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1 | INTRODUCTION

Mansour Ghorbani® |

Amin Jafari®® | lanS. Williams? |

The Cimmerian Terrane, part of which forms the Central Iranian Plateau, is one of
several continental fragments produced during the early- to mid-Palaeozoic breakup
of the northern margin of Gondwana. Magmatic evidence for the final separation of
the Terrane from Gondwana and formation of the intervening Neo-Tethys Ocean is
preserved in the Misho Mountains SW of Marand, NW Iran. A small (30 km?) body of
subalkaline granite intruding Precambrian sedimentary rocks of the Kahar Formation
has numerous chemical features that identify it as an A-type granite, including high
Ga/Al, K,0 + Na,0, FeO;/(FeO; + MgO) and incompatible elements (LILE and HFSE),
and low CaO and P,0s. Such features are consistent with the asthenospheric upwell-
ing above a rising mantle plume. Zircon ages of 350.8 + 3.0, 345.4+3.2, and 343.6
+4.0 Ma measured on three samples of the Misho A-type granite along with the
same granites exposed in the western domain (Herris area, 306 Ma) reveal that the
crystallization process occurred sequentially in different stages. The obtained ages
record detachment of the Cimmerian Terrane from Gondwana and the initiation of
Neo-Tethys at least in the Early Carboniferous, significantly earlier than previous
researchers have proposed.
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Carboniferous (e.g., Arefifard, 2017; Jamei, Ghorbani, Williams, &
Moayyed, 2020; Muttoni et al., 2009; Soffel & Forster, 1980), after

Although the assembly of Gondwana has received increasing attention
over recent decades, the break-up of the supercontinent remains a mat-
ter of debate. In particular, the recognition of a number of continental
fragments formerly belonging to northern Gondwana raises the question
of whether they separated from the supercontinent at different times,
forming different branches of ancient oceans with different tectonic his-
tories. The break-up of Gondwana in the vicinity of modern Iran pro-
duced two ocean basins, Palaeco- and Neo-Tethys. Major pre-Permian
sequences (Figure 1), palaecomagnetic, and geochronological data, as well
as palaeobiogeographic evidence from Iran and Gondwana, show that

Iran was part of the Gondwanan landmass until at least the earliest

which it separated by Neo-Tethys opening from the supercontinent as
part of the Cimmerian Terrane and moved northwards towards Eurasia
(Figure 2). Various reconstructions of the tectonic configuration during
the detachment of the Iranian Cimmeria have been proposed. Some
scholars have argued that Cimmeria rifted away from Gondwana by the
opening of the Neo-Tethys ocean along the eastern margin of Gond-
wana during the Permian (e.g., Muttoni, Gaetani, et al., 2009; Sepehr &
Cosgrove, 2004). Yet another scenario interprets Iran as an assembly of
continental microplates that detached from Gondwana at different times
and collided progressively with the active southern margin of Eurasia
during the Mesozoic (Boulin, 1991; Golokna, 2004). Common to all
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FIGURE 1 Simplified stratigraphic columns and tectonomagmatic events for late Neoproterozoic through Early Cretaceous time for the
Zagros (Arabia) and Sanandaj-Sirjan zone (Iran); indicating a similar Proterozoic-Palaeozoic sequence (Modified after Hassanzadeh &

Wernicke, 2016)

interpretations, however, is the fact that Iran is part of a microplate that
broke away from Gondwana and drifted northwards to collide with Eur-
asia. Remnants of Palaeo- and Neo-Tethys, and evidence for the tectonic
processes involved, are now preserved in Iran as suture zones, fold-

thrust belts, accretionary prisms, ophiolitic rocks, and volcanic arcs that

mark the collision zones. In these zones can be found evidence as to
when, and by the opening of which ocean, Iran ultimately became
detached from the Gondwanan landmass.

Although A-type granitoids are commonly insignificant volumetri-

cally compared to other type rocks, they can be key to reconstructing
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FIGURE 2 Simplified structural map of Iran, with the location of the Iranian Cimmeria Terrane between Gondwana in the south and Eurasia

in the north (modified after Stampfli, Mosar, Favre, Pillevuit, & Vanney, 2001). Marked locations are the Late Palaeozoic within-plate extensional-
related rocks along the Sanandaj-Sirjan Zone. Further information is presented in Table 1

and understanding a tectonic event. A-type rocks were first recognized
by Loiselle and Wones (1979) as anorogenic, anhydrous, and alkaline
rocks that occur in rift zones and stable continental blocks, and crystal-
lized under low H,O and O, fugacities. Subsequent studies of such rocks
have expanded on the original concept (e.g., Bonin, 2007; Clemens,
Holloway, & White, 1986; Collins, Beams, White, & Chappell, 1982; King,
Chappell, Allen, & White, 2001; Pearce, Harris, & Tindle, 1984; Whalen,
Currie, & Chappell, 1987). Eby (1992) divided A-type granitoids into two
subgroups, A1 and A,, according to their trace element contents and geo-
chemically inferred tectonic settings. The A; granitoids have chemical
similarities to ocean island basalts and were inferred to be a fractionated
product derived from the mantle. The A, granitoids are more diverse,
with chemical features ranging from those of continental crust to island
arc basalt. They were inferred to originate variously by melting of conti-
nental crust, underplated crust, or the mantle (with crustal interaction). It
is generally considered that A-type magmas are produced in extensional
tectonic settings, although the extensional regimes for the A;- and A,-

type granitoids are significantly different (e.g., Eby, 1992). A;-type

magmas form mostly in a within-plate setting marking, for example, the
initiation of intra-continental rifting. A>-type magmas are associated with
post-collisional extensional regimes, where they mark the ending of an
orogeny. These distinctions make A-type rocks, their age distribution,
and formation mechanisms important evidence for geological events and
tectonic reconstructions. In the present work, we report zircon U-Pb
ages and bulk-rock major, and trace element compositions from the Car-
boniferous Misho A-type granites of NW Iran. The tectonic implications
of the granites along with previously studied Late Palaeozoic magmatic
rocks of Iran are investigated within the context of the detachment of

the Cimmerian Terrane from Gondwana by opening of Neo-Tethys.

2 | GEOLOGICAL BACKGROUND AND
FIELD RELATIONSHIPS

Iran is part of the Alpine-Himalayan orogenic belt that extends from

the Atlantic Ocean to the Western Pacific. The main Alpine mountain
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belt turns sharply south-eastwards from eastern Turkey into lIran,
where it divides into two branches (Eghbal, Hamzehpour, &
Farpoor, 2018). The southern branch of the system, 400-600 km in
width, forms the Zagros Range, which runs along the Irag-lran border
to Makran, then extends eastwards into southwest Pakistan, a dis-
tance of about 1,300 km. The northern branch is the Alborz Range. It
is 60-130 km wide and runs for a distance of 960 km. The eastern
end of the Alborz Range merges into a broader belt of mountains, the
Kopeh Dagh that follows the north-eastern border of Iran and extends
into northern Afghanistan, where it eventually joins the Hindu Kush.
Based on the locations of basement units and ophiolite-bearing
sutures in Iran, three major structural units have been distinguished
(Berberian & King, 1981), the Zagros orogenic belt (Zagros ranges),
Central Iran, and the Alborz orogenic belt (Alborz ranges; Figure 2).
The Cimmerian Terrane, which includes the Central Iranian Plateau, is

enclosed between two active marginal fold-thrust mountain belts, the

453"

Zagros to the southwest and the Alborz to the north (Figure 2).
The boundary between Eurasia to the north (Hercynian realm) and
ex-Gondwanan Cimmeria to the south (Alpine realm) is the
Palaeo-Tethys Suture. The southern boundary of Cimmeria is the
Neo-Tethys Suture.

The area of the present study, located to the southwest of Mar-
and in the Misho Mountains of north-western Iran, is near the west-
ern end of the Central Iranian Plateau (Figure 2). The area is bounded
to the north and south by two sub-parallel, dextral oblique-slip, Ceno-
zoic fault systems, and the North and South Misho Faults, which
uplifted Precambrian to Jurassic units as a major positive flower struc-
ture (Moayyed & Hosseinzade, 2011; Figure 3). The basement rocks
in the Misho Mountains mostly belong to the Late Proterozoic Kahar
Formation - shale, sandstone, and tuff locally intercalated with
limestone (Figure 3; Asadian, Mirzaee, Mohajjel, & Hadjalilu, 1994).
The Misho area consists of distinct plutonic units that have been

4544
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separated into four major groups. All igneous associations are uncon-
formably overlain by the Permian cover sequence includes dark grey
limestone and massive dolomitic limestone (Ruteh Formation). Hence,
they are known to be pre-Permian in age on the basis of stratigraphic
evidence. The first group, as small outcrops, are composed mainly of
diorite, granodiorite, and tonalite. The rocks of the second group are
exposed in a large area made up by two-mica granite and leucogranite.
The contact between both groups is gradational, without sharp intru-
sive contact between them. Both groups were emplaced in the north-
western part of the area and the contact zone between those and the
Kahar Formation is characterized by a wide thermal metamorphic
aureole, ranging from garnet-bearing to cordierite-biotite hornfels
(Asadian et al., 1994). Zircon U-Pb dating by Shahzeidi et al. (2017)
indicates that the crystallization age of both groups of intrusions is
~550 Ma (Early Ediacaran). The third group, mapped as granite
(Figure 3), occupies an area of about 30 km? and it has sharp contact
with mafic and sedimentary Precambrian rocks. The granites, as the
intrusion studied here, are pink to grey in colour and are massive and
relatively undeformed. Granites intruded into mafic and diabase units
and contain xenoliths and mafic magmatic enclaves in some places
(central part). The fourth group is characterized by a mafic complex,
which forms the largest body in the study area and consists of gabbro
and subordinate diorite (Saccani et al., 2013; Figure 3). The complex is
cross-cut by diabase dyke swarms, and dykes' of all igneous associa-
tions, suggesting that it is older than Ediacaran. Zircon U-Pb ages
reported by Saccani et al. (2013), however, indicate an emplacement
age of 356 Ma (Early Carboniferous) for the Misho mafic complex
(Table 1). It is likely, therefore, that there are at least two generations
of mafic rocks, distinguishing, which will require more detailed

investigation.

3 | SAMPLES AND ANALYTICAL
PROCEDURES
3.1 | Major and trace elements

Following a microscopic study of 20 thin sections prepared from the
granitic rocks, nine representative samples with the least amount of late
hydrothermal alteration were chosen. These were chipped by hand-
splitter and powdered in a tungsten-carbide ring mill to a grain size of
<200 mesh. Aliquots of each powder were sent to the ALS (Australian
Laboratory Services) Brisbane laboratory, Australia, for whole-rock anal-
ysis by the geochemistry method ME-MS81d (ME-MS81 plus whole
rock). Major oxide concentrations were done by Inductively Coupled
Plasma-Atomic Emission (ICP-AES) and trace elements were carried out
by Inductively Coupled Plasma Mass Spectrometry (ICP-MS). For this
purpose, 0.2 g of sample powder is added to 1.5 g lithium metaborate
(LiBO,), mixed well, and fused in a furnace at 1,000°C. The resulting
melt is then cooled and dissolved in 100 ml of 5% HNO5 acid solution.
This solution is then analysed either by ICP-MS and ICP-AES. The accu-
racy of major elements is 0.01%, for most trace elements, it is better
than 10 ppm and for the rare earth elements (REE), it is 0.1 ppm or bet-
ter. The results are listed in the Supporting Information.

3.2 | SHRIMP zircon U-Pb dating

Three samples from different regions, each weighing 0.5-1 kg, were
selected for zircon separation and U-Pb dating at the Research School
of Earth Sciences (RSES), Australian National University (ANU). Zircon
concentrates were prepared using standard high-cleanliness mineral
separation techniques, mechanical chipping, ultrasonic washing,
tungsten-carbide milling, magnetic separation by Carpco magnetic
separator, density separation in tetrabromoethane and methylene
iodide, and division into heavy-mineral fractions using a Frantz iso-
dynamic separator. Clean zircon crystals were then hand-picked from
the remaining minerals under a binocular microscope. They, together
with zircon standards, were mounted in epoxy resin discs and polished
to expose cross sections of the crystals and produce a flat surface for
analysis, first by polishing on 1,200 grade SiC wet-and-dry abrasive
paper, and then using a series of diamond emulsions from 3 um down
to 1 pm on a Struers Labopol-5 rotary polisher. The mounts were then
photographed at high magnification under transmitted and reflected
light, before being lightly coated with Au in preparation for cat-
hodoluminescence (CL) imaging. Those images, acquired using a
JEOLJSM-6610A at the RSES, revealed the internal textures and
growth zoning of each zircon grain, and helped to locate areas free
from inclusions and fractures that would be suitable for spot isotopic
analysis.

The U-Pb isotopic analyses (Supplementary file) were performed
using the SHRIMP-RG (Sensitive High-Resolution lon Microprobe),
following the analytical procedure described by Williams (1998). U
concentrations were determined using reference zircon SL13
(238 ppm U, 572 Ma) and Pb/U measured relative to reference zircon
TEMORA 2 (417 Ma; Black et al., 2004). The radiogenic isotope ratios
and calculated ages were corrected for common Pb using the mea-
sured 2°7Pp, assuming concordance and a model common Pb compo-
sition consistent with the age of the grain (Cumming &
Richards, 1975) using Prawn and Lead software written by Ireland
(1998). All individual dates and weighted mean ages were calculated
from the radiogenic 2°°Pb/?%8U. Data were plotted using Isoplot
3 (Ludwig, 2003), showing the analyses before correction for common
Pb. For all analyses, the uncertainty in the determination of Pb/U and
Pb/Th was set to a minimum of 0.5% to prevent the high precision
analyses of high-U spots skewing the calculation of the weighted
mean ages. The uncertainties listed in the Supporting Information and
plotted in Figure 6 are 15 precision estimates. The uncertainties in the
calculated weighted mean age of each sample are 95% confidence
limits (t8) and include the uncertainty in the mean concurrent mea-
surement of 2°°Pb/2*8U in TEMORA 2 (~0.35%).

4 | ANALYTICAL RESULTS

4.1 | Major and trace element compositions

The chemical compositions of the analysed samples from the Misho
granite are listed in the Supporting Information. All samples are high
silica (71.4-77.7 wt% SiO5), high-K alkali-calcic (8.57-9.53 wt% K,O
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+ Na,0), weakly metaluminous to peraluminous (0.74-1.11 A/CNK
and 1.02-1.2 A/NK), ferroan granites with characteristically high
(K20 + Na,0)/Ca0 and Ga/Al (Figure 4) that distinguishes them as
A-type granites (Whalen et al., 1987). The rocks are enriched in total

REE (116-399 ppm), and particularly the light REE (Figure 5a), with
high Lan/Yby (2.19-8.06), a pronounced negative Eu-anomaly (Eu/
Eu* = 0.16-0.36) and relatively flat and undifferentiated heavy REE
(Gdn/Yby = 0.96-1.53). The high Lan/Smy (2.55-4.11) is consistent
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FIGURE 6 Representative zircon cathodoluminescence (CL) images of analysed spots from samples M-1 (a), M10 (b), and M11 (c). Brighter fluorescing

domains are relatively depleted in U and Th while areas with darker fluorescing are richer in these trace elements. Most of the spots in each of the three
samples give concordant or nearly concordant U-Pb ages. Nevertheless, some spot analyses are discordant in their U-Pb system (red circles). Discordant
spots overlap both the oscillatory zoned and CL bright zircon, likely representing a mix between the two areas in the zircon with different ages. However,
some of them do not appear to be associated with these areas and may be related to spots analysed in the region of large inclusions. The inclusions
apparently act as local Pb sinks enhancing diffusion and removing Pb from the zircon so lowering the apparent U-Pb age (Bea, Montero, & Palma, 2018)
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with fractionation of the LREE. The granites in the multi-element vari-
ation diagram exhibit strong negative anomalies in Ba, Sr, P, and Ti; a
moderate negative anomaly in Nb and Ta; and significant enrichment
in large ion lithophile elements (Rb, K, Th, and U) and high field
strength elements (Ta, Zr, and Hf; Figure 5b).

4.2 | Zircon U-Pb geochronology

The three samples selected for SHRIMP zircon U-Pb dating were M1,
M10, and M11. The sample locations are shown in Figure 3, and the
zircon U-Th-Pb isotopic compositions are listed in the Supporting
Information for samples M1, M10, and M11, respectively. The zircon
grains from sample M1 were mostly euhedral to subhedral, colourless,
and transparent, 50-100 pm diameter crystals with few cracks and
inclusions. Simple oscillatory or banded igneous zoning was common,
and no inherited cores were evident in the CL images (Figure 6a). One
spot on each of 25 grains was analysed for U-Th-Pb. The grains had
moderate contents of U (177-642 ppm) and Th (60-371 ppm) with
Th/U ratios of 0.34-0.81, consistent with an igneous origin. Most
analyses were concordant within analytical uncertainty but with minor
excess scatter in radiogenic 2°°Pb/?%8U (MSWD = 3.1). Omission of
two high and two low analyses resulted in a single population
(Figure 6a) with a weighted mean 2°°Pb/2%8U age of 350.8 + 3.0 Ma
(MSWD = 1.3).

The zircon grains from sample M10 were mostly fragments of
transparent, colourless to brownish, 50-100 pm diameter crystals,
and some with cracks and inclusions. CL images of most grains
showed oscillatory zoning and no evidence for the presence of older
cores (Figure 6b). Some grains had irregular strongly luminescent pat-
ches, possibly representing secondary re-crystallization in the pres-
ence of fluids. One spot on each of 25 grains was analysed for U-Th-
Pb. The U and Th contents were moderate to high (601-1,689 and
319-966 ppm, respectively), consistent with the rock's high SiO, con-
tent. Th/U (0.45-0.71) was in the normal igneous range. With few
exceptions the raw analyses were nearly concordant within analytical
uncertainty (Figure 6b), but there was a significant range in radiogenic
206pp/238Y (MSWD = 5.0). Only by rejecting eight analyses could the
scatter be eliminated. It was reduced significantly, however, by omit-
ting just the two highest and two lowest 2°°Pb/2%8U ages, giving a
weighted mean 2°Pb/?*8U age of 345.4 + 3.2 Ma (MSWD = 2.8).

The zircon grains from sample M11 were subhedral to anhedral,
transparent, colourless, 50-100 um diameter crystals, many with
cracks, and mineral inclusions. Most had oscillatory zoning, and none
showed evidence for the presence of an older core (Figure 6c). One
spot on each of 19 grains was analysed for U-Th-Pb. The U and Th
contents (364-2092 and 133-1706 ppm, respectively) were even
higher than in the M10 zircon, but Th/U was still within a normal igne-
ous range (0.36-0.82). Even before common Pb correction, most ana-
lyses were concordant within analytical uncertainty (Figure 6c), but
there was a significant range in radiogenic 2°°Pb/2%8U (MSWD = 9.4).
The outliers were mostly low in the group, consistent with radiogenic

Pb loss. Omitting the four lowest values reduced the scatter

significantly (MSWD = 3.7), giving a weighted mean 2°°Pb/238U age
of 343.6 + 4.0 Ma.

5 | DISCUSSION
5.1 | U-Pb zircon geochronology perspective on
the crystallization of the Misho pluton

Plutons are formed by protracted crystallization of magma bodies sev-
eral kilometres deep within the crust. As a single pluton can crystallize
over a protracted period of time (Buret et al, 2016; Samperton
et al., 2015; Schoene et al., 2012; Tapster et al., 2016), a single hand
sample may miss the full crystallization history of an entire pluton.
The Misho pluton indicates ages ranging from 344 to 351 Ma (Fig-
ure 3). Zircon grains from samples M10 and M11 yield ages of 345+ 3
and 344 + 4 Ma, respectively. These representative samples show sim-
ilar age distribution and mean ages, which suggest a simultaneous
crystallization event, although morphology of zircons and also CL
imaging (Figure 6b,c) may indicate faster crystallization process and
cooling rates of sample M11. Besides, the sample M1 yields an age of
351+ 3 Ma. The time interval of 6 Ma is within uncertainty of analysis,
and therefore, cannot resolve relative timing; suggesting that the crys-
tallization in the study granitic rocks was not coeval. The ages
obtained from the Herris magmatic facies in the western domain
(306 Ma; Advay & Ghalamghash, 2011; Figure 3) along with dated
samples reveal that the whole pluton sequentially crystallized in dif-
ferent stages at ca. 306-350Ma. The apparent age gap between
these magmatic pulses potentially constrains the recharge duration of

the A-type pluton.

5.2 | Genetic type

The Misho granites have geochemical characteristics typical of A-type
granites, most notably high abundances of incompatible elements
(LILE or large-ion lithophile elements and HFSE or high field strength
elements), and high K,O + Na,O, FeO./(FeO; + MgO), and Ga/Al,
combined with low contents of CaO, P,Os and pronounced negative
anomalies in elements such as Ba, Sr, and Eu (e.g., Bonin, 2007;
Eby, 1992; Frost et al., 2001; Whalen et al., 1987). In terms of major
elements (Na, K, Fe, Ca, and Mg) they cluster tightly in the A, field
(Figure 7a), but considering Rb, Y, and Nb, five of the nine samples
analysed plot well within the A, field (Figure 7b). This bimodality is
consistent with Ce/Nb and Y/Nb contents (Figure 7c); indicating geo-
chemical signatures similar to both ocean island basalts and island arc
basalts. However, trace element variations in A; and A,-type granites
suggest the same source rock (Figure 7d). It has been proposed that
A1-type granites originate from mantle-derived melts emplaced in a
rift-related anorogenic setting, whereas A,-type granites result from
melting of continental or underplated crust in a post-orogenic exten-
sional setting (Eby, 1992). More recent studies, however, have found

no such correspondence. For example, some plume or hotspot-related
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A-type granitoids plot in both the A;- and A,-type fields (e.g., Frost,
Frost, Chamberlain, & Edwards, 1999; Frindt, &
Kandara, 2007; Shellnutt & Zhou, 2007; Trumbull, Harris, Frindt, &
Wigand, 2004; Wang et al., 2010), and some typical anorogenic

Haapala,

A-type granites plot in the A,-type field (e.g., Dall'Agnol et al., 2005).
The chemical composition of the Misho granites, ranging as it does
between both fields, is therefore, not a clear indicator of tectonic set-

ting or likely magma source. A more useful indicator is the similarity



JAMEI ET AL.

WILEY_L 525

between the A-type granite trace element patterns and those of the
older Misho S-type granites, consistent with the two being genetically
linked through a source that contained continental crust.

The oxygen fugacity (fO,) of igneous rocks is closely related to
the composition and oxidation state of their source rocks. Experimen-
tal data show that A-type magmas contain dissolved OH-F-bearing
fluids (e.g., Bonin, 2007; Clemens et al., 1986; Dall'Agnol, Scaillet, &
Pichavant, 1999; Klimm, Holtz, Johannes, & King, 2003), so fO, plays
an important role in understanding their nature and petrogenesis
(e.g., Anderson & Morrison, 2005; Christiansen, Haapala, &
Hart, 2007; Dall'Agnol & de Oliveira, 2007). FeO/(FeO; + MgO) in
the Misho A-type granites ranges from 0.87 to 0.95, spanning the
range from reduced to weakly oxidized (Figure 8a). In this and some
other geochemical respects, they are similar to typical mantle plume-
related A-type granitoids generated in anorogenic or rift settings
(Figures 4b and 8a). Considering that the fO, of a magma or its source
is particularly resistant to change (Carmichael, 1991), a source with
low fO, cannot produce magmas with high fO,. The range of fO, in
the Misho A-type granites is possibly the result of reduced granitic
magmas interacting with felsic continental crust (Figure 8b), producing
the oxidized or peraluminous members of the granite suite (Frost
et al., 1999).

53 | Geodynamic implications

Palaeogeographic reconstructions indicate that the formation of both
Palaeo- and Neo-Tethys played a key role in the evolution of the
Iranian continent during the break-up of the northern margin of

Gondwana (Figure 2).

5.3.1 | Palaeo-Tethys ocean

The most commonly-held view is that the Palaeo-Tethys began to
open in the Ordovician to Silurian (Li et al., 2018; Stampfli et al., 2001,
Topuz et al., 2020; von Raumer et al., 2013; Ziegler, Cloetingh, Gui-
raud, & Stampfli, 2001) as a intra-continental rift between a fringe of
microplates (the Hun or Hunic superterrane) and the Gondwana-
derived continental fragments of the Cimmerian Terrane (Stampfli &
Borel, 2002; von Raumer & Stampfli, 2008). The Cimmerian Terrane
moved northwards towards Eurasia, driven by northward subduction
of the Palaeo-Tethys oceanic crust beneath the southern Eurasian
(Turan) margin, finally colliding with the southern boundary of Eurasia
in the Late Triassic (e.g., Bagheri & Stampfli, 2008; Liu, Jian, Kroner, &
Xu, 2006; Stampfli et al., 2001; Stampfli & Borel, 2002). The onset of
Palaeo-Tethys opening and its closure are well recorded in northern
Iran. Ordovician-Silurian rift-related continental flood basalts of the
Soltan-Meidan area in the Alborz record the opening of the Palaeo-
Tethys rift (Bagheri & Stampfli, 2008) and the Middle to Late
Palaeozoic Dareh-Anjir ophiolites and ultramafic to mafic rocks in the
Mashhad and Fariman areas (Shafaii Moghadam et al., 2015b; Topuz,
Hegner, Ackerman, Pfander, & Karimi, 2018) formed in a fore-arc area

(Zanchetta et al., 2013) record its closure as the Cimmerian blocks col-
lided with Eurasia.

The Early Jurassic coal-bearing continental clastic deposits to the
north and south of the collisional zone indicate that by the Late Trias-
sic to Early Jurassic Palaeo-Tethys ceased to exist and Iran-Turan was
united (Berberian & King, 1981). Other workers suggest that Palaeo-
Tethys opened initially much later. Saccani et al. (2013) have argued
that the initial opening of the Palaeo-Tethys Ocean took place in the
Early Carboniferous, coincident with the formation of the mafic units
at Misho by an upwelling mantle plume. Similarly, Mohammadi
et al. (2019) suggested that the Palaeo-Tethys opened during the Late
Devonian-Carboniferous associated with mantle upwelling and a ris-
ing asthenosphere plume that generated the Amand and Moro A-type
plutons. This timing is earlier than indicated from evidence in other

areas including north Iran.

5.3.2 | Neo-Tethys ocean

The northward subduction of Palaeo-Tethys triggered the opening of
Neo-Tethys, a younger ocean, along the boundary between the Cim-
merian blocks and Gondwana. This resulted in the separation of the
Iranian Terrane, part of the large composite Cimmerian Terrane, from
the Arabian margin of Gondwana. The timing of the opening of Neo-
Tethys and the detachment of the Cimmerian Terrane from Gond-
wana is debated. According to some authors, Iran drifted northward
as part of the Cimmerian blocks following the opening of Neo-Tethys
in the Permian to Early Triassic (e.g., Muttoni, Gaetani, et al., 2009;
Sengor, 1990; Sepehr & Cosgrove, 2004). Others interpret the initial
opening of the Neo-Tethys ocean to have occurred earlier, in the
Early Permian (e.g., Angiolini, Balini, Garzanti, Nicora, & Tintori, 2003;
Berra & Angiolini, 2014; Honarmand et al., 2017; Muttoni et al., 2009;
Riel, Jaillard, Martelat, Guillot, & Braun, 2018; Zanchi et al., 2009). Yet
others consider an ocean that opened in the Late Carboniferous to
late Early Permian to be the Neo-Tethys (e.g., Arefifard, 2017,
Stampfli, 2000; Stampfli & Borel, 2002). Late Palaeozoic rock associa-
tions of Iran are key to reconstructing the evolution of the Neo-
Tethys Ocean. They define a trend parallel to the Neo-Tethys suture,
and all have been interpreted to be emplaced in a within-plate exten-
sional tectonic setting (Figure 2; Table 1 and references therein). The
ages obtained from these rocks (Table 1 and Figure 6) reveal that
the rifting of the Iranian Cimmerian terranes from northern Gond-
wana and the opening of the Neo-Tethys Ocean was probably initi-
ated in the Late Devonian to Early Carboniferous, rather than the
Late Carboniferous to Early Permian, as most authors suggest
(Figure 9).

Stratigraphic correlation of the Silurian to Devonian rock units
from Iran and Arabia suggests the Central Iran and Arabian Plate
together formed a stable shield, forming the northern margin of Gond-
wana (Hashmie et al., 2016). The lack of Silurian to Carboniferous
strata along the Central Zagros and the existence of terrigenous sedi-
ments of the Sare-Chahan (Silurian) and Zakeen (Upper Devonian) for-

mations in the Zagros Crush Zone indicate that the Zagros area was
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elevated and eroding, possibly because the Neo-Tethys plume
was emplaced beneath the lithosphere of Gondwana and led to uplift
between Central Iran and the Arabian Plate during that time interval
(Ajirlu, Moazzen, & Hajialioghli, 2016). The rising magmatic plumes
and their underplating can cause swelling and bulging of the litho-
sphere and tensile stresses in the domed area (Fossen, 2010). This
stage refers to rift initiation by thermal buoyancy forces due to
asthenospheric upwellings (Kearey, Klepeis, & Vine, 2009) and the
result is a rift dominated by magmatism and not necessarily much
extension (Fossen, 2010). At least since the Early Carboniferous to
Early Permian eruption of plume magmas (include Misho pluton and
suites provided in Table 1) along the Neo-Tethys rift zone indicate
that the Iran and Arabia stable shield was rifting into two parts: Cen-
tral Iran and the Arabian Plate (Figure 9). During the early stages of
rifting, the basin was almost dry or contained freshwater lakes
(Hanblin & Christiansen, 1997). Eventually, the floor of the Neo-
Tethys subsided and formed a shallow-water sedimentary basin dur-
ing the Late Carboniferous-Early Permian. This basin is shown by the
deposition of evaporates and terrigenous sediments of the Faraghan
(Late Carboniferous to Lower Permian) and Dalan (Upper Permian)
formations (Ajirlu et al., 2016). Thereafter, the extension of the basin
continued and continental rifting led to the spreading and maturation
of the Neo-Tethys oceanic basin during the Late Permian-Late Trias-
sic. The subsidence of the basin floor led to the formation of a passive

margin on each side of the oceanic rift, located in oceanic crust.

6 | CONCLUSIONS

The main conclusions from the present study are as follows:

1. The Misho A-type granites are weakly metaluminous to weakly
peraluminous. They belong primarily to the reduced A; subtype,
although they have some chemical features of the A,
subtype, consistent with their being within-plate anorogenic gran-
ites associated with crustal extension and/or rifting.

2. The zircon U-Pb ages of the granitic rocks, 345-350 Ma, support
the hypothesis that rifting forming the Neo-Tethys Ocean and the

Schematic cross-section, illustrating the evolution model for the Neo-Tethys opening

consequent detachment of the Iranian Cimmerian Terrane from
Gondwana was initiated at least in the Early Carboniferous, earlier
than previously proposed.

3. The ages obtained from the granitic rocks from the whole A-type
pluton (Misho and Herris) reveal that the crystallization process

took place sequentially in different stages.
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