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Abstract

In the Western Alborz-Azerbaijan Block, Eocene volcanic activity generated a suite of volcanic-pyroclastic rocks and
marine lavas of Middle Eocene age. The study area is located 45 km north of Zanjan, in the central part of the Tarom-
Hashtjin subzone within the Western Alborz-Azerbaijan structural zone, northwestern Iran. This research aims to
investigate the regional tectonomagmatic evolution of Eocene volcanic-pyroclastic rocks and their significance for
mineralization in the study area. Petrographic and geochemical studies of these rocks in the Rashid Abad district

This article has license CC BY 4.0 https://creativecommons.org/licenses/by/4.0/



Accepted manuscript (author version)

illustrate a compositional range from acidic to intermediate-basic, ranging from rhyolite to basalt. Based on the
geochemical data, the rocks exhibit a high-K calc-alkaline to shoshonitic series. According to the geochemical data,
these rocks are mainly enriched in LREEs (e.g., Nd, Ce, La, and Sm) and LILEs (e.g., Rb, Cs, Pb, and K) but are
depleted in HFSEs (e.g., Ti and Nb). Furthermore, the REE patterns indicate a negative Eu anomaly. These
geochemical characteristics show the obvious features of the magmatic arc and magmatic activity related to
subduction, which were derived from the involvement of released fluids from a subducted oceanic slab in the
enrichment of magma elements. The ratios of Nb/U, Ce/Pb, Nb/U vs. Ce/Pb, and Na/Ta confirm the influence of
crustal contamination in the area. The Nb/Y vs. Rb/Y ratios also demonstrated that the rocks were enriched in the
subduction zone and experienced crustal contamination. The fractional crystallization (FC) trend was proved by the
decrease in the concentrations of MgO, FeOy, Fe;03, Ca0, TiO,, Al,O3, Na;O, and P,Os with increasing SiO,. The FC
of pyroxene, plagioclase, and Fe-Ti oxides is the primary process in the magmatic evolution of the Rashid Abad
volcanic and pyroclastic rocks. Moreover, the Ba/Rb vs. Rb ratio highlights the influence of crustal contamination
associated with FC process within the upper crust. According to the tectonic discrimination diagrams, the rocks of the
region exhibit characteristics of a magmatic arc setting related to an active continental margin arc in a subduction
zone. Furthermore, the Nb/Y ratio, which varies below 1.72, confirms the presence of an active continental margin
setting in the Rashid Abad district. The Eocene andesites and andesite basalts of the study area originated from the
partial melting of a spinel lherzolite source, whereas dacitic and rhyolitic magmas formed by partial melting of the
lower amphibolite crust. Based on these studies and results, it can be concluded that the primary magma of these rocks,
of mantle origin, probably originated from partial melting of subducted oceanic crust and was metasomatized by fluids
derived from a subducted slab. Finally, as the magma ascended through the crust or interacted with a shallow-level
crustal magma chamber, it became contaminated with crustal material before undergoing fractional crystallization and
eventually was suffered from FC.

Keywords: Magmatic evolution, Active continental margin, subduction, Tarom-Hashtjin, Rashid Abad (Rashtabad)

1. Introduction

According to Alberti et al. (1980), the young magmatic zone is situated between the Black and Caspian Seas, and
extends into central Anatolia (Fig. 1a). This area is referred to as the Azerbaijan Magmatic Province. Later studies,
such as Azizi et al. (2006), refer to this region as the 'Alborz-Azerbaijan Block,' which includes the western Alborz
and northwestern Iran. The Alborz magmatic belt, oriented east-west, is divided into western and eastern parts by the
north-south Rasht-Takestan fault (Fig. 1b). The western part, referred to as the "Alborz-Azerbaijan Magmatic Belt"
(AAMB), is subdivided into two mineralized provinces: (1) the Ahar-Arasbaran Belt (AAB) in the north and (2) the
Tarom-Hashtjin Metallogenic Province (THMP) in the south (Fig. 1b). The Alborz magmatic cycle in the Eocene-
Oligocene led to the formation of a large assemblage of volcanic, intrusive, semi-intrusive, and pyroclastic igneous
rocks in the Tarom-Hashtjin mineralization zone, creating numerous mineral deposits (Hajalilo, 1999; Ghorbani, 2007;
Abdolahadi et al. 2025; Salehpour et al. 2025). The THMP Zone is one of the most important metallogenic provinces
in Iran. It hosts porphyry-epithermal mineralization associated with Eocene to Oligocene volcanic and plutonic events
(Seyyedi et al., 2022). In the THMP, numerous studies have been conducted (e.g., Ahmadian, 1991; Moayyed, 1991,
2001; Hajalilo, 1999; Asiabanha and Foden, 2012; Nabatian et al., 2012, 2014, 2016; Yazdi et al. 2016; Ghasemi Siani
et al., 2015, 2020, 2022; Aghazadeh et al., 2015; Otari and Dabiri 2015;Mokhtari et al., 2016; Feyzi et al., 2016,
Mehrabi et al., 2016; Kouhestani et al., 2017, 2018a, 2018b, 2019; Mollai et al. 2021; Nazari et al. 2023; Ousta et al.
2024). This belt hosts several deposits, including iron deposits such as Morvarid and Sorkheh-Dizaj (Nabatian, 2012);
copper deposits, including Aliabad-Khanchay (Mokhtari et al., 2016; Kouhestani et al., 2018a) and Aghkand (Feyzi
et al., 2016; Kouhestani et al., 2017); copper-gold deposits, such as North Chargar (Naderlou et al., 2020), Goloujeh
(Ghasemi Siani et al., 2015; Mehrabi et al., 2016), Khalyfehlou (Esmaeli et al., 2015, 2019; Hosseinzadeh et al.,
2016),and Lubin-Zarde (Zamanian et al., 2020); the Nikoueieh polymetallic epithermal deposit (Aghajani et al., 2016,
2020), and the Dehanj manganese deposit (Nabatian et al., 2012). Most studies in this area focus on existing
mineralizations, while less attention has been directed to the lithology and geochemistry of volcanic rocks and
intrusive masses. The background for the study area includes geological and geophysical maps, reports, and other
studies conducted in the region. The most significant base maps for the region include the 1:250,000 Bandar Anzali
geological map (Clarc et al., 1975), the 1:100,000 Hashtjin geological map (Faridi and Anvari, 1996), the 1:250,000
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Bandar Anzali acromagnetic map (Clarc et al., 1975), and the systematic geochemical explorations of the 1:100,000
Hashtjin area (TOZ Co., 2003). Additionally, reports have been published by various researchers and organizations,
including Sadr Jahan Mines Development Company (2013, 2016, 2017). Tertiary metallogenesis in the Western
Alborz-Azerbaijan (Mianeh-Hashtrood) region, particularly in the Hashtjin area, was also studied by Hajalilo (1999).
Additionally, studies have been conducted on the alterations, mineralization, and economic geology of copper and
gold in the region (e.g., Hajalilo and Khakzad, 1999; Chichaki and Mokhtari, 2002; Afzali, 2010; Afzali et al., 2010;
Baranpurian et al. 2014; Ajalli et al., 2017, 2021; Dabiri et al. 2018; Yazdi et al. 2019; Seyyedi et al., 2022; Yazdi et
al. 2022; Ashrafi et al. 2024). However, the lithological, geochemical, tectonic-magmatic patterns, and magmatic
evolution related to the formation of volcanic-pyroclastic rocks in the Rashid Abad region have received less attention.
A detailed investigation and understanding of these features is crucial for identifying the precise pattern of
mineralization in the Rashid Abad area and its surroundings within the THMP. The volcanic and pyroclastic rocks of
the Rashid Abad region are part the Eocene volcanic belt, which is situated in the central section of the Tarom-Hashtjin
subzone within the Western Alborz-Azerbaijan structural zone. Consequently, this research aims to investigate the
importance of regional tectonomagmatic evolution in the mineralization of the Rashid Abad volcanic and pyroclastic
rocks. To achieve this purpose, petrogenesis, tectonomagmatic setting, and magmatic evolution of the Eocene volcanic
and pyroclastic rocks in the study area were analyzed.
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Figure 1. (a) Location of the study area within the Alpine-Himalayan orogenic belt, highlighting the boundaries of
the Iranian, Eurasian, Anatolian, and Arabian plates (Woudloper, 2009). (b) Location of the Tarom-Hashtjin
Metallogenic Province (THMP) within the Alborz-Azarbayejan Magmatic Belt (AAMB), NW Iran. The AAMB is
subdivided into the Ahar-Arasbaran Belt (AAB) in the north and THMP in the south (Ghasemi Siani et al., 2015;
Mehrabi et al., 2016).

2. Geological background
2.1. Regional geological setting

The Alborz magmatic belt, oriented east-west (E-W), is located in northern Iran. It is 600 km long and 100 km wide.
The Alborz range is part of the Alpine-Himalayan orogeny, formed by the convergence of the Central Iranian and
Eurasian plates since the late Triassic (Shokri et al., 2020) (Fig. la). Based on structural trends in Iran, tectono-
magmatic settings can be divided into eight segments: (1) the Zagros fold belt, (2) the Zagros thrust belt (Neotethyan
suture zone), (3) the magmatic-metamorphic Sanandaj-Sirjan zone (SSZ), (4) the Urumieh-Dokhtar Magmatic Arc
(UDMA), (5) the Central Iran Block (CIB), (6) the Alborz Magmatic Arc (AMA), (7) the Alborz- Kopeh Dagh belt,
and (8) the Eastern Iran/Makran zone (Fig. 2a) ( Stocklin, 1968; Stocklin and Nabavi, 1973; Alavi, 1994). The opening
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and closing of the Tethyan Ocean in several consecutive stages have controlled the evolution of these fragments. The
closure of the Paleo-Tethys along the "Paleo-Tethys suture zone" in the north of the Alborz magmatic arc, combined
with the collision of the Central Iranian and Eastern Iranian microcontinents with Eurasia, led to the formation of the
Alborz-Kopeh Dagh belt (Berberian and King, 1981; Sengér, 1984; Alavi, 1996; Hollingsworth et al., 2010) (Fig. 2a).
The Alborz Magmatic Belt formed during two main orogenic cycles (Sengor et al., 1993; Zanchi et al., 2006): (1) the
extinction of the Paleo-Tethys in the Late Triassic (Cimmerian) and collision of the Iranian Plate with Eurasia, and
(2) the extinction of the Neo-Tethys and deformation of intraplate re-Unauthenticated Download Date related to the
convergence of the Arabian and the Eurasian plates. In the Alborz Magmatic Arc (AMA), Eocene volcanic processes
include an assemblage of pyroclastic rocks and marine lavas from the Middle Eocene, known in Iranian stratigraphy
as the Karaj Formation (Stocklin and Eftekhar Nezhad, 1969). The Alborz magmatic belt (AMB) is divided into
western and eastern sections by the north-south Rasht-Takestan fault (N-S) (Fig. 1b). The eastern part is composed of
basic and acidic tuffs and lavas, with an alkaline to shoshonitic affinity (Blourian, 1994; Moayyed, 2001; Nabatian
and Ghaderi, 2013; Nabatian et al., 2014). The western part, referred to as the 'Alborz-Azerbaijan Magmatic Belt'
(AAMB)), is composed of andesitic to dacitic lavas and numerous granitoid bodies with a calc-alkaline to shoshonitic
affinity (Moayyed, 2001). Furthermore, these tectono-magmatic zones can be subdivided into smaller magmatic-
metallogenic provinces (e.g., Azizi and Moinevaziri, 2009; Azizi and Asahara, 2013; Azizi et al., 2019). Alborz-
Azerbaijan Magmatic Arc (Western AMA) is separated from the UDMA by a narrow fragment of the Central Iran
microcontinent, which extends northward into the Lesser Caucasus in Armenia and the Eastern Pontides in Turkey to
the north. This region is subdivided into the Ahar—Arasbaran Zone (AAZ) in the north and the Tarom-Hashtjin
Metallogenic Province (THMP) in the south (Fig. 2a). The THMP is located in the western Alborz magmatic belt
(Alborz-Azerbaijan magmatic zone), at the junction with the Urmia-Dokhtar magmatic belt (Eftekhar Nezhad, 1980;
Aghanabati, 2004; Stocklin, 1968). In the AMA, the Late Cretaceous is represented by volcanic and volcano-
sedimentary rocks in the western Alborz, and by a thick series of carbonates and marls in north-central Alborz (Brunet
et al., 2003). The Eocene was marked by widespread volcanic eruptions in Iran, particularly in the AMA region. The
Karaj Formation, along with other equivalent volcanic and volcano-sedimentary layers resulting from these eruptions,
developed in the central and western parts of the AMA Mountains within an extensional tectonic regime (Allen et al.,
2003; Ballato et al., 2010; Berberian, 1983; Hassanzadeh et al., 2002). Furthermore, the AMA 1is divided into two
magmatic-metallogenic subzones: the Ahar-Arasbaran Metallogenic Belt (AAB) in the north and the Tarom-Hashtjin
Metallogenic Province (THMP) in the south (Fig. 2b). The Tarom-Hashtjin metallogenic zone comprises sections: the
Hashtjin Mountains in the north and the Tarom Mountains in the south. The Rashid Abad mining district is located in
the center of the Tarom-Hashtjin metallogenic province (Fig. 3). Regionally, the Tarom-Hashtjin metallogenic
province contains Precambrian metamorphic basement, Cambrian and Permian metamorphic rocks, Jurassic to
Cretaceous limestone and sandstone, as well as Eocene to Oligocene volcano-plutonic rocks. The Precambrian
metamorphic unit includes schist, phyllite, and felsic rocks. The Cambrian strata consist of dolomitic marble and
phyllite. The Permian low-grade metamorphic rocks, consisting of limestone and shale, discordantly overlie the
Cambrian strata. Additionally, the Permian strata also discordantly overlie the Mesozoic rocks, which comprise
sandstone, limestone, and siltstone. The Cenozoic volcaniclastic rocks are widely distributed throughout the province
and include trachybasalt, trachyandesite, trachydacite, andesite, andesitic basalt, basalt, rhyodacite, rhyolitic lava
flows, and tuff. The plutonic rocks consist of batholiths and smaller bodies in the form of granodiorite, quartz
monzonite, and granite (Fig. 3).
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Figure 2. (a) Location of the Tarom-Hashtjin metallogenic province on the geology map of Iran (Modified after Stocklin, 1968;
Stocklin and Nabavi, 1973). (b) Schematic geological map showing the main Tertiary igneous rocks in the Tarom-Hashtjin

metallogenic province and the Ahar-Arasbaran zone, including age determinations from previous studies (Modified after Castro et
al., 2013).

Figure 3. Regional geological map of the Tarom-Hashtjin metallogenic province, showing the location of the Rashid Abad area
within the THMP (Modified after Ghorbani, 2007).
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2.2. Local geology

According to the geological map of Hashtjin (Faridi and Anvari, 1996; modified by Seyyedi et al., 2022), four major
Cenozoic rock units (Eocene to Oligocene) are present in the Rashid Abad area (Rasht Abad). The units include: (1)
a lithic-vitric tuff unit, characterized by well-layered, dark-colored deposits and representing the most extensive unit
(BY; (2) basic tuff interlayered with trachybasalt (EY?); (3) rhyolite and rhyodacite volcaniclastic flow deposits (OI'');
and (4) subvolcanic rocks, including porphyrite, dikes, sills, and laccoliths (O1*") (Fig. 4a). Based on field observations,
the most important outcrops of rock units in the study area were examined. The Eocene volcano-sediments (EY)
represent the oldest rock units in the study area, overlain by basaltic-andesite lava units. Towards the upper part of the
Eocene units, the volume of lava units decreases while the volume of pyroclastic units increases. An overview of the
tuff outcrops in the region is shown in Figure 5b. The studied tuff samples can be mainly classified as vitric tuff,
crystal tuff, and crystal-lithic tuff. Tuffs along with andesites, andesitic tuffs and agglomerate-andesite (Fig. 5¢), occur
alternately with layers of varying thicknesses (Fig. 5d) in the study area. The trend, direction, and slope of the volcano-
sedimentary and volcanic units have been altered due to tectonic deformation. This tectonic deformation is evidenced
by the crushing of tuffs in the region (Fig. 5e). Dacitic tuffs are exposed in the study area (Fig. 5f). Furthermore, due
to an erosion phase between the Eocene and Oligocene formations, volcanics and volcanoclasts deposits from the
Oligocene overlie the Eocene units with a sloping discontinuity (Fig. 5g). Finally, the youngest formations in the study
area are the Quaternary sediments (Fig. 5h).

2.3. Investigation of Faults

Figure 4b shows the map of faults dispersion in the Rashid Abad region. In this area, the rock units are displaced by
the east-west Rasht-Abad fault. There is more than one siliceous-mineralized vein in the Rashid Abad area. According
to the studies, several veins of varying dimensions have been observed, most of which are primarily connected to the
region's main vein. The general trend of the main veins and sub-veins is east-west (E-W), with a slope direction
dipping to the west at an angle of 65-70°. Most intrusive bodies exhibit an east-west trend and appear to be associated
with the main fault systems. Recently, Seyyedi et al. (2022) conducted a study in the area, integrating remote sensing
and aeromagnetic data. In this study, faults and lineaments were identified and analyzed using a sun-angle filter on
OLI band 8 (panchromatic), along with analytic signal (AS) and first-order vertical derivative (FVD) filters.
Considering that the main fault trend in this region is NW-SE (Fig. 4b), it can be confidently inferred that the
mineralization trend is likely perpendicular to these faults, oriented in the NE-SW direction. Thus, the main Rasht-
Abad fault (E-W), along with lineaments exhibiting NW-SE and NE-SW trends, were detected and extracted (Seyyedi
et al., 2022). These extracted lineaments and faults were verified using the geological map and field investigations
(Seyyedi etal., 2022) (Fig. 6a, b). Eventually, the final map of lineaments and faults for the study area was prepared
by Seyyedi et al. (2022) (Fig. 6¢).

2.4. Mineralization and Alteration

In this district, mineralization is closely associated with the Rasht-Abad fault, as the mine is situated within the fault
zone. Additionally, the other veins are located along the same fault zone. Therefore, the penetration of hydrothermal
fluids and the formation of mineralization phases are a result of the activity of faults over different periods. In fact, a
connection between the faults and mineralization phases can be proposed (e.g., Shahbazi et al., 2019). In many
sections, the main mineralization vein is composed of silica-breccia. The main siliceous-brecciaed vein is formed from
tuff, andesitic tuffs, andesite, dacite, rhyolite, trachyandesite, basaltic trachyandesite, and basalt (Fig. 7a). There are
hydrothermal alterations in this area. The most important altrations include siliceous (Fig. 7c), argillic, sericite
(phyllic), iron oxides, and propylitic (Fig. 6d). Most of the mineralization occurs along silicified hydrothermal veins,
which are abundant in the region (Fig. 7b). The silicic alteration exists in the form of silicification, vein-veinlet, and
the hydrothermal cement of breccia in the region (Fig. 7a-c). Additionally, the mineralization phases show a strong
correlation with silicic veins and silicification (e.g., Shahbazi et al., 2019). Argillic alteration can be observed around
the siliceous alteration and along the margins of the mineralized veins. Sericitization, or phyllic alteration, is primarily
associated with argillic alteration and is observed in some veins. Iron oxide alteration has also occurred due to leaching
in the region. Finally, propylitic alteration is widespread in this district, with chloritization being the most prominent
indicator of this alteration in the rocks of the region. In general, the mineralization in the area has formed in two
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hypogene and supergene phases (Figs. 7, 8). First, in the hypogene stage, magnetite was formed as the only initial
oxide mineral (Fig. 8a). Chalcopyrite as the first sulphide mineral of the hypogene phase, has been formed in the form
of a mass with a replacement texture (Fig. 8c, d). Bornite is the second mineral of the hypogene sulphide phase, often
forming through the replacement of chalcopyrite at the edges, boundaries of grains, and fractures (Fig. 8c). The second
main phase in the region is the supergene. This stage is also divided into oxide and sulfide phases. In the supergene
process, mineral enrichment occurs due to leaching of the upper parts of the deposit, driven by atmospheric water
circulation and accompanied by chemical weathering and oxidation. The oxide phase of supergene contains hematite,
cuprite, goethite-lepidocrocite, and malachite-azurite (copper carbonate). Blade and needle-shaped hematite
(specularite) is formed from the region's primary magnetite under oxide conditions, and High oxygen fugacity at the
Earth's surface (Fig. 8b). Cuprite mineral is composed from the decomposition of chalcopyrite and is observed
alongside hematite blades in the region (Fig. 8e, f). The iron hydroxides in the area include goethite-lepidocrocite
(with a rhythmic texture, Fig. 8g), which are often associated with hematite and chalcopyrite. Like cuprite, they also
formed from the decomposition of chalcopyrite along the edges and boundaries of grains, as well as in fractures (Fig.
8e-g). In the supergene phase, copper carbonates include azurite and, especially, malachite, which are highly abundant
and form through the decomposition and replacement of chalcopyrite (Fig. 8f, h). Digenite-chalcocite and covellite
are supergene-phase sulfide minerals that form along the edges of chalcopyrite and bornite as a result of their
replacement (Fig. 8d, e). Additionally, during the main mineralization stage, quartz, as the primary gangue mineral,
forms simultaneously with chalcopyrite (Fig. 8h).
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Figure 4. (a) Geological map of Hashtjin at a 1:100,000 scale. (b) Fault locations in Hashtjin at a 1:100,000 scale (Faridi and
Anvari, 1996; modified by Seyyedi et al., 2022).
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Figure 5. Outcrops of rock units in the study area. (a) Eocene volcano-sediments (EY) (view to the south and southeast). (b)
General view of the tuffs in the study area (view to the north). (c) View of tuff, andesitic tuffs and agglomerate-andesite (view to
the north). (d) View of tuffs with layering (slope direction to the northwest). (¢) View of crushed tuffs (view to the north). (f)
View of Dacitic tuffs (view to the north). (g) View of Oligocene volcanics and volcanoclasts with a sloping discontinuity on the
Eocene units (view to the north). (h) View of Quaternary sediments (view to the north).
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Figure 6. (a) view of the Rasht-Abad fault (view to the north). (b) view of faults with NW-SE and NE-SW trends (View to the
north). (d) The alteration map of the Rashid Abad mining area (Seyyedi et al., 2022).

Figure 7. (a) View of the main mineralized vein and the host rock (andesitic tuff) with an east-west trend. (b) Close-up view of
mineralization on the main silica-breccia vein, showing malachite and azurite mineralizations (east-west trend) .(c) View of
andesite containing siliceous veinlets. (d) Chalcopyrite and malachite associated with the veinlets.
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Figure 8. Stages of hypogene and supergene mineralization in the Rashid Abad area. (a) Magnetite mineralization. (b) Blade- and
needle-shaped hematite (specularite). (c) Bornite replacing chalcopyrite along the edges and boundaries of grains, and in fractures.
(d, e) Mass texture of chalcopyrite. Supergene effects, including the conversion of chalcopyrite at the margins into digenite,
chalcocite, and covellite, exhibiting replacement textures. (f) Cuprite and iron hydroxides (goethite-lepidocrocite) associated with
copper carbonate (malachite) in the supergene phase. (g) Rhythmic texture in iron hydroxides (goethite-lepidocrocite) with
chalcopyrite. (h) Quartz gangues with chalcopyrite formation. Mineral abbreviations are given in: Kretz (1983) Symbols for Rock-
forming minerals (Magnetite (Mag), Hematite (Hem), Chalcopyrite (Ccp), Bornite (Bn), Digenite (Dg), Chalcocite (Cc), Covellite
(Cv), Malachite (Mal), Cuprite (Cop), Iron hydroxides (goethite-lepidocrocite) and Quartz (Qz)).

3. Research Methods

Given the importance of volcanic-pyroclastic rocks in mineralization, particularly copper, in this region, an
investigation into their petrography and petrogenesis is essential. The samples from this region were collected from
outcrops of volcanic and pyroclastic rocks. During the field surveys and observations, a total of 42 polished thin
sections from mineralized veins and alteration zones were examined using optical microscopy. To conduct
geochemical studies, 18 whole-rock samples were collected, and their major element oxides were analyzed using the
X-ray fluorescence (XRF) method at the Kansaran Binaloud Company laboratory (Iran). Furthermore, whole-rock
trace elements, including rare earth elements (REEs), were determined by the ICP-MS (inductively coupled plasma-
mass spectrometry) method (56 elements) at the Zarazma Company lab (Iran). The XRF and ICP-MS results are
presented in Tables 1 through 4. Before processing the geochemical analysis of the studied samples, corrections for
loss on ignition (LOI) were made by removing volatile substances from the raw data. After this correction, the data
were presented in a revised table (Table 2.). Subsequently, further processing was carried out based on the data in the
revised table (Table 2.). To remove volatile substances (LOI), the LOI percentage of each rock sample was subtracted
from the sum of the total oxides of that sample. The resulting value represented the new amount of rock oxides with
volatile substances removed. Subsequently, the ratio (100 divided by the corrected oxide value) was multiplied by the
percentage of each oxide to calculate the percentages of oxides without volatile substances.
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Table 1. Major raw oxide contents (wt%) in the analyzed volcanic and pyroclastic rock samples, determined using the XRF

MnO MgO CaO

Detection Limit
001 | 0001 | 001 | 001 | 0001 | 001 | 00l | 001 | 001 | 0.001 | 001
% % % % % % % % % % %
Volcanic | 266576 | 4107478 5326 | 1.012 | 1626 | 875 | 0356 | 4.63 | 485 | 212 | 6.02 | 0312 | 2.13 | 99.70
RDA03 | Pyroclastic = 266578 | 4107466 | 1756 | 5147 | 0989 | 16.63 1352  0.685 | 358 095 | 1.16 | 642 | 0302 | 3.95 | 99.66
RDA04 Volcanic | 266579 | 4107463 | 1755 | 5471 | 1.012 | 1732 | 1021 | 0521 | 2.85 | 093 189 | 645 | 0262 | 338 | 99.54
RDAO5 | Pyroclastic = 266754 | 4107412 | 1675 | 6342 | 0812 | 1568 @ 649  0.12 | 237 059 | 005 | 462 | 0202 538 | 99.73
RDAO6 | Pyroclastic | 266748 | 4107413 | 1676 | 60.63 | 0.865 | 1537 | 9.89 | 0.156 | 2.83 | 072 | 003 | 3.02 | 022 | 592 | 99.66

RDAO8-B  Pyroclastic 266748 4107406 1677 54.89 | 1.012 | 16.34 9.05 0.372 4.29 1.69 0.72 5552 0.196 5.76 | 99.84

RDA09 Pyroclastic 266750 4107406 1675 55.78 | 0.989 16.89 8.57 0.245 3.78 1.35 0.85 6.82 0.301 4.02 | 99.60
RDA10 Pyroclastic 266877 4107432 1588 61.89 | 0.526 15.85 6.52 0.441 1.89 1.05 0.42 4.21 0.089 6.85 | 99.74
RDA12 Volcanic 266857 4107426 1601 71.35 | 0.364 13.89 3.48 0.213 1.39 0.41 0.21 6.76 0.047 1.62 | 99.73
RDIO1 Volcanic 266577 4107469 1756 74.02 | 0.037 233 20.45 | 0.186 0.45 0.12 0.21 0.03 0.026 1.89 | 99.75
RDTO01 Volcanic 266576 4107478 1755 51.26 1.012 16.63 9.76 0.312 4.53 5.16 2.35 5.72 0.286 2.56 | 99.58
RDT02 Volcanic 266579 4107463 1755 53.37 | 0.986 17.65 8.62 0.342 3.41 1.06 1.23 9.52 0.244 3.19 | 99.62
RDTO05 Volcanic 266748 4107413 1676 60.36 | 0.912 15.69 9.45 0.156 242 0.79 0.02 3.52 0.204 6.30 | 99.83
RDT07 Volcanic 266750 4107406 1675 52.45 | 0.765 17.56 8.05 0.325 5.4 0.82 0.21 8.91 0.196 4.88 | 99.57
RDT08 Volcanic 266871 4107429 1594 62.52 | 0.556 15.41 4.95 0.116 1.21 0.74 1.63 4.68 0.089 7.75 | 99.65
RDT09 Pyroclastic 266872 4107424 1594 66.35 | 0.408 14.82 3.15 0.216 1.69 0.76 1.29 5.72 0.041 5.35 | 99.79
RDTM1 Volcanic 266698 4107440 1702 59.56 | 0.853 16.68 6.59 0.148 2.63 4.46 2.58 3.85 0.201 2.08 | 99.63
RDTM2 Volcanic 266560 4107479 1755 59.49 | 0.848 16.45 6.21 0.346 2.64 3.5 2.51 5.14 0.178 243 | 99.74

This article has license CC BY 4.0 https://creativecommons.org/licenses/by/4.0/



Accepted manuscript (author version)

Table 2. Major oxide contents (wt%) of the analyzed volcanic and pyroclastic rock samples after correction for volatile substances (LOI), determined using the XRF method.

MnO CaO

ALO;

Fe203 MgO Na>O
Detection Limit NaO+K20 Total

0.01% = 0.00% 0.01% 0.01% 0.00% 0.01% 0.01% 0.01% 0.01%  0.00%

RDAO1 Volcanic Terachyandesite 266576 4107478 1755 54.59 1.04 16.66 8.97 0.36 4.75 4.97 2.17 6.17 0.320 8.343 100
RDAO3  Pyroclastic Basaltic . 266578 4107466 1756 53.78 1.03 17.38 14.13 0.72 3.74 0.99 1.21 6.71 0.316 7.920 100
terachyandesite
RDA0O4 Volcanic Terachyandesite 266579 4107463 1755 56.90 1.05 18.01 10.62 0.54 2.96 0.97 1.97 6.71 0.272 8.673 100
RDAO5  Pyroclastic Dacite 266754 4107412 1675 67.22 0.86 16.62 6.88 0.12 2.51 0.63 0.05 4.90 0.214 4.950 100
RDAO6 | Pyroclastic Dacite 266748 4107413 1676 64.69 0.92 16.40 10.55 0.17 3.02 0.77 0.03 3.22 0.235 3.254 100
RDQOS- Pyroclastic ~ Terachyandesite 266748 4107406 1677 58.34 1.08 17.37 9.62 0.40 4.56 1.80 0.77 5.87 0.208 6.633 100
RDA09 | Pyroclastic = Terachyandesite 266750 4107406 1675 58.36 1.03 17.67 8.97 0.26 3.96 1.41 0.89 7.14 0.315 8.025 100
RDA10  Pyroclastic Dacite 266877 4107432 1588 66.63 0.57 17.06 7.02 0.47 2.03 1.13 0.45 4.53 0.096 4.985 100
RDAI12 Volcanic Rhyolite 266857 4107426 1601 72.72 0.37 14.16 3.55 0.22 1.42 0.42 0.21 6.89 0.048 7.104 100
RDIO1 Volcanic Dacite 266577 4107469 1756 75.64 0.04 2.38 20.90 0.19 0.46 0.12 0.21 0.03 0.027 0.245 100
RDTO1 Volcanic tera?l?;:rlltcil(;site 266576 4107478 1755 52.83 1.04 17.14 10.06 0.32 4.67 5.32 2.42 5.90 0.295 8.318 100
RDT02 Volcanic Tephriphonolite 266579 4107463 1755 55.34 1.02 18.30 8.94 0.35 3.54 1.10 1.28 9.87 0.253 11.148 100
RDTO05 Volcanic Dacite 266748 4107413 1676 64.54 0.98 16.78 10.10 0.17 2.59 0.84 0.02 3.76 0.218 3.785 100
RDTO07 Volcanic Terachyandesite 266750 4107406 1675 55.39 0.81 18.55 8.50 0.34 5.70 0.87 0.22 9.41 0.207 9.632 100
RDTO08 Volcanic Dacite 266871 4107429 1594 68.03 0.60 16.77 5.39 0.13 1.32 0.81 1.77 5.09 0.097 6.866 100
RDTO09  Pyroclastic Rhyolite 266872 4107424 1594 70.25 0.43 15.69 3.34 0.23 1.79 0.80 1.37 6.06 0.043 7.422 100
RDTM1 Volcanic andesite 266698 4107440 1702 61.05 0.87 17.10 6.76 0.15 2.70 4.57 2.64 3.95 0.206 6.591 100
RDTM2 Volcanic Terachyandesite 266560 4107479 1755 61.13 0.87 16.90 6.38 0.36 2.71 3.60 2.58 5.28 0.183 7.861 100
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—RBAR2Z— RBIo— RPTH— " RBTO2—RBTO5S— RBTO7T——RBTOE——REBTME——RDTM2

Basaltic

Terachyandesite =~ Terachyandesite Rhyolite Dacite terachyandesite Tephriphonolite Dacite Terachyandesite Dacite andesite Terachyandesite
266576 266579 266857 266577 266576 266579 266748 266750 266871 266698 266560
4107478 4107463 4107426 4107469 4107478 4107463 4107413 4107406 4107429 4107440 4107479
1755 1755 1601 1756 1755 1755 1676 1675 1594 1702 1755
46 17 84 30 41 29 47 9 26 26
Na 100 16424 15171 7873 412 16212 1207 8740 1955 17104 20848 17602
K 100 42830 47740 58035 309 41630 23066 54027 44397 25902 22611 39236
Rb 1 170 179 244 6 165 155 196 165 91 73 136
Cs 0.5 5.5 6.8 6.1 9.4 5 21.8 5.4 5.8 3.5 3.2 4.1
Be 0.2 1.5 2.1 2.6 1.3 1.5 4.8 1.6 2 1.3 1.6 1.9
Mg 100 >2% 14983 8312 5299 >2% 12622 17038 >2% 6512 12994 13657
Ca 100 35781 7380 3974 1659 31324 6068 8380 5506 5334 28996 24299
Sr 1 344.1 2384 155.4 7.3 304.1 97.7 296.4 183.9 105.3 298.2 292.4
Ba 1 823 1417 1295 16 762 220 1750 1508 956 636 852
P 10 1492 1459 310 50 1426 1382 1446 1247 461 1086 1074
As 0.1 10.9 23.1 7.3 14.7 13.4 51.5 17.6 19.1 10.2 6.7 9.5
Sb 0.5 3.6 2.6 3.4 32.8 3.6 6.2 4.4 1.7 1.2 1.6 1.9
Bi 0.1 0.2 0.4 0.5 16.8 0.2 0.8 0.2 0.3 0.2 0.2 0.2
S 50 <50 <50 <50 <50 <50 <50 <50 <50 <50 <50 <50
Se 0.5 1.14 1.66 0.79 0.81 1.39 1.66 1.41 1.35 12 1.42 1.49
Te 0.1 0.13 0.16 <0.1 <0.1 0.1 0.66 0.1 0.1 <0.1 0.16 0.16
La 1 20 19 30 <1 18 11 17 37 23 26 25
Ce 0.5 41 37 60 <l 39 36 34 65 46 54 51
Pr 0.05 491 4.89 7.1 0.21 5.6 4.05 5.39 9.56 5.7 7.61 7.57
Nd 0.5 21.8 20.5 23.9 1.8 213 15.8 20.1 33.2 18.5 25.3 25.3
Sm 0.2 5.03 5.17 5 0.35 4.99 3.96 5.19 7.25 3.93 5.76 5.65
Eu 0.1 1.3 1.34 0.79 <0.1 1.23 091 1.34 1.82 0.8 1.36 1.41
Gd 0.05 4.54 4.52 3.95 <0.05 4.68 3.64 439 6.01 3 4.94 497
Tb 0.1 0.75 0.76 0.67 0.11 0.71 0.63 0.68 0.84 0.55 0.78 0.78
Dy 0.02 4.67 4.63 4.53 0.8 4.66 4.05 4.24 4.73 3.4 4.94 4.93
Er 0.05 2.68 2.46 2.87 0.1 2.44 1.99 2.12 232 1.98 2.84 2.74
Tm 0.1 0.37 0.34 0.45 <0.1 0.36 0.27 0.3 0.32 0.34 0.42 0.4
Yb 0.05 3.6 33 3.8 1 3.1 2.3 2.4 2.6 2.9 3.4 32
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Ti
Zr
Hf

Nb
Ta
Cr

Mn
Fe
Co

Cu
Ag

Cd
Al
In
Tl
Sn
Pb
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St/Y
V/Ti
Ti/Zr
Nb/U
Ce/Pb
Nb/Y
Rb/Y
Ba/Rb
Th/Nb
La/Yb
Th/Yb
Ta/Yb
Th/Hf
Ta/Hf
Th/Ta
Nb/Ta
Rb/Yb
Zr/Nb
La/Nb
Hf/Ta

154
0.1
81312
<0.5
0.94
1.3
14
15.5
0.03
71.35
7.25
2.93
0.39
7.66
4.84
0.44
5.56
1.06
0.15
1.71
0.25
6.95
15.82
4722
10.46
2.30
4.05

0.27
18.9
22.2
425
1.2
6612
63
1.5
170
10
0.76
40
<0.1
1.5
3915
58129
23
14
9
0.4
428
0.7
84020
<0.5
1.51
0.9
58
10.74
0.03
104.95
8.33
0.64
0.45
8.06
7.92
0.43
5.76
1.29
0.23
2.83
0.51
5.59
13.16
54.24
6.30
1.90
1.97

0.49
5.5
23.6
14.79
4
2520
140
4.54
43
20.3
1.17
4
<0.1
1.7
1403
15186
32
<1
19
0.5
276
0.2
70181
<0.5
1.25
1.2
68
6.58
0.02
18.00
5.08
0.88
0.86
10.34
531
0.73
7.89
3.89
031
3.26
0.26
12.64
17.35
64.21
6.90
1.48
3.88

<0.1
29
23
<0.1
0.7
<10
5
<0.5
122
13
0.12
11
2.1
583.8
2569
>10%
14.8
1
636
1
355
0.5
15283
<0.5
<0.1
74
63
3.17
(Ti<10)/122
(Ti<10)/5
1.86
(Ce<1)/63
0.57
2.61
2.67
(Th<0.1)/1.3
(La<1)/1
(Th<0.1)/1
0.12
(Th<0.1)/(Hf<0.5)
0.12/(Hf<0.5)
(Th<0.1)/0.12
10.83
6.00
3.85
(La<1)/1.3
(La<0. 5)/0.12
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0.33
20.7
20.2
3.66
1.01
5828
70
2.06
157
8.1
0.44
73
<0.1
12.9
2229
48193
23.1
20
32
0.1
134
0.2
73810
<0.5
0.89
1.2
14
15.05
0.03
83.26
8.02
2.79
0.40
8.17
4.62
0.45
5.81
1.18
0.14
1.78
0.21
8.32
18.41
53.23
8.64
222
4.68

0.21
10.8
16.3
4.7
1.8
4844
46
1.08
111
13
0.92
20
13
7.5
1596
63716
18.3
8
24
0.6
111
0.3
68024
<0.5
1.21
1.7
24
5.99
0.02
105.30
7.22
1.50
0.80
9.51
1.42
0.36
4.78
2.04
0.40
435
0.85
5.11
14.13
67.39
3.54
0.85
1.17

0.23
16.6
17.6
438
1.1
6065
40
1.14
149
11
0.69
34
<0.1
3.1
2551
48509
21.9
9
20
0.4
650
0.4
76915
<0.5
1.46
0.7
212
16.84
0.02
151.63
10.00
0.16
0.63
11.14
8.93
0.40
7.08
1.83
0.29
3.84
0.61
6.35
15.94
81.67
3.64
1.55
1.65

0.27
14.7
22.4
6.21

8.21
0.02
92.83
6.41
4.06
0.49
7.37
9.14
0.57
14.23
2.39
0.25
5.45
0.56
9.70
17.03
63.46
4.95
3.39
1.78

0.35
6.9
17.9

9.37

3688
151
3.73
72
13.1
0.77

0.2
3.7
732
26444
5.1
<l
205
1.7
75
0.2
75370
<0.5
0.67
0.8

5.88
0.02
24.42
5.95
5.75
0.73
5.08
10.51
0.72
7.93
3.23
0.27
251
0.21
12.17
17.01
31.38
11.53
1.76
4.84

0.38
13.2
23.5
7.07
1.89
4956
125
293
98
13.8
0.81
14
<0.1
1.5
965
36038
13.2

18
0.2
89
0.1
79040
<0.5
0.34
1.3

12.69
0.02
39.65
7.30
6.00
0.59
3.11
8.71
0.51
7.65
2.08
0.24
241
0.28
8.73
17.04
21.47
9.06
1.88
3.62

12.82
0.02
61.40
7.72
1.38
0.61
5.96
6.26
0.47
7.81
2.05
0.23
2.79
0.31
8.86
18.78
42.50
5.97
1.80
3.18
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S/IY
Nb/La
IREE

(La/Yb)x
Eu/Eu*

(8<50)/22.2 (S<50)/222 | (S<50)/23.6 (8<50)/2.3

0.44 0.53 0.68 1.3/(La<1)
111.00 104.18 143.55 437
3.75 3.88 532 NA
0.83 0.85 0.54 NA

(8<50)/20.2 (S<50)/163 | (S<50)/17.6 | (S<50)/22.4
0.45 1.18 0.65 0.29
106.40 84.81 97.38 170.92
391 3.22 4.78 9.59
0.78 0.73 0.86 0.84

(S<50)/17.9 | (S<50)/23.5
0.57 0.53
110.45 137.73
5.35 5.16
0.71 0.78

Table 4. Concentration of trace and rare earth elements (REEs) in the analyzed pyroclastic rock samples, determined using
the ICP-MS method.

RDAO3

Basaltic terachyandesite
266578
4107466

1756

47
4569
53678
202
5.9
1.5
18218
6915
138
1272
1189
459

RDAO05

Dacite

266754

4107412

1675

29
921
35271
200
18.8
3.4
13578
5100
1243
492
1214
26
3.6
0.5

RDA06

Dacite

266748

4107413

1676

39
994
25337
158

3.8
14547
6027
109.5
199
1270
22.7
5.3
0.7

RDAO08-B

Terachyandesite
266748
4107406

1677

43
6206
44329
186

1.9
>2%
5922
116.7
1176
920
34.3
2.1
0.2

RDA09

Terachyandesite
266750
4107406

1675

28
10764
52343

203

1.3
14651
9035
137.2
1309
1278
26.8
2.4
0.6

RDA10

Dacite

266877

4107432

1588

18
2203
20614
79
1.7
1.6
13280
9504
93.8
424
393
11.3
2.7
0.2

RDT09

Rhyolite
266872
4107424

1594

18
10552
41497

187
4.4
2.3
9294
5504
140
888
285
8.7
2.6
0.4

(8<50)/22.8
0.56
133.33
527
0.81
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Sr/Y
V/Ti
Ti/Zx
Nb/U
Ce/Pb
Nb/Y
Rb/Y
Ba/Rb
Th/Nb
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50
0.5
0.1
1
0.5
0.05
0.5
0.2
0.1
0.05
0.1
0.02
0.05
0.1
0.05
0.1
0.5
0.5
0.1
0.1
10
5
0.5
1
1
0.1
1
0.1

1
5
100
1
1
1

0.1
1
0.1
100
0.5
0.1
0.1
1

<50
<0.5
0.11
13
26
3.13

3.51
0.91
3.01
0.52
3.27
1.75
0.25
2.7
0.23
16.9
15.3
3.82
2.1
6212
61
1.45
181

0.64
47
<0.1
43
3702
59097
25.7
16
600
1.1
404
0.6
78317
<0.5
1.53
0.9
36
9.02
0.03
101.84
4.43
0.72
0.61
13.20
6.30
0.41

<50
1.41
0.22
19
41
5.24
21.6
5.25
1.23
5.35
0.88
5.7
3.23
0.43

0.39
10.4
27.4
6.94
4.7
5144
127
3.13
95
13.8
0.94
18
1.5
3.9
1066
43592
8.2

16
0.6
111

75258
<0.5
1.36
0.8
10
4.54
0.02
40.50
2.94
4.10
0.50
7.30
2.46
0.50

129
0.92
0.41

12
25
3.84

16.4

3.9

0.9
3.59
0.62
4.01
2.07
0.28

2.5
0.24
12.1
18.4
4.61

1.9
5401

72
1.38

115
11.4
0.92

21

0.4

2.9
1120

51781

13.3

15
0.8
146
0.2

74663
<0.5

2.2
16
5.95
0.02
75.01
6.00
1.56
0.62
8.59
1.26
0.40

<50
0.77
<0.1
14
29
3.75
14.6
33
0.89
2.6
0.49
3.16
1.66
0.23
1.9
0.22
14.6
12.9
4.73
1.9
5729
40
0.98
132
12.1
0.87
27
<0.1

2034
49659
18.2

440
0.3
234
0.6
72974

<0.5
1.1
1.2

9.05
0.02
143.23
6.37
3.22
0.94
14.42
6.32
0.39

<50
0.89
0.22
27
49
6.84
253
5.29
1.35
4.18
0.62
3.79
1.87
0.27
2.3
0.24
13.7
16.6
5.19
1.1
5889
63
1.5
124
10.9
0.67
21
<0.1
2.6
1454
46266
24.1

181
0.6
121

79127
<0.5
1.22
3.8
12
8.27
0.02
93.48
9.91
4.08
0.66
12.23
6.45
0.48

149
1.34
<0.1

39

78
8.45
29.2
5.86

1.12
5.16
0.82
5.22

0.45
3.8
0.45
6.4
24.9
11.32

2668
157
4.48
45
13.4
0.86

<0.1

1755
30901

<1

0.5
112

66859
<0.5
0.39

1.2

3.77
0.02
16.99
4.47
9.75
0.54
3.17
5.37
0.84

<50
1.57
0.27
31
54
6.83
20.7
4.06
0.61
3.58
0.63
4.3
295
0.46
4.1
0.49
5.3
24.7
15.27
3.8
2413
156
5.02
34
22.4
1.4

<0.1
2.7
1457
19758
5.5
<1
222
0.5
99
0.1
71221
<0.5
0.91
1.5
20
5.67
0.01
15.47
5.89
2.70
0.91
7.57
4.75
0.68
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La/Yb
Th/Yb
Ta/Yb
Th/Hf
Ta/Hf
Th/Ta
Nb/Ta
Rb/Yb
Zr/Nb
La/Nb
Hf/Ta
SIY
Nb/La
XREE
(La/Yb)~
(La/Sm)~
Eu/Eu*

4.81
1.41
0.24
2.63
0.44
597
14.53
74.81
6.56
1.40
227
(S<50)/15.3
0.72
72.28
3.25
2.33
0.86

4.75
1.74
0.24
222
0.30
7.38
14.68
50.00
9.20
1.38
3.33
(S<50)/127.4
0.73
113.30
3.20
2.28
0.71

4.80
1.84
0.37
3.34
0.67
5.01
12.39
63.20
6.32
1.05
1.50
7.01
0.95
75.35
3.24
1.94
0.74

7.37
2.49
0.46
4.83
0.89
5.44
13.91
97.89
3.31
1.16
1.13
(S<50)/12.9
0.86
75.80
4.97
2.67
0.93

11.74
2.26
0.29
3.46
0.45
7.75
16.27
88.26
5.78
2.48
224
(S<50)/16.6
0.40
128.05
791
3.21
0.88

10.26
2.98
0.23
2.53
0.19
13.16
15.58
20.79
11.72
291
5.21
5.98
0.34
180.53
6.92
4.19
0.62
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4. Petrography
The studied samples are classified into two groups: Eocene volcanic rocks and pyroclastic rocks.
4.1. Volcanic Rocks

Petrographic studies of volcanic rocks in the study area indicate a range of acidic to intermediate-basic
compositions, including basaltic trachyandesite, basalt, basaltic andesite, rhyolite-dacite, and dacite-andesite
for these rocks. The basaltic trachyandesite samples exhibit a porphyritic texture, characterized by phenocrysts
of olivine, pyroxene, and plagioclase (Fig. 9a). Olivines are observed in olive green and gray colors. They
occasionally appear in the form of strings or scales, indicating the transformation of olivine into serpentine.
Chlorite is also sometimes present (Fig. 9¢). Additionally, opacity is commonly observed in the olivine grains.
Pyroxenes are observed as green to cream-colored, shaped to semi-shaped crystals. In some crystals,
opacification has occurred, causing the entire volume of the pyroxene crystals to become opaque, with only
small remnants remaining. Plagioclases are observed as automorphic and prismatic crystals, exhibiting a
distinct banding effect known as polysynthetic twinning (Fig. 9b). The plagioclases are slightly altered to
sericite. The groundmass consists of narrow and short plagioclase blades that intersect, along with pyroxene
and opaque amorphous granules, possibly including olivine microparticles. Additionally, it contains chlorite
and serpentinized products, which make up approximately 40 to 50% of the total rock volume. An equilibrium
reaction between plagioclase phenocrysts and the groundmass results in the development of a sieve texture
around the plagioclase (Fig. 9c). Additionally, in the groundmass, some plagioclases are intensely deformed
into mylonites, and along the mylonite pathways, iron hydroxides have stained the cross-section brown due to
dissolution (Fig. 9d). Due to tectonic stress, coarse crystals were altered, and phyllic (sericite), propylitic
(chloritic), silicic, and carbonate alterations partially observed in the rocks (Fig. 9¢). In the basalt units of the
region, the general texture of these rocks is porphyritic, while some exhibit a hyalopilitic, and others show a
lattice texture (Fig. 9h). These rocks are composed of plagioclase, olivine, and pyroxene crystals (Fig. 9f). In
some cases, plagioclases has alterated to sericite (Fig. 9g). In the basaltic rocks of the region with a hyalopilitic
texture, the phenocrysts are set in a groundmass composed of small microlites of plagioclase embedded in the
glass. Lattice texture is also observed in other basaltic units, where olivine has been altered to serpentine.
Alterations in these units are predominantly characterized by the sericitization of plagioclase, serpentinization
of olivine, and chloritization of pyroxene. In the basaltic andesite rocks, plagioclase phenocrysts are extensively
altered to sericite and are embedded in a groundmass composed of argillic, fine-grained materials and
devitrified glass. Furthermore, mafic minerals undergo opacification and decomposition into iron hydroxides
and opaque materials within the rock groundmass. The rock groundmass constitutes approximately 65 to 70%
of the total rock volume. The most important alterations in these rocks include sericitization and argillicization.
The general texture of these units is hyalopilitic, accompanied by a devitrified glass matrix (Fig. 9i). The
rhyolite-dacite units of the region contain crystals of potassium feldspar and plagioclase (Fig. 9j). The
groundmass comprises the simultaneous growth of quartz and fine-grained feldspar, displaying a false
pyroclastic texture in these rocks. These rocks have also been affected by silica fluids, with delayed quartz
veins cutting through them (Fig. 9j). Silicification is the primary alteration observed in these rocks. The dacite-
andesite rocks of the region exhibit a porphyritic texture, with plagioclase crystals and opacified mafic minerals
embedded in a vitreous groundmass containing sanidine microlites (Fig. 9k, 1). These rocks have been
significantly affected by siliceous fluids, resulting in quartz veins cutting across their cross-sections.
Additionally, silicification is a prominent alteration observed in these rocks (Fig. 91).
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Figure 9. Photomicrographs of volcanic rock samples from the study area. (a-e) Basaltic trachyandesite samples: (a)
Phenocrysts of olivine, pyroxene and plagioclase; (b) Polysynthetic banding in plagioclase; (c) Sieve texture in plagioclase;
(d) Mylonitization of coarse plagioclase crystals and dissolution as brown staining in the cross-section by iron hydroxides;
(e) Chloritization processe. (f-h) Basalt samples: (f) Phenocrysts of olivine, pyroxene, and plagioclase; (g) Sericitization of
plagioclase; (h) Lattice texture in olivine. (i) Basaltic andesite sample: Strongly sericitized plagioclases with argillicization
in a matrix of devitrified glass. (j) Rhyolite-dacite sample with a false pyroclastic texture: Crystals of K-feldspar,
plagioclase and delayed quartz veins. (k,1) Dacite-andesite samples with sanidine microlites in a vitreous groundmass: (k)
Crystals of K-feldspar and plagioclase; (1) Delayed quartz veins. Mineral abbreviations are given in: Kretz (1983). Symbols
for rock-forming minerals: Pyroxene (Px), Plagioclase (P1), Olivine (Ol), Chlorite (Chl), K-feldspar (Kfs), and Quartz (Qz).

4.2. Pyroclastic Rocks

Petrographic studies of pyroclastic rocks reveal different types of tuffs, including of vitric tuff, crystal tuff, and
crystal-lithic tuff. In the vitric tuffs, highly argillized phenoclasts and iron hydroxides impregnated are
observed. The matrix consists of clay material. These rocks exhibit a vitroclastic texture and are crosscut by
quartz veins, with traces of brown iron hydroxides visible along the fracture paths. Therefore, these tuffs can
be classified as argillic vitroclastic tuff (Fig. 10a). Within the vitreous tuff group, there are other types in which
the matrix is composed of devitrified glass, with fragments of porphyroclastic vitric tuffs considered as lithic
fragments (Fig. 10b). These samples are essentially composed of two sections: a stony part and a veiny part.
The veiny part is younger and has penetrated the stony section. The stony part exhibits a devitrified vitroclastic
porphyroclastic texture, with a matrix composed of glass. The process of converting the glass material into
crystallized material is known as devitrification. The term is derived from the Latin vitreus, meaning glassy
and transparent. These rocks display signs of this characteristic and have been cut by quartz veins. Within
veins, elongated and automorphic to semi-automorphic quartz crystals are observed, oriented perpendicular to
the direction of the veins. The longitudinal axis of the quartz crystals grows together, forming an interlocking
texture (Fig. 10c). Generally, argillization and siliceous alteration have occurred in vitric tuffs. Prismatic
plagioclase crystals are present in the crystal tuffs of the region. The matrix of these rocks consists of perlitic
material, characterized by concentric circular patterns (Fig. 10d). In these samples, quartz veins intersected by
cristobalite-type silica are observed, cutting through the entire cross-section (Fig. 10e). This phenomenon
suggests that the primary rock is a volcanic lava with a porphyritic texture, which has been altered by siliceous
fluids and undergone devitrification. As a result, these rocks are classified as crystal tuffs with a perlitic texture.
The crystal-lithic tufts of the region are divided into three types. In the first type, the lithic fragments, along
with feldspar and quartz crystalline phenoclasts, are embedded in a fine-grained vitroclastic matrix, with the
matrix being more abundant. These fine-grain materials include shale and clay. Consequently, the primary
alteration in these rocks is argillic (Fig. 10f). The second type, characterized by a porphyroclastic texture,
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contains plagioclase crystals, K- feldspar, and volcanic lithic fragments (Fig. 10g). The matrix of these rocks
is primarily composed of glass; however, in some samples, it is argillaceous and contains devitrified glass.
Since the crystals and lithic fragments are embedded in the devitrified glass matrix, this type is referred to as
strongly argillic devitrified vitroclastic crystal-lithic tuff (Fig. 10g). Additionally, argillic and siliceous
alterations are observed in these rocks. The third type closely resembles the second type, except that the matrix
is highly siliceous. These tuffs consist of plagioclase crystalline phenoclasts with hydroxides impregnation
within in a matrix that has been extensively affected by siliceous fluids, resulting in significant silicification.
Consequently, this type is classified as strongly silicified vitroclastic crystal-lithic tuff (Fig. 10h).

Figure 10. Photomicrographs of pyroclastic rock samples from the study area. (a) Argillic vitroclastic tuff with highly
argillic phenoclasts and vitroclastic texture, crosscut by quartz veins (Qz_Vein) and traces of brown iron hydroxides along
fracture paths. (b) Fragments of porphyroclastic vitric tuffs. (¢) Formation of an interlocking texture in quartz crystals. (d)
Matrix of perlite showing concentric circular structures. (e) Cristobalite-type silica intersecting the cross-section. (f)
Crystal-lithic tuft type 1. (g) Crystal-lithic tuft typs II: strongly argillic, devitrified vitroclastic crystal-lithic tuff. (h) Crystal-
lithic tuft typs III: strongly silicified vitroclastic crystal-lithic tuff. Mineral abbreviations are given in: Kretz (1983).
Symbols for rock-forming minerals: Plagioclase (P1), K-feldspar (Kfs), and Quartz (Qz).

5. Geochemical characteristics
5.1. The lithochemical classification of rocks

Lithological studies, based on chemical analysis results of volcanic and pyroclastic samples and using total
alkali vs. silica plots, indicate that the samples from the region span a compositional range from acidic-
intermediate to basic. Volcanic samples contain 52.83 to 75.64 wt.% SiO; and 0.25 to 11.15 wt.% K0 + Na,O,
while the pyroclastic samples range from of 53.78 to 70.25 wt.% SiO; and 3.25 to 8.03 wt.% K>O + NaO. In
all total alkali (K2O + Na2O) vs. silica (SiO;) plots, the volcanic samples display a compositional range from
rhyolite to basalt, including rhyolite, dacite, andesite, trachyandesite, basaltic trachyandesite and tephri-
phonolite. Similarly, the pyroclastic samples exhibit a compositional range from rhyolite to basalt, comprising
rhyolite, dacite, andesite, trachyandesite, basaltic trachyandesite, and mugearite (Fig. 11).
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Figure 11. Total alkali-silica (TAS) variation diagrams for the classification of volcanic and pyroclastic rocks from the
Rashid Abad area. (a) TAS diagram based on Middlemost (1994). (b) TAS diagram based on Le Bas et al. (1986).

5.2. Determining magmatic series

Volcanic and pyroclastic rocks of the Rashid Abad district follow a calc-alkaline series trend on the AFM (A:
Alkalis [Na,O + K,0], F: FeOt [FeO + Fe,03], and M: MgO) diagram (Fig. 12a), with some samples trending
toward the shoshonitic field. To further investigate, the SiO,-K,O diagram was utilized (Fig. 12b). On the K,O
vs. Si0O; plot, the samples are classified within the high- K calc-alkaline to shoshonitic series. These plots (Fig.
12) indicate that the rocks in this region can be broadly categorized into two groups: acidic and intermediate-
basic rocks, characterized as high- K calc-alkaline to shoshonitic and shoshonitic in nature, respectively.
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Figure 12. (a) AFM diagram (A: Alkalis [Na,O + K,0], F: FeO! [FeO + Fe,03], and M: MgO) (Irvine and Baragar,
1971). (b) K20 vs. SiO2 plot (Peccerillo and Taylor, 1976).

5.3. Harkers' Variation diagram of SiO; vs. major and minor elements

One of the most significant factors in Harker diagrams is the silica (SiO;) percentage in the rocks, as it serves
as a key parameter to assess and analyze magmatic differentiation trends and compositional variations.
According to the analysis table and the position of the samples in the diagrams, SiO, content in the study area
fluctuates between 52.83 and 75.64%. However, the majority of the samples, except for approximately three,
exhibit SiO; values ranging from 52.83 to 68%. This range of silica percentages indicates that the parent magma
of the rocks in the study area is predominantly sub-alkaline. According to the Harker diagrams, the values of
all major oxides, except for K»O, decrease as the SiO, content increases (Fig. 13). The amount of K,O increases
with higher SiO content. The initial crystallization of olivine and pyroxene minerals and their separation from
magma reduced the concentrations of MgO, FeOy, and Fe,Os3 in the remaining liquid magma. The decreasing
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trend of CaO indicates the crystallization of calcic plagioclase during magmatic differentiation. In this area,
the dispersion of some samples on the CaO diagram is due to processes such as clay materials and carbonation
of plagioclase. Oxides such as Na>O and K,O (alkaline elements) are among the incompatible elements that
typically show an increasing trend with rising SiO, content magma, and the K,O value follows this trend. The
absence of KO in the structure of minerals formed during the early stages of magmatic differentiation is due
to the high ionic radius of potassium. In this region, as the SiO, content increases, Na,O decreases. This can
be attributed to partial alteration or contamination by felsic crustal material, as well as the consumption of
alkali feldspar, sodic plagioclase, and their involvement in the formation of sieve texture. As a result, variations
in Na,O concentration may be due to alterations in the parent rocks. In the studied rocks, the Al,O3 content
decreases with increasing SiO,, which results from the concentration of plagioclase and the partial
crystallization of pyroxene minerals. In the TiO, and P,Os vs. SiO, diagrams, the amounts of TiO, and P,Os
decrease with increasing SiO, content. This is attributed to the partial fractionation of iron oxide, titanium
oxide, and apatite. Figure 14 illustrates the variation of minor elements with respect to SiO, content. As the
SiO, content increases, the concentrations of Ni, Cr, V, Co, Zn, Pb, and Cu decrease (Fig. 14), while the
concentrations of La, Ce, Sr, Rb, Zr, Nb, Y, and A/CNK increase (Fig. 14). The contents of compatible trace
elements such as Co, V, Cr, and Ni, which have smaller ionic radii, fit more easily into crystallographic sites.
These elements typically accommodate Mg and Fe, separate from the magma during magmatic differentiation,
and enter minerals such as olivine, pyroxene, and magnetite. As a result, the remaining magma becomes
enriched in large ion lithophile elements (LILE), such as K, Sr, Ba, and others. However, elements like Ba in
this region do not follow a specific trend. Because contamination and mixing of magma with the crust increase
the concentration of this element in the magma, its differentiation trend cannot be observed (Fig. 14p). Ba is
comparable to K in terms of ionic size and, therefore, replaces K in K-feldspars in the region. The behavior of
strontium in substituting within the plagioclase structure is similar to that of barium. Due to its large ionic
radius, strontium has a high concentration in plagioclase minerals. When Sr melts or crystallizes, it acts as a
compatible element, replacing Ca in the plagioclase structure in this region. Rubidium is also an acceptable
substitute for potassium due to its slightly larger ionic radius. As a result, the K/Rb ratio is expected to increase
during the late stages of magmatic differentiation. Therefore, in the study area, the concentrations of Rb and
Sr show an upward trend with increasing SiO», corresponding to the crystal separation process (Fig. 145, k).
Zirconium has a high ionic potential and a high electric charge, making it a member of the high-field strength
elements (HFSE) group. As an incompatible element, it does not readily incorporate into common rock-
forming minerals. A decrease in zircon content with increasing SiO, occurs when the magma becomes
saturated with zircon (Li et al., 2007; Zhong et al., 2009; Liu et al., 2009). However, as shown in Figure 141,
the amount of Zr increases with SiO, content, indicating that the primary magma is unsaturated with zircon.
Additionally, the trend of increasing Ce values on the graph partially reflects magmatic differentiation during
magmatic evolution (Fig. 141).
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Figure 13. Harkers variation diagrams showing SiO2 (wt.%) versus major oxides (wt.%) for the analyzed rock samples:
(a) TiO2. (b) AL2Os. (c) MgO. (d) CaO. (e) Na20. (f) K20. (g) P20s. (h) FeOu. (i) Fe20s.
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Figure 14. Harkers variation diagrams showing SiO2 (wt.%) versus minor elements (ppm) for the analyzed rock samples.
(2) Ni. (b) Cr. (¢) V. (d) Co. (e) Zn. (f) Pb. (g) Cu. (h) La. (i) Ce. (j) Sr. (k) Rb. (1) Zr. (m) Nb. (n) Y. (0) A/CNK. (p) Ba.

5.4. Investigation of changes in trace elements using spider diagrams

Group analyses of trace elements can be used to identify and investigate petrological processes and lithological
developments. According to the chondrite-normalized REE patterns in the spider diagram, the volcanic and
pyroclastic rocks of the study area exhibit a relatively smooth parallel trend for REE plots. In terms of
petrogenesis, this trend corresponds to similar petrogenetic processes (Fig. 15). It also suggests that the various
rocks in the study area are related through the segregation of the same primary magma (e.g., Kelemen et al.,
1997; Marchesi et al., 2006; Rahmani et al., 2020; Li et al., 2023). In general, both groups of volcanic and
pyroclastics rocks from the Rashid Abad area can be investigated based on their TiO, and REE characteristics
(e.g., Dagva-Ochir et al., 2019; Dagva-Ochir et al., 2020). The TiO, content ranges from 0.37 to 1.05 wt.%
(average 0.79 wt.%) in volcanic rocks and from 0.43 to 1.08 wt.% (average 0.85 wt.%) in pyroclastic rocks of
the region. The total average TiO2 content for both groups is 0.81 wt.%. The chondrite-normalized REE
patterns of volcanic rocks show significant enrichment in light REEs (LREEs), and depletion of heavy REEs
(HREEs) ((La/Yb)x = 3.22 to 9.59, with an average 5.02) (e.g., Dagva-Ochir et al., 2020). Similarly, In the
chondrite-normalized REE patterns of pyroclastics rocks also display significant LREE enrichment, and HREE
depletion ((La/Yb)x = 3.2 to 7.91 with an average 4.94) (e.g., Dagva-Ochir et al., 2020). In addition, the total
average of (La/YDb)n ratio for both groups is 4.99. The degree of LREE and HREE differentiation is moderate
to high, with (La/Sm)y ratios ranging from 1.75 to 3.77 (average 2.71) in volcanic rocks, and from 1.94 to 4.8
(average 3.06) in pyroclastics rocks of the area. The total average (La/Sm)x ratio for both groups is 2.86. The
(Eu/Eu*)y ratio ranges from 0.54 to 0.86 ( average 0.77) in volcanic rocks and from 0.49 to 0.93 (average 0.75)
in pyroclastic rocks, with a total average of 0.76 for both groups. These rocks exhibit a negative Eu anomaly
(Fig. 15). Therefore, this depletion of Eu in the Rashid Abad volcano-pyroclasts suggests a high fugacity of
oxygen in the hydrothermal fluid (Khajehmohammadlou et al., 2020) (Fig. 15). The ZREE content ranges from
84.81 to 170.92 (average 119.98) in volcanic rocks and from 72.28 to 180.53 (average 111.29) in pyroclastic
rocks. Also, the total average ZREE for both groups is 116.40. Therefore, in this area, the chondrite-normalized
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REE patterns reflect a moderate total REE (ZREE) content, enriched LREE, and depletion with a nearly flat
trend in HREE (e.g., Alizadeh et al., 2023). In fact, they are characterized by distinct fractionation of LREE
and HREE (e.g., Li et al., 2016) (Fig. 15). According to the N-MORB, E-MORB, and primitive mantle-
normalized multi-element patterns (Fig. 16), the volcanic and pyroclastic rocks of the region are enriched in
large ion lithophile elements (LILE) such as Cs, K, Pb, and Rb, and light rare earth elements (LREE) such as
Nd, Ce, La, and Sm. These rocks are also depleted in high field strength elements (HFSE) such as Ti and Nb
(e.g., Shafaii Moghadam et al., 2015b; Shafaii Moghadam et al., 2016 ; Li et al., 2016; Mazhari et al., 2017;
Sepidbar et al., 2018; Dagva-Ochir et al., 2019; Dagva-Ochir et al., 2020; Mohammadi and Nakhaei 2022;
Alizadeh et al., 2023; Li et al., 2023). In fact, these rocks display distinct fractionation between LILEs and
HFSEs (Li et al., 2016). The ratios of Rb/Yb, Zr/ Nb and Hf/Ta range from 6 to 97.9, 3.30 to 11.71, and 1.12
to 5.20, respectively (Li et al., 2016). These are characteristic features of magmatic arcs and are indicative of
subduction-related magmatic activity, which is derived from fluids released by a subducted oceanic slab in the
enrichment of these elements (Kiister and Harms, 1998; Ulmer, 2001; Goss and Kay, 2009; Kovalenko et al.,
2010; Yazdani et al., 2018, Nazari et al., 2023). Therefore, the three normalized diagrams of N-MORB, E-
MORB, and Primitive Mantle are similar (Fig. 16). The characteristics of the magmatic arc and the enrichment
of LILEs in the volcanic and pyroclastic rocks of the region suggest that the magma source may be a mixture
of mantle and crustal material (Miyashiro, 1978; Harris et al., 1986). This can result in a wide variety of hybrid
compositions formed by the mixing of different types of mantle and crustal melts (Poli and Peccerillo, 2016;
Santo, 2021). For example, the intermediate dikes (Group 3) and arc tholeiite basalt (Group 4) rocks of the
Tsoroidog Uul’ accretionary complex in Central Mongolia originated from a supra-subduction origin with calc-
alkaline features, and the mantle source formed in the fore-arc tectonic setting around an active continental
margin, respectively (Dagva-Ochir et al., 2020). According to Dagva-Ochir et al. (2019), the calc-alkaline
rocks are characterized by enrichment in LREEs and LILEs (e.g., K, Rb, Ba, Sr), which are prevailed in the
continental crust, as well as depletion of Nb and Ti elements (Dagva-Ochir et al., 2019). The presence of
positive anomalies of K and Th reflects the role of the continental crust in the evolution of the magma of the
acidic volcanic rocks in the region, indicating crustal dominance (Harris et al, 1986). Many studies lean on
distinctive, approximately immobile trace elements and ratios, such as Th/Nb. This ratio is important in modern
subduction-related magmas. Additionally, their distinctive negative anomalies in Nb and Ta reflect fluid-fluxed
melting in the mantle wedge between the down-going oceanic lithosphere and the overriding magmatic arc
(e.g., Zheng 2019). According to Barnes et al. (2001), fractionation of plagioclase decreases Sr and increases
the negative Eu anomaly during magma crystallization. Therefore, a negative Sr anomaly could result from the
differential crystallization in plagioclases mineralization in the study area. Furthermore, an obvious negative
Eu anomaly indicates plagioclase fractionation and partial melting in the plagioclase stability field (Halder et
al., 2021) (Fig. 15). Another characteristic of the acidic rocks in the region is the presence of a negative P
anomaly, which may indicate the separation of apatite during the early stages of magmatic differentiation (Fan
etal., 2003) (Fig. 16). Ti depletion may show the crystallization of Fe-Ti oxides or pyroxene in the early stages
of magmatic differentiation, as well as high oxygen fugacity in the source environment (Edwards et al., 1994)
(Fig. 16). Pb exhibits a positive anomaly in the acidic rocks of the region, which could be related to mantle
wedge metasomatism by fluids from the submerged oceanic crust or magma contamination with continental
crustal rocks (Kamber et al., 2002) (Fig. 16). Obvious negative Nb anomalies are observed in all samples,
indicating that the magma is related to continental active margin environments. These anomalies can be caused
by contamination from the crusts and fluids released from the submerged sediments (Aldanmaz et al., 2000)
(Fig. 16). Therefore, depletion in HFSEs (Nb, Ti,and P), enrichment in LREEs relative to HREEs, and
enrichment in LILEs suggeste active continental margin volcanic arc magmatism (e.g., Mohammadi and
Nakhaei 2022). The association of strong positive Pb anomalies (e.g., G. Soder et al., 2024) and negative Nb
anomalies (e.g., G. Soder et al., 2024) indicates volcanic island magmas and magmas influenced by continental
crust (Hofmann, 1986). For example, in the EVF ultrapotassic rocks (Efogi Volcanic Field, Papuan Peninsula
of eastern New Guinea), recycling of calc-alkaline crust has been assosiated with positive Pb anomalies and
negative Nb-Ta anomalies (G.Soder et al., 2024). Generally, it can be inferred that the primary magma of acidic
rocks in the study area was formed in a subduction zone and subsequently contaminated with crustal material.
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Figure 15. Chondrite-normalized Rare Earth Element (REE) diagram (Boynton, 1984) for the Rashid Abad Volcanic and
Pyroclastic rocks.
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Figure 16. (a) EMORM- normalized spider diagram (Sun and McDonough, 1989), (b) NMORM- normalized spider
diagram (Sun and McDonough, 1989), and (c) Primitive mantle-normalized spider diagram (Sun and McDonough, 1989)
for volcanic and pyroclastic rocks from the Rashid Abad area.

6. Result and Discussion
6.1. Fractional crystallization and crustal contamination

Since the continental crust is typically enriched in highly incompatible elements, assimilation of even small
amounts of crustal material by primary/parental mafic magmas can result in large-scale compositional
heterogeneity in the final eruptive products (Halder et al., 2021). The mineralogy of a volcanic series reflects
the processes occurring during their petrogenesis. Various events, such as magma mixing and contamination,
and fractional crystallization and partial melting processes, with or without crustal contamination (FC-AFC
(Assimilation Fractional Crystallization)), play traditional roles in the petrogenesis of calc-alkaline rocks in
subduction zones (e.g., Coban et al., 2012; Pang et al., 2013; Liu et al., 2014; Long et al., 2015; Yang et al.,
2015; Litvak et al., 2015; Qian et al., 2016, 2017; Chazot et al., 2017; Ersoy et al., 2017, Lopes de Macédo et
al., 2022; Shamloo and Grunder, 2023). Petrographic studies (Figs. 9, 10) and binary diagrams of major element
oxides versus SiO2 (Fig. 13) confirm the trend of fractional crystallization (FC), as evidenced by the decrease
in the contents of MgO, FeOt, Fe203, Ca0, TiO2, A1203, Na20, and P205 with increasing SiO2. The ratio
of trace elements and REE elements reflect the separation of minerals from the parent magma during melting,
followed by fractionation, assimilation, and contamination processes (Litvak et al., 2015). This evidence
reflects the FC process in the crystallization of plagioclase, pyroxene, feldspar, iron oxide, and titanium. The
variation in Ti, Zr, Y, and V in the arc rock series is associated with the nature and proportion of crystallizing
phases (Pearce and Norry, 1979). In the volcanic rocks, crystallization of V and Fe-Ti oxides is reflected in the
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trends of decreasing Ti/Zr and V/T1i in residual melts (e.g., Nielsen et al., 1994; Pearce and Norry, 1979). The
fractional crystallization of plagioclase and Fe-Ti oxide is illustrated by a decreasing trend in SiO» versus Sr/Y,
V/Ti, and Ti/Zr diagrams (Fig. 17), as also investigated by Aydingakir (2014) in NE Turkey. Additionally, the
decreases in TiO, and P,Os with increasing SiO; content (Fig. 13), and the negative Ti anomaly (Fig. 16) are
attributed to the partial fractionation of iron oxide, titanium oxide, and apatite. Similar observations have been
made for rock series in Chiang Khong (NW of Thailand) (Qian et al., 2016) and Eocene-Oligocene volcanic
units in Momen Abad (E Iran) (Tarabi et al., 2019). Additionally, the negative Eu anomaly (Fig. 15) reflects
the partial fractionation of plagioclases (Qian et al., 2016; Qian et al., 2017). All of this evidence suggests that
the volcanic and pyroclastic rocks in the study area were formed by fractional crystallization (e.g., Nazari et
al., 2023). The presence of crustal components in the subduction zone rock sequence with a calc-alkaline
affinity has been attributed to multiple factors, including: (1) partial melting of the continental crust (e.g.,
Sawyer et al., 2011; Long et al., 2015; He et al., 2022; Wang et al., 2021; Cambeses et al., 2021); (2) partial
melting and recycling of sediments on the descending subducting slab (e.g., Nebel et al., 2011; Qian et al.,
2016; Qian et al., 2017; Su et al., 2017; Zhang et al., 2020; Novais-Rodrigues et al., 2021); (3) delamination of
the crust and asthenosphere upwelling (e.g., Yang et al., 2014; Yang et al., 2015; Ersoy et al., 2017; Menke et
al., 2018; He et al., 2019; Chen, 2021; Ji et al., 2021); (4) descending slab break-off and its impact on the
inherited mantle source (e.g., Tatsumi, 2000; Pang et al., 2012; Pang et al., 2013; Schildgen et al., 2014; Huang,
2017; Nakamura, 2019; Kufner et al., 2021; Gerya et al., 2021). The primary volcanic rocks in the magmatic
belts above subduction zones are calc-alkaline in composition (Tatsumi and Takahashi, 2006; Winter, 2010).
The negative anomalies in Nb and Ti (Fig. 16) observed in the volcanic rocks may suggest potential crustal
contamination (Eriksson et al., 2004). The Nb/U and Ce/Pb ratios are uniform at 47 £ 10 and 25 + 5,
respectively, in mafic lavas, such as mid-ocean ridge basalt (MORB) and ocean island basalt (OIB). These
ratios are even lower in the continental crust, e.g., Nb/U = 10 and Ce/Pb = 4 (Hofmann et al., 1986; cited in
Furman, 2007; Tarabi et al., 2019; Chen et al., 2021). Therefore, the analyzed rocks from the Rashid Abad
region show Nb/U ratios ranging from 1.85 to 10 and Ce/Pb ratios from 0.01 to 9.75 (Fig. 18a, b). For a more
detailed analysis, the Nb/U vs. Ce/Pb ratio diagram was also used. According to this plot, the samples from the
region are located in the upper crust area (Fig. 18c). In another study, the elements Nb and Ta were also
analyzed. The geochemistry of Nb and Ta is crucial for understanding the core-mantle differentiation of the
Earth and the formation of the continental crust (Li et al., 2017). The average Nb/Ta ratios in magmas derived
from mantle and crust is 17.5 and 11-12, respectively (Green, 1995). In fact, the Nb/Ta ratios in the accessible
silicate reservoirs (Fig. 18d) are lower than the chondritic values of 17-5 (Jochum et al., 2000) or 19-9 (Munker
et al., 2003). According to the Nb/Ta versus Nb diagram, the samples from the Rashid Abad area plot within
the bulk continental crust (CC) and island arc basalt (IAB) fields (Fig. 18d). Following the injection of mafic
magma with a mantle composition into the sub-crust, the transfer of heat and fluid materials leads to the melting
of the lower crust. These rocks are derived from the partial melting of the lower crust, with partial mixing of
mantle-derived mafic magma, confirming the influence of crustal contamination in this area. Consequently,
diagrams a to d of Figure 18 clearly demonstrate the influence of crustal contamination clearly. The ratio of
Nb/Y is below 1.72 in the active continental margins (Temel et al., 1998). The analyzed rocks display a
variation below 1 for this parameter in the study area (Fig. 19a). According to the Nb/Y versus Rb/Y diagram
(Temel et al., 1998), the samples from the Rashid Abad area were enriched in the subduction zone and
experienced crustal contamination (Fig. 17b). Additionally, the Rb versus Ba/Rb plot (Askren et al., 1997)
highlights the role of crustal contamination coupled with fractional crystallization in the upper crust (Fig. 19¢).
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Figure 17. Rashid Abad rock samples plotted on the SiO2 (Wt.%) vs. Sr/Y, SiO2 vs. V/Ti, and SiO2 (wt.%) vs. Ti/Zr
(Aydingakir, 2014). (a) Fractionation of plagioclase minerals. (b,c) Fractionation of Fi-Ti oxide minerals.
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Figure 18. Rashid Abad rock samples plotted on: (a) Nb vs. Nb/U diagram (Hofmann et al., 1986 and used after Hoffman);
(b) Ce vs. Ce/Pb diagram (Hofmann et al., 1986 and used after Hoffman); (c) Nb/U vs. Ce/Pb. Grey fields represent studies
of oceanic basalts (Hofmann et al., 1986) unaffected by continental crustal contamination.; (d) Nb/Ta ratios across
terrestrial basalts (MORB, OIB, CB and IAB) and continental crustal rocks (bulk CC and Archean TTG). The Nb/Ta in
Archean TTG is highly variable but generally lower in bulk CC compared to terrestrial basalts from various geological
settings (Li et al, 2017). Abbreviations: (MORB: Mid-ocean ridge basalts; OIB: ocean island basalts; CB: continental
basalts; IAB: island arc basalts; AG: Archean greenstones; TTG: tonalite—trondhjemite—granite; CC: continental crust;
amp: Amphibole; bio: biotite). Data sources: MORB, OIB, CB, IAB and AG from Munker et al. (2003 and 2004); Archean
TTG from Hoffmann et al. (2011); bulk CC from Barth et al. (2000).
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Figure 19. (a) Nb vs. Nb/Y diagram (Temel et al., 1998); (b) Nb/Y vs. Rb/Y diagram (Temel et al., 1998); (c) Rb vs.
Ba/Rb diagram (Askren et al., 1997).

6.2. Petrogenesis, source of magmas, Magmatism and tectono-magmatic characteristics

The Alborz Range is part of the Alpine-Himalayan orogenic belt, which resulted from the convergence of the
Central Iranian and Eurasian plates beginning in the late Triassic (Shokri et al., 2020) (Fig. 1a). The Alborz-
Kopeh Dagh belt was formed due to the closure of the Paleo-Tethys along the 'Paleo-Tethys suture zone' to the
north of the Alborz magmatic arc, and the collision of the Central Iranian and Eastern Iranian microcontinents
with Eurasia (Berberian and King, 1981; Sengor, 1984; Alavi, 1996; Hollingsworth et al., 2010) (Fig. 2a). The
Alborz magmatic belt formed during two main orogenic cycles (Sengdr et al., 1993; Zanchi et al., 2006): (1)
the extinction of the Paleo-Tethys in the Late Triassic (Cimmerian) and collision of the Iranian plate with
Eurasia; (2) the extinction of the Neo-Tethys and deformation of intraplate re-Unauthenticated Download Date
related to the convergence of the Arabian and the Eurasian plates. In this zone, Eocene volcanic processes
include an assemblage of pyroclastic rocks and marine lavas of Middle Eocene age, which, in Iranian
stratigraphy, are referred to as the Karaj Formation (Stocklin and Eftekhar Nezhad, 1969). The Alborz
magmatic belt, which trends east-west, is divided into western and eastern parts by the north-south Rasht-
Takestan fault (Fig. 1b). The eastern part of the Alborz magmatic belt is composed of basic and acidic tuffs
and lavas with an alkaline to shoshonitic affinity (Blourian, 1994; Moayyed, 2001; Nabatian and Ghaderi,
2013; Nabatian et al., 2014). The western part, which is referred to as the 'Alborz-Azerbaijan Magmatic Belt'
(AAMB), consists of andesitic to dacitic lavas and numerous granitoid bodies with a calc-alkaline to
shoshonitic affinity (Moayyed, 2001). The AAMB is divided into two mineralized provinces: (1) the Ahar-
Arasbaran Belt (AAB) in the north and (2) the Tarom-Hashtjin metallogenic province (THMP) in the south
(Fig. 1b). The Alborz magmatic cycle during the Eocene-Oligocene has resulted in a large assemblage of
volcanic, intrusive, semi-intrusive, and pyroclastic igneous rocks in the Tarom-Hashtjin mineralization zone,
leading to the formation of various minerals in this zone (Hajalilo, 1999; Ghorbani, 2007). Consequently, the
volcanic and pyroclastic rocks of the Rashid Abad region are part of the Eocene volcanic belt in the central
part of the Tarom-Hashtjin subzone within the Western Alborz-Azerbaijan structural zone. Based on
geological, field and laboratory investigations, the Eocene volcanic-pyroclastic rocks of the Rashid Abad
district display a combination range from acidic to intermediate-basic, spanning from rhyolite to basalt. Since
these volcanic and pyroclastic rocks span the basalt to rhyolite range, the petrogenesis and magmatic evolution
of these three types are discussed.

6.2.1. Petrogenesis and and magmatic evolution of rock types in the region
¢ Andesite and basaltic andesite

Andesite and basaltic andesite rocks are observed as lava flows and pyroclastic deposits in the study area.
These rocks exhibit characteristics typical of subduction-related magmas. In the spider diagrams (Fig. 20c),
they display depletion of HFSEs and enrichment of LILEs. Additionally, they show Pb enrichment, which is
indicative of magmas originating from both the crust and subduction zones. In subduction environments,
andesite and andesite basaltic rocks can form from various sources, such as the melting of subducting oceanic
crust, partial melting of the underlying continental crust, and the transformation of mafic magmas derived from
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metasomatized mantle during AFC (Assimilation Fractional Crystallization) and MASH (Melting-
Assimilation-Storage-Homogenization) processes (Gill, 1981). The SiO, content in the basaltic andesite and
andesite rocks of the region ranges from 52.83% to 61.13%. Magmas with this SiO, content cannot be directly
derived from either the underlying continental crust or the subducting oceanic crust. Furthermore, magmas
originating from the subducting oceanic crust typically display adakitic features, which are not observed in the
rocks of this region (Fig. 21a). Therefore, the andesite and basaltic andesite rocks of the Rashid Abad area were
likely formed through the evolution of mantle-derived magmas during the AFC and MASH processes. Such
origins have been proposed for numerous andesite rocks in subduction environments (Askren et al., 1997; Gill,
1981). Examination of the Harker diagrams for these rocks indicates that the magma associated with the
andesite and basaltic andesite underwent a fractional crystallization (FC) process during its ascent (Fig. 20a,
b). As a result of this process, olivine, pyroxene and plagioclase minerals crystallized from their parent magma
in crustal magma reservoirs. The negative Nb-Ta anomaly is likely caused by the retention of these elements
in unmelted mantle minerals (Kelemen et al., 1993) or by reactions between the primary magma and mantle
peridotite. Based on the geochemical characteristics of these rocks, their parent magma was generated from a
metasomatized mantle influenced by subduction processes. The resulting magma underwent fractional
crystallization and contamination in the lower crust and possibly experienced magma mixing during its ascent
through the upper crust. To investigate the mineralogy and degree of partial melting of the mantle source (spinel
or garnet), the highly incompatible element La and the less incompatible element Sm were analyzed. The
elements Sm and La are not significantly influenced by the mineralogy of the mantle source, making them
valuable for providing insights into the overall chemical composition of the source. In contrast, Yb is strongly
affected by the presence or absence of garnet in the mantle source. Therefore, the La/Sm versus Sm/Yb diagram
(Aldanmaz et al., 2000) was utilized to analyze the mineralogy and the degree of partial melting of the mantle
source. Based on this diagram, the andesite and basaltic andesite samples from the Rashid Abad area
predominantly fall within the range of 1-5% of partial melting of a spinel lherzolite source (Fig. 21b).
Consequently, the primary magma of the Eocene andesite and basaltic andesite rocks in the study area is
inferred to have originated from the partial melting of a metasomatized spinel lherzolite mantle source
influenced by subduction processes. During its ascent, the magma likely underwent AFC and MASH processes.

¢ Dacite

Dacites are observed alongside rhyolitic rocks in the study area. These rocks can originate from a variety of
sources, including partial melting of the lower crust, melting of subducting oceanic crust, or through the
evolution and transformation of andesitic and basaltic andesite magmas. In other words, dacites can form
through various processes, such as the fractional crystallization of mafic magma (Dungan and Davidson, 2004),
magma mixing between basalt and rhyolite (Dungan and Davidson, 2004), or the partial melting of a mafic
protolith (Smith et al., 2003). Basaltic rocks have not been reported on a significant scale in the region.
However, it is possible that intermediate to acidic volcanic rocks, such as dacites, originated from the fractional
crystallization of mafic magmas (e.g., Pan et al., 2022). Additionally, as it can be inferred in most of the Harker
diagrams (Fig. 20a, b), the dacite samples do not appear to represent a continuation of the transformation
process from the andesite and basaltic andesite rocks. According to the primitive mantle-normalized multi-
element patterns (Fig. 20c), the region's dacites are enriched in LILEs (e.g., Cs, K, Pb, and Rb) and LREEs
(e.g., Nd, Ce, La, and Sm). In contrast, they are depleted in HFSEs (e.g., Ti and Nb). These characteristics are
similar to those of the bulk continental crust, indicating that the crust was likely melted (e.g., Pan et al., 2022).
According to Koniger (2002), some HFSEs and REEs are generally stable under conditions of altered
weathering and low-grade metamorphism. Therefore, studying their their content or ratio during the diagenetic
process is very useful. The La/Nb ratio (1.76-2.91) in the region's dacites is nearly identical to the crustal value
(La/Nb = 2.2 ppm (Taylor and Mclennan, 1985)). The low S/Y ratio (= 5.99-7.01) suggests that the dacites
were formed by the melting of oceanic crust. Additionally, the dacite samples exhibit a low La/Yb ratio
(ranging from less than 4.75 to 10.27), indicating that they were formed under relatively low pressure and
derived from the partial melting of their source area without residual garnet (e.g., Pan et al., 2022). The dacite
samples have relatively high SiO, amounts (64.54-75.63 wt.%), and low to moderately low MgO content
(0.46-3.01 wt.%, with an average of 1.99 wt.%). The moderate total alkali content (Na20 + K20 = 5) in the
dacites is almost in contrast with the typical characteristics of rocks formed from the melting of subducted
fragments. The low concentrations of Cr (5-34), Ni (Less than 1 to 9), Sc (2.9-16.6), and MgO (0.46-3.01 wt.%
with an average of 1.99 wt.%) in the dacites suggest a minimal influence of mantle-derived material on the
magma that formed these rocks in this area (e.g., Ghadami et al., 2015). Based on the range of MgO (0.46—
3.01 wt.% with an average of 1.99 wt.%) and the aforementioned geochemical characteristics, the dacitic
magma is unlikely to have been directly derived from mantle melting. Experimental evidence from Roberts
and Clemens (1993) demonstrated that type I high potassium calc-alkaline magmas can forme through the
partial melting of intermediate to mafic calc-alkaline and high-K calc-alkaline rocks. Partial melting of crustal
rocks, such as amphibolite, metagreywacke, and metapelite, produces distinct melts under varying melting
conditions (Patino Douce, 1996; Alberto and Patino Douce, 1999). Consequently, to investigate the origin of
the dacites in the region, a proposed diagram was used to distinguish the source protolith (Fig. 21c). According

This article has license CC BY 4.0 https://creativecommons.org/licenses/by/4.0/



Accepted manuscript (author version)

to this diagram, the dacite samples fall within the range of mafic rocks (such as amphibolite, metabasalt,
metatonalite) (Fig. 21c). Based on this evidence, it can be concluded that dacites, along with rhyolites,
originated from the partial melting of a portion of the lower mafic crust under relatively high-temperature and
low-pressure conditions (Pan et al., 2022). All the aforementioned evidence supports this conclusion.

¢ Rhyolite

As noted earlier, rhyolites are commonly observed alongside dacites in the study area. The primary models for
the formation of felsic magmas in a volcanic arc environment include the AFC process (Bacon and Druitt,
1988) and partial melting of the lower crust due to the thermal influence of mafic magmas with a deeper or
mantle origin (Guffanti et al., 1996). According to the Harker diagrams, some of the rhyolite samples follow
the same evolutionary trend as the dacite rocks. This suggests that both FC and AFC processes may contribute
to the formation of the rhyolites (Fig. 20a, b). However, the high SiO, content and the enrichment of
incompatible elements such as Rb and Th are not compatible with the formation of rhyolite rocks through
processes such as FC and AFC. Therefore, alternative sources for the origin of these rocks should be considered
(e.g., Sarkhoshi et al., 2015). Rhyolites exhibit characteristics of calc-alkaline magmas and belong to the felsic
magmas group, specifically Type I granitoids (e.g., Sarkhoshi et al., 2015). In the primitive mantle-normalized
multi-element pattern, rhyolites display negative anomalies in P, Nb, and Ti, along with positive anomalies in
Pb. The spider diagram curves and REE patterns across all samples reflect their shared source rocks (Li et al.,
2023). In general, the rhyolites in the region are enriched in LILEs (e.g., Cs, K, Pb, and Rb) and LREE (e.g.,
Nd, Ce, La, and Sm), while being depleted in HFSEs (e.g., Ti, and Nb) (e.g., Sarkhoshi et al., 2015; Li et al.,
2023) (Fig. 20c). In addition, the rhyolite samples exhibit a low Eu/Eu* ratio (negative anomaly) ranging from
0.49 to 0.54, indicating the presence of plagioclase in their origin or the separation of this mineral during
fractionation (e.g., Barnes et al., 2001). Furthermore, the geochemical signatures suggest that the rhyolite melt
was generated with a minor fraction from lower crustal depths within the plagioclase stability field (Halder et
al., 2021). Geochemical features such as the enrichment of incompatible elements (K, Th, La and Ce) and
negative anomalies in Nb, Ti and Ta are more compatible with melts derived from the lower crust (e.g.,
Sarkhoshi et al., 2015). Additionally, the abundance of LILEs such as Th, U, K, Rb, and La, along with Pb,
and the depletion of Ta, Nb, and Ti have been attributed to the continental crust-origin melt (Taylor and
Mclennan, 1985). To distinguish between crustal and mantle origins, the ratios of trace elements in the samples
can be used. In the mantle, the (La/Sm)x and Nb/La ratios are approximately 0.01 and 1, respectively (Sun and
McDonough, 1989), while in the crust, these ratios are about 4.25 and 0.23, respectively (Weaver and Tarney,
1984). In the rhyolite samples, these ratios range from 3.77 to 4.8 for (La/Sm)n and from 0.68 to 0.72 for
Nb/La. These values indicate that the crust played a major role in their formation. Therefore, for further
investigation, the same proposed diagram was used to differentiate the source protolith employed for the
dacites. According to this diagram, the rhyolitic samples from the region, like the dacites, fall within the partial
melting range of amphibolites (Fig. 21c). Eventually, it can be inferred that the rhyolite samples were most
likely formed by the partial melting of a thickened lower crust (Long et al., 2015).

6.2.2. Tectono-magmatic setting

Tectonic environment differentiation diagrams are used to determine the tectonic-magmatic setting of igneous
rocks. These diagrams primarily rely on variations in rare elements, using immobile or low-mobility elements.
As shown in Figure 12b, most of the volcanic and pyroclastic rocks from the Rashid Abad area fall within the
high-K calc-alkaline to shoshonitic series. High-K and shoshonitic magmatism characteristically occur in five
different tectonic settings (Miiller et al., 1992): (1) continental arcs (CAP); (2) post-collisional arcs (PAP); (3
and 4) oceanic arcs (subdivided into initial (IOP) and late (LOP)); and (5) within-plate (WIP). In this study, Zr
vs. Y and AL,O3 vs. TiO; diagrams (Miiller and Groves, 1997) were used to identify the tectonic setting of the
magma in the rocks of this region. These diagrams indicate that the volcanic and pyroclastic rocks from the
Rashid Abad area are associated with magmatic arc tectonics (Fig. 22a, b). The La/Yb vs. Th/Nb diagram
(Hollocher et al., 2012) further confirmed the continental arc position of the samples from the study area (Fig.
22c¢). Additionally, an examination of the samples on the Schandl and Gorton (2002) diagrams (Fig. 23) shows
that the volcanic and pyroclastic samples from the Rashid Abad region are located in the active continental
margin areas. Finally, the Ta/Yb versus Th/Yb diagram (Pearce, 1983; Fig. 24) places the study area samples
within the subduction setting and active continental margin fields.

6.2.3. Subduction and its role in the magmatism and tectonic evolution of the rocks in the
study area

Igneous rocks associated with continental arcs commonly found in subduction zones along continental margins,
where such tectonic settings are characterized by plate convergence (Fig. 25). These zones are typically
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characterized by relatively flat subduction, as seen in the Benioff zone. The nature and propagation of magmatic
activity are influenced by the type of plate convergence, the age of the subducting lithosphere, and the presence
of chain-like seamounts or seismic ridges (Wilson, 1989). Furthermore, Investigations of ancient orogens
indicate that continental growth can be facilitated by arc magmatism driven by plate tectonics and material
accretion along convergent margins (Wu et al., 2022). Additionally, the speed rate of subduction-related
magmatic activity over geological time is episodic. The key parameter in the ratio and rate of H>O entering the
sub-arc is the volume of oceanic lithosphere entering the mantle. in the ancient Earth, similar magmatic flare-
ups could be associated with variability in slab flux related to supercontinent cycles (Chapman et al., 2023).
Therefore, subduction zones are key locations, which causes the net growth of continents, and the long-term
cycling of elements through the crust, mantle and exosphere takes place there (Hawkesworth and Kemp, 2006;
Till et al., 2021). A continental arc forms at an active continental margin, where two tectonic plates converge,
involving both continental and oceanic crust along the line of the plate convergence (Fig. 25). This process
leads to the development of a subduction, which can be classified into two types based on the type of crust
involved: (1) island-arc and (2) active continental margin (ACM). As previously mentioned, the Rashid Abad
region is situated along an ACM. Geochemical and petrogenetic evidence, along with the features studied,
confirm that the magmatic arc in the Rashid Abad area is associated with an active continental margin in a
subduction zone. Subduction is the main process that recycles surface material into the mantle. Mantle
metasomatism and refertilization are primarily driven by fluids and melts generated from the dehydration and
partial melting of subducted continental crust, which acts as the main reservoir of volatiles (e.g., H>O and CO,)
and incompatible elements (Borghini et al., 2023). The petrogenesis and magmatism of continental crust are
more complex than those of oceanic arcs, as continental arcs represent a mixture of materials derived from the
oceanic crust, mantle wedge, and continental crust. Moreover, primary magmas generated by the partial
melting of the subducted oceanic slab are typically contaminated during their ascent through the crust (e.g.,
Pawley and Holloway, 1993; Eyuboglu et al., 2018). Therefore, continental magmatic arcs are characterized
by the accumulation of massive mantle-derived magmatic rocks and the growth of juvenile crust (Jiang et al.,
2022). Since the magmas in continental arcs result from the mixing of juvenile magmas and pre-existing crustal
wall rock, the juvenile magmas are typically mafic, while the crustal wall rocks are more felsic or silicic (Chin
et al., 2013). In addition, it is well established that felsic continental crust is derived from the fractionation of
basaltic magmas (Keller et al., 2015). The primary sources of continental arc rocks are the mixing of existing
continental crust, the lower lithosphere or lithospheric mantle beneath the continental crust, subducted oceanic
crust and sediments, the mantle wedge, and underplated materials (Winter, 2001). For example, the assimilation
of continental crust material acts as a vital mechanism that driving sulfide segregation and sulfide-controlled
metal storage (Pieterek et al., 2024). The primary magma of the continental arcs is generated by the dehydration
of the downgoing slab and partial melting of the asthenosphere together. This magma is typically composed of
olivine tholeiitic basalt, resulting from a mixture of peridotites from the mantle wedge and LILE-enriched
fluids from the dehydrating subducting plate (Winter, 2001). Crustal rocks in the subducting slabs also undergo
metamorphic dehydration and partial melting at lithospheric depths, releasing aqueous solutions and hydrous
melts that contribute to the metasomatism of the mantle wedge (e.g., Kelemen et al., 2003; Zheng et al., 2016).

Moreover, the continental crust, due to the larger thickness and lower density, prevents the upwards rising of
primary magma. The continental crust inhibits the upward rise of primary magma, causing it to pond at the
base of the continental crust and form a magma chamber. Moreover, due to its greater thickness and lower
density, the continental crust prevents the upward rise of primary magma. This inhibition causes the magma to
accumulate at the base of the continental crust, forming a magma chamber. In this chamber, an underplating
process occurs, leading to the assimilation and fractional crystallization of primary magma and lower crustal
rocks at the base of the crust (Pitcher et al., 1985; Winter, 2001). As a result, the olivine tholeiitic primary
magma evolves into calc-alkaline magmas, as well as more differentiated, enriched alkaline or siliceous
magmas (Harmon et al., 1984). Furthermore, tectonic erosion can contribute to the creation of a more enriched
source by scraping and dragging the lower continental lithosphere into the melting zone. This process results
in the formation of continental arc magmas with high concentrations of Rb, Cs, Ba, K, Th, and LREEs (light
rare-earth elements), along with enriched isotopic compositions (Pearce and Parkinson, 1993). According to
the geochemical data, rocks from Rashid Abad are mainly enriched in LREEs (e.g., Nd, Ce, La, and Sm) and
LILEs (e.g., Rb, Cs, Pb, and K) but are depleted of HFSEs (e.g., Ti and Nb). Additionally, the REE patterns
exhibit a negative Eu anomaly. These geochemical characteristics highlight the obvious features of a magmatic
arc and magmatic activity related to subduction, resulting from the involvement of fluids released from the
subducted oceanic slab in the enrichment of magma elements. Therefore, the primary magma of the Eocene
andesites and andesite basalts in the study area originated from the partial melting of a spinel lherzolite source,
likely undergoing AFC and MASH processes during ascent. The accumulation of mafic melts at the at the
mantle-crust boundary, coupled with an increased geothermal gradient, triggered partial melting of the lower
amphibolite crust, which subsequently produced dacitic and rhyolitic magmas. Hence, the primary magma of
these rocks, derived from the mantle, probably underwent partial melting of the subducted oceanic crust and
was metasomatized by fluids from the subducted slab. It was further contaminated by crustal material during
its ascent through the crust or within a shallow-level crustal magma chamber, ultimately underwent fractional
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Figure 20. Rock types from the Rashid Abad region (Andesite and Basaltic andesite, Dacite and Rhyolite) plotted on: (a)
Harkers' Variation diagram of SiO2 (wt.%) versus major oxides (wt.%); (b) Harkers' Variation diagram of SiO2 (wt.%)
versus minor elements (ppm); (c) Primitive mantle-normalized spider diagrams (Sun and McDonough, 1989).
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Figure 25. (a) Schematic diagram illustrating the formation of a continental arc, showing the convergence of an oceanic
plate and a continental plate (Booyabazoo, 1999); (b) Cross-sectional diagram showcasing magmatic processes within a
continental arc (MichaelZuo, 2014); (c) Diagram illustrating the geological process of subduction (Schroeder, 2016).

7. Conclusion

This research presents petrological and geochemical data from the Rashid Abad Eocene volcanic-pyroclastic
rocks to examine their petrogenesis, tectonomagmatic setting, and magmatic evolution. The results of chemical
analysis and petrographic studies indicate a combination of acidic to intermediate-basic compositions in the
rocks, with the data showing a range from rhyolite to basalt. Additionally, the pyroclastic rocks are
characterized by tuff types, including vitric tuff, crystal tuff, and crystal-lithic tuff. Both volcanic and
pyroclastic rocks have formed in a high-K calc-alkaline to shoshonitic series. Geochemical and petrographic
investigations of the area suggest that the rocks originated from fractional crystallization. Fractional
crystallization is affirmed by the trends of major oxides and trace elements in relevant diagrams plotted against
Si02, as well as petrographic evidence of minerals such as plagioclase, alkali feldspar, quartz, and pyroxene.
This evidence indicates that the source magma of the Rashid Abad volcanic-pyroclastic rocks was influenced
by fractional crystallization (FC). According to the tectonic discrimination diagrams, the studied rocks exhibit
characteristics typical of continental arc settings. Since igneous rocks associated with continental arcs are
commonly found in subduction zones along continental margins, the analysis of the Rashid Abad samples

This article has license CC BY 4.0 https://creativecommons.org/licenses/by/4.0/



Accepted manuscript (author version)

indicates that these rocks were formed in an active continental margin environment. Furthermore, the Nb/Y
ratio, which is lower than 1.72 (a characteristic of active continental margins) supports this conclusion for the
Rashid Abad district. In the REE plots, all the samples show enrichment in LREEs (e.g., Nd, Ce, La, and Sm)
and LILE (e.g., Rb, Cs, Pb, and K), while exhibiting depletion in HREEs (e.g., Ti and Nb). In addition, the
volcanic and pyroclastic rocks displaye a negative Eu anomaly. These are some of the most prominent features
of magmatic arcs and a obvious characteristics of magmatic activity related to subduction, resulting from the
involvement of fluids released from a subducted oceanic slab in the enrichment of magma elements. The
magmatic arc characteristics and LILE enrichment in the rocks of the area indicate that the magma likely
originated from a mixture of mantle and crustal material. Additionally, the magma sources may originate from
a wide range of hybrid compositions formed by the mixing of various mantle and crustal melts. Negative Nb
and Ti anomalies in the region's rocks suggest the possibility of crustal contamination. The Nb/U ratio (1.85 to
10), Ce/Pb ratio (0.01 to 9.75), Nb/U versus Ce/Pb ratios, and Nb/Ta ratios clearly confirm the influence of
crustal contamination. Additionally, the Nb/Y versus Rb/Y ratios, which are enriched in the subduction zone,
show evidence of crustal contamination. The Rb versus Ba/Rb ratio highlights the role of crustal contamination
associated with fractional crystallization (FC) in the upper crust. The primary magma of the Eocene andesites
and andesite basalts in the study area originated from the partial melting of a spinel lherzolite source. The
accumulation of mafic melts at the boundary between the mantle and crust, along with the increase in the
geothermal gradient, caused partial melting of the lower amphibolite crust. The resulting melt produced dacitic
and rhyolitic magmas. Generally, it appears that the primary magma of the rocks in the study area formed in a
subduction zone that underwent partial melting. This magma was subsequentlycontaminated by continental
crust materials as it ascended through the crust or within a shallow-level crustal magma chamber. Ultimately,
the magma underwent fractional crystallization.
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