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The study area is 92 km northeast of Zanjan City (Iran), north of the Tehran-Tabriz freeway. The rock units
outcropped in the Zanjan quadrangle include the Precambrian and the Quaternary from the old to the new.
However, the volcanic rocks in this vast area are of Eocene age and younger. Volcanic rocks include acidic,
rhyolitic, thyodacite, andesitic lavas, along with tuff and ignimbrite. From the mineralogical perspective, these
volcanic rocks have low contents of quartz, low alkaline feldspar, and abundant plagioclase and pyroxene. In
addition, porphyritic, microlithic porphyry, glomeroporphyritic, and poikilitic textures are dominant in these
rocks. Geochemical studies based on oxides of major and Minor elements indicate the calc-alkaline nature
of these volcanic rocks. Furthermore, studying the change trends in major, trace, and rare earth elements
demonstrates a connection and affiliation between different rock groups. These rocks have formed during the
subduction process and probably originate from a lower crustal source.
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1. Introduction

The study area covers the northeast part of the 1:100,000
Abhar map, 92 km southeast of Zanjan city and north of the
Tehran-Tabriz freeway. This area has geographical coordi-
nates of 49° 26/ to 49° 30’ E 36° 22’ to 36° 30’ E with an
area of 55 km?. Geologically, it belongs to the Zanjan quad-
rangle. Also, in terms of geological and structural divisions
of Iran, it is a part of Western Alborz, according to (Stocklin,
1968) and (Nabavi, 1976), respectively (Fig. 1a). The Ceno-
zoic magmatic activity of Alborz, which is mostly of Paleo-
gene age, is equivalent to Karaj Formation in stratigraphic
divisions (Stocklin, 1968; Annells et al., 1975). Some re-
searchers believe that Karaj Formation rocks have formed in
a continental setting and depend on subduction in the north
direction and along the Zagros (Asiabanha et al., 1989;
Zanchi et al., 2006; Arjmandzadeh et al., 2020; Mollai et al.,

2021). Some have considered the age of equivalent units
in western Qazvin equivalent to the Oligocene (Asiabanha,
2001). Following the seafloor volcanic activity in Alborz,
large volumes of intermediate to basaltic lavas have erupted
through surface fissures (Mobashergarmi, 2013). The origin
of these volcanic lavas is a subduction-dependent zone with
a small share of asthenospheric melt (Shafaii Moghadam
and Shahbazi Shiran, 2010).

2. Geology of the study area

From the lithostratigraphic perspective, the rock units of
the region can be divided into two parts: A) volcanic and
pyroclastic rocks (Karaj Formation), and B) plutonic and
subvolcanic massifs. Volcanic rocks are mostly rhyodacitic,
dacitic, and intermediate acidic such as trachyandesite, an-
desite, and basaltic andesite. These rocks are observed
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Figure 1. a) The study area in the geological map of Iran (Moghadam et al., n.d.) and b) the location of the Yuzbashi Chay region in the 1:100000 map of

Qazvin (from (Sarikhani et al., 2017)).

along with sandy tuffs, lapilli tuffs, and breccia. Paleogene
volcanic rocks are very thick and are mainly formed dur-
ing three volcanic phases. With the Eocene age, the first
phase consists of submarine tuffs with (Karaj Formation)
sediments. The rocks of this phase are divided into two
members: Kurdkand and Amand. Kordkand member starts
with alternating sandstone and tuff mudstone and ends with
mudstone. Amand member also starts with a tuff sandstone
and ends with tuff mudstone and sandstone with alternating
lava and tuff. In the north of the Yuzbashi region, the sec-
ond phase of volcanic activity during the Eocene consists
of basic eruptions in the terrestrial environment and mostly
of the trachybasalt type (Fig. 1b). In the third phase, which

occurred in the Oligocene, volcanic eruption activities have
been intense. Due to these activities, large volumes of rhy-
olite and dacite were exposed along with associated tuffs
and ignimbrite. As a result, the Tarom region is entirely
covered by a large thickness of these lavas (Aghazadeh et
al., 2011; Ghasempour et al., 2014; Teshnizi et al., 2022;
Nazari et al., 2023; Ousta et al., 2024). According to (Dilek
et al., 2010), the second and third phases occurred during
the Oligocene and represent the extension environment and
intensity of the movements of the Alborz plate. The main
expansion of this phase is in the western part of the region.
Jahangiri (2007) suggested the Oligo-Miocene age for these
rocks. In terms of corrosion faults, there are generally three
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categories of faults with north-south, northeast-southwest,
and northwest-southeast trends in the study area. The joints
in the study area can be attributed to tectonic movements
following the compressive phase in the study area. Copper,
lead, and zinc mineralizations have occurred mainly along
the joints and fractures of pyroclastic rocks. In the rose
diagram prepared by (Zarei Sahamieh, 1992), three distinct
fracturing directions can be identified: 1) Extension joints
(longitudinal) whose direction is parallel to the fold axis,
2) Diagonal or conjugate joints that intersect these planes
perpendicular to the fold axis, and 3) Extension joints per-
pendicular to the fold axis. The above joints and fractures
are caused by cooling the intrusive mass, folds due to the
Pyrenean orogenic phase, and folds due to the impact of
the last phase of the Alpine orogeny. Mineralization has
taken place along the above fractures and joints. However,
the highest mineralization concentration is along the joints
parallel to the extension joints.

3. Study method

During field surveys, 100 samples were taken systemati-
cally, of which 50 thin sections were prepared to determine
the amount of main, secondary, and rare elements in rock
samples. For this purpose, 19 samples from rock mass
were selected and sent to Zarazma Mineral Studies Com-
pany for inductively coupled plasma by mass spectrometry
(ICP-MS). Also, 6 thin-polished sections were selected to
perform thermobarometry studies on the andesitic basalts
and andesites in the study area. In addition, 15 amphi-
bole, pyroxene, and plagioclase minerals were microproped
through point analyses. Point analysis was performed on
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minerals using an Electron Probe Micro Analyzer XPMA
in Binalood ore (HORIBA, XGT-7200). The device was
equipped with a 50 kV accelerator voltage and current in-
tensity of 1. The tests were performed in points with a
diameter of 10 um for 80 seconds for each point. Structural
formulas were calculated using Excel spreadsheets made
for minerals.

4. Lithography

In this step, we conducted the petrological study of various
volcanic rocks from the study area, including basalt, basaltic
andesite, andesite, trachyandesite, trachyte, rhyolitic tuff,
and rhyodacite.

A) Rhyolitic to Rhyodacitic tuff: In hand samples, they ap-
pear dark gray and contain fine crystals, sometimes without
any crystals. Under the microscope, they show plagioclase
and alkali feldspar crystals of sanidine type with Carlsbad
twins along with pyroxene and biotite. Histologically, they
have porphyry, hialoporphyritic, microlithic porphyry, and
glomeroporphyritic. Iron oxides or opaque minerals are
the accessory minerals of these rocks and makeup about
5 vol.% of the rock. Secondary minerals of these rocks
include calcite, chlorite, epidote, and iron oxides produced
through the decomposition of plagioclases. Iron oxides also
appear in the matrix of these rocks (Fig. 2a).

B) Basaltic andesite: This sample is seen in a macroscopic
scale or hand sample in a dark gray color. Under the mi-
croscope, they show plagioclase and pyroxene phenocrysts
in a fine-grained matrix. These rocks have porphyritic,
microlithic porphyritic, hialoporphyritic, and glomeropor-
phyritic textures. Plagioclases are anhedral to subhedral and

Figure 2. a) The presence of plagioclase and quartz as the main minerals in rhyolite to rhyodacite tuff, b) plagioclase minerals (with banded and zoned
twins), pyroxene, alkaline feldspar, and opaque minerals in basalt, ¢) plagioclase minerals (with sieve texture, polysynthetic) and pyroxene in basaltic
andesite, d) Euhedral to subhedral crystals of plagioclase and biotite in trachyandesite, and e) Microscopic section of pyroxene, opaque minerals, and
twin-bearing plagioclases in basaltic andesite (all minerals were investigated under the XPL light).
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have a polysynthetic twinning or zoning structure. Most of
these crystals are saussuritized along with the twins and cen-
ters. Based on extinction angle measurements (An 34 — 38),
the rocks are of oligoclase-andesin type. Along the twins
and on the decomposed surface, its effects can be seen
on the crystal surfaces. Some pyroxenes have been de-
composed into filamentous amphiboles or auralites. The
accessory mineral of these rocks is olivine, which has been
metamorphosed into serpentine. Calcite, chlorite, epidote,
and serpentine Iron oxides are the secondary minerals of
this rock, generated due to the decomposition of plagioclase
and mafic minerals. Opaque minerals and iron oxides are
also observed in the rock matrix (Fig. 2c).

C) Andesites: They are seen in macroscopic scale or hand
sample as gray to grayish pink. Under the microscope, they
show plagioclase and pyroxene phenocrysts placed in a mi-
crocrystalline matrix. They have porphyritic, microlithic
porphyritic, hialoporphyritic, and glomeroporphyritic tex-
tures. Plagioclases are euhedral to subhedral and have
polysynthetic twinning and, sometimes, a zoning structure.
Based on the extinction angle measurement (An 28 — 34),
they are oligoclase-andesine type. Pyroxene crystals show
the properties of augite and possibly Aegirine augite. The
opaque minerals are the accessory minerals of these rocks,
making up about 5% of the rock in thin-section samples.
Calcite, sericite, chlorite, and iron oxides, as the secondary
minerals of these rocks, have resulted from the decomposi-
tion of plagioclase and pyroxene (Fig. 2c and 2e).

D) Basalt: Basalt is seen as gray to dark gray in the field and
hand sample. Under a microscope, plagioclase phenocrysts
are highly altered, and pyroxene crystals are anhedral. They
have porphyritic and glomeroporphyritic textures. Some
plagioclase minerals show a zoning structure and have com-
pletely degraded to chlorite and calcite. Based on their
extinction angle measurement (An 28 — 36), they are of the
oligoclase-andesine type. In terms of their frequency, they
make up 25 to 30 vol.% of the rock sections. Based on
crystallographic and optical properties, pyroxenes are of
the augite type. These minerals, together with plagioclase,
show an ophitic texture. In terms of their frequency, they
make up 10 to 15 vol.% of the rock in the thin section. Ac-
cessory minerals are often iron oxides or opaques. Also,
the secondary minerals of these rocks are calcite, chlorite,
epidote, clay minerals, and iron oxides such as hematite,
which are produced through the degradation of plagioclase
and pyroxene (Fig. 2b).

E) Trachyandesites: These rocks appear gray to dark gray
in the field. Under the microscope, they contain plagioclas-
tic and biotite microcrystals. The texture of these rocks is
porphyritic and glomeroporphyritic. Plagioclase is seen as
euhedral to subhedral fine crystals that cannot be identified
due to decomposition. In terms of their frequency, they
make up 10 to 1 vol.% of rock. Biotite crystals with parallel
faces are well detected in the thin-section samples. They
have a direct extinction angle and appear brown to dark
brown. About 5 to 10 vol.% of the rock matrix is included.
The secondary minerals of these rocks are iron oxides found
in the rock matrix. The secondary minerals of these rocks
are calcite, chlorite, sericite, and iron oxides such as goethite
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which have formed because of plagioclase decomposition.
In some samples, zircon inclusions are observed inside the
biotite. Quartz minerals appear as microcrystals in a very
small amount (< 5 vol.%). Fine and needle-shaped apatite
crystals are observed inside the quartz minerals (Fig. 2d).

5. Geochemistry of studied rocks

Chemical effects of different processes, including differen-
tial crystallization, magmatic mixing, contamination, or a
mixture of these processes, can be distinguished through
geochemical studies. The distribution and dispersion of
various elements in the rock units of each region and the
relationship and dependence of these elements are among
the most important aspects usually considered in geochem-
ical studies (Tables 1 and 2). Using these relationships
provides an insight into the environment and processes af-
fecting the rock genesis to some extent. The rock samples
in the Yuzbashi Chay region contain high contents of SiO;
(58.17 to 67.51 wt.%) and KO + NapO (10.09 to 5.98
wt.%) (Tables 3 and 4). Based on the K,O + Na,O versus
SiO; diagram (Midlmust et al., 1994), they lie in the range
of basaltic andesite, andesite-trachyandesite, and dacite-
trachydacite. Most of the samples in this diagram are in the
sub-alkaline field (Fig. 3a). The SiO; vs. Zr/TiO, diagram
proposed by Floyd and Winchester (1977) was used for
more accurate identification of the studied rocks. In this
diagram, the studied specimens lie in the range of andesite,
trachyandesite, and dacite-rhyodacite (Fig. 3b). The K,O vs.
SiO; (LeBass et al., 1986) diagram was used to segregate
calc-alkaline, high-potassium calc-alkaline and shoshonite
rocks of the study area (Fig. 3c). As shown in Fig. 3c, these
rocks are in the range of high-potassium calc-alkaline to
shoshonite. According to the alkali-alkaline modified index
chart presented by (Frost et al., 2001), rock samples of the
study area are in the range of alkali calcic to alkali (Fig. 3d).
The formation of shoshonite magmas has been attributed to
the partial melting of the metasomatic lithosphere Conce-
icao and Green (2004). The segregation of aqueous fluids
from sediments subducted deep in the mantle, and the re-
action between these fluids with the mantle has led to the
formation of potassic magmas. This point is also confirmed
by experimental data (Wyllie and Skine, 1982; Jiang et al.,
2002).

Based on the primitive mantle-normalized spider diagram
Sun and McDonough (1989) shown in Fig. 4, volcanic rocks
of Yuzbashi Chay show enrichment in LILEs and LREEs
(Cs, Pb, and K) compared to HFSEs (Ti, P, and Nb). This
feature is similar to that of igneous rocks formed in sub-
duction zones (Perfit et al., 1980; Pearce and Peate, 1995).
This diagram shows obvious positive anomalies in U, K,
and Pb and a sharp negative anomaly in P, Zr, and Ti. This
observation suggests that apatite, zircon, titanium magnetite
and magnetite are more differentiated in these rocks and
have a negative anomaly than Ba and Sr. In addition, Ti and
Nb anomalies can also be suggestive of crustal contamina-
tion or remelting (Swain et al., 2008). In subduction zones,
trace elements and the radiogenic isotope composition of
magma are mainly controlled by the fluids that transport
elements from the subduction crust to the mantle wedge.
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Table 1. Chemical composition of rocks (major oxides in % and trace elements in ppm).

Samples S-54 S-56 S-64 S-70 S-75 S-81 S-87 S-90 S-103 S-106
Rock Andesite TrAn B TrAn Dacite-Trachy dacite BasalticTrachy andesite ~ Andesite
SiO; 56.11 57.12  57.04 5295 66.08 61.33 67.08 51.17 53.57 58.49
TiO, 0.84 0.77 0.84 0.97 0.47 0.65 0.46 0.97 0.78 0.76

AL O3 16.66 16.7 16.73 17.71 15.95 15.9 15.68 17.73 20.32 19.42

TFe; 03 7.42 6.89 6.95 8.04 2.69 5.36 2.57 8.15 7.37 6.5
MnO 3.09 3.32 3.07 3.65 0.72 2.19 0.83 2.96 2.95 2.23
MgO 0.13 0.19 0.18 0.16 0.14 0.1 0.09 0.15 0.15 0.1
CaO 5.13 572 4.83 7.76 2 3.66 1.03 6.94 5.01 5.09
Na,O 35 3.22 3.35 3.66 4.82 3.57 4.73 3.53 3.7 342
K,O 3.32 2.85 4.21 2.32 5.27 4.98 6.02 3 3.25 2.79
P,05 0.23 0.23 0.25 0.27 0.12 0.21 0.1 0.28 0.3 0.24
BaO 0.05 0.05 0.07 < 0.07 0.05 0.08 0.05 0.05 0.05
SO3 0.07 0.07 0.06 0.11 0.05 0.08 < < < <
LOI 3.46 2.88 2.42 2.34 1.62 1.93 1.34 5.08 2.55 0.9
Total 100.01  100.01 100 99.94 100 100.01 100.01  100.01 100 99.99

Na,0/K,0 1.05 1.13 0.8 1.58 0.91 0.72 0.79 1.18 1.14 1.23
Na, 0+K;0 6.82 6.07 7.56 5.98 10.09 8.55 10.75 6.53 6.95 6.21
A/CNK 0.89 0.89 0.89 0.78 0.92 0.89 0.97 0.82 1.08 1.08
A/NK 1.78 1.99 1.66 2.07 1.17 1.41 1.1 1.96 2.11 2.24
Li 19 23 35 27 23 19 37 32 28 25
Be 1.9 2 1.8 1.8 4.1 2.7 3.8 2 2 2.1
Sc 19.1 16.9 17.2 23.7 44 11.5 42 20.8 17.4 14.8
A\ 194 183 186 252 32 161 43 252 225 174
Cr 53 37 27 47 21 35 19 49 37 37
Co 21.7 204 19.8 24.8 <1 135 <1 244 21.5 17.2
Ni 14 16 12 13 6 15 4 12 12 11
Cu 74 62 41 68 9 61 10 83 46 49
Zn 67 66 82 71 54 48 58 72 71 64
As 10.9 11.3 13.9 234 16.4 19.5 52.8 11.6 22.5 25
Rb 71 65 72 52 145 146 172 78 97 93
Sr 423 483 462 621 343 519 231 519 668 505
Y 26.2 223 234 23.7 26.6 239 26.4 233 223 23.7
Zr 168 164 183 175 372 156 416 171 156 213
Nb 12.4 8.7 7.6 10.4 15.1 15.7 18.3 12.6 9.2 13.6
Cs 0.7 1.7 2.8 0.9 2 2.5 22 23 5.9 10.1
Ba 657 637 876 530 1000 724 990 593 743 644
La 26 26 24 25 53 33 53 25 28 26
Ce 56 56 56 53 117 68 119 54 57 61
Pr 5.97 6.03 5.8 5.58 10.7 7 10.9 5.74 6.07 6.28
Nd 22.7 23.1 22.1 224 38 254 37.9 222 232 24
Sm 4.5 4.29 4.65 4.19 6.64 4.89 6.54 4.38 4.72 4.58
Eu 1.59 1.55 1.75 1.59 2 1.57 1.97 1.67 1.71 1.57
Gd 3.62 3.56 3.55 3.51 4.76 3.79 4.72 3.53 3.55 3.7
Tb 0.65 0.62 0.64 0.63 0.75 0.64 0.76 0.63 0.61 0.65
Dy 4.03 3.85 3.84 3.8 4.4 391 4.58 3.76 3.73 4.23
Er 222 2.06 2.11 2.08 2.63 2.15 2.6 1.99 1.95 227
Tm 0.32 0.33 0.33 0.31 0.41 0.34 0.42 0.3 0.28 0.35
Yb 3 2.7 2.8 32 1.8 24 1.6 32 3 2.7
Lu 0.38 0.37 0.37 0.34 0.49 0.42 0.5 0.35 0.34 0.42
Ta 0.93 0.62 0.55 1.2 1.01 1.13 0.89 0.89 1.11 1.04
W 1.3 1 1 1.4 1.9 2.1 22 29 2.2 1.6
Pb 1 1 1 1 18 5 8 1 1 1
Th 7.94 9 7.03 8.44 2244 2124 24.31 10.6 6.95 10.28
U 24 2.52 2.1 2.8 6.7 5.7 6.5 2.7 2.15 35
Hf 4.12 3.98 4.16 4.06 8.37 4.03 9.46 4.09 3.42 5.11
Mg# 50 54 52 52 39 50 44 47 49 45
Eu/Eu* 1.21 1.22 1.32 1.27 1.09 1.12 1.09 1.31 1.28 1.17
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Table 2. Chemical composition of rocks (major oxidesin % and trace elements in ppm).
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Samples S-110  S-114  S-117  S-120  S-123  S-128  S-134  S-139  S-147
Rock Andesite Dacite-trachy dacite TrAn
SiO, 57.64 58.08 58.13 6247 63.19 6391 6356 6395 58.78
TiO, 0.73 0.73 0.76 0.45 0.42 0.38 0.4 0.39 0.68

Al O3 19.64 1949 1943 1882 1875 18.12 187 18.05 16.89

TFe; 03 6.47 6.24 6.05 4.1 3.89 3.67 3.61 3.64 6.38
MnO 2.51 2.4 2.26 0.9 1.37 0.8 0.62 1.04 2.58
MgO 0.09 0.09 0.08 0.08 0.06 0.1 0.07 0.05 0.1
CaO 5.18 5.03 4.98 3.76 3.14 3.13 3.05 3.19 4.53
Na,O 3.28 3.24 3.39 3.51 391 3.45 3.35 3.71 2.74
K,O 2.58 2.54 2.63 3.64 3.55 3.68 4.04 4.47 3.37
P,0s5 0.22 0.25 0.25 0.17 0.18 0.16 0.15 0.16 0.19
BaO < < 0.05 0.06 0.07 0.07 0.07 0.07 0.05
SO3 < < < < < < < <
LOI 1.67 1.91 2 2.03 1.48 2.52 2.38 1.27 3.71
Total 100.01 100 100 99.99 100.01 99.99 100 99.99 100

Na,0/K,0 1.27 1.28 1.29 0.96 1.1 0.94 0.83 0.83 0.81
Na,0+K;0  5.86 5.78 6.02 7.15 7.46 7.13 7.39 8.18 6.11
A/CNK 1.11 1.13 1.11 1.14 1.17 1.18 1.21 1.08 1.03
A/NK 24 241 2.3 1.94 1.82 1.87 1.89 1.65 2.07
Li 46 38 32 26 27 25 23 30 40
Be 1.5 1.6 1.6 2 2 2.3 2.3 2.1 1.6
Sc 11.6 12.6 12.3 6.1 55 5.1 53 5.5 13.9
v 141 143 142 74 71 54 69 71 136
Cr 34 29 31 21 20 22 20 24 70
Co 13.8 14 14 6.3 5.8 4 44 52 17.9
Ni 6 5 6 7 5 4 5 6 21
Cu 47 38 58 23 22 25 19 18 42
Zn 42 52 57 40 35 33 29 31 39
As 16.8 21.1 18.2 10.5 8.7 12.9 11.2 15.7 17
Rb 94 88 81 110 77 92 105 120 93
Sr 398 404 403 441 438 384 378 401 348
Y 19 18.9 19.6 13.5 12.7 12.8 12.8 13.7 14.8
Zr 160 175 183 54 49 47 47 56 111
Nb 12.6 13.3 13.1 9.5 9.5 9.9 11 11.8 8.8
Cs 13 15.4 10.4 32 2.1 34 3.6 1.5 43
Ba 526 536 549 672 662 675 695 720 554
La 20 20 22 24 24 24 25 25 16
Ce 46 48 50 44 44 44 44 45 33
Pr 6.18 6.31 6.4 5.76 5.7 5.78 5.61 5.86 4.36
Nd 23.1 24 25 19.7 20 20.2 19.3 20.9 17
Sm 4.38 4.65 4.97 3.64 3.56 3.73 35 3.64 3.29
Eu 1.55 1.56 1.68 1.5 1.48 1.5 1.51 1.5 1.31
Gd 3.63 3.61 3.82 2.96 3.07 3.04 2.86 3.09 2.81
Tb 0.64 0.64 0.68 0.47 0.5 0.48 0.45 0.48 0.51
Dy 3.9 3.94 431 2.51 2.63 2.64 2.35 2.57 3.04
Er 2.19 2.13 242 1.35 1.41 1.39 1.26 1.33 1.68
Tm 0.35 0.32 0.37 0.2 0.21 0.21 0.2 0.21 0.25
Yb 22 22 22 1.4 1.3 1.3 1.3 1.3 2.1
Lu 0.39 0.37 0.42 0.26 0.26 0.26 0.25 0.28 0.31
Ta 1.02 1.07 0.99 0.75 0.84 1.17 0.96 1.19 0.67
A\ 1.6 1.6 1.5 1.3 1.2 1.6 1.7 1.6 1.1
Pb 1 1 1 3 1 2 5 2 1
Th 9.53 9.04 8.98 8.01 8.45 8.59 9.11 9.45 7.72
U 2.8 2.7 2.7 1.8 2 2.18 2 2.6 2.1
Hf 4.65 4.89 5.44 1.62 1.8 1.64 1.53 1.92 322

Eu/Eu* 1.19 1.17 1.19 1.4 1.38 1.37 1.47 1.37 1.32

Mg# 48 48 47 34 46 34 29 41 49
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Table 3. determining the type of plagioclase using Spreadsheet.

Rock name Sample An Ab Or
Basalt S114 | 74.216 | 24.52 | 1.260
Basaltic andesite S 106 89.949 | 8.56 1.483
Andesite S139 | 47.803 | 4596 | 6.23

Andesite basalt to basalt S 117 59.578 | 35.24 5.17
Andesite basalt to basalt S 117 70.234 | 24.80 | 4.95
Basaltic anddesite to basalt S 54 99.95 0 0.048

Basaltic andesite S 106 95.93 3.69 0.36

Table 4. Determining the type of plagioclase and pyroxene using an Excel spreadsheet.

Sample No. Wo En Fs
S117 59.00563 | 35.20067 | 5.793703
S106 95.60706 0 4.392935
S106 95.64433 0 4.355665
S106 95.69973 0 4.300272
S114 96.90859 0 3.09141

S64 60.06532 | 39.93468 0
S54 93.96988 0 6.030117
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Figure 3. a) diagram classification (Midlmust et al., 1994) for Yuzbashi Chay volcanic rocks; samples are in the range of basaltic andesite, andesite, and
dacite-trachydacite, b) the studied samples are in the range of andesite, trachyandesite, and dacite-rhyodacite, c¢) K,O vs. SiO, (LeBass et al., 1986)
diagram; the volcanic rocks of the study area are in the range of high k calc-alkaline to shoshonite, and d) NayO + K,0-CaO vs. SiO, (Frost et al., 2001);
samples lie in the range of calcic to alkali.

Therefore, the mantle is expected to be enriched in LILEs  positive Pb anomalies (Zheng, 2019). (Kamber et al., 2002)
(e.g., Cs, Rb, and U) and LREEs (water-soluble elements  believe there is a positive Pb anomaly due to metasomatism
such as Th and Pb). On the other hand, it will be depleted  of mantle wedge caused by fluids from the subducted crust
from HSFEs (e.g., Nb, Ta, Ti, Zr, and Hf) and HREEs, but  or magma contamination with continental crust. In general,
enriched in Pb, leading to negative Nb-Ta anomalies and  significant negative anomalies of HFSEs (e.g., Nb, Ti, and
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Figure 4. Trace elements variation in the primitive mantle-normalized diagram (Sun and McDonough, 1989).

Zr) and positive anomalies of LILEs (e.g., Cs, K, Th and
U) are inferred from the properties of magmas related to
subduction zones (Gill, 2010; Leuthold et al., 2013) and the
generated magmas are related to an arc environment (Kele-
men et al., 2003). LILE enrichment is caused by adding
water-soluble elements by fluids derived from melting a
dehydrated subducted piece crust into a mantle wedge (Tat-
sumi et al., 1986). However, due to the immobility of the
HFSE elements in these fluids, HFSE depletion suggests the
previous depletion of these elements in the mantle wedge
(Elliott, 2003). Hence, the fluids released have higher LILE
and LREE concentrations than HFSEs.

In this study, Keskin (2002) diagrams were used to deter-
mine factors controlling the distribution of trace and rare
elements abundance during fractional crystallization in vol-
canic rocks. Geochemical modeling of Yuzbashi Chay vol-
canic rocks shows that different minerals have been involved
in amount changes of incompatible elements. These miner-
als control the amount of the elements during differential
crystallization. Based on the modeling results and the trend
of LREEs and HREEs, partial melting is mainly controlled

by garnet (Figs. 5a and 5b). Fig. 5c represents the HFSEs
(e.g., Nb, P, and Ti) adsorbed by clinopyroxene, ilmenite,
and apatite from the melt. Studying LILEs (Ba, Sr, and Rb)
shows that plagioclase and biotite were the main factors
controlling and distributing these elements (Figs. Se and 5f).
In other words, negative anomalies of Nb, P, Ti, and Ba can
be due to differentiation of ilmenite, plagioclase, biotite,
and, probably, apatite. The differentiation of these minerals
is also consistent with their petrographic properties.

The tectonic environment of Yuzbashi Chay volcanic rocks
was evaluated using graphs designed based on the abun-
dance of trace elements inactivity vs. alteration and weath-
ering processes (Pearce et al., 1984). These diagrams are
used to segregate continental and arc-related tectonic envi-
ronments. Based on the (Rb/30-Hf-Ta x 3) diagram (Harris
et al., 1986) in Fig. 6a, most of the samples are in the vol-
canic arc and post-collisional range. Also, Rb vs. Y + Nb
diagram ((Pearce et al., 1984)Fig. 6b) suggests a VAG range
for the studied samples, and most of these samples are in
the Post-COLG range. In addition, according to the Th/Yb
vs. La/Yb and Nb/Yb vs. Th/Yb diagrams ((Pearce et al.,
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Figure 5. Geochemical-mineralogical diagrams for a) and b) REEs c) and d) HFSEs, e) and f) LILEs (Keskin, 2002); Abbreviations for minerals were
extracted from Whitney and Evans (2010). PI = Plagioclase; Cpx = Clinopyroxene; Bt = Biotite; Amp = Amphibole; Ap = Apatite; Ilm = IImenite; Grt =

Garnet.
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Figure 6. Characteristic diagrams of tectonic environments: a) Rb/30-Hf-Ta x 3 (Harris et al., 1986), b) Rb vs. Y + Nb (Pearce et al., 1984), ¢c) La/Yb
vs. Th/Yb, and d) Th/Yb vs. Nb/Yb (Pearce et al., 1984); the studied samples show the post-collision tectonic environment related to continental arcs.

1984)Figs. 6e and 6d), all rock samples are in the continen-
tal arc range. Based on tectonic environment separation
diagrams, these samples are located in volcanic arc fields.
Thus, it is likely that they have formed in a volcanic arc
related to the oceanic crust subduction.

SiO; content of Yuzbashi Chay volcanic rocks is in the
range of 51 to 67 wt.%. In comparison, the SiO, content of
magma from molten material is less than 57 wt.% (Baker
et al., 1995), suggesting that these rocks do not make the
primary magma produced from partial melting. Similarly,
Mg# values for the primary arc melts are usually greater
than 70 (Schmidt and Jagoutz, 2017) While this ratio is
29 — 54 in the studied rocks. This result means that these
volcanic rocks are formed from mantle-derived magma af-
ter differential crystallization in the magma chamber (Xu
et al., 2019). The concentrations of LILEs and LREEs and
negative anomalies of Nb, Ta, and Ti suggest that the origin

of these rocks is not an asthenospheric mantle like OIB
or MORB (Hofmann, 1997). In addition, asthenosphere-
derived basalts have a high Nb to La ratio (> 1) and a low
Th to Nb ratio (< 1) (Saunders et al., 1992). These ra-
tios are inconsistent with those of the studied samples (i.e.,
Nb/La = 0.28 to 0.67 and Th/Nb = 0.64 to 1.49). There-
fore, it is unlikely that a completely mantle source from the
asthenosphere is responsible for the formation of these vol-
canic rocks. In fact, negative anomalies of Nb-Ti, positive
anomalies of Pb a (Fig. 4), high La/Ba ratios (1.50 to 3.51),
and low La/Ba ratios (0.03 to 0.05) show the typical fea-
tures of a subducted modified lithosphere mantle (Fig. 7a,
(Saunders et al., 1992)). Fluid-bearing melts have a much
higher HFSE transfer potential than aqueous liquid phases.
In comparison, LILEs can be transported more efficiently
in these media instead of being melted by liquids (Hermann
et al., 2006; Chen et al., 2018). Therefore, the relative
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Figure 7. a) La/Ba vs. La/Nb (Saunders et al., 1992), b) Nb/Ta vs. SiO, (Marilyn & Gontier, 2020), indicating a common lithospheric origin for the
studied samples; ¢) Th/Yb vs. Ba/La, d) Sr/La vs. La/Yb (Saunders et al., 1992); ¢) Rb/Y vs. Nb/Y (Bhat et al., 2019), indicating the role of slab fluids

in the petrogenesis of these rocks.
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contribution of two metasomatic factors in the formation
of the studied volcanic rocks can be sought using the ratio
of trace elements that have a certain fluid mobility (Chen
et al., 2018). To identify the role of slab-related fluids and
enrichment process, we used trace element ratio variation
diagrams of Sr/L vs. La/Yb, Th/Yb vs. Ba/La (Saunders
etal., 1992), Nb/Y vs. Rb/Y (Bhat et al., 2019) (Fig. 7b, 7c,
and 7d). All samples show evidence for plate metasomatism
and represent a mantle origin affected by metasomatism. As
shown in Figs. 7, the samples examined have a wide range
of Ba/La ratios (18.68 to 36.50) but uniformed Th/Yb ra-
tios (2.31 — 12.47), indicating the important role of fluids
from slabs in the petrogenesis of these rocks.

6. Subduction-modified CLM:
Subduction-modified crust contaminated
with the lithospheric mantle

According to (Shervais2019), the average crystallization of
olivine, plagioclase and clinopyroxene does not affect the
ratio of some HFS elements (e.g., Zr/Nb, La/Sm, La/Yb,
Ce/Yb). Hence, their variations are used to obtain differ-
ences in the melting degree and even infer the relative depth
of melting (Wendt et al., 1999; Condie, 2005; Pearce, 2008;
Gounti “e-Dedzo et al., 2019; Asaah et al., 2020). Diagrams
of some of these ratios for the examples in this study are
provided in Fig. 8.

According to the diagram proposed by (Chen et al., 2013),
all samples are placed on the melting curve of peridotite
garnet with a melting degree of 5 to 20% (Fig. 8a). Fig. 8b
shows the variations of Sm against the Sm/Y (Zhao and
Zhou, 2007) for the studied volcanic rocks. As can be
noticed from this figure, the studied samples in terms of
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Figure 8. a) the La/Yb vs. Sm/Yb diagram (Chen et al., 2013) and b)
Sm/Yb vs. Sm diagram (Zhao and Zhou, 2007).
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abundance of Sm and Yb have a similar composition to the
melt derived from the enriched mantle. Overall, we suggest
that the magma of these rocks is most likely produced by
partial melting of mantle wedge enriched by liquids derived
from metasomatized slabs. Studying the Sm/Yb versus
Sm indicates that the studied volcanic rocks have a low-
to-medium melting degree (20 — 5) from a Garnet-Spinel
lherzolite mantle (Fig. 8b).

7. Determination of plagioclase and
clinopyroxene minerals based on the
chemical composition

A. Plagioclase

On a triangular Or-Ab-An chart from Deer et al.,
1991 (Fig. 9), plagioclases from the igneous rocks of
the study area fall in the Labradorite and Bitonite
zone. The chemical composition of plagioclase phe-
nocrysts varies from An89.94Ab8.560r1.48 to An95.93
Ab3.670r0.36 in basaltic andesite, from Angg 95AbyOrg 47
to Anyg23Abo4.800r4 95 in basaltic andesite to basalt, and
Anj 76Abo4 500r4 - in basalts.

B. Pyroxene

The classification diagram proposed by Morimoto et al.,
1988, was used to determine the exact type of pyroxenes.
Pyroxenes have a composition range of diopside to augite.
The approximate chemical composition of clinopyroxene
phenocrysts is Enzg.93 Fsg Wogg.o6 in basalts and Eng Fs3.93
Wos9 5 to Enss o9 Fsg 30 Woge 99 in andesitic basalts.

8. Techno-magmatic environment

The Neotethys ocean has formed and expanded due to the
creation of the Upper Carboniferous-Early Permian rift
in the south of the Cimmerian plate (Bront et al., 2003;
Glonka et al., 2004). This collision did not happen simul-
taneously, but it happened obliquely and gradually so that
first Alborz and then Lut block collided on the Turan con-
tinental shelf (Glunka et al., 2004). After the Eocene, the
subduction slope has changed. This slope change has led
to the upwelling of mantle materials (Verdel et al., 2011).

Or

Andesite: @
basaltic andesite: [JJjj

basalt:‘

Anorthoclase

4

Ab ‘Abite Oligoclase Andesine Labradorits Bﬂowanite

Figure 9. The triangular Or-Ab-An chart from Deer et al., 1991; in this
figure, circle, square, and diamond denotes andesite, basaltic andesite, and
basalt, respectively.
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The migration of these enriched magmas and their mixing
with crust magmas cause the creation of dual-composition
rocks. Dual-state volcanic assemblages usually occur in
post-collision extension tectonic settings, within fractures,
or back-arc fractures (Zhang et al., 2008; Chen et al., 2013;
Su et al., 2018; Zhang et al., 2017; Chen et al., 2018).
Fig. 10 presents a schematic tectonomagmatic model for the
magmatism origin in the study area (inspired by (Verdel et
al., 2011; Moghadam et al., 2018)). Late Eocene-Miocene
magmatic activity in central Alborz might be due to slab
rollback and probably an extension regime (Keshtkar and
Ghorbani, 2016). Therefore, according to this model, these
rocks have formed due to the rollback of the subducted plate
during subduction and mantle magma upwelling and melt-
ing of young mafic continental crust beneath this belt due
to lithospheric extension during the Late Eocene (Figs. 5-8).
The expansion of the asthenosphere provides the heat motor
required to melt the crust. As a result, the asthenosphere is
decompressed and then upwelled to provide the heat needed
to melt the lower crust and form the studied rocks. After
melting the lower crust and forming these rocks, this heating
source may be affected by magmatic transformation pro-
cesses such as crystallization and digestion of crustal rocks
and contamination with crustal materials, and thus become
alkaline in nature. Slab rollback (in the back of the subduc-
tion plate) in the asthenosphere mantle leads to the overflow
of the young asthenospheric mantle. The upwelling astheno-
sphere mass probably settles in the shallow asthenosphere
in the lower lithosphere (80 km >) and creates a small-scale
geochemical heterogeneity. Accordingly, magma forms a
basin at the base of the crust that can transfer heat and mass
to the lower crust, allowing more crust to be produced and
assimilated. Hence, calc-alkaline pyroxene and magnetite
are formed without plagioclase to produce these volcanic
rocks.
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Figure 10. Schematic of tectonic evolution and subduction of the oceanic
lithosphere of Neotethys below the Iranian plate in Western during the
Eocene: 1) Source enrichment with water and melted sediments, 2) partial
melting of subduction plate of peridotite mantle, 3) Pool creation at the base
of the crust allows segregation of calc-alkaline pyroxene and magnetite
to produce high alumina basalts, 4) Crust assimilation and differential
crystallization of calc-alkaline plagioclase, amphibole, biotite, and zircon,
5) Differential crystallization and crustal contamination.
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Overall, it is concluded that the high Al content, as a result
of extensive differential crystallization with delay in pla-
gioclase, was probably due to high water content instead
of high-pressure crystallization. Thus, the magma forming
the studied rocks originated from the hydrated astheno-
spheric mantle wedge, located on the subduction plate of
the oceanic lithosphere. Meanwhile, crustal assimilation dif-
ferentiates plagioclase, calc-alkaline pyroxene, magnetite,
amphibole, and biotite. Ultimately, initial melting leads
to forming low magnesium and high alumina basalts. As
shown in Fig. 10, in the aqueous magma pool at the base
of the crust, crustal assimilation and differentiation of calc-
alkaline pyroxene and magnetite occur without plagioclase
and zircon. Accordingly, magma upwelling through the
crust leads to the crystallization of plagioclase and finally
zircon. In general, the partial melting of the metasomatized
continental lithosphere mantle (SCLM) leads to forming of
mafic volcanic rocks. Meanwhile, partial crystallization of
mafic magma causes intermediate and felsic volcanic rocks.

9. Conclusion

Field surveys and mineralogical, petrographical, geochemi-
cal, and petrological studies of volcanic rocks, including
lava and tuff, show that volcanic rocks were acidic in
the Early Eocene and intermediate and basic in the Late
Eocene. Various types of rocks were identified, including
basalt, basaltic andesite, andesite, trachyandesite, trachyte,
rhyodacite, and rhyolite tuffs. Geochemical studies showed
that the specimens are located in the calc-alkaline-alkaline
range, and all rocks are in the high potassium-shoshonitic
range, confirming their lithosphere mantle and role of
differential crystallization in the evolution of Yuzbashchai
volcanic rocks. These volcanic rocks at high depths
(70 — 80 km) have formed in an enriched mantle source and
arollback setting.
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