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 The Plio-quaternary sub-volcanic domes are the products of magmatism in the 
Turkish-Iranian plateau in the collision zone between Eurasia and Arabia. 
Intermediate-felsic volcanic rocks are found 50 km west of Ardabil. These volcanic 
domes make a significant part of the Sabalan volcanic, a Plio-quaternary stratovolcano 
in northwest Iran. The igneous rocks (adakitic) include dacite, trachyte, andesite, 
trachy-andesite, and trachydacite, associated with ignimbrite and pyroclastic 
equivalents. They mainly comprise phenocrysts and a microcrystalline groundmass of 
pyroxene, amphibole, and plagioclase, with biotite and titanomagnetite. These rocks 
are enriched in Light Rare Earth Elements (LRREs) and Large Ion Lithophile Elements 
(LILEs) and depleted from Heavy Rare Earth Elements (HRREs) and High-Field 
Strength Elements (HFSEs). In these rocks, the SiO2 content is 56-66 wt%, Na2O is > 
3.5 wt%, Al2O3  > 15 wt%, Yb < 0.2 ppm, and Y < 7 ppm, which are typical of high 
silica adakitic rocks. The initial ratios of the 143Nd/144Nd range from 0.5127 to 0.5129 
and the initial ratios of 87Sr/86Sr for the adakites range from 0.7035 to 0.7060, 
reflecting the heterogeneity of the mantle and different degrees of crystallization. These 
geological, geochemical, and Sr, and Nd isotopic data indicate that these rocks belong 
to the post-collisional adakite type, and are derived from low-degree partial melting of 
a subduction-metasomatized continental lithospheric mantle (eclogite or amphibolite 
garnet). In the studied area, mineralization related to Plio-quaternary adakitic rocks has 
not been observed. 
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1. Introduction 

Adakitic rocks in the Alpine-Himalayan belt are 
indicative of the geodynamic evolution of collision 
zones, and are often associated with 
mineralization. Recently, adakites have garnered a 
special attention in Iran as part of a group of arc 
rocks. Adakites are divided into three categories: 1) 
Silica is produced due to the partial melting of the 
mantle wedge 2) High-Si Adakites (HSA) are 
produced by the partial melting of the subducted 
oceanic crust [1], and 3) the so-called “continental” 
adakite (or adakite C), first introduced in eastern 
China by [2], is formed by the melting of a portion 
of the garnet-amphibolite lower crust into eclogitic 
facies. Adakitic rocks have been reported from 

northwest, central, and northeast Iran [3-8]. These 
rocks exhibit high Sr/Y and La/Yb ratios, and have 
been identified in various geological settings 
including Supra-Subduction Zones (SSZs), active 
continental margins, and intra-continental 
extensional settings [9]. 

Northwestern Iran is located in a broad zone of 
continental collision and deformation between the 
African-Arabian and Eurasian plates. This area has 
experienced a compressional tectonic regime from 
the early  Cenozoic to the present. In this region, 
compression has resulted from the subduction of 
the Neo-Tethysian oceanic crust under the Iranian 
microplate and the subsequent collision between 
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the Arabian and Eurasian plates along the Zagros 
suture zone [10-12]. The E-W trending Sabalan 
volcano represents the easternmost Quaternary 
volcanic belt in the  Turkish-Iranian plateau [12]. 
Its nearest neighbors are the adjacent volcanic 
chains near the studied area including Sahand (also 
in NW Iran), Ararat, Tendürek, Süphan, and 
Nemrut in eastern Anatolia (Turkey), all lying 
within the Arabia-Eurasia collision zone (Figure 1) 
[13]. This group of rocks is distributed along the 
rim of the Van-microplate [14], and is classified 
into two main groups. The first group includes 
adakite and adakitic rocks, while the second group 
comprises high-Nb basaltic rocks [3, 5], indicating 
that their genesis occurred in a post-collisional 
tectonic regime. Some major Pliocene-Quaternary 
volcanoes (e.g. Sahand, Sabalan, and Ararat) 
erupted during this time [15-17]. Volcanism at 
Sabalan volcano began around 4.5 to 2.9 Ma, 
approximately 300 km from the Neo-Tethyan 
suture zone [17]. 

2. Regional Geology 

In northwestern Iran, Cenozoic activity 
basically indicates the derivation of magma from 
mantle sources modified by subduction in both the 
back-arc tectonic and active collision contexts. 
Ultrapotassic and adakitic compositions and 
Pliocene-quaternary-like intraplate magmatic 
cycles are two witnesses of the contribution of the 
subduction-modified mantle components [18, 19]. 
The evidence for the existence of Proto-Tethys, 
Paleo-Tethys, and Neotethys oceanic basins has 
been reported from Iran [20-22]. Sabalan volcano 
is underlain by a low-velocity zone in the lower 
crust, which is considered thermal in nature [23]. 
Shahneshin volcano is located 40 km west-
southwest of Ardabil, and 25 km southeast of 
Meshginshahr. According to the provincial 
divisions of Iran, the mountains of Shahneshin are 
mainly located in the Ardabil province, although a 
part of its southwest is located in the east of the 
Azerbaijan province. The highest peak of this great 
volcano is called the Sabalan Sultan Mountain. The 
eruption of domes and viscous magma flows from 
the fractures inside, and around the caldera on steep 
slopes has given it a rough morphology [24]. The 
three important domes of Sabalan are Sultan 
Savalan volcano, Heram Dagh, and Agham Dagh, 
which have developed in the northeast-southwest 
direction. From lithological and morphological 
perspectives, the Balujeh and Shahneshin 
Mountain makes a volcanic composite cone 

consisting of alternating layers of pyroclasts and 
lava flows (Figure 1).  

Volcanic materials were stacked to form 
composite cones during various eruption phases 
and lava flows. The North of Tabriz Fault (NTF) is 
among the most important strike-slip faults in 
northwestern Iran. This fault is crucial to the 
geodynamic pattern of northwest Iran. Along this 
fault, the seismic history of northwest Iran is 
centered [25]. A strike-slip displacement precedes 
an inverted right-hand displacement after the fault. 
Numerous positive and negative flower structures, 
and synclines have evolved along this fault. This 
fault is 120 km long, and stretches from the 
northwest of Sufiyan to the southeast of Bostan 
Abad with an N135°E strike [26]. The lithospheric 
movements, GPS velocity field, shortening rates, 
and strike-slip movements in northwestern Iran 
(Figure 1b) suggest that the Sabalan area undergoes 
an active convergent strike-slip deformation [24]. 
This deformation was studied more in the west of 
Sabalan (Figure 1b). According to [24], the 
Qushadag mountain range acts as a positive flower 
structure due to its strike-slip deformation. The 
current maximum stress of this regime was 
obtained through the inversion method, and focal 
mechanism of the faults is N125°E, and N132°E, 
respectively. Since the Quaternary period, non-
parallel strike-slip faults, dip-slip faults, and 
reversal faults have controlled the stress in this area 
[23]. These authors put forward a conceptual 
model based on the seismic and geomorphological 
data. According to this concept, the hard 
lithosphere of the South Caspian basin governs the 
kinetic patterns of the active structures in the 
northeast (i.e. NTF). According to this model, on a 
regional scale, right-slip faults operate along the 
NTF, and left-slip faults operate in the NNE 
direction. 

Extensive research works have been conducted 
on the formation of the Sabalan mountains [27-29]. 
Transitional (active) transverse faults parallel to 
orogeny in the Peri-Arabian region have been 
considered the cause of fissure eruptions and 
stratovolcanoes in the late Cenozoic including 
Sabalan (Shahneshin) [30]. The cause of Paleogene 
magmatism and expansion is explained by the slab 
rollback or slab retreat phenomena, followed by 
low slope subsidence during the Cretaceous period. 
According to the recent research work, local tensile 
movements in the western region of the Caspian 
Sea have continued up to the present day, as it 
expands 4 mm to the northeast and 4 mm to the 
southwest annually [31].  
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Sabalan volcano is the product of various 
tectonic events that occurred in two main orogenic 
cycles. The first event is the Neothethys within-
plate deformation related to the convergence of 
Arabian-Eurasian plates. The author showed that 
the Shahneshin (Sabalan) volcano was active on 

the continental margin [28]. The second event is 
the alkaline composition of the rocks in the 
continental rift, which has a deep magma chamber, 
and is affected by crustal contamination and 
assimilation with fractional crystallization (AFC) 
[32].  

 

 

 
Figure 1. a) Simplified tectonic map of the eastern Mediterranean-Persian gulf region showing the active plate boundaries 

and post-collisional volcanic rocks in the Peri-Arabian region modified after [12] (Abbreviation: PSF = Pampak-Sevan fault; 
EKP = Erzurum-Kars Plateau; EAF = East Anatolian fault; IAESZ = Izmir-Ankara-Erzincan Suture Zone; EF = Ecemis 

Fault; NAF = North Anatolian Fault; DSFZ = Dead Sea Fault Zone); b) Simplified geological map of the volcano and location 
of the samples [33]. 



Abdolahadi et al. Journal of Mining & Environment, Vol. 16, No. 2, 2025 

 

740 

3. Sampling and Analytical Methods  

The samples were collected to evaluate the 
microscopic, geochemical, and petrogenesis 
studies in the Shahneshin region. The bulk rock 
major elements of the samples were analyzed by X-
ray fluorescence (XRF) at the Tehran Geological 
Survey of Iran laboratories. Whole-rock trace 
elements from the samples of the Shahneshin 
volcano were analyzed using a Triple Quadrupole 
Agilent 8800 ICP-MS at the same laboratories. 
Sample digestion was performed through lithium 
metaborate fusion. 

4. Petrograghy 

Quaternary volcanic rocks of the studied area 
consist of trachyandesite, andesite, trachy-dacite, 
and pyroclastic rocks. Under the microscope, 
basaltic volcanic rocks represent porphyritic, flow, 
glomeroporphyritic, and sieve textures (Figure 2b). 
Plagioclases are the most abundant minerals in the 
rocks of the Shahneshin area.  

Plagioclase phenocrysts with one or more mafic 
minerals (e.g. hornblende and pyroxene) are 
composed of oligoclase, and andesine (in the 
Michel-Levy method) exhibit oscillatory zoning, 
and are often altered to sericite, chlorite, and clay 
minerals. Secondary quartz is similarly granular in 
the matrix, and may sometimes fill voids in the 
rock. 

Magnetite and titanomagnetite (opaques) are 
secondary minerals, while apatite is an accessory 
mineral in the andesitic rocks of the studied area.  

Plagioclase phenocrysts are the most abundant 
in the dacite-rhyolite lavas. Some crystals exhibit 
circular and embayment forms with sieve texture 
and zoning structure. The plagioclase minerals in 
these rocks have undergone carbonate and sericite 
alteration. Opacification and corroded margins are 
additional features of these minerals.  

Rhyolite rock matrix often contains alkaline 
feldspars. Quartz is mostly present in the matrix, 
and in the micro-phenocrystic form. Quartz has 
anhedral shapes, and forms isolated interstitial 
pockets, which appear to have crystallized later 
than the other minerals. Biotite is euhedral, and 
partially altered to chlorite.  

The andesitic rocks of the area include basaltic 
andesite, andesite, hornblende-pyroxene andesite, 
pyroxene andesite, and trachyandesite. These rocks 

exhibit a variety of textures including porphyritic, 
flow, glomeruli-porphyritic, and sieve textures. 
The rock-forming minerals in these rocks are 
Plagioclase and one or more mafic minerals such 
as hornblende and pyroxene (Figure 2c). 
Plagioclase often crystallizes as zoned phenocrysts 
with an oligoclase-andesine composition. 
Plagioclase is altered to sericite, chlorite, and clay 
minerals in all these rocks. Secondary quartz 
crystals are also observed as fine grains in the 
matrix, and, in some cases, as phenocrysts. Other 
secondary minerals in the andesitic rocks of the 
area are mostly magnetite, titanomagnetite (opaque 
minerals), and apatite. Trachyandesites exhibit a 
porphyritic texture with microlithic and trachytic 
features and, in some cases, as a mega-porphyritic 
matrix. The mineralogy of these rocks includes 
plagioclase crystals and one or more mafic 
minerals such as hornblende and pyroxene. One of 
the most prominent features of these rocks is bay-
like corrosion at the margins of plagioclase and 
clinopyroxene, sieve texture in coarse and fine-
grained plagioclase, and longitudinal and 
transverse sections of automorphic hornblende 
with burned margins. Inclusions of opaque and 
apatite minerals are observed in these crystals. In 
some samples, limited occurrences of olivine are 
also observed (Figures 2a and 2b). 

4.1. Crystal lithic lapilli 

However, a wide textural difference is observed 
under the microscope, and its pyroclastic 
components include crystals and rock fragments. 
Euhedral to anhedral plagioclases, with fine-
grained to medium-grained crystals, are among the 
most abundant components in the matrix of 
pyroclastic rocks. Moreover, pyroxenes appear in 
euhedral to anhedral forms, with micro-crystalline 
to medium crystal sizes in the pyroclastic rocks. 
These minerals are often altered from the margins 
to opaque minerals. The Opaque minerals have a 
relatively strong rock matrix dispersion, and are 
subhedral to semi-angular. In the rock matrix, 
lithics with an average size of 3.5 mm, and a 
frequency substantially greater than that of crystals 
may be found. Most of these lithics have andesite 
and trachyte andesite compositions. The apparent 
characteristics of these lithics are their semi-
angularity and angularity (Figure 2d). 
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Table 1. Major element (wt%) and trace element (ppm) abundances for rocks of the Shahneshin volcano. 
Sample SiO2 Al2O3 Fe2O3 FeO CaO Na2O K2O MgO TiO2 MnO P2O5 LOI 

S6-A 66.33 16.16 2.14 1.69 3.68 4.31 2.89 1.51 0.64 0.1 0.42 0.01 
20T 66.41 16.1 2.16 1.95 3.65 4.12 2.67 1.68 0.65 0.05 0.43 0.499 
43T 62.89 16.96 2.37 2.56 4.35 4.27 3.44 1.61 0.84 0.04 0.55 1.544 

S27T 67.67 16.46 2.03 1.17 3.05 4.45 3.09 1.12 0.51 0.07 0.29 1.294 
S25T 67.92 16.31 2.02 1.18 3.15 4.29 2.86 1.33 0.51 0.03 0.29 0.795 
S29T 69.32 15.22 2.03 1.26 2.94 3.7 3.26 1.28 0.5 0.07 0.34 0.817 
38T 66.62 15.81 2.16 1.76 3.83 4.07 2.74 1.71 0.65 0.07 0.44 1.615 
42T 68.81 16.15 1.96 0.94 2.91 4.16 2.99 1.24 0.44 0.02 0.26 0.413 

S22T 67.26 16.12 2.08 1.37 3.58 4.12 2.68 1.69 0.56 0.06 0.38 0.233 
21T 66.56 15.96 2.14 1.64 3.98 4.28 2.57 1.68 0.63 0.05 0.39 1.113 
10At 62.37 17.52 2.18 1.84 3.83 4.37 4.8 1.83 0.66 0.07 0.41 1.106 
41T 62.98 17.39 2.4 2.59 4.1 4.14 3.59 1.24 0.86 0.07 0.53 0.238 
39 68.57 15.74 2.02 1.11 3.18 4.02 2.93 1.48 0.49 0.05 0.32 0.446 

S 21 55.8 19.72 2.31 4.17 9.42 4.24 0.36 2.97 0.78 0 0.23 1.843 
S 114 62.16 16.87 2.12 2.55 6.95 5.35 1.87 1.38 0.57 0 0.19 1.656 
S 49 56.77 18.03 2.29 4.3 8.37 3.66 1.67 3.8 0.71 0.16 0.24 1.5 
S 64 59.53 17.04 2.12 4.52 7.82 3.79 1.09 3.14 0.56 0.17 0.21 1 
S 66 60.94 19.11 2.17 3.04 7.31 3.74 1.74 1.15 0.63 0 0.16 0.65 

S 129 63.71 15.35 1.91 2.4 7.12 4.66 1.64 2.55 0.38 0.1 0.16 0.66 
S 131 58.19 20.08 2.2 3.75 7.99 4.39 1.4 1.1 0.67 0 0.22 0.95 
S33 60.66 18.32 2.2 2.91 7.09 4.36 1.88 1.71 0.65 0 0.22 1 

 

  

  
Figure 2. a) A view of amphibole and pyroxene micro-crystals with dual twin (Plagioclase and alkali feldspar type of 
sanidine) and opaque mineral forming a matrix in trachyandesite; b) a view of euhedral amphibole phenocrysts and 

aggregate pyroxene in the basaltic andesite matrix; c) a view of plagioclase phenocrysts with an unbalanced sieve texture in 
the outer margin of the mineral along with growth and blade biotites in the trachy-andesite; d) another view of plagioclase, 

pyroxene, and flaky biotite crystals converted to opaque minerals and angular andesitic lithics (Abbreviations: Kfs = K-
feldspar, Pl = plagioclase, Bt = biotite, Qz = quartz, Cpx = clinopyroxene, and Hbl = hornblende). 
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Table 2. Trace element (ppm) abundances for rocks of the Shahneshin volcano. 
El. S6-A 20T 43T S27T S25T S29T 38T 42T S22T 21T 10-AT 41T 39 S 21 S 114 S 49 S 64 S 66 S 129 S 131 S33 

Ag 0.26 0.56 0.36 1.39 0.23 0.22 0.36 0.22 0.26 0.24 0.25 1.27 0.16 0.07 0.13 0.18 0.18 0.29 0.16 0.22 0.21 

As 8 5 6 7 6 6 5 10 8 9 7 8 3 2 2.7 8.1 1.8 4.2 6.1 6 4.7 

Ba 717.4 719 720.8 665 681.2 666.9 745.2 705 669.5 688.6 716.7 780 684.1 140 374 1738 458 446 534 442 380 

Be 1.67 1.58 2.14 1.88 1.75 1.8 1.51 1.69 1.58 1.37 1.5 1.98 1.79 0.5 1 1.2 0.9 1 1.2 1 0.9 

Bi 0.07 0.07 0.08 0.05 0.04 0.09 0.07 0.03 0.04 0.04 0.03 0.06 0.03 0.09 0.02 0.04 0.02 0.02 0.02 0.05 0.02 

Cd 0.8 0.99 0.58 0.4 1.05 0.09 0.53 0.6 0.19 0.9 1.38 0.82 0.01 0.05 0.04 0.04 0.08 0.05 0.02 0.01 0.01 

Ce 90.48 91.1 110.1 73.7 72.92 79.61 84.4 69.7 76.01 82.02 86.42 102.2 72.87 12.3 29.9 48.5 23.4 24.1 40 21.9 27.5 

Co 0.99 0.39 0.36 0.95 0.24 1.07 1.26 0.84 1.42 1.44 1.56 0.06 1.92 30.5 13.5 19.3 17.5 16.4 13.3 17.9 13.9 

Cr 38 32 16 44 44 38 43 49 27 36 40 29 50 128 60.5 45.8 37.4 42.1 51.8 73.7 50.3 

Cs 0.09 0.03 1.25 2.84 1.08 1.71 0.07 1.37 0.59 0.04 0.03 0.79 0.04 0.2 1.86 2.94 1.12 2.06 2.64 1.49 1.72 

Cu 32.5 31.9 45.4 50.4 10.3 23.7 33.5 11.8 15.3 32.3 27.3 53.2 10.8 79.5 34.3 52.1 64.7 51.8 41.7 57.6 24.5 

Dy 1.46 1.4 1.54 0.82 0.86 0.89 0.93 0.52 0.8 0.73 0.75 1.26 0.73 3.03 2.1 2.44 2.98 2.12 1.74 1.75 1.38 

Er 0.75 0.73 1.19 0.7 0.61 0.58 0.62 0.45 0.64 0.6 0.65 1.16 0.48 1.63 1.14 1.4 1.77 1.22 0.99 0.98 0.81 

Eu 1.99 1.89 2.18 1.58 1.54 1.57 1.73 1.47 1.58 1.74 1.83 2.15 1.16 0.96 0.83 1.32 0.99 0.85 0.92 0.82 0.64 

Gd 3.78 3.63 4.4 3.08 2.77 2.88 3.23 2.5 2.93 3.17 3.41 4.26 2.1 3.04 2.51 3.34 3.16 2.43 2.34 2.02 1.77 

Hf 2.35 2.37 4.73 2.05 2.23 1.93 2.22 1.84 2.48 2.02 2.18 4.17 0.2 1.89 2.55 2.71 3.1 3.05 3.02 2.07 1.72 

Ho 0.18 0.19 0.36 0.15 0.13 0.14 0.14 0.16 0.21 0.22 0.15 0.33 0.11 0.55 0.37 0.43 0.55 0.39 0.33 0.32 0.25 

In 0.22 0.24 0.22 0.23 0.22 0.22 0.21 0.26 0.26 0.22 0.21 0.22 0.22 0.05 0.02 0.04 0.05 0.03 0.03 0.04 0.03 

La 50.04 50.4 58.48 39.9 39.93 41.52 48.14 38.7 40.44 44.76 49.18 57.99 39.08 5.4 15.2 26.4 10.4 11.7 21.4 10.6 14.9 

Li 7 8 7 6 8 10 10 11 11 7 9 10 8 6.1 18.8 13.6 16.2 6.5 21.8 9.3 7.7 

Lu 0.08 0.08 0.16 0.08 0.07 0.07 0.07 0.05 0.07 0.06 0.07 0.15 0.02 0.22 0.17 0.2 0.28 0.18 0.14 0.13 0.11 

Mn 512 519 430 445 468 462 522 386 489 459 500 379 466 1110 696 910 1004 712 602 722 592 

Mo 3.05 1.98 1.11 0.88 1.06 3.82 0.13 4.53 0.96 0.55 0.69 0.64 0.25 0.72 1.45 1.63 0.89 1.14 1.76 1.05 1.2 

Nb 8.8 10.4 28.2 8.55 2.11 9.3 7.45 11.3 10.05 3.52 6.05 18.35 0.07 5.4 7.2 7.7 6.1 6.9 5.9 4.1 4.1 

Nd 17.81 15.8 44.8 6 5.03 5.11 10.68 4.49 5.52 9.51 13.44 39.54 8.15 7.7 12 19.5 12.1 11 15 10.6 10.9 

Ni 16 16 30 10 9 10 18 21 14 11 14 32 16 72.3 31.2 23.9 13.9 23.7 21.8 24.8 26.9 

Pb 11.97 11.8 10.76 17.1 14.85 10.35 8.37 13.7 7.54 8.53 9.08 15.95 18.46 3 9 16 7 10 15 9 10 

Rb 51.2 48 108 83.3 68.7 79.2 38 71.9 60.2 37.6 43.6 104 5.6 5.5 33.7 43.3 23.5 36.1 43.4 24.5 30.6 

S 95 133 267 103 125 77 116 157 98 75 94 140 119 0.23 0.43 0.57 0.28 0.51 0.69 0.42 0.43 

Sb 5.14 1.31 5.28 8.76 4.47 0.94 0.17 3.95 8.56 6.51 17.99 0.22 0.09 22.7 10.1 13.6 12.4 12.8 9.3 9.4 8 

Sc 5.9 5.9 8.7 4.6 4.7 4.7 6 3.8 4.8 5.7 5.5 8.5 4.2 2 2 2 2 2 2 2 2 

Sm 6.04 5.77 7.09 4.68 4.42 4.56 5.23 4.1 4.6 5.09 5.41 6.75 4.15 2.45 2.46 3.71 2.87 2.35 2.87 2.33 2.01 

Sn 0.06 0.07 0.07 0.12 0.05 0.06 0.13 0.1 0.1 0.05 0.06 0.06 0.04 3 3 3 3 3 3 3 3 

Sr 1032 1035 915.3 737 788.1 793.4 1047.1 798 825.6 1047 1024 927.5 747.7 298 546 3237 905 967 814 945 613 

Ta 1.12 1.16 2.45 1.1 0.91 1.43 1.01 1.44 1.42 0.91 1.09 1.98 0.09 0.87 0.52 0.75 0.49 0.65 2.53 1.46 0.96 

Tb 0.39 0.35 0.55 0.29 0.25 0.26 0.32 0.2 0.27 0.3 0.33 0.53 0.23 0.48 0.35 0.43 0.48 0.35 0.34 0.3 0.24 

Te 1.38 1.38 1.37 1.41 1.4 1.4 1.43 1.42 1.43 1.42 1.39 1.37 1.8 0.05 0.05 0.05 0.05 0.05 0.08 0.05 0.05 

Th 12.54 12.2 25.3 14.4 13.46 16.33 10.51 15 12.08 10.43 11.33 23.58 0.14 1 4.8 8.4 2.2 2.9 7.2 1.6 3.6 

Tl 0.08 0.1 0.16 0.41 0.22 0.28 0.09 0.26 0.22 0.03 0.09 0.16 0.03 0.03 0.12 0.19 0.12 0.17 0.35 0.14 0.17 

Tm 0.12 0.1 0.17 0.09 0.09 0.12 0.1 0.08 0.08 0.16 0.12 0.21 0.05 0.23 0.18 0.2 0.26 0.18 0.15 0.15 0.12 

U 3.52 3.37 6.71 4.21 3.8 4.65 2.68 4.25 3.51 2.77 3.27 6.5 0.49 0.2 1.2 2.8 0.5 0.8 1.8 0.6 1 

V 68 69 92 48 52 52 58 45 55 52 68 87 48 184 85.9 141 103 126 79.1 127 90.1 

W 0.38 0.48 1.83 0.61 0.43 1 0.17 1.06 0.74 0.07 0.32 1.88 0.18 0.3 0.8 1.3 0.5 0.7 1.4 0.7 1 

Y 9.9 9.7 15.2 10.7 9.4 7.9 10 7.3 9.1 9 9.4 15.8 9.3 15.3 10.8 13 15.6 10.9 9.5 8.8 7.1 

Yb 0.2 0.19 0.87 0.18 0.12 0.19 0.25 0.15 0.19 0.34 0.35 0.79 0.25 1.5 1.1 1.3 1.7 1.1 0.9 0.9 0.7 

Zn 71.9 74 80.7 67 65.2 60.9 71.3 56.3 58.6 80.5 70.5 89.9 59.9 92.4 58 74 73.1 69.9 66 71.9 57.8 

 

5. Geochemistry 

Different petrological processes such as 
differential crystallization, magmatic mixing, 
pollution, or a combination of these can be 

investigated through geochemical studies. The 
distribution and dispersion of various elements in 
the rock units of each region, as well as the 
relationships and dependencies among these 
elements, are among the most important aspects 
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considered in geochemical studies. These 
relationships shed light on the environment and 
processes involved in producing rocks. The 
analysis of rocks’ major and trace components in 
the studied area is shown in Table 1. In the diagram 
[34, 35], the studied rocks are located in the 

combined boundaries of andesite, trachyandesite, 
rhyodacite, dacite, and trachydacite. The samples 
from the studied area fall within the sub-alkaline 
range [36]. In the K2O-SiO2 bivariant diagram [37] 
(Figure 3d), the studied rocks plot in the high-K 
calc-alkaline series. 

 

  

  
Figure 3. a) Diagram SiO2 vs. Na2O + K2O of [34], b) diagram SiO2 vs. Na2O + K2O of [35], c) diagram SiO2 vs. 

Na2O + K2O of [36], d) diagram SiO2 vs. K2O of [37]. 

5.1. Crystallization or continental 
contamination 

The chemical effects of different processes 
including differential crystallization, magmatic 
mixing, contamination, or a combination of them 
can be identified through geochemical studies. The 
distribution and dispersion of different elements in 
the rock units of each region and the relationships 
and dependencies among these elements are among 
the most important aspects considered in the 
geochemical studies. These relationships shed light 
on the environment and processes involved in the 
formation of rocks. Figure 4 presents the diagram 
of the main elements’ oxide variation against SiO2 
(Harker diagram). Among these oxides, the MgO 
concentration decreases with the increase in the 
silica concentration. However, the scattering of this 
data is attributed to Na mobility, caused by 
alteration and crustal contamination. The range of 
changes in Al2O3 varies from 14.12 wt% in 
pyroxene andesites to 21.14 wt% in rhyodascite. 

The trend of Al2O3 versus SiO2 is descending, 
which seems normal in terms of the presence of Ca 
and Al-rich Plagioclase in the basaltic to 
intermediate rocks. However, some observed 
scatterings are also related to the number of 
plagioclase phenocrysts. In contrast, the trends of 
CaO, MgO, and TiO2 against SiO2 are regular and 
descending. This trend can be explained by the 
crystallization and reduction of mafic minerals, 
opaques, and calcium-containing plagioclase. The 
trend of K2O versus SiO2 is ascending due to 
crystallization, and is less dispersed than Na2O 
(Figure 4).  

Since all Shahneshin rocks have a low MgO (3 
wt%), direct derivation via partial melting of 
peridotite-mantle parental magma can be ruled out. 
Based on systematic variations of major elements 
(Figure 4), with increasing SiO2 Na2O, Al2O3, and 
K2O and decreasing TiO2, MgO, P2O5, Fe2O3, and 
CaO, fractional crystallization is identified as a 
major factor controlling the compositional 
diversity. 
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Figure 4. Diagrams of changes of the main elements against SiO2
. 

The distribution diagrams indicate the trace 
element and REE distribution for the rocks in the 
studied area normalized to the primitive mantle and 
OIB values.  

Figures 5a and 5b illustrate the chondrite-
normalized diagrams of Rare Earth Elements 
(REEs) for the samples in the studied area [38]. 
These diagrams show no specific anomaly in Eu, 
probably due to the lack of subtraction of 
plagioclase and clinopyroxene during the evolution 
of the magma forming the rocks of the studied area 
[2]. The presence of relatively high amounts of 
Al2O3 in the region’s rocks (with an average of 
17.95 wt%) confirms the absence of plagioclase in 
the residual phases. However, the Eu separation 
coefficients between plagioclase and basalt melt 
are low when oxygen activity is high, and this 
element behaves as Eu+3 along with REEs [39, 40]. 
In a chondrite-normalized REE plot, parallel 
patterns with high LREE/HREE ratios are 
observed. Considering high separation coefficients 
for HREEs by garnet, this mineral can affect the 
distribution pattern of elements. The Sr, Rb, Nb, 
Pb, and Ba levels exhibit some positive and 

negative anomalies in the main primitive mantle-
normalized diagram (Figures 5a and 5b).  

Ti and P are High-Field Strength Elements 
(HFSEs) that do not move about during the 
secondary processes. Hence, it is possible to 
analyze their anomalies using petrological 
considerations. For instance, Yb is a compatible 
element in the garnet composition, while La is 
incompatible. Therefore, the La/Yb ratio varies 
sharply at low melting points in the source mantle 
[41]. HREES are compatible with garnet [42], 
whereas Medium Rare Earth Elements (MREES) 
behave inconsistently. Additionally, at pressures 
between 3 and 6 GPa, garnet can remain in the 
source only at very low degrees of melting. Thus, 
as shown in Figures 5a and 5b, the 10-times 
enrichment of LREEs compared with HREEs in 
most of the studied samples suggest the presence of 
garnet in the mantle source. Negative anomalies in 
Nb also indicate that magmatic contamination of 
the continental crust played an important role in the 
development of the studied area rock. A significant 
Sr anomaly reveals the existence of plagioclase 
phenocrysts in the rocks. Meanwhile, very positive 
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Pb and Ba anomalies suggest a continental crustal 
contamination. The lack of distinct Ce or Eu 
anomalies (some even exhibiting weakly positive 
Eu anomalies) indicates plagioclase fractionation. 
In the chondrite-normalized REE and primitive 
mantle-normalized multi-element plots [38] 
(Figure 5), the region’s rocks generally exhibit 

similar arc-type patterns. These patterns include 
LREE enrichments (between EMORB and OIB), 
HREE depletions (relative to MORB), negative 
Nb-Ta-Ti anomalies, and positive Pb-Sr anomalies. 
According to these observations, it is inferred that 
both rock suites have formed in a subduction-
related setting. 

 

  

  
Figure 5. a) Chondrite-normalized REE plot for the rocks of the studied area; b) and c) primitive mantle 

normalized trace element patterns and OIB for rocks of the studied area [38]; d) the REE and trace element 
data for delaminated lower crust-derived adakitic rocks, subducted oceanic crust-derived adakites, and thick 

lower crust-derived adakites and natural slab melts [43, 44]. 
 

High Ba content, low Rb/Sr ratio, and high 
ratios of Sr/Y and La/Yb are characteristics of the 
studied area rocks. The diagrams of these rocks in 
the adakite field in the Sr/Y versus Y and La/Yb 
versus Yb are presented in Figures 6a and 6b. 
These plots resemble those of typical adakites, as 
defined in [45]. 

The low abundances of HREE and Ti in the 
rocks of the studied area may be related to the 
stability of amphibole and rutile in the magma 
source or magma reservoir. Zr is mainly 
concentrated in zircon, amphibole, and garnet in 
high-grade metamorphic rocks, with amphibole 
hosting a higher Zr content compared with that of 
garnet [46]. The low contents of TiO2, Sm, and Zr 
and high Na/Ta in the rocks of the studied area, and 
the lack of negative Lu and Yb anomalies support 
the main role of amphibole in the evolution of 
melts. The Dy/Yb and La/Yb versus SiO2 (wt%) 

diagram [47] shows decreasing Dy/Yb and 
increasing La/Yb with SiO2, which are consistent 
with amphibole control for these magmas (Figures 
7a and 7b). 
6. Nature of Adakite Rocks 

Specific geochemical criteria are used to define 
adakites or adakite rocks. These criteria mainly 
include high Sr (≥ 400 ppm), low Y (≤ 18 ppm), 
low Yb (≤ 1.9 ppm), high Sr/Y (≥ 20), and high 
La/Yb (≥ 20). Also Mg# (= 0.5), Rb (≤ 65 ppm), 
K2O/Na2O (= 0.42), and SiO2 (≤ 52 wt%) are the 
other chemical criteria defined for adakites [45, 49, 
50, 54].   

These rocks are often the products of partial 
melting of the oceanic crust, and are found in many 
continental or oceanic volcanic arcs [55-56]. In the 
recent years, thorough geochemical analyses of 
igneous rocks in Iran have allowed for the 
discovery and reporting of these rocks in various 

d 
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regions [55]. In northwestern Iran (in the Tabriz-
Hamadan volcanic zone), there are adakite dacite 

domes with high Sr and Sr/Y ratios and low Nb, Ti, 
and Y [57].  

 

 

 

 
Figure 6. a) Sr/Y versus Y and b) La/Yb versus Yb 
diagram for rocks of the Shahneshin volcano; these 
rocks plot in the adakite field in the Sr/Y versus Y 

and La/Yb versus Yb diagrams [45]. The distribution 
of the samples around the green arrow line confirms 

the important role of hornblende in controlling 
magmatic differentiation [49]. 

Figure 7. Variation of Dy/Yb and La/Yb ratios 
versus SiO2 (wt%), showing decreasing Dy/Yb ratios 
and increasing La/Yb ratios (a, b), which are more 

consistent with fractionation controlled by 
amphibole rather than garnet. Garnet, and 

amphibole trends from [47]. 

Table 3. Comparison of chemical properties of the Shahneshin rocks with the properties introduced for adakites. 
Elements Min. max Ave. Adakites 

SiO2 62.98 69.32 66.59 ≥ 56 
Al2O3 15.74 17.52 16.30 ≥ 15 
Na2O 3.70 4.45 4.18 ≥ 3.5 
K2O 2.57 3.59 2.96 ≤ 3 
MgO 1.24 1.83 1.49 ≤ 3 

Ni 11.00 30.00 16.69 ≥ 20 
Rb 5.60 108.00 61.48 ≤ 65 
Sr 747.70 1035.30 901.42 ≥ 400 
Y 7.30 1035.30 88.63 ≤ 18 
Yb 0.20 0.79 0.31 ≤ 1.9 
Cr 16.00 50.00 37.38 ≥ 30 

La/Yb 73.41 332.75 193.92 ≥ 20 
K2O/Na2O 0.69 0.81 0.71 ~0.42 

Sr/Y 102.42 1.00 87.36 ≥ 20 
Mg# 24.85 49.05 40.47 ~0.5 
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In terms of the chemical composition of major 
oxides (e.g. Al2O3, K2O, Na2O, MgO, SiO2, 
K2O/Na2O, and Mg#), and REES (e.g. Cr, Ni, Yb, 
Y, Sr, and Rb), and La/Yb and Sr/Y ratios, the 
studied dacites lie within the range of the adakitic 
rocks. Moreover, considering the SiO2 
concentration in the region’s rocks (66-62 wt%), 
these rocks are consistent with high-silica adakites 
(Figures 8a and 8b). This outcome is explained by 
the high HREE depletion in adakitic melt. 

 

 

 
Figure 8. a) and b) Chemical classification for Low-

Silica Adakites (LSAs) and High-Silica Adakites 
(HSAs) [53]. 

The chemical characteristics of adakites from 
the subducted oceanic slab are attributed to the 
melting of an eclogite or amphibolite source [45]. 
For instance, the high Sr concentration is due to the 
absence of Sr in the unmelted residue or the lack of 
differential plagioclase crystallization. Meanwhile, 
the low Y concentration is attributed to garnet, 
hornblende, and clinopyroxene. In other words, 
adakitic melts may be created by dehydrating an 
amphibolite source or partially melting a basaltic 

magma under the garnet stability conditions 
(eclogite facies)  [53-58]. When the predominant 
mineralogical phase is at the garnet source, the 
Y/Yb ratio of the adakitic melt is usually greater 
than 10 [59]. The average of the Y/Yb ratio in the 
studied area samples is about 17 ppm. According 
to Figure 9a and the mentioned points, the Adakitic 
magma forming the rocks in the studied area was 
produced by the melting of amphibolite and garnet 
amphibolite oceanic crust (Figures 9a and 9b) 
through a low degree of partial melting (< 10%) 
(Figure 9c). Because the Shahneshin lavas are 
characterized by a higher La/Sm ratio, their mantle 
source may contain a more modal garnet content 
than the model source in Figures 7c and 7d, and/or 
contain other minor phases, the same as phlogopite. 

The presence of rutile in the metamorphosed 
slab and the dehydration of a subducting slab cause 
rutile to selectively deplete coexisting fluids in 
HFSEs relative to large ion lithophile elements 
(LILEs). In the suprasubduction zones, LILEs (Sr, 
Ba, and Pb) are subduction-mobile elements. Here, 
migration of Sr, Ba, and Pb-enriched fluids to the 
mantle wedge can directly trigger partial melting, 
and generate magmas with elevated Ba/Th, Sr/Th, 
and U/Th ratios [60]. Due to the fluid released from 
the subducting slab, a higher degree of melting is 
common in mantle wedge sources. Plagioclase and 
garnet are preservers of Sr and HREE, respectively. 
Plagioclase is not stable, while garnet is a stable 
phase at higher grades of metamorphic facies. 
Rutile is a stable phase at higher metamorphic 
grades [20, 21]. High concentrations of Sr/Y, 
LREE/HREE, and LILE, and low concentrations of 
HFSE in adakites are attributed to the presence or 
absence of garnet, plagioclase, rutile, and 
amphibole in the subducted slab [1-9]. The positive 
correlation of Dy/Yb versus SiO2 (Figure 9d) 
indicates the signficant role of the garnet residual 
phase rather than the amphibole in the slab during 
the adakitic magma generation. The Ba/Th versus 
Nb/La diagram [61, 62] shows that most samples 
cluster around the lower pressure line (< 33 km) 
(Figure 9e). Low-pressure adakite generated by 
partial melting of the lower continental crust or 
differentiated from amphibole-dominated 
fractionation of calc-alkaline magma shows lower 
Ba/Th and (Sm/Yb)SN compared  the oceanic and 
orogenic adakites. 
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Figure 9. a) Diagram of Zr/Sm versus Y [63]; b) diagram of La/Yb versus Yb [45-52]; c) diagram of Sm/Yb 

versus Th/Nb [64]; d) bulk rock Dy/Yb versus SiO2 (wt%) indicate residual garnet and amphibole during partial 
melting. The roughly flat pattern of samples indicates both garnet and amphibole as the residual minerals [65]; 

e) Ba/Th versus Nb/La diagram [61, 62]. 

The origin of adakitic magmas in the studied 
area was identified using the diagrams proposed in 
[65, 66]. These diagrams differentiate between 
adakites derived from the thickened crust, those 
resulting from the subduction of young and hot 
oceanic plates, and those originating from the 
metamorphic crust. As presented in Figure 10, the 
studied adakitic rocks fall within the melting range 
of subducted oceanic plates and the thickened 
lower crust. According to [67], partial melting of 
subducted sediments and oceanic plate-derived 

liquids may induce metasomatism, and enrich the 
source area of subduction-related magmas. The 
melts from oceanic plate melting have high 
concentrations of U, Sr, Rb, Ba, and Pb, while 
partial melting of subducted sediments results in 
elevated concentrations of Th and LREEs. In 
normalized multivariate diagrams, these rocks 
exhibit significant LILE enrichment, and negative 
anomalies of Nb, Ti, and, to some extent, Ta. These 
results suggest that they were formed in a 
subduction-related tectonic environment. 
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Figure 10. Diagrams illustrating the setting of the studied adakitic rocks, which are located within the melting 

range of subducted oceanic plates; the diagrams depict the field of adakitic rocks originating from the 
metamorphic lower crust (gray field), those originating from the subducted oceanic crust (dashed-line field), and 
those from the thickened lower crust (dotted-line field) and melt of the pure oceanic plate (shadow field) [68]; the 

diagram indicates the boundaries among igneous rocks with a low, intermediate, and high iron content [69]. 

Because of the high DZr, Nb/DREE in rutile [70, 
71], Nb/La and Zr/Sm are expected to correlate if 
rutile is in control. Meanwhile, the presence of low 
Mg-amphibole (high DNb/DLa and low DZr, Nb/DREE 
[72] would cause these ratios to be inversely 
correlated. Melting of sources increases the Nb/Ta 
ratio in the generated melt compared with the 
amphibolite ones [72-74]. Also at the lower 
pressures of metamorphism, ilmenite controls the 
Nb-Ta content. However, rutile controls these 

elements, and elevates the Nb/Ta ratio at higher 
pressures [74]. Superchondritic Nb/Ta values (> 
20) in slab melt can be explained by residual rutile 
in the subducting plate without significant amounts 
of residual amphibole presence [72]. Figure 11 
illustrates Nb/La and Nb/Ta versus Zr/Sm, 
highlighting the role of rutile, amphibole, or both 
as the residual phases on the HFSE control during 
slab melting. The roughly positive correlations of 
Nb/Ta versus Zr/Sm indicate that rutile was the 
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main factor of the fractionation of Nb from Ta 
(Figure 11a). The Nb/Ta ratio ranges from 5.31 to 
16 (7.06, in average). There is a relationship 
between Nb/Ta and pressure. A research work has 
shown that the Shahneshin adakites are produced 
by partially melting subducted oceanic slabs at 
different depths (pressures) [75]. 

Adakites are remnant phases of garnet or 
amphibole at the site of their mafic genesis. There 
are three ways that adakitic magmas might 
originate in the subduction zones. These three 
formation processes are 1) partial melting of hot, 
young, subducted oceanic crust; 2) partial melting 
of thicker basaltic crust above the mantle wedge; 
and 3) partial melting of eroded continental crust 

near the forearc of subduction [76]. Adakites 
associated with oceanic lithosphere subduction 
have a high magnesium number (#Mg), MgO, Cr, 
and Ni [77-79]. Investigating the geochemical 
characteristics of the studied adakites show that 
they originated from the melting of subducted 
oceanic plates. 

Adakitic magmas have been reported in the 
adjacent areas of the studied region. These 
diagrams (Figure 11b) indicate that all the 
examined samples and samples from nearby 
regions are primarily the result of the partial 
melting of subducted oceanic plates in volcanic 
arcs. 

 

  
Figure 11. a) Nb/Ta versus Zr/Sm diagrams for the Shahneshin analytic samples; b) Th/Ce versus Th diagram; 

in these diagrams, the studied adakite samples are the product of subduction plate melting [80]. 

The Rb/Sr versus Sr/Y and Sr/Nb versus Gd/Yb 
diagrams were used to understand the role of 
sediments and fluids. The Rb/Sr versus Sr/Y 
diagram (Figure 12a) shows the effect of sediments 
on the subducting plate melt. In this respect, the 
studied samples are within the impact range of the 
subducting plate melt. Figure 12b presents the 
Sr/Nb versus Gd/Yb diagram, indicating the effect 
of the subducting plate fluids against the 
collapsible plate melts. As it can be seen, the 
studied samples are in the range of subducting plate 
melts. The orientation of the samples on these two 
diagrams suggests the dominant effect of 
subducting plate melt. The Rb concentration is 
usually affected by crustal components. In this 
regard, increasing the Rb/Sr ratio indicates the 
involvement of upper crustal and enriched mantle 
components [77-81]. The positive correlation 
between Sr/Nb and Gd/Yb indicates the 
components of the subducting plate at the origin. In 
the Rb/Y versus Nb/Y and Ba/Th versus Th 
discrimination plots, the adakite samples lie 

between the slab-derived and melt-derived 
enrichment trends. Therefore, magmas might have 
originated from both the slab-derived fluids and 
melts (Figures 12C and 12D). The Sr/La ratio has 
been used to distinguish slab-derived adakites from 
those derived from the Lower Continental Crust 
(LCC), as altered oceanic crust (with MORB-type 
LREE depletion and Sr enrichment by seawater) 
has a much higher Sr/La ratio than the LCC [43]. 
Adakitic samples of the studied area have elevated 
Sr/La ratios (Figure 12a), suggesting a subducting 
oceanic slab-derived origin.  

The results for the Sabalan indicate that the 
oceanic subduction-related adakitic magmas 
generally have higher contents of siderophile 
elements such as Ni = 1860 ppm, Co = 102 ppm, 
and Cr = 2520 ppm [83]. In the Al2O3-K2O/Na2O 
diagram, the adakites of the region have a high 
Al2O3 content and a low K2O/Na2O ratio, 
indicating the formation of these rocks from 
subduction-related crust [84] (Figures 13a and 
13b). 
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Figure 12. a) The Rb/Sr versus Sr/Y diagram [81]; b) the Sr/NB versus Gd/Yb diagram [77]; c) and d) trace 

element plots for differentiating fluid-related versus melt-related enrichments [82]. 

 
Figure 13. a) K2O/Na2O versus Al2O3 diagram [85] and b) Cr versus Ni diagram [86]. 

7. Nd-Sr Isotopes 

Primary Sr and Ni isotopic ratios of the studied 
rock units are depicted in Table 4. As it can be seen, 
the amount of εNd changes varies from +2.26 to 
+3.19, suggesting that the depleted mantle is the 
source of the melt [87]. The adakitic rocks of the 
studied area, which also show relatively high ɛNd 
values, overlap with the rocks of other Late 
Miocene-Quaternary impact volcanoes in 
northwest Iran, east Türkiye, and the Little 
Caucasus show. Adakite rocks that have strongly 
negative Nd isotopic compositions are derived 
from the ancient mafic lower crust (e.g. ɛNd(t) ~ -

5 to -10) [88, 89]. In contrast, adakitic rocks with 
positive Sr-Nd isotopic compositions are often 
derived from the young basaltic crust (e.g. ɛNd(t) 
= +1 to +6) [90, 91]. The adakitic rocks in the 
studied area display moderately positive ɛNd(t) 
values (+2.26 to +3.19), and young TDM (Nd) 
(395-465 Ma). The Sr isotopic studies [92] indicate 
that the composition changes of the 87Sr/86Sr 
isotope ratio of the volcanic rocks of the studied 
area are between 0.7035 and 0.7060. These values 
are attributed to the heterogeneity of the mantle and 
different degrees of crystallization, which play a 
major role in the formation of calc-alkaline 
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magmas. The parent magmas (calc-alkaline) of 
these rocks result from dehydration of the oceanic 
crust at a high water vapor pressure and a high 
oxygen pressure [93]. In this process, by melting, 
the mantle wedge is above the subduction zone and 
without the participation of the sialic continental 
crust [92]. 

According to the isotopic ratios and Figures 15 
and 14, the adakites of the studied area are obtained 
from the melting of subducted oceanic crust in a 
tensile environment. In this context, the Sr isotopic 

studies [92] indicate that the composition changes 
of the 87Sr/86Sr isotope ratio of the volcanic rocks 
of the studied area are between 0.7035 and 0.7060. 
These values are explained by the heterogeneity of 
the mantle and different degrees of crystallization, 
which play a major role in the formation of calc-
alkaline magmas. Adakites in the studied area are 
not directly derived from the partial melting of the 
underlying mafic crust because they contain 
relatively low amounts of MgO, Cr, and Ni [94, 
95]. 

Table 4. Whole rock Sr-Nd analysis for the Shahneshin adakitic rocks. 
Rock type Dacite Rhyodacite Dacite Rhyodacite Rhyodacite 
Samples 20t S27T S6-A S29T S40T 
87Sr/86Sr 0.7041 0.7043 0.7042 0.7044 0.7048 

143Nd/144Nd 0.5128 0.5127 0.5129 0.5129 0.5127 
ɛNd 2.81 2.26 2.98 2.71 3.19 

TDM 395 465 425 470 461 
 

 
Figure 14. The diagram of εNd versus 86Sr/87Sr [86] illustrates the dependence of the studied samples on the 

subduction zone and the tendency for staining of skins and meats (classifications of IAB, DM, MORB, and EM 
from [96]). The distribution of adakites related to the oceanic sheet is from [97], while the distribution of 

adakites is related to the thick lower crust is from [98, 99], respectively, for the southern and central UDMA 
[100]. 
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Figure 15. The diagram of έNd versus 86Sr/87Sr is a combination of the diagram proposed by [43-101]. 

8. Geodynamic Setting  

In the recent years, several studies have 
introduced adakite melts, and explained their 
genesis in the Azarbayjan zone [85-102]. Below 
are some perspectives on the formation of adakites: 

1. Melting of the subducting oceanic crust [45-52-
103, 104]: partial melting of the subducted oceanic 
crust typically generates adakitic magma with a high 
Si, Al, and Sr (> 400 ppm), a high Sr/Y ratio (> 20), 
and a low Y (20), along with a depleted Sr-Nd 
isotopic composition (87Sr/86Sr < 0.705, εNd > 4) 
[105, 106-45]. 

2. Melting of the continental crust base [107-112] 

3. Fractional crystallization of arc parent magma [49, 
113-116] 

4. Transpressional differentiation from the water-
bearing mantle melt [117-120] 

5. Mixing of evolved magmas with primary mantle 
magmas in shallow magmatic chambers [49] 

In general, two sources have been suggested for 
adakitic melts in the Azarbaijan region:  

1) Melting of the subducted oceanic plate under the 
conditions of amphibolite-eclogite facies. For 
example, Neogene adakitic magmatism was 

introduced in different regions of Azerbaijan 
with amphibole-eclogite to the garnet-eclogite 
origin of the subducted oceanic lithosphere of 
Neo-Tethys, and in a post-collision position 
[121]. Furthermore, Pelio-quaternary dacitic 
volcanic rocks in the north of Sahand volcano 
were considered adakitic magmatism associated 
with melting the ruptured oceanic plate of Neo-
Tethys [122].  

2) Melting of the lower continental crust; for 
instance, regarding the chemical and isotopic 
properties, the origin and location of the adakitic 
rocks in the southeast of Julfa are attributed to the 
melting of the lower part of the thickened 
continental crust [123]. 

Since the adakites or adakitic melts are not 
provided by simply melting the subducted plate, 
other processes are required for their formation. 
Adakites produced by the subduction of oceanic 
crust vary from those produced by lower crustal 
melting and delamination. Compared with the 
other two categories, adakitic rocks from lower 
crust melting have a larger FeOt/MgO ratio, Al2O3, 
and a Th/Ce ratio, and a lower concentration of 
compatible elements like Cr, Ni, and MgO. 
Another noteworthy point is that the lower crustal 
adakitic melt discharged into the mantle has more 
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compatible elements like Cr, Ni, and MgO than the 
upper crustal adakitic melt. This difference leads to 
the interaction of the melt with the mantle, and 
enhances the concentration of its compatible 
elements [1-58]. The adakitic melts from the lower 
crust left in the mantle do not have a strong 
geochemical affinity with the samples in the 
research work region. Besides, although suitable 
elements like Ni are more abundant in the 
examined samples than in the adakitic melts 
coming from the lower crust, the MgO and Cr 
concentrations are not proportionate to those of the 
adakitic melts originating from the subducting 
oceanic crust. These elements outperform the 
adakites produced by melting the lower crust and 
the Th/Ce ratio in the area samples. Similarly, 
lower crust-derived adakites have greater Rb and 
K2O/Na2O ratios than adakites from subducted 
plates [124]. Th, Rb, and K2O/Na2O in the 
subducted plate adakites are 4.5  ppm,  41 ppm, and 
0.35, respectively, while they are 13.48 ppm, 61.71 
ppm, and 0.70 for the adakite originating from 
melting the lower crust in the studied area [51]. 
Assuming the lower crust origin for adakites’ 
genesis, some researchers have considered the 
existence of a large crust (thicker than 50 km) as a 
necessary precondition [66-68, 81-125]. However, 
experimental studies have shown that partial 
melting of the lower mafic crust at a depth of 30 to 
40 km and a temperature of 800 to 900 ℃ can 
produce Adakit melts, and the lower crust does not 
need to undergo the conditions of the eclogite 
facies [126]. Geophysical studies in northwestern 
Iran indicate that the crust of this area is more than 
40 km thick [127]. The thickness of the crust is 
unlikely to be an obstacle to producing adakitic 
melt in the Azerbaijan region. Considering the high 
depletion of HREEs (e.g. Yb) in the adakitic melt 
of the region, the considerable thickness of the 
crust probably stabilizes garnet (eclogite facies) at 
the base of the crust. Geophysical studies reveal 
lithosphere thinning (between 100 and 85 km) in 
northwest Iran [23, 128, 129]. The whole thickness 
of the lithosphere is less than the considerable crust 
thickness in Azerbaijan (more than 40 km). 
Previous studies have noted and debated a thin 
lithosphere for this area, but general geophysical 
research work in Azerbaijan, and the Iranian-
Turkish plateau provides evidence of a thick 
lithosphere [27]. One of the anticipated tectonic 
impacts of the plates’ post-collision is the 
thickening of the lithosphere. Hence, according to 
the discussions about the collision of the Arabian-
Eurasian plates in the late Eocene-Oligocene [130-
132], the thickening of the lithosphere, and the 

subducted slab break-off are expected after this 
time. In general, the process of tectonic evolution 
continues after the lithosphere thickening, the 
lithosphere base break-off, and its re-thinning. As 
a result, these factors lead to asthenospheric 
ascension, and increased heat flow. In the 
northwestern region of the Iran-Caucasus-Turkey 
plate, the lithosphere base has been broken off, and 
the asthenosphere has risen in the Neogene [27-
133]. Consequently, the lithosphere has melted 
[134], leading to a widespread magmatism. 

Notably, other tectonic occurrences such as the 
break-off of a subducted slab may also lead to the 
emergence of a new phase of magmatism. The 
Neogene-Quaternary magmatism’s spatial and 
temporal irregularity in Azerbaijan is among the 
contradictory aspects related to the melting of the 
subducted plate. Since no specific spatial pattern is 
observed regarding the age and chemical 
composition of magmatism in Azerbaijan, the 
partial melting of the underplate is a more logical 
process for generating adakitic melts in the region 
[133]. Overall, various processes related to 
Neogene magmatism in Azerbaijan can be 
summarized as follows: 

1. Processes associated with the active 
subduction zone (post-collision) cause mantle 
wedge metasomatism in terms of the subducted 
plate materials. Some of the melt produced at this 
stage may have accumulated at the base of the 
continental crust, and mafic rocks have formed the 
mafic underplates. 

2. In the post-collision (Neogene) phase, which 
may have been accompanied by subduction 
oceanic lithosphere break-off [27], break-off, or 
melting of the continental asthenospheric 
underplate, and its thinning have occurred with 
lateral flows and asthenospheric mantle uprising. 
At this stage, the high heat flow of the mantle 
occurred concerning the asthenospheric mantle 
ascension and the lithospheric thinning. This flow 
has led to the melting of the lithosphere and the 
underplate mafic rocks (i.e. the source of adakitic 
magmatism). Alkaline melts in Azerbaijan may be 
caused by asthenospheric mantle melts or by 
partially melting the lithospheric mantle [135]. 
After adakites, alkaline melts with shoshonitic, 
lamprophyritic, and alkaline ultrasonic potash as 
part of their makeup erupt [3]. The Miocene Saray 
and Sahand alkaline eruptions are among the 
notable instances of this event [136, 135]. Besides, 
several cases of Neogene (Pliocene-Quaternary) 
alkaline magmatism were reported in different 
parts of northwestern Iran [133-137]. In 
northeastern Türkiye (Eastern Pontid), it is 
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believed that Pliocene alkaline magmatism has 
followed the Miocene Adakitic magmatism. The 
origin of alkaline magmatism was linked with the 
asthenospheric uplift and melting of the 
metasomatized mantle [138]. The produced 
adakitic melt may have contaminated the mantle 
melt, thereby increasing the concentration of some 
compatible elements (e.g. Ni) in the adakitic melt. 
One of the characteristics of magmatism at this 
stage is the chemical diversity of the melt due to 
different mantle origins, crustal contamination, and 
fractional crystallization processes. Besides, the 
lithospheric underplate break-off agrees with the 
geophysical studies and the spatial distribution of 
eruptions in a wide area (northwestern Plateau of 
Iran-Turkey) [27].   

Some researchers proposed that the Neo-
Tethyan oceanic crust rolled back after the 
subduction, and finally, separated in the Upper 
Miocene or the middle to late Eocene [11, 139-
142].  

In [143-145], the northwest geothermal area of 
Sabalan was investigated using the data and results 
from the surface and sub-surface investigations 
including geology, geophysics, 
hydrogeochemistry, and hydrology. The findings 
revealed the presence of geothermal energy in the 
northwest of Sabalan. Various models were 
examined, and ultimately, the best model of the 
natural state demonstrated a high flow of fluid with 
high temperatures in the southern part of the 
region, with a change rate of 108 kg/s. Numerical 
and thermodynamic modeling to estimate the 
production capacity of the northwestern Sabalan 
geothermal field in Iran showed that the main 
factors controlling this capacity were the expected 
pressure drop and the enthalpy of the production 
fluid. This field can provide sufficiently a high-
enthalpy fluid for a maximum capacity of 114 MW 
for 70 years [143-145]. 

In the area of Azarbaijan, remnants of 
subducted oceanic crust are trapped in the Eurasian 
underplate. The basaltic rocks of the Neo-Tethys 
oceanic crust have changed into amphibolite, and, 
finally, eclogite due to subduction and related 
metamorphism. This mechanism metasomatized 
the lithosphere mantle, and produced fluids or 
partial melts rich in LILE and LREE. The parent 
magma of the Shahneshin volcano was generated 
by intense partial melting of the metasomatized 
mantle, which took on the traits of a subducted 
oceanic crust. This concept is consistent with the 
hypotheses that have been put up in the past 
regarding post-collision calc-alkaline magmatism 
in Iran. In this regard, lower crustal stratification 

[131, 134, 144] has been proposed for Upper 
Cenozoic magmatism in eastern Turkey and 
northeastern Iran in the research work of young 
volcanoes in southern Turkey. In addition, the 
researchers [145] claim that the oceanic crust of 
Neo-Tethys below the Eurasian plate has triggered 
the Quaternary magmatism in this region. In [134], 
the delamination process for eastern Anatolia and 
northwestern Iran was proposed. According to 
studies, the upper mantle temperature in parts of 
Iran is higher than that of its solidus temperature. 
Thus it is characterized by a decrease in shear wave 
velocity, a decrease in density, and the occurrence 
of volcanism (in the Quaternary). Accordingly, it is 
believed that the delamination process has reduced 
the cold materials and replaced them with hot 
mantle materials. At this time, the activity of some 
strike-slip faults has caused tensile basins, and 
transported depleted asthenospheric material to 
higher levels. New studies show that tensile spaces 
are still expanding along some of the strike-slip 
faults of the area (e.g. the north Tabriz fault) [146], 
and generated enriched products. In some cases, 
the cold lithosphere has reached its melting point 
in terms of pressure reduction and proximity to the 
hot mantle, producing richer products. Meanwhile, 
the metasomatism process (i.e. fluids generated 
due to the oceanic lithosphere subduction) has 
declined the melting point of the lithosphere and 
the upper mantle. 

Shahneshin volcano is located in a compressive 
tectonic setting. The current deformation pattern of 
Shahneshin shows that the tectonic stress regime 
has experienced different magmatic tectonics. The 
predominant direction of the lines in Shahneshin is 
N-S and NW-SE. These lines are arranged radially 
in the new Shahneshin sediments with a dominant 
N-S direction. In the area of the Shahneshin 
volcano, the density of volcanic domes around the 
Kasra peak is higher (Figure 16). Considering their 
young age, it seems that a pull-apart basin between 
the right-slip faults of Alvarez and Khiavachai-
Moeel bedrock was effective in their eruption. 
Hence, according to the recent structural studies of 
fractures and fault trends in Shahneshin Mountain, 
it is concluded that the performance of strike-slip 
faults has created tensile spaces and pull-apart 
basins in the region (Figure 16). During the 
Quaternary, the region-playing magmas reached 
the Earth’s surface along with these tensile spaces. 

These magmas were slightly contaminated with 
the lithospheric crust, and have largely retained 
their asthenospheric characteristics. In general, 
these magmas are alkaline, and depleted REEs. In 
the next stage, the lithospheric crust underwent a 
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delamination process, and a part of it was separated 
from the crust and immersed in the asthenosphere. 
Meanwhile, partial melting of this crust has caused 
the formation of adakites in Shahneshin. 

In [19], a model was proposed for the 3 
volcanoes, Sabalan, Sahand, and Saray. This model 
shows that the parental magma from a mantle 
source originated from metasomatic agents related 
to enriched subduction. In line with their extreme 
enrichment in incompatible elements and their 
marked Sr- and Pb-radiogenic, and Nd-
unradiogenic composition, the thickness of the 
mantle wedge is expected to increase from 
southwest to northeast. Thus the relative volume of 
metasomes decreases in the same direction from 
Saray to Sabalan (Figure 14). 

In studying the Sahand volcano [147], two types 
of magma were identified from the Miocene-
Quaternary period: “normal” calc-alkaline, mantle-
derived melts, and “adakitic” lower-crustal derived 
melts. This model is also applicable to the Sabalan 
volcano. In this model, the magma originates from 
the mantle due to the breaking of the subducted 
slab or due to the opening of the slab tear. The 
subsequent gradual onset of magmatism at 
increasing distances from the suture zone is 

attributed to the propagating thermal pulse. In the 
studied area, a highly variable magmatism is 
observed. This magma ranges from high-K near-
primitive melt (at Saray) to the magmatic activity 
of non-adakitic paired adakites (Sahand) and 
adakitic magmatism (Sabalan). Here, the crustal 
thickness increases progressively [147]. Adakites 
have also been reported in eastern and central Iran. 
The Lakhshak plutonic complex (Adakite) in east 
Iran is consistent with an origin from oceanic slab 
melts variously mixed with melts from flysch 
sediments [151]. 

The source for the adakitic rocks of the Torud-
Ahmadabad magmatic belt is a subducted Neo-
Tethys oceanic slab and mantle metasomatism in 
the SSZ. The late Eocene voluminous magmatism 
appears to be associated with local extension 
(transpression) in the continentally situated arc 
setting evolving into rifting in the Neogene. This 
setting may be caused by slab rollback or breakoff 
coincident with upwelling asthenospheric mantle 
throughout this period. The adakitic magma in the 
Sabzevar ophiolitic zone was obtained from partial 
wet melting of the garnet amphibolite source from 
the subducted oceanic shale of Sabzevar. 

 
Figure 16. A simplified geological map along with the direction of the fractures (thick yellow arrows for tension direction and 

arrows along the fracture for the fracture slope) overlays on the SRTM images [151]. 
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Figure 17. a) Post-collisional stages along the Saray-Sahand-Sabalan array (not to scale) and b) the schematic 
representation of the proposed conceptual model for the evolution of magmatism at Sabalan volcanoes (not to 

scale) [149]. 

9. Conclusions 

The three stratovolcanoes Saray, Sahand, and 
Sabalan (Shahneshin) in northwestern Iran are 
located at increasing distances of approximately 
~140 km and ~300 km from the Neo-Tethyan 
suture zone. The Shahneshin volcanic complex 
feature rocks of basaltic andesite, andesite, trachy-
andesite, and dacite compositions. All Shahneshin 
adakitic samples exhibit characteristics typical of 
adakites including a high Sr/Y ratio, elevated 
LREE/HREE, depleted HFSE (Ta, Nb, and Ti), and 
enrichment of LILE. Nb/Ta variations in the 
Shahneshin adakitic rocks indicate slab melting at 
different depths. The Dy/Yb ratio indicates the role 
of both garnet, and amphibole in adakitic magma 
generation. The high Dy/Yb ratio shows a positive 
correlation with SiO2, suggesting the presence of 
garnet as a refractory phase during slab melting. 

Conversely, a negative correlation of Dy/Yb 
with SiO2 content indicates that amphibole (unlike 

garnet) serves as a refractory phase during slab 
melting. Considering the collision of the Arabian-
Eurasian continental plates and the closure of the 
Neo-Tethys in pre-Miocene times, along with 
current geophysical evidence, several events (e.g. 
the subducted slab break-off, asthenospheric uplift, 
and the break-off of thickened underplate 
lithosphere) have occurred during the post-
collision period. These processes can lead to the 
melting of the metamorphic crust and mantle, 
resulting in various magmatic activities with a 
relatively wide spatial distribution, extending from 
the northwestern part of Iran to eastern Turkey 
during the Neogene period. 
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  چکیده:

 لیغرب اردب  يلومتریک  50و عربسـتان هسـتند. در  ایاوراس ـ  نیدر منطقه برخورد ب  رانیا-هیدر فلات ترک  سـمیمحصـول ماگمات  يکواترنر-ویپل  سـاب ولکانیک  يگنبدها
نگ ان  يهاسـ فشـ ود. ا  یم افتی  یانیم  کیفلس ـ یآتشـ ان  يگنبدها نیشـ فشـ بلان،   یبخش مهم  یآتشـ ان سـ فشـ ان چ کیاز آتشـ فشـ مال    يکواترنر-ویپل يانهیآتشـ در شـ

و    تی مبریگنیبا اهمراه  هسـتند که  تیداس ـی  و تراک تیآندز  یتراک ت،یآندز  ت،یتراک  ت،ی) شـامل داس ـکیت(آدا نیآذر  يها. سـنگدهندیم لیرا تشـک رانیا یغرب
  تی تانومگنت یو ت  تیوتیبا ب وکلازیپلاژو   بولیآمف  روکســن،یاز پ  ریز بلورهاییها و ســتیعمدتاً شــامل فنوکر. آنها  شــونددر منطقه مشــاهده می يذرآوارهاي آســنگ

تند. ا نگ نیهسـ ر کمسـ بک  خاکی  ابیها با عناصـ ر   )LRREs(سـ ر خاک  یغن  )LILEs(  لیتوفیل بزرگ یونو عناصـ ده و از عناصـ نگ  ابیکم یشـ و    )HRREs( نیسـ
و   Yb < 0.2 ppm  ،یوزن  3O2Al 15 <  ،یوزن  O > 3.52Na  ،یوزن  2SiO 56)-(66  يها، محتواسـنگ  نیشـده اند. در ا یته  )HFSEs(بالا   دانیعناصـر قدرت م

Y< 7 ppm   ت که اخصاسـ نگ شـ بت ها  سیلیس ـ تیآداک  يهاسـ ت. نسـ بت ها  5129/0 تا  5127/0  از  Nd144Nd/143  هیاول يبالا اسـ  يبرا  Sr87Sr/86  هیاول يو نسـ
ــت که منعکس کننده ناهمگن  رییمتغ  7060/0 تا  7035/0 ها از تیآداک ــته و درجات مختل  یاس ــت  فگوش  ــنیزم يهاداده نی. اذوب اس ــناس  ــ  ،یش و    ییایمیژئوش

یم  یزوتوپیا نگ نیکه ا  دهدینشـان م  نئودیمیمو   اسـترانسـ ی  نشـان دهنده اشـتقاق ماگماي آنها از و  پس از برخورد هسـتند   تیها متعلق به نوع آداکسـ ذوب بخشـ
ت، می ده اسـ وماتیزم شـ ده دچار متاسـ ط ورقه فرورانش شـ فري قاره اي که توسـ ته لیتوسـ ددرجه پائین یک گوشـ از  یمورد مطالعه کان  طقهدر من .باشـ مربوط به  يسـ

 مشاهده نشده است. يکواترنر-ویپل یتیآداک يهاسنگ

  .رانیا ،سبلان ،تیآداک ،Sr-Nd زوتوپیا ،البرز ییکمربند ماگما کلمات کلیدي:

 

 

 

 


