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ABSTRACT

The Takestan area is in the western part of the Alborz magmatic arc. Magmatic rocks of the area
consist of plutonic rocks (e.g. granitoids), effusive volcanic, and pyroclastic rocks. Using U-Pb zircon
LA ICP-MS dating, we conclude that major parts of Takestan plutonic rocks were emplaced at 41-
39 Ma (Late Eocene, Bartonian), but a small part of these rocks have ages of ~37 Ma (Late Eocene,
Priabonian). The dacitic rocks have an age of ~39 Ma (Late Eocene, Bartonian) and the rhyolitic
rocks are the youngest part of the magmatic rocks of the region with ages of 37-35 Ma (Late
Eocene, Priabonian). Old zircons are present in all of granitoid and volcanic samples, except for a
dacitic sample. They are interpreted both as earlier components in a long-lived magma chamber
and inherited zircons from older continental crust. The age of magmatic rocks in the western part
of the Alborz magmatic arc decreases from east to west, but the ages of the majority of them are
limited to Palaeogene. The studied rocks like other Palaeogene magmatic rocks of Iran were
possibly formed in a subduction related tectonic environment. Indeed, the Palaeogene magma-
tism of Iran is akin to geodynamic events related to Neotethyan subduction beneath Iranian micro-

ARTICLE HISTORY
Received 19 July 2023
Accepted 2 December 2023

KEYWORDS

Alborz magmatic arc;
granitoid; Iran; Neotethyan
ocean; Palaeogene

continent at the southern part of Eurasia.

Introduction

Numerous magmatic events have affected the Iranian
crust through geological history. The most important
event is in the Cenozoic, which generated a large
volume of pyroclastic, volcanic, and plutonic rocks ran-
ging from mafic to felsic, especially in the Palaeogene.
This widespread magmatism in Iran is mainly repre-
sented by (1) the Urumieh-Dokhtar magmatic arc
(UDMA), extending from NW to SE of Iran, (2) the
Alborz magmatic arc (AMA) in the north of Iran from E
to W and (3) in the Lut Block in the east of Iran (Figure 1).
This magmatic event is attributed to tectonic episodes
related to subduction of the Arabian plate under Central
Iran (e.g. Berberian et al. 1982; Shahabpour 2007; among
others), slab break-off (Ghasemi and Talbot 2006), slab
rollback (Jahangiri 2007) and post-collisional relaxation
mechanism (Aghazadeh et al. 2011; Rabiee et al. (2022)
believe that diachronous collision along the Arabia-
Eurasia collision zone can be responsible for Cenozoic
magmatism and related metallogeny in Iran. In this
paper, our focus is manly on the magmatism in the
AMA. The AMA is a linear mountain range formed during

the early-middle Oligocene. This mountain range subse-
quently was deformed during the Miocene when uplift
of the Kopeh Dagh Basin produced the Kopeh Dagh
Mountains (NE of Iran) and continuous shortening
resulted in the northward deflection of the eastern
Alborz Mountains (Hollingsworth et al. 2010).

The northern sectors of the Arabia-Eurasia collision
zone are characterized by a system of strongly curved
intracontinental ranges that from west to east include
the following mountain ranges: The Talesh (NW of Iran),
Alborz, and Kopeh Dagh Mountains (Cifelli et al. 2015).
The palaeomagnetic studies by Mattei et al. (2017) indi-
cate that the Alborz Mountains are a secondary arc that
originated as a linear mountain belt in the northern part
of Iran. The Alborz-Kopeh Dagh zone in north and north-
eastern Iran began to bend during the Cenozoic, because
of the collision of the Arabian-Eurasian plate (Madanipour
et al. 2017). The curved geometry of the Alborz Mountains
is a result of the interaction with the rigid South Caspian
Block during the Arabia-Eurasia continental collision
(Berberian and King 1981; Allen et al. 2003; Brunet et al.
2003; Allen 2010; Madanipour et al. 2013).
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Figure 1. Simplified geological map of Iran displaying major tectono-stratigraphic units of Iran and Paleogene magmatic rocks
(modified from Stocklin 1968; Azizi et al. 2018). 1: takestan (the study area); 2: Talesh area; northern part of the UDMA including
samples 3 (andesite northwest of Saveh) and 4 (diorite and granodiorite (Shahjahan batholith); southeast UDMA including samples 5
(volcanic samples in Nain), 6 (andesites samples and tuff beside the Batlage-Gavkhuni), 7 (andesite in southeast of Nain), 8 (andesitic
lava north of the Sirjan), 9 (plutonic and volcanic samples south of Bam) and 10 (Sarduiyeh granitoid); northern part of the Sanandaj-
Sirjan zone including samples 11 (Naghadeh granitoid), 12 (intrusive rocks of the Piranshahr), 13 (Marivan granitoid), 14 (Taa—Baysaran
of Kamyaran granitoids), 15 (Baneh granites) and 16 (Gosheh-Tavandasht quartz monzodiorite); Alborz magmatic arc including
samples 2 (basalts and an andesite from the Talesh), 17 (Akapol quartz monzonite), 18 (andesites of Karaj Formation), 19 (tuff and
shale along the Chalus road transect), 20 (Lavasan intrusive body), 21 (basaltic samples in Sabalan—Astara areas), 22 (basaltic andesite
from the southwest of Qazvin), 23 (subalkali basalts and andesites from SE Ahar), 24 (Zaker quartz monzonite), 25 (Zanjan quartz
monzodiorite), 26 (Ghasrefirozeh granitoid), 27 (granodioritic rocks from Arasbaran) and 28 (Siah-Kamar Mo deposit in Mianeh); Lut
block samples including 29 (Koudakan granitoid), 30 (Mahoor granitoid) and 31 (Simorgh granite porphyry dikes); NE of Iran samples

including 32 (Aliabad Daman granitoid), 33 (Sabzevar granitoids), 34 (dacitic rocks in Sabzevar) and 35 (Kashmar granitoid).

Paleomagnetic data demonstrate that Alborz range is
a secondary arc, and hence, it can be described as an
orocline (Mattei et al. 2017). Also, these data indicate
that this orogen has been primarily formed as a nearly
straight E-W oriented range and acquired its present-day
curved shape by means of opposite vertical axis rota-
tions from 7.6 Ma (oroclinal bending) (Cifelli et al. 2015).

Rabiee et al. (2020) proposed that the Cenozoic colli-
sional magmatism and the associated mineralization at
the junction of NW-Iran and Caucasus is akin to the
activity of a major, lithosphere-scale inherited boundary,
transverse to the convergence zone. In such a geody-
namic setting, the along-strike segmentation of the
lithosphere slab generated asthenospheric melts, their

upwelling into the metasomatized supra-subduction
mantle wedge and the possible activation of diverse
mantle and crustal sources, with consequent mineraliza-
tion in the region.

The Cenozoic and present-day shortening resulted
from the Arabia-Eurasia convergence in Iran is accom-
modated by mobile belts that surround relatively aseis-
mic crustal blocks (Central Iran, South Caspian, and Lut
blocks). These crustal blocks behave as relatively rigid
blocks and contributed little to the regional shortening
(Mattei et al. 2017). In Iran, the tectonic events that
accommodate the Cenozoic and present-day shortening
include intracontinental mountain building in the
Talesh, Zagros, Alborz, and Kopeh Dagh ranges and



subduction beneath the central Caspian Sea (Aspheron-
Balkhan Sill) and Makran, and also N-S trending right-
lateral fault systems in central and eastern Iran (Mattei et
al. 2017).

According to Barrier et al. (2018) the major part of the
basin inversion and rock exhumation, recorded along
the Caucasus-Talesh-Alborz during the Eocene-
Oligocene boundary, is related to the final closure of
the Neotethys oceanic way in the Caucasus. This major
compressional stage is sign of the transition from back-
arc extension to collisional tectonics in the region
(Vincent et al. 2007; Madanipour et al. 2013; Rolland
2017; Van der Boon et al. 2018). This latter episode is
also referred to the transition from a soft (mostly invol-
ving ocean-continent transition margins) to a hard
(mature, continent-continent) stage of collision (Ballato
et al. 2008; Cowgill et al. 2016). The shortening and
thickening of the Iranian continental crust increased
after a so-called “hard collision” at ~20 Ma, which caused
a higher rate of deformation, crustal thickening and
uplift (Madanipour et al. 2013, 2017), adakitic magma-
tism and formation of magmatic Cu deposits in south-
east UDMA.

Ahmadi et al. (2021) has proposed that the collision
between the Arabian and central Iran block occurred
between middle to upper Eocene and this collision
caused crustal thickening in the NW Iran. In addition,
Amidi et al. (1984) and Dargahi et al. (2010) proposed
post-collision affinity for some intrusions in the UDMA.

In response to the closure of Neotethys and the con-
tinental collision between the Arabian-Eurasian plates,
two magmatic arcs were formed: Urumieh-Dokhtar mag-
matic arc (UDMA) and Alborz magmatic arc (AMA). These
magmatic arcs were generated during the subduction of
Neotethys oceanic lithosphere to the northeast beneath
central Iran block (Omrani et al. 2008). Oceanic subduc-
tion was accompanied by formation of a cordilleran-type
margin along the Sanandaj-Sirjan zone (55Z) during the
Jurassic-Cretaceous (e.g. Berberian and Berberian 1981;
Berberian et al. 1982; Ghasemi and Talbot 2006; Agard et
al. 2006, 2011; Arvin et al. 2007; Omrani et al. 2008, 2013),
and by the polyphase Cretaceous opening of various
back-arc oceanic basins in the overriding plate (i.e. the
Sabzevar, Nain-Baft, Sistan Oceans; Arvin and Robinson
1994; McCall 1997; Stampfli and Borel 2002; Bagheri and
Stampfli 2008; Shafaii Moghadam et al. 2009, 2013;
Rossetti et al. 2010; Saccani et al. 2010; Nasrabady et al.
2011; Omrani et al. 2013). But Shafaii Moghadam et al.
(2023), believe that the magmatism in Alborz-Azerbaijan
in the northwest and Torud-Sabzevar in the northeast
(parts of the UDMA) are related to the back-arc (or rear-
arc) magmatic activity and lie ~ 100 to 600 km behind
the volcanic front. According to some other researchers
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(Sengor et al. 1988; McCall 1997; Bagheri and Stampfli
2008; Rossetti et al. 2010) the Sabzevar structural zone
consists of an orogenic suture zone formed at the
expenses of a Cretaceous oceanic domain (the
Sabzevar Ocean) and created in the back-arc domain of
the Neotethyan subduction.

Northward subduction of Neotethyan oceanic litho-
sphere was accompanied by strong extension on the
upper plate during Late Cretaceous and Palaeogene.
This extension stopped when the collision between the
Arabian-Eurasia Plates occurred at the beginning of the
Neogene (~25Ma) (Sepidbar et al. 2019). However,
according to Polliand et al. (2005) and Khademi et al.
(2019), dextral strike-slip fault systems produced the
local extensional basin or transtensional zones simulta-
neous with the collision, enabling magma ascent to the
higher levels of the crust.

The Takestan region is in the western part of the AMA
and includes various granitoids, volcanic rocks, and pyr-
oclastic units (Figure 2). Except to some preliminary
studies, such as 1: 250,000 Qazvin-Rasht geological
map (Annells et al. 1975) and 1: 100,000 Takestan geo-
logical map (Alai Mahabadi and Fanoudi 1992), and
limited studies by (Foudazi et al. 2015) on the plutonic
rocks, a comprehensive geological study and dating of
these rocks have not been done previously. Therefore, in
this study, we tried to gather U-Pb age data and reveal
the geochronological relationship between volcanic and
plutonic rocks in this area. Then, we compared our
obtained ages with previous data from other similar
contemporaneous localities of Iran, which reported
Palaeogene magmatism. Our results indicate more evi-
dence for the occurrence of widespread Palaeogene
magmatic events in Iran. Furthermore, these results
could be used for geodynamic interpretations of Iran
during the Palaeogene period.

Geological setting

The Iranian plateau constitutes a main part of Alpine-
Himalayan orogenic belt (Berberian and King 1981;
Stampfli and Borel 2002; Agard et al. 2011 (Figure 1)).
The geological history of Iran preserves evidence of the
opening and closure of Paleotethys and Neotethys
oceans. The opening of the Neotethys in Permo-Triassic
has led to the closure of the Paleotethys, the closure of
the Paleotethys in the Triassic to the north was accom-
panied by the movement of the Iranian subcontinent
and its joining to the Eurasian plate (Berberian and
Berberian 1981; Berberian et al. 1982). The final stage
of the closure of Neotethys and the collision between
the Arabian plate and the Central Iran block occurred
during the Neogene (Berberian and Berberian 1981;
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Figure 2. Simplified geological map of the study area (modified after Alai Mahabadi and Fanoudi 1992; 1: 100,000 Takestan geological

map).

Berberian et al. 1982). The time of the end of this sub-
duction and the collision of the Arabian plate with the
Central Iran block is very controversial and interpreted as
the Late Cretaceous (Berberian and King 1981), Eocene
to Miocene (Rabiee et al. 2022), Miocene (Berberian and
Berberian 1981; Berberian et al. 1982; Sengor et al. 1988;
Mohajjel et al. 2003), Late Oligocene-Miocene (Stern et
al. 2021) and the Late Pliocene (Stocklin 1968). The sub-
duction-related magmatism in Iran occurred first during
the Mesozoic but peaked in the early to late Eocene,
followed by collisional magmatism in the Early
Oligocene (~32 Ma; (Allen and Armstrong 2008)). On
the basis of regional stratigraphy and thermochronolo-
gical data, many researchers consider the initiation of

continent-continent collision and uplift is related to
compressive tectonics in the Alborz and Kopeh Dagh
ranges occurring in the Late Eocene-Early Oligocene
(Lyberis and Manby 1999; Allen et al. 2003; Allen and
Armstrong 2008; Dargahi et al. 2010; Hollingsworth et al.
2010; Agard et al. 2011; Ballato et al. 2011; Rezaeian et al.
2012; McQuarrie and Van Hinsbergen 2013).

The stratigraphic and structural data from the Alborz
range indicate the development and subsequent defor-
mation of late Miocene intermountain basins in the
western Alborz (Guest et al. 2007). A late Miocene to
Pliocene age was suggested for the main shortening
phase in the western and central Alborz (Axen et al.
2001; Allen et al. 2003; Guest et al. 2006, 2007; Ballato



et al. 2008, 2011; Rezaeian et al. 2012). This tectonic
event has been related to Arabia-Eurasia collision and
also to the onset of rapid sedimentation and subsidence
in the South Caspian Basin (ca. 6 Ma; Nadirov et al. 1997),
the activation of transpressional deformation resulting
in the development of thrusts and folds in the Central
Iran basin (Morley et al. 2009) and the onset of molasse
deposition along the Zagros Ranges (Homke et al. 2004).

Asiabanha et al. (2009) have divided the sequence of
magmatic rocks in western Alborz into three phases:
submarine eruptions, aerial eruptions, and plutonism.
The first stratigraphic studies and classification of
Palaeogene volcanic and intrusive rocks in the western
Alborz was performed by Annells et al. (1975) in
Taleghan and Qazvin regions. They divided the
Palaeogene volcanic eruptions into three volcanic
phases. Phase 1 (Eocene) in many places is composed
of felsic and andesitic tuffs and tuffaceous mudstones,
and phase 2 and 3 (Oligocene) are composed of mafic
and andesitic to more acidic lava flows, respectively.

In the northwestern region of Takestan (in western
Alborz, location 1 in Figure 1), between 49° 15" and 49°
45’ longitudes and 36° 00’ and 36° 15’ latitudes, a variety
of pyroclastic deposits, lava flows, and deeper plutonic
and subvolcanic rocks occur (Figure 2). The igneous
rocks of this area from oldest to youngest are: the lava
flows (andesite, trachyandesite, basaltic andesite, and
basalt), the pyroclastic deposits (crystalline and lithic
tuff, agglomerate, ignimbrite), the plutonic rocks (mon-
zodiorite, quartz monzonite, granite, alkali granite) and
subvolcanic rocks (dacitic and rhyolitic domes).

Methods

About 120 samples of effusive volcanic, pyroclastic, and
plutonic rocks were collected in situ from the study area.
From these rocks, 56 thin sections were prepared for
petrographic studies and 10 polished thin sections for
zircon U-Pb dating. These 10 samples were seven pluto-
nic and three volcanic samples; including three alkali
feldspar granite samples (MgB4, MgGd1, VN16), two
granites (Dgs3, GN3), one quartz monzonite (GN7), one
monzodiorite (GN8), two rhyolites (VGd1, VN12), and one
dacite sample (KhD5). The U-Pb laser ablation induc-
tively coupled plasma-mass spectrometry (LA ICP-MS)
geochronology was conducted at the University New
Brunswick in Canada on 30 um thick polished thin sec-
tions following standard procedures (McFarlane and Luo
2012). The target grains were analysed using an
Australian Scientific Instruments M-50-LR193 nm ArF
excimer laser ablation system coupled to Agilent 7700x
quadrupole ICP-MS on polished thin-sections. The beam
size was 5 micrometres when the laser was in operation.
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Crater diameter was 30 um for zircon dating. Data reduc-
tion was done using lolite™ and Vizual Age™. Data out-
put and assessment of accuracy were done using
quality-control reference materials (e.g. Plesovice zir-
con). The age and Hf isotopic homogeneity of the
Plesovice zircon together with its relatively high U and
Pb contents make it an ideal calibration and reference
material for LA ICP-MS measurements, especially when
using low laser energies and/or small diameters of laser
beam required for improved spatial resolution (Slama et
al. 2008). Total analysed spots on zircon grains are 172
including 32 spots for GN8 sample, 13 spots for DgS3
sample, 31 spots for GN7 sample, 8 spots for GN3 sam-
ple, 18 spots for MgB4 sample, 14 spots for MgGd1
sample, 15 spots for VN16 sample, 18 spots for VGd1
sample, 7 spots for KhD5 sample, and 16 spots for VN12
sample. Concordia diagrams were drawn by ISOPLOT/EX
3.75 software (Ludwig 2003).

Field geology

The exposed rock units NW of Takestan (from older to
younger) include pyroclastic rocks, lava flows, ignim-
brites (Figure 3a), and sub-volcanic and plutonic rocks.
Pyroclastic rocks are the main rock facies that have
spread throughout the region. They comprise various
types of submarine and aerial deposits. The phase 1
(submarine eruptions) include crystalline and lithic tuff
and agglomerate. The presence of microfossils such as
Nummulites sp., Nummulites globules, Discocyclina
sella, and Actinocyclina sp. among the pyroclastic layers
indicates the formation of these rocks in an Eocene
shallow marine basin (Asiabanha et al. 2009). Lava
flows are included in the subsequent eruption phase
(phase 2 or aerial eruptions with approximately 700-
800 m thickness). The ignimbrites have the limited out-
crops and are underlain by the older tuffs in some places
(Figure 3b). The colour of these ignimbrites is mostly
pink and grey. According to Cas and Wright (1988), the
presence of ignimbrite units can be evidence of the
existence of caldera during calc-alkaline magmatic activ-
ities. In most cases ignimbrites are related to fissure type
vents and graben collapse volcanic structures that have
named graben calderas (Aguirre-Diaz et al. 2008).
Volcanic rocks include basalt, basaltic andesite and
andesite. They have a typical porphyritic texture. These
rocks include abundant joints filled with secondary
minerals, such as quartz and calcite. Subsequently or
simultaneously with volcanic rocks, subvolcanic rocks
have been injected in the form of dacitic and rhyolitic
domes (phase 3) (Figure 3c¢). In the later stage of mag-
matic activities resulted in plutonic rocks that intruded
tuffs (Figure 3d,e). In some places, dacitic and rhyolitic
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domes have formed around fractures and faults along
the caldera collapse. Plutonic rocks include monzodior-
ite (Figure 3d), quartz monzonite, granite, and alkali
feldspar granite. They display a change in lithology
(from north to south) so that in the northern parts, the
composition is diorite to monzodiorite, in the central
parts is quartz monzonite and in the southern parts is
alkali feldspar granite.

Petrography
Plutonic rocks

On the basis of modal analyses, the Takestan plutonic
rocks are classified as alkali feldspar granite, granite,
quartz monzonite, and monzodiorite. Mineralogy is
reported in modal percent in the samples.

Alkali feldspar granite

The samples of alkali feldspar granite from this study
are leucocratic and fine to medium grained. In hand
specimen, they are white grey to pink. In many places in
different samples they have subhedral granular texture
characterized petrographically, but some have micro-
granular and granophyric textures. The volume of alkali
feldspar in this rock is 40-50 (modal %), which in some
thin sections display perthitic textures. The other com-
mon minerals are quartz (20-30%), plagioclase (<10%),
biotite (5-10%), and opaque minerals (3-5%). Titanite,
apatite, and zircon are key accessory minerals. Quartz
crystals are subhedral to anhedral. In thin sections of
these rocks, there are significant amounts of zircon
grains (5-10 grains or more). Euhedral zircon grains
are found within biotite (Figure 4a) or as individual



grains in the groundmass. Titanite occurs as both pri-
mary magmatic and secondary as a result of alteration
of Ti-bearing Fe oxides minerals and biotite. Primary
titanite grains are as subhedral crystals, but secondary
ones are small anhedral grains associated with altered
minerals. Other secondary minerals include sericite and
chlorite.
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Granite

They are leucocratic and fine to medium grained. In
hand-specimen they are white grey to grey. The most
important textures of the granites are subhedral granu-
lar, granophyric (Figure 4b), and perthitic textures. The
common minerals are alkali feldspar (35-40%), plagio-
clase (20-25%), quartz (10-15%), biotite (10-15%), and

Figure 4. Photomicrographs of the rocks, (a) zircons within biotite in alkali feldspar granite (in PPL); (b) granophyric texture in granite;
() coarse zircon in quartz monzonite; (d) ophitic and subophitic texture in monzodiorite; (e) vitrophyric texture and embayed quartz
grains in rhyolite; (f) vitrophyric and glomeroporphyritic texture in dacite; (g) Opacitic amphibole in andesite and trachyandesite; (h)
microlithic porphyritic texture and Ocelli quartz in basaltic andesite; (i) microlithic porphyritic texture and thin layer of fine-grained ca
pyroxenes on the margin of orthopyroxene phenocryst; (j) crystal tuff; (k) rock fragments in a hyaloporphyric groundmass in lithic tuff;
(I) perlitic texture in ignimbrite. All photomicrographs except (a) and (g) are in XPL (abbreviations of minerals from Whitney and Evans

2010).
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opaque minerals (2-4%). The main accessory mineral in
these rocks is zircon. Euhedral zircon grains are found as
individual grains in the groundmass and some are within
biotite. Sericite and chlorite are secondary minerals.

Quartz monzonite

Quartz monzonite is a major part of the Takestan pluto-
nic rocks. These rocks are mesocratic and are grey in
hand specimen. The main texture in these rocks is sub-
hedral granular texture. Quartz monzonites are com-
posed of plagioclase (40-50%), alkali feldspar (15-20%),
Ca pyroxene (20-25%), quartz (5-10%), biotite (~5%),
and opaque minerals (4-5%). Some K-feldspars are
perthitic. Some pyroxenes have been altered to second-
ary minerals such as chlorite and epidote. Accessory
minerals include zircon and apatite. The size of zircons
is relatively coarse (up to 0.3 mm) in some samples
(Figure 4c). Secondary minerals include sericite, biotite,
chlorite, and epidote.

Monzodiorite

Monzodiorites are mesocratic to melanocratic and fine
to medium grained. In hand specimen they are dark
grey. These rocks have subhedral granular texture and
some samples have ophitic and sub-ophitic texture
(Figure 4d). The common minerals are plagioclase (40-
50%), Ca pyroxene (30-40%), alkali feldspar (10-15%),
opaque minerals (5-10%) and quartz (<5%). Plagioclase
crystals with idiomorphic to sub-idiomorphic shapes and
polysynthetic twins are the main leucocratic mineral.
Some K-feldspar crystals have perthitic texture.
Accessory minerals include zircon and apatite.
Secondary minerals are sericite, biotite, chlorite, and
epidote.

Volcanic rocks

The volcanic rocks in the Takestan area include rhyolite,
dacite, andesite, trachyandesite, basaltic andesite, and
basalt.

Rhyolite

The samples of rhyolite in this area are leucocratic. In
hand specimen they are light grey with porphyritic tex-
ture. In thin sections, the main texture is vitrophyric,
although there is also vesicular texture, and some of
the vesicles are filled with quartz. The main phenocrysts
are quartz, sanidine, biotite, and opaque minerals. Some
quartz crystals have an embayed texture (Figure 4e).
Accessory minerals include zircon and apatite.
Secondary minerals are sericite, calcite, and quartz.
Most zircon and apatite grains are present alongside

the opaque minerals, but some are seen in the
groundmass.

Dacite

In hand specimen these rocks are leucocratic and are
grey with porphyry texture. In thin sections, these rocks
have vitrophyric texture (Figure 4f). The common phe-
nocrysts are plagioclase, biotite, amphibole, pyroxene,
quartz, and opaque minerals. Accessory minerals include
zircon and apatite. Some biotite and amphibole minerals
are opacitic from margins to cores. Some pyroxene
grains have been completely altered and converted to
biotite, but the appearance of the crystals indicates that
they are Ca pyroxene. Secondary minerals include ser-
icite, calcite, and biotite.

Andesite and trachyandesite

The andesitic and trachyandesitic rocks in hand speci-
men are mesocratic with porphyritic texture. The most
important characteristics of these rocks is vitrophyric
texture. Vesicles in some samples are filled with second-
ary minerals, such as calcite, chlorite, epidote, and
quartz. Also, glomeroporphyritic texture is seen in
some samples. In andesites and trachyandesites, the
common phenocrysts include plagioclase, amphibole,
biotite, pyroxene, and opaque minerals. Some plagio-
clase crystals have sieved texture and some biotite and
amphibole minerals have higher opacity (Figure 4g).
Secondary minerals include sericite, calcite, quartz, and
epidote.

Basaltic andesite and basalt

In hand specimen these rocks are melanocratic with
porphyritic texture. They display microlithic porphyritic
and trachytic texture (Figure 4h,i). Glomeroporphyritic
texture is also evident in some samples. The main phe-
nocrysts include plagioclase, Ca pyroxene, and opaque
minerals. Small olivine grains were observed in the
groundmass, which often some of them have converted
to iddingsite. In some samples quartz xenocrysts are
surrounded by fine Ca pyroxene crystals (ocelli quartz)
(Figure 4h). Some plagioclase crystals have sieve texture.
On the margin of some orthopyroxene phenocrysts, a
thin layer of fine-grained, fibrous Ca pyroxenes is present
(Figure 4i). Secondary minerals are calcite, chlorite, and
iddingsite.

Pyroclastic rocks

These rocks include tuff, agglomerate, and ignimbrite.
Tuffs are in the form of crystal tuff and lithic tuff. In
crystal tuffs, the groundmass is composed mostly of
fine-grained quartz crystals, in which the fragments of



plagioclase, quartz, alkali feldspar, amphibole, biotite,
and pyroxene can be seen (Figure 4j). In lithic tuffs,
rock fragments are placed in a hyaloporphyritic ground-
mass (Figure 4k). In some of these tuffs, the groundmass
has a flow banded and locally spherolitic texture. The
flow banding in the microcrystalline groundmass con-
sists mostly of quartz. In the ignimbritic samples, the
flow banding results from the differential welding of
glass shards. Along with these rock fragments, plagio-
clase, quartz, and Ca pyroxene crystals is present locally.
Some ignimbrites have a perlitic texture (Figure 4l).

Geochronology

Details of determined values, isotopic ratios, and age
calculations for the studied samples are reported in the
supplementary Tables 1-4. The high Th/U ratios (0.15-
3.08) in zircons, are consistent with their magmatic ori-
gin (Belousova et al. 2002; Kirkland et al. 2015). Based on
SEM-BSE images most of zircon grains are not zoned
(Supplementary Fig. S1).

Samples descriptions and Concordia diagrams

Alkali feldspar granite (samples: MgB4, MgGd1,
VN16)

The zircons in these rocks are mostly fine grained (10-
100 um long), transparent, colourless to pale green
(Figure 5a,b). They are euhedral to subhedral and repre-
sent tabular to prismatic shapes.

On the weight mean diagram for the MgB4 sample
(Figure 6a), the weighted mean age is 39.30 + 0.84 Ma
with mean square weighted deviation (MSWD) = 4.5 and
a concordance probability of 0.00. The Th/U ratios in its
zircons are 0.15-1.82. In MgB4 sample two older zircons
with 2°°Pb/?*8U ages of 43.9 and 46.3 Ma (earlier compo-
nents) and two zircons with 2°°Pb/?*3U ages of 56 and
81 Ma (inherited zircons) are present. For the MgGd1
sample, the Concordia diagram (Figure 6b) shows that
the weighted mean age is 39.54 + 0.45 Ma with MSWD =
3.9 and concordance probability of 0.049. The Th/U
ratios for the zircons in this sample are 0.23-2.01. In
this sample older zircons are also present. Three of
them (2°°Pb/*8U ages of 42.6, 42.9, and 43.8 Ma) may
represent an earlier component that crystallized in the
magma chamber, suggesting slow cooling (Schaltegger
et al. 1999); One of them (*°°Pb/?*2U age of 2340 Ma)
represents an inherited zircon from older continental
crust. The weighted mean age on the weight mean
diagram is 37.46 £ 0.50 Ma for the VN16 sample, (Figure
6c) with MSWD =0.9 and concordance probability of
0.41. Its zircon Th/U ratios change from 0.17 to 2.37.
Eight older zircons with 2°°Pb/**®U ages of 40-43 Ma
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(earlier components) and two zircons with 2°°Pb/?*8U
age of 47.2 and 50.8 Ma (probable inherited zircon) are
present.

Granite (samples: Dgs3 and GN3)

Zircon is the key accessory mineral in these rocks. The
zircons are mostly medium grained (50-200 um long),
colourless to pale green or pale brown (Figure 4b,c).
They are commonly euhedral to subhedral prismatic
grains.

For the Dgs3 sample, the Concordia diagram (Figure
6d) shows that the weighted mean age is, 39.28 + 0.44
Ma with MSWD = 0.055 and concordance probability of
0.81. The Th/U ratios in its zircons are 0.35-1.79. Older
zircons are also present both as earlier components in a
long-lived magma chamber (five samples with
206p /238 ages of 42-46 Ma) and inherited zircons
from older continental crust (*°°Pb/?*®U age of 50.2
Ma). On the Concordia diagram for the GN3 sample
(Figure 6e), the weighted mean age is 41.4+2.4 Ma
and a concordance probability of 0.00. The Th/U ratios
for the zircons in this sample are 0.50-0.97. Three inher-
ited zircons from older continental crust are also present
(?%°Pb/?*8U age of 52.1, 85.9, and 132 Ma).

Quartz monzonite (sample: GN7)

In quartz monzonite samples the zircons are mostly 50-
300 um in length, colourless to pale green (Figure 5c).
They are commonly euhedral to subhedral showing pris-
matic shapes. For the GN7 sample, the Concordia dia-
gram (Figure 6f) shows that the weighted mean age is,
39.92 +0.59 Ma with MSWD =6.4 and concordance
probability of 0.011. The Th/U ratios for the zircons in
this sample are 0.4-2.19. Six older zircons with 206Pb/
238 U ages of 45-49 Ma represent earlier components
and one zircon with *°°Pb/**®U age of 55.8 Ma is prob-
ably inherited zircon.

Monzodiorite (sample: GN8)

The zircon grains in this sample are fine-grained (50-100
pm long), colourless to pale brown (Figure 5d). They are
commonly euhedral to subhedral with prismatic shapes.
The weighted mean age on the Concordia diagram is
39.56 £ 0.49 Ma for the GN8 sample, (Figure 6g) with
MSWD = 1.5 and concordance probability of 0.22. Its
zircon Th/U ratios are 0.54 to 2.75. Three older zircons
with 2°°Pb/?*8U ages of 43.1, 47.7 and 48 Ma (earlier
components) and Four zircons with 2°°Pb/>*®U age of
50, 53.2, 53.3 and 68.6 Ma (inherited zircon) are present.

Rhyolite (samples: VGd1 and VN12)
In these rocks zircon grains are fine to medium
grained (10-200 um in length), colourless to pale
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100 um

Figure 5. (a) zircon grains in MgB4 sample (alkali granite); (b) zircon grains in VN16 sample (alkali granite); (c) zircon grain in GN7
sample (quartz monzonite); (d) zircon grain in (A) GN8 sample (monzodiorite); (e) zircon grain in Vgd1 sample (rhyolite); (f) zircon grain

in KhD5 sample (dacite). All photomicrographs are taken in XPL.

brown. They are mostly euhedral to subhedral with
prismatic shapes. Most zircon and apatite are present
alongside the opaque minerals (Figure 5e). On the
Concordia diagram for the VGd1 sample, (Figure 7a),
the weighted mean age is 37.45%+0.36 Ma with
MSWD =7.4 and a concordance probability of 0.007.
The Th/U ratios for the zircons in this sample are
0.48-3.08. Two older zircons are also present both
as earlier components in a long-lived magma cham-
ber (*°°Pb/**®U ages of 41.6 and 41.9Ma) and one
inherited zircon may be from an older continental
crust source (*°°Pb/**®U age of 70.6 Ma). For the
VN12 sample, the Concordia diagram (Figure 7b)
shows that the weighted mean age is, 35.02+0.53
Ma with MSWD = 0.68 and concordance probability of
0.41. The Th/U ratios for the zircons in this sample are
0.55-1.89. Three older zircons with 2°°Pb/**U ages of
43.2, 46.5, and 47.3 Ma (earlier components) and
three zircons with 2°°Pb/?*®U age of 69.5, 150, 1293
Ma (inherited zircon) are present.

Dacite (sample: KhD5)

In this sample zircons are fine-grained (10-100 um long),
colourless to pale brown (Figure 5f). They are usually
euhedral to subhedral with prismatic appearance. The

weighted mean age on the Concordia diagram is 39.08
+ 1.40 Ma for the KhD5 sample, (Figure 7c) Its zircon Th/
U ratios range from 0.63 to 1.12.

Geochronological and geodynamic review of
Paleogene magmatism of Iran

Numerous geochronological studies for Alborz Cenozoic
magmatic rocks have been performed by various
researchers (e.g. Jahangiri 2007; Castro et al. 2013; Chiu
et al. 2013; Nabatian et al. 2014; Hasanpour et al. 2015;
Rabiee et al. 2019, 2020); Also, a lot of geochronological
studies for Cenozoic magmatic rocks of the other parts
of Iran have been conducted (e.g. Dargahi et al. 2010
Mazhari et al.; Mazhari et al. 2011; Honarmand et al. 2013;
Jamshidibadr and Hassanpour 2015; Omidianfar et al.
2018; Azizi et al. 2018; Ahmadi et al. 2021; Rezaei et al.
2021).

Palaeogene magmatic rocks (especially volcanic
rocks) are mostly exposed in three main areas in Iran
including: The Urumieh-Dokhtar magmatic arc (UDMA),
the Lesser Caucasus/Alborz Belt and the Lut block of
eastern Iran (e.g. Jung et al. 1984) (Figure 1). Also,
recent studies indicated that in other parts of Iran
such as Sanandaj - Sirjan Zone (S5Z), some magmatic
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Figure 6. Concordia diagrams and weight mean diagrams (a, c) for plutonic samples of the studied region (samples (a) MgB4 (alkali
feldspar granite), (b) MgGd1 (alkali feldspar granite), (c) VN16 (alkali feldspar granite), (d) Dgs3 (granite), (e) GN3 (granite), (f) GN7
(quartz monzonite), and (g) GN8 (monzodiorite)).
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Figure 7. Concordia diagrams for volcanic samples of the studied region (samples (a) Vgd1, rhyolitic sample, (b) VN12, rhyolitic sample

and (c) KhD5, dacitic sample).

rocks of Cenozoic age exist (Mazhari et al. 2009; Mazhari
et al. 2011; Azizi et al. 2011; Mahmoudi et al. 2011;
Sepahi et al. 2014; Rezaei et al. 2021. Numerous dating
of Palaeogene rocks has been performed in recent
years in the mentioned regions, which are summarized
below:

Geochronology of Paleogene magmatic rocks from
UDMA

Magmatism in the UDMA was most active and wide-
spread in the Eocene and Oligocene, ca. 55-25 Ma (dur-
ing ~30 m.y.) (Chiu et al. 2013). According to U-Pb data
on zircon obtained over the last decade, a majority of
intrusive rocks in the UDMA yielded Tertiary ages
(mostly ranging from early Eocene to late Miocene) (e.
g. Chiu et al. 2013; Honarmand et al. 2014; Sarjoughian
and Kananian 2017). This indicates relatively continuous
plutonism at such a time possibly due to shifting sub-
duction zone from neighbouring Sanandaj-Sirjan arc to
UDMA.

New data confirm that the magmatism in the south-
eastern parts of the UDMA can be divided into two
distinct periods: i.e. during~80-70Ma (Late
Cretaceous) and ~50-1.2 Ma (Eocene to Pleistocene),
but with a magmatic flare-up in the Eocene (Shafaii
Moghadam et al. 2022).

According to Sepidbar et al. (2019), the UDMA main
front flared-up at ~ 54-37 Ma and 20-5 Ma, overlapping
its rare-arc magmatic flare-ups at 45-40 Ma and 30-
25 Ma.

In the northern half of UDMA, about 60 km north-
west of Saveh (sample 3 in Figure 1), Verdel et al.
(2011) obtained a U- Pb age of 54.7 + 3.1 Ma for zir-
cons from an andesite flow near the base of the
volcanic section, which is the best estimate for the
age of the oldest arc volcanism in the Palaeogene.
Slightly higher in sequence, they obtained an age of
50.9 + 4.4 Ma for green tuff. Ages decrease up section
and reach 44.3 +2.2 Ma in the middle of the volcanic
section and 37.3+1.2Ma in the upper part of the
volcanic sequence.
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At the northern part of the UDMA (sample 4 in Figure
1), U-Pb zircon data by Ahmadi et al. (2021) show 46.6 +
4.6 to 47.1 £4.5 Ma for diorite sample and 37.1+1.2 to
38.57 + 0.41 Ma for the granodiorite sample. In this area,
for the Shahjahan batholith, Jamshidibadr and
Hassanpour (2015) reported 40.52 + 0.44 and 46.4 +2.6
Ma intrusive ages for granodiorite and granite plutons,
respectively, based on Ar-Ar age dating on biotite.

In the southeast UDMA, in Nain area (sample 5 in
Figure 1) volcanic samples were dated by Chiu et al.
(2013) and yielded U-Pb zircon ages of 37.0 £ 0.4 Ma in
the Late Eocene. Beside the Batlage-Gavkhuni, three
andesites sampled from different volcanic domes
yielded identical Late Eocene ages of ~35Ma and a
black tuff gave a similar age of 37.8 + 0.6 Ma (Chiu et al.
2013) (sample 6 in Figure 1). A Middle Eocene age of
42.9 + 0.4 Ma was obtained by an andesite from ~80 km
southeast of Nain (sample 7 in Figure 1). A Late Eocene
age of 37.6 £ 0.5 Ma was obtained for an andesitic lava,
~50 km north of the Sirjan (sample 8 in Figure 1). In the
SE segment of the UDMA near Nagisun, south of Bam
(sample 9 in Figure 1), U-Pb zircon ages show compar-
able ages for both plutonic (~34-25 Ma) and volcanic
(~34-27 Ma) rocks (Shafaii Moghadam et al. 2022). U-Pb
zircon dating of Sarduiyeh granitoid in SE of the UDMA
(sample 10 in Figure 1) yield an age of 27.95 + 0.27 Ma
(Nazarinia et al. 2018.

Geochronology of SSZ Paleogene magmatic rocks

Chiu et al. (2013) consider that Palaeogene ages from ca.
60 to 35 Ma are available in the northwestern part of the
SSZ. In contrast in the southeastern SSZ, Cenozoic
igneous rocks do not exist. This seems to support the
idea of dividing the SSZ into two parts (Eftekharnejad
1981; Ghasemi and Talbot 2006): (1) the South SSZ that
consists essentially of rocks deformed and/or metamor-
phosed in the Triassic and Jurassic; and (2) the North SSZ
that was deformed in the Late Cretaceous and intruded
by Cenozoic felsic rocks in some localities. Hassanzadeh
and Wernicke (2016) believe that the Cretaceous-
Palaeogene magmatism occurred in the northwestern
SSZ and it appears to be a continuation of the Jurassic
event.

In the northern SSZ, in addition to Jurassic plutonic
bodies, there are some Eocene granitoid bodies such as
Naghadeh granitoid (sample 11 in Figure 1) with 41.85 +
0.81 Ma zircon U-Pb age (Mazhari et al. 2011), intrusive
rocks of ~41 Ma from the Piranshahr (sample 12 in Figure
1) (Mazhari et al. 2009), Marivan granitoid (sample 13 in
Figure 1) with ~38 Ma zircon U-Pb age (Sepahi et al.
2014; Rezaei et al. 2021, granitoids of ~37-35 Ma from
Taa-Baysaran of Kamyaran (sample 14 in Figure 1) (Azizi

et al. 2011), Baneh granites (sample 15 in Figure 1) with
zircon U-Pb ages of 39.7 £ 0.9 Ma, 40.5+0.6 Ma, and
41.0 £ 1.0 Ma (Azizi et al. 2018) and a quartz monzodior-
ite at 34.9+0.1 Ma from the Gosheh-Tavandasht com-
plex (sample 16 in Figure 1) (Mahmoudi et al. 2011).

Azizi et al. (2018) suggest that igneous rocks of the
Baneh complex were injected in a transpressional tec-
tonic regime along the Zagros Fault in northwest Iran
and the compositional similarity of these granites to
global syn-collision granites confirms the association of
them with collision of the Arabian and Eurasian plates in
northwest Iran.

Geochronology of AMA Paleogene magmatic rocks

The oldest age reported byAxen et al. (2001) from the
shoshonitic plutonic association of the AMA is a 56 =2
Ma U-Pb zircon age for Akapol quartz monzonitic intru-
sion in the central part of AMA (sample 17 in Figure 1).

Ballato et al. (2011) showed that at the base of Karaj
Formation, in the central part of AMA (sample 18 in
Figure 1), zircons in andesites yield an age of 47.4 +3.8
Ma and biotite from a fine-grained green tuff at the top
of this formation has an age of 36.0 £ 0.2 Ma. Verdel et al.
(2011) obtained similar geochronological data in a simi-
lar area along the Chalus road transect (sample 19 in
Figure 1). In this region, zircons yield U-Pb ages of 49.3 +
2.9 Ma in the middle tuff member, 45.3 + 2.3 Ma in the
Asara shale, and 41.1 £ 1.6 Ma in the upper tuff member.
Also, they reported ages of 39.3 + 0.2 Ma and 36.8 + 0.1
Ma “°Ar/*°Ar magmatic cooling ages for biotite and alkali
feldspar from monzonitic sill, respectively, in this area
and *°Ar/*°Ar ages of 38.47 + 0.10 for the Lavasan intru-
sive body in NE Tehran (sample 20 in Figure 1).

Vincent et al. (2005) have published similar Ar-Ar ages
of 41-38 Ma for four basalts and an andesite within the
volcanic succession from the Talesh in the Azerbaijan
region (sample 2 in Figure 1).

In Sabalan-Astara areas (sample 21 in Figure 1), Chiu
et al. (2013) obtained 42.1 £0.3 and 44.5 + 0.2 Ma ages,
by dating two basaltic samples using Ar-Ar method. A
basaltic andesite from the southwest of Qazvin (sample
22 in Figure 1) yielded zircon U-Pb age of 35.8 £ 0.3 Ma in
the Late Eocene.

From the west AMA, SE Ahar (sample 23 in Figure 1),
the subalkali basalts and andesites are dated to 57.0 +
1.2 Ma, and are likely derived from a supra-subduction
mantle wedge. Later, trachytic A-type rocks erupted
from ~42 to 25 Ma during an anorogenic (extensional)
stage triggered by slab retreat and associated astheno-
spheric mantle influx (Ahmadvand et al. 2020). This
extension led to localized upwelling of the astheno-
sphere, providing the heat required for partial melting



of the subduction-contaminated subcontinental litho-
spheric mantle beneath the Alborz magmatic belt.

The dating performed by Nabatian et al. (2014) in the
west of AMA shows the age of 41.1 + 1.9 Ma for the Zaker
quartz monzonite (sample 24 in Figure 1) and the ages of
4256 +0.62 and 39.0+ 1.1 Ma for the Zanjan quartz
monzodiorite (sample 25 in Figure 1). In the central
part of AMA, Davari (1987) reported K-Ar age of 41 £4
Ma for Ghasrefirozeh granitoid (sample 26 in Figure 1).

By studying and dating several plutons of the Tarom-
Arasbaran batholiths (west of AMA), Castro et al. (2013)
concluded that the Taroum plutonism is about 10-15 Ma
older than Arasbaran monzonitic plutonism. They think
that individual plutons were emplaced over a short time
period of ca. 15Ma (from 38 to 23 Ma) along Late
Eocene-Oligocene times (with an age progression from
SE to NW at a rate of 2 cm/year). According their study,
the age of Tarom-Arasbaran batholiths decreases from
east (Abhar ca. 38 Ma) to west (Shaivar-Dagh ca. 23 Ma).

In the western parts of the AMA (Arasbaran),
Aghazadeh et al. (2011) reported a LA-ICP-MS
Concordia zircon age of 30.8 £ 2.1 Ma for the calc-alka-
line granodioritic rocks and a range from 23.3+0.5 to
25.1 £ 0.9 Ma for the shoshonitic association (sample 27
in Figure 1).

The Siah-Kamar Mo deposit at the northwestern AMA
(Mianeh) (sample 28 in Figure 1) is characterized by the
emplacement of a multiphase Oligocene basic/inter-
mediate (at ca. 33-30 Ma) to acidic (29-28 Ma) magmatic
suite, which intruded the Eocene volcanic country rocks
(Rabiee et al. 2019).

Based on our U-Pb zircon dating, all rocks of the study
area (Takestan, location 1 in Figure 1) as part of western
Alborz were generated in the Late Eocene. Most grani-
toid bodies and dacitic sample were emplaced and crys-
tallized during the Bartonian (38-41.3 Ma). A small part
of these granitoid bodies with alkaline granite composi-
tion (VN16 sample) and rhyolitic samples were produced
at Periabonian (33.9-38.0 Ma). These data indicate that
dacitic and plutonic rocks are contemporaneous and,
therefore, are co-magmatic whereas the rhyolitic rocks
and a small part of the granitoid rocks are slightly
younger than the other plutonic and dacitic rocks. The
presence of ignimbrites, as well as dacitic and rhyolitic
domes, is evidence of the occurrence of caldera in this
area. Accordingly, after the formation of plutonic rocks,
magma ascends through fractures and faults as rhyolitic
domes and ignimbrite flows due to caldera collapse.

The age range of the Palaeogene magmatic rock
samples in Iran is from 56 to 23 Ma. The ages obtained
for the samples of the studied area range from 41 to 37
Ma and are in the Late Eocene, which are within the age
range of the other samples of Palaeogene of Iran.
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According to previous studies (such as Asiabanha and
Foden 2012; Castro et al. 2013), after the Late
Palaeogene, several intrusive bodies have been injected
into the Palaeogene volcanic rocks in the AMA, which
are usually small in volume (as dyke, stock, and laccolith).
According to Aghanabati (2004), it is possible that most
of the granitic magmas to be result of the fractional
crystallization of the Eocene basalts. This means that
most of the granitic magmas are situated in the roots
of Eocene lavas. In addition, some of the granitic mag-
mas may have originated from crustal melting.

Magmatic activity appears to have been greatest in
the western Alborz, and diminished towards the east
(Rezaeian 2008). As mentioned before, the oldest
Palaeogene plutonic rock in the Alborz is the Akapol
quartz monzonitic intrusion (sample 17 in Figure 1) in
the central part of AMA with a 56 =2 Ma U - Pb zircon
age (Axen et al. 2001). The Ghasrefirozeh granitoid (sam-
ple 26 in Figure 1) in the central part of AMA has K-Ar age
of 41 + 4 Ma (Davari 1987). In the West of AMA, the Zaker
quartz monzonite (sample 24 in Figure 1) has age of 41.1
+ 1.9 Ma and Zanjan quartz monzodiorite (sample 25 in
Figure 1) has ages of 42.56+0.62 and 39.0+ 1.1 Ma
(Nabatian et al. 2014). The “*°Ar/*°Ar ages of the
Lavasan intrusive body in NE Tehran (sample 20 in
Figure 1) by Ballato et al. (2011) indicate magmatic
emplacement at 38.47 £0.10 Ma.

Castro et al. (2013) have postulated that in western
Alborz magmatic rocks of Palaeogene age became older
from west to east. Considering that the granitoid rocks of
Takestan area (west of the AMA) with zircon U-Pb ages of
41-39 Ma are located in the east of Abhar granitoid with
zircon U-Pb ages of ca.38 Ma (Castro et al. 2013), it seems
that the idea of Castro et al. (2013) about increasing of
the age of the plutonic rocks of the western AMA to the
east is correct (i.e. Akapol quartz-monzonite with a 56 +
2 Ma age is situated in the east and Shaivar-Dagh gran-
itoid with a 23 Ma age is in the west).

Geochronology of Lut block and eastern Iran
paleogene magmatic rocks

For the Koudakan granitoid in the Lut block (sample 29
in Figure 1), the U-Pb zircon geochronology of monzo-
diorite and tonalite rocks reveals the crystallization ages
of 41.7 +3.4 to 37.88 +£0.77 Ma (Bartonian) (Omidianfar
et al. 2018). According to Omidianfar et al. (2018) the
Koudakan intrusion like other Eocene to Oligocene gran-
itoids in the Lut block formed in a post-collisional tec-
tonic environment after a subduction event. Abundant
Eocene and Oligocene volcanism in the Lut block of
eastern Iran may have developed in a similar tectonic
setting as suggested by Jung et al. (1984).
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LA MC-ICP-MS U-Pb zircon data from a diorite in the
Mahoor granitoid rocks (Lut Block, sample 30 in Figure 1)
yielded similar Concordia ages of ca. 31.88 +£0.20 Ma,
which corresponds to the Oligocene period (Beydokhti
et al. 2015). Geochronology using the U-Pb zircon
method on a pyroxene diorite porphyry stock and two
granite porphyry dikes in the Simorgh prospecting area,
Lut Block (sample 31in Figure 1), revealed 24.85+0.51
Ma, 25.37 £0.56 Ma, and 25.94 +0.76 Ma ages, respec-
tively (late Oligocene, Chattian) (Borabadi et al. 2018).
According to U-Pb age dating by Shahbazi et al. (2021),
the Aliabad Daman granitoid pluton at the southern
edge of the Sabzevar zone in the northeast of Iran
(sample 32 in Figure 1), has given 45-40 Ma ages (i.e.
middle Eocene; Lutetian to Bartonian). In the other parts
of Sabzevar zone, Eocene granitoids (ca. 40 Ma) were
reported, too (sample 33 in Figure 1) (Shafaii
Moghadam et al. 2015; Almasi et al. 2019. Laser ablation
spots from the three analysed dacitic samples in
Sabzevar (sample 34 in Figure 1) yielded ages of ca.
43.5-47 Ma, corresponding to the Middle Eocene
(Shafaii Moghadam et al. 2016). Kashmar calc-alkaline
granitoids in the south of the Sabzevar suture zone
(sample 35 in Figure 1) have ages of ca. 40-41 Ma
(Shafaii Moghadam et al. 2015).

Probable temporal geodynamic evolution of the
region

The temporal distribution of Cenozoic (mainly Eocene
to Quaternary) magmatic rocks in the Alborz occurs as
several magmatic pulses in the Eocene, Miocene, and
Plio-Quaternary (Asiabanha and Foden 2012). The pro-
ducts of extensive Eocene volcanic eruptions in the
western and central parts of Alborz were primarily
described by Dedual (1967) as the ‘Karaj Formation’
(e.g. Berberian 1983; Hassanzadeh et al. 2002; Allen et
al. 2003; Ballato et al. 2011). Development of the
Eocene normal faults in the Alborz Mountains (Guest
et al. 2006), and stratigraphic evidence of Eocene sub-
sidence in the Alborz Mountains and central Iran block,
has been attributed to Eocene extension (Brunet et al.
2003; Hassanzadeh et al. 2004; Vincent et al. 2005;
Guest et al. 2007; Morley et al. 2009). The Eocene
volcanic pile in the AMA (Karaj Formation) was formed
as shallow subaqueous volcaniclastic deposits (mostly
in central Alborz) followed by sub-aerial lava flows
(mostly in the western Alborz) (Asiabanha 2006). The
stratigraphy of the southern Alborz indicates that this
area returned to marine conditions in the Paleocene,
which continued throughout the Eocene. These depos-
its have significant volcaniclastic components akin to
the sources located within northern Iran (Rezaeian et

al. 2012). In the Middle Eocene, despite the dominance
of pyroclastic sediments in Alborz, lava flows and intru-
sive bodies have been also formed. For example,
Tarom, Lavasan, and Qasr-e-Firuzeh intrusions, with
the emplacement ages of 35-40 Ma were formed in
this time (Davari 1987; Rezaeian 2008; Ballato et al.
2011). The thickness of lava flows and the ratio of
lava flow to pyroclastic rocks increase to the west
(Asiabanha and Foden 2012). The above interpretation
is consistent with the occurrence of thick Paleocene-
Eocene turbidites (>5km) (Allen et al. 2003), which
decrease to a thickness of 3 km in the east (Brunet et
al. 2003). The composition of these lava flows is basic
to acidic and includes trachybasalt, trachyandesite,
dacite, and rhyolite. Red soil horizons under the mafic
lava flows, together with columnar jointing are com-
mon in this part of Alborz, suggesting that they are the
products of sub-aerial eruptions (Asiabanha and Foden
2012).

During the Late Eocene-Early Oligocene ([134 Ma),
submarine volcanoclastic sedimentation stopped in
the Alborz. This transition from extension to compres-
sion in Iran and adjacent areas, accompanied by the
regional termination of the voluminous arc and back-
arc magmatism (Ballato et al. 2011), is attributed to the
beginning of the Arabia-Eurasia intercontinental colli-
sion (Hessami et al. 2001; Brunet et al. 2003; Vincent et
al. 2007; Morley et al. 2009). The presence of evapora-
tive gypsum lenses on the top of the pyroclastic sedi-
ments of Karaj Formation throughout Alborz (such as
Gachsar and Alamut areas) accompanied by strong
folding of tuffs in Alamut (Qazvin) and lJirandeh
(Lushan) shows that the sedimentary-volcanic basin of
the Late Eocene has been uplifted and eroded during
compressive tectonics (Asiabanha and Foden 2012).
Rezaeian et al. (2012), by calculating the exhumation
rates of Alborz in the Palaeogene and Neogene times,
showed that this exhumation rate was lower in the
Early Oligocene to the Early Miocene, but was higher
in the Eocene and Middle Miocene. A transition from
extension to compression in the region possibly
occurred at the Eocene-Oligocene boundary (Vincent
et al. 2005, 2007; Ballato et al. 2008). The nearly syn-
chronous onset of (1) rapid south Caspian subsidence
(Nadirov et al. 1997), (2) cooling, exhumation, and uplift
of the west-central Alborz (Axen et al. 2001), and (3)
coarse molasse deposition in the Zagros foreland basin
(Dewey et al. 1973; Beydoun et al. 1992) all record the
widespread onset of rapid vertical motions in latest
Miocene time. Axen et al. (2001) inferred that uplift of
the high Alborz and Talesh Mountains loaded the south
Caspian basin, causing accumulation of thick Late
Cenozoic deposits.



According to some researchers (such as Berberian and
Berberian 1981; Aghazadeh et al. 2010, 2011; Asiabanha
and Foden 2012) in the northwestern and central parts
of the AMA, Oligo-Miocene plutonic rocks are typically
post-collisional that are formed after the main orogenic
events.

In contrast to a typical Andean-type convergent mar-
gin, the Iranian Palaeogene arc experienced strong
extension throughout its evolution (Sepidbar et al.
2019). An extensional period may have been resulted
from Palaeogene slab roll-back (Shafaii Moghadam and
Stern 2011; Shafaii Moghadam et al. 2018. The slab roll-
back can be associated with extension, crustal thinning,
and juvenile crustal addition (Miskovic and Schaltegger
2009). The slab break-off may also be other reason for
extension in the region (Deevsalar et al. 2017). The
change in the slab dip of the subducting Neotethyan
lithosphere from Late Cretaceous to present can also be
another alternative model, which can explain the spatial
distribution of Palaesogene magmatic rocks of Iran
(Verdel et al. 2007; Sepidbar et al. 2019).

Verdel et al. (2011) suggested that Palaeogene mag-
matism in Iran was driven by an episode of slab break-off
or slab rollback. These events could have caused mantle
upwelling and may have significantly changed the ther-
mal structure of the mantle wedge, and abundant
Palaeogene magmatic rocks originating from different
magmatic sources were generated during these events.

Subduction and Andean-type arc magmatism began
in late Triassic/Early Jurassic time, culminating at ~170
Ma. The extinction of arc magmatism in the SSZ, and its
shift northeastward to form the subparallel UDMA,
occurred diachronously along strike, in Late Cretaceous
or Palaeogene time (Hassanzadeh and Wernicke 2016).
According to Rabiee et al. (2020), the magmatic assem-
blages in the NW of Iran are located along the transverse
tectonic structures of the fault systems, which segment
the continental lithosphere of the Iranian plateau.
Inherited plate boundaries and pre-existing regional
faults provide efficient zones for facilitating magma
ascent (Richards 2003; Rabiee et al. 2020).

After intense plutonism in Jurassic (Mesozoic arc) in
the SSZ, there is a period of magmatic gap or minimal
magmatic activities until Palaeogene in the region. Flat
subduction or slab break off may have been cause of this
gap during Cretaceous. It is worthy to note that some
authors (e.g. Azizi and Stern 2019) did not believe in
cessation of Jurassic magmatism due to subduction
and prefer rifting model for the interpretation of mag-
matism in this period. Also, Lucci et al. (2023) introduced
a continental rifting model coupled with mantle plume
activity for interpretation of mafic plutonism in cen-
tral SSZ.

INTERNATIONAL GEOLOGY REVIEW e 21

We accept the opinion of a subduction with roll back
model by Verdel et al. (2011) about Palaeogene magma-
tism of Iran, because there is contemporaneous magma-
tism in a widespread part of Iran including Sanandaj-
Sirjan, Urumieh-Dokhtar and Alborz tectono-strati-
graphic zones in such a time especially in Eocene (Fig.
9). For examples, Sepahi et al. (2014) reported a pluton
with Eocene age (~38 Ma zircon U-Pb age) in Marivan
region in the SSZ. In the northern part of the UDMA, U-
Pb zircon data by Ahmadi et al. (2021) reported 46.6 +
4.6 to 47.1 £4.5 Ma for diorite sample and 37.1+1.2 to
38.57 £ 0.41 Ma for the granodiorite sample. In the same
area, for the Shahjahan batholith, Jamshidibadr and
Hassanpour (2015) reported 40.52 + 0.44 and 46.4 +2.6
Ma for granodiorite and granite plutons. In the southeast
UDMA, in Nain area volcanic samples, which were dated
by Chiu et al. (2013), have U-Pb zircon ages of 37.0 + 0.4
Ma. Also, our studied samples indicate plutonic rocks in
the same time interval (39-41 Ma) in the AMA. Therefore,
a simple subduction model with roll back of subducting
slab which is presented in Figure 8 (modified and
redrawn according to Verdel et al. (2011)), may explain
the observed nearly simultaneous age ranges for major
Palaeogene magmatic rocks.

According toVerdel et al. (2011), during the
Palaeogene (66-23 Ma), synvolcanic subsidence
occurred in Iran, which is indicated by the presence of
shallow marine sediments interbedded with Palaeogene
volcanic accumulations (Stocklin 1968; Berberian and
King 1981; Emami 1991) and submarine volcanism (e.g.
Forster et al. 1972; Amidi et al. 1984; Spies et al. 1984;
Hassanzadeh 1993). Rapid subsidence at this time is
attributed to the slab rollback of the subducting
Neotethys oceanic lithosphere (Vincent et al. 2005;
Verdel et al. 2011. Roll-back of the oceanic slab and the
accompanying extension occur when the subduction
velocity is greater than the convergence velocity
(Schellart 2005). According to Emami (2000), volcanism
was at its most intense period in the Middle Eocene. This
phase of magmatism is characterized by magmatic rocks
with intermediate compositions showing calc-alkaline to
potassic affinity, which occur in an arc/back-arc system
or extensional arc environment (Berberian 1983; Kazmin
et al. 1986; Allen et al. 2003; McQuarrie et al. 2003;
Hassanzadeh et al. 2004; Vincent et al. 2005; Verdel et
al. 2011; Allen et al. 2013).

Chiu et al. (2013) suggested that volcanism in the
UDMA, Alborz Range, Central Iran and Lut block were
most active and widespread during the Eocene and
Oligocene (ca. 55-25 Ma). This volcanism would require
a protracted, and steady, subduction system that
started since the Early Eocene. In the northern Sistan
and Lut regions the presence of widespread calc-
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(modified and redrawn after Verdel et al. 2011).

alkaline volcanism during ca. 45-25Ma may be
resulted from an extensional tectonic environment
post-dating the suturing between the Lut and Afghan
blocks (Zarrinkoub et al. 2010, 2012; Pang et al. 2011,
2012). Shafaii Moghadam et al. (2023) suggest that slab
roll-back along with upper-plate extension, partial
melting of the subducting slab, and a high tempera-
ture asthenospheric mantle flowing into the wedge
during the Early to Middle Eocene controlled the gen-
eration and eruption of the high-K magmas in NE Iran,
in a back-arc setting behind the Urumieh-Dokhtar
magmatic belt.

A transition from weak extension to compression in
tectono-stratigraphic units of northern part of Iran
occurred around ~36 Ma (Vincent et al. 2005; Vincent et
al. 2007; Guest et al. 2007; Ballato et al. 2008) however,
the deformation related to this event was not strong
enough to exhume deeper crustal rocks, but resulted in
reactivation and inversion of normal faults under the
new compressional regime (Morley et al. 2009). The
bending of the Talesh Mountains in west Alborz was
earlier than eastern Alborz, Kopeh Dagh, and central

Alborz Mountains that was initiated during the late
Cenozoic (Madanipour et al. 2017).

Based on the above studies, it can be concluded that
this bending has caused Alborz to deviate from the
direct trend to create the bending of the Takestan region
(location 1 in Figure 1) and the S-shaped bend of the
Talesh mountains (location 2 in Figure 1). Because of this
bending, the direct trend of injected intrusive bodies
from the Central Alborz to the Western Alborz has prob-
ably been changed and the present day curvature has
been created.

Conclusion

Magmatic rocks of the Takestan area are a suite of co-
magmatic plutonic and volcanic rocks. Zircon U-Pb LA
ICP-MS dating shows that most Takestan plutonic rocks
were emplaced at 39-41 Ma (Late Eocene, Bartonian). A
small part of these rocks has an age of ~37 Ma (Late
Eocene, Priabonian). The dacitic rocks have age of ~39
Ma (Late Eocene, Bartonian) and the rhyolites are the



youngest part of the magmatic rocks of the region with
ages of 37-35 Ma (Late Eocene, Priabonian). Older zir-
cons, as early crystallized components of a long-lived
magma chamber and/or inherited zircons from older
continental crust, are also present in many samples
except KhD5 sample (dacite). The ages of the samples
of the studied area range from 41 to 37 Ma and are in the
Late Eocene, which resemble the age range of the other
samples of Palaesogene of Iran. The studied rocks, like
other Palaesogene magmatic rocks in Iran, were possibly
formed as a result of a subduction tectonic environment
(with occasional roll back of the subducting slab), related
to the evolution of Neotethyan lithosphere.
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