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Abstract:

The study area is located in the southeastern part of the Sanandaj-Sirjan Zone (SSZ). The rock unit
outcrops include olivine gabbro, troctolite, dunite, and granodiorite. In this area, the gabbro bodies
are arranged separately but close to each other in two rows along the northern margin of the Shahr-
Babak granodiorite batholith, which dates back to the Jurassic. This granodiorite body consists of
multiple phases, with the oldest phase being Jurassic in age. The final magmatic phase is
represented by a granodiorite body of Eocene age, which outcrops among the gabbros. On a
microscopic scale, the plagioclase and pyroxenes in the samples from this region exhibit sieve
texture and zoning, indicating disequilibrium conditions during magma solidification. These
textures are attributed to the presence of hydrous minerals and changes in water fugacity. The
chemical composition of the samples collected from the study area exhibits a sub-alkaline
(tholeiitic to calc-alkaline) signature, ranging from gabbro to peridotite-gabbro. These rocks are
related to subduction and occur in a continental arc. Additionally, they have been contaminated by
material from the upper continental crust. The parent magma of the samples in this area originated

from an enriched spinel-lherzolite mantle.
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Introduction

The geology of Iran is one of the world's prime examples of continent-continent collision. The
ongoing convergence between the Arabian and Eurasian plates has led to the formation of the
Zagros orogeny (Morley et al., 2009). The Zagros orogenic belt extends 1500 km from the Turkey-
Iran border in the northwest, stretching from western Iran to the Persian Gulf in the southeast. This
belt is divided into three parallel structural units: the Zagros Fold-Thrust Belt (ZFTB), the
Sanandaj-Sirjan Zone (SSZ), and the Urumieh-Dokhtar Magmatic Arc (UDMA) (Berberian and

King, 1981; Alavi, 1994).

The study area is located between longitudes 54° 38' to 54° 43" and latitudes 29° 56' to 29° 58', in
the southeastern part of the Sanandaj-Sirjan magmatic-metamorphic zone. Additionally, the area
is situated approximately 31 kilometers southwest of Shahr-Babak city, to the north of the Shahr-
Babak granodiorite batholith. The locations of Kerman, Shahr-Babak, and the study area are shown
on the modified geology map from the Geological Survey of Iran, based on the reports of Berberian
and King, 1981; Alavi, 1991; Mohajjel et al., 2003; Azizi and Moinevaziri, 2009 (Fig 1). Also, the
position of this area is exhibited on the 1:250000 Neyriz geological map from the Geological

Survey of Iran (Valeh and Alavi Tehrani, 1985) (Fig 2).
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Fig 1. The locations of Kerman, Shahr-Babak, and the study area of Robat are shown on the modified geological
map of the Geological Survey of Iran (Berberian and King, 1981; Alavi, 1991; Mohajjel et al., 2003; Ghasemi and
Talbot, 2006; Azizi and Moinevaziri, 2009).

All of Iran's tectonic units, including the Sanandaj-Sirjan Zone, were formed through three key
processes: 1) Subduction of the Neo-Tethys oceanic crust beneath the Central Iran plate during the
Lower to Upper Cretaceous. 2) Subduction of segments of the Neo-Tethys oceanic crust, such as
ophiolites, along the continental margin of Central Iran during the Upper Cretaceous (Turonian to
Campanian). 3) The collision between the Arabian Plate and the Central Iranian Plate during the

Upper Cretaceous to the Quaternary (Alavi, 2004).

The Sanandaj-Sirjan Zone stretches approximately 1500 km from Sanandaj in the northwest to
Sirjan in the southeast, with a width ranging between 150 and 200 km. This zone runs parallel to
the Zagros Fold-Thrust Belt, reflecting its close tectonic and structural relationship with the
broader Zagros Orogenic system (Ghazi and Moazzen, 2015). It is a prominent structural and
tectonic zone in the western and central parts of Iran. The Sanandaj-Sirjan Zone (SSZ) is

significant because its metamorphic, igneous, and sedimentary rocks provide evidence of complex
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geological processes related to the subduction and closure of the Neo-Tethys Ocean. The SSZ is
bounded to the southwest by the Zagros Fold-Thrust Belt and to the northeast by the Urumieh-
Dokhtar Magmatic Arc (UDMA) (Mohajjel et al., 2003; Sepahi et al., 2018). Alavi, 1994 suggests
that the Sanandaj-Sirjan Zone resulted from the opening and closing of the Neo-Tethys Ocean
during the late Paleozoic and Mesozoic. Berberian and King, 1981 considered the Sanandaj-Sirjan

Zone to represent an active continental margin during the Mesozoic.

The Sanandaj-Sirjan Zone primarily consists of Late Proterozoic to Mesozoic metamorphic rocks,
including metacarbonates, schists, gneisses, and amphibolites. These rocks are overlain by
Phanerozoic shallow-water sediments deposited on passive continental margins, and large
Mesozoic gabbroic to granitic bodies have intruded into them (Ghazi and Moazzen, 2015).
Additionally, Berberian and Berberian, 1981 studied the intrusive bodies in this region, which are
composed of a combination of gabbro and granite. They considered these bodies to be Jurassic

intrusions solely because they are overlain by Cretaceous formations.

According to the studies by Fazlnia et al., 2007, magmatic activities in the southeastern part of the
Sanandaj-Sirjan Zone are attributed to tectonic processes associated with the subduction of the
Neo-Tethys oceanic crust beneath central Iran. This subduction led to the formation of magma
with compositions including quartz diorite, anorthosite, and apatite-pyroxenite gabbros (a mafic-
ultramafic complex) in the southern part of the zone. Additionally, using the U-Pb method on
zircon minerals, the age of the mafic-ultramafic body at Tale Pahlevani (Fig 2, 4. b, 4. c) was
determined to be 170.5 =+ 1.9 Ma, while the age of the granodiorite batholith at Shahr-Babak city

was determined to be 164.3 £ 8.1 Ma (Jurassic).
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Fig 2. The location of the studied area on the 1:250000 modified geological map of Neyriz, from the Geological
Survey of Iran (Valeh and Alavi Tehrani, 1985). Additionally, the positions of the gabbro bodies, arranged
separately but close to each other in two rows, as well as the gabbro body of Tale Pahlevani and the granodiorite
body situated between the gabbros, are shown.

The purpose of this research is to determine the tectonic-magmatic setting and the origin of the
gabbroic intrusive rocks in the study area through field and laboratory work, including
petrography, whole-rock chemical analysis, and the determination of the age of the last magmatic
phase by U-Pb zircon geochronology. Additionally, we demonstrate the relationship between the
gabbros and the granodiorite batholith of Shahr-Babak City, that these gabbro bodies are likely the
precursors to the granodiorite batholith. Among the gabbro bodies, there is a granodiorite body.
Based on field studies and age data, we conclude that this granodiorite body corresponds to the

last and youngest magmatic phase of the Shahr-Babak City granodiorite batholith.

Geological Background

The Sanandaj-Sirjan Zone extends from the Sabzevaran Fault in the southeast to the Turkey-Iran

border in the northwest, encompassing northern Iraq (Shalair Zone) and southeastern Anatolia.
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Tectonic events related to the opening and closure of the Neo-Tethys Ocean have led to the
formation of diverse tectonic settings. The tectonic features of this region include ocean rifting,
the development of the Neo-Tethys Ocean, subduction, and, ultimately, the closure of this oceanic

basin (Fig 3).

In the Paleozoic, turbidite sediments were deposited in a turbulent setting characterized by
magmatic and volcanic activities. These basins exhibited conditions similar to those of
intracontinental extensional basins or incomplete rifts, which led to the formation of fractures and
fissures in the crust and the development of ultrabasic rocks. During the Early Permian, this
extension resulted in the opening of the Neo-Tethys Ocean, a process that continued until the end
of the Middle Triassic (Fig 3. a, 3. b). During the Late Triassic to Early Jurassic, the Neo-Tethys
Oceanic crust was subducted beneath the southern margin of Central Iran. This subduction led to
the metamorphism of Paleozoic rocks in the region, the formation of a magmatic arc associated
with the subduction, and the development of metamorphosed flysch sediments from the Jurassic-
Cretaceous period, which are related to fore-arc basins (Fig 3. ¢). These formations are covered by
carbonate sediments due to the transgression of the sea during the Early Cretaceous (Fig 3. d).
Subduction continued until the Eocene, and from that time onward, as a result of continental
collision, the formation of ophiolites, radiolarites, and glaucophane schists occurred (Fig 3. e). As
a result of this collision, flysch basin sediments of the Tertiary containing olistolithic fragments
from Cretaceous limestones, ophiolites, and some formations of the Zagros Zone were deposited
over the margin of the High Zagros. The final stages of the Zagros orogeny are marked by the
deposition of back-arc basin sediments and post-orogenic molasse deposits. Back-arc basin
sediments, in the form of unconformities, cover the northern part of the southern Sanandaj-Sirjan

Zone. Furthermore, post-orogenic molasse sediments were formed due to the erosion of the
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uplifted areas resulting from the Zagros orogeny, both in the interior and along the margins of the

southern Sanandaj-Sirjan Zone (Fig 3. e).
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Fig 3. A simple geodynamic model of the southeastern part of the Sanandaj-Sirjan Zone illustrates the opening,
expansion, and closing of the Neo-Tethys Ocean (Sheikholeslami, 2015). SSZ: Sanandaj-Sirjan Zone, UDMA:
Urumieh-Dokhtar Magmatic Arc.

The fact that most of the rocks in the Sanandaj-Sirjan Zone formed during the Triassic to Jurassic
periods suggests that these formations likely resulted from intense magmatic activity occurring
either concurrently with or following the subduction of the Neo-Tethys Ocean. These rocks were
formed beneath Central Iran during the late Triassic and early Jurassic, with magmatic activity

reaching its peak in the Middle Jurassic (Aghanabati, 2004; Sheikholeslami, 2015).

Geological Setting

Based on field observations, the Robat area includes intrusive bodies such as olivine gabbros,
troctolites, dunites, and granodiorites. The gabbro bodies in this region are arranged along two
trends, approximately two kilometers apart, oriented in the northwest to southeast direction.
Among these gabbro bodies, a granodiorite body is exposed as an outcrop (Fig 4. a). The highest
intrusive body in the region is Tale Pahlevani, which reaches an elevation of 1663 meters (Fig 4.

b, 4. ¢). Dunite is observed in the southwest, at the contact of the Tale Pahlevani gabbro body. In
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this region, dunite occurs as enclaves positioned at the upper part of the Tale Pahlevani gabbro
body. These ultramafic enclaves are older than the surrounding gabbros (Fig 4. d). The olivine
gabbros in the study area constitute a significant portion of the rock assemblage. In hand
specimens, they are black, with a weathered surface color of dark gray. Seams and cracks are
abundant in this region (Fig 4. e), and secondary calcite has infiltrated these cracks (Fig 4. f). The
troctolites in the study area exhibit magmatic layering, with white layers consisting of anorthosite
(Fig 4. g). The granodiorite intrusive body in this region, with an elevation of 1606 meters above
sea level, outcrops along and between the gabbro bodies. Water seeps through the seams in these

rocks, leading to chemical weathering in the form of onion-skin weathering (Fig 4. h).

/Tale Pahlevani

Fig 4. a) The geological outcrop of the study area, showing the granodiorite body located between the gabbro
bodies. b) General outcrop of the Tale Pahlevani gabbro body, the highest gabbro body in the region. ¢) Morphology
of the Tale Pahlevani gabbro body. d) Ultramafic enclaves at the summit of the Tale Pahlevani gabbro body. e)
Presence of contraction fractures in the olivine gabbros. f) Secondary calcite filling the cracks in the olivine gabbros.
g) Magmatic layering of anorthosite in the troctolites. h) Onion-skin weathering in the granodiorites.
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Laboratory Methods

After the field studies, 70 thin sections were prepared from some collected samples, and
petrographic studies were conducted using a polarizing microscope at the Shahid Bahonar
University, Kerman, Iran. Subsequently, 10 samples were chosen for whole-rock chemical
analysis. The details of the samples, including their geographical locations, and petrographic

characteristics are provided in Table 1.

Table 1. Description of the Geographic Coordinates and Petrography of the Study Samples.

Sample Rock Geographic Textures Mineralogy (*)
Type Coordinates Mai =
(UTM) ajor minerals Ac_cessory
minerals
RA1-A-2 Olivine N 29°56'161 Granular PI: Plagioclase Bt: biotite
gabbro E 54°43'224 Sieve Afs: Alkali feldspar Opq: Opaque
Ophitic Ol: Olivine Ap: Apatite
Intergranular | Cpx: Clinopyroxene
Poikilitic
RA1-16X Olivine N 2958211 Granular PI: Plagioclase Bt: biotite
gabbro E 54°39'636 Sieve Afs: Alkali feldspar Opq: Opaque
Ophitic Ol: Olivine Ap: Apatite
Intergranular = Cpx: Clinopyroxene
Poikilitic
RA1-20 Olivine N 29°58'149 Granular PI: Plagioclase Bt: biotite
gabbro E 54°39'478 Sieve Afs: Alkali feldspar Opq: Opaque
Ophitic Ol: Olivine Ap: Apatite
Intergranular | Cpx: Clinopyroxene
Poikilitic
RA2-16 Olivine N 29°56'316 Granular Pl: Plagioclase Bt: biotite
gabbro E 54°41'888 Sieve Afs: Alkali feldspar Opq: Opaque
Ophitic Ol: Olivine Ap: Apatite
Intergranular =~ Cpx: Clinopyroxene
Poikilitic
RA2-21 Olivine N 29°56'424 Granular Pl: Plagioclase Bt: biotite
gabbro E 54°41'615 Sieve Afs: Alkali feldspar Opq: Opaque
Ophitic Ol: Olivine Ap: Apatite
Intergranular | Cpx: Clinopyroxene
Poikilitic
RA2-23 Olivine N 29°56'506 Granular Pl: Plagioclase Bt: biotite
gabbro E 54°41'365 Sieve Afs: Alkali feldspar Opq: Opaque
Ophitic Ol: Olivine Ap: Apatite
Intergranular | Cpx: Clinopyroxene
Poikilitic
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RA2-29X Olivine N 29°56'490 Granular PI: Plagioclase Bt: biotite
gabbro E 54°39'839 Sieve Afs: Alkali feldspar Opq: Opaque
Intergranular | Cpx: Clinopyroxene
Poikilitic
RA2-8 Troctolite N 29°56'270 Granular PI: Plagioclase, Ol: Bt: biotite
E 54°42'333 Sieve Olivine, Cpx: Opg: Opaque
Intergranular Clinopyroxene Ap: Apatite
poikilitic
RA2-24 Dunite N 29°56'481 Granular Ol: Olivine Cpx: Opq: Opaque
E 54°39'808 Mesh Clinopyroxene PI: Ap: Apatite
Plagioclase
RA1-6 Granodiorite = N 29°57'741 Granular Pl: Plagioclase, Afs: Bt: biotite
E 54°41'127 Granophyric Alkali feldspar Opg: Opaque
Qz: Quartz Ap: Apatite

Cpx: Clinopyroxene
(*) Mineral abbreviations from Whitney and Evans, 2010.

Table 2. Results of geochemical analyses of major and minor element oxides in the studied samples. The analyses
were conducted using X-ray Fluorescence (XRF) based on weight percentages and Laser Ablation Inductively
Coupled Plasma Mass Spectrometry (LA-ICP-MS) based on ppm.

Sample RA1-A-2 RALl- RA1-20 | RA2-16 RA2- RA2-23 RA2- RA2-8 RA2- RA1-6
16X 21 29X 24
Rock Olivine Olivine | Olivine Olivine | Olivine | Olivine | Olivine | Troctolite | Dunite | Granodiorite
Type gabbro gabbro | gabbro gabbro | gabbro | gabbro | gabbro
SiO, 45.75 45.48 46.18 43.41 45.7 45.99 45.29 45.5 39.91 63.34
ALO; 18.21 14.44 19.59 8.88 19.65 18.59 1.96 30.9 3.1 16.43
TiO, 0.35 0.41 0.19 0.17 0.31 0.32 0.31 0.05 0.14 0.6
Fe,0; 1.85 1.91 1.69 1.67 1.81 1.82 1.81 1.55 1.64 2.1
FeO 7.9 8.48 5.57 11.59 6.39 6.6 14.26 1.12 19.05 2.99
Na,O 14 0.79 1 0.41 1.05 1.19 0.2 1.11 0.12 3.01
CaO 12.69 13.75 14.41 9.45 14.08 13.1 11.29 16.11 2.7 4.19
MgO 9.63 12.91 10.01 21.53 8.82 9.74 22.24 2.38 27.76 2.06
MnO 0.18 0.19 0.14 0.24 0.15 0.16 0.31 0.03 0.36 0.08
K20 0.21 0.12 0.09 0.05 0.14 0.15 0.05 0.18 0.03 34
P,0s5 0.02 0.03 0.02 0.02 0.03 0.04 0.02 0.02 0.03 0.19
Total 98.19 98.51 98.89 97.42 98.13 97.7 97.74 98.95 94.84 98.39
LOI 0.92 0.54 0.49 1.27 1.15 1.55 0.65 0.92 3.01 1.26
Li 14.5 11.26 7.3 8.86 9.16 14.69 15.97 10.41 14.3 32.1
Be 0.34 0.36 0.41 0.24 0.42 0.57 0.23 0.58 0.19 2.31
B 6.41 7.55 4.78 7.02 6.52 17.41 29.86 7.18 44.97 21.82
Sc 33.19 40.73 32.03 31.7 27.31 28.94 63.29 3.69 17.28 13.75
Cr 160.8 618.58 281.59 1227.08 | 158.57 213.67 649.87 57.7 346.63 18.79
Co 57.79 65.17 50.49 111.49 50.85 53.2 124.22 15.33 169.13 14.07
Ni 84.54 191.58 54.11 306.96 64.71 87.73 319.1 22.45 486.99 10.2
Cu 67.22 15.89 17.73 11.2 9.51 13.32 7.5 10.04 6.54 45.32
Zn 75.49 86.79 58.99 124.6 82.49 78.68 156.11 26.23 211.7 54.97
Ga 17.7 14.17 15.46 8.58 17.23 17.21 4.29 20.85 4.05 14.84
Rb 3.96 2.71 1.56 1.02 2.83 3.29 1.59 4.2 0.9 126.61
Sr 1104.32 724.67 927.86 411.24 1056.92 | 950.63 301.43 1621.51 133.57 498.59
Y 6.01 6.69 5.92 4.85 5.5 7.02 14.32 0.58 2.74 23.3
Ir 5.88 12.13 7.3 7.27 7.86 8.01 19.53 2.11 8.06 202.33
Nb 0.13 0.18 0.07 0.12 0.29 0.22 0.23 0.11 0.15 11.45
Mo 0.13 0.2 0.16 0.09 0.16 0.15 0.22 0.16 0.24 1
In 0.04 0 0.04 0.03 0.03 0.05 0.08 0.01 0.04 0.07
Sn 0.72 0.7 0.59 0.56 0.75 2.78 2.07 0.56 0.92 7.75
Sb 0.1 0.06 0.09 0.12 0 31.58 0.47 0.19 0.62 0.75
Cs 1.03 0.47 0.3 0.16 0.63 0.61 0.31 0.42 0.47 4.63
Ba 122.44 53.57 72.6 32.09 114.26 108.25 15.94 83.79 13.38 541.6
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La 2.58 3.04 3.52 2.07 4.03 4.88 2.58 2.62 0.86 31.53
Ce 5.67 8.05 7.94 5.31 8.54 10.28 9.32 4.23 2.19 63.67
Pr 0.86 1.26 1.11 0.77 1.12 1.34 1.69 0.43 0.34 7.18
Nd 4.18 6.37 4.89 3.55 4.65 5.82 8.66 1.49 1.67 25.58
Sm 1.28 2.03 1.27 0.97 1.23 1.55 2.82 0.2 0.54 5.13
Eu 0.81 0.69 0.65 0.4 0.74 0.86 0.61 0.48 0.16 1.16
Gd 1.26 2.02 1.26 0.94 1.15 1.44 2.98 0.15 0.5 4.3
Tb 0.18 0.3 0.19 0.15 0.16 0.22 0.45 0.02 0.08 0.65
Dy 1.2 1.87 1.19 0.97 1.08 1.35 2.83 0.11 0.53 391
Ho 0.24 0.36 0.23 0.19 0.2 0.26 0.56 0.02 0.1 0.78
Er 0.64 0.99 0.61 0.51 0.57 0.7 1.52 0.05 0.3 2.28
Tm 0.09 0.13 0.09 0.07 0.08 0.1 0.21 0.01 0.04 0.35
Yb 0.55 0.85 0.53 0.47 0.51 0.64 1.29 0.04 0.28 2.27
Lu 0.08 0.12 0.07 0.07 0.07 0.09 0.19 0.01 0.05 0.33
Hf 0.24 0.44 0.26 0.28 0.28 0.3 0.82 0.05 0.26 4.93
Ta 0.01 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.01 0.76
W 0.68 0.12 0.16 0.3 0.12 1.04 0.26 2.04 1.8 1.1
Pb 10.6 11.33 8.05 7.78 19.9 32.79 16.37 16.25 23.41 28.2
Th 0.06 0.11 0.05 0.12 0.16 0.09 0.2 0.06 0.03 10.2
U 0.03 0.05 0.03 0.06 0.08 0.06 0.09 0.04 0.03 2.21

Chemical analyses of the major elements in these 10 rock samples were conducted using X-ray
Fluorescence (XRF), while trace elements were analyzed using Laser Ablation Inductively
Coupled Plasma Mass Spectrometry (LA-ICP-MS) at the University of Milan, Italy (Table 2).
Samples from the study area were pulverized for whole-rock analysis using a jaw crusher, then
ground into fine powder in an agate mortar, and compressed into pellets, following the procedure
described by Peters and Pettke, 2017. The major, minor, and trace element compositions were
analyzed using an LA-ICP-MS system, which combines a 193 nm ArF excimer laser equipped
with a HelEx 2 volumetric sample chamber (Analyte Excite, Teledyne Photon Machines) and a
quadrupole mass spectrometer (iICAP-Q Thermo Fisher Scientific). The BHVO basalt was
analyzed alongside the unknown samples as a quality control measure (Guillong et al., 2008). In a
separate experiment to determine the U-Pb age of zircon, the granodiorite body in the study area,
located among the gabbros, was dated. Zircon samples for U-Pb dating were crushed using a jaw
crusher and sieved to sizes ranging from 65 to 500 um. The zircon grains were separated by
handpicking under a binocular microscope from the enriched fraction, following the standard

heavy liquid separation method. All recovered zircon crystals were mounted in an epoxy resin
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base, polished, and characterized by cathodoluminescence (CL) imaging. Analysis was performed
using the same LA-ICP-MS instrument described above. The ablation spot was set to a diameter
of 20 um, with a repetition rate of 10 Hz and an intensity of 2 J/cm?. Each analysis consisted of 40
seconds for background acquisition and 60 seconds for the ablation signal. The zircon reference
91500 (Wiedenbeck et al., 1995, 2004) was used as an external standard for instrument and laser
corrections, including elemental fractionation. Plesovice Zircon (Slama et al., 2008) was analyzed
at each analytical step as a quality control measure. Raw data were processed using GLITTER
software (Achterbergh et al., 2001). Zircons were analyzed for whole-rock analysis using the same
instrument employed for LA-ICP-MS analysis (see above). Zircon trace element compositions and
U-Pb geochronology were performed in two separate analytical runs. For the trace element
concentration in zircon, NIST612 glass was used as the external standard and Si as the internal
standard in both runs. BCR-2G glass with unknowns was analyzed as a quality control measure.
The results for U-Pb zircon dating are presented in Table 3 of the supplementary material. After
completing all tests, the geochemical data were processed and analyzed using graphical and

specialized software (Igpet, Minpet, GCDXKkit), and the results were reviewed.

Table 3. Results of U-Pb zircon dating from the granodiorite sample of the Robat region, analyzed using GLITTER

software.
Zircon Pb207/U235 1s Pb206/U238 1s rho
minerals

zrcl.1 0.0471 0.00481 0.00673 0.00014 0.20369896
zrc2.2 0.04429 0.00317 0.00648 0.00012 0.2587335
zrc3.2 0.0458 0.00353 0.00658 0.00012 0.2366171
zrcd.1 0.04539 0.0059 0.00693 0.00017 0.18872258
zrc5.1 0.04448 0.00325 0.00677 0.00012 0.24259062
zrc5.2 0.04688 0.00617 0.00674 0.00018 0.20291542
zrc9.1 0.04483 0.00482 0.00661 0.00016 0.22513355
zrcll.1 0.04466 0.00319 0.00675 0.00012 0.24888889
zrcl2.1 0.04281 0.00345 0.00623 0.00012 0.23901179
zrcl5.1 0.04432 0.00385 0.00689 0.00013 0.21720167
zrcl5.2 0.04203 0.00345 0.00649 0.00013 0.2440276
zrc22.1 0.04393 0.00512 0.00674 0.00016 0.20368138
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In petrographic studies, the volume percentage of minerals was used to accurately determine the

names of the samples. For precise classification, [IUGS classification charts from Streckeisen, 1976

were applied (Fig 5).
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Fig 5. The location of the samples from the study area is shown in the IUGS classification diagram of Streckeisen,

1976.

Based on these studies, the samples from this region include olivine gabbros, troctolites, dunites,

and granodiorites.

Olivine gabbros: These rocks are primarily composed of plagioclase (42%), alkali feldspar (5%),

olivine (24%), and pyroxene (20%). Other minerals include opaque minerals, biotite, apatite,

chlorite, calcite, and clinozoisite. The olivine gabbros exhibit a predominant granular texture (Fig
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6. a), along with other textures such as sieve texture in pyroxene (Fig 6. b), intergranular texture
(Fig 6. ¢), ophitic texture (Fig 6. d), and poikilitic texture (Fig 6. e). In addition, magma enclaves
are observed in these rocks (Fig 6. f). Additionally, zoning is observed in the plagioclase and
pyroxene minerals within these rocks. In these rocks, plagioclase ranges in size from
approximately 0.5 to 5 mm, with an extinction angle of 30 to 32 degrees, and their composition
varies from labradorite to bytownite. Alkali feldspars, ranging from 0.5 to 2 mm in size, and
olivines, occurring in euhedral to anhedral forms and ranging from approximately 0.5 to 4.5 mm,
are also present. Pyroxenes range in size from approximately 0.5 to 3 mm, have an extinction angle
of 35 to 45 degrees, and are identified as clinopyroxene. Accessory minerals include opaque
minerals, biotite, and apatite. Opaque minerals occur as fine grains, dispersed within other minerals
and in the background. Biotite crystals are approximately 0.5 mm in size and apatite crystals
measure around 0.1 mm in size. Chlorite, calcite, and clinozoisite are secondary minerals formed

through the alteration of other minerals.

Troctolites: In these rocks (Fig 6. g), the primary minerals are plagioclase (85%), olivine (8%),
and pyroxene (3%). Other minerals present in troctolites include opaque minerals, biotite, apatite,
chlorite, and calcite. These rocks exhibit a dominant granular texture, along with secondary
textures such as sieve, intergranular, and poikilitic. Plagioclase occurs as elongated crystals,
ranging in size from 0.5 to 3.5 mm, with an extinction angle of 30 degrees, and is classified as
labradorite. Olivines are euhedral to anhedral, with sizes ranging from approximately 0.5 to 2.5
mm. Pyroxenes are 0.5 mm in size, have an extinction angle of 30 degrees, and are classified as
clinopyroxenes. Accessory minerals in these rocks include opaque minerals, biotite, and apatite.

Opaque minerals and biotite minerals range in size from 0.5 to | mm. Apatites are present as very
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small grains within other minerals. Secondary minerals such as chlorite are found in very fine

sizes, and calcite occurs as fine grains in these rocks.

Dunites: These rocks are primarily composed of olivine (95%), pyroxene (2%), and plagioclase
(1%). Other minerals in dunites include opaque minerals, apatite, and calcite. The dominant texture
of these rocks is granular (Fig 6. h). The olivine in these rocks occurs as euhedral to subhedral
crystals, ranging in size from approximately 0.5 to 5 mm. The olivine minerals exhibit numerous
fractures, which provide sites for the decomposition of olivine and trigger the serpentinization
process along these fractures, a phenomenon known as mesh texture (Hopkinson et al., 2004) (Fig
6. h). Pyroxenes display high-series colors and have an extinction angle of 35 degrees, classifying
them as clinopyroxenes. These minerals range in size from approximately 0.5 to 1.5 mm. The
plagioclases range in size from 0.5 to 1.5 mm and exhibit an extinction angle of 30 to 32 degrees.
They are classified as ranging from labradorite to bytownite. The rocks also contain accessory
minerals such as opaque minerals and apatite. Opaque minerals are present in sizes ranging from
very small to 0.5 mm, embedded within other minerals. Apatite occurs as fine-grained crystals,
approximately 0.1 mm in size, scattered throughout the rock matrix. The secondary mineral calcite

is formed through the alteration of other minerals.

Granodiorites: These rocks primarily consist of plagioclase (45%), alkali feldspar (15%), quartz
(20%), and pyroxene (3%). Other minerals found in granodiorites include opaque minerals, biotite,
apatite, amphibole, calcite, and chlorite. These rocks display a dominant granular texture (Fig 6.

1), with other textures such as granophyric also present (Fig 6. j).
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Fig 6. a) Granular texture in olivine gabbro. b) Sieve texture in pyroxene in olivine gabbro. c) Intergranular texture
in olivine gabbro. d) Ophitic texture in olivine gabbro. e) Poikilitic texture in olivine gabbro. f) Magma enclave in
olivine gabbro. g) Troctolite. h) Granular and mesh textures in dunite. i) Granular texture in granodiorite. j)
Granophyric texture in granodiorite. Mineral abbreviations from Whitney and Evans, 2010: P1 — Plagioclase, Afs —
Alkali feldspar, Cpx — Clinopyroxene, Ol — Olivine, Amp — Amphibole, Bt — Biotite, Qz — Quartz.

The plagioclase crystals in these rocks range in size from approximately 0.5 to 5 mm, with
extinction angles between 15 and 30 degrees, and are classified as andesine to labradorite. Alkali
feldspars range in size from approximately 0.5 to 2.5 mm, while quartz crystals, which are
subhedral to anhedral with irregular margins, range in size from 0.5 to 2 mm. Pyroxenes, ranging
in size from 0.5 to 2.5 mm, exhibit an extinction angle of 30 to 48 degrees and are classified as
clinopyroxenes. Accessory minerals in these rocks include opaque minerals, biotite, and apatite.
Biotites are light to dark brown and occur in amorphous form, with sizes ranging from 0.5 to 2.5

mm. Opaque minerals are present in sizes ranging from 0.5 to 1 mm, while apatites are very fine-
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grained and occur within other minerals. Secondary minerals such as amphibole, calcite, and
chlorite form due to the alteration of primary minerals. In certain areas of the rock, pyroxenes have
been significantly altered and transformed into amphibole and chlorite, while plagioclase minerals

have undergone metamorphic processes, leading to the formation of calcite.
Discussion

Whole-Rock Geochemistry

The geochemical analysis results, including Whole Rock (XRF) and LA-ICP-MS data, for the

samples from the study area are presented in Table 2.

In the Na,O+K>0 versus SiO; classification diagram (after Middlemost, 1994), the samples from
this region are located in the gabbro and peridotite gabbro and belong to the sub-alkaline magmatic
series (Fig 7. a). In the AFM diagram (after Irvine and Baragar, 1971), the olivine gabbros and
dunites from this region are classified as tholeiitic, while the troctolites and granodiorites are

associated with the calc-alkaline series (Fig 7. b).
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Fig 7. a) Location of the samples from the studied area in the Na,O+K,O versus SiO, (TAS) classification diagram
(after Middlemost, 1994). b) Position of the samples from the studied area in the AFM diagram (after Irvine and
Baragar, 1971).
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In the normalized plot of element concentrations relative to chondrite composition (Boynton,
1984), the olivine gabbro and troctolite samples from the studied area exhibit a positive Eu
anomaly (Fig 8. a), which is more pronounced in the troctolite samples. This positive Eu anomaly
may be attributed to the accumulation of plagioclase (Jagoutz and Kelemen, 2015). In the olivine
gabbros and dunites of the studied area, no negative Yb anomaly is observed, suggesting that the
magma originated from a spinel-lherzolite mantle source (Ali et al., 2022). However, in the
troctolites from this region, a negative Yb anomaly is present. This anomaly cannot be solely
attributed to the presence of garnet in the source but may instead result from the mixing of melts

derived from both spinel-lherzolite and garnet-lherzolite mantle sources (Ali et al., 2022).

In the normalized spider diagram of element concentrations relative to the primary mantle
composition (Sun and McDonough, 1989), the samples from the studied area exhibit a positive
anomaly for elements such as Cs, Ba, U, K, Pb, Sr, Nd, Sm, and Eu, and a negative anomaly for

elements including Rb, Th, Nb, P, Zr, and Ti (Fig 8. b).
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Fig 8. a) The location of the samples from the studied area in the normalized spider diagram of element
concentrations relative to chondrite composition (Boynton, 1984). b) The location of the samples from the studied

area in the normalized spider diagram of element concentrations relative to primary mantle composition (Sun and
McDonough, 1989).
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The enrichment of Ba is attributed to the high proportion of amphibole minerals in the samples,
and the positive anomalies of Ba and K suggest that the magmas are associated with subduction
processes (Fazlnia and Alizadeh, 2013). A positive anomaly in Sr reflects the abundance of
plagioclase minerals, while a negative anomaly in Zr is associated with the fractional
crystallization of clinopyroxenes (Fall et al., 2023). The enrichment of U points to the addition of
altered oceanic crust or pelagic sediments to the parental magma of the rock samples (Fan et al.,
2003). The enrichment of Nd is attributed to its relatively small atomic number and large ionic
radius compared to other elements in the REE group, allowing it to preferentially accumulate in
minerals such as titanite and apatite. Additionally, the enrichment of rare earth elements (REE) in
the samples from the studied area may result from the concentration of these elements during the
final stages of fractional crystallization (Srivastava and Singh, 2004). The positive anomalies of
Ba, Sr, and Sm suggest a metasomatized mantle source (Zhao and Zhou, 2007; Fazlnia and Alizade,
2013). The enrichment of Ba and the depletion of Nb and Ti in the samples from this region can
be attributed to several factors, including: 1) the formation of the samples in subduction zones, 2)
contamination of the samples by the upper crust (Shang et al., 2004). The depletion of the P element
in the samples from the studied area suggests its incorporation into the apatite mineral (Espinoza

et al., 2008).

Magmatic Evolution

Based on field observations, ultramafic enclaves are present within the gabbroic rocks of the study
area, which are attributed to fractional crystallization processes (Zhang and Szilas, 2024). In the
troctolitic samples, anorthosites with a completely white color are observed as part of magmatic
layering. This layering is commonly seen as alternating dark and light bands, which might have

formed due to fractional processes (Shelley, 1993). Furthermore, the gabbroic body in this region
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exhibits onion-skin weathering, likely caused by the considerable age of the gabbros and the

relatively high humidity of the area.

Petrographic studies at the microscopic scale reveal various textures in the rock samples, formed
under the influence of different factors. For instance, granular texture indicates the depth of
crystallization, typically associated with bodies that have cooled slowly at significant depths within
the Earth's crust. Crystal formation is governed by three processes: nucleation, diffusion, and
growth. Each of these processes operates at different rates depending on the prevailing conditions
(Shelley, 1993). The intergranular texture is a common texture in gabbroic rocks, where smaller
minerals, such as pyroxene, olivine, or iron-titanium oxides, occupy the spaces between larger
plagioclase crystals (Homam, 2017). The ophitic texture forms due to the simultaneous
crystallization of plagioclase and pyroxene minerals. In other words, the arrangement of fine
plagioclase crystals within pyroxene results from differences in nucleation and growth rates.
Minerals like pyroxene do not readily nucleate but grow easily, forming large crystals. In contrast,
when nucleation occurs more readily, smaller and more numerous minerals are formed. As a result,
plagioclase crystals within pyroxene tend to remain small and are unable to grow significantly
(McKenzie and Nions, 1998). In other words, the ophitic texture results from the higher nucleation
rate of plagioclase minerals compared to the lower nucleation rate and higher growth rate of
pyroxene minerals (Vernon, 2018). The poikilitic texture forms when minerals grow to enclose
other minerals, reflecting the crystallization process in igneous rocks (Shelley, 1993). Sieve
textures and enclaves develop as a result of the initial crystallization of magma (Chatterjee et al.,
2021). These textures indicate disequilibrium conditions during magma solidification (Filipov and

Janasi, 2008).
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In the dunites of the study area, two types of textures are observed: granular and mesh. In these
rocks, olivine minerals exhibit fractures that act as a medium for the initiation of the
serpentinization process. This process begins at these fractures and leads to the formation of the
mesh texture. The mesh texture is one of the pseudomorphic textures of serpentine, where olivine
minerals are transformed into serpentine due to the infiltration of water, fluids, and the presence
of silica and magnesium. The serpentinization reaction typically starts at the fractures in the olivine
crystals and, as hydration progresses, extends inward toward the crystal core (Hopkinson et al.,
2004). However, when hydration levels are low, olivine does not fully transform into serpentine
(Deer et al., 2013). Similar conditions have been observed in the dunites of this region. This

process, driven by hydrothermal solutions, follows the chemical reaction below (Deer et al., 2013):

3Mg>S104+4H>0+S10,—2Mg3S1205(OH)4

In the granodiorites of this region, a granophyric texture is present, formed by the simultaneous
crystallization of quartz and alkali feldspar during the final stages of intercrystalline melt (Skursch

et al., 2024).

To investigate the magmatic changes, plots of the oxide variations of major elements against MgO
(Fig 9) were used. In all the plots, the samples from the study area are dispersed, which is attributed
to their coarse-grained nature. As MgO increases, the Al-Os oxide shows a decreasing trend from
troctolite to olivine gabbro, and finally to dunite (Fig 9. a). The decrease in Al>Os against MgO in
gabbroic rocks is attributed to fractional crystallization. As gabbroic magma cools and crystallizes,
minerals such as olivine and pyroxene, which are rich in MgO, crystallize, depleting the remaining
melt of MgO. The crystallization of plagioclase and feldspar further enriches the residual melt in
ALOs (Abdullah, 2019). As MgO increases, the amount of FeO oxide increases from troctolite to

olivine gabbro, and finally to dunite (Fig 9. b).
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Fig 9. a, b) The positions of the samples from the study area in the graphs showing the variations of some oxides of
major elements against MgO. ¢, d) The graphs depicting the variations of some trace elements against MgO.

The increase in FeO relative to MgO in gabbroic rocks is primarily controlled by fractional
crystallization, oxygen fugacity conditions, the composition of the primary magma, and

interactions between crystallized minerals (Khalil et al., 2023).

In the plot of Cr versus MgO, as the MgO content increases, the concentration of chromium rises
from the troctolite samples towards dunite, followed by olivine gabbro (Fig 9. c¢). Chromium is
compatible with primary crystallized minerals such as clinopyroxene, and as MgO increases,
chromium also increases due to the fractional crystallization of Cr-bearing phases (Wang et al.,
2019). In the Sr versus MgO plot, a downward trend is observed from troctolite to olivine gabbro
and finally to dunite (Fig 9. d). The decrease in Sr with increasing MgO in gabbroic rocks can be
explained by the fractional crystallization of plagioclase during magma solidification. As the

magma cools, plagioclase, which incorporates Sr into its crystal structure, begins to crystallize,

Page 47 https://doi.org/10.5281/zenodo.15662849



Periodico di Mineralogia Volume 94, No. 2, 2025
ISSN: 0369-8963

removing Sr from the remaining liquid. This leads to a decrease in Sr concentration, as MgO is

also reduced in the residual melt, which eventually forms gabbroic rocks (Hayes et al., 2024).

Based on the Nb/U versus La/Sm diagram from Krienitz et al., 2006, the samples from this region
plot within the field of the upper continental crust (Fig 10. a). Crustal materials are typically
depleted in Nb and enriched in light rare earth elements (LREE). The low Nb/U ratio in the rock
samples, compared to mantle compositions, suggests that the magmas that formed these rocks
underwent crustal contamination. In the samples from the study area, this ratio is 4.8, indicating

the involvement of crustal contamination.

The Rb/Y versus Nb/Rb diagram from Temel et al., 1998 is used to distinguish between fluid-
induced enrichment in subduction zones, crustal contamination, and intra-plate enrichment. In this
diagram, the samples from the study area sequentially trend from olivine gabbros and dunites to

granodiorites and troctolites, towards the subduction zone or crustal contamination field (Fig 10.

b).
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Fig 10. a) The position of the study area in the Nb/U versus La/Sm diagram from Krienitz et al., 2006 is shown. b)
The position of the study area in the Rb/Y versus Nb/Rb diagram from Temel et al., 1998 is shown.
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Geochronology

In this study, U-Pb dating was performed on zircon minerals from the granodiorites of the study
area, with the results presented in Table 3. The age of the granodiorite body in the region is 42.65

+ 0.49 Ma (Eocene) (Fig. 11).
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Fig. 11. Concordia diagram for the granodiorites of the Robat region based on zircon U-Pb data.

This granodiorite body, which outcrops along and between the gabbro bodies, represents the

youngest magmatic phase in the area.

Petrogenesis

Gabbroic rocks predominantly form in specific geological environments characterized by the slow
cooling of mafic magma beneath the Earth's surface. The key geological settings where gabbroic
rocks occur are as follows: 1- Mid-Ocean Ridges: Gabbros are commonly derived from the
crystallization of mid-ocean ridge basalts (MORB). These melts accumulate in magma chambers,
where they cool gradually, resulting in the formation of gabbroic bodies (Tribuzio et al., 2004). 2-
Ophiolite Complexes: Gabbros constitute a significant component of ophiolite complexes, which
represent sections of oceanic crust that have been uplifted and exposed on land. These complexes

frequently include layered gabbros as a characteristic feature (Follmann et al., 2021). 3-
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Subduction Zones and Continental Arcs: Gabbroic rocks are also associated with subduction-
related processes and continental volcanism. They form beneath volcanic arcs and in settings of

alkaline volcanic activity (Khezerlou et al., 2020).

Based on the Th/Ta versus Yb diagram (Schandl and Gorton, 2002), the samples from the study
area are positioned in the active continental margin domain (Fig 12. a). Similarly, the Th/Nb versus
La/Yb diagram (Hollocher et al., 2012) places the samples within the continental arc domain (Fig
12. b). In the Nb/Zr versus Zr diagram (Thieblemont and Tegyey, 1994), the samples from the
study area are located within the subduction zone field (Fig 12. c¢). Furthermore, the Ce/Yb versus
Sm/Yb diagram (Fleche et al., 1998) indicates that a depth of 65 km marks the boundary between
the garnet-lherzolite and spinel-lherzolite mantle. The samples, ranging from dunite to olivine
gabbro, are inferred to have originated from depths of 60 to 65 km. This suggests that the parental

volcanic magma of the samples was derived from an enriched spinel-lherzolite mantle (Fig 12. d).
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Fig 12. Locations of samples from the study area are depicted in the following diagrams: a) Th/Ta versus Yb
diagram (Schandl and Gorton, 2002). b) Th/Nb versus La/Yb variation diagram (Hollocher et al., 2012). ¢) Nb/Zr
versus Zr variation diagram (Thieblemont and Tegyey, 1994). d) Ce/Yb versus Sm/Yb variation diagram (Fleche et
al., 1998).
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Conclusion

Based on field investigations conducted in the region and the findings of this study, the gabbros in
the studied area are likely precursors to the Shahr-Babak granodiorite intrusion. The key evidence
supporting this hypothesis includes the following: 1- The gabbros are linear in distribution and
occur along the margins of the granodiorites. 2- Anorthosites injected into the fractures and seams
of the gabbros are genetically linked to the granodiorites. 3- No granodiorite enclaves are observed
within the gabbros. 4- The gabbros, with an age of 170.5+1.9 Ma, are older than the Shahr-Babak
granodiorite batholith, dated at 164.3+8.1 Ma. Additionally, the granodiorite body exposed
between the northern gabbro outcrop walls has an age of 42.65+0.49 Ma, marking the youngest

and final magmatic phase in the region.

In petrographic studies and at the microscopic scale, disequilibrium textures such as sieve textures
and zoning are observed in the plagioclase and pyroxene minerals of the samples from this region.
These textures are formed due to the presence of hydrous minerals in these rocks and are the result

of changes in water fugacity during magma crystallization.

In the geochemical investigations of whole rock, the samples from the studied area are classified
as gabbro and peridotite-gabbro and are sub-alkaline in terms of their magmatic series. The olivine
gabbros and dunites of the region are tholeiitic, while the troctolites and granodiorites are calc-

alkaline.

In the normalized diagram of element concentrations relative to chondrite composition, the
troctolite samples from the studied area prominently exhibit a positive Eu anomaly and a negative
Yb anomaly. The positive Eu anomaly may be due to the accumulation of plagioclase, while the

negative Yb anomaly is not specifically related to the presence of garnet in the source region. It
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could instead result from the mixing of melts from both the spinel-lherzolite and garnet-lherzolite
mantle sources. In the normalized spider diagram of element concentrations relative to the
composition of the primary mantle for the samples from this region, positive anomalies of elements
such as Cs, Ba, U, K, Pb, Sr, Nd, Sm, and Eu, as well as negative anomalies of elements such as
Rb, Th, Nb, P, Zr, and Ti, are observed. Overall, the chondrite-normalized spider diagram indicates
that factors such as crustal contamination, fractional crystallization, and processes related to

subduction play a role in the geochemical variations of the samples from this region.

In tectonic setting studies, the samples from this region are located at the active continental margin
and are associated with an arc-continent position. They have undergone contamination by upper
continental crust materials. These samples are linked to subduction processes, with their parental

magmatic compositions originating from a depleted spinel-lherzolite mantle.
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