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ABSTRACT

7

The Gohar Kouh area, as a suspected tectonic region, consists of a collection of large folded structures, and is the core ~ Keywords: Quaternary magmatism, Basalt, Conti
of a large arc called the Baloch arc, which is located in the southwest of the Sistan Suture Zone in the southeast of Iran.  @c, Backarc, Subduction, Oman oceanic crust.
Young magmatism with olivine-basalt and basalt compositionally attributed to the Quaternary age has affected these
units in the northern part. These lavas are composed of olivine, pyroxene, and plagioclase phenocrysts with low to mo-
derate alteration, which are situated in a groundmass of plagioclase microlites and fine-grained pyroxenes and opaque
minerals. Porphyry texture is the main texture of these rocks. Geochemical studies indicate that these rocks belong
to the range of calc-alkaline basalts with moderate potassium and were formed as a result of the subduction of the
oceanic crust of Oman under the Eurasian continental crust in the range of arc-related basalts in an active continental
margin and a back-arc extensional environment. Investigation of trace element variations in these basalts proves the
existence of lithospheric mantle origin. The presence of fluids resulting from subduction, involvement of sediments
on the subducted crust, and crustal pollution are some of the reasons that have led to the enrichment of LILE elements
compared to HFSE in the magma that created these rocks.

Presentacion del magmatismo cuaternario del area de Gohar Kouh con un enfoque en las caracteristicas litologicas,
geoquimicas y petrogenéticas de las rocas (sudeste de Iran)

RESUMEN

Palabras clave: magmatismo cuaternario; basalto;
El drea de Gohar Kouh, considerada una posible regién tecténica, consiste de una coleccién de grandes estructuras 4o continental; arco de respaldo; subduccion;

sobrepuestas y es el centro de un arco grande llamado el arco de Baloch, el cual se localiza en el suroeste de la zona  corteza ocednica de Omén
de sutura de Sistan, en el sureste de Irdn. Magmatismo reciente compuesto de basaltos olivinicos y basaltos que se
atribuyen a la edad cuaternaria han afectado estas unidades en la parte norte. Estas lavas estan compuestas de olivino,
piroxeno y fenocristales de plagiocasa con alteracién entre baja y moderada, las cuales estan situadas en una masa de
tierra con microlitos de plagiocasa, piroxenos de grano fino y minerales opacos. La textura porfiritica es la principal de
estas rocas. Estudios geoquimicos indican que estas rocas pertenecen al rango de basaltos calcoalcalinos con potasio
moderado que se habrian formado como resultado de la subduccién de la capa ocednica de Oman, bajo la capa terrestre 7., 4 cite this item:
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1. Introduction

The Sistan Suture Zone (SSZ) is an important connection in the middle
part of the orogenic belt of the Himalayas and Zagros, the study of which is
very important in understanding the tectonic conditions of Central Asia and the
Middle East. This zone in eastern Iran separates the Lut continental block in the
west from the Afghan block in the east with a north-northwest to south-southeast
trend (Sengor, 1990; Mohammadi et al., 2016). The Sistan Ocean is a branch
of the Tethys Ocean that was closed at the end of the Eocene (Mohammadi et
al., 2016) and then affected by the strike-slip fault between the Central Iranian
and Afghan blocks (Tirrul et al., 1983). Based on paleogeographic, structural,
and petrographic studies, the eastward dip direction of the subducting plate has
been identified (Camp and Griffis, 1982; Tirrul et al., 1983; Mohammadi et al.,
2016). The Sistan Suture Zone consists of a deformed accretionary wedge and
a flanking fore-arc basin. This range of three structural-sedimentary complexes
separated by thrust faults (Camp and Griffis, 1982; Tirrul et al., 1983), includes
the Ratuk Complex to the east, which is an older accretionary wedge, the Neh
Complex to the west, which is a fold-thrust belt, and the Sefidabeh fore arc
complex that covers unconformably both other complexes. Thrusting and strike-
slip faulting have affected the basal stratigraphic on lap onto the underlying
wedge turbidites (Tirrul et al., 1983; Mohammadi et al., 2016). SSZ has various
types of igneous rocks, including ultramafic to felsic rocks found in ophiolitic
complexes, intrusive rocks related to the granitoid belt of Garagheh-Saravan,
extrusive and intrusive rocks related to Zahedan-Nehbandan magmatic belt
and volcanic rocks related to the Taftan mountain activity (Camp and Griffis,
1982). The intrusive and extrusive masses in this area have been studied by
many researchers (Tirrul et al., 1983; Mohammadi et al., 2016; Keshtgar et
al., 2016; Sepidbar et al., 2018; Boomeri et al., 2019; Boomeri et al., 2020;
Omidianfar et al., 2023). The study area is located in the eastern part of Iran, on
the southeastern margin of the Lut block and the southwestern boundary of the
SSZ, within the Neh Complex, and is associated with the Makran Subduction
Zone (MSZ). The subduction of the Arabian Plate beneath the Eurasian Plate
along the Makran plays a vital role in shaping the tectonic processes and
magmatic activities in eastern Iran, influencing both the geological features
and the formation of volcanic and plutonic rocks in the area. To date, no
comprehensive studies have been conducted in this region. Therefore, the aim
of this paper is to enhance our understanding of the conditions and environment
associated with the formation of this area through fieldwork, petrographic,
geochemical, and tectonic analyses. This complex tectonic interaction between
the MSZ and the surrounding geological formations is crucial for understanding
the region’s overall magmatic evolution.

General geology

The Gohar Kouh volcanic masses are located in the southwestern part
of Zahedan in the Sistan Suture zone (SSZ), southeastern Iran (Fig. 1-A). In
general, Iran is a collection of several sedimentary-structural zones, and the
SSZ is one of these zones, which is known in the east and southeast of Iran
as a part of the remnants of the oceanic crust during the Cretaceous period,
with a north-south trend and a length of over more than 700 km (Tirrul et al.,
1983) (Fig. 1-A). This area is located between the Lut block on the west and the

Afghan block on the east. The SSZ is divided into three sections: The Neh and
Ratuk accretionary wedges and the Sefidabeh basin (Camp and Griffis, 1982;
Rojhani et al., 2025). The Neh and Ratuk accretionary wedges are characterized
by faulted and highly deformed ophiolitic mélanges, late Cretaceous to Eocene
phyllites, and Paleogene marine clastic sedimentary rocks. On the other hand,
the basin, in front of the Sefidabeh arc, contains small amounts of ophiolitic
mélanges and a coherent and organized stratigraphy. According to Camp and
Griffis (1982) and Tirrul et al. (1983), the non-ophiolitic igneous rocks in this
zone differ from each other in terms of age, composition and origin, and they
can be divided into four groups based on age: 1- Eocene calc-alkaline rocks
attributed to the subduction of the Lut block beneath the Afghan block (Camp
and Griffis, 1982); 2- T and S calc-alkaline Eocene-Lower Oligocene granitoids
of Zahedan, which are related to the subduction and collision processes in the
region (Camp and Griffis, 1982; Boomeri et al., 2005; Sadeghian et al., 2005;
Sadeghian and Valizadeh, 2007; Rahnama-Rad et al., 2008; Ghasemi et al.,
2010; Mohammadi et al., 2016); 3- Oligocene-Middle Miocene alkaline and
calc-alkaline igneous rocks (Camp and Griffis, 1982), that are related to the
activity of major faults in the eastern part of the region, which play a significant
role in creating post-collision structural forms (Camp and Griffis, 1982; Walker
and Jackson, 2004) and 4- Quaternary volcanic rocks similar to Taftan, which
are attributed to the active subduction of Makran from the Arabian plate beneath
the Makran accretionary wedge and the Sistan suture zone (Farhoudi and Karig,
1977; Boomeri et al., 2020; Delavari et al., 2022).

The magma that forms basaltic rocks is the primary magma, results from
slight changes in the melting of peridotite rocks in mantle conditions; therefore,
the survey of these rocks can provide valuable information regarding the origin,
structure, and processing formation of their magma.

The Gohar Kouh Quaternary basaltic masses are scattered as several
separate masses in the northern region of the Makran magmatic arc (Fig. 1-B).
Based on the limited studies reported from these areas (Moinevaziri, 1985;
Biabangard and Moradian, 2008; Pang et al., 2014) and the arrangement of
these masses, a close relationship between the active subduction process in
Makran and their magmatism can be recognized. However, there are still many
ambiguities for their formation that need further investigation.

Regional Geology

Field observations on the volcanic rocks of the study area, which mainly
have basaltic composition, show that these rocks are small and limited masses
in size and extent with not very high topographies (Fig. 2-A and B). The
Quaternary sediments that constitute a major part of the region, are covered
by these volcanic rocks and show mostly dark color (dark brown to black) and
purple in some areas (Fig. 2-C and D). Some parts of these masses, especially
in the southwestern of the region, have a clear and distinct contact with
metamorphosed carbonate rocks (dolomite and limestone) which, according to
the Eftekharnezhad report (1992), are equivalent to the Jamal Formation with
a probable Permian age (Fig. 2-C, D and E). The existence of metamorphosed
enclaves within the volcanic rocks of the region at their contact confirms this
possible age (Fig. 2-F). In this region, the dominant texture in the rock samples
is aphanitic and vesicular texture, which shows a clear increase in the size of
these vesicles in the basalt flows from the lower parts to the top of them.

Figure 1. A: Major sedimentary-structural units of Iran (taken from Ashrafpour et al., 2012); B: The location of basaltic lavas of Gohar Kouh region in 1: 100 000 Dorjing
sheet (Eftekharnezhad, 1992).
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Figure 2. A and B: The presence of basaltic flows and lavas with relatively low topography in the area (View of the photos toward the northeast). C, D, and E: Clear
contacts between lava flows and carbonate rocks, which have led to the alteration of these rocks in these areas (View of the photos toward the north (C) and east (D)). F:
The existence of enclaves of metamorphosed carbonate rocks within the studied basaltic rocks.

2. Research method

In this research, after extensive field observations in the region, to conduct
microscopic and geochemical studies, samples were collected from different
parts of these igneous masses. Among these samples, 75 samples were selected
for the preparation of microscopic thin sections and petrographic studies. For
geochemical studies, 12 samples that were either unaltered or had minimal
alteration were prepared and analyzed by using the Lithium Borate Fusion
method for main elements and Inductively Coupled Plasma Mass Spectrometry
for trace and rare earth elements in the laboratory of Zarazma Mineral Studies
Company. Finally, various geological software such as Igpet and Minpet were
used to process and interpret the results obtained from these analyses.

Petrography

Based on petrographic studies, the composition of the studied rock samples
is mainly basalt, trachybasalt, and olivine basalt. The overall texture observed in
these samples is a porphyritic texture with a fine-grained groundmass; however,
trachytic, intergranular, glomeroporphyritic, and vesicular textures are the other
textures that can be seen in the rock samples (Fig. 3). The degree of alteration
in the rock samples is low to moderate. Olivine, pyroxene, and plagioclase are
the most prominent crystals in these rocks. These crystals constitute about 70
to 75% of the volume of these rock groundmasses compared to the phenocryst
crystals. Olivine phenocrysts (13-17%) are euhedral to anhedral (Fig. 3-A and F),
with sizes ranging from 0.4 to 1.5 mm.

In some cases, these crystals are fractured and altered to iddingsite from
the edges of the crystal (Fig. 3-B and F). This alteration indicates the existence
of oxidizing conditions in the rock-forming environment during alteration,
which occurs more frequently in olivines with lower forsterite and higher
amounts of iron. The skeletal texture that can be observed in olivine crystals
(Fig. 3-F) indicates a very high cooling rate and even a rapid solidification of
the initial magma (Salas et al., 2021).

Pyroxenes, which are frequently observed as coarse crystals, are subhedral
to anhedral and are less abundant than olivines. The size of these crystals is
from 0.2 to 0.9 mm, and they are mostly located in the rock groundmass and
the spaces between plagioclase microliths. The hourglass sector zoning can be
seen in some pyroxenes (Fig. 3-A, C and E). The formation of this type of
zoning indicates differences in crystal chemistry due to kinetic effects at the
growth surfaces, whereby the elements are incorporated into the structure at
different rates along different crystallographic surfaces, instead of changing
the chemistry or conditions of the surrounding magma (Hollister and Guncarz,
1971). At least four controlling factors exist for creating hourglass sector zoning
(Hollister and Gancarz, 1971): (1) the size and composition of ionic complexes
added to the crystal during growth, (2) the rate of material addition, (3) the
rate of equilibration of new material with groundmass on the growth surfaces,
and (4) the rate of re-equilibration of surface layers with groundmass by ion
exchange perpendicular to the crystal surfaces. Therefore, these crystals have
grown so fast that they are ahead of their adjacent growing areas in terms of
diffusion equilibrium (Schoneveld et al., 2020). The alteration degree of these
crystals is not very high.

Plagioclase microliths, which constitute the majority of the rock
groundmass (more than 43%), are in the range of labradorite exhibiting an
average extinction angle of about 32 degrees. These crystals show a trachytic
texture in most of the samples (Fig. 3-C). Iron oxides are visible as opaque
minerals, comprising about 7% of these rocks (Fig. 3-D). The presence of
magnetite and its inclusion by olivine and pyroxene crystals is a sign of the
early crystallization of these minerals from a waterless magma; magnetites
crystallize simultaneously with olivine in water-less magma. However, in
hydrous magmas with low oxygen fugacity, this crystallization occurs in the
later stages and after plagioclase crystallization (Hall, 1996). If there is an
oxidizing condition in the basaltic magma crystallization, magnetite forms as
a separate phase, which explains the higher presence of magnetite in olivine-
bearing basalts compared to olivine-free ones (Gunnlaugsson et al., 2006).
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Figure 3. A and D: The presence of olivine phenocrysts within the groundmass
of plagioclase microlites and fine-grained pyroxenes, porphyritic texture, in the
rock samples of the study area; B and F: Evidence of Iddingsite around euhedral to
subhedral olivine phenocrysts; C: Observation of flow and vesicular texture in the
rock samples of the study area; E: Glomeroporphyritic texture in the Gohar Kouh
basalts; F: Skeletal texture in the olivine crystals.
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Geochemistry

In Table 1 and 2, the results of chemical analysis of rock samples from
the Gohar Kouh volcanic masses are presented. In these samples, the LOI (Loss
On Ignition) values range from 0.66 to 2.52% with an average of around 1.59%.
These values indicate the relatively low alteration of these rocks, which can be
confirmed by microscopic studies with only the presence of iddingsite margins
around the olivine crystals and limited alteration. The range of SiO, values
for these samples is from 46.96 to 51.13wt%. The Al O, values vary between
17 and 22.18wt% and CaO between 9.20 and 10.24wt%. The average Mg#
(Mg#=(Mg/(Mg+Fe)) *100) for the basalts of the study area is about 61wt%,
which can indicate their mantle origin (Christoph et al., 2017). The high amount
of ALO, in these rocks may indicate the early crystallization of mafic minerals
at relatively high pressure from their parent magma (Gust and Perfit, 1987;
Yoder and Tilley, 1962), which led to an increase in the aluminum content in
the residual melt and subsequently the crystallization of plagioclases at lower
pressures.

Based on the Total Alkali-Silica (TAS) diagram (Le Bas et al., 1986),
these rocks are in the range of basalts (Fig. 4). In the Le Maitre diagram (1989),
the studied samples are located within the basalt range and medium-potassium
calc-alkaline magmatic series (Fig. 5-A). Furthermore, to better distinguish
the samples, the trace element diagrams were used. In the Hastie et al., (2007)
diagram, which plots Th against Co, the studied samples also fall within the
range of calc-alkaline series (Fig. 5-B).

Table 1. Geochemical results of rock samples from the study area for major elements by XRF method.

Sample SiO, ALO, CaQ Fe O, K,0 MgO MnQ Na,O P,0, SO, TiO2 SrO LOI
TAN-1 50.57 17.12 9.73 7.26 0.71 7.91 0.13 3.65 0.13 * 0.73 * 2.07
TAN-2 50.22 17.35 9.54 7.32 0.64 8.16 0.13 3.63 0.12 0.42 0.74 0.07 1.67
TAN-4 50.21 17.48 9.68 7.07 0.57 7.68 0.13 3.78 0.11 0.96 0.73 0.08 1.52
TAN-5 50.49 17.5 9.55 7.37 0.65 7.89 0.13 3.68 0.12 0.43 0.75 * 1.44
TAN-6 48.3 17.94 10.21 8.02 0.75 7.12 0.13 3.67 0.14 0.58 0.94 0.07 2.13
TAN-7 50.23 18.15 9.46 8.04 0.9 7.04 0.13 3.6 0.13 * 0.95 * 1.36
TAN-8 50.15 18.22 9.2 8.44 0.99 7.36 0.14 3.57 0.17 * 1.04 0.07 0.66
TAN-9 46.96 17/00 10.24 7.71 0.91 6.9 0.13 3.35 0.16 3.1 0.95 0.09 2.52
TAN-10 49.7 0.19 9.82 7.92 0.82 7.07 0.14 3.63 0.19 0.13 0.94 * 1.74
TAN-12 51.13 17.31 9.6 7.21 0.71 7.62 0.13 3.75 0.14 * 0.75 * 1.65
TAN-13 50.81 17.71 9.61 7.37 0.67 8.21 0.13 3.77 0.1 0.08 0.73 0.07 0.73
Table 2. Geochemical results of rock samples from study area for minor and trace elements by ICP-MS method.
Sample | Ce | Cr | Cs | Eu | Gd | Hf [La|Li|Lu |[Nb |[Nd | Ni | P |[Pb|Rb| Sb | Sc |Sm|Sr | Ta |Tb|Th | Ti |Tm| U | V | Y |Xb| Zr
TAN-1 | 24 | 254|109 (0.89|3.34|32 |12 |7 |02 |144| 14 | 121|722 30 | 21 | 0.8 |18.8|2.2 468.6 0.1 | 0.5 |2.2 3903/ 0.3 | 0.5 | 146 |15.3| 1.8 | 81
TAN-2 | 26 |276 | 1 [0.84|3.52132 (13703 | 10 |14.6]127|730| 34 | 26 | <0.5 [20.3| 2.5 |518.4/<0.1| 0.5 | 2.2 |4056| 0.3 | 0.7 | 152 | 16 |1.83| 87
TAN-4 | 23 (232|109 (09135435 |13 5|03 |85 |14.6[123|741| 43 | 23 | <0.5 [20.8|2.5(613.2/<0.1| 0.5 | 2.2 |4174]| 0.3 | 0.7 | 149 |16.5|1.87| 93
TAN-5 | 23 (248 |0.9 {0.82/3.62| 34 |13 10| 0.3 | 87 | 15 | 123|738 |62 | 25| 0.7 |20 |2.7|515|<0.1] 0.5 |23 |4091| 0.4 | 0.6 | 148 | 16.2|1.84| 88
TAN-6 | 38 [167 | 1.6 {1.09]3.96| 44 | 19 [15]| 0.3 | 10 |22.5| 55 |831 | 74 | 31 [>0.01 %[24.9| 3.6 [566.3/<0.1| 0.6 | 4.1 |5342| 0.4 | 0.7 | 170 | 19 |2.18| 73
TAN-7 | 35 | 177 | 1.1 |1.19]4.08| 3.3 | 19 |17| 0.3 | 7.4 |23.4| 58 | 832 | 68 | 33 | 10.8 |26.3] 3.5 497.7/<0.1| 0.6 | 2.7 |4943| 0.4 | 0.7 | 160 | 18.8(2.18 | 73
TAN-8 | 47 | 187 | 1.6 |1.26|4.29| 4.7 |23 |8 | 0.3 | 9.7 |253| 51 |928 | 56 | 36 | 0.7 |282| 4 [612.8/<0.1| 0.6 | 5.1 |6066| 0.4 | 1.1 | 189 |21.1|2.45| 141
TAN-9 | 44 | 193 | 1.5 (12441 |43 |21 (12103 |11.7|24.1| 48 |844 |33 | 42 | 1.9 |242|3.6 (700.7/ 0.2 | 0.6 | 44 |54611 03 | 1 |175|18.4| 2.1 | 123
TAN-10| 38 | 156 | 1.1 {1.16|4.12| 4.1 |20 |10] 0.3 | 8.5 {22.8| 54 |829 | 28 | 29 | <0.5 |26.1|3.5 [513.6/ 0.1 | 0.6 | 4 |5413] 0.4 | 0.7 | 148 [20.7|2.28 | 122




Introducing Quaternary magmatism of Gohar Kouh area with a focus on the lithological, geochemical and petrogenetic characteristics 187
of the rocks (southeast of Iran)

Figure 4. The plot of SiO, vs. Na,O+K,0 (TAS) (Le Bas et al., 1986) where the studied samples are within basalt range.

A

Figure 5. A: SiO, vs. K, O diagram (Le Maitre, 1989) and B: Co vs. Th diagram (Hastie et al., 2007) to name and determine the magmatic series of the rock samples of the
study area.
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Based on the Middlemost diagram (1975), which distinguishes calc-
alkaline or peraluminous basalts from tholeiitic basalts based on the AlLO,
content versus A.L=((Na,0+K O)/(SiO,- 43)*(0.17)), these rock samples are
within the range of peraluminous basalts (Fig. 6).

Figure 6. Al,O, against [A.L=((Na,0+K,0)/(SiO,- 43)*(0.17))] (Middlemost,
1975), to determine the magmatic series and the potassium content of the study
area samples.

Figure 7. The variation patterns of elements in the basaltic rocks of the Gohar
Kouh area in A: Chondrite-normalized REE diagram (Sun and McDonough,
1989); B: Primitive mantle-normalized spider diagram (Sun and McDonough,
1989). In these diagrams, the OIB, NMORB and EMORB patterns are included for
comparison.

Tectonic setting implications

To determine the tectonic setting of basaltic magmas, there are several
diagrams in which geochemical variations and different behavior of major, minor,
and trace elements lead to the separation of different tectonic environments
from each other. HFSE (High Field Strength Elements) and HREE (Heavy Rare
Earth Elements) values are widely used to identify the tectonic environments of
external rock samples (Pearce, 2008; Pearce and Peate, 1995). In the triangular
diagram of Hf/3-Th-Nb/16 (Wood, 1980) (Fig. 8-A), all the studied samples
fall within the range of arc-related basalts. In the V versus Ti/1000 diagram
(Shervais, 1982), the behavior of melt and displacement of Ti, as well as the
sensitivity of V to the oxidation state are combined. Shervais (1982) believes
that with increasing in Ti/V ratio and increasing oxygen fugacity, the influence
of subducting slab on basalt compositions increases. Therefore, the Ti/V ratio
is very useful and effective for detecting the tectonic setting of basaltic rocks.
All of the samples plotted clearly within the range of MORB and back-arc
basin basalt (Fig. 8-B). Moreover, the La/Nb versus Y plot (Floyd et al., 1991)
(Fig. 8-C), which is a suitable diagram for distinguishing between MORB and
subduction-related eruptive environments, the studied samples also located
within the range of back-arc basin basalts.

A

Figure 8. Tectono-magmatic discrimination diagrams of Gohar Kouh area.
A: Hf/3-Th-Nb/16 diagram (Wood, 1980); B: V versus Ti/1000 diagram (Shervais,
1982); C: La/Nb versus Y diagram (Floyd et al., 1991).
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The source and petrogenesis of magma

Investigating the geochemical characteristics of the Gohar Kouh basaltic
rocks indicates that these volcanic rocks are arc-related basalts, specifically
continental arc basalts (Fig. 9-A and B) that are produced in an active continental
margin (Fig. 9-C) from an enriched source (Fig. 9-D).

In these basaltic samples, the depletion of HFSE compared to the adjacent
LILE in the trace elements pattern normalized to the primitive mantle (Fig. 7-B)
exhibits metasomatic activity related to the subduction process (Woodhead et
al., 1993; Li et al., 2013; Zhou et al., 2006). The positive Sr anomaly and the
absence of a distinct Eu anomaly show the small and insignificant influence
of plagioclase in the evolution of these rocks (Floyd et al., 1991; Qian et al.,
2016)). In the trace elements pattern of the samples normalized to the primitive
mantle (Fig. 7-B), enrichment in LILE such as Cs, Rb, K, Pb, and Sr and
depletion in HFSE such as Nb, Ta, P, and Ti is observed. The enrichment of
Sr in these samples can be attributed to the absence of this element in common
minerals (such as pyroxene) from the original magma and the substitution of
Ca by Sr in plagioclase minerals. The negative Nb anomaly and the positive Pb
and Sr anomalies in these rock samples indicate the contamination of magma
with continental crust (Ozdemir, 2011) or the involvement of subduction

components in the mantle source (Pang et al., 2013; Ozdemir, 2011) during
rock formation in the region. The absence of negative Yb anomaly and the low
ratio of Tb/Yb (0.27 on average) explained the absence of the residual garnet
phase in the mantle source.

In addition, subduction-related provenance rocks are characterized by
high La/Nb ratios (greater than 1.4) (Condie, 1999). Investigating the high La/
Nb ratio (1.3-2.57) and the low Th/La ratio (0.15-0.23) in the rock samples
exhibits a deformed lithospheric mantle source in the subduction zone for the
volcanic rocks of Gohar Kouh. The low Nb and Ta values in the basaltic rocks
may result from the existence of a pre-depleted mantle source or the preservation
of Ti-rich minerals in the residual source area (Martin, 1999; Woodhead et al.,
1993). The Nb/Th ratio less than 5 is indicative of a subduction zone where
fluids released from the subducted slab are abundant, while the Nb/Th ratio
greater than 7 is derived from melts in which fluids released from the subducted
slab do not play a significant role in their formation. In the studied rock samples,
this ratio is about 3.5, therefore, their relationship with the subduction zone and
the influence of releasing fluids from the subducted slab are proven.

Moreover, investigating the relationships between Nb/La versus Zr/TiO,
(Zhang etal.,2022) (Fig. 10-A) and La/Sm versus Th/Nb (Zhang et al., 2022) (Fig.
10-B) confirm the alignment of the basaltic samples with crustal contamination.

Figure 9. Discrimination diagrams of basaltic samples from Gohar Kouh area in A: Ce/Sr versus Cr diagram (Pearce, 1982); B: Ti/Y versus Zr/Y diagram (Pearce and
Gale, 1977); C: Zr versus Zr/Y diagram (Pearce, 1983) and D: Zr versus Y diagram (Sun and McDonough, 1989). These diagrams are drawn based on the nature of the less
mobile elements and their sensitivity to the source composition.
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Figure 10. A: Nb/La versus Zr/TiO, diagram (Zhang et al., 2022); B: La/Sm versus
Th/NDb diagram (Zhang et al., 2022), to investigate the crustal contamination
process based on the chemical variations of the rock samples.

Also, the sediments overlying the subducted oceanic crust have similar
trace element distribution patterns compared to the continental crust (Plank and
Langmuir, 1998; Zhang et al., 2022), so that, the significant negative Nb, Ta,
and Ti anomalies and the cycling of these materials at the source, cause the
observed reduction of HFSE in the rock samples of the region (Fig. 7). The
Th/U ratio can also be used to investigate crustal contamination. This ratio in
the upper crust is about 3.8 (Rudnick and Gao, 2014) and in the studied rocks is
about 4.3. So, it can be a sign of crustal contamination.

Based on the Th/Yb versus Nb/Yb plot (Pearce, 2014) (Fig. 11), the origin
of the rock samples can be considered within the compositional range between
OIB and E-MORB. In this diagram, all the studied samples are displaced from
the mantle array, which indicates that they were influenced by subduction
material with arc-like signatures (Faisala et al., 2020). The metasomatic
processes in these conditions may involve aqueous fluids, primary melts from
partial melting of the sediments, or basaltic subducted slab into the mantle
wedge, which leads to decreasing the solidus temperature in the mantle, partial
melting, and producing the magma (Harangi et al., 2007; Hoang et al., 2011).
The Zt/Nb ratio in the studied samples (this ratio is less than 10 in OIB, about
10 in E-MORB, and around 40 in N-MORB (Pearce and Norry, 1979)) is about
10.74. So it can be concluded that these samples have closer characteristics to
E-MORB. Therefore, it is suggested that, in addition to the enrichment created
by releasing fluids, the mantle source of these basaltic rocks has been enriched
with incompatible trace elements.

Basalts, especially those with MgO content above 6 wt%, which have
undergone the least magmatic changes and transformations, are considered
the most suitable rocks for modeling mantle melting (Niu, 2021). The Sm/Yb
(1.2-1.72) against La/Sm (5.8-4.8) values for the basalts of the studied area
show that these rocks located in a lower range than garnet lherzolite and close
to the melting curve of spinel lherzolite with a low degree of partial melting
(around 2 to 10%) (Aldanmaz et al., 2000) (Fig. 12-A). This is consistent with

the normalized pattern of the studied rocks relative to chondrite (Fig. 7-A) and
indicates that their parental magma formed at shallow depths and as a result of
low degrees of partial melting. The Dy/Yb ratio of these samples (around 1.66)
also confirms the origin in the range of spinel lherzolite. The La/Yb ratio in
the rock samples of the region, which varies in the approximate range of 6.64
to 10, indicates the absence of garnet in the residual phase in the source area,
and consequently, their parental magma must have been produced at depths
of less than 40 km (Haschke et al. al., 2002; Faisal et al., 2020). A high Nb/
La ratio (more than 1) exhibits an asthenospheric mantle source, while a lower
ratio (approximately less than 0.5) indicates a lithospheric mantle source (Smith
et al., 1999). This ratio is around 0.64 for the Gohar Kouh samples, which
indicates the lithospheric mantle source (Fig. 12-B).

Figure 11. The position of the studied samples on Th/Yb versus Nb/Yb diagram
(Pearce, 2014).

Figure 12. A: La/Sm versus Sm/Yb diagram (Aldanmaz et al., 2000); B: The
variation of Nb/La against La/Yb (Aydin et al., 2008). The asthenospheric,
lithospheric and their combined mantle field identified in this diagram.
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Conclusion

The young calc-alkaline basaltic rocks of Gohar Kouh consist of basalt,
trachybasalt, and olivine basalt. Olivine, pyroxene, and plagioclase are the
most important minerals in these rocks. This region is located in the southeast
of Iran and is part of the SSZ, which formed as a result of the subduction of
the Oman oceanic crust beneath the Eurasian continental crust in an active
continental margin and a back-arc extensional environment. These rocks are
derived from partial melting products with a low degree (about 2 to 10%)
within the spinel Iherzolite range. Their source may be an enriched mantle with
higher concentrations of LILE elements compared to HILE. The negative Nb
anomaly, positive Pb and Sr anomalies, as well as the Th/U ratio around 3.4
in these samples, indicate magma contamination with the continental crust.
Additionally, the Nb/Th ratio around 5.3 suggests a connection between these
parental magmas and the subduction zone, with the influence of fluids released
from the subducted slab.
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