitic and sub-ophitic textures indicate
shallow level emplacement of the rocks in the form of a dike.

Dacite

Vitroporphyry is the main texture in these rocks (Fig. 4a). The main phenocrysts are
plagioclase, biotite, amphibole, clinopyroxene, and quartz. The minor minerals are apatite and
zircon that commonly occur around opaque minerals. The primary biotites and amphiboles are
opacified (Fig. 4a) which can be a sign of high oxygen fugacity and water vapor pressure while
the minerals were forming and of water loss during magma eruption (Best and Christiansen,
2001). The pyroxenes are mostly replaced by secondary small biotites.

Andesite and trachyandesite

These rocks have vitroporphyric and glomeroporphyric textures with plagioclase, amphibole,
and biotite as the phenocrysts (Fig. 4b). The minor minerals are apatite, zircon, and opaque
minerals. The plagioclases have been calcified and sericitified to some extent. Opacitic and
iddingsitic amphiboles are common.

Basalt and basaltic andesite

The rocks generally show porphyritic, microlitic, trachytic and microlitic porphyritic textures
(Fig. 4c). In some samples, vesicular and amygdaloidal textures are present, which are filled
with secondary minerals such as calcite. The major phenocrysts include plagioclase and
pyroxene. Fine-grained iddingsitic olivines occur in the matrix. In some samples, fine pyroxene
crystals surround quartz xenocrysts (ocellar quartz) (Fig. 4d). Vernon (1991) argued that the
presence of ocellar quartz is evidence of hybridism (hybridization by magmatic mixing). The
rounded and embayed texture plagioclases (Fig. 4e) may support this possibility. The
plagioclases commonly show optical zoning with sieve texture in the centers (Fig. 4e). A thin
layer of fine clinopyroxene formed around some orthopyroxene phenocrysts indicating
possibility of magma mixing or mingling (Fig. 4f). In the altered samples, chlorite, actinolite,
and opaque minerals replace the pyroxenes.
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Figure 4. Photomicrographs of volcanic rocks in the NW of Takestan area. (a) vitroporphyric texture
and opacitic amphibole and biotite in the dacite (sample KhD5); (b) glomeroporphyric texture in the
andesite (sample VShNa); (c) trachytic and porphyritic textures with plagioclase and orthopyroxene
phenocrysts in the basaltic andesite (sample VKhN12); (d) ocellar quartz xenocryst in the basaltic
andesite (sample VKhN12); (e) sieve textured rounded plagioclase phenocryst in the basalt (sample
VShNa); (f) thin layer of fine-grained clinopyroxene around a pyroxene phenocryst in the basalt (sample
VShNa). The Fig. a, is in plane polarized light (PPL) and the others are in XPL. Mineral abbreviations
as the Fig. 3

Mineral chemistry
Olivine

Olivine is only visible as fine grains in the basalt and basaltic andesite samples. Some olivines
from basalts were analyzed in this study (Table 1 and Supplementary Table 1). The olivine
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forsterite contents range 36.97 to 61.92% that classified it as hortonite to ferrohertonite
according to Klein & Hurlbut (1985).

Pyroxene

Except for the alkali granites, all the rocks contain clinopyroxene and the basalts have
orthopyroxene. The clinopyroxene have different compositions in the samples. In the basalts,
they have low wollastonite contents (Table 2 and Supplementary Table 1) and and lie in the
field of augite in the pyroxene classification diagram (Moromito et al., 1988) (Fig. 5a). The
other clinopyroxenes contain moderate wollastonite and high enstatite contents that classify
them as diopside (Fig. 5a). The orthopyroxenes from the basalts have high Mg/Fe contents and
plot in the field of enstatite but near the field of pigonite (Fig. 5a). For comparison of the
clinopyroxenes in different rocks, their Al and Mg# [Mg/(Mg+Fe*?)] contents are plotted
against Si (Fig. 5b and c). The diagrams show that the basalt clinopyroxenes have lower Mg#
and Si but higher Al than most of the others, indicating crystallization under different
conditions.

Amphibole

Amphiboles are present in andesitic and dacite samples, but they could not be analyzed in
the dacite due to high opacification. Structural formulae of the analyzed amphiboles from
the andesite were calculated based of 23 Oxygens and normalized to 13 cations except for
Ca, Na, and K (13eCNK) ((Table 4 and Supplementary Table 1)). Based on the Cas contents
(1.7 - 1.8), they are classified as calcic amphiboles (Leake et al., 1997). On the Al + Fe +
2Ti versus Na+Ka classification diagram (Hawthorne et al., 2012), the samples plot in the
pargasite field (Fig. 5d).

Biotite

The analyzed biotites are from the alkali granite and andesite samples (Table 4 and
Supplementary Table 1). They have relatively different composition (Fig. Se, F). The biotites
from the alkali granite have higher Si and Mg# but lower Al and Ti than those from the
andesites. On a AIY/(A1'+Si) versus Mg# diagram, the alkali granite biotites plot in the field of
phlogopite and the andesite biotites lie in the field of biotite (Fig. 5e). In addition, the andesite
biotites are primary formed by crystallization from a magma whereas the alkali granite biotites
formed due to re-equilibration with a hydrothermal fluid after they crystallized (Fig. 5f).

Plagioclase and K-feldspar

The Fig. 6a and b diagrams show diversity of the plagioclase compositions in the samples. The
anorthite contents range 42 - 60% for the basalts, 19 - 27% for the andesites, 20 - 27% for the
dacites, 11 - 36% for the quartz monzonites, 27 - 50 for the monzodiorite and 12 - 39% for the
alkali granites (Table 3 and Supplementary Table 1). In addition, the plagioclases mostly show
normal chemical zoning. In general, anorthite contents decrease toward the rims, however
irregularly in most places (Fig. 6c, d).

The K-feldspars from the alkali granites and quartz monzonites have relatively uniform
compositions. They contain high orthoclase contents (> 73%) and lie in the field of sanidine
on the feldspar classification diagram (Fig. 6a). There was no significant chemical zoning
in them.
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Table 1. Representative chemical compositions of the olivines and orthopyroxenes from the basalts

Olivine Orthopyroxene
Sample VShNb VShNb VShNb VShNb | Sample VShNb VShNb VShNb VShNb VShNb VShNb VShNb
SiO2 3750 37.87 3641 36.29 SiO2 51.41 5237 5141 5141 5037 5054 52.11
TiO2 0.07 0.03 0.01 0.03 TiO2 0.37 0.39 0.37 0.37 0.35 0.35 0.44
ALO3 0.18 0.04 0.02 0.02 ALO; 1.27 1.24 1.27 1.27 1.04 1.08 1.36
FeO* 34.09 3234 3576 35.79 FeO 2286 2236 2286 2286 2193 2195 2287
MnO 0.00 0.00 0.00 0.00 MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MgO 27.04 2981 27.70 27.57 | MgO  21.38 2140 2138 2138 22.04 2222 21.16
CaO 0.37 0.26 0.25 0.25 CaO 2.01 2.03 2.01 2.01 1.87 1.89 2.08
Na20 0.05 0.00 0.00 0.00 Na,O 0.07 0.05 0.07 0.07 0.03 0.03 0.06
K20 0.06 0.01 0.00 0.00 K20 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Total 99.34 100.36 100.16 99.97 | Total 99.37 99.84 99.37 9937 97.64 98.07 100.10
Si 1.04 1.03 1.01 1.01 Si 1.93 1.96 1.93 1.93 1.92 1.91 1.95
Al 0.01 0.00 0.00 0.00 Ti 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Ti 0.00 0.00 0.00 0.00 Al 0.06 0.05 0.06 0.06 0.05 0.05 0.06
Fe™? 0.79 0.73 0.83 0.83 Fe™ 0.07 0.01 0.07 0.07 0.10 0.11 0.03
Mn 0.00 0.00 0.00 0.00 Fe*? 0.65 0.69 0.65 0.65 0.60 0.59 0.69
Mg 1.11 1.20 1.14 1.14 Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.01 0.01 0.01 0.01 Mg 1.20 1.19 1.20 1.20 1.25 1.25 1.18
Na 0.00 0.00 0.00 0.00 Ca 0.08 0.08 0.08 0.08 0.08 0.08 0.08
Te 0.00 0.00 0.00 0.00 Na 0.01 0.00 0.01 0.01 0.00 0.00 0.00
Fo 5824 6192 57.79 57.64 K 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fa 41.19 37.69 4185 4198 Wo 4.19 4.14 4.19 3.92 3.97 4.00 4.27
Mgt 0.59 0.62 0.58 0.58 En 62.01 60.82 62.01 6548 65.05 6536 60.39
Fs 33.81 35.04 33.81 30.60 30.98 30.65 35.33
Mg# 0.65 0.63 0.65 0.65 0.68 0.68 0.63
Table 2. Representative chemical compositions of the clinopyroxenes
Rock  Quartz monzonite Basalt Monzodiorite Dacite
Sample GN7 GN7 GN7 GN7 VShNb VShNb VShNb VShNb VShNb GN8 GN8 GN8 GN8 KhD KhD KhD KhD
Si0; 5098 5241 53.04 5202 5141 5237 5141 5141 5037 5277 52.02 5242 52.61 5224 52.85 52.66 50.98
TiO; 0.7 021 008 005 037 039 037 037 035 023 005 005 006 013 018 018 0.17
ALO; 074 058 034 030 127 124 127 127 104 060 030 028 031 078 1.07 075 074
FeO* 927 944 951 819 2286 2236 22.86 22.86 21.93 867 819 646 626 1042 9.65 952 927
MnO 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.00
MgO 13.92 13.80 14.42 13.90 21.38 2140 2138 2138 22.04 14.11 13.90 14.69 1478 12.96 14.19 14.17 13.92
CaO 2127 2142 2235 2268 201 203 201 201 187 2174 22.68 2320 23.41 21.42 2148 20.94 21.27
Na:0 043 051 032 037 007 005 007 007 003 047 037 023 026 053 038 045 043
K:0 003 002 002 000 000 000 000 000 001 000 000 001 000 001 000 000 0.3
Total 96.81 98.37 102(;).0 97.52 99.37 99.84 9937 99.37 97.64 98.60 97.52 97.35 97.68 98.48 99.79 98.68 96.81
Si 196 198 197 198 193 196 193 193 192 199 198 199 199 199 197 199 196
Ti 000 001 000 000 001 001 001 001 001 00l 000 000 000 000 001 001 001
Al 003 003 002 001 006 005 006 006 005 003 001 00l 001 004 005 003 003
Fe? 007 003 006 005 007 001 007 007 010 002 005 002 003 003 003 002 007
Fe? 022 027 024 021 065 069 065 065 060 025 021 018 0.17 030 027 028 023
Mn 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.00
Mg 080 078 080 079 120 119 120 120 125 079 079 083 083 073 079 0.80 0.80
Ca 088 087 089 093 008 008 008 008 008 088 093 094 095 087 086 085 088
Na 003 004 002 003 001 000 001 001 000 003 003 002 002 004 003 003 003
K 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.00
Wo 4539 4622 48.05 4730 4.19 414 419 392 397 4561 48.05 4824 48.56 45.68 44.68 43.94 46.15
En  40.69 41.49 4098 40.66 62.01 60.82 62.01 6548 65.05 41.19 40.98 42.48 42.64 38.44 41.06 41.39 42.01
F 130 120 10 120 33 35 33 30, 309 13 10. 92 .. 15 14 14 1L
s 91 30 97 05 81 04 81 60 8 20 97 7 : 8 26 67 85
07 07 07 07 06 06 06 06 07 07 08 07 07 07 07
Mg# g 4 7 9 5 3 5 s 068 9 2 08 4 4 8
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Table 3. Representative chemical compositions of the plagioclases and K-feldspars. C= core, in=
intermediate, r: rim

Rock Basalt Abdesite Dacite
sample VShNb VShNb VShNb VShNa VShNa VShNa KhD5 KhD5 KhDS5
Poistion c in r c in r [ in r

SiO2 54.69 56.77 56.88 58.51 61.06 62.50 59.09 60.64 60.40
TiO2 0.11 0.06 0.07 0.01 0.01 0.01 0.00 0.00 0.00
AlLOs 30.65 2833  28.08 26.91 24.68 2341 2573 2496 24.60
FeO* 1.05 0.73 0.69 0.31 0.36 0.59 028 027 032
MgO 0.07 0.06 0.08 0.02 0.01 0.45 0.01 0.01 0.00
CaO 9.38 7.68 7.82 6.87 4.89 360 530 4.62 453
NaO 2.87 5.35 5.42 6.63 8.05 8.92 7.73  8.14 8.04
K:O 0.84 0.77 0.74 0.46 0.81 054 099 1.03 129
Total 99.65 99.75 99.78 99.71 99.86 100.01 99.13 99.65 99.18

Si 2.52 2.57 2.57 2.61 2.72 277 265 270 270
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 1.66 1.51 1.50 1.42 1.29 1.22 1.36 131 130
Fe®? 0.04 0.03 0.03 0.01 0.01 0.02 0.01 0.01 0.01
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.01 0.00 0.01 0.00 0.00 0.03 0.00 0.00 0.00
Ca 0.46 0.37 0.38 0.33 0.23 0.17 025 022 022
Na 0.26 0.47 0.48 0.57 0.69 0.76 0.67 0.70 0.70
K 0.05 0.04 0.04 0.06 0.05 0.03 0.06 0.06 0.07

An 60.23 42.04 42.28 34.22 23.93 17.66 25.89 2245 21098

Ab 3339 5297 5299 59.84 71.33 7923 6834 71.59 70.57

Or 6.38 4.99 4.74 5.94 4.74 3.12 577 595 745
Table 3. Continued

Rock Quratzmonzonite Monzodiorite Alkali granite
sample GN7 GN7 GN7 GN8 GN8 GN8 MGB6 MGB6 MGB6
position [ in r c in r c in r
SiOs 60.23 63.19 63.94 5593 6035 60.26 56.79 59.42  60.54
TiO2 0.07 0.04 0.01 0.01 0.02  0.02 0.08 0.04 0.03
ALO3 25.41 22.47 22.13 2971 2557 2543 2855  26.88  25.09
FeO* 0.33 0.30 0.82 0.41 0.30 0.32 0.42 0.38 0.40
MgO 0.02 0.02 0.89 0.01 0.01  0.03 0.00 0.02 0.02
CaO 6.28 2.86 2.31 8.64 548 529 7.54 6.26 4.56
Na:O 7.15 10.22 9.79 522 7.84  8.07 6.20 7.19 8.39
K:O 0.32 0.37 0.26 0.17 029 033 0.25 0.39 0.78
Total 99.80 99.47 100.15 100.11 99.85 99.76 99.84 100.57 99.81
Si 2.70 2.79 2.81 2.52 2.69 2.68 2.55 2.64 2.69
Ti 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00
Al 1.34 1.17 1.15 1.58 1.34 133 1.51 1.41 1.31
Fe? 0.01 0.01 0.03 0.02 0.01  0.01 0.02 0.01 0.02
Mn 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.06 0.00 0.00  0.00 0.00 0.00 0.00
Ca 0.30 0.14 0.11 0.42 026 0.25 0.36 0.30 0.22
Na 0.62 0.87 0.83 0.46 0.68 0.70 0.54 0.62 0.72
K 0.02 0.02 0.01 0.01 0.02 0.02 0.01 0.02 0.04
An 32.06 13.11 11.38  47.23 2738 26.08 39.54 31.74 22.07
Ab 66.01 84.88 87.12 51.66 70.87 7198 5889 6590 73.42

Or 1.93 2.01 1.50 1.11 1.75 194 1.56 2.36 4.51
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Table 4. Representative chemical compositions of the amphiboles and biotites

Amphibole Biotite

Type Andesite Type Alkaline granite Andesite

Sample VShNa VShNa- VShNa- VShNa- VShNa | Sample MGB6 MGB6 MGB6 MGB6 VShNa VShNa VShNa VShNa

SiO: 4131 4397 4212 4434 41.16 | SiO2 40.06 40.70 4042 4035 3691 3657 3573 37.89
TiO: 245 186 248 179 236 | TiO2 1.12 137 1.37 1.42 507 481 462 482
ALOs 1026 7.17 878 726 1091 | ALOs 11.03 1041 1042 1053 13.14 13.75 13.88 12.38
FeO* 13.67 1422 13,5 1327 1251 | FeO 1522 1420 1405 13.80 13.11 1544 16.64 15.88
MnO 0 0 0 0 0 MnO 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00
MgO 1357 1393 13.72 1425 14.11 | MgO 1730 1693 17.16 17.11 1571 14.62 14.63 14.03
CaO 1095 1125 1099 1128 11.13 | CaO 0.12 0.03 0.03 0.07 0.03 0.03 0.05 0.05
Na;O 264 2.04 238 2.1 263 | Na2O 028 042 035 0.28 056 0.64 0.66 0.65
K:0 071 078 069 0.77 0.6 K0 834 10.10 10.17 10.18 986 9.62 935 923
Total 95.55 9522 94.66 95.06 9539 | Total 9348 94.17 9396 93.74 9441 9548 9556 94.94
Si 6.18 652 636 6.66 6.13 Si 297 3.04 3.03 3.03 2.84 281 275 290
AIY 1.81 143 156 128 1.87 Al 072 0.63  0.65 0.67 1.07 1.09 1.14 094
AlM 0.00 0.00 0.00 0.00 0.04 | Fe** 031 032 032 0.31 0.09 010 0.11 0.16
Ti 028 021 028 020 026 | Sum 400 400 4.00 4.00 400 4.00 4.00 4.00
Cr 0.00 0.00 0.00 0.00 0.00 Al 025 029 0.27 0.26 012 015 012 0.18
Fet* 087 081 076 061 087 Mg 1.88 1.87 1.90 1.89 1.79 1.65 1.66 1.58
Fe? 084 096 094 106 0.69 | Fe? 044 050 050 0.51 066 076 0.79 0.73
Mn 0.00 0.00 0.00 0.00 0.00 | Fe** 0.19 006 0.06 0.05 009 013 017 0.13
Mg 3.03 308 3.09 319 3.13 Ti 0.07 0.09 0.09 0.09 029 027 026 028
Ca .75 179 178  1.81 1.78 | Sum 283 2281 2.82 2.81 295 297 3.00 290
Na 077 059 070 0.61 0.76 K 082 096 0.96 0.97 095 093 091 090
K 0.14 015 0.13 0.15 0.11 Na 004 006 0.05 0.04 0.08 0.10 0.10 0.10
Mg# 078 076 0.77 075 082 | Fe# 0.19 021 0.21 0.21 027 031 032 032

Opaque minerals

Opaque minerals present in all samples in the area. They are ilmenite in the quartz monzonite,
titanomagnetite in the basalts and magnetite in the other samples (Supplementary Table 1).

Discussion
Geothermobarometry

With respect to mineral contents of the rocks, several methods were used for
geothermobarometry calculations as follows.

Geothermometry of clinopyroxene

Previous studies show a general trend of increasing Al and Na content in pyroxene with
increasing pressure. France et al. (2010) proposed a geothermometers based on aluminum
concentration of clinopyroxene. On the basis of this method, the crystallization temperature of
clinopyroxene in the rocks are 884 to 983 °C for the basalts, 810 to 841 °C for the dacites, 799
to 836 °C for the andesites, 760 to 821 ° C for the monzodiorites and 759 to 793 ° C for the
quartz monzonites (Table 1).

Two feldspar geothermometry

Geothremometer based on compositions of two co-existing feldspars using calibration of
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Putirka (2008) was applied for the alkali granite and quartz-monzonite samples. The
calculations produced ca. 525 to 670 °C for the alkali granites.
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andesite amphiboles; (e) Al'/(A1'+Si) versus Mg# diagram classification (Deer et al., 1991) (f) the TiO»
—FeO — MgO ternary diagram (Nachite et al., 2005) for the biotites
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Amphibole and plagioclase geothermobarometry

The hornblende - plagioclase thermometer (Holland & Blundy, 1994) equation for reaction
edenite + albite = richterite + anorthite was applied for the andesite samples that lacked quartz
in the rock and produced temperatures that range 730 to 800 °C. Compositions of the
plagioclase rims were used for the calculations.

Temperatures were determined by using the calculation Al in hornblende barometer based
on Anderson and Smith (1995) calibration. The results show that the amphiboles crystallized at
ca. 2.8 - 4.2 kbar representing 9 to 13km depth.

Magmatic series

The pyroxene composition depends on the host magma nature (Manoli and Molin 1988; Bindi
et al. 1999; Avanzinelli et al. 2004; Zhu and Ogasawara 2004). Therefore, it is proper to
investigate the origin and evolution of the host magma, the magmatic series, the physico-
chemical conditions, and the tectono-magmatic setting of the host magma (Le Bas 1962;
Leterrier et al. 1982; Moromito et al. 1988; Beccaluva et al. 1989; Bindi et al. 1999; Avanzinelli
et al. 2004). The clinopyroxenes contain high SiO2 (> 48 wt%) and relatively low Al2O3 (< 2.6
wt%) that resemble clinopyroxenes from the subalkaline magmas (Nisbet and Pearce, 1977)
(Fig. 7a). The AL2O3 versus TiO2 diagram (Le Bas et al., 1962) also shows that they crystallized
from calc-alkaline magmas (Fig. 7b).
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The amphibole compositions also reflect compositions of their parent magma (e.g. Molina et
al., 2009). Compositions of amphiboles from the andesites on Al"! versus K* and SiO: versus
TiO2 discrimination diagrams (Ridolfi et al., 2009; Ridolfi and Renzulli, 2012) are shown in
Fig. 8c, d. On the basis of FeO, MgO, and Al2O3 contents in biotites in igneous rocks, Abdel-
Rahman (1994) suggested some magma series and tectonic and discrimination diagrams.
Chemical compositions of biotites from the andesite and alkali granites confirm association
with calc-alkaline magma series (Fig. 8a, b).

Tectonic setting

To determine tectonic setting of the rocks we used some diagrams based on chemical
compositions of clinopyroxene and biotite. The clinopyroxenes plot in the field of subduction
related magmatic rocks on a Si versus Fe diagram (Fig. 7c). Nisbet and Pearce (1977) proposed
two complex parameters (F1 and F2) to determine tectonic setting of magmatic rocks using the
composition of clinopyroxenes. The F1 = -0.012%xSi02-0.0807xTiO2+0.0026xAl1203-
0.0012xFe0-0.0026xMnO+0.0087xMg0-0.0128xCa0-0.0419xNa2O and F2 =
0.0469xS102-0.0818xTi02-0.0212xA1203-0.0041xFe0-0.1435xMn0O-0.0029xMgO+0. 0085 X
Ca0+0.0160xNa20.
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The F1 and F2 parameters for the samples range -0.86 to 0.48 and -2.74 to -2.24, respectively.
According to these values, the clinopyroxenes lie in the field of volcanic arc on the F1-F2
diagram (Fig. 7d). In addition, as mentioned above, the biotites show affinities with subduction
related calc-alkaline magmas (Fig. 8c, d).

Ore mineralization potential

Regarding occurrence of argillic-alunitic, propylitic and silicification alteration zones in the
area (Alai Mahabadi and Fonoudi, 1992) and also Cu and Au mineralization south of the
Takestan area (Yousefi et al., 2017), we investigated the fertility of the plutonic rocks through
chemical compositions of their plagioclases and biotites. Recent studies have indicated that in
the porphyry copper systems, plagioclases from the mineralized intrusions might have higher
alumina contents relative to the barren ones (e.g., Williamson et al. 2016; Richards, 2016;
Zarasvandi et al. 2018; Rezaei and Zarasvandi, 2022). Williamson et al. (2016; 2018) argued
that the low average Al contents in plagioclase is most probably due to low PH20 of melts. The
Al/(CatNa+K) versus anorthite contents of plagioclase diagram was successful in the
discrimination of barren and mineralized intrusions in UDMB (e.g. Zarasvandi et al., 2018;
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2020; Rezaei and Zarasvandi, 2022). Compositions of the plagioclases from the quartz
monzonite, monzodiorite and alkali granites are plotted on the Al/(Ca+Na+K) versus anorthite
contents diagram in Fig. 9a. The Al/(Ca+Na+K) ratios range 1.1 to 1.9 and mostly plot in the
field of fertile intrusions. Although, some alkali granite plagioclases plot in the barren intrusion
field, they are still in the range of the UDMB porphyry system. Rezaei and Zarasvandi (2022)
suggest that the plagioclases that plot above 1:1 ratio line (Fig. 9b) crystallized in an oxidized
condition (close to the magnetite—hematite oxygen buffer) that is a common feature for Cu +
Mo porphyry systems (Zarasvandi et al., 2018).

Chemistry of biotite is useful to study hydrothermal evolution (Barriére and Cotten 1979; Van
Lichtervelde et al. 2008). The Fe3*/Fe** of biotite is applicable to study oxygen fugacity of the
host magma (e.g. Wones and Eugster, 1965; Danyushevsky and Sobolev 1996; Li et al. 2017). In
addition, biotite chemistry has been used to study ore mineralization in many Cu and Cu-Mo-Au
porphyry deposits (e.g. Selby and Nesbitt 2000; Boomeri et al. 2010; Siahcheshm et al. 2012;
Afshooni et al. 2013; Tang et al. 2019). The biotites formed by re-equilibration of primary biotites
(Fig. 5f) with an exsolved magmatic (hydrothermal) fluids that is common in a potassic alteration
zone of porphyry systems (e.g., Boomeri et al., 2009; Zarasvandi et al., 2018).
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magma; (d) Ti versus Mg# diagram to discriminate biotites from fertile and barren intrusions (after
Taghavi et al., 2022)
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Therefore, its composition could reflect geochemical characteristics of the hydrothermal
fluid. The Fe™-Fe™-Mg ternary diagram (Wones and Eugster, 1965) indicates that the biotite
formed in a high oxygen fugacity condition (Hematite-magnetite buffer) (Fig. 9c) that is
suitable for a porphyry mineralization system (Richards et al., 2001; Asadi et al., 2014). The
biotite chemical compositions also resemble those of the UDMB fertile granitoids (Fig. 9d).

Although, chemical compositions of the plagioclase and biotite of the quartz monzonite, quartz
monzodiorite and alkali granite are consistent with fertile intrusive rocks, the presence of
clinopyroxene and low amounts of biotite in the alkali granites demonstrate that their magma was
relatively dry. Therefore, they could not cause vast porphyry type mineralization in the area.

Conclusion

According to petrographic studies, igneous rock of the NW Takestan area from the west AMB
include monzodiorite, quartz monzonite, alkali granite, dacite, basalt and andesite together with
pyroclastic units (tuff, agglomerate, and ignimbrite). The ocelli quartz, embayed, rounding and
sieve-textured plagioclase, as well as the pyroxene phenocrysts surrounded by thin layers of
second-generation fine pyroxenes in basaltic and basaltic andesitic samples are evidence for
magmatic mixing/mingling in these rocks.

The clinopyroxenes from the basalts are augite and the others are diopside. The amphiboles
are pargasite in the andesites. The biotites from the alkali granites have high phlogopite contents
that were affected by hydrothermal fluids, while those from the andesites are primary, and
contain lower phlogopite contents. The plagioclases have labradorite to andesine compositions
in the basalts and andesine to oligoclase in the other rocks. They also have normal but relatively
irregular chemical zoning profiles.

Geothermometry calculations based on the clinopyroxene, amphibole, plagioclase,
orthoclase and biotites produced 880 to 980 °C for the basalt, 800 to 850 °C for the andesite
and the dacite, 750 to 820 °C for the monzodiorites and the quartz monzonite, and 520 to 670
°C for the alkali granites.

Chemical compositions of the clinopyroxene, amphiboles and biotite indicate that the host
magma was calc-alkaline formed during subduction of Neo-Tethys oceanic lithosphere beneath
the central Iran microplate. That is in agreement with geotectonic theories represented using
whole-rock geochemistry of the igneous rocks in other parts of the AMB and also confirms
them for the western parts (Takestan area).

The plagioclase and biotite compositions of the monzodiorite, quartz monzonite, and alkali
granite are consistent with fertile porphyry system intrusive rocks. They caused propylitic and
argelic alterations probably at depth. This can be a subject of future explorations for Cu + Au
in the area.
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