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 Siahjakuk dikes are located in the southeast and south of Zahedan in the 

Sistan Suture Zone. In this area, Eocene flysch-like rocks were intruded by 

numerous Oligocene dikes and some small stocks. The flysch is also 

intruded by Oligocene granitoid as a batholith in the southern part of the 

area. The flysch is mainly and locally altered phyllite, shale, sandstone, and 

siltstone. The dikes and flysch layers are mainly NW in strike, and there are 

also dikes with N-S and NE trends. Some dikes occur as conjugate dikes. 

The dikes sharply follow the faults and shear structures.  The dikes are 

leucocratic to melanocratic in color and mafic to felsic in composition. They 

are meladiorite, diorite, granodiorite, granodiorite porphyry, diorite 

porphyry (andesite), dacite, and rhyolite. The dikes are mainly high K calc-

alkaline, shoshonitic, and metaluminous and probably belong to post-

collision magmatic arcs. The minor and rare earth elements, which are 

normalized to the primitive mantle and the chondrite, respectively, show that 

LREE and LILE are enriched over LREE and HESE, respectively, which is 

a feature of subduction-related igneous rocks in volcanic arcs. Concerning 

geochemical studies, the Siahjakuk dikes could assume an enriched, 

heterogeneous, and metasomatized lithospheric source. The mafic and 

intermediate dikes were formed from melts that derived from partial melting 

of mafic rocks such as basalt and amphibolite, and the acidic dikes are 

related to melts that derived from partial melting of crust sediments such as 

greywacke. 
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1 .Introduction 

The Siahjakuk is located in the south and southeast of Zahedan in the Sistan suture zone (SSZ) (Fig. 1). 

The SSZ is characterized by several igneous rocks and magmatic phases. The oldest igneous rocks in this 

zone are Cretaceous ultramafic to felsic rocks related to ophiolites. The younger magmatic rocks in this 

zone are magmatic phases related to post-collision magmatism due to the movement of Lut and Afghan 

blocks toward the SSZ. The study dikes are the last magmatic phase of this event. The study of dikes is 

important to interpret magma evolution and to know about magma nature and type of tectonic setting.  

Several studies have been carried out on the igneous rocks, including dikes in the Sistan Suture Zone [1, 2; 

3; 4, 5, 6, 7, 8, 9]. This paper is the first work to investigate the petrography, geochemistry, and petrogenesis 

of these dikes and to provide new insight into the geodynamics of the area.  

 
Fig. 1. Geological zones of Iran (SSZ) [modified from 10]. Legend is not in terms of age order. A black thin line 

that cuts some of the zones is the boundary of the Sistan and Baluchestan province. 

 

1. Geology 

2.1. Geology of the SSZ 

The SSZ is a part of eastern and south-eastern Iran bounded by the Lut block from the west and the 

Afghan block from the east (Fig. 1) [10]. The geology of SSZ has been described in a few papers [1, 2]. 

According to these studies, the oldest rocks in the SSZ are Cretaceous ophiolites that are widespread 

throughout the SSZ, and the most abundant rocks are the Upper Cretaceous to Eocene turbiditic and flysch-

like sedimentary rocks. The flysch-like rocks, including turbidites, originally are shale, sandstone, siltstone, 

limestone, marl, and conglomerate. The sedimentary rocks underwent weak metamorphism and were 

usually intruded and extruded by intermediate to acidic igneous rocks such as batholith, stock, dike, lava, 
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and pyroclastic from Cretaceous to Quaternary, giving rise to contact metamorphism and extensive 

alteration and mineralization [11, 12, 13, 14, 8, 9]. 

The metamorphic rocks in this zone are mainly schist, phyllite, slate, and hornfels. Development of the 

SSZ from the Middle Cretaceous has been affected by a series of important but short-term tectonic events 

[1]. During the Cretaceous, rifting separated the Lut and Afghan blocks and developed an ocean basin filled 

with flysch-like sediments. The Late Cretaceous-to-Eocene calc-alkaline rocks of SSZ, such as Nakhilab 

and Rudeshur igneous rocks and some parts of the Zahedan granitoid, were probably formed during 

subduction of the oceanic crust [3, 15, 7]. This event was followed by the collision of the Lut and Afghan 

blocks during Mid-to-Late Eocene, which was accompanied by the formation of the Zahedan batholith (Fig. 

2). Oligocene to Middle Miocene and Pliocene post-collisional alkaline and calc-alkaline igneous rocks 

(shoshonite) occur as stocks, dikes, lava flows, and pyroclastic rocks in several parts of SSZ [1, 8]. Finally, 

the youngest rocks in the SSZ are Quaternary volcanic rocks (Mount Taftan) related to the active subduction 

of the Arabic plate under the Makran accretionary prism [16]. The alkaline and high-K calc-alkaline 

(shoshonitic) magmatism is closely related to major transcurrent faults. The strike-slip faults are important 

post-collisional structures of the SSZ [1, 17].  

 

 
Fig. 2. A simplified geological Map of Zahedan and the location of the study area on it [17]. 
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2.2.  Geology of the study area 

The sedimentary rocks, such as shale, fine-grained sandstone, and siltstone (flysch-like rocks), are the 

oldest (Eocene) and the most abundant rocks in the study area [18] (Figs. 2, 3 and 4). This unit is locally 

metamorphosed into slate and phyllite and altered to clay minerals. They are folded and schistose in 

structure and texture, and black, gray, green, brown, and cream in color.   The general trend of the 

sedimentary rocks is NW-SE and locally W-E., and shows varied dips.  This unit is intruded by Zahedan 

granitoids in the south of the study area (Fig. 2). The granitoids are mainly I-type and locally S-type, which 

have a general trend of SW-NE for more than 200 km in the northern part and NE-SW for more than 50 km 

in the southern part. The general trend of the granitoid is similar to the trend of the sedimentary rocks 

everywhere. The granitoid width is varied, but the average may be about 12 km in thickness. The granitoid 

occurs as a large batholith associated with stocks, dikes, and sills. They are mainly granodiorite associated 

with granite, tonalite, quartz monzonite, alkaline granite, and granular in texture [19]. The granitoids are 

mainly metaluminous, weakly metaluminous, and peraluminous and high-K calc-alkaline, similar to those 

that occur in the subduction-related tectonic settings [19]. 

The peraluminous granitoid in the SSZ occurs in sheared zones where they are severely faulted, locally 

brecciated, silicified, and mylonitized. They also show arc-like geochemistry characteristics with 

enrichment of LREE and LILE relative to HREE and HFSE, respectively, on chondrite and primitive mantle 

normalized spider diagrams [19].   

 

 
Fig. 3.  A simple geological map of the Siahjakuk area. 

 

Subvolcanic stocks are another unit in the study area with small outcrops (Fig. 4). This unit is weakly 

mineralized and composed of altered dacites, granodiorite, and granodiorite porphyry.  

The dikes and sills are the youngest igneous phase in the study area that intruded the flysch-like 

sedimentary and metamorphic rocks, the granitoids, and the subvolcanic stocks.  The dikes mainly occur 

as parallel or subparallel to layers and schistosity of the flysch-like rocks and appear mainly as a sill (Fig. 

3). However, they cut across the host rocks in many localities. Conjugated dikes are common in the area, 

especially in the south of the study area.  The general trend of the dikes in the study area is NW-SW and 

sometimes EW and NS. The dikes are usually long (up to several km) and have a small offset in width (Fig. 
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2). They are varied in thickness (from 3 to several meters) and color (black to white). The dikes and their 

host rocks show similar folding in some localities (Fig. 4). Some dikes are altered and contain pyrite 

crystals. A few mineralized quartz veins occur near altered dikes and contain abundant pyrite. All geological 

units have a faulted contact. The large movement of the geological units has been caused by NW and N-S 

faults, and small movements have been caused by NE faults.  

 

 
Fig. 4. (A)  and (B) Field photographs of the flysch unit that was intruded by dikes in Siahjakuk. 

 

2.2. Age of the igneous rocks 

According to K/Ar dating [1] on biotite, the Zahedan granitoids range from 31 to 33 ± 2 Ma in age, 

while based on the U–Pb dating [7], their age ranges from 40.5 to 44.3 Ma. The igneous rocks in the north 

and northeast of Zahedan are Kuh-e-Lar, Kuh-e-Malek Siah, and Hormak basalts. According to K/Ar dating 

on the biotite grains, the age of the Kuh-e-Lar is 27.8 ± 3 Ma, while according to K/Ar dating of the whole 

rocks, the age ranges from 32 to 32.8 ± 3 Ma.  According to K/Ar dating on amphibole, the age of the Kuh-

e-Malek Siah ranges from 27.2 to 28.8 ± 4  Ma. Based on K/Ar dating of the whole rocks, the Hormak 

basalts are 27.0 ± 1.9  Ma in age [1]. These data show that Zahedan granitoids and Hormak basalts are the 

oldest and youngest igneous rocks, respectively, that intruded or extruded in the flysch-type rocks. Re-Os 

dating of two molybdenite samples from mineralized veins in monzonite and syenite yields ages of 29.72 

± 0.11 and 31.95 ± 0.11 Ma [8].  U-Pb dating of intermediate and felsic dikes that intruded the Zaheden 
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graniteoid yields ages of 28.95± 0.11 and 28.11± 0.65 m.y. [20]. This study shows that the Zahedan 

granitoid is 29.9 ± 0.1.  The Siahjakuk dikes have similar or younger ages than these dikes.  

 

3. Study method 

 A total of 40 samples were collected from different rock types, mainly from the dikes. 33 thin sections 

of these samples were prepared and studied by a polarized microscope at the University of Sistan and 

Baluchestan in Iran.  Representative samples (15 samples) were then selected to analyze for major, minor, 

and rare earth elements of whole rocks.  The Major elements were determined by the X-ray fluorescence 

(XRF) technique, and trace and rare earth elements were measured by ICP-MS techniques in Iran's high-

tech laboratory network. 

 

4. Petrography 

The Siahjakuk dikes display different textures, mineralogy, and modal composition. Based on the 

petrography studies, the dikes are meladiorite, diorite, granodiorite, granodiorite porphyry, diorite porphyry 

(andesite), dacite, rhyodacite, and rhyolite (Figure 5E, F, G, H, and I).  

 

4.1.  Meladiorite 

These dikes mainly occur in the east of the study area within metamorphosed flysch or phyllite and are 

usually less than 5 meters in thickness. The meladiorites are granular in texture and contain plagioclase, K-

feldspar, quartz, hornblende, and biotite as primary minerals and chlorite, calcite, sericite, and clay minerals 

as secondary minerals (Fig. 5A and B). The amphibole is more than 30 % of the primary minerals of this 

rock type, which is locally associated with chloritized biotite.  The mineral size shows a wide range, usually 

less than 2 mm in size (Fig. 5A and B). The amphiboles are mainly long and subhedral in shape and are 

partially altered to chlorite. The plagioclase, as the most abundant mineral, is mainly long, subhedral varies 

in shape, and is partially altered to sericite and clay minerals. The K-feldspar and quartz crystals are small 

and euhedral and occur among open spaces between other minerals. Calcite, as a secondary mineral, mainly 

occurs as open-space fillings.  

 

4.2. Granodiorite 

The granodiorite occurs as small stocks in the northeast of the study area and is granular in texture and 

consists of quartz (30 %), plagioclase (35 %), and minor K-feldspar, biotite, hornblende, opaque minerals, 

and secondary minerals (Figure 5C). The minerals of this rock are the largest in size relative to other study 

rock types in the study area. The crystals are rarely larger than 2 mm in size.  Quartz occurs as medium-

sized grains clustered between other minerals. Some of the quartz grains are secondary and were formed 

by alteration processes. The plagioclase occurs as subhedral grains and is characterized by polysynthetic 

twining and zoning, and is subject to sericitic and propylitic alteration types. Amphibole and biotite are 

mainly altered to chlorite and epidote. The propylitic alteration is intensive in this rock, which is 

characterized by epidote, chlorite, calcite, quartz, and pyrite. This rock hosts weak Cu mineralization, 

including Cu carbonates. 

 

4.3. Diorite   

The diorite has a similar mineralogy and texture to meladiorite. The difference is the lower volume 

percent of ferromagnesian minerals in the diorite, which are less than 30 % of the primary minerals. The 

most abundant mineral is plagioclase (more than 50 %), which is characterized by polysynthetic twining 

and small crystals (Fig. 5D). It shows variable sericitization and calcification, shape, and size. The 

hornblende and biotite occur as long subhedral-colored crystals with variable alteration to chlorite and 

epidote.  Quartz and K-feldspar optical characteristics are similar to those in the meladiorite. Calcite occurs 

as open space filling, microveinlet, and replacement.  
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4.4. Granodiorite porphyry 

Granodiorite porphyry occurs as a dike and stock in the western part of the area and has a porphyry 

texture. The groundmass is about 30 % of the rock and mainly consists of anhedral crystals of feldspar and 

quartz, and secondary minerals such as phyllosilicates. The main phenocryst is plagioclase associated with 

quartz, orthoclase, and biotite. Some samples are affected by potassic alteration that is characterized by 

hydrothermal biotite and orthoclase (Fig. 5E).  

   

4.5. Andesite (diorite porphyry) 

These dikes have a porphyry texture composed of a groundmass and a few phenocrysts (Figure 5F). The 

groundmass is totally crystalline and composed mainly of plagioclase and quartz grains with variable sizes. 

The phenocrysts are mainly plagioclase (more than 80% of primary phenocrysts), hornblende, biotite, and 

little quartz (Fig. 5F). The plagioclase crystals usually display well-developed zoning and twinning.  They 

are variable in size and shape and show variable alteration to sericite. Biotite is less or more replaced by 

chlorite, and amphibole crystals are sometimes opacitized and altered, and have dark rims rich in Fe and Ti 

oxides. The secondary minerals are chlorite, quartz, calcite, clay minerals, and epidote. Opaque minerals 

are mainly pyrite and magnetite. 

 

4.6. Dacite and rhyolite 

The dacite and rhyolite occur as white dikes and small stocks in the area and have a different color 

(white) in outcrops relative to other study dikes. They are less abundant than intermediate and basic dikes. 

The Dacite and rhyolite are porphyry in texture and consist of plagioclase, quartz, and sanidine (Figure 5G, 

H, and I). 

 

 
Fig. 5. Microphotographs of the rock types in the Siahjakuk. (A) meladiorite, (B) meladiorite, (C) granodiorite, (D) 

diorite (E) granodiorite porphyry (F) andesite (diorite porphyry) (G) dacite (H) rhyodacite (I) dacite. Qz=quartz, 

Pl=plagioclase, Hbl=hornblende, Bt=biotite, Chl=chlorite, Or=orthoclase, Sa=sanidine, Py=pyrite. Abbreviations 

from Whitney and Evans [20]. 
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The groundmass volume ranges from 50 to 80 % of the rocks in the study samples and is composed of fine-

grained crystals of quartz that are associated with little feldspar and secondary phyllosilicates. The 

phenocrysts are mainly less than one mm in size. The plagioclase phenocrysts are subhedral to euhedral, 

twinned and zoned, and partially altered to sericite. The sanidine is euhedral to subhedral in shape and has 

a carlsbad twin.  The biotite and amphibole are rare in the dacitic and rhyodacitic dikes. These dikes had 

been affected by phyllic alteration and sericite, quartz, orthoclase, calcite, pyrite, and clay minerals in which 

occur as microveinlets, replacements, and other space-filling textures.  

 

5. Geochemistry 

The major, minor, and RE elements analyses are reported in Table 1. These elements have been used to 

describe the geochemical characteristics of the study rocks and related magmas as follows:  

 
Table 1. Major and trace elements of dikes in Siahjakuk in terms of wt. % and PPM, respectively. 

Sample S35 S18 S34 S21 S33 S3 S8 S14 S31 S44 S22 S39 S28 S11 S12 

Rock     meladiorite      diorite  granodiorite    dacite   rhyolite 

SiO2 46.5 48.3 50.6 51.0 51.0 52.6 55.0 56.9 60.9 61.2 61.4 64.3 66.9 71.6 72.1 

TiO2 1.43 1.37 1.46 1.33 1.06 1.53 1.19 0.76 0.85 0.55 0.90 0.66 0.42 0.50 0.50 

AI2O3 14.6 14.3 16.8 14.2 14.4 15.2 14.9 15.0 14.7 14.1 14.5 15.5 15.1 15.5 14.5 

Fe2O3 11.1 10.5 9.82 7.21 9.50 8.49 7.73 7.07 5.48 6.91 5.53 4.71 2.87 0.84 0.94 

CaO 9.39 8.22 6.94 5.67 7.59 6.74 5.94 3.13 4.52 5.14 4.22 3.70 2.00 0.57 1.05 

MgO 7.67 8.21 3.92 6.42 8.17 5.86 5.44 6.90 2.40 4.13 3.96 1.34 0.90 0.31 0.10 

K2O 2.11 2.06 2.53 3.10 1.98 2.56 2.61 1.96 3.75 0.32 3.38 3.73 4.59 5.25 5.20 

Na2O 2.86 3.24 3.55 2.85 2.74 3.48 3.82 3.05 3.30 4.64 3.59 3.83 3.93 4.27 3.41 

P2O5 0.30 0.31 0.20 0.22 0.18 0.29 0.19 0.13 0.14 0.10 0.16 0.16 0.15 0.15 0.15 

L.O.I 3.6 3.1 3.8 7.6 2.9 2.9 2.9 4.7 3.7 2.4 2.1 1.8 3.1 1.3 2.1 

Total 99.5 99.6 99.6 99.6 99.6 99.7 99.6 99.6 99.8 99.5 99.8 99.7 100 100 100 

Ba 350 485 370 1172 421 334 325 408 500 460 509 478 463 608 590 

Co 29.5 32.5 23.3 27.5 32.4 32.9 22.8 30.1 16.2 9.9 16.2 10.2 3.6 1.0 1.0 

Cr 58 373 28 202 432 220 249 299 88 45 171 55.7 65.4 43.6 43.4 

Cu 30.0 72.0 44.6 70.2 55.3 48.6 49.1 63.2 49.1 39.9 49.4 39.3 35.5 32.6 31.7 

Hf 1.6 1.7 1.5 1.7 2.2 1.4 1.8 1.6 1.5 1.2 1.3 1.4 0.5 1.0 0.7 

La 18.1 19.5 14.4 25.3 13.8 21.9 17.4 14.3 13.7 8.2 14.6 11.0 6.5 2.7 2.6 

Ce 36.3 36.8 28.1 46.8 27.9 42.7 33.6 27.2 26.9 16.4 28.1 22.4 13.1 5.7 5.6 

Pr 3.9 3.9 3.1 4.6 3.0 4.6 3.5 3.0 2.9 1.8 2.9 2.3 1.4 0.6 0.6 

Nd 15.8 14.2 13.0 17.3 12.1 17.3 13.2 11.3 10.4 7.3 10.2 8.9 4.7 2.3 2.1 

Sm 3.2 3.0 2.7 3.1 2.9 3.4 2.9 2.2 2.1 1.6 2.2 1.9 0.9 0.6 0.5 

Eu 0.9 0.9 0.8 1.0 1.1 1.1 0.8 0.6 0.6 0.5 0.6 0.5 0.3 0.2 0.2 

Gd 3.3 3.3 3.1 3.4 3.1 3.3 3.0 2.5 2.2 2.2 2.2 1.8 0.8 0.6 0.6 

Tb 0.5 0.4 0.4 0.4 0.6 0.4 0.4 0.3 0.3 0.3 0.3 0.2 0.1 0.1 0.1 

Dy 2.4 2.3 2.3 2.0 2.3 2.0 2.1 1.9 1.8 1.8 1.5 1.3 0.4 0.5 0.4 

Ho 0.4 0.5 0.4 0.4 0.6 0.4 0.4 0.4 0.3 0.4 0.3 0.2 0.1 0.1 0.1 

Er 1.3 1.3 1.2 1.0 1.4 1.0 1.1 1.0 0.9 1.1 0.8 0.6 0.2 0.3 0.2 

Yb 1.0 1.2 1.0 1.0 1.0 1.0 1.0 1.1 0.9 0.7 0.8 0.4 0.2 0.2 0.2 

Lu 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.0 0.0 

Li 10.5 13.5 26.5 51.2 12.9 21.5 16.1 53.0 64.3 4.1 24.3 69.7 3.8 9.1 23.1 



Bameri et al.                                               Journal of Environment and Sustainable Mining Vol.1 No.3 (2025) 49-68 

 

57 
 

Nb 10.5 13.0 10.9 16.1 10.8 23.0 14.5 10.6 12.8 3.4 14.4 17.1 5.3 10.6 10.3 

Ni 27 140 22 120 153 90 90 141 41 18 74 19 21 18 17 

Pb 1.0 1.0 2.0 18.2 1.9 1.0 1.2 28.4 19.4 1.0 11.0 20.3 14.6 4.6 3.8 

Rb 18.4 24.8 33.8 31.4 24.4 25.7 42.8 36.7 44.7 70.0 46.0 40.4 49.0 126 100 

Sc 14.6 15.8 10.9 14.0 15.2 10.6 12.5 15.3 8.0 8.8 8.1 4.6 2.5 1.8 0.9 

Sr 565 565 494 460 450 601 459 311 329 433 411 361 261 167 263 

Ta 0.4 0.6 0.5 0.7 0.5 1.2 0.7 0.5 0.7 0.1 0.8 0.9 0.2 0.7 0.7 

Th 1.7 1.9 2.1 5.6 4.7 1.8 3.3 4.3 6.4 1.0 6.2 4.4 3.6 3.3 2.4 

V 41.7 162 136 161 160 104 125 104 78.2 136 81.7 48.3 43.2 16.7 15.3 

Y 11.0 12.0 11.1 10.8 10.8 8.3 10.5 8.3 7.4 8.8 6.6 4.9 1.6 1.9 1.9 

Zn 1.3 64.5 76.5 249 62.5 478 55.4 478 57.3 55.1 54.6 50.9 39.1 194 3.9 

Zr 35.5 114 90.4 144 110 87.2 128 87.2 94.1 46.4 104 97.3 57.0 56.7 55.2 

 

5.1. Chemical classification 

There are several schemes and diagrams to divide igneous rocks based on chemical analyses. Some of 

them are for plutonic rocks, some of them are for volcanic rocks, and three are not an independent 

classification for subvolcanic rocks, such as dikes. Most researchers divide dikes similar to volcanic rocks.  

Here, the study samples are divided based on both extrusive and intrusive rocks chemical classification 

(Fig. 6). According to the SiO2-(Na2O+K2O) diagram [22], the study dikes range from basic to acidic. This 

diagram also shows the rocks are chemically subalkaline and alkaline basalt and subalkaline andesite, 

dacite, and rhyolite (Fig. 6A) or alkaline gabbro and subalkaline gabbro, diorite, granodiorite, and granite 

(Fig 6B). 

 
Fig. 6. Geochemical plots of the Siahjakuk dikes in the total alkali vs. silica classification diagram. (A)  extrusive 

rocks (b) intrusive rocks. 

 

5.2.  Major elements 

SiO2 contents of the dikes show a wide range from 72 to 46.5 wt%. Major element variations versus 

SiO2 are illustrated in Harker binary diagrams [23] (Fig. 7).  The TiO2, CaO, Fe oxides, and MgO contents 

decrease as SiO2 increases, and they display a negative correlation with SiO2, while Na2O and K2O increase 

as SiO2 increases, and they exhibit a positive correlation with SiO2. The Harker diagrams of the Major 

elements have linear and near-linear trends, suggesting that the acid-to-acid-to-basic dike may be 

comagmatic.  Higher contents of MgO, TiO2, CaO, and Fe oxides and low contents of K2O and Na2O in 
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basic rocks relative to acidic rocks are known as normal trends. These variation diagrams indicate a normal 

fractional crystallization in magma. Some samples are scattered on the Harker diagrams, probably due to 

alteration and some systematic errors.  

 
Fig. 7. Selected Harker variation diagrams of major elements (wt. %) vs. SiO2 (wt. %) for the Siahjakuk dikes. 

  

5.3.  Minor elements 

As the SiO2 increases, the Ni, Ce, Cr, La, Y, Zr, and Sr decrease while Rb increases (Fig. 8).  The 

trends are mainly linear or near linear, which may suggest the co-genetic nature of all dikes. 

  
 

Fig. 8. Selected Harker variation diagrams of minor elements (wt. %) vs. SiO2 (wt. %) for the Siahjakuk dikes. 
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5.4. Magmatic series 

According to TAS diagram [23], as shown in Figure 6, the dikes are sub-alkaline and alkaline in the 

magmatic series. In this diagram, the basic dikes are mainly alkaline and the intermediate and acidic dikes 

are mainly subalkaline (Fig. 6A). According to SiO2-K2O diagram of Peccerillo and Taylor [24], the 

chemical composition of the dikes is similar to high K calc-alkaline and shoshonitic magmatic rocks (Fig. 

9A).  The Th/Yb-Ta-Yb diagram divides those rocks that are calc-alkaline from those that are shoshonitic. 

This diagram shows that the study dikes are mainly shoshonitic (Fig. 9B).  

 

 
 Fig. 9.(A)  Distribution of the dikes in SiO2 vs. K2O of Peccerillo and Taylor, [24], (B) Distribution of the di 

kes in Th/Yb vs. Ta/Yb of Muller [25]. 
 

5.5. Tectonic setting  

The high K calk-alkaline and shoshonitic rocks occur in several tectonic settings, such as initial and late 

oceanic arcs, continental arcs, collisional, post-collisional rocks, and within-plate [25, 26]. According to 

Nb/Yb- Th-Yb of Pearce [27], the dikes are related to a volcanic arc (Fig. 10A). Figure 10B shows that the 

composition of the dikes mainly falls in the island arc field [28] while in some diagrams they plot in the 

continental margin field. According to ternary diagram of Wood [29], they are mainly similar to continental 

arc basalts in composition (Figure 10C).  Fig 10D discriminates potassic rocks that form in volcanic arc 

plates (VAP) and within plates (WIP). This diagram shows the study sample plots in VAP field. Figure 10E 

which discriminates between continental arc plates (CAP) and post-collisional plates (PAP), indicates that 

the study dikes are post-collisional (PAP).  

The rifting, subduction, collision and post-collisional events, respectively, (a complete orogenic cycle) 

in the SSZ from Cretaceous (similar to other parts of Iran) were confirmed by the majority of researchers. 

The mechanism and timing of the opening and closing of the ocean basin have been debated by a few 

researchers [1, 30, 31, 32, 33]. The timing of the collision of the Lut and Afghan blocks is Late Cretaceous 

[30] or Middle Eocene [1], while the study dikes are Oligo-Miocene in age. Therefore, the dikes are at least 

younger than the subduction event in the SSZ. With regard to the age and the geochemical data, the dikes 

are probably related to post-collision magmatism.  
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Fig.10.  Plot of the Siahjakuk dikes compositions in tectonic discrimination diagrams. (A) Nb/Yb vs. Th/Yb. (B) Zr 

vs. Ti. (C) Ta-Ta-Hf/3. (D) Zr vs. Y. (E) Zr/TiO2 vs. Ce/P2O5 for potassic igneous rocks with location of the LIC 

igneous rocks. IOP: Initial oceanic arc, LOP: Late oceanic arc, CAP: Continental arc, PAP: Post-collisional arc. 
 

5.6.  Spider diagrams 

Chondrite-normalized REE plots [34] of dykes show that the rocks are more enriched in LREE relative 

to HREE (Fig. 11A, B and C). The REE pattern of basic to acidic dikes shows a deep (LREE) to intermediate 

(HREE) slope with weak negative Eu anomalies (except one sample that has no Eu anomaly) (Figure 11A 

and B). Weak negative anomalies indicate minor plagioclase fractionation [35]. The REE pattern of the 

basic, intermediate, and acidic rocks is almost similar, and all samples have a parallel and sub-parallel 

pattern (Fig. 11, A, B, C) that indicates they had probably derived from the same origin and in a similar 

way.  The acidic dikes are also characterized by a weak negative Dy anomaly that may be due to analytical 

error, as their values are near to sensitivity limit (Fig. 11C). Generally, the total REE contents decrease 

from basic dikes toward acidic dikes. This means that as the SiO2 decreases, the total contents of REE 

increase. Primitive-normalized spider [36] plots of dikes show that the study dikes are more enriched in 

LILE relative to HFSE (11 D, E, F).  These diagrams show that most dikes are characterized by sharp 

positive K and Pb anomaly and positive Ba, Sr, Zr, and Ti anomaly.  The positive Ti anomaly is also weak 

for most samples.  

 

6. Discussion 

According to Muller et al [25], the PAP is the most complex case of subduction-related magmatism in 

suture zones. In this setting, the crustal thickening is characterized by complex magmatic activity and 

tectonic uplift [26] and includes shoshonitic and K-rich rocks and lamprophyres [37, 38, 39]. After a 

collision, potassic igneous rocks may be emplaced as dikes, which are often followed by alkaline volcanism 

when extensional tectonic regimes develop as a consequence of uplift [26; 25].  K-rich magmas in a post-

collisional tectonic setting are usually derived by partial melting of heterogeneous, enriched mantle sources 

that have been metasomatically enriched in LILE and LREE related to HFSE and HREE, respectively [40, 

41, 42, 43, 44, 45, 46, 47].  
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 Fig. 11.  (A, B, C) Chondrite-normalized REE patterns [34] of the Siahjakuk dikes. (B, C, D) Primitive mantle 

normalized spider diagrams [36] of the Siahjakuk dikes. 
 

The composition of the study dikes shows that they mainly were formed from magma that was generated 

by the partial melting of mixed asthenosphere and lithosphere (Fig. 12A) [48]. Rocks related to an enriched 

source have Zr/Y ratio of more than 2.46 [33]. The study dikes have an Zr/Y of >3.22, which is in 

accordance with an enriched source (Fig. 12B) [49].  The composition of the dikes in Fig. 12C shows that 
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both sediment melts and slab-derived fluids had some role in the magma generation [50]. The higher 

enrichment of LREE and LILE relative to HREE and HFSE, respectively, is usually reported to be a 

characteristic of subduction zones that were likely inherited from a mantle source that had been 

metasomatized by melts/fluids released from a subducting slab, or modified by subducted sediments and 

associated fluids/melts [51, 52, 53].  

  

            
Fig. 12. (A) Plot of the dikes in La/ Yb vs. Nb/ La  diagram of Abdel-Fattah and Philip [48]. (B) Diagram of Zr vs. 

Y of Abu-Hamatteh [49] showing the enriched nature of the dikes. (C) Ba/La vs. Th/Yb diagram of Shaw [49] 

showing the dikes follow a trend between slab-derived fluids and sediment melt arrays. 
 

Ni, Cr, and SiO2 contents in primary mafic magma are 1400 to 1500 ppm, <1000 ppm, and <50%, 

respectively [54].  Ni, Cr, and SiO2 in the study dikes range from 27 to 153 ppm, 28 to 432 ppm, and 46 to 

73 wt. %, respectively, especially the acidic and intermediate dikes that have very low contents of Ni and 

Cr, and Mg (Table 1), indicating they were not directly formed from a primary mantle magma. Such 

magmas may be generated from primary mafic magma by AFC and FC or generated by partial melting of 

different sources.  The low concentration of Ni, and Cr also could be due to early fractionation of olivine 

or clinopyroxene [55]. The felsic dikes with low Ti, may have mainly resulted from fractionation of Ti and 

Fe oxides. However, the basic dikes have higher TiO2 and Mg, which may be due to the presence of Ti and 

Fe oxides and the presence of amphibole.  Mg character of the mafic dikes in the study area is partly due to 

the presence of secondary chlorite. The negative correlation between SiO2 and MgO, FeO, CaO in the study 

dikes may have mainly resulted from the fractionation of olivine, enstatite, diopside, and spinel [56, 57, 58, 

59, 60, 61, 62, 63, 64, 65].  

High contents of K2O in the study rocks require a potassic phase such as K-F, phlogopite, and K-

amphibole in the source. Weak or absence of the Eu anomaly may show that the source rocks had little 

feldspar, especially plagioclase. Furman and Graham [67] indicated that melts produced from phlogopite 

have Rb/Sr>0.1 and Ba/Rb<15, while those formed from an amphibole-bearing source have Rb/Sr< 0.06 

and Ba/Rb>15.  Rb/Sr ratios of the basic and acidic dikes are mainly less than 0.06, which is in accordance 

with an amphibole-bearing source. The Rb/Sr of the intermediate dikes is more than 0.1, which is in 

accordance with a phlogopite source. The Ba/Rb in the dikes (except 4 samples from mafic dikes) are 

mainly less than 15, indicating their magma was formed from a phlogopite-bearing source (Fig. 13A).  

According to Fig. 13 B and C the mafic and intermediate dikes were formed from melts derived from partial 

melting of mafic rocks such as basalt and amphibolite. The basic and intermediate dikes in the amphibolite 

field are separated from each other, showing that their source rocks have some differences. In contrast, the 

acidic dikes are related to melts that derive from partial melting of crust sediments such as greywacke (Fig. 

13B and C).  
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 Fig. 13.  (A) Diagram of Nb/Th vs. Rb/Rb of Furman and Graham [65] shows the dike compositions compared with 

the amphibole and phlogopite array in the magma source. (B) Molar CaO/(MgO + FeOt) vs. Molar Al2O3/(MgO + 

FeOt) of Althert et al. [66] showing the basic and intermediate dikes plot in the basalts field, while acidic dikes plot 

in the greywacke field. (C) Diagram of (Al2O3+FeO+MgO+TiO2 vs. Al2O3/(FeO+MgO+TiO2) of Whelen et al. [67] 

showing the basic and intermediate dikes plot in amphibolite field, while acidic dikes plot in greywacke and pelite 

fields. 
 

The study dikes show strong correlations between major and minor elements on the Harker diagrams, 

suggesting genetic relations between them (Fig. 6). The observed variations and correlations could have 

resulted from variable partial melting (PM), fractional crystallization (FC), and assimilation and fractional 

crystallization (AFC). Modeling diagrams of compatible and incompatible elements can help to identify 

which processes played the main role in the evolution of the magma [68, 69].  The study dikes show more 

compatibility with trend PM and AFC (Fig. 14A, B and C), suggesting both PM and AFC had probably 

played roles in the magma evolution. Post-coolisional magmatism in the study area was probably caused 

by an upwelling of the asthenosphere and strike-slip faults and partial melting of the heterogeneous 

metasomatic enriched mantle in a slab zone. 

 

  
Fig. 14. Log-Log diagrams of compatible and incompatible elements. 

 

7. Conclusion  

The dikes are the youngest magmatism phase in the study area that intruded the flysch-like sedimentary 

rocks.  The field studies show that all dikes of mafic to felsic have the same age and were mainly controlled 

by NW and NS faults and shear zones. The petrography studies show that the dikes had been formed under 

different conditions from different magmas, as they have different textures and compositions. They range 

from meladiorite to rhyolite in composition and can be divided into mafic, intermediate, and acidic dikes. 

The mafic and some intermediate dikes have granule texture and have formed in one stage, while acidic 

dikes and some intermediate dikes have porphyritic texture, indicating that had formed in two stages. 

The dikes are characterized by arc-like geochemical affinity with enrichment of LILE and LREE relative 

to HFSE and HREE. They are mainly shoshonitic and high-K calc-alkaline in magmatic series and relate 
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to convergent plates. The dikes' age is in accordance with post-collisional events and movements of the 

strike-slip faults in eastern Iran following the convergence and collision of Lut and Afghan blocks.  

There are at least two magmas.  Neither of the magmas was not primary magma. The mafic and intermediate 

dikes had formed from magma that derived from the partial melting of an enriched metasomatized 

lithospheric mantle and had evolved by AFC. The acidic dikes are related to magma that had derived from 

partial melting of crustal materials. The lithospheric mantle-derived magma provided enough heat for the 

partial melting of crust to produce the acidic melts.  

The heat, for the melting of metasomatized lithospheric mantle, was probably supplied by the upwelling of 

the hot asthenosphere.  
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