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Eshagh A-type rhyolite and the Late Palaeozoic magmatism in Iran
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aFaculty of Earth Sciences, Shahid Beheshti University, Tehran, Iran; bResearch School of Earth Sciences, Australian National University, 
Canberra, Australia; cDepartment of Earth Sciences, Faculty of Natural Sciences, University of Tabriz, Tabriz, Iran

ABSTRACT
The Late Palaeozoic rock associations, in particular A-type igneous rocks, of Iran are rarely exposed, but 
they are key to reconstructing the evolutionary history of the Tethyan oceans. Zircon U–Pb dating of 
a representative rhyolite sample from Pir-Eshagh, NW Iran, yields an Early Carboniferous (Visean) 
crystallization age of 340 ± 2.7 Ma. The extrusive rhyolite has the chemical characteristics of the A1 
subtype of A-type magmas, providing evidence for a magmatic activity within extensional basin. The 
composition of rocks is metaluminous to slightly peraluminous and K-rich, with trace element signatures 
similar to those of OIB. Low Y/Nb and Ce/Nb ratios are consistent with a combination of source 
enrichment and crustal contamination and ultimately that the studied rhyolites have formed by 
fractional crystallization from an enriched mantle-derived mafic parental magma, with crustal interac
tions. Palaeogeographic reconstructions of the Tethyan oceans and their borders imply that the Proto- 
Tethys Ocean has not spread in Iranian plate, although evidence for Paleo-Tethys and Neo-Tethys in the 
form of ophiolitic units is well-preserved. The Late Palaeozoic magmatic rocks of Iran define a trend 
parallel to the ridge separating Neo-Tethys the Iranian plate from Arabia and demonstrate that the 
separation of the Cimmerian terranes from northern Gondwana by the opening of the Neo-Tethys 
Ocean, and their drift northwards, began in the Late Devonian to Early Carboniferous.

ARTICLE HISTORY 

KEYWORDS 
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1. Introduction

Stratigraphic and palaeomagnetic evidence indicates that 
Iran was connected to Gondwana from the 
Neoproterozoic until the Early Mesozoic, most likely as 
an extension of the Afro-Arabian continental platform. It 
became detached during the opening of the Neo-Tethys 
Ocean (Berberian and King 1981). The geological evolu
tion of the Iranian plateau is related to the separation of 
continental segments from the northern Gondwana mar
gin that then accreted to Eurasia during the Early Mesozoic 
(Berberian and King 1981; Stampfli 2000). Three successive 
ocean basins developed known as the Tethyan Oceans; 

Proto-Tethys, Paleo-Tethys and Neo-Tethys. Identifying 
the remnants of these basins, reconstructing their evolu
tionary history and the linkage between Gondwana and 
Eurasia in Iran have been long-debated issues. There is no 
consensus about the reconstruction of the Tethyan 
oceans, a key aspect of Iranian geology that remains 
poorly understood. The Palaeozoic period was accompa
nied by the development of Tethyan oceans and also 
Caledonian, Hercynian (or Variscan) and Cimmerian oro
genic systems respectively. The Ordovician to Early 
Devonian Caledonian orogeny affected mostly the North 
Atlantic region. Closure of the Caledonian (Iapatus) Ocean 
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separating Laurentia (North America) and Baltica (north
ern Europe) resulted in a mountain range forming in 
northwestern Europe, the Caledonian fold belt (e.g. 
Berberian and King 1981). Iran was far from this collision 
zone and experienced only epeirogenic movements (e.g. 
Aghanabati 2006). The Hercynian belt, a series of moun
tain ranges, developed during the Late Carboniferous to 
Permo-Triassic (Sengör 1989; Schulmann et al. 2014) as 
a result of the convergence between, and subsequent 
collision of, Laurasia and Gondwana. This process involved 
several small microplates and fragments of magmatic arcs 
(Ziegler et al. 1979; Dias and Ribeiro 1995; Weil et al. 2001; 
Abalos et al. 2002). Most European scientists call Hercynian 
orogeny to be the main trigger for orogenic movements in 
Europe which some like to apply for some Carboniferous 
magmatism. The effects of the Hercynian orogeny in Iran is 
either epeirogenic similar to the previous phase (e.g. 
Berberian and King 1981). On contrary to Caledonian and 
Hercynian orogenic systems, Cimmerian orogeny is 

recorded in Iran by some rock associations and elongated 
strips of ophiolite and mélange, as Paleo-Tethys remains, 
in northern and central Iran (Figure 1) (e.g. Karimpour et al. 
2006; Aghanabati 2006; Zanchetta et al. 2013; Shafaii 
Moghadam et al. 2015a; Topuz et al. 2018). The 
Cimmerian orogen resulted from the collision and accre
tion of several Peri-Gondwanan blocks to the southern 
margin of Eurasia between the Late Triassic and Early 
Jurassic, following the closure of the Paleo-Tethys ocean 
(Zanchetta et al. 2013).

We present new U–Pb date for magmatic zircon from 
one rhyolite, and whole-rock geochemical data from the 
associated rhyolite suite, and discuss the implications of 
the data along with previously studied Late Palaeozoic 
magmatic rocks of Iran in the context of the early rifting of 
Neo-Tethys and separation of Central Iran from 
Gondwana. We further review the brief evolutionary his
tory of the Tethyan oceans and propose a comprehensive 
tectonic evolutionary model for those oceans.

Figure 1. Major geological subdivisions of Iran after Nabavi (1976), with the location of the study area. Further information on the Late 
Devonian-Early Permian rocks is presented in Table 1.
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2. Geologic background

Iran consists of an assemblage of micro-continental 
blocks which separated from each other by fold-and- 
thrust belts formed during the opening and closing of 
the Tethyan oceanic basins (Stampfli 2000; Stampfli and 
Kozur 2006). According to Berberian and King (1981) Iran 
can be divided into three major structural units based on 
the ophiolite-bearing sutures: 1) the Zagros orogenic 
belt (southern unit); 2) the Central Iran unit; and 3) 
Kopeh-Dagh and Alborz belts (northern unit). These 
units have been further subdivided based on tectonic 
position, stratigraphy, nature of magmatic activity, meta
morphism, structural style etc., (Figure 1).

The Zagros belt is located in southwest Iran. It forms the 
northern margin of the Arabian platform and preserves 
a record of the prolonged convergence between Eurasian 
and Arabia plates through Neo-Tethys, from subduction 
and obduction processes to present-day plate tectonic set
ting (Agard et al. 2011). The belt consists of a thick sedi
mentary sequence of Precambrian to Pliocene age (James 
and Wynd 1965) and it comprises two main structural units; 
the Zagros folded belt and the High Zagros or Zagros thrust 
zone (Figure 1). The High Zagros is bounded by two faults, 
the main Zagros reverse fault, and the main recent dextral 
fault; representing the Zagros (Neo-Tethys) suture zone 
between the Arabian and Eurasian plates with remnants 
of Neo-Tethys oceanic lithosphere (Berberian 1995; Bosold 
et al. 2005; Authemayou et al. 2006; Allen et al. 2013) 
(Figure 1).

The Central Iran unit, structurally one of the most com
plicated zones of Iran, was produced by multiple orogenic 
events (Ghorbani 2013). It consists of a Gondwana-derived 
terrane with a variety of geologic histories: Precambrian 
basement, Palaeozoic platform sediments, and 
Precambrian to Quaternary sedimentary and igneous 
rocks (e.g. Berberian and King 1981; Alavi 1991). It is dis
connected from the Zagros fold and thrust belt by the Main 
Zagros Thrust and is bounded to the north and northeast 
by the Kopeh-Dagh and southern parts of the Caspian Sea 
(Figure 1). The Central Iran unit is assumed to represent an 
integral part of Gondwana during Precambrian, Infra- 
Cambrian, and possibly also Cambrian time that detached 
from Gondwana in the Palaeozoic (Soffel and Forster 1980) 
and finally reattached to the Gondwanan Afro–Arabian 
plate in the Early Cenozoic (Jafari et al. 2018 and reference 
therein). The Central Iran was stable during the Palaeozoic, 
but there were some epeirogenic tectonic movements in 
the Late Silurian to Early Devonian (Berberian and King 
1981). The Central Iranian microplate is bounded by faults, 
fold-and-thrust belts and Late Cretaceous to Early 
Palaeocene ophiolite and ophiolitic melange (Shafaii 
Moghadam and Stern 2015).

The northern unit (Kopeh-Dagh and Alborz) is character
ized by continental crust containing remnants of Paleo- 
Tethys oceanic lithosphere. The Kopeh-Dagh belt is an 
intra continental range and presents tectonic structures 
that are parallel to the Paleo-Tethys suture zone (Robert 
et al. 2014). This belt links with the adjacent Alborz belt by 
the western prolongation of the suture zone (Wilmsen et al. 
2009). Therefore, the northern unit is distinguished from the 
central unit by the Late Palaeozoic suture zone in North 
Iran, which is at the northern foot of the Alborz Mountains 
in the south and the Kopeh-Dagh in the north. During the 
Early Jurassic, the Kopeh-Dagh and Turan was covered 
unconformably by coal-bearing continental clastic depos
its, evidence that the Iranian and Turan (Eurasia) plates were 
united in the Late Triassic to Early Jurassic (Berberian and 
King 1981).

3. Field relations and petrography

The rhyolite body studied here, mapped as the Pir-Eshagh 
extrusion, is within the Central Iran domain (Figure 1). The 
study area, located south-west of the city of Jolfa in the East 
Azerbaijan province of NW Iran, consists mainly of abun
dant sedimentary and pyroclastic rocks with lesser amounts 
of metamorphic units (Figure 2). The igneous rocks are 
composed mainly of rhyolite, andesite-dacite 
(Carboniferous age) and associated pyroclastics including 
tuff and ignimbrite (Eocene age) (Figure 2). The dominance 
of sedimentation in the region started during the Devonian, 
and then a gap until Permian. A relatively short magmatic 
activity occurred in the Carboniferous. The Late Palaeozoic 
volcanic rocks comprise smaller and distinct units including 
slightly to highly weathered reddish-brown rhyolite and 
andesite dacite (not studied here) (Figures 2 and 3a). 
Rhyolites were intruded into sedimentary deposits with 
fossils of Late Devonian (Centrorhynchus letiensis; 
Gosselet 1879) (Figure 3b) and were unconformably over
lain by Permian sequences, suggesting its Carboniferous 
age. This succession was subsequently dismembered dur
ing the Mesozoic and Cenozoic by latter faulting (Figure 3c). 
Rhyolitic rocks mostly display a porphyritic to glomeropor
phyritic texture and in some cases spherulitic and amygda
loidal growths. They present approximately 40% of quartz, 
K-feldspar, and plagioclase phenocrysts immersed in a fine 
matrix. The groundmass is a mixture of quartz and 
K-feldspar generated mainly or entirely by devitrification 
of glass. Magnetite, apatite, and zircon are accessory miner
als. There are no biotites or amphiboles in the rhyolites. 
Quartz phenocrysts are euhedral to subhedral, with corro
sion gulfs. Plagioclase phenocrysts show partly resorbed 
rims and have been variably sericitized (Figure 3d). 
K-feldspar phenocrysts commonly show rectangular crystal 
shapes and occasionally are partially surrounded by 

4 S. JAMEI ET AL.



plagioclase crystals (Figure 3e). Some microperthite is also 
present.

4. Analytical methods

4.1. Major and trace elements

Twenty samples of rhyolite were collected and checked 
for freshness using polished thin sections. Ten of the 
samples, with minimal petrographic evidence of late 
hydrothermal alteration, were selected for geochemis
try. These were chipped by hand-splitter and powdered 

in a tungsten-carbide ring mill to a grain size of <200 
mesh. Aliquots of each powder were sent to the ALS 
Brisbane laboratory, Australia, for whole rock analysis by 
geochemistry method ME-MS81d (ME-MS81 plus whole 
rock). Major oxide concentrations were done by 
Inductively Coupled Plasma-Atomic Emission (ICP-AES) 
and trace elements were carried out by Inductively 
Coupled Plasma Mass Spectrometry (ICP-MS). For this 
purpose, 0.2 g of sample powder is added to 1.5 g 
lithium metaborate (LiBO2), mixed well and fused in 
a furnace at 1000°C. The resulting melt is then cooled 
and dissolved in 100 mL of 5% HNO3 acid solution. This 

Figure 2. Sketch geological map of the study area.
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solution is then analysed either by ICP-MS and ICP-AES. 
The accuracy of major elements is 0.01%, for most trace 
elements it is better than 10 ppm and for the rare earth 
elements (REE) it is 0.1 ppm or better. Results are 
reported in Supplementary file.

4.2. SHRIMP zircon U–Pb dating

Zircon U-Pb dating by SHRIMP (Sensitive High 
Resolution Ion Micro-Probe) is an accurate method for 
determining the crystallization ages of igneous rocks 
over a wide range of geological time. For the present 
work, separated zircon grains were dated using the 
SHRIMP-RG at the Research School of Earth Sciences 
(RSES), Australian National University (ANU), following 
the analytical procedure described by Williams (1998). 
U concentration was calibrated using reference zircon 
SL13 (238 ppm U, ~572 Ma) and Pb/U determined 
relative to reference zircon TEMORA 2 (417 Ma; Black 
et al. 2004). The radiogenic isotope ratios and calcu
lated ages were corrected for common Pb using the 

measured 207Pb, assuming concordance and a model 
common Pb composition consistent with the age of 
the grain (Gumming and Richards 1975) using Prawn 
and Lead software. All individual dates and weighted 
mean ages were calculated from the radiogenic 
206Pb/238 U. Data were plotted using Isoplot 3 
(Ludwig 2003), showing the analyses before correction 
for common Pb. For all analyses the uncertainty in the 
determination of Pb/U and Pb/Th was set to 
a minimum of 0.5% to prevent the high precision 
analyses of high-U spots skewing the calculation of 
the weighted mean ages. The results are summarized 
in Supplementary file.

4.3. Electron microscope-cathodoluminescence 
(SEM-CL) imaging

Prior to SHRIMP analysis the sectioned, polished zircon 
crystals were imaged by cathodoluminescence (CL) using 
a JSM-6610A SEM at RSES, ANU, to reveal their morphology, 

Figure 3. (a) Stratigraphic contact of the Pir-Eshagh rhyolite with Late Devonian and Permian sediments. (b) A sedimentary layer with 
fossils of Late Devonian (Centrorhynchus letiensis; Gosselet 1879). (c) Dismembered and weathered rhyolitic body. (d) 
Photomicrograph of a plagioclase phenocryst showing glomeroporphyritic texture in a fine-grained matrix. (e) Photomicrograph of 
a K-feldspar phenocrysts partially surrounded by plagioclase crystals.
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internal textures and paragenesis. These images were used 
in conjunction with transmitted and reflected light photo
micrographs to determine the placement of the SHRIMP 
analytical spots, avoiding imperfections such as inclusions 
or fractures. In preparation for SEM imaging the epoxy grain 
mount was cleaned with petroleum spirit and warm RBS 
detergent solution, thoroughly rinsed in Millipore de- 
ionized water, and dried in a vacuum oven at 60°C for 
about one hour. The mount was then coated with ~2 nm 
of gold. This cleaning procedure was repeated prior to 
SHRIMP analysis, but the mount was dried for longer (over
night stay) and coated with a thicker layer of gold (~15 nm).

5. Results

5.1. Whole-rock geochemistry

Representative chemical analyses of the Pir-Eshagh 
rhyolite are listed in Supplementary file. The rock sam
ples studied have a relatively narrow range of composi
tions, with high contents of SiO2 (69.0–73.7 wt.%) and 
Na2O+K2O (8.18–9.16 wt.%), moderate contents of Al2O3 

(12.80–14.70 wt.%), and low contents of TiO2 (0.30–
0.56 wt.%), Fe2O3 t (2.44–4.49 wt.%), CaO (0.20–1.70 wt. 
%) and MgO (0.01–0.73 wt.%), consistent with their felsic 
mineralogy. Plotted on a total alkalis versus SiO2 dia
gram (Lebas et al. 1986; Irvine and Baragar 1971), the 
rocks fall within the subalkaline rhyolite field (Figure 4a). 

Based on the biaxial diagram of K2O vs. SiO2 (Peccerillo 
and Taylor 1976) and Ta/Yb vs. Ce/Yb (Pearce 1983), they 
range from calc-alkaline to weakly shoshonitic (Figure 
4b,c), with K2O contents ranging from 2.33 to 6.82 wt.%, 
indicating their potassium-rich nature. All but one of the 
samples are peraluminous, with A/CNK (molecular Al2O3 

/(CaO+Na2O+K2O)) of 1.14–0.85 (Figure 4d). All have 
high Ga/Al, plotting in the A-type field in the K2O+Na2 

O/CaO vs. Ga/Al diagram of Whalen et al. (1987) (Figure 
4e). The rocks are ferroan according to the classification 
scheme of Frost et al. (2001), having FeOt/(FeOt+MgO) 
ratios of0.84–0.99 (Figure 4 f). On the tectonic discrimi
nation diagram of Pearce et al. (1984) based on the trace 
elements Rb, Y and Nb the samples fall tightly in the 
within-plate magmas (Figure 5a). The same is indicated 
by the Zr vs. Y diagram of Muller and Groves (1994) 
(Figure 5b). The primitive mantle normalized REE 
(McDonough and Sun 1995) and N-MORB normalized 
trace element abundance (Sun and McDonough 1989) 
patterns of all samples are very similar (Figure 6). The 
rocks are enriched in total REE (195–447 ppm), and 
particularly the light REE (Figure 6a), with high LaN/YbN 

(4.08–9.53), a pronounced negative Eu-anomaly (Eu/ 
Eu* = 0.44–0.52) and relatively flat and undifferentiated 
heavy REE (GdN/YbN = 0.91–1.82). The high LaN/SmN 

(2.55–4.11) is consistent with fractionation of the LREE. 
Considering the multi-element variation diagram (Figure 
6b), the rocks are enriched in the most incompatible 

Figure 4. (a) Alkali-Silica diagram (TAS) for the chemical classification of volcanic rocks (Le Bas et al. 1986). The subalkaline-alkaline 
field boundary on the diagram is from Irvine and Baragar (1971). (b) SiO2 vs. K2O diagram (after Peccerillo and Taylor 1976). (c) Ta/Yb 
vs. Ce/Yb diagram (Pearce 1983). (d) SiO2 vs. A/CNK diagram (Chappell and White 1974). (e) (K2O+Na2O)/CaO vs. 10,000*Ga/Al diagram 
of Whalen et al. (1987). (f) SiO2 vs. FeOt/(FeOt+MgO) diagram of Frost et al. (2001) showing the affinity between the Pir-Eshagh rhyolite 
and A-type and ferroan rocks. Note that there are similar geochemical features between Pir-Eshagh rhyolite and the Late Palaeozoic 
A-type granites from Iran.
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elements and large ion lithophile elements (LILE: e.g. Rb, 
Ba, Th, La, U, and Ce) and depleted in Cs, Nb, Sr, P and Ti.

5.2. SHRIMP zircon U–Pb dating

Following the detailed petrography, sample P4was 
selected for zircon U-Pb dating. The zircon grains are 
relatively similar in size, shape and zoning textures 
(Figure 7), consistent with all having crystallized from 
the rhyolitic magma. They are euhedral to subhedral and 
relatively elongate, colourless, transparent, and without 
mineral inclusions. They have simple igneous banding 
with no visible or CL evidence for the presence of older 
cores. Their maximum size is about 300 μm. The 19 
analyses of individual zircon grains define a single popu
lation within analytical uncertainty, with a weighted 
mean radiogenic206Pb/238 U age of 339.7 ± 2.7 Ma 
(95% c.l., MSWD = 1.5). Common Pb corrections were 
small, as evidenced by the near concordance of the 
uncorrected compositions (Figure 7). The U (54–199 
ppm) and Th (21–113ppm) contents of the zircon are 

low. The Th/U ratios range from 0.38 to 0.92, typical of 
the range for igneous zircon crystallized from a felsic 
magma.

6. Discussion

6.1. Petrogenesis

The Pir-Eshagh rhyolite has chemical features, such as 
negative Sr, P, Ti and Eu anomalies, that are similar to 
those of A-type granitoids formed in within-plate set
tings (Whalen et al. 1996). A-type granitoids have been 
further divided into two subgroups of A1 and A2 on the 
basis of trace element abundances, particularly Y/Nb 
(Eby 1990, 1992). Group A1, with Y/Nb ratios less than 
1.2, includes rocks that have chemical characteristics 
similar to those of ocean-island basalts (OIB) and are 
thus mantle-derived, particularly in an intraplate or 
extensional tectonic regime. In contrast, the rocks of 
group A2, with Y/Nb higher than 1.2, have an arc signa
ture and are similar to rocks of continental crust or island 
arc basalts (IAB) formed at convergent plate margins, 
particularly in collisional and post-collisional settings 
(Eby 1992).

The Late Palaeozoic rock associations of Iran, espe
cially in northwestern part, are distributed predomi
nantly as mafic and felsic units like rhyolites of the 
present study and Ajabshir (Moayyed 2013), Misho gran
ite and Ilanlu basalt (Jamei, unpublished data), Ghushchi 
gabbronorite and granite (Shafaii Moghadam et al. 
2015b), Misho gabbro (Saccani et al. 2013) (comprehen
sive data in Table 1, Figure 1). This feature is interpreted 
to characterize the geotectonic setting of a bimodal 
suite in a non-orogenic environment. Enrichment in the 
LILE and LREE is indicative of within-plate rifting and 
continental break-up. The most likely process for the 
generation of the rhyolite is lithospheric extension, thin
ning of the lithosphere and upwelling of the astheno
sphere to form a within-plate potassic magma. Such 
magmas are commonly characterized by OIB and 
MORB (mid-ocean ridge basalt) chemical affinities (Li 
et al. 2000; Gorring et al. 2003). In the Y/Nb vs. Rb/Nb 
and Y/Nb vs. Ce/Nb diagrams (Eby 1992), they plot 
mainly in the A1 subgroup (Figure 8a,b). Furthermore, 
Figure 8b shows that the rhyolites fall within or near the 
OIB field, suggesting a source for the rhyolites similar to 
that of OIB, consistent with an intraplate setting (Figure 
5). Detailed geochemical characteristics, however, show 
features of the A2 subgroup (Y/Nb ratios in the range 
0.86–1.65). This might be due to a range of oxygen 
fugacity as higher oxygen fugacity, by increasing Y/Nb, 
could push the samples to plot in the field of A2 grani
toids. The studied samples have FeOt/(FeOt+MgO) ratios 

Figure 5. (a) Rb vs. Y+ Nb discrimination diagram of Pearce et al. 
(1984), and (b) diagram of Zr vs. Y (Muller and Groves 1994) 
showing a within-plate setting for the studied rhyolites. The Late 
Palaeozoic A-type granites from Iran also plot in the same fields.
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of 0.86–0.99, which indicate that the rocks crystallized 
under a range of high to low oxygen fugacity conditions 
(Figure 8 c). Different oxygen fugacity conditions range 
from reduced to oxidized relevant to magma migration 
and emplacement (Kolzenburg et al. 2018). It is possible 
that the processes involved in the production of the 
rhyolites might have included some crustal contamina
tion, given the low high Rb, Th, K, La and Cs observed in 
the samples (Figure 8d).

The petrogenesis of A-type granitoids remains con
troversial, and diverse scenarios have been proposed to 
explain the origin of these rocks: (1) extreme fractional 
crystallization of parental mafic magmas derived from 
the mantle, with or without crustal interactions (Loiselle 
and Wones 1979; Vander-Auwera et al. 2003), (2) high 
temperature partial melting of crustal rocks from which 
granitic magma has previously been extracted (Clemens 

et al. 1986; King et al. 1997), (3) partial melting of felsic 
granulites (Collins et al. 1982; Whalen et al. 1987), (4) 
partial melting of lower crustal anhydrous charnockite 
(Landenberger and Collins 1996), (5) partial melting of 
meta-igneous rocks (Creaser et al. 1991), (6) 
a metasomatic origin (Martin 2006) and (7) the combina
tion of oceanic island basalts and crustal materials (Eby 
1990, 1992). In addition, the rhyolitic magmas could be 
derived from various source materials, including 
enriched mantle, depleted mantle and felsic crust 
(Mbowou et al. 2015). Trace element ratios such as Nb/ 
Ta and Zr/Hf are an effective means of recognizing the 
sources of volcanic rocks. The Nb/Ta (13.2–14.6) and Zr/ 
Hf (38.0–41.1) ratios of the studied rhyolites are similar to 
those of OIB (Nb/Ta = 14.6–17.6; Zr/Hf = 35.5–45.5), while 
the estimated Nb/Ta ratio of the continental crust and 
the bulk-silicate Earth is ∼12–13 and ∼14, respectively 

Figure 6. Normalized trace element diagrams for the Pir-Eshagh rhyolite and comparison with the Late Palaeozoic A-type granites 
form Iran. (a) Primitive mantle normalized REE compositions and (b) N-MORB-normalized multi-element patterns for the Pir-Eshagh 
rhyolite. Normalizing values are from McDonough and Sun (1995) and Sun and McDonough (1989) for (a) and (b) respectively. Note 
that trace element variations in the Late Palaeozoic A-type units of Iran are very similar, indicating probable same mechanism for their 
generation.

Figure 7. Representative Cathodoluminescence (CL) images showing internal structures of zircon grains form sample P4 and U–Pb 
Concordia diagram for the zircon analysed by ion microprobe.
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(Pfänder et al. 2007). A plot of Zr/Y vs. Nb/Y is useful in 
distinguishing between magmas derived from enriched 
(OIB or E-MORB) or depleted (N-MORB and subduction- 
related) sources (Fitton et al. 1997). All the rhyolite sam
ples fall within the field of magmas derived from 
enriched sources (Figure 8e). Enrichment of the source 
is further indicated by the plot of Ta/Yb vs. Th/Yb (Pearce 
1983) (Figure 8 f). In that plot, the rhyolites define a trend 
sub-parallel to, and above, the mantle enrichment array, 
consistent with the presence of crustal components. The 
elevated Th/Yb values could be due to the addition of 
a subduction component to mantle-derived magma, the 
melting of mantle contaminated by an earlier subduc
tion process, or contamination of the magmas by con
tinental crust (Raimo Lahtinen et al. 2016).

The compositions of rhyolitic magmas are controlled 
by a combination of source enrichment and possible 
crustal contamination, in the present case producing che
mical signatures similar to those found in OIBs. This is 
consistent with the first scenario above – evolution; indi
cating that the study rhyolites have formed by fractional 
crystallization of an enriched mantle-derived parental 
mafic magma, with crustal interactions. The negative Eu 
anomalies are indicative of feldspar contention during 
fractionation and or partial melting process (Rollinson 
1993). The negative Eu and Sr anomalies and 

unfractionated HREE suggest the presence of plagioclase 
and absence of garnet in the magma source (Rapp and 
Watson 1995; Nagudi et al. 2003) and the negative P and 
Ti anomalies can be attributed to residual apatite and 
ilmenite, respectively, in the source (Peng et al. 2012). 
The unfractionated HREE patterns and negative Eu and 
Sr anomalies could indicate that the magmas were pro
duced under low pressure conditions (<1 GPa) where 
plagioclase is stable (Nagudi et al. 2003). At low pressures, 
plagioclase has a high affinity for Sr, while Y is more 
incompatible (Deng et al. 2018). Thus, Sr/Y ratios might 
possibly indicate the mean pressure or depth at which the 
magmas were generated. The studied rhyolites have rela
tively low Sr (<208 ppm) and high Y (37.7–67.6 ppm), 
hence low Sr/Y ratios (0.64–5.52) accompanied by nega
tive Eu anomalies suggesting that plagioclase is residual 
in the source, and garnet is absent, implying that the 
magma was generated at low levels of pressure.

6.2. Geodynamic implications of Tethyan oceans

A review of the evolutionary history of the Tethyan 
oceans reveals that the Iranian micro-continents were 
far distant from the Proto-Tethys Ocean. Some 
researchers have argued, however, that there is geolo
gical evidence for the Proto-Tethys Ocean in Iran. For 

Figure 8. (a) Y/Nb vs. Rb/Nb, and (b) Y/Nb vs. Ce/Nb diagrams for the Pir-Eshagh A-type rhyolite (Eby 1992). Oceanic island basalt (OIB) 
and island arc basalt (IAB) fields are from Eby (1990). (c) FeOt/(FeOt+MgO) vs. Al2O3 diagram showing the compositional fields of 
reduced and oxidized A-type rocks plus calc-alkaline granitoids (Dall’Agnol and de Oliveira 2007). (d) (Th/Yb)pm vs. (Nb/Yb)pm plot 
showing the crustal contamination trend for the Pir-Eshagh rhyolites. The ratios are normalized to primitive mantle values of 
McDonough and Sun (1995). Upper continental crust (UCC) composition is from Taylor and McLennan (1985), high U/Pb mantle 
source (HIMU) and enriched mantle sources (EM I and EM II) are from Condie (1997). (e) Nb/Y vs. Zr/Y diagram (Fitton et al. 1997). (f) 
Ta/Yb vs. Th/Yb diagram after Pearce (1983). All samples trend towards an enriched mantle source. Normal mid-ocean ridge basalt 
(N-MORB), enriched mid-ocean ridge basalt (E-MORB), primitive mantle (PM), and Ocean Island Basalt (OIB) depleted MORB mantle 
(DMM) compositions are from Sun and McDonough (1989). Upper continental crust (UCC) composition is from Taylor and McLennan 
(1985). Mantle array, subduction enrichment, and FC (fractional crystallization) approximate directions are from Pearce (1983). The 
Late Palaeozoic A-type granites from Iran are also compared to Pir-Eshagh rhyolite.

10 S. JAMEI ET AL.



instance, the Takab Metamorphic Complex in NW Iran, 
with an age of ∼560 Ma, has been interpreted as 
lithospheric remnants of Proto-Tethys (Hajialioghli 
et al. 2007; Saki 2010) and the Late Neoproterozoic- 
Cambrian granitoids in Iran, with ages ranging from 
513 to 608 Ma, are generally attributed to the subduc
tion of Proto-Tethys oceanic lithosphere beneath the 
Sanandaj-Sirjan and Central Iran (Shahzeidi et al. 2017; 
Badr et al. 2018). It is generally agreed that Proto- 
Tethys was an ancient, universal ocean basin that 
opened due to the break-up of the supercontinent of 
Rodinia in the Neoproterozoic (∼600–580 Ma), evolved 
following initiation of subduction in the Cambrian 
(~520 Ma), and closed at the end of the Early 
Palaeozoic during the final assembly of Gondwana 
(e.g. von Raumer and Stampfli 2008; Zhang et al. 
2012; Li et al. 2018; Zhao et al. 2018; Song et al. 
2018). In Asia, the Proto-Tethys Ocean separated 
a collection of subcontinents to the north from the 
margin of Gondwana to the south bounded by the 
Hun (or Hunic) superterrane (von Raumer and Stampfli 
2008; Zhao et al. 2018)(Figure 9). The northern block 
collided with Gondwana following south-dipping sub
duction during the Ordovician to Early Devonian 
(Stampfli and Borel 2002; von Raumer et al. 2013; 
Shumei et al. 2015; Li et al. 2018; Zhao et al. 2018), 
synchronous with the Caledonian orogeny. 
Accordingly, considering Proto-Tethys ocean lifetime 
(∼600 to ~397 Ma) and its geographic location it could 

be argued that some geological evidence attributed to 
the Proto-Tethys Ocean in Iran were associated with 
an ocean that was the precursor of Proto-Tethys. The 
subduction of the Proto-Tethys oceanic plate beneath 
Gondwana coincided with the opening of the Paleo- 
Tethys Ocean in a back-arc extensional setting within 
the continental lithosphere along the trailing edge of 
the Hun Superterrane (Figure 9). This opening sepa
rated the Hun Superterrane from a series of 
Gondwanan terranes that formed the Cimmerian con
tinent, which includes Central Iran (Stampfli 2000; 
Stampfli and Borel 2002; Torsvik and Cocks 2004). 
When the Paleo-Tethys Ocean opened is still 
a matter of debate. Torsvik and Cocks (2004) sug
gested that different independent microplates may 
indicate diachronous separation, and therefore that 
Paleo-Tethys opened at different times in different 
places. Mohammadi et al. (2019) have controversially 
interpreted that Amand and Moro A-type plutons, 
located in NW Iran, were generated as the result of 
Paleo-Tethys opening during Late Devonian-Early 
Carboniferous. It is widely accepted, however, that 
the opening occurred in the Ordovician to Silurian 
(e.g. Ziegler et al. 2001; Stampfli et al. 2001; Stampfli 
and Borel 2002; von Raumer et al. 2003; Li et al. 2018) 
and that the oceanic lithosphere developed mainly in 
the Carboniferous to Permian. The presence of Late 
Ordovician–Silurian rift-related flood basalts in north
ern Iran (Bagheri and Stampfli 2008) confirms that 

Figure 9. Palaeogeographic reconstruction of the Iranian Cimmerian micro-continents and their relationship to the Tethyan oceans. (a) 
Ordovician to Silurian reconstruction showing the southward subduction of the Proto-Tethys oceanic plate underneath the Hun 
Superterrane and its movement towards closing. It was coupled with the opening of Paleo-Tethys by rifting between the Hun 
Superterrane and Gondwana (Cimmerian Terranes). (b) Late Devonian to Early Permian plate-tectonic reconstruction showing Proto- 
Tethys closing and subsequent continental collision between the northern blocks and the Hun Superterrane. The Paleo-Tethys Ocean 
started northward subduction underneath the Hun Superterrane and the Cimmerian Terranes rifted away from Gondwana to form 
Neo-Tethys. (c) Approximate current tectonic setting of the Cimmerian micro-continent in Iran. Note that Central Iran has rotated 135° 
anticlockwise since the Triassic. (a) and (b) modified after Stampfli et al. (2001). Find out more information about the Late Devonian to 
Early Permian rock associations of Iran in Figure 1 and Table 1
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Paleo-Tethys opened during that time. Well-preserved 
Late Devonian–Carboniferous magmatic arc products 
and the Triassic fore-arc succession (Bagheri and 
Stampfli 2008) and Late Palaeozoic magmatic arcs 
within the Turan Plate (Garzanti and Sciunnach 1997) 
reveal that the Paleo-Tethys subduction initiated 
beneath the Turan block (Eurasia) before 380 Ma 
(Late Devonian) (Shafaii Moghadam and Stern 2014). 
The final closure of the Paleo-Tethys Ocean and dock
ing of the Iranian block to Eurasia took place during 
the Eo-Cimmerian orogenic cycle in the Late Triassic 
following northward subduction of the oceanic plate 
underneath Eurasia (Stampfli et al. 2001; Stampfli and 
Borel 2002; Liu et al. 2006; Bagheri and Stampfli 2008). 
The Early Jurassic coal-bearing continental clastic 
deposits to the north (Kopeh-Dagh and Turan) and 
south (Central Iran and Alborz) of the collisional zone 
indicate a united Iran-Turanplate in the Late Triassic to 
Early Jurassic and the end of the Paleo-Tethys Ocean 
(Berberian and King 1981). This timing is further sup
ported by the cessation of Late Palaeozoic platform- 
type deposition on the passive margin of the 
Cimmerian block in the Central Iran during the 
Middle to Late Triassic (Fursich et al. 2005; Bagheri 
and Stampfli 2008) and deposition of Middle Jurassic 
clastic sediments in NE Iran (Zanchi et al. 2009). The 
Paleo-Tethys Ocean suture between Eurasia and the 
Iranian block in northern Iran is also marked by Middle 
to Late Palaeozoic metamorphic rocks and ophiolites 
that were complexly exposed in the north Iran 
(Figure 1).

The northward drift of the Cimmerian blocks and Iran 
resulted from the opening of Neo-Tethys. Most authors 
accept that Neo-Tethys was an immense ocean that 
started to open along the eastern Gondwana margin in 
the Late Carboniferous to Early Permian, followed by 
sea-floor spreading starting in the Late Early Permian 
associated with the drifting of the Cimmerian superter
rane and the final closure of Paleo-Tethys in the Middle 
Triassic (e.g. Sengör 1990; Stampfli and Borel 2002; 
Angiolini et al. 2007; Golonka 2007; Zanchi et al. 2009; 
Arefifard 2017). Although Late Palaeozoic rock associa
tions of Iran are rare, they are key to reconstructing the 
evolution of the Tethyan oceans (Table 1 and references 
therein) (Figure 1). The Late Palaeozoic A-type units are 
overlain by Permian to Early Mesozoic marine sediments, 
consistent with an extensional regime in the Late 
Palaeozoic. This is further substantiated by the coeval 
bimodal magmatism exposed in northwestern Iran 
(Alirezaei and Hassanzadeh 2012; Saccani et al. 2013; 
Shakerardakani et al. 2015; Shafaii Moghadam et al. 
2015b; Azizi et al. 2017). The U-Pb ages obtained from 
the Late Palaeozoic A-type igneous rocks of Iran along 

with some mafic rocks, orthogneiss and amphibolite 
(Table 1 and Figure 7) indicate that the rifting of the 
Iranian Cimmerian terranes from northern Gondwana 
and the opening of the Neo-Tethys Ocean was probably 
initiated in the Late Devonian to Early Carboniferous at 
the onset of Hercynian orogeny outside of Iran. 
However, Delavari et al. (2019) controversially argued 
that the Pir-Eshagh acidic volcanic rocks were formed 
during the Hercynian orogeny in a post-collisional tec
tonic setting based on zircon U-Pb age of ~298 Ma 
obtained from an ignimbrite rhyolite sample (Table 1). 
At the same time, they stated that the Devonian basic 
volcanic rocks, exposed adjacent to the Pir-Eshagh area, 
imply their formation in a within-plate and non subduc
tion environment. The age data may indicate that volca
nic eruption was active during the Late Devonian to 
Early Permian in the Pir-Eshagh area.

The geodynamic evolution of the Neo-Tethys Ocean 
is now relatively well constrained. During the northward 
subduction of the Neo-Tethys oceanic lithosphere 
beneath the Iranian plate (part of the Cimmerian block) 
in the Mesozoic, the Sanandaj-Sirjan zone occupied the 
position of a magmatic arc. It is generally accepted that 
subduction started during the Early to Middle Jurassic, 
but controversy still exists regarding the Neo-Tethys 
closure time and continental collision between the 
Arabian and Iranian plates, variously proposed to have 
been Late Cretaceous (e.g. Berberian and King 1981; 
Mohajjel and Fergusson 2000; Mohajjel et al. 2003; Azizi 
and Jahangiri 2008), Eocene (e.g. Ghasemi and Talbot 
2006; Mazhari et al. 2009), Miocene (e.g. Omrani et al. 
2008; Azizi and Moinevaziri 2009) and or as asynchro
nous from north to south in Late Cretaceous to Late 
Palaeocene and Middle to Late Miocene receptively 
(Jafari et al. 2018).

7. Conclusions

1- The studied rhyolites have the geochemical features 
of the A1 subtype of A-type magmas and provide evi
dence for extensional tectonics and rifting of Cimmerian 
fragments away from Gondwana during the Late 
Palaeozoic. Zircon U-Pb dating and geochemical investi
gations suggest that they were generated by fractional 
crystallization from an enriched mantle-derived mafic 
parental magma, with crustal interactions at 
339.7 ± 2.7 Ma, during the Early Carboniferous.

2- The Late Palaeozoic rock associations of Iran define 
a parallel trend consistent with the Neo-Tethys suture zone. 
Considering the U-Pb ages obtained from those rocks it can 
be inferred that the opening of Neo-Tethys and continental 
break-up that separated Iran from Gondwana started in the 
Late Devonian to Early Carboniferous.
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3- Reconstruction of the Tethyan oceans indicates 
that the Iranian micro-continents, as Cimmerian ter
ranes, were remote from the Proto-Tethys Ocean
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Research highlights

- Pir-Eshagh rhyolite exhibits the geochemical character of A1 

subtype of A-type magmas
- Petrogenesis of the Pir-Eshagh rhyolite highlights the rocks 
forming by the fractional crystallization from a mantle-derived 
mafic magma.
- Gondwana breakup through the Neotethys opening initiated 
in the Late Devonian to Early Carboniferous
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