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A B S T R A C T   

Documentation of continental rifting processes such as mantle plume activity is important for understanding the 
nature and evolution of tectonic plates. In this study, we report detailed petrological, geochronological, 
geochemical, Sr–Nd isotope, and mineral chemical data for basalt, and coarse- and fine-grained gabbro from the 
Binaloud zone of the Alborz, which is the easternmost extension of the Avalonian-Cadomian Orogenic Belts and 
the western parts of Indo-Australia Orogenic Belt, central-east Asia. Uranium–lead zircon dating of fine- and 
coarse-grained gabbro indicates that they have been formed at 461.8 ± 8.2 and 435.0 ± 4.5 Ma, respectively. 
The basalt and gabbro have large variations in elemental and isotopic compositions, with 44.0–50.0 wt% SiO2, 
124–411 ppm Sr, and εNd(t) of +0.1 to +3.3. All the rocks show OIB-like or transitional OIB− /E-MORB-like 
geochemical characteristics, without noticeable Nb–Ti depletion, diagnostic of an intraplate affinity. Whole- 
rock geochemical and isotopic compositions combined with mineral compositions suggest that both basalt and 
gabbro have been generated by a plume/asthenospheric mantle (OIB-type) source mixed with enriched sub-
continental lithospheric mantle components. Partial melting of such a source in the transitional spinel-garnet 
stability field was followed by different degrees of fractional crystallization of olivine, clinopyroxene, and 
plagioclase. Our study demonstrates that roll-back of the subducting Tornquist (Eastern Ipateous ocean) oceanic 
lithosphere has been followed by plume activity, continental rifting and Paleo-Tethys opening during the Silurian 
period.   

1. Introduction 

An important query in the Earth’s sciences is how continental 
breakup is caused (e.g., Condie, 2016). Globally, rifted basins are 
characterized by up to 15 km of under-plated mafic crust and submarine 
seaward-dipping indicators, which are thick wedges of mainly volcanic 
material that thickens oceanward within the continent-ocean transition 
(Planke et al., 2000). It is assumed that the basalts are generally 
tholeiitic or/ alkaline in composition and were formed during the initial 
stages of mantle plume activity, when it impinged the oceanic crust 
(Richards et al., 1989). Otherwise, it has also been suggested that sub-
duction of a spreading center or other changes in plate boundary dy-
namics can lead to continental breakup (e.g. Bradshaw, 1989). A 

favorable tectonic setting for the petrogenesis of alkaline basalts is roll- 
back of a subducting slab, leading to back-arc extension, followed by 
plume mantle activity, rifting and continental breakup (Moghadam 
et al., 2018). 

A number of Proto-Tethys suture zones and associated orogenic belts 
have been identified and dated as Neoproterozoic, Cambrian, Ordovi-
cian and Silurian. They are known as Iapetus and are associated with the 
Cadomian-Avalonian orogenic belt in the west and the Kunlun-Qilian- 
Qinling belt belonging to the North Indo-Australia orogeny, central- 
east Asia, in the east (Fig. 1). The Cadomian-Avalonian belt extends 
from Newfoundland to northern Nova Scotia, southern New Brunswick, 
Massachusetts, Oaxaca, Iberia, France, the Alps, SE Europe, Turkey and 
to Iran. The Kunlun-Qilian-Qinling belt extends from North China, 
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possibly South China, through Tarim, Qaidam, Indochina, North 
Qiangtang, and Karakum to Iran in the northern margin of Gondwana. 
Other authors have called it the Asian-Hun Superterrane (Metcalfe, 
2021). 

The Avalonian-Cadomian Orogen formed tp the south of the Iapetus 
Ocean along the Gondwana margin. It consists of an older Proterozoic 
basement on which a convergent continental margin with a magmatic 
arc was developed (Fig. 1; Cawood et al., 2021). These major paleo-
geographic blocks are well known, but the geodynamic causes, kine-
matics, and precise timing of the transition from the Cadomian 
accretionary convergent-margin processes to rifting development 
remain open to question. On the one hand, the onset of rifting near the 
end of the Cadomian orogeny was caused by an upwelling mantle plume 
that affected the Gondwana margin at around 540 Ma (e.g., Floyd et al., 
2000; Winchester et al., 2006). On the other hand, a second model 
proposes that retreat of an oceanic plate, which was subducting beneath 
northern Gondwana until the early Ordovician, has been responsible for 
rifting (Arenas et al., 2007; Díez Fernández et al., 2012; Nance et al., 
2012). In both interpretations, the results were extension, continental 
thinning and rifting and juvenile crustal addition (Miskovic and Schal-
tegger, 2009). 

Iran represents the easternmost expression of the Avalonian- 
Cadomian Orogenic belt (Moghadam et al., 2016, 2017, Honarmand 
et al., 2018; Sepidbar et al., 2020). It is characterized by arc-related 
igneous and sedimentary successions that range in age from ca. 630 to 
500 Ma, but with most intense magmatism between 570 and 530 Ma 
(Ramezani and Tucker, 2003; Honarmand et al., 2018). Lithospheric 
extension is recorded by rift-related bimodal magmatism and sedimen-
tation during ca. 530–490 Ma, (e.g., Sepidbar et al., 2020), followed by 
rift-related alkaline magmatism and sedimentation from Ordovician 
(Derakhshi et al., 2022) to Carboniferous (Saccani et al., 2013; Stöcklin, 
1968). However, it is still unknown whether the opening of the 
Paleo-Tethys Ocean was controlled by mantle-plume, or by 
subduction-related back-arc extension. 

The Binaloud zone of northeast Iran has been considered to be a part 
of the northern margin of Gondwana, based on a robust agreement of the 
palaeomagnetic poles of Iran and Gondwana for the Late Ordovician- 
earliest Carboniferous (Muttoni et al., 2009). Previous studies have re-
ported paleontological, sedimentological (Jamshidipour, 2022), and 
geochemical data. The few reported 40Ar/39Ar ages of hornblende from 
the volcanic rocks in the Binaloud zone indicate a Middle Permian age 
for the olivine cumulate rocks (Topuz et al., 2018). By contrast, there are 
only rare data for the Silurian magmatism. To fill this gap and to place 
new constraints on the composition, age and geodynamic setting of 
magmatism during the Early Paleozoic, we report in this study new 
whole-rock major and trace element compositions, Sr–Nd isotope data, 
and zircon U–Pb ages for a variety of rock types from the Paleozoic 
units of the Binaloud zone. The timing and tectonic environment of the 
mantle plume activity, as well as the understanding of the corresponding 
tectonic implications about the breakup of Gondwana and the opening 
of the Paleo-Tethys Ocean are major issues, and remain unclear. In this 
paper, we demonstrate that although the Tornquist slab roll-back and 
back-arc opening took place in the eastern part of the 
Cadomian-Avalonian orogenic belt during the Late 
Neoproterozoic-Early Cambrian, both the Binaloud gabbro and basalt 
are products of mantle plume activity in a continental setting during the 
Silurian. 

2. Geological background 

The oldest rock strata in Iran consist of Late Neo-
proterozoic–Cambrian sandstone with minor carbonate and volcanic 
rocks, which are unconformably overlying a granitic basement. On the 
basis of fossils and regional correlations, this ~1 km thick basal 
sequence, which includes the Kahar, Bayandor, Soltanieh, Barut, and 
Lalun formations, is overlain conformably by an incomplete up to 3 km 
thick Paleozoic succession consisting of carbonate and clastic rocks 
(Figs. 3 and 4; Stöcklin, 1968). Scattered Paleozoic rock successions 

Tornquist Ocean

 (Eastern branch of Iapetus Ocean)

Fig. 1. (A) Map of Gondwana at ca. 500 Ma showing cratonic blocks and interior and peripheral orogens. The absolute and relative positions of most blocks within 
the peripheral orogens are poorly constrained and positions depicted on this diagram are indicative only. (B) Paleogeographic plate model at 470 Ma showing the 
general situation along the Gondwanan margin (right side). The different perspective on the left illustrates the relationships between Laurentia, Baltica, Gondwana 
and the intervening Rheic and Iapetus oceans (from Domeier 2016, 2017). Abbreviations: Afg – Afghanistan; C – Cortis; Car – Carolina; CC – Cuyania and Chilenia; Fl 
– Florida; IC – Indochina; HM – Himalayas; Mad – Madagascar; Oax – Oaxaquia; SF – San Francisco; Tas – Tasmania; WDF – Western Deformational Front; Y 
– Yucatan. 

F. Sepidbar et al.                                                                                                                                                                                                                                



LITHOS 450–451 (2023) 107191

3

provide an insight in a transect across the Cadomian active margin, 
which comprise mafic and felsic igneous rocks and associated sedi-
mentary successions. They have geochemical compositions consistent 
with an extensional, rifted basin environment. Their deposition most 
likely occurred in a poorly developed, limited, and irregularly subsiding 
passive-margin (Moghadam et al., 2017). Paleozoic successions are 
documented in the Shotori Mountains (Ashouri, 2002), Djam region 
(Alavi-Naini, 1972), Torud area (Hushmandzadeh et al., 1978), Shir-
gesht area (Ghasemi and Derakhshi, 2008), Gorgan Schists (Ghavi-
del-Syook, 2008), Kuh-e-Kharbash basalts (Mehdizadeh Shahri, 2008), 
Abyane-Soh area (Ayati et al., 2011), Soltan Maidan Basalts (Derakh-
shi and Ghasemi, 2015, Derakhshi et al., 2017), Jalal Abad mafic rocks 
(Vesali et al., 2020) and Maku area (Valinasab Zarnagh et al., 2021) (see 
red stars in Fig. 2A). 

An incomplete and spatially variable Silurian–Carboniferous section 
across Iran suggests periods of non-deposition and erosion (e.g., Wendt 
et al., 2005). In spite of lithological and lithostratigraphic similarities, 
Paleozoic clastic units and igneous rocks in northern Iran (Alborz 
Mountain Ranges and Kopeh Dagh) and central Iran have different 
names (Fig. 3). For northern Iran, these include the late Ordovician Qelli 
Formation, and the early Devonian Soltan Meidan basalts and the 
Padeha Formation (Wendt et al., 2005). The central Iran clastic units 
include the Early Ordovician Shirgesht, the Silurian Niur and the Early 
Devonian Padeha formations (Fig. 3). 

Ediacaran to Late Paleozoic magmatic-sedimentary sequences (>4 
km thick) in northern Iran are exposed over >600 km along the Alborz 
Mountain Ranges, from Zanjan in the west to Binaloud in the east 
(Fig. 2A–B). The Alborz Mountain Ranges was part of the southern 
passive margin of Gondwana (e.g., Wendt et al., 2005; Ghavidel-Syooki, 
2008; Moghadam et al., 2017) and was accreted to Eurasia as the result 
of the closure of the Paleotethys in Late Triassic (Berberian and King, 
1981. Further east, the eastern Alborz magmatic-sedimentary succes-
sions merge with their equivalents in the Kopet Dagh zone, which have 
the same ages, but correspond to different depositional environments 
(Berberian and King, 1981). 

The Binaloud zone is a linear, nearly NW–oriented magmatic- 
sedimentary belt (Fig. 4). It is located at the east of the Alborz Moun-
tain Ranges and west of the Paropamisus Mountains in northern 
Afghanistan, south of Mashhad-Quchan and north of Neyshabur- 
Sabzevar. This zone represents a gradual transition of the Alborz and 
Central Iranian zones, between the Turan block of Laurasia in the 
northeast and the Central Iranian microcontinent in the southwest, that 
developed during the Cimmerian and Alpine orogenies (Stöcklin, 1968). 
It dominantly comprises Paleozoic volcano-sedimentary successions 
that formed after the Cadomian Orogeny at 500–480 Ma (e.g., Topuz 
et al., 2018). Some of the volcano-sedimentary sequences preserve a 
diversity of volcanic rocks of different ages that provide useful infor-
mation on their geotectonic settings and thus on the geologically plau-
sible tectonic evolution of the area in the eastern margin of the 
Avalonian-Cadomian Orogenic belt (Moghadam et al., 2017; Fig. 1C). 

2.1. Local geology and field observations 

The Binaloud zone comprises large volumes of up to 1200 m thick 
basaltic lava flows along with interlayered coarse- and fine-grained 
gabbroic rocks that are exposed in the tuff, agglomerate, sandy lime-
stone and sandstone (Fig. 4). They are accompanied by a few 10 to 20 cm 
thin sedimentary interlayers of shale, siltstone, sandstone and 
conglomerate. This complex is composed of both subaerial and subma-
rine environments (Topuz et al., 2018). The contacts between the 
studied magmatic and metasedimentary rocks are sharp (Fig. 5A). The 
best preserved and most complete outcrop of the Binaloud zone occurs 
in the Buzhan and Baghroud regions, where the studied mafic rocks are 
gray to dark green and fine- to medium-grained with no or only a very 
weak foliation. The study area includes Paleozoic, Mesozoic and Ceno-
zoic rocks. There are no exposures of Early Ordovician strata of the Qelli 

formation, which is consistent with periods of non-deposition and 
erosion in this region (e.g., Wendt et al., 2005). The Late Ordovician- 
Silurian strata are characterized by abundant sandstone, carbonate 
and shale that are overlain and intruded by abundant massive and pillow 
basaltic and gabbroic rocks. These igneous rocks are interpreted as 
equivalents of the Late Ordovician–Silurian Soltan–Meidan Formation 
(Aharipour et al., 2009; Figs. 3 and 4). 

The Paleozoic units of the Binaloud Zone (Fig. 4) are composed of 
Early Cambrian, slightly metamorphosed sedimentary rocks (Mila for-
mation) along with Silurian-Devonian sedimentary rocks (the 300 m 
thick Padeha, the Sibzar, and the 200 m thick Bahram formations), 
Silurian volcanic rocks interlayered with fine- and coarse-grained gab-
bro, agglomerate, tuff, and several Devonian mafic sills and dikes 
(Figs. 4 and 5A–C). The relatively continuous and alternating outcrops 
of the basaltic and fine- and coarse-grained subvolcanic gabbroic rocks 
can be traced over a length of about 40 km along the Binaloud zone 
(Fig. 5A), which constrains the roughly same ages for all these rocks. The 
original thicknesses of the volcanic and subvolcanic fine- and coarse- 
grained gabbroic successions are uncertain due to subsequent tectonic 
events, the mountainous condition of the area and also the steep slopes 
of the valleys. Our field work indicates that their present thickness 
reaches to ca. 300 m. Field relations show that unknown amounts of the 
original volcanic rocks have been eroded and weathered prior to the 
deposition of the Silurian Niur Formation. These Late Ordovician- 
Silurian strata are, along with conglomerate and siliciclastic rocks 
(~10 m) part of the base of the section (Ghavidel-Syooki et al., 2011), 
where they are juxtaposed to the Mila Formation along a faulted contact 
(Fig. 5A–B). The Niur Formation in our study area is a thin and 
discontinuous unit, consisting of thin layers of shale and sandstone 
interbedded with fossiliferous limestone. In this region, the mafic rocks 
of the Late Ordovician–Silurian of Binaloud are interpreted to be 
conformably underlain by the ~300 m thick Padeha Formation. The 
Padeha Formation preserves evidence of Devonian uplift and erosion 
followed by marine transgression (Fig. 4; Aharipour et al., 2009). This 
formation is subdivided into three members. The lowest member has a 
variable thickness up to 10 m and mainly consists of red conglomerate, 
which contains abundant pebble- to boulder–sized (3–50 cm) igneous 
and sedimentary clasts. Red siltstone, green tuff and interlayers of 
basaltic to andesitic massive and pillowed lava are also common be-
tween the conglomerate layers. Locally–derived boulders of A–type 
granite are an important clast type with an age of 441.0 ± 3.1 Ma based 
on a zircon U–Pb concordia (Moghadam et al., 2017). The intermediate 
member contains white-coloured quartz–arenite that rests on basaltic 
lava of the lowest member, where the two are clearly unconformable. 
Alternating quartz–arenite, arkosic sandstone, and greywacke with red 
shale are also common in the intermediate member. The upper member 
is characterized by carbonate layers and fine–grained siliciclastic rocks 
and red to green shale. The carbonate rocks consist of abundant 
yellowish calcrete and dolocrete. The Padeha Formation is overlain by 
the Khosh Yeylagh limestone and red sandstone. Palynological data 
yielded Late Devonian ages for both formations (Ghavidel-Syook, 2008). 

2.2. Sample description and petrography 

The Binaloud magmatic rocks are composed of dark gray coarse- and 
fine-grained gabbro, which are interlayered with mafic volcanic rocks. 
The lavas are characterized by ophitic, vitritic and porphyritic textures 
(Fig. 5D–F) and include basalt and basaltic andesite. Phenocrysts include 
plagioclase (up to 25%) and augite (up to 10%) and are set in a 
groundmass of plagioclase, augite, and Fe–Ti oxides (Fig. 5D). Relic 
olivine is also present in a few samples, but it has been mainly replaced 
by secondary minerals. Based on decreasing order of abundance, the 
Fe–Ti oxides in the investigated rocks include magnetite, ilmenite and 
titanomagnetite. Alteration is a widespread process in the studied rocks, 
so that minerals such as chlorite, calcite, epidote, quartz, albite, titanite, 
and clay minerals are common. Electron microprobe analyses (EMPA) of 
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Fig. 2. (A–B) Distribution of Neoproterozoic–Paleozoic sedimentary and igneous rocks in Iran (modified after 1/1000000 Geological Map of Iran, GSI) showing the 
location of Binaloud in the NE Iran. 
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plagioclase indicate extensive replacement of labradorite by albite (see 
next section; Fig. 6B). The fine-grained gabbro is characterized by 
microgranular (Fig. 5G) and ophitic (Fig. 5H) textures consisting of 
clinopyroxene (45–55 vol%), plagioclase (30–40 vol%), Fe–Ti oxides 
(~10 vol%), and apatite (~5 vol%), with subsidiary zircon. Clinopyr-
oxene has been partly replaced by chlorite. The coarse-grained gabbro, 
which is characterized by granular and ophitic textures (Fig. 5I), in-
cludes the same mineralogy of clinopyroxene (40–45 vol%), euhedral to 
subhedral plagioclase (50–55 vol%), Fe–Ti oxides (~5 vol%), and 
subsidiary apatite and zircon (Fig. 5I). Plagioclase is partly included in 
clinopyroxene. Clinopyroxene is partly replaced by amphibole and 
chlorite, except for some samples, in which clinopyroxene is present as 
inclusions within secondary minerals. 

3. Analytical methods 

Compositions of clinopyroxene and plagioclase were determined at 
the Wuhan Technology University of China (WTU), Wuhan, using a 
JEOL JXA-8230 electron microprobe. The accelerating voltage was ~30 
kV and the beam current was 10− 5 ~ 10− 12 nA. Probe determinations 
are accurate within 0.02 wt% for Si, Al and K, 0.03 wt% for Ti, Mg, Ca 
and Na, 0.07 wt% for Fe, 0.08 wt% for Mn and 0.11 wt% for Ni. Data 
were revised using a modified ZAF (atomic number, absorption, fluo-
rescence) correction procedure. 

Whole-rock geochemical analyses for representative unaltered or 
least-altered samples were performed at the Wuhan Sample Solution 

Analytical Technology Co., Ltd., Wuhan, China, after crushing all the 
selected samples to powder of <200 mesh. Major element concentra-
tions were determined by X-ray fluorescence (XRF). The measurement 
procedure and data quality were monitored by simultaneous analyses of 
repeated samples (one in ten samples) and the standard samples 
GBW07103, GBW07105, GBW07110, GBW07111, and GBW07112. The 
analytical uncertainties are generally <1% for most major elements. 
Trace element (including rare earth element) concentrations were 
determined by an Agilent 7700e ICP-MS. The compositions of repeated 
samples (one in ten samples) and the reference materials AGV-2, BHVO- 
2, BCR-2, and RGM-2 were also analyzed to monitor the data quality. 
The analytical uncertainties are better than 5% for most trace elements. 
The detailed analytical procedures are the same as those described by 
Liu et al. (2008). 

Strontium–Neodymium isotopic compositions were analyzed by a 
multiple collector inductively coupled plasma mass spectrometry 
(Neptune Plus MC-ICP-MS) at the Wuhan Sample Solution Analytical 
Technology Co., Ltd., Wuhan, China. Details of the analytical procedures 
are given in Lin and Fraser (2003). The measured Sr and Nd isotope 
ratios were normalized to 88Sr/86Sr = 8.375209 and 146Nd/144Nd =
0.7219, respectively. During the analyses, the BCR-2 standard yielded a 
87Sr/86Sr ratio of 0.705007 ± 10 (2σ) and a 146Nd/144Nd ratio of 
0.512642 ± 7 (2σ), which were identical within an error to the previ-
ously reported values. 

U–Pb dating and trace element analyses of zircon were conducted 
synchronously by LA-ICP-MS at the Key Laboratory for the study of 

Period Alborz-Kopet Dagh Central Iran Zagros

Early

Triassic

Permian

Carboniferous

Devonian

Silurian

Ordovician

Late

Early Cambrian

Late Neoproterozoic

Shemshak Fm.
Shale, sandstone, limestone

Miankuhi Fm

Sina Fm
Elika Fm

Sefid Kuh Fm
Gharagheitan F

Shotory Fm.
Dolomite

Surkh Shale Fm.
Shale

Dashtak Fm., anhydrite, shale

Kangan Fm., limestone, shale

Shemshak Fm
Shale, sandstone, coal Neyriz Fm., dolomite, shale

Nesen Fm. Lmst
Ruteh Fm. Lmst

Dorud Fm. Lmst

Jamal Fm., Limestone, dolomite

Qezelqaleh Fm.
sandstone, Lmst

Mobarak Fm. limestone shale

Sardar 2

Sardar 1

Shishtu Fm.2

Khosh Yeilagh Fm.
Sandstone,shale, limestone

Padeha Fm., dolomite, sandstone

Mush shale
Shishtu Fm.1, shale, Lmst
Bahram Fm., limestone

Sibzar Fm., dolomite
Padeha Fm., sandstone, dolomite

Zakeen Fm.,
sandstone

Soltan Meidan
Basalts Binaloud Basalt Niur Fm., limestone, dolomite Sareh Chahun Fm., 

shale
Qelli Fm., Sandstone,

 shale, andes
Sampling recrd Shirgesht Fm.

Lmst, shale

Siyahu Fm.
limestone, shale

Zard Kuh Fm,shale
Mila Fm., dolomite, 
shale, sandstone

Derenjal, shale
Kalshaneh, sandstone Mila F., sandstone, shale, dolomite

Lalun Fm. Sandstone
Rizu & Dezu Fm., sandstone, BIF

Lalun Fm., sandstone
Zagun Fm., shale

Barut Fm., shale, dolomite
Soltanieh Fm., DolomiteAcidic magmatism

Taknar Fm.,MoradFm., TashkFm Hormoz Series

Active continental 

Northern Gondwana

Paleotethys rifting

Paleotethys subduction
initiation

Neotethys rifting

Paleotethys closure 
and post-collisional

Dalan Fm.,carbonate,anhydrite

Faraghan Fm., sandstone

magmatism

magmatism at 

Fig. 3. Stratigraphic chart of Iran for Eastern Alborz, central Iran and Zagros zones from Neoproterozoic to Jurassic (Modified after Moghadam et al., 2017).  
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focused Magmatism and Giant ore Deposits, MNR. Xi’an Center of 
Geological Survey (CGS). Laser sampling was performed using a GeoLas 
Pro. An Agilent 7700× ICP-MS instrument was used to acquire ion- 
signal intensities. Helium was applied as a carrier gas. Argon was used 
as the make-up gas and mixed with the carrier gas via a T-connector 
before entering the ICP. Each analysis incorporated a background 
acquisition of approximately10 s (gas blank) followed by 40 s data 
acquisition from the sample. The Agilent Chemstation was utilized for 
the acquisition of each individual analysis. Off-line selection and inte-
gration of background and analyte signals, and time-drift correction and 
quantitative calibration for trace element analyses and U–Pb dating 
were performed by Glitter 4.4. Details of the instrumental conditions 
and data acquisition procedures are similar to those described by Li et al. 
(2015). Zircon 91,500 and GJ–1 were used as external calibration 
standards and the standard silicate glass NIST 610 was used to optimize 
the machine. Time-dependent drifts of U-Th-Pb isotopic ratios were 
corrected using a linear interpolation (with time). Uncertainty of 
preferred values for the external standard 91,500 was propagated to the 
ultimate results of the samples. Concordia diagrams and weighted mean 
calculations were made using Isoplot/Ex_ver 3 (Ludwig, 2003). Trace 
element compositions of zircons were calibrated against reference ma-
terials (NIST610) combined with Si as internal standardization. The 
preferred values of element concentrations for the NIST reference 
glasses are from the GeoReM database (http://georem.mpch-mainz. 
gwdg.de/). 

4. Results 

4.1. Mineral compositions 

Mineral chemistry of representative clinopyroxene and plagioclase 
from fine- to coarse-grained gabbro and basalt samples are given in the 
Supplementary Table S1 and are plotted in the Wo–En–Fs (Fig. 6A) and 
An–Ab– Or (Fig. 6B) ternary diagrams, respectively. 

The analyzed clinopyroxene grains are dominantly augite with minor 
diopside (Wo42–44En36–39Fs16–21 and Wo41–45En28–38Fs16–29 in the fine- 
and coarse-grained gabbro, respectively; Fig. 6A). Clinopyroxene of the 
fine-grained gabbro is characterized by SiO2 concentrations of 49.6 to 
51.3 wt%, TiO2 from 1.5 to 2.5 wt%, Al2O3 from 2.6 to 3.5 wt%, FeOT 
from 10.5 to 11.6 wt%, MgO from 12.5 to 13.3 wt%, CaO from 19.5 to 
20.5 wt%, and Na2O from 0.4 to 0.7 wt%), with Mg# (100 Mg/Mg + Fe) 
molar) ranging from 64.3 to 67.3. Clinopyroxene of the coarse-grained 
gabbro has a limited range of SiO2 concentrations (49.5–51.3 wt%), 
similar CaO (19.5–21.1 wt%), lower TiO2 (0.6–1.2 wt%), Al2O3 (1.2–3.1 
wt%), MgO (9.8–13.3 wt%) (Mg# = 61.0–64), and Na2O (0.25–0.82 wt 
%), and higher FeOT (10.5–16.3 wt%) concentrations compared with 
those of the fine-grained gabbro. Clinopyroxene grains from the coarse- 
grained gabbro have reverse compositional zoning, characterized by 
decreasing MgO concentrations, and Mg# from core to rim (Fig. 6C; 
Supplementary Table S1). By contrast, clinopyroxene from the fine- 
grained gabbro has generally normal compositional zoning with 
decreasing MgO concentrations and Mg# from core to rim (Fig. 6D; 
Supplementary Table S1). 

Clinopyroxene from basalt is mainly augite (Wo34–45En38–50Fs6–23) 
and characterized by SiO2 concentrations of 51.1 to 53.3 wt%, TiO2 from 
0.22 to 1.04 wt%, Al2O3 from 1.1 to 2.7 wt%, FeOT from 4 to 15 wt%, 

Precambrian Soltanieh Dolomite :  Metamorphosed dolomite

Precambrian Lalun Sandstone : Metamorphosed quartzitic red sandstone

Cambrian Mila Formation : Metamorphosed dolomite and recrystallized limestone with brachiopode and trilobite

Silurian-Devonian sandstone, quartzitic sandy limestone, marly limestone, sandy quartzite, quartzite, 
white silty shale, calcareous black siltstone

Silurian-Devonian basalt, latite basalt, alkali basalt, trachy basalt, fine and coarse grained gabbro

Devonian Bahram Formation : Brachiopode bearing limestone, red and brown dolomite

Late Triassic Mayan series : phyllite, schist, black shale with gray sandstone and limestone

Early Jurassic Shemshak Formation : black shale, sandstone with coal seams 
Middel Jurassic Dalichay Formation : gray marl interbedded with light gray limestone

Late Jurassic Lar Formation : gray to brown thick bedded intrabiomicrosparite
Cretaceous gray wellbedded to massive limestone with Orbitolina and Brachiopods

Eocene : conglomerate, sandstone, marl, shale, volcanoclastic, andesite 

Oligocene : pink tuff, lapilli tuff, agglomerate, andesite, andesitic basalt  
Miocene : marl, sandy marl, sandstone, siltstone, conglomerate, gybsum lenses 

Quaternary : old and younger terrace, gravel fans, recent alluvium, clay 

8
11
13 1

Bz-2-4
Bz2-2
Bz-2-1

Bz-10-2
10-

210 11
 Kh-21-221-1

21-8

21-3 21-7
21-9 21-12

  G-1-3,G-1-4
1-5 1-3

2-1 2-2 2-6
3-1 3-2 3-4 3-6

Fig. 4. Geological map Binaloud region (modified after Geological map of Mashhad and Neyshabour, GSI) showing the sedimentary and igneous units relationships 
and sampling units. 
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MgO from 13.4 to 17.8 wt%, CaO from 19.69 to 21.12 wt%, and Na2O 
from 0.41 to 0.61 wt%, with Mg# ranging from 61 to 88. 

The composition of Binaloud basalt, fine- and coarse-grained gabro 
clinopyroxene also indicates an alkaline affinity of their parental melts 
(Fig. 6E). Clinopyroxene is also an important mineral for identifying 
tectonic settings. On the F1 vs. F2 diagram, the samples of this study 
indicate an intracontinental environment (Supplementary Table S1; 
Fig. 6F). 

Plagioclase from the coarse-grained gabbro has anorthite composi-
tions ranging from 43 to 65, and plot in the labradorite field (Fig. 6B; 
Supplementary Table S2b), with SiO2, Al2O3, CaO and Na2O in the range 
of 51.3 to 55.3 wt%, 25.7 to 29.9 wt% and 9.2 to 13.5 wt% and 3.2 to 
5.5 wt%, respectively. One analysis of a plagioclase rim yielded lower 
An concentrations (43), and plots within the andesine field (Fig. 6B). 
Fresh plagioclase in basalt is characterized by the same composition as 
those in coarse-grained gabbro. It is characterized by labradorite 
composition with SiO2, Al2O3, CaO and Na2O in range of 51.4 to 54.1 wt 
%, 28.0 to 29.6 wt% and 11.7 to 13.0 wt% 4.3 to 4.8 wt%, respectively. 
Conversely, altered plagioclase has a more sodic composition (An con-
tents up to 3) and plots in the albite field (Fig. 6B). 

4.2. Major and trace element whole-rcok compositions 

Major and trace element compositions of the studied Binaloud basalt 
are given in the Supplementary Table S2. All of the analyzed samples 

exhibit narrow compositional ranges. SiO2 contents of basalt ranges 
from 44.0 to 49 wt%, TiO2 from 1.9 to 4.3 wt%, Al2O3 from 12 to 17 wt 
%, Fe2O3 from 13.3 to 18.9 wt%, MgO from 3.5 to 8.7 wt%, Na2O from 
2.6 to 5.2 wt%, K2O from 0.2 to 1.9 wt%, and Mg# from 30 to 60 with 
mean at 41. In Zr/TiO2 vs. Nb/Y (Winchester and Floyd, 1977) and TiO2 
vs. Nb/Y diagrams (Fig. 7A, B), the sample data fall in the field of 
alkaline basalt. Their Cr and Ni concentrations range from 10 to 110 
ppm and from 21 to 191 ppm, respectively. All the samples are enriched 
in Nb (21–53 ppm) and Ta (1.3–3.3 ppm) and have an enrichment in 
large ion lithophile elements (LILEs; e.g., Cs, Ba) and high-field strength 
elements (HFSEs; e.g., Nb), and negative Yb anomalies in the primitive 
mantle-normalized trace-element spider diagram (Fig. 8B). Overall, the 
total REE concentrations and trace element patterns of the basalt, 
together with those of other early Paleozoic alkaline rocks throughout 
Iran, are similar to those of intraplate extensional basin OIBs (Sun and 
McDonough, 1989; Fig. 8A). Total REE contents (ΣREEs) of the samples 
vary from 94 to 282 ppm, with a mean of 175 ppm, which is slightly 
lower than the average OIB value (199 ppm; Sun and McDonough, 
1989). In the chondrite-normalized REE diagram (Fig. 8A), the basalt 
samples exhibit an enrichment in light REEs (LREEs), with (La/Yb)N 
ratios of 4.1–19.9 (mean of 8.9) and Eu/Eu* ratios of 0.8 to 1.2 (mean of 
1.03). 

The fine-grained gabbro has concentrations of SiO2 of 47.8 to 48.9 wt 
%, MgO of 3.7 to 5.6 wt%, CaO of 5.3 to 6.5 wt%, TiO2 of 2.6 to 2.8 wt%, 
and P2O5 of 0.3 to 0.6 wt%, with Mg# of 30 to 33. The coarse-grained 

Fig. 5. (A–C) Field photos showing occurrences of (A) microgabbro and basalts with faulted contact with Mila formation; (B) Coarse-grained gabbro and meta-
sedimentary rocks of Mila formation; (C) Basalts conformably covered with Devonian limestone of Bahram formation in the Binaloud zone. (D–I) Photomicrographs 
of gabbro and basalts in the Binaloud zone. (D) Phenocrysts of plagioclase and augite in porphyritic Basalt (cross-polarized light); (E) Subophitic texture of basalt 
(cross-polarized light); (F) Microcrystalline and vitric basalt (cross-polarized light); (G) Microgranular texture of fine-grained gabbro (cross-polarized light); (H) Fine- 
grained gabbro with subophitic texture (cross-polarized light); (I) Coarse-grained gabbro with granular, ophitic and poikilitic textures. Cpx: clinopyroxene; Plg: 
plagioclase. 
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gabbro is characterized by concentrations of SiO2 of 48.5 to 52.6 wt%, 
MgO of 2.2 to 3.6 wt%, CaO of 4.2 to 6.5 wt%, TiO2 of 1.8 to 2.8 wt%, 
and P2O5 of 0.28 to 0.65 wt%, with Mg# of 34 to 49. Both coarse- and 
fine-grained gabbros are characterized by Cr and Ni concentrations of 
14.7 to 60.5 ppm and from 11.5 to 88 ppm, respectively, and an 
enrichement in Nb (23.7–52.7 ppm) and Ta (1.5–3.3 ppm). 

In the Zr/TiO2 vs. Nb/Y (Winchester and Floyd, 1977) and TiO2 vs. 
Nb/Y (Fig. 7B) diagrams, coarse- and fine-grained gabbros plot in the 
alkaline basalt fields, respectively. Total REE concentrations (ΣREEs) 

vary from 82 to 287 ppm, with a mean of 160 ppm, which is slightly 
lower than the average OIB value (199 ppm; Sun and McDonough, 
1989). The gabbro is also enriched in LREEs, with (La/Yb)N ratios of 
3.8–8.9 (mean of 6.5) and Eu/Eu* ratios of 0.9 to 1.1 (mean of 1.00) and 
an absence of negative Eu anomalies (Fig. 8C). In the primitive mantle- 
normalized trace-element spider diagram (Fig. 8D), the studied gabbro 
displays an enrichment in LILEs and HFSEs, and positive U and Yb 
anomalies. Overall, the trace element patterns of the gabbro have 
transitional trace element characteristics between OIBs and enriched 

 Hedenbergite

Fig. 6. Ternary classification diagrams for (A) Ca-Mg-Fe pyroxenes (Rock, 1990) and (B) feldspars (Smith and Brown, 1988); (C) representative clinopyroxene grain 
in the Coarse-grained gabbro sample and its compositional variations; (D) representative clinopyroxene grains in the fine-grained gabbro sample and their 
compositional variations. F1 = (− 0.012 * SiO2) - (0.0807 * TiO2) + (0.0026 * Al2O3) - (0.0012 * FeOt) - (0.0026 * MnO) + (0.0087 * MgO) - (0.0128 * CaO) - (0.0419 
* Na2O); F2 = (− 0.0469 * SiO2) - (0.0818 * TiO2) + (0.0212 * Al2O3) - (0.0041 * FeOt) - (0.1435 * MnO) + (0.0029 * MgO) - (0.0085 * CaO) - (0.016 * Na2O). Cpx =
clinopyroxene; Pl = plagioclase. 
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mid-ocean ridge basalts (E-MORBs; Sun and McDonough, 1989; 
Fig. 8D). 

4.3. Strontium and neodymium isotopes 

Strontium and neodymium isotope abundances and ratios of the 
Binaloud rocks are given in the Supplementary Table S3. All initial 
isotope ratios, on the basis of the obtained ages of this study (see Section 
4.4), are corrected. The studied basalt samples of Binaloud have initial 
87Sr/86Sr ratios ranging from 0.70501 to 0.70570, except one sample 

with more a radiogenic value of 0.70911, 143Nd/144Nd ranging from 
0.51209 to 0.51225 and εNd = +0.1 to +3.2 (Fig. 9; Supplementary 
Table S3). The Binaloud fine- and coarse-grained gabbro has relatively 
uniform Sr and Nd isotopic compositions, with initial 87Sr/86Sr ratios of 
0.70717–0.70727, εNd(t) of +1.2 to +1.8, and depleted mantle Nd 
model ages (TDM) ranging from 1.1 to 1.5 Ga. The Nd and Sr isotopic 
compositions of the Binaloud basalt are similar to those of rocks from 
Soltan Meidan, Alborz (87Sr/86Sr of 0.704138 to 0.706733,143Nd/144Nd 
of 0.512440 to 0.512746, 87Sr/86Srinitial = 0.704062–0.705697, 
143Nd/144Ndinitial = 0.512064–0.512315, εNd(t) = − 3.86 to +2.10; 

2

Fig. 7. (A) Zr/TiO2 versus Nb/Y (Winchester and Floyd, 1977) and (B) TiO2 versus Nb/Y diagrams (Winchester and Floyd, 1976). Data sources for Early Paleozoic 
mafic rocks comr from in the NE (Soltan Meidan: Derakhshi et al., 2017), NW (Maku: Valinasab Zarnagh et al., 2021), central (Bafq: Niktabar and Rashidnejad 
Omran, 2016; Ardakan: Nouri et al., 2022), SE (Zarand: Vesali et al., 2020). 

Fig. 8. (A and C) Chondrite-normalized REE patterns of basalt and gabbro samples respectively, and (B and D) primitive mantle-normalized trace element spider 
diagrams of same rocks. Chondrite and primitive mantle normalized values are from Sun and McDonough (1989). Data sources as same with Fig. 7. 
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Derakhshi et al., 2017), and the mafic rocks of Zarand, SE Iran 
(87Sr/86Srinitial = 0.704138–0.706733, 143Nd/144Ndinitial = 0.5124 to 
0.5126 with εNd(i) ranging from − 1.43 to +1.50; Vesali et al., 2020). 
However, the related gabbro is characterized by more radiogenic 
87Sr/86Srinitial ratios with respect to the Binaloud, Soltan Meidan and 
Zarand basalt (Fig. 9). 

4.4. Geochronology 

One coarse-grained gabbro sample (Gb-2-1) and one fine-grained 
gabbro sample were selected for LA-ICP-MS U–Pb zircon dating, and 
the results are presented in the Supplementary Table S4 and plotted on 
the concordia diagram (Fig. 10). Representative cathodoluminescence 
(CL) images are shown in Fig. 10a. The zircon grains are mostly semi- 
transparent, euhedral to subhedral, and have short prismatic shapes, 

with a crystal length to width ratio of 1:1 to 3: 1. Most zircons grain show 
oscillatory zoning in CL images (Fig. 10), consistent with the typical 
characteristic of igneous zircons of mafic rocks (Rubatto and Gebauer, 
2000). Sixteen analyses from the coarse-grained gabbro were obtained 
from 16 grains, which have variable U (452–3592 ppm) and Th 
(474–7951 ppm) concentrations, with high Th/U ratios of 0.8–4.2. Six 
analyses yielded high U (1399–3592 ppm), Th (1976–7951 ppm) con-
centrations, with high Th/U ratios of 0.9–4.2 and older 206Pb/238U ages 
ranging from 480 to 452 Ma, inherited from older lithologies during 
magma ascent. The remaining ten analyses yielded lower U (459–1751 
ppm), Th (471–3002 ppm) concentrations, with lower Th/U ratios of 
0.8–2.7 with 206Pb/238U ages between 440 and 431 Ma, with a weighted 
mean age of 435.0 ± 4.5 Ma (MSWD = 2.3; Fig. 10A). It is interpreted as 
the magma crystallization age of the coarse-grained gabbro in this study. 
Six analyses from the fine-grained gabbro have variable U (985–1652 
ppm) and Th (965–2017 ppm) concentrations, with high Th/U ratios of 
0.9–1.8. The analyses yielded 206Pb/238U ages between 451 and 472 Ma, 
with a weighted mean age of 461.8 ± 8.2 Ma (MSWD = 3.5; Fig. 10B) 
and is interpreted as the magma crystallization age of the fine-grained 
gabbro in this study. 

5. Discussion 

During the Early Paleozoic, the Alborz and Central Iran blocks were 
rifted from the northern margin of the Gondwana supercontinent, which 
was adjacent to what are presently Asiatic Hunic terrains. At ~520–404 
Ma (Early Cambrian to Early Devonian), igneous activity related to the 
opening of Paleotethys took place in the NE (Soltan Meidan: Derakhshi 
et al., 2017), NW (Maku: Valinasab Zarnagh et al., 2021), central (Bafq: 
Niktabar and Rashidnejad Omran, 2016; Ardakan: Nouri et al., 2022), 
SE (Zarand: Vesali et al., 2020) and south (salt domes of the high Zagros; 
Taghipour et al., 2008) of Iran, and record early to late stages of the 
continental break up that resulted in the opening of the Paleotethys 
(Moghadam et al., 2015). In this discussion, we consider three aspects of 
the Early Paleozoic magmatism: (1) petrogenesis of magmatic rocks in 
the Binaloud zone, (2) implications for Early Paleozoic alkaline 
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Fig. 9. εNd(t) versus ISr diagram. Data sources in N-MORB, OIB- and E-MORB- 
like rocks from Safonova et al., 2016. Data sources as same with Fig. 7. 

Fig. 10. (A) Cathodoluminescence (CL) images of zircon grains and (B) U–Pb concordia diagrams for the coarse-grained gabbro and corresponding U–Pb ages.  
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magmatism in Iran, and (3) geodynamic implications for the formation 
of the Binaloud igneous rocks. 

5.1. Petrogenesis of magmatic rocks in the Binaloud zone 

The Binaloud magmatic rocks comprise basalt, fine- and coarse- 
grained gabbro (~461–435 Ma), which have geochemical characteris-
tics resembling alkaline magmatic rocks. The Binaloud alkaline 
magmatic rocks are characterized by low concentrations of SiO2 
(43.8–52.6 wt%; Supplementary Table S2), indicating that they were 
derived dominantly from a mantle source. However, the concentrations 
of MgO (2.1–8.7 wt%), Mg# (14–43), Cr (10-80 ppm), and Ni (11–191 
ppm) (Supplementary Table S2) are significantly lower than in primitive 
basaltic lavas (MgO = 8–11 wt%, Mg# = 63–71, Cr = 266–575 ppm, and 
Ni = 85–245 ppm) (Kelemen et al., 2007), suggesting that they were 
formed from melts, which have experienced fractionation of mafic 
minerals (e.g., olivine and clinopyroxene). The low values of Mg# 
(40–67) in clinopyroxene from the coarse- and fine-grained gabbro also 
confirm this explanation. Plagioclase from a coarse-grained gabbro 
displays a low portion of anorthite (41–64) (Supplementary Table S1b), 
in particular, in rims (Fig. 6B), suggesting fractional crystallization of 
plagioclase. Most of the Binaloud basalt and gabbro have low Mg#, 
identical to other Ordovician-Silurian basalts of the eastern Alborz (e.g., 
Soltan Meidan; Derakhshi et al., 2017) and southeast of Iran (Jalal Abad; 
Vesali et al., 2020), as well as low Ni (11–81 ppm) and Cr (6.4–105 ppm) 
concentrations, suggesting olivine (ol) and clinopyroxene (cpx) frac-
tionational crystallization. Major and trace element data (e.g. CaO/ 

Al2O3 ratios and Al2O3, Ni and Cr) vs. MgO also show clear trends 
against typical indices of fractionation (Supplementary Fig. S1), which is 
supported by olivine, clinopyroxene and plagioclase phenocrysts being 
present in the rocks (Fram et al., 1997). Inverse relationships between 
CaO/Al2O3 vs. MgO (Supplementary Fig. S1) indicate a trend towards 
pyroxene and plagioclase fractionation (Supplementary Fig. S1). How-
ever, there is very little variation in Al2O3 concentrations between 
samples, indicating that feldspar fractionation was not important. 
Because the compositional trends between basalt and gabbro are similar 
(Supplementary Fig. S1 and Fig. 11), the compositional similarity among 
these groups can be attributed to the same fractionation process. 

The coarse- and fine-grained gabbros from Binaloud have lower 
MgO, Mg# and SiO2 than the basalt samples (Supplementary Table S2). 
Clinopyroxene from both coarse- and fine-grained gabbro also have 
lower MgO and Mg# than those in the basalt samples (Supplementary 
Table S1). Thus, it is possible that the coarse- and fine-grained gabbro 
could be the products directly evolved from the same basaltic melts. This 
inference is also supported by isotopic evidence, because the Nd isotopic 
compositions are similar in the gabbro and basalt samples. However, 
some samples have higher Sr isotopic ratios, which are attributed to 
interaction with seawater or some other alteration process (Supple-
mentary Table S3; Fig. 9). It is obvious that the coarse- and fine-grained 
gabbro could have experienced stronger fractional crystallization pro-
cesses, but the basalt samples may have been sourced by more isotopi-
cally depleted components with mixing between mantle and crust 
derived rocks. 

Most studied samples in the Binaloud zone, including alkaline basalt, 

Fig. 11. Plots of (A–E) Nb/Th, Nb/La, Ta/Sm, ISr and εNd(t) versus MgO; (F) Nb/Th versus ISr; (G) Ta/Th versus εNd(t); (HI) P2O5 versus Ba/Zr and. (I) Zr/Sm 
versus Hf/Sm Pversus MgO] as in Fig. 6. 
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fine- and coarse-grained gabbros exhibit OIB-type and E-MORB 
geochemical features (Fig. 8), in agreement with their pyroxene chem-
istry (Fig. 6E,F), which are different from arc volcanic rocks, and N- 
MORB. Such signatures are consistent with plume-related oceanic ba-
salts or continental flood basalts (Hofmann, 1997). Fitton et al. (1997) 
have proposed the ΔNb approach [ΔNb = 1.74 + log (Nb/Y) − 1.92log 
(Zr/Y)] for identifying the mantle source of mafic rocks. Mafic magmas 
derived from plume-type mantle sources have ΔNb > 0, whereas 
magmas derived from depleted mantle and the crust show ΔNb < 0. 
Almost all the Binaloud gabbro and basaltic rocks having OIB affinity 
show positive ΔNb values, indicating a plume geochemical signature. 
Moreover, when plotted in Fig. 12b, all samples from the Binaloud lie on 
the line of typical OIB compositions (Sun and McDonough, 1989). Most 
studied samples in the Binaloud zone, including basalt, fine- and 
coarse-grained gabbros, exhibit present-day E-MORB and OIB-type 
geochemical features (Figs. 8 and 12), which are different from arc 
volcanic rocks, and N-MORB. In the traditional discrimination diagrams, 
e.g., Ti–V diagram of Shervais (1982), and Zr-Zr/Y diagram of Pearce 
and Norry (1979), all samples plot in the E-MORB and OIB or 
within-plate basalt (WPB) fields (Fig. 13A–B). Such signatures are 
consistent with hot spot or plume-related oceanic island basalts or 
continental flood basalts (Hofmann, 1997; Condie, 2001). They also 
show similar Sr and Nd isotopic compositions as those of the oceanic 
island mantle plume/deep mantle in the word (Zindler and Hart, 1986), 
Paleozoic OIB-like rocks and some of E-MORB like rocks in the Soltan 
Meidan basalt sections of the Alborz and Zarand alkaline mafic rocks in 
SE Iran, as well as central parts of Indo-Australia orogenic belt, 
central-east Asia (Fig. 9), indicating that their parent magmas were 
probably derived from a comparably enriched asthenosphere/mantle 
plume. 

The systematic correlations of the elemental and isotopic composi-
tions of the basalt, and coarse- and fine-grained gabbros (Fig. 11) sug-
gest that, in addition to the mantle plume (asthenosphere melts), other 
reservoirs were also involved in their genesis. A lithospheric mantle 
and/or a continental crust could be typical contaminants during the 
evolution of mantle plume/asthenosphere-derived mafic melts (Gorring 
et al., 2003). There is no correlation between Nb/Th and MgO (Fig. 11A) 
of basaltic samples, combined with the lower MgO concentrations of 
basaltic samples and lower initial 87Sr/86Sr ratios (Fig. 11B–C). This 
agrees with insignificant crustal contamination of a basaltic magma. 
However, the fine- and coarse-grained gabbro types are characterized by 
a positive correlation between Nb/Th and MgO (Fig. 11A) and more 
enriched initial 87Sr/86Sr ratios and lower εNd(t) values (Fig. 11D–E), 
which is consistent with a higher contamination of continental crust 
with respect to basalt samples (Fig. 11A). However, the MgO concen-
trations of coarse- and fine-grained gabbroic samples are different. They 
have the same and relatively high initial 87Sr/86Sr ratios (Fig. 11D), 
which indicates the same crustal contamination. In addition, the conti-
nental crust is characterized by low Nb/U ratios, whereas the Binaloud 
basalt and gabbro have high Nb/U ratios of 13.3 to 43.5, similar to the 
range of oceanic island basalts (OIBs) and mid-ocean ridge basalts 
(MORBs; Hofmann et al., 1986). In addition, because the continental 
crust is enriched in Ba relative to Nb (Rudnick and Gao, 2014), if crustal 
contamination had occurred, Ba/Nb ratios should be positively corre-
lated with SiO2, which is not observed in our samples (Supplementary 
Table S2). Therefore, except one sample, we conclude that the crustal 
contamination was limited during the ascent of the Binaloud mafic 
magmas, in particular for the basaltic melts. 

On the other hand, the enrichment of highly incompatible elements, 
low Nb/La ratios (<2.7), high 87Sr/86Sr ratios (>0.705), and K2O +
Na2O of ~5 wt% suggest the involvement of a lithospheric component in 
the source region (Cousens et al., 2011). A higher Zr/Hf ratio in both 
basalt and gabbro in our study (39.3–47.3) relative to the OIB value (Zr/ 
Hf =35.89; Sun and McDonough, 1989) shows the involvement of 
lithospheric mantle components. As shown in Figs. 12A–C and 13A–B, 
there is clear similarity between the basalt and gabbro samples in this 

study with the Early Paleozoic OIB-type and transitional OIB− /back- 
arc-type basaltic rocks in the northeast, northwest, central and southeast 
of Iran, which are characterized by interaction of an asthenospheric 
mantle with a lithospheric melt (Derakhshi et al., 2017; Niktabar and 
Rashidnejad Omran, 2016; Saccani et al., 2013; Vesali et al., 2020). Most 
of the incompatible trace element ratios (Zr/Nb, La/Nb, and Th/La) of 
the Binaloud mafic rocks (with high MgO > 5 wt%) have remarkable 
similarities (averages of 8.0, 0.87, and 0.12, respectively) with trace 
element ratios compatibale with an EM1-OIB source (4.2–11.5, 
0.86–1.19, and 0.107–0.128, respectively (Saunders et al., 1988; 
Weaver, 1991). However, their Ba/Nb, Ba/Th and Ba/La ratios are near 
the EM2-OIB (7.3–13.3, 67–84 and 8.3–11.3, respectively) values with 

Volcanic a
rc a

rray

Fig. 12. Discrimination diagrams of (A) Th/Yb versus Nb/Yb (Pearce, 2008), 
(B) TiO2/Yb versus Nb/Yb (Macera et al., 2008, (c) Zr/Nb versus La/Nb (Pearce 
and Norry, 1979). 
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average values of 0.8, 83 and 10.1, respectively. In fact, the chemical 
signatures of the SCLM are imparted into the plume-derived melts 
through the plume-lithosphere interaction (Song et al., 2008; He et al., 
2010). Therefore, we conclude that the Binaloud basalt has been 
generated by mixing of a subcontinental lithospheric mantle (EM1/EM2 
end-member component) with a melt that originated from an astheno-
spheric mantle plume source. 

The REE compositions of mafic rocks are sensitive to the mineralogy 

of their magma sources and can be used to constrain the depth of partial 
melting and melting degrees. As shown in Fig. 14A–B, the basalt and 
coarse- and fine-grained gabbro samples, with relatively depleted 
Sr–Nd isotopic compositions (Supplementary Table S3), have not been 
significantly influenced by later addition of crustal melts during their 
genesis and could have been generated by low degrees (1–5%) of partial 
melting of a mantle peridotite in the transitional spinel-garnet stability 
field (~70–80 km; Gorring et al., 2003), according to geochemical 

Subduction influence

Plume related lavas

Fig. 13. Discrimination diagrams of (A) Ti vs. V from Shervais (1982); Zr vs. Zr/Y from Pearce and Norry (1979);(C) Ce/Pb versus La/Nb and (D) (Hf/Sm)N versus 
(Ta/La)N (La Fleche et al., 1998) for the fine-, coarse-grained gabbro and basalts in the Binaloud, northeast Iran. Data sources same as in Fig. 6. 
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Fig. 14. (A) Sm/Yb versus La/Sm diagram for 
the basalt and gabbroic rocks in this study. Batch 
melting trends come from D’Orazio et al. (2001); 
(B) Gd/Yb versus La/Yb plot. Also shown in (B) 
are nonmodal batch melting curves calculated 
for spinel lherzolite (with mode and melt mode 
of Ol0:53 + Opx0:27 + Cpx0:17 + Sp0:03 and 
Ol − 0:06 + Opx0:28 + Cpx0:67 + Sp0:11, 
respectively) (Kinzler, 1997), spinel-garnet lher-
zolite (with mode and melt mode of Ol0:559 +
Opx0:25 + Cpx0:14 + Gt0:021 + Sp0:03 and 
Ol0:05 + Opx0:05 + Cpx0:30 + Gt0:28 +

Sp0:32, respectively) (Colakoglu et al., 2012), 
and garnet lherzolite (with mode and melt mode 
of Ol0:60 + Opx0:20 + Cpx0:10 + Gt0:10 and 
Ol0:03 + Opx − 0:16 + Cpx0:88 + Gt0:09, 
respectively) (Walter, 1998). Composition of 

mantle source was assumed to be the same as those of primitive mantle (Sun and McDonough, 1989). Partition coefficients are from Mckenzie and Onions (McKenzie 
and O’Nions, 1991). The numbers on each curve (or line) correspond to degrees of partial melting.   
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modelling using batch equilibrium melting and non-modal melting 
equations. Therefore, we suggest that the Early Paleozoic gabbro and 
basalt of this study have been derived by partial melting of a spinel- 
garnet transitional facies asthenospheric mantle at a depth of ~70–80 
km, followed by different degrees of fractional crystallization of olivine, 
clinopyroxene, and plagioclase and mixing with a small component of 
crustal melts. 

5.2. Implications for Early Paleozoic alkaline magmatism in Iran 

One of the main queries related to the origin and evolution of the 
Binaloud magmatic rocks is how they can be related to other magmatic 
rock exposures of similar age elsewhere in Iran. 

Early Paleozoic igneous rocks in Iran are mainly mafic to interme-
diate in composition with subsidiary felsic intrusive rocks (A-type 
granites), and are mostly classified as within-plate (WP) magmatic rocks 
(Moghadam et al., 2015). Ordovician-Silurian alkaline gabbro associ-
ated with volcanic rocks are common in NE Iran (e.g. Soltan-Meidan 
Derakhshi et al., 2017, this study), central-SE Iran (Bafq: Niktabar and 
Rashidnejad Omran, 2016; Jalal Abad; Vesali et al., 2020) and NW Iran 
(Misho mafic complex; Saccani et al., 2013). Moghadam et al. (2017) 
identified Late Cambrian to Early Devonian ages (~492–404 Ma) in 
detrital zircon of the NE Iran. These authors believe that the age of at 
0.5–0.4 Ga records the start of Gondwana rifting and the opening of 
Paleotethys in Late Cambrian–Ordovician times. Ordovician alkaline 
gabbro associated with volcanic rocks in the Soltan–Meidan Formation, 
NE Iran, marks the early stages of rifting and Paleotethys opening 
(Moghadam et al., 2017). The andesitic and basaltic lavas of the Qelli 
Formation north of Shirooyeh village, also in the NE Iran, are slightly 
older than the Soltan–Meidan basalt. It suggests that the Paleozoic 
rift–related magmatic activities started earlier in northeastern Iran. 
However, there are no available geochemical data for them. 

Moghadam et al. (2017) published Paleozoic ages of detrital zircons, 
range from 492 Ma to 404 Ma (peak at 450 Ma) in NE Iran for the (i) 
gabbroic rocks in the Qeli formation, which has a zircon rim U–Pb ages 
of 463–465 Ma and zircon core ages of 480–470 Ma, and (ii) A–type 
granitic pebbles within the conglomerate Member 1 of the Padeha 
Formation with an Early Silurian age of 441 Ma. The zircon εHf(t) values 
of +8.2 to +2.5 from A–type granitic pebbles within Member 1 of the 
Padeha Formation reported by these authors is consistent with melts 
derived from an enriched mantle source. The sandstone and micro-
–conglomerate of the Ghelli and Padeha formations contain magmatic 
clasts similar to the gabbro, volcanic rocks and especially A–type 
granite, showing that such rocks were also exposed to the surface during 
the Early Paleozoic. Therefore, the youngest age peak of ca 450 Ma, 
along with the age of A–type granites (441 Ma) indicate that Gondwana 
rifting and Paleotethys opening probably started in the Late Ordovician. 
The gabbro samples of this study occur as intrusions, interlayered with 
mafic volcanic rocks and have a magma crystallization age of 435 ± 4.5 
Ma (Fig. 10), indicating that they formed during the Silurian. They are 
relatively enriched in Nb (25.1–52.7 ppm), Ta (1.5–3.3 ppm), and TiO2 
(2.6–2.8 wt%), and none of them show obvious Nb–Ta depletions 
(Fig. 8A–D), indicative of their affinity with intraplate extensional basin 
basaltic rocks (Wilson, 1989). They are LREE-enriched and exhibit OIB- 
like and transitional OIB/E-MORB-like geochemical characteristics in 
the Th/Yb vs. Nb/Yb diagram (Fig. 12A), with no clear subduction- 
related signatures. 

The alkaline volcanic rocks in the Soltan–Meidan Formation 
(Derakhshi et al., 2017) also have enriched isotopic compositions 
(Fig. 12), as well as low (Ce, Nd, Sr)/Pb ratios, and thus could also show 
an enriched source for the northeastern Iranian intraplate extensional 
basin rocks. They display typical incompatible-element characteristics 
of OIB volcanism, such as no depletion in Nb, Ti and an enrichment in 
LREE relative to HREE on diagrams with concentrations normalized to 
primitive mantle (Fig. 7). This feature is common for the OIB melts 
observed in the Early Paleozoic volcanic provinces of Iran (Fig. 8). The 

oldest crustal model ages for the Early Paleozoic intraplate rocks are 
~1.5Ga for NE Iran. Most of the volcanic rocks in the Soltan–Meidan 
Formation (Derakhshi et al., 2017) and Binaloud (this study) have mafic 
composition with transitional to alkaline natures (within–plate 
geochemical signature) and high concentrations of REEs, Nb and Zr, 
which indicate an origine from the partial melting of a garnet peridotite 
mantle source within a rift–related tectonic setting (Derakhshi and 
Ghasemi, 2015). 

Saccani et al. (2013) reported new petrological, geochemical and 
geochronological data from the Misho Mafic Complex (NW Iran) and 
suggested that mafic–ultramafic rocks represent an Early Carboniferous 
(356.7 Ma) magmatic event developed during the continental break-up 
of the northern edge of Gondwana, which led to the opening of Paleo- 
Tethys. Most of the volcanic rocks in the Misho Mafic Complex (Sac-
cani et al., 2013) have also mafic compositions with an alkaline nature 
(within–plate geochemical signature). This is consistent with well- 
documented Late Devonian–Early Carboniferous mantle plume activity 
to the east, along the Paleo-Tethys margins in central-eastern Asia, and 
suggests that the initial rift-drift tectonics of the Paleo-Tethys started 
later in northwestern Iran. 

Vesali et al. (2020) reported new petrological, geochemical and 
geochronological data from the Early Paleozoic Jalal Abad Mafic Com-
plex, SE Iran. Their chondrite-normalized REE and multi-element spider 
diagrams (Fig. 8), along with high 206Pb/204Pb ratios (18.46–19.83) for 
the Jalal Abad gabbro, diorite, and diabase dikes, indicate involvement 
of an OIB-like source during the formation of these rocks. Uranium–lead 
zircon ages of 425.5 ± 8.6 Ma for mafic rocks of Jalal Abad suggest that 
the extensional tectonic regime responsible for rifting and opening of the 
Paleo-Tethys occurred during the Silurian in SE Iran. The oldest Re- 
depletion ages for SE Iran are ~1.1 Ga (Vesali et al., 2020), which is 
younger than those from NE Iran. 

5.3. Tectonic implications: questions about any relationship with long- 
lived mantle plume activity 

Following the assemblage of the Gondwana supercontinent, which 
started in the Cryogenian and Ediacaran (Collins and Pisarevsky, 2005), 
Neoproterozoic–Early Cambrian Cadomian arc–type magmatism 
occurred for several thousand kilometers along the Cadomian-Avalonian 
orogenic belt (Linnemann et al., 2014; Pereira et al., 2011; Ustaömer 
et al., 2009). It is proposed that Gondwanan terranes along the 
Cadomian-Avalonian orogenic belt might have formed as back–arc ba-
sins, where sediments of Cadomian age were deposited (Nance and 
Murphy, 1994). In Late Cambrian–Early Ordovician time (ca 490–480 
Ma), after uplift, rifting and magmatism in northern Gondwana, opening 
of the Paleotethys started (Fig. 15). Further to the northeast, the Tarim, 
Afghanistan and Lhasa blocks were detached. A juvenile rift–related 
magmatism, related to the breakup of a supercontinent and opening of 
an oceanic basin also took place in Iran (basalts, A–type granites and 
alkaline gabbros), which were the main sources of the ~0.4 Ga detrital 
zircons in the sedimentary rocks (Moghadam et al., 2016). This raises 
the question about the major cause of the supercontinent breakup and 
the opening of an oceanic basin during Ordovican-Silurian, and if they 
were related to a back-arc. 

Nance et al. (2010) concluded that arc and back-arc basin activity led 
to the Early Paleozoic rifting of Gondwana at ~530 to 485 Ma, to open 
the Rheic Ocean. The Late Cambrian to Early Ordovician separation of 
the Avalonian terranes opened the Rheic Ocean, which expanded at a 
fast rate, a process linked to slab pull. This activity was simultaneous 
with, and presumably related to subduction of the Iapetus oceanic crust 
at the Laurentian margin, where it resulted in the extensive development 
of ophiolite and arc sequences, associated with accretionary tectonics (e. 
g. van Staal and Barr, 2012). The mechanisms responsible for the Early 
Paleozoic extensional processes of the Cadomian terranes are not always 
evident. Neubauer (2002) suggests development of back-arcs and sub-
sequent separations, based mainly on a consideration of Cambrian 
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activity in the Cadomian terranes. However, the within plate OIB-like 
features of associated Silurian magmatic rocks differ from those of 
Early Paleozoic calc-alkaline rocks formed in the back-arc basin, sug-
gesting plume source activity for their generation (Fig. 12). In addition, 
several studies show that the calc-alkaline-shoshonitic and alkaline 
suites formed simultaneously in a back-arc setting (Sepidbar et al., 2020; 
Moghadam et al., 2018), which is not the case of alkaline Early Paleozoic 
rocks of Iran. Extensional rifts related to back-arc can be related to slab 
roll-back, which can also be responsible for coeval arc magmatic 
flare-ups and exhumation of subduction-related high-pressure rocks 
(Ducea et al., 2017). This is also not the case of our study. Extension and 
crustal thinning related to back-arc permit decompression melting of the 
subcontinental lithospheric mantle (=SCLM) or sub-arc mantle beneath 
the retro-arc (Sepidbar et al., 2020). Low degree of melting of an 
enriched SCLM and/or plume-influenced sub-arc mantle can generate 
OIB-like melts. Such melts may differ from OIB-like melts from oceanic 
islands and/or continental plumes, which are isotopically more evolved, 
similarly to the isotopic signatures of our study, suggesting plume 
mantle activity. Mantle plumes also affect a larger area, with a diameter 
of >300 km (e.g., Poore et al., 2011), which is the case for Iran’s 
Ordovician-Silurian exposures, including the ones of this study. The 
following lines of evidence also give convincing support for their mantle 
plume origin of alkaline mafic rocks: (i) The exposures related to plume 
mantle activity and Paleotethys opening contain abundant alkali con-
tinental basalt (Soltan–Meidan basalt), felsic–mafic plutons (with ages 
of ca. 490-405 Ma; Moghadam et al., 2017) and dolomite, evaporatic 
and terrigenous sedimentary rocks in the Ordovician Ghelli and early 
Devonian Padeha formations in the Alborz (Stampfli, 1978). (ii) The 
mafic rocks in accretionary wedges are regarded as plume-related oce-
anic-island fragments (Safonova et al., 2016; Yang et al., 2015). 
Therefore, they can coexist with oceanic fragments and deep marine or 
slope facies sedimentary rocks, such as carbonate, chert, and volcanic 
clastic rocks. The volcanic and gabbroic rocks in the the Binaloud zone 
coexist with deep marine or slope facies sedimentary rocks, such as 
carbonate and volcanic clastic rocks, which are not associated with 
ophiolite, and which confirms their formation in a plume-related 
oceanic setting. (iii) Ridge subduction is common in modern and 
ancient accretionary orogenic belts (Sisson et al., 2003). Such ridge 
subduction processes can result in the opening of a slab window and 
generation of intense magmatism and metamorphism in a near-trench 
position, with the formation of adakite, high-Mg andesitic rocks, 
tholeiitic and alkaline basalt, high-Ca boninite, and A-type granite, and 
associated low-pressure/high-temperature metamorphic rocks. 

However, except for the alkaline basalt, gabbro and A-type granite 
(Moghadam et al., 2016), most of the magmatic and metamorphic 
products mentioned above are lacking in our study area (Fig. 4). 
Therefore, the basalt and gabbro of our study area are probably not 
related to any ridge subduction-related setting. (iv) The plume-related 
continental rifts are commonly generated during break-up of super-
continents, and are formed before the opening of the oceanic basin (Fan 
et al., 2013). Mantle plume activity leads to formation of Fe–Ti rich 
magmas (Khedr et al., 2020, 2022). 

The basaltic and gabbroic rocks in our study area are enriched in iron 
oxides (up to 10 vol%.) and occure near a suture zone, and their for-
mation was coeval or slightly older than the initial opening time of the 
Paleotethys rift. Thus, their generation could be associated with the 
plume-related continental rifting. 

Several studies propose that mantle plumes play main roles in 
continent separation, and they may be active for a long time before the 
break-up of continents and the formation of oceans. For example, the 
activity of the mantle plume within the Rodinia supercontinent started 
at ca. 850 Ma and lasted to ca. 750 Ma (Song et al., 2010), but the birth 
of oceans took place after 600 Ma (Zhao et al., 2018). A more recent 
example is the East African Rift system, where there has been slow 
extension since the plume impact at ca. 45 Ma, but without continental 
break-up to date (Rogers et al., 2000). The basalt and gabbro of this 
study, which have OIB-like or transitional OIB/E-MORB-like geochem-
ical characteristics, have yielded a Silurian age (435 Ma). As shown in 
the Supplementary Table S4, all zircon ages indicate three major peaks 
at 460 Ma, 440 Ma, and 430 Ma (Mean ages at 435 Ma), suggesting a 
multi-staged, intermittent magmatic activity. The 461.8 Ma ages of 
fine-grained gabbro along with old ages of zircons (460–440 Ma) from 
coarse-grained gabbroic rocks may represent the initial magmas along 
fractures during plume upwelling, while the large-scale eruption of the 
mantle plume may have occurred at ca. 435 Ma. The older ages of mafic 
rocks are also reported by Derakhshi et al. (2022) for coarse-grained 
gabbro from Buzhan area in the Binaloud zone, suggesting that mantle 
plum activity in the Binaloud zone to be as old as 460 Ma and lasted to 
ca. 435 Ma, for 25 m.y. These ages are older or similar with respect to the 
opening of the Paleo-Tethys Ocean. These ages are also significantly 
younger than the timing of the back-arc opening in NE Iran, and thus can 
reveal and confirm the timing of the plume magmatic activity of the 
Binaloud gabbro-basalt complex. Therefore, as a consequence, we sug-
gest that continental lithosphere was firstly weakened by previous 
subduction-induced mantle flow activity (Fig. 15) during the Cadomian. 
The stretching for break-up of a continent and opening of the oceanic 
plate was provided by long lasting mantle plume activity from 460 to 
435 Ma, resulting in the formation of the Binaloud gabbro and basalt in 
the passive margin. 

6. Conclusions  

(1) Basalt and gabbro, located in the northeast of Iran, were 
emplaced during the Silurian (~461 to 435 Ma). They have OIB- 
like and transitional OIB− /E-MORB-like geochemical character-
istics with an intraplate extensional basin affinity.  

(2) Elemental, isotopic, and mineral chemistry data indicate that 
they were derived by partial melting of a plume/asthenospheric 
mantle in the transitional spinel-garnet stability field, followed 
by interaction with a lithospheric mantle, different degrees of 
fractional crystallization of olivine, clinopyroxene, and plagio-
clase and mixing with minor crustal melts.  

(3) Combined with the available data, we suggest that the mantle 
plume interacted with the continental lithosphere and drove 
continental break-up and the opening of the Paleo-Tethys Ocean. 
This took place as a consequence of the previously induced stress 
generated by roll-back of the subducting Ipateous oceanic plate. 

Supplementary data to this article can be found online at https://doi. 

Fig. 15. (A) Schematic model showing previous subduction of Protptethys and 
stretching force for breakup of a continent and opening of the oceanic plate; (B) 
Early Paleozoic rifting and the opening of Paleo-Tethys in the northeast Iran in 
closed view. Details are discussed in the text. 
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