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Abstract: The mylonitic granites exposed in the central part of the Sanandaj–Sirjan Zone (CSSZ) are emplaced into  
the Precambrian basement along the Main Zagros Fault. U–Pb zircon dating of their protolith yields an emplacement  
age of 297.8 ± 3.9 Ma (Early Permian), consistent with emplacement in a within-plate extensional tectonic setting.  
The mylonitic granites are classified as transitional A-type, characterised by enrichment of High Field Strength Elements 
(HFSE) and elevated Nb/Y and Ga/Al ratios. Trace-element systematics, particularly variations in Nb, Hf, Ta, and Zr, 
indicate a magmatic origin involving significant magma–crust interaction. The εNd(t) values are around 0.9. The isotopic 
compositions likely reflect post-magmatic disturbance, and the mylonitic granites were later transformed into mylonitic 
varieties during Mesozoic tectono-thermal reactivation along regional shear zones. Petrographic evidence, including 
perthitic K-feldspar, well-developed gneissic banding, and advanced dynamic recrystallisation textures, indicates that  
the Azna mylonitic granites experienced intense dynamic metamorphism. Now, this deformation resulted in partial  
resetting under lower greenschist-facies conditions within a brittle–ductile regime. Accordingly, the primary crystalli
sation of the protolith of the Azna mylonitic granite most likely occurred during the late stages of the Variscan orogeny 
and, within the framework of the proposed model, can be interpreted as being associated with the onset of processes 
leading to the opening of the Neo-Tethys.
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Introduction

A-type granites are primarily defined by their geochemical 
signatures and tectonic affinities and are characterised by ele-
vated SiO2 and alkali contents, high Fe/Mg ratios, and enrich-
ment in high-field-strength elements such as Zr, Nb, and Y, 
while typically depleted in Ca, Sr, and Ti (e.g., Eby 1992; 
Frost et al. 2001; Bonin 2007; Johansson 2023; Breiter 2025; 
Ondrejka et al. 2025). They commonly originate from high-
temperature, anhydrous melts derived from mantle and/or 
crustal sources and are typically associated with extensional or 
within-plate tectonic settings (e.g., Collins et al. 1982; Frost & 
Frost 2011; Qu et al. 2012). 

Iran, located within the central segment of the Alpine–
Himalayan orogenic belt, records a polycyclic tectono-mag-
matic evolution shaped by repeated episodes of subduction, 
continental collision, and post‑collisional extension (e.g., 

Ghasemi & Talbot 2006; Shabanian et al. 2009; Agard et al. 
2011). This long‑lived geodynamic history encompasses Neo
proterozoic to Phanerozoic tectonic events, as documented by 
numerous studies (Moghadam et al. 2015a; Shabanian et al. 
2020; Shakerardakani et al. 2021; Azizi & Whattam 2022). 

The CSSZ, forming the inner crystalline core of the Zagros 
orogen, is widely recognized for its long‑lived and diverse 
magmatic activity from Neoproterozoic to Cenozoic (e.g., 
Alavi 2004; Esna‑Ashari et al. 2012; Shakerardakani et al. 
2015; Azizi et al. 2017; Shabanian et al. 2018, 2020). In the 
Sanandaj–Sirjan Zone (SSZ) of Iran outcrops of A-type gra
nites with various age ranges were reported from other areas 
by some research works (e.g., Sepahi & Athari 2006; Sepahi 
2008; Alirezaei & Hassanzadeh 2012).

The Azna granitoids in the northern SSZ provide an impor
tant opportunity to investigate the petrogenesis of A-type 
magmatism, with the spatially associated Ghaleh-dezh meta-
granite providing a useful comparison for evaluating the 
timing, source characteristics, and thermal conditions of 
Carboniferous granitoid magmatism (Shabanian et al. 2020). 
This study aims to evaluate U–Pb zircon ages, whole-rock 
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geochemical compositions, Sr–Nd isotopic compositions, and 
electron microprobe (EMPA) data from the Azna granitoids. 
The dataset is compared with coeval metagranitic bodies from 
the SSZ and NW Iran to constrain its petrogenesis and tectonic 
significance, and to re-evaluate the tectonic evolution of the 
northern Gondwana margin and the previously proposed inter-
pretations for the Ghaleh-dezh granitoids area.

Geological setting

The Zagros Orogen is classically subdivided into three 
parallel NW–SE trending belts: from southwest to northeast, 
these are the Zagros Fold-and-Thrust Belt, the SSZ, and the 
Urumieh–Dokhtar Magmatic Arc (Stöcklin & Nabavi 1973; 
Fig. 1). It extends for approximately 1500 km along the north-
east side of the Main Zagros Fault, with a width varying 
between 150 and 200 km. The zone is characterized by 
medium- to high-grade regional metamorphic rocks exten-
sively intruded by igneous bodies ranging from felsic (e.g., 
Jurassic S-type and A-type granites) to mafic (e.g., gabbro-
diorite and basalts) in composition, with magmatic activity 
concentrated predominantly in the Jurassic (e.g., Hassanzadeh 
& Wernicke 2016; Azizi & Stern 2019; Nouri et al. 2023).

Neoproterozoic–Cambrian intrusive bodies have high fre-
quency in the SSZ (e.g., Golpaygan, 557 Ma, Moradi et al. 
2022; North Shahrekord, 521–513 Ma, Badr et al. 2018; 
Mahabad, 558–552 Ma, Gholipour et al. 2022; Dorud–Azna 
mylonitic granites, 608–588 Ma, Shakerardakani et al. 2015) 
and a suite of Carboniferous–Permian granitoids and mafic 
intrusions. The latter group comprises the Khalifan granite 
(ca. 315 Ma, Bea et al. 2011), Ghaleh-dezh metagranite (298–
312 Ma, Shabanian et al. 2020), the Hasanrobat granite (ca. 
288 Ma, Alirezaei & Hassanzadeh 2012), the Hasansalaran 
pluton (ca. 360 Ma, Azizi et al. 2017), Dorud–Azna metagab-
bro (314–336 Ma, Shakerardakani et al. 2015; Fergusson et al. 
2016), Gushchi gabbronorite (316–319 Ma, Moghadam et al. 
2015b), Gushchi granite (317–318 Ma, Moghadam et al. 
2015b; 298–301 Ma, Asadpour et al. 2013b), Moro & Amand 
granite (350–356 Ma, Mohammadi et al. 2020), Ghazan gab-
bro (297 Ma, Asadpour et al. 2013a), Sargaz orthogneiss (317– 
322 Ma, Moghadam et al. 2017), Heris granite (306 Ma, 
Advay & Ghalamghash 2011), Misho gabbro (356 Ma, 
Saccani et al. 2013) and  the Damamna granite (364–372 Ma, 
Abdulzahra et al. 2016), Collectively, these Carboniferous–
Permian granitoids and mafic intrusions document a wide-
spread episode of late Palaeozoic magmatism across the SSZ 
(Table 1). Furthermore, several Carboniferous to Permian 

Fig. 1. A schematic geological representation of the SSZ, together with the Zagros fold-thrust system and the Urumieh–Dokhtar magmatic arc 
(Stöcklin & Nabavi 1973). Futher information is represented in Supplementary Table S1.

https://geologicacarpathica.com/data/files/supplements/GC-77-6-Tahmasebi_TableS1.docx
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magmatic and metamorphic units have been documented in 
north-western Iran, including amphibolites from the Salmas 
area (Hajialioghli et al. 2025), Early Carboniferous rhyolites 
from Ajabshir (Jamei et al. 2021), and Carboniferous–Per
mian magmatism in the Jolfa region (Delavari et al. 2019).  
In Central Iran, Permian granitoids (Moghadam et al. 2015b) 
and Carboniferous–Permian metamorphic rocks of the Anarak 
complex (Buchs et al. 2013) are interpreted as part of the 
broader Gondwana related tectonic framework.

The Azna area, located in the central part of the SSZ (Fig. 2), 
exposes a diverse assemblage of metamorphic and igneous 
rocks. Metamorphic units include phyllite, schist, marble,  
and meta-gabbro, which have been affected by amphibolite-  
to greenschist-facies metamorphism, likely during Jurassic–
Cretaceous deformation related to the Zagros orogeny (Alavi 
2004; Shabanian et al. 2009, 2020; Agard et al. 2011). The crys
talline basement comprises two major components: (i) Upper 

Neoproterozoic orthogneisses, such as the granitic gneisses  
of southern Lorestan (Dorud–Azna area; 568 ± 11 Ma, Nutman 
et al. 2014; 588 ± 41 Ma, Shakerardakani  et al. 2015), and  
(ii) Upper Carboniferous–Lower Permian mylonitic granites 
exposed locally in the Azna region (Shabanian et al. 2020). 
Whereas the Precambrian basement fragments form regio
nally extensive orthogneissic bodies with well‑developed 
gneissic foliation, the mylonitic granites occur as small, loca
lized outcrops characterized by a penetrative mylonitic fabric. 
The metamorphic rocks are intruded by several igneous 
bodies, predominantly granites, granodiorites, and quartz dio-
rites of Middle to Late Jurassic age (Esna-Ashari et al. 2012; 
Shabanian & Neubauer 2024). In the Dorud region, Ediacaran–
Cambrian orthogneisses are structurally juxtaposed with the 
Middle Jurassic Darijune gabbro (170.2 ± 3.1 Ma) (Shakerar
dakani et al. 2015). The Azna area is dissected by three prin
cipal fault systems trending NE–SW, NW–SE, and E–W. 

Area Rock type Method Dated 
mineral

Magma-
type

Geodynamic 
tectonic Source Age (Ma) Author(s)

North of Sanandaj–Sirjan zone (Iraq)
Damamna
(Iraqi zagros 
suture zone)

Granite 206P/238U Zircon A1-type
Extensional 

intra-continental 
regime

Enriched mantle with 
crustal contamination

364.4±8.5,
372.1±3.8 Abdulzahra et al. 2016

North of Sanandaj–Sirjan zone (Iran)

Misho mafic 
complex Gabbro 206P/238U Zircon A2-type Initial rift-drift

MORB-type 
asthenosphere & plum-

type material
356.7±3.4 Saccani et al. 2013

Misho 
complex

Alkali granite, 
monzogranite, 

synogranite
Rb/Sr Whole 

rock A2-type POG Partial melting of 
thickened crust 232 Ahankoub et al. 2013

Heris Granite,  
alkali granite

207Pb/206Pb Zircon A2-type WPG Lower crust 306±34 Advay & Ghalamghash 2011

Gushchi Gabbronorite 206P/238U Zircon A-type
Lower continental crust 

&/or subcontinental 
mantle source

319.9±2.5,
316.8±2.3 Moghadam et al. 2015b

Gushchi Alkali feldspar 
granite

206P/238U Zircon A2-type VAG & WPG Lower continental crust

318.4±2.3,
317.3±1.9,
322±2.9

298–301

Moghadam et al. 2015b

Asadpour et al. 2013b
Moro Granite 206P/238U Zircon A-type WPG 351–356 Mohammadi et al. 2020
Amand Granite 206P/238U Zircon A-type WPG 350.9±1.3 Mohammadi et al. 2020
Ajabshir Rhyolite 206P/238U Zircon A-type WPG 332.5±2.2 Nabatian et al. 2021
Ghazan Gabbro 206P/238U Zircon – WPG 297±6 Asadpour et al. 2013a

Hasansalaran Granite & 
monzonite

206P/238U Zircon A1-type WPG Mantle & continental 
crust

360.2±4.3,
360.7±5.6 Azizi et al. 2017

Khalifan Leucogranite 206P/238U Zircon A1- to 
A2-type Felsic, infracrustal 315±2 Bea et al. 2011

Sanandaj–Sirjan zone (Iran)

Hasanrobat Granite 206P/238U Zircon A2- to 
A1-type WPG Lower crust 

(anorogenic intraplate)
288.3±0.6,
294.2±2.5

Alirezaei & Hasanzadeh 
2012,

Honarmand et al. 2017

Ghaleh dezh Mylonitic 
granite

206P/238U Zircon A2-type WPG Mantle–crust 312±12 Shabanian et al. 2020

Meta granite 
Azna  
(Ghaleh dezh)

Mylonitic 
granite

206P/238U Zircon A-type WPG Mantle–crust 297.8±3.9 This study

Dorud Metagabbro 206P/238U Zircon – Back arc rifting Litospheric or 
asthenospheric mantle

314.6±3.7
336±9

Shakerardakani et al. 2015,
Fergusson et al. 2016

South of Sanandaj–Sirjan zone (Iran)
Sargaz-
Abshour Orthogneiss 206P/238U Zircon WPG – 317–322 Moghadam et al. 2017

Table 1: Summary of previous age data for magmatic rocks from the SSZ zone (Iran) and NE (Iraq).
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These fault systems record polyphase deformation involving  
strike-slip, reverse, and extensional reactivation (Mohajjel & 
Fergusson 2000; Shakerardakani et al. 2015). Deformation 
intensifies northward, where Jurassic–Early Cretaceous D2 
dextral transpression (~178–170 Ma and ~110 Ma) produced 
strong mylonitic fabrics and associated kinematic indicators 
(Moazzen et al. 2004; Babaahmadi et al. 2021). Mylonitic 
granite bodies display irregular to elongated outcrop patterns 
controlled by the regional structural fabric and are exposed as 
discontinuous ridges, with the largest exposures occurring in 
the Ghaleh‑Dezh area (Shabanian et al. 2009, 2020). Their 
mylonitic foliation is defined by alternating quartz–feldspar‑rich 

and mica‑rich bands, augen feldspar porphyroclasts, quartz 
ribbons, and the preferred orientation of biotite and muscovite, 
all indicating intense ductile deformation (Fig. 3b). 

Petrography

The mylonitic granites are dominated by quartz and 
feldspars (microcline, orthoclase and plagioclase), along with 
biotite and muscovite (Fig. 4a–e). Accessory minerals include 
zircon, titanite, allanite and iron oxides such as magnetite, 
while chlorite and sericite occur as secondary minerals  

Fig. 2. A generalised geological map of the northern Azna region, compiled by Sahandi et al. (2006) and Shabanian et al (2020).
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(Fig. 4a, f). The rocks exhibit a well-developed mylonitic fab-
ric defined by a fine-grained, dynamically recrystallised aggre
gate of quartz, muscovite, biotite, and chlorite (Fig. 4d–f). 
Additional evidence for mylonitisation includes quartz rib-
bons, feldspar and albite porphyroclasts with undulose extinc-
tion and asymmetric pressure shadows, and localized shear 
bands. Orthoclase, microcline, albite and allanite form the 
porphyroclasts (Fig. 4a–f). Quartz grains display features con-
sistent with subgrain rotation recrystallisation under shear 
deformation, forming fine-grained aggregates aligned parallel 
to the mylonitic foliation. Locally, the foliation is folded, indi-
cating progressive deformation (Hirth & Tullis 1992; Stipp et 
al. 2002; Passchier & Trouw 2005; Heilbronner & Tullis 2006) 
(Fig. 4d–f). The lepidogranoblastic texture is clearly visible in 
Fig. 4b–f. Asymmetric albite porphyroclasts are observed 
within the mylonitic foliation (Fig. 4d, e). 

Analytical methods

LA–ICP–MS analyses

Zircon crystals were separated from a representative mylo-
nitic granite sample selected for U–Pb zircon geochronology 
using conventional density and magnetic separation tech-
niques at the Laboratory of the Geological Team of Hebei 
Province, China. Handpicked crystals were mounted on 1-inch 
epoxy discs with double-sided tape and analysed in random 
order. U–Pb dating was performed by depth-profiling laser 
ablation–inductively coupled plasma–mass spectrometry (LA– 
ICP–MS) following the analytical procedures described by 
(Liu et al. 2022). Cathodoluminescence (CL) imaging of zir-
con grains was carried out at Zhongkekuangyan LLC, Beijing, 
using an electron microprobe to characterize internal zoning 
and textural features, although these images were not used 
directly for age determinations. Zircon analysis was under-
taken at the Milma LA–ICP–MS facility, China University  
of Geosciences, Beijing. Laser ablation was conducted with  
a NewWave 193UC excimer system, coupled to an Agilent 
7900 ICP–MS. Analytical conditions included a 35 μm spot 

size, 10 Hz repetition rate, and an energy density of ~3 J·cm−2. 
Each analysis consisted of a 20 s background acquisition, 40 s 
ablation, and 20 s washout. Instrumental mass bias and ele-
mental fractionation were corrected using zircon 91500 as the 
primary reference material (Wiedenbeck 1995; Wiedenbeck et 
al. 2004), analysed twice for every ten unknowns. Additional 
zircon standards GJ-1 (Morel et al. 2008) and Plešovice 
(Sláma et al. 2008) were interspersed with the unknowns and 
treated as blind samples to monitor accuracy. The weighted 
mean 206Pb/238U ages obtained were 296.8 ± 2.9 Ma (2σ, n = 4) 
for Plešovice, which is consistent with their recommended 
values (Jackson et al. 2004; Sláma et al. 2008). Isoplot 4.15 
(Ludwig 2012) was employed to generate the geochronolo
gical plots. Zircon grains were analysed from two mylonitic 
granite samples (MG) (Supplementary Table S1).

Electron microprobe analyses

Two fresh and well-preserved mylonitic granite samples 
were selected for the EMPA. The analyses were performed  
at the Institute of Geosciences, University of Potsdam 
(Germany), using a fully automated JEOL JXA-8200 electron 
microprobe. This instrument, equipped with five wavelength-
dispersive spectrometers, was operated at an accelerating vol
tage of 15 kV, a beam current of 20 nA, and a spot diameter 
ranging from 2 to 10 µm. Calibration was performed through-
out each session using secondary standards to ensure accuracy. 
The instrument was standardised against natural silicate and 
oxide reference materials supplied by the Smithsonian Insti
tution and Astimex Standards Ltd., and the built-in ZAF 
matrix correction procedure was applied to all measurements. 
Scanning electron microscopy (SEM) and energy-dispersive 
X-ray spectroscopy (EDXS) analyses were conducted on  
a JEOL JSM-6510 microscope equipped with a tungsten fila-
ment and an Oxford Instruments Xplore30 EDX detector,  
also housed at the University of Potsdam. In total, 28 albite,  
15 K-feldspar, 16 biotite, 8 muscovite, and 14 titanite analyti-
cal points were examined by EPMA (Supplementary Tables 
S2, S3, S4, S5 and S6).

Fig. 3. (a) View of the most prominent mylonitized outcrop in the Azna area. (b) Quartz and feldspar porphyroclasts in mylonitic granite are 
surrounded by mica-rich bands.

https://geologicacarpathica.com/data/files/supplements/GC-77-6-Tahmasebi_TableS1.docx
https://geologicacarpathica.com/data/files/supplements/GC-77-6-Tahmasebi_TablesS2-S6.docx
https://geologicacarpathica.com/data/files/supplements/GC-77-6-Tahmasebi_TablesS2-S6.docx
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Whole-rock geochemistry

Ten fresh and unaltered rock samples were selected for 
whole-rock geochemical analysis. The geochemical analyses 
were conducted at the Servicio General de Apoyo a la 
Investigación (SAI) Laboratory, University of Zaragoza, using 
ICP–MS and XRF techniques. Approximately 0.05 g of 
powdered sample was digested by microwave-assisted acid 
digestion in a mixture of 9 mL HNO3, 3 mL HCl, and 3 mL  
HF (180 °C for 20 minutes following a 15-minute ramp).  

The resulting solution was diluted to a final volume of  
50.00 mL. ICP-MS analyses were performed using an Agilent 
7900 instrument equipped with a crossflow nebulizer, Scott 
spray chamber, and platinum cones, with rhodium (Rh) as  
the internal standard. The instrument operated in peak hop
ping mode at 1.2 kW RF power, with plasma, auxiliary, and 
nebulizer gas flows of 15, 1.2, and 1.0 L/min, respectively. 
The ICP-MS precision was better than 3 % RSD. In addition 
to ICP–MS analyses, three whole-rock samples (Dzh, A1-ab, 
and Ba-1) were analysed using Laser-Induced Breakdown 

Fig. 4. Photomicrographs of the mylonitic granites from the north of Azna. (a) Juxtaposition of microcline porphyroblasts with quartz, XPL.  
(b) Types of albite and polysynthetic twinning in plagioclase minerals, XPL. (c) Juxtaposition of albite porphyroblasts with foliations of 
finer-grained minerals, XPL. (d) Scattered albite porphyroclasts with asymmetric mantles, indicated by arrows. (e) Albite crystal within  
a quartz-rich matrix showing a lepidogranoblastic texture. (f) Allanite in a matrix of fine-grained quartz and sericitized minerals, XPL.  
XPL = cross-polarized light; PPL = plane-polarized light. The mineral abbreviations are from Warr (2021).
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Spectroscopy (LIBS) at the University of Zaragoza. The ana
lyses were performed using a Q-switched Nd:YAG laser 
(Brilliant Quantel, Ultra CFR model) operating at 1064 nm, 
with an 8 ns pulse duration and a maximum pulse energy of  
50 mJ. The laser beam diameter was 2.6 mm. The plasma 
emission was generated in a LIBS-SC chamber (Ocean Optics) 
under a controlled Ar atmosphere. The emitted radiation was 
collected via an optical fibre (QP50-2-UV-BX, Ocean Optics) 
and transferred to an Echelle spectrometer (Andor Mechelle 
ME5000; focal length 195 mm, F/7), coupled with an ICCD 
detector (Andor iStar DH734, 1024×1024 pixels, 13.6×13.6 μm 
pixel size). The selected analytical conditions included a pulse 
energy of 25 mJ, a delay time of 725 ns, and an integration 
gate of 1100 ns (Supplementary Table S7).

Sr–Nd isotopic analysis

Two fresh and unweathered mylonitic granite samples were 
collected from outcrops in northern Azna for isotopic analysis. 
Sr–Nd isotopic analyses were conducted at the Radiogenic 
Isotope Laboratory, METU Central Lab. Analytical proce-
dures followed in-house protocols based on (Köksal 2019). 
All procedures were performed with ultrapure reagents and 
Milli-Q water in a class-100 clean lab. About 80 mg of each 
sample was digested in 4 mL of 52 % HF at >100 °C for four 
days. Solutions were dried, re-dissolved in 6 N HCl, dried 
again, and finally dissolved in 2.5 N HCl for cation-exchange 
chromatography. Strontium was separated using 2 mL of  
Bio-Rad AG50W-X8 (100–200 mesh) cation resin in Teflon 
columns and eluted with 2.5 N HCl. Following Sr collection, 
the rare earth element (REE) fraction was retrieved with 6 N 

HCl. Sr was loaded on a single Re filament with Ta activator 
and 0.005 N H3PO4 and analysed in static mode. The measured 
87Sr/86Sr ratios were normalised to 86Sr/88Sr = 0.1194. The NIST 
SRM 987 Sr standard yielded an average value of 0.710249  
± 5. Neodymium was further separated from the REE fraction 
using 0.22 N HCl and 2 mL of HDEHP (bis-2-ethylhexyl 
phosphate)-coated Bio-Rad resin in Teflon columns. The puri-
fied Nd was loaded onto double rhenium filaments with  
0.005 N H3PO4 and measured in static mode. The 143Nd/144Nd 
ratios were normalised to 146Nd/144Nd = 0.7219. The La Jolla 
Nd standard (Lugmair et al. 1975) produced a value of 
0.511848 ± 4. Sr and Nd isotopes were measured on a TRITON 
TIMS in multi-collection mode without bias correction; uncer-
tainties are reported at 2σ (Supplementary Table S8).

Results

Zircon U–Pb age data

Zircon grains were separated from a mylonitic granitic sam-
ple collected from the study area at coordinates 33°31’11”N, 
49°21’38”E. Fresh and inclusion-free zircon grains were 
handpicked for LA–ICP–MS analysis. In total, 73 analytical 
spots were measured on 50 zircon grains. Most grains exhibit 
elongate prismatic morphologies and complex internal zoning, 
including oscillatory and restitic zoning, as well as features 
indicative of magmatic corrosion (Fig. 5). U/Pb isotopic ratios 
were measured, and the Th/U ratios and the calculated zircon 
ages are listed in Supplementary Table S1. 

Fig. 5. Selected cathodoluminescence (CL) images of zircon grains extracted from the northern Azna mylonitic granite.

https://geologicacarpathica.com/data/files/supplements/GC-77-6-Tahmasebi_TableS7.docx
https://geologicacarpathica.com/data/files/supplements/GC-77-6-Tahmasebi_TableS8.docx
https://geologicacarpathica.com/data/files/supplements/GC-77-6-Tahmasebi_TableS1.docx
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Of the total analytical spots, 17 were discordant. Zircon 
grains are prismatic crystals exhibiting well-developed oscil
latory zoning with some grains exhibiting sector zoning and 
inherited cores. with bright to dark luminescence in cathodo-
luminescence images. The zircon grains display lengths 
between 180 and 300 μm, with length-to-width proportions 
ranging from 2.25 to 3. The Th/U ratios range from 0.043  
to 1.20, with the majority of values exceeding 0.2. For age 
calculation, only concordant and coeval analyses with <10 % 
discordance and common Pb content below 2 % were consi
dered. The oscillatory zoning and Th/U ratios of ~0.2 are 
consistent with magmatic crystallisation (e.g., Rubatto 2002; 
Hoskin & Schaltegger 2003). The Concordia diagram yields  
a 206Pb/238U age of 297.8 ± 3.9 Ma (MSWD = 2.7; 95 % confi-
dence; Fig. 6a), whereas the weighted mean age is 298.4 ± 3.9 Ma 
(MSWD = 2.3; Fig. 6b). The clustered analyses, as shown in 
the histograms (Fig. 6c), predominantly fall within the 297, 
305 and 313 Ma range. The presence of younger discordant 
ages in the supplementary data table the presence of minor 
lead loss during subsequent Jurassic magmatic or thermal 
events.

Mineral chemistry

The plagioclase and K-feldspar chemical compositions are 
represented in Supplementary Tables S2 and S3. The analysed 
plagioclase crystals (Ab0.894–0.988 – An0.007–0.099 – Or0.005–0.011) are 
dominantly albite-rich, whereas K-feldspar grains (Ab0.028–0.052 
– An0.00–0.020 – Or0.948–0.972) show compositions close to the 
orthoclase end-member (Supplementary Fig. S1a). They are  
in the albite and orthoclase fields on the Ab–Or–An ternary 
classification. The biotite grains contain 0.539 to 0.66 atoms 
per formula unit a.p.f.u. Mg, 2.009 to 2.166 a.p.f.u. Fe2+  
and 3.043–3.920 Fe/Mg ratio in (Supplementary Table S4). 
The coexistence of secondary and reequilibrated primary bio-
tite reflects a polyphase geological history (Verschure et al. 
1980; Nachit et al. 2005) (Supplementary Fig. S1b). The bio-
tite composition plots in the annite field in the siderophyllite–
eastonite–annite–phlogopite quadrilateral (Supplementary 
Fig. S1c). The primary muscovite crystals contain 3.22 a.p.f.u. 
Si, 2.39 to 2.49 a.p.f.u. Al, and 0.105 to 0.125 a.p.f.u. Mg.  
Na and Ti range from 0.018 to 0.029 a.p.f.u., and 0.008 to 
0.014 a.p.f.u., respectively, in (Supplementary Table S5). Based 

Fig. 6. (a) Conventional U/Pb Concordia for mylonitic granites dia-
gram. (b) Weighted mean U–Pb diagram for the mylonitic granite 
sample. (c) Histograms of zircon grains from the Azna mylonitic 
granite sample. 
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on their Mg, Na, and Ti contents, they are classified as phen-
gitic muscovite (Supplementary Fig. S1d, e). The titanite 
grains show variations in Ti (0.610–0.751), Si (0.990–1.078), 
Al (0.111–0.328), Ca (0.975–1.025) a.p.f.u and Fe3+ (0.024–
0.080) a.p.f.u.  in (Supplementary Table S6). The titanites are 
interpreted as predominantly magmatic based on their euhed
ral to subhedral morphology, textural association with primary 
igneous minerals, relatively uniform composition, and ele-
vated TiO2 and CaO contents, consistent with the characteris-
tics of magmatic titanite reported by McLeod et al. (2011). 
The low Ti and Al concentrations reflect low-temperature 
crystallization (Buddington & Lindsley 1964; Nadoll et al. 
2015). 

Whole-rock geochemistry

A total of 10 mylonitic granite samples from the Azna area 
were selected for whole-rock geochemical analysis. To assess 
regional geochemical trends, these data were compared with 
published datasets from the Ghaleh-dezh (metagranite Azna; 

Shabanian et al. 2009, 2020), (Khalifan leucogranite; Bea et 
al. 2011), (Misho alkaligranite; Ahankoub et al. 2013), 
(Hasanrobat granite; Alirezaei & Hassanzadeh 2012) and 
(Hasan salaran granite; Azizi et al. 2017) representing com
parable felsic intrusions in the SSZ and adjacent regions. 
Further information on the comparative datasets is provided in 
Table 1. The R1–R2 diagram (De la Roche et al. 1980), clas
sifies the samples as granites, granodiorite and quartz-syenite 
(Fig. 7a). The samples contain high SiO2 (66–77 wt%) and 
Al2O3 (10–15 wt%) and low to moderate Fe2O3 (1.2–3.7 wt%) 
in (Supplementary Table S7). The rocks are peraluminous and 
belong to the calc-alkaline magma series (Fig. 7b, c).

In the primitive mantle (Sun & McDonough 1989) and 
upper crust normalised diagrams (Taylor & McLennan 1995) 
(Fig. 8a, b), the patterns are relatively parallel, showing enrich-
ment in large ion lithophile elements (LILEs), light rare earth 
elements (LREEs), and high field strength elements (HFSEs) 
compared to heavy rare earth elements (HREEs). The Azna 
mylonitic granites (Fig. 8a) are enriched in Rb, Pb, K, and U, 
but depleted in P. The Khalifan leucogranite (Bea et al. 2011) 

Fig. 7. (a) R1 vs. R2 Plot (De la Roche et al. 1980). The plot illustrates that the samples fall within the fields of granite (n = 2), grano
diorite (n = 1), alkali granite (n = 3), and quartz syenite (n = 4). (b) AFM Plot (Irvine & Baragar 1971), all samples are classified as 
calc-alkaline. (c) Diagram for Assessing Magma source (Frost et al. 2001). The samples plot within the peraluminous field.
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and Hasanrobat granite (Alirezaei & Hassanzadeh 2012) show 
negative Ti, K anomalies, while the Hasan salaran granite 
(Azizi et al. 2017) also exhibits depletion in Nb, Ba, and K. 
The Ghaleh-dezh (Shabanian 2009) rocks are characterized by 
a stronger negative Eu anomaly and an upward Th and Rb 
trend relative to the studied samples (Fig. 8a–c). Compared to 
the upper crustal source (Fig. 8b), the Azna granite mylonite 
exhibits positive anomalies in high-field strength elements 
such as Hf, Ti, Zr, Tb, Y, Tm, and Yb. The chondrite-norma
lised REE patterns (Boynton 1984) (Fig. 8c) of the Azna 
mylonitic granites show enrichment in light REEs relative to 
heavy REEs (LaN/YbN = 2.7–11.8) and display negative Eu 
anomalies (Eu/Eu* < 0.5). The comparative data also exhibit 
negative Eu anomalies. The LaN/YbN ratios range from 5.8 to 
9.4 in the Hasanrobat granites, 7.9 to 18.4 in the Khalifan 
granites, 2.1 to 54.83 in the Hasan Salaran granites, 8 to 17 in 
the Misho alkaligranites, and 1.82 to 10.62 in the Ghaleh-dezh 
granites. 

Sr–Nd isotopes

The results of the Sr–Nd isotopic analyses of mylonitic 
granite samples are summarised in Supplementary Table S8. 
The samples exhibit relatively high Rb contents, 112, and com
paratively lower Sr concentration about 73 ppm. The Rb/Sr 

value is 1.534. The Nd and Sm contents is 17.27 ppm and  
3.43 ppm, respectively. Initial isotopic ratios of Sr and Nd 
were calculated based on the weighted mean U–Pb zircon age 
of 297.8 Ma. The initial 87Sr/86Sr(i) ratio is 0.7334, while the 
143Nd/144Nd ratio is approximately 0.5123. The calculated 
εNd(t) values is about 0.9. Additional information regarding 
the Sr–Nd isotopic data and the incorporation of data from 
Shabanian et al. (2020) is provided in the note below Supple
mentary Table S8.

Discussion

Tectonic setting and petrogenesis

In the tectonic discrimination diagrams (Fig. 9a), most of 
the Azna mylonitic granite samples and the other compared 
samples plot within the WPG field, whereas a few samples 
plot in the volcanic arc to syn-collisional fields, indicating 
some geochemical variability within the suite. The Azna 
mylonitic granites show some A-type affinity (Fig. 9b, c),  
and may have a combined crustal and mantle contributions 
(Sylvester 1998; Frost & Frost 2011). Geochemically, these 
rocks are characterized by relatively high concentrations of 
high field strength elements (HFSEs) such as Zr, Nb, Ce, and 

Fig. 8. Trace and REE distribution patterns for the samples were normalised to: (a) the primitive mantle (Sun & McDonough 1989); (b) upper 
continental crust (Taylor & McLennan 1995); (c) Chondrite (Boynton 1984).
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Y, along with elevated Ga/Al ratios. Trace element ratios, 
including Th/Yb and Nb/Yb, suggest a significant crustal con-
tribution and limited mantle input. In addition, the enrichment 
of LREEs relative to HREEs and the pronounced negative  
Eu anomalies further support extensive partial melting and 
significant crustal involvement in the petrogenesis of these 
granites (Pearce et al. 1984). In the Fig. 9b, c and Table 1 this 
study data (A-Type) and those from Hasan salaran (A1), 
Khalifan (A1–A2), Hasanrobat, Misho and Ghaleh-dezh (A2) 
granites presented (Bea et al. 2011; Alirezaei & Hassanzadeh 
2012; Ahankoub et al. 2013; Azizi et al. 2017; Shabanian et al. 
2020) are presented. High Ga and Nb contents, together with 
Rb–Ba enrichment and Sr depletion, indicate partial melting 
of felsic crustal sources (Ji et al. 2022; Wang et al. 2024).  
The negative Eu anomaly and enrichment in incompatible ele-
ments (Rb, Th, Pb, and U) may reflect source characteristics 
and/or fractional crystallisation, particularly plagioclase frac-
tionation, and may also indicate some contribution from 
continental crustal materials (Wilson 1989). The mylonitic 
granites studied in this research show 87Sr/86Sr(t) ratio of about 

0.7341 and the 143Nd/144Nd(t) ratio is approximately 0.5123. 
This combined isotopic data favour partial melting of an old 
evolved continental crust and/or assimilation of heterogeneous 
continental crust with a small contribution from a relatively 
juvenile mantle-derived component, followed by fractional 
crystallization during magma evolution. The whole-rock  
Rb–Sr isochron for the Ghaleh-dezh mylonitic granite yields 
an age of 274 Ma (Fig. 10a). These samples exhibit ratios 
ranging from 0.703 to 0.713, suggesting the involvement of 
both mantle and crustal sources (Fig. 10b) (Ahankoub et al. 
2013; Shabanian et al. 2020) reported initial 87Sr/86Sr ratios of 
>0.712 for the Misho granitoids. The 87Sr/86Sr(i) ratios vary 
from 0.649 to 0.711 in the Hasan salaran granites (Azizi et al. 
2017) and from 0.738 to 0.834 in the Khalifan granites (Bea  
et al. 2011), reflecting variable degrees of crustal assimilation 
and source heterogeneity. The near-chondritic to slightly 
negative εNd(t) values (+0.2 to −2.8), together with relatively 
radiogenic initial 87Sr/86Sr ratios, indicate a predominantly 
crustal magma source with a minor mantle contribution.

Fig. 9. (a) Tectonic setting discriminating diagrams (Pearce et al. 1984) for the Azna mylonitic granites. (b, c) Plots for classifying type grani
toids (Whalen et al. 1987).
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Genesis

The majority of zircon grains display Th/U ratios of 0.2 and 
above, with an average Th/U of 0.26, along with oscillatory 
zoning, which indicates a magmatic origin for the dated zircon 
crystals. The Early Permian emplacement age is consistent with 
a widespread episode of Late Palaeozoic magmatism recog-
nised in the SSZ (Bea et al. 2011; Alirezaei & Hassanzadeh 
2012; Fergusson et al. 2016; Hassanzadeh & Wernicke 2016). 
This timing suggests that the protolith of the mylonitic granite 
was emplaced during the final stages of the Variscan orogeny 
and broadly coincided with the initial evolution of the Neo-
Tethys (Moghadam et al. 2015b). Whole-rock trace-element 
ratios, particularly the wide range in Zr/Hf<37 and Nb/Ta 
(3.73–9.82), indicate heterogeneous source characteristics  
and variable contributions from crustal and mantle-derived 
components during magma generation (Wang 2024). In addi-
tion, Zr/Hf ratios (11.39–20.05) are consistent with zircon 
fractionation during magma evolution and support an evol
ved magmatic system (Lu 2025). Ghaleh-dezh isotopic data 
(⁸⁷Sr/⁸⁶Sr and ¹⁴³Nd/¹⁴⁴Nd), 0.707–0.7130 and 0.5123 are con-
sistent with a mantle-derived magma that underwent crustal 
assimilation and fractional crystallization during its evolution 
(Shabanian et al. 2020). These are consistent with the pro-
posed origins of the A1- and A2-type of granites (Eby 1992). 
The whole-rock geochemical data further indicate a peralumi-
nous to slightly metaluminous affinity. Although A-type gra
nites are typically derived from relatively low-H2O magmas, 
the hydrous minerals in the studied granitoids are interpreted 
as secondary. Petrographic evidence, including chloritised 
biotite and fracture-controlled muscovite, indicates late- to 
post-magmatic alteration rather than primary magmatic crys-
tallisation. The coexistence of titanite and magnetite is com-
patible with relatively oxidised magmatic conditions but is 
not, by itself, sufficient to precisely constrain oxygen fugacity 
(Broska et al. 2007; Erdmann et al. 2019). Textural evidence, 

including fine-grained recrystallisation of feldspars and the 
development of secondary muscovite, points to syn- to  
post-magmatic deformation and retrograde re-equilibration 
under greenschist facies conditions (Hentschel 2019; Gardner 
2021). 

Interpretive tectonic model

The available geochronological data reveal that granitoid 
magmatism in the Azna region occurred during several distinct 
episodes. The basement of the region is composed of Pan-
African orthogneiss units, including the orthogneiss (568 Ma, 
Nutman et al. 2014; 588 Ma, Shakerardakani et al. 2015), 
which was followed by the emplacement of Early Cambrian 
metagranite (525 Ma; Shabanian et al. 2018). The Late Car
boniferous magmatism in the region was bimodal, comprising 
metagranitic and gabbroic rocks, including ca. 336 Ma gab-
bros (Fergusson et al. 2016; Shakerardakani et al. 2015). This 
magmatic episode was followed by Early Permian granitoid 
magmatism, including the granitoid body investigated in the 
present study. Furthermore, elongated protoliths of middle 
Jurassic granites and granodiorites, correlated with the Ali
gudarz granitoids (Esna Ashari et al. 2012), are locally pre-
served within parts of the Azna area. The temporal distribution 
of magmatism reveals a long-lived, multi-stage evolution of 
the Azna crust.

Following the closure of the Proto-Tethys Ocean during the 
Ediacaran, the northern margin of Gondwana entered a phase 
of tectonic instability and crustal reorganisation. (Bea et al. 
2011; Abdulzahra et al. 2016). This extensional episode resul
ted in the fragmentation of the Gondwanan margin and the 
opening of the Neo-Tethys Ocean between the SSZ and  
the Zagros (Arabian Plate) (Fergusson et al. 2016; Hassanzadeh 
& Wernicke 2016). Progressive lithospheric thinning and  
the consequent increase in geothermal gradient provided the 
necessary thermal conditions for widespread crustal anatexis 

Fig. 10. (a) Whole-rock Rb–Sr isochron of the Ghaleh–Dezh metagranite (274 Ma). (c) 143Nd/144Nd vs. 87Sr/86Sr(i).
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and extensive magmatic activity along the future Zagros 
suture zone (Hassanzadeh & Wernicke 2016). 

U–Pb zircon ages from the Azna granite mylonite and  
the Ghaleh-dezh metagranite (312–298 Ma) constrain the 
emplacement and crystallisation of their granitoid protoliths to 
the waning stages of Syn-Variscan magmatism. The calculated 
zircon saturation temperatures (TZr.sat.) of the studied mylo-
nitic granites range from 627 to 846 °C, broadly overlapping 
with the relatively high TZr.sat. values reported for the Ghaleh-
dezh metagranite (767–879 °C; average 827 °C) by Shabanian 
et al. (2020). Given the close spatial association between the 
studied mylonitic granites and the Ghaleh-dezh metagranite, 
these comparable temperature estimates are consistent with 
relatively high-temperature conditions during the generation 
and crystallisation of their granitoid protoliths. During the 
Early Permian, the northern Gondwanan margin experienced  
a complex tectonic regime characterised by the coexistence of 
extensional and compressional processes in different sectors 
of the margin (Ghasemi & Talbot 2006). 

The extensional nature of the Permian event proposed by 
Mossakovsky (1970) and Belov et al. (1986) does not fully 
account for the entire geological history and evolution of  
the Azna granite mylonite along the northern margin of Gond
wana. After the final stages of Variscan-related convergence 
at the northern Gondwanan margin, post-collisional litho
spheric relaxation and crustal extension promoted astheno
spheric upwelling beneath the Iranian microcontinents.  
The associated thermal perturbation triggered partial melting 
of a compositionally heterogeneous lower crust, which had 
been previously enriched and modified by mantle-derived 
magmatic contributions (Alirezaei & Hassanzadeh 2012; 
Hassanzadeh & Wernicke 2016; Shabanian et al. 2020; Ashrafi 
et al. 2023).

Consequently, widespread felsic magmatism was generated, 
resulting in the emplacement of the Azna granite mylonite 
(Ghaleh-dezh) assemblage. The enrichment of these rocks in 
high field strength elements (HFSE), coupled with negative 
Eu anomalies and their isotopic characteristics (Shabanian et 
al. 2020), suggests a hybrid magma source involving variable 
contributions from both mantle-derived melts and crustal 
components. Accordingly, the Azna granite mylonite is con-
sidered to represent a terminal pulse of Variscan magmatic 
activity in the SSZ, emplaced during the extensional collapse 
of the previously thickened northern Gondwanan crust and 
immediately preceding the initiation of Neo-Tethys rifting. 
The Azna mylonitic granite generally supports the tectonic 
framework proposed by (Shabanian et al. 2020) for Late 
Carboniferous–Early Permian magmatism in the SSZ.

The granite was emplaced at ca. 297 Ma during the late 
stages of Variscan orogeny and was subsequently modified  
by tectonothermal events related to the opening and closure  
of the Neo-Tethys Ocean. Therefore, the Azna mylonite 
granite records a transition from a predominantly mantle-
controlled magmatic system to one in which mantle–crust 
interaction became the principal mechanism governing  
magma evolution.

Conclusion

The emplacement age of 297.8 ± 3.9 Ma places the Azna 
mylonitic granite in the Asselian–early Permian magmatic 
episode within the SSZ, predating the Jurassic magmatism of 
the Azna–Aligudarz belt by nearly 130 Myr. The clustered age 
populations indicate a probable older ca. 313 Ma magmatic 
event that was subsequently overgrown by the principal mag-
matic event at ca. 298 Ma. Its near-chondritic εNd(t) value  
and initial Sr isotopic composition, indicates magma genera-
tion through reworking of continental crust with a subordinate 
mantle contribution. Integrated geochronological, geochemi-
cal, and isotopic evidence therefore supports emplacement 
during the waning stages of the Variscan tectono-magmatic 
evolution, broadly coeval with the initial development of  
the Neo-Tethyan realm.
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