Tectonics

RESEARCH ARTICLE
10.1029/2020TC006680

Special Section:
Tethyan dynamics: from rifting
to collision

Key Points:

« Continuous Paleozoic arc
magmatism developed in the South
Turan Block, with intermittent peaks

« The onset of Central Iran-Eurasia
collision was no younger than
228 Ma, ending the passive margin
sedimentation of Paleozoic

« Closure of Paleo-Tethys was
coincident with the Carnian Pluvial
Event, and may have been a causal
factor

Supporting Information:

Supporting Information may be found
in the online version of this article.

Correspondence to:

Y. Chu,
chuyang@mail.iggcas.ac.cn

Citation:

Chu, Y., Wan, B., Allen, M. B., Chen,
L., Lin, W,, Talebian, M., & Xin, G.
(2021). Detrital zircon age constraints
on the evolution of Paleo-Tethys in
NE Iran: Implications for subduction
and collision tectonics. Tectonics,

40, €2020TC006680. https://doi.
0rg/10.1029/2020TC006680

Received 4 JAN 2021
Accepted 15 JUL 2021

© 2021. American Geophysical Union.
All Rights Reserved.

’.) Check for updates

Y ad B s
AT D seacescience

Detrital Zircon Age Constraints on the Evolution of
Paleo-Tethys in NE Iran: Implications for Subduction and
Collision Tectonics

Yang Chu'? ©, Bo Wan'? 0, Mark B. Allen®
Morteza Talebian®, and Guangyao Xin'*

, Ling Chen™* @, Wei Lin"** ©,

!State Key Laboratory of Lithospheric Evolution, Institute of Geology and Geophysics, Chinese Academy of Sciences,
Beijing, China, “Innovation Academy of Earth Science, Chinese Academy of Sciences, Beijing, China, 3Dcpartmcnt
of Earth Sciences, University of Durham, Durham, UK, *University of Chinese Academy of Sciences, Beijing, China,
“Institute for Earth Sciences, Geological Survey of Iran, Tehran, Iran

Abstract The timings of the onset of oceanic spreading, subduction and collision are crucial in plate
reconstructions, but not always straightforward to resolve. The Paleo-Tethys evolution dominated the
Paleozoic-Early Mesozoic tectonics of West Asia, but the timeline of events is still poorly constrained. We
present new detrital zircon ages from the Binalud Mountains of NE Iran, in order to determine the timing
of tectonic events in the region, and the wider implications for regional tectonics, paleogeography and
climate change. Consistent age patterns in Paleozoic clastic rocks show a dominant provenance from the
Neoproterozoic basement of northern Gondwana. We interpret this as deposition on a long-lasting passive
continental margin after the initial spreading of the Paleo-Tethys Ocean. Central Iran-Eurasia collision
caused coarse clastic deposition of the Mashhad Phyllite in a peripheral foreland basin on the Paleozoic
sequence of the northern Central Iran Block. The Mashhad Phyllite yields age clusters at 450-250 Ma and
1,900-1,800 Ma, with a clear provenance from a long-lived continental arc at the active Eurasian margin
since the latest Ordovician. Analysis of the age spectra allows us to constrain the maximum depositional
age of the Mashhad Phyllite as no later than 228 Ma. This age provides a tight constraint on the timing of
initial collision between Central Iran and Eurasia, which also coincides with the Carnian Pluvial Event
(CPE). Our new timing evidence of collision reinforces the previous speculation on the Paleo-Tethys
closure as a causal mechanism for the CPE.

1. Introduction

The initial collision between two continental plates is a first order event in plate tectonics, but precise tim-
ing constraints are hard to achieve. The well-studied, Cenozoic collision between Arabia and Eurasia has
estimates for the initial collision that are tens of million years apart, meaning a ~50%-100% uncertainty in
percentage terms (Allen & Armstrong, 2008; Koshnaw et al., 2018; Okay et al., 2010). These uncertainties
create problems in understanding tectonic processes, and in understanding wider events and processes
such as climate change and global element cycling.

This paper uses detrital zircon ages to determine the time of a shift in sediment provenance related to the
closure of the Paleo-Tethys Ocean and the arrival of detritus from the original active margin (Turan Block)
onto the passive margin (Central Iran Block). We demonstrate that targeted sampling of a sedimentary
succession that includes both pre- and post-collisional stages can dramatically reduce uncertainty in the
timing of tectonic events.

Paleo-Tethys was a major ocean between Eurasia and Gondwana (Sengor, 1984). Its lifespan covered the
Paleozoic to Late Triassic, until the accretion of a series of blocks derived from Gondwana, including Central
Iran, Afghanistan, Qiangtang, and Sibumasu (Metcalfe, 2002; Siehl, 2019; Stocklin, 1974; Wu et al., 2020;
Yin & Harrison, 2000). Stécklin (1974) first used the term “Paleo-Tethys” to interpret the Triassic tectonics
in the Alborz Mountains of northern Iran, because he found a Triassic regional unconformity that predates
the Cenozoic orogeny. As a main component of the Paleo-Tethys suture zone, the Alborz-Binalud Moun-
tains bear important information to unravel the geological history of Paleo-Tethys (Alavi, 1991), but intense
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Cenozoic reworking has altered and erased the Paleo-Tethys record, and makes Paleozoic-Early Triassic tec-
tonic reconstruction difficult (Allen et al., 2003; Ballato et al., 2013; Guest et al., 2006; Zanchi et al., 2006).

Recent studies have provided detailed work on formation of Paleo-Tethys oceanic crust (Moghadam
et al., 2015), Triassic arc-related basin sedimentation (Zanchetta et al., 2013) and syn-collisional defor-
mation (Zanchi et al., 2016). Key questions remain on the evolution of Paleo-Tethys, such as the timing of
initial rifting and subduction initiation. The collision between the Turan Block (Eurasia) and Central Iran
Block marked the end of Paleo-Tethys in the Iranian sector, and generated extensive Triassic deformation
in the Alborz-Binalud belt. However, the age of the onset collision is only roughly constrained (Alavi, 1991,
1992; Horton et al., 2008; Sheikholeslami & Kouhpeyma, 2012; Zanchi et al., 2006). Collision is generally
regarded as Late Triassic, but this is an epoch that spans ~36 million years. To better constrain the timing
of these major tectonic changes, we utilize a long-lasting sedimentary record that continued between the
birth and end of the Paleo-Tethys Ocean: this is the Paleozoic to early Mesozoic sedimentary sequence of
the Binalud Mountains in NE Iran. The lower parts of this succession record passive margin deposition on
the north side of the Central Iran Block. The first arrival of sediment derived from the arc on the Turan
Block can define the time of the elimination of the intervening ocean and the onset of collision. Our study
provides new detrital zircon age data from the Binalud Mountains, to understand the complete history of
Paleo-Tethys through the Early Paleozoic to Early Mesozoic. By comparing the tectonic evolution of the
Rheic Ocean in Turkey and Armenia to the west, and of the Paleo-Tethys in Afghanistan to the east, we also
analyze the regional evolution of Paleo-Tethys and the tectonic interaction between the Rheic and Paleo-Te-
thys oceans at the intervening region.

2. Geological Setting

2.1. Overview

Four main orogenic cycles of subduction-collision produced the present tectonic architecture of the greater
part of Iran and adjacent areas (Agard et al., 2005; Alavi, 1996; Sengor, 1984; Stocklin, 1968, 1974; Figure 1).
The oldest cycles was the Neoproterozoic-Cambrian Cadomian orogeny. In Iran, Cadomian records (570-
540 Ma) are mostly low-medium grade metamorphosed igneous or sedimentary rocks, outcropped from
western to northeastern regions (Moghadam, Li, Santos et al., 2017; Rossetti et al., 2015). The next cycle
was the Cimmerian orogeny that closed the Paleo-Tethys Ocean. The third cycle involved the opening and
rapid closure of several small oceanic basins preserved as ophiolites within the territory of Iran. The Zagros
orogeny (Arabia-Eurasia collision) involved the final closure of the Neo-Tethys Ocean; plate convergence
continues across the Arabia-Eurasia collision zone.

2.2. Cimmerian Orogeny

The first well-preserved orogenic cycle in Iran is the Cimmerian orogeny, that represents subduction and
collision during the closure of the Paleo-Tethys Ocean. Sporadic Paleo-Tethys remnants in the Talesh-Al-
borz-Kopeh Dagh-Binalud Mountains imply a suture zone along this east-west trending belt (Figure 1).
The eastern segment of the Paleo-Tethys remnants consists of the Aghdarband Basin, Fariman complex,
Darreh Anjir complex, and the Mashhad metamorphic complex (Figure 1). These units can be regarded as
an accretionary system of the Paleo-Tethys (Zanchi et al., 2016). The earliest evidence of the Paleo-Tethys
Ocean is recorded in the Darreh Anjir complex. Early Carboniferous (~380 Ma) plagiogranite and diorite
blocks are considered to be Carboniferous Paleo-Tethys oceanic remnants (Moghadam et al., 2015). Some
mafic-ultramafic assemblages formed by intra-oceanic magmatism in the Fariman complex may have been
tectonized and mixed with the typical oceanic lithosphere (Topuz et al., 2018). This unit was then covered
by Permian-Triassic arc-related sediments of the Aghdarband Basin. Although the coeval arc is missing,
granodiorite pebbles in the Permo-Triassic basal conglomerate suggest its existence in the Late Carbon-
iferous (~315 Ma; Zanchetta et al., 2013), and the remains of this arc is probably covered by the Juras-
sic-Cretaceous platform carbonate of the Kopeh Dagh (Robert et al., 2014; Taheri et al., 2009). During the
Permian, subduction-accretion was recorded in the Mashhad metamorphic complex and Fariman complex
to the southwest. The Mashhad metamorphic complex is mainly composed of Permian metamorphosed
turbiditic rocks, interleaved with mafic and ultramafic blocks (Alavi, 1991; Taheri & Ghaemi, 1996). Gabbro
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Figure 1. Regional tectonic map of the tectonic units and orogenic belts in Iran and adjacent regions. Black box shows
the location of Figure 2, the Binalud Mountains. Faults: AF: Aras Fault. AGF: Ashgabad Fault. CF: Chaman Fault.

DF: Doruneh Fault. EAF: East Anatolia Fault. HF: Herat Fault. KBF: Kuh Banan Fault. NAF: North Anatolia Fault.
NF: Neybandan Fault. SBF: Shahre-Babak Fault. Paleo-Tethys remnants in the figure: DA: Darreh-Anjir complex and
Aghdarband Basin. FC: Fariman complex. GS: Gorgan schist. MA: Mashhad accretionary complex. NA: Nakhlak-
Anarak. SE: Shanderman eclogite.

samples with Ar-Ar ages at ~280 Ma argue for an Early Permian formation age (Ghazi et al., 2001). The
Permian Fariman complex (Figure 1) has been referred to as either an arc-related sedimentary basin (Zan-
chetta et al., 2013), or ophiolitic mélanges as a southeast extension of the Mashhad metamorphic complex
(Moghadam & Stern, 2014; Moghadam et al., 2015).

In the west, the Gorgan schist represents arc-related rocks that were weakly metamorphosed but strongly
deformed (Alavi, 1996). The sole evidence of subduction, the Shanderman eclogite, has an estimated max-
imum pressure of ~16-25 kbar and temperature at 550-660°C (Omrani et al., 2013; Zanchetta et al., 2009).
It is interpreted as a subducted ophiolitic complex of the Paleo-Tethys that formed during the Early Carbon-
iferous (Ar-Ar ages of ~350 Ma; Rossetti et al., 2017).

The Cimmerian orogeny was sealed by post-orogenic granitoids that are exposed in northeastern Iran.
Granitic-granodioritic intrusions that intruded into the Mashhad metamorphic complex are dated between
217 and 199 Ma (Karimpour et al., 2010; Mirnejad et al., 2013). The Torbat-e-Jam granite has a similar em-
placement age at 217 Ma (Zanchetta et al., 2013). These intrusions and regional Late Triassic to Early Juras-
sic deposition of the Shamshak/Kashafrud Formation indicate the end of the collision and the beginning of
post-collisional rifting (Alavi, 1996; Fiirsich et al., 2009; Taheri et al., 2009).

2.3. Tectonostratigraphy of the Binalud Mountains

The structure of the Binalud Mountains results from the combination of Cimmerian and Cenozoic defor-
mation, but the bulk of the regional architecture, except the southern end, was established in the Cimme-
rian (Late Paleozoic-Triassic) orogeny (Alavi, 1991; Sheikholeslami & Kouhpeyma, 2012). The stratigraphy
of this region consists of five main units (Figure 2). These are Paleozoic continental or continental margin
deposition of the Central Iran Block, highly sheared Permian metasediments with ophiolitic blocks, Triassic
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Figure 2. Geological map of the Mashhad region with sample locations and structural elements, modified after geological maps of Iran (Aghanabati
et al., 1986; Ghaemi et al., 1999; Pourlatifi, 2001; Taheri & Ghaemi, 1996). The base map was made with GeoMapApp (http://www.geomapapp.org).

Mashhad Phyllite, Jurassic continental clastic rocks, and Cenozoic volcanic/continental sedimentary rocks
beneath the Binalud-Barfriz Fault (Aghanabati et al., 1986; Ghaemi et al., 1999; Pourlatifi, 2001; Taheri &
Ghaemi, 1996). Although Paleozoic strata are distributed in several thrust sheets (Alavi, 1992), the sedi-
mentary sequence and petrology are comparable to the equivalents in the western-central Alborz (Allen
et al., 2003; Guest et al., 2006), suggesting a consistent depositional environment at the north margin of the
Central Iran Block. The lowest strata that crop out in the Mashhad region are Cambrian sedimentary rocks
(Figures 3 and 4). The Early Cambrian Lalun Formation is characterized by red siliciclastic rocks, overlain
by Middle-Late Cambrian trilobite-bearing limestone of the Mila Formation (Alavi, 1992; Pourlatifi, 2001;
Taheri & Ghaemi, 1996). Silurian to Devonian interbedded limestone, dolomite and sandstone of the Niur
Formation is covered by white-gray recrystallized quartzite of the Padeha Formation. Marine carbonates
of the Sibzar and Bahram Formations contain dolomite and brachiopod limestone. In some places, mafic
lavas were also developed at the Devonian continental margin, and lie beneath the Bahram limestone (Ala-
vi, 1991; Taheri & Ghaemi, 1996). Lack of Ordovician sedimentation in this area causes a disconformity
between the Mila and Niur Formations.

Compared with the intact Cambrian-Devonian sequence, sedimentary rocks of Permian ages are only ex-
posed in the north of the Binalud Mountains, and are highly sheared and dismembered with exotic blocks
(Figures 2 and 4), corresponding to the Mashhad metamorphic complex. This metamorphic complex con-
sists of ophiolites, deep-sea turbidites, and volcanoclastic sediments, and is interpreted as an accretionary
wedge (Alavi, 1991; Sheikholeslami & Kouhpeyma, 2012). The ophiolitic unit has most of oceanic crust and
mantle components of ophiolites, including peridotite, gabbro, pyroxenite, metachert, and basaltic lava.
Geochemical analyses of mafic and ultramafic rocks indicate that the Mashhad ophiolites are part of a sub-
duction-modified oceanic slab (Alavi, 1991; Moghadam & Stern, 2014). The metamorphosed turbidite con-
sists of schist, slate, phyllite, and marble, indicating low grade metamorphism, but there is also amphibolite.
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Figure 3. Tectonostratigraphic column of (a) Central Iran Block, (b) the Alborz-Binalud Mountains, and (c) Turan Block (Amu Darya Basin; Modified after
Allen et al., 2003; Horton et al., 2008; Brunet et al., 2017).

Volcanoclastic rocks preserved in this metamorphic complex probably originated from an adjacent arc at
the southern margin of the Eurasia/Turan plate (Alavi, 1991).

The Mashhad Phyllite is a low-grade metamorphic unit that occupies the greater part of the Binalud
Mountains, and exclusively contains Triassic to Early Jurassic clastic rocks temporally overlapping with
the Shemshak/Kashafrud Formation (Sheikholeslami & Kouhpeyma, 2012; Taheri & Ghaemi, 1996). These
rocks were deposited on top of the Paleozoic meta-sedimentary sequence in a synorogenic peripheral fore-
land basin. The Mashhad Phyllite rocks are strongly folded, with pervasive cleavage dipping to the north-
east (Figure 4). Internal thrusts subdivide it into several secondary thrust sheets (Alavi, 1992). Triassic
polyphase deformation has been documented, an early phase with top-to-the SW shear sense, followed by
dextral shearing along a NW-SE striking shear zone (Sheikholeslami & Kouhpeyma, 2012; Sheikholeslami
et al., 2019). All pre-Jurassic sedimentary rocks underwent low-temperature metamorphism during the col-
lision, and the final dextral ductile shearing reworked the northern margin of the orogenic belt at ~190 Ma
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Figure 4. Schematic cross-section of the Binalud Mountains (Modified after Alavi, 1992).

ABIE2

CHUET AL.

5o0f 25



A7
ra\%“ 19
ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2020TC006680

(Sheikholeslami et al., 2019). The syn-tectonic metamorphism weakens to the southwest, and coincides
with the top-to-the SW shear sense within the orogen. Late Triassic to Early Jurassic Mashhad plutons
intruded into the Cimmerian belt, and are therefore considered as post-orogenic magmatism (Karimpour
et al., 2010; Mirnejad et al., 2013).

The Shamshak/Kashafrud Formation overlies pre-Jurassic rocks. Its basal conglomerate received materi-
als eroded from metamorphic rocks and the Mashhad plutons (Wilmsen, Fursich, & Taheri, 2009). In the
northwest of the Binalud Mountains, Late Mesozoic sedimentation gradually changed from Early Middle
Jurassic continental clastic rocks to Late Jurassic-Cretaceous shallow marine carbonates. Cenozoic rocks
crop out in the southern end of the Binalud Mountains, including Eocene-Oligocene volcanic and volcano-
clastic rocks, Miocene conglomerate/sandstone/pelite, and Pliocene to Quarternary fluvial conglomerate
(Taheri & Ghaemi, 1996). They are deformed in the Miocene-to-present deformation that has uplifted the
Binalud Mountains (Sheikholeslami & Kouhpeyma, 2012). Within the Binalud Mountains, Cenozoic tec-
tonics overprint the Triassic structures (Sheikholeslami & Kouhpeyma, 2012). Cenozoic thrusting initiated
with the closure of the Sabzevar back-arc basin (Agard et al., 2011), and continues to present, reshaping the
Triassic orogen. For example, in the south, the Binalud-Barfriz Fault thrust Paleozoic-Triassic rocks onto
Cenozoic sediments, while the Buzhan Fault actively thrusts lower Cenozoic strata onto Quaternary sedi-
ments, with historical earthquakes in this region (Hollingsworth et al., 2010).

3. Analytical Methods

We collected 11 clastic rock samples from the Binalud Mountains, and used standard techniques (heavy
liquid and magnetic separation) to separate zircons. Then zircon grains were randomly handpicked and
mounted in epoxy resin. After polishing these zircons, we photographed them in transmitted and reflected
light with a petrographic microscope, and in cathodoluminescence with a CAMECA electron microscope
in the Institute of Geology and Geophysics, Chinese Academy of Sciences. Based on analyzing the internal
structures in the images, clear zircons without cracks and inclusions, but in different sizes, were chosen to
obtain their U-Pb ages.

Analysis of U-Pb isotopes was carried out on an Agilent 7500a ICP-MS with a 193 nm laser in the Institute
of Geology and Geophysics, Chinese Academy of Sciences. Detailed analytical procedures and instrument
settings are described by Xie et al. (2008). The spot is 44 microns in diameter and each point has analytical
300 cycles with total time of ~45 s. We used the GLITTER program to process U-Pb isotopic data to calculate
single zircon ages (van Achterbergh et al., 2001). All ages are listed with uncertainties at 1o level. **°Pb/**U
ages are selected for further analysis, but *’Pb/***Pb ages are chosen when ***Pb/**U ages are older than
1,000 Ma. Ages with concordance <90% or >110% are excluded. The Density Plotter program has been
utilized to create age-distribution diagrams for provenance studies in the next sections (Vermeesch, 2012).

4. Results

Of the 11 samples, six are from Mesozoic strata, and the other five are from Paleozoic strata. Detailed sample
information, including GPS coordinates, rock types, and stratigraphy, are shown in and Figure 5. Analytical
data are presented in Table S1, and illustrated in Figures 6 and 7. In the Mashhad Phyllite samples, we also
add insets with ages based on four methods to estimate depositional ages: maximum likelihood ages (MLA;
Vermeesch, 2020), youngest single grain age (YSG), youngest cluster age (n > 1) within 1o error (YC1o), and
youngest cluster age (n > 2) within 2o error (YC2o; Dickinson & Gehrels, 2009). We list these ages for each
sample in the insets of Figure 7.

4.1. Paleozoic Samples

We collected two Permian sandstone from the Mashhad metamorphic complex. These samples were strong-
ly deformed during the formation of the Mashhad accretionary wedge. Zircons from these samples are
mostly transparent, and 50-200 um in length with aspect ratios between 1:1 and 4:1. Well preserved oscil-
latory zoning indicates a magmatic origin. Sample AB170A is a well-bedded coarse-grain meta-sandstone
interbedded with thin-layered metapelite (Figure 5a). It also experienced contact metamorphism due to
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Figure 5. Field photos of rock samples for zircon U-Pb dating. GPS coordinates are listed in Table 1. (a) Permian
sandstone AB170A metamorphosed to quartzite with foliation. Some parts of this unit have suffered contact
metamorphism, with staurolite or andalusite present. (b) Intensely folded Permian meta-sandstone AB636;
foliation is parallel to bedding. (c) Devonian meta-sandstone AB650 and an asymmetrical fold with NE-dipping
axial planar cleavage. (d) Silurian to Devonian quartzite AB661-1. Bedding is well preserved despite ductile
deformation and metamorphism. (¢) Cambrian red sandstone AB657 from the Lalun Formation, the oldest

rocks exposed in the Binalud Mountains. (f) Low grade metamorphosed Triassic sandstone AB165 showing well
developed cleavage. (g) Strongly folded Triassic meta-sandstone AB197. (h) Triassic sandstone AB201 that has
penetrative layer-parallel cleavage.

CHUET AL. 7 of 25



. Yeldd
ra\* 1 V)
ADVANCING EARTH
AND SPACE SCIENCE

Tectonics

10.1029/2020TC006680

Table 1
Sample Information in This Study

Sample no. Lithology

Description

GPS

Formation

Map age

Post-Paleotethys closure

AB196
AB157
AB165
AB182
AB197
AB201

Sandstone

Meta-sandstone
Meta-sandstone
Meta-sandstone
Meta-sandstone

Meta-sandstone

Pre-Paleotethys closure

AB170A
AB636
AB650
AB661-1
AB657

Meta-sandstone
Meta-sandstone
Meta-sandstone
Quartzite

Sandstone

Undeformed and unmetamorphosed
Strongly deformed and metamorphosed
Strongly deformed and metamorphosed
Strongly deformed and metamorphosed
Strongly deformed-weakly metamorphosed

Strongly deformed-weakly metamorphosed

Strongly deformed and metamorphosed
Strongly deformed and metamorphosed
Strongly deformed and metamorphosed
Deformed and metamorphosed

Undeformed-weakly metamorphosed

N36.3831°; E59.1270°
N36.3831°; E59.1270°
N36.4816°; E58.9832°
N36.0564°; E59.5406°
N36.0076°; E59.2893°
N36.0928°; E59.2872°

N36.2095°% E59.5467°
N36.3172°; E59.4205°
N36.0942°; E59.5091°
N36.1348° E59.1821°
N36.0191°; E59.4749°

Mozduran

Mashhad Phyllite
Mashhad Phyllite
Mashhad Phyllite
Mashhad Phyllite
Mashhad Phyllite

Unnamed
Unnamed
Bahram
Padeha (Niur?)

Lalun

Jurassic
Triassic
Triassic
Triassic
Triassic

Triassic

Permian

Permian
Devonian
Silurian-Devonian

Cambrian

the intrusion of the Mashhad plutons. The density plot diagram shows a major and continuous age group
between 1,100 and 500 that has three age peaks at ~615, ~785 and ~905 Ma, respectively (Figure 6a). Only
one sixth of zircons are out of this range, and cluster at ~1,870 and ~2,505 Ma. Sample AB636 is a highly
sheared metasandstone within the ophiolite mélange (Figure 5b). Its age data show similar age patterns to
sample AB170A: a big group from 1,000 to 500 Ma with three peaks, but a subordinate peak at ~305 Ma is
different from AB170A (Figure 6b).

Devonian sample AB650 is a weakly metamorphosed sandstone, from an outcrop deformed by a SW-verging
asymmetrical fold (Figure 5c). Among all 72 analytical spots, most ages range between 1,000 and 500 Ma,
with peaks at ~620 and ~840 Ma (Figure 6¢). The rest of the ages cluster around ~1,970 and ~2,495 Ma.

Sample AB661-1 is from Silurian-Devonian quartzite of the Padeha/Niur Formation (Figure 5d). The dom-
inant age peak is ~585 Ma, but almost half the ages range from 1,000 to 700 Ma (Figure 6d). Other ages
constitute minor peaks at ~1,830 and ~2,625 Ma.

The oldest rock sample in this study is a red coarse grain sandstone from the Lower Cambrian Lalun For-
mation, AB657 (Figure 5e). The age peaks in the plot are similar to other Paleozoic samples, one in the Late
Neoproterozoic (~610 Ma), and one in the Middle Neoproterozoic (~790 Ma). Smaller age groups at ~1,830
and ~2,510 Ma are found in this sample (Figure 6e).

4.2. Mesozoic Samples

The Mesozoic samples have mostly euhedral, prismatic and transparent zircons that are 50-150 um in
length. Zircons yield aspect ratios between 1:1 and 4:1 and have oscillatory zoning, so they are probably
derived from magmatic rocks. Sample AB196 is a Jurassic sandstone intercalated in limestone of the Dali-
chay Formation, in the northwest of the Binalud Mountains (Figure 2). It shows three major age clusters,
peaking at ~290, ~435, and ~1,890 Ma, respectively (Figure 7a). There is also a subordinate group between
2,600 and 2,200 Ma with peak age around 2,484 Ma. The youngest single zircon age at 237 + 4 Ma shows
there is no Late Triassic-Early Jurassic detrital input in this sample.

Three Triassic meta-sandstone samples are from the northeast margin of the study area, within the Mash-
had Phyllite, AB157, AB165, and AB182 (Figure 2). All samples are intensely deformed, with an axial
plane cleavage, but metamorphism is weak with well-preserved sedimentary structures (Figure 5f). They
show similar age patterns with two major clusters (Figures 7b-7d): the dominant ones range from 2000 to
1,700 Ma, and age peaks are at 1,890, 1,870, and 1,850 Ma respectively; the others range from 500 to 200 Ma,
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Figure 6. Density plot for zircon ages of Paleozoic samples. Permian metasandstone: (a) AB170A and (b) AB636. Middle Paleozoic metasandstone samples: (c)
AB650 and (d) AB661-1. Early Paleozoic sample: (e) AB657. All the Paleozoic samples show almost identical age patterns with dominant Late Proterozoic ages

but contain two peaks of Permian (290-260 Ma) and Early Silurian (440-430 Ma) ages. Subordinate age

at ~1,000-600 Ma. Age groups at ~1.8 and ~2.5 Ga are minor.
peaks are distributed in Early Neoproterozoic and Late Neoproterozoic.

Both samples AB197 and AB201 are from the Mashhad Phyllite at the southern margin of the belt (Fig-

ure 2), but show different deformation intensity. AB197 was involved in open folding (Figure 5g), whereas

AB201 has closely spaced cleavage, indicating a higher level of strain (Figure 5h). Both samples show low
9 of 25
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Figure 7. Density plot for zircon ages of Mesozoic samples. (a) Jurassic sample AB196 with a similar age pattern to Triassic samples: (b) AB157, (c) AB165, (d)
AB182, (e) AB197, and (f) AB201. There are two dominant age clusters are 2,000-1,800 Ma and 500-200 Ma, and a small group of ages at ~1,000-500 Ma. We
also list four types of ages, Most likelihood age (MLA), Youngest single grain (YSG), YC1o (Youngest cluster with >2 grains in 1o error), and YC2o (Youngest

cluster with >3 grains in 2o error).

greenschist facies metamorphism, which is lower than that in the Permian rocks close to the suture zone.
The age distribution of sample AB201 is consistent with samples from the northern margin: two major age
groups and three peaks. The older group peaks at ~1,900 Ma, and the younger one yields two peaks at ~265
and ~435 Ma. In contrast, sample AB197 displays multiple age peaks, and the dominant one is Late Permian
at ~255 Ma (Figure 7e). As well as age clusters at ~450, ~1,795 and ~2,450 Ma, this sample has a different
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age peak at ~830 Ma. Both samples AB197 and AB201 include more zircon ages of around ~600 Ma than
the samples from the north.

To better compare the maximum depositional age, we give age estimations from four methods. In the
five Mashhad Phyllite samples, the possible maximum depositional ages can be determined among
the MLA (231 + 5-216 + 3 Ma), YSG (228 + 7-209 + 10 Ma), YClo (248 + 2-230 + 2 Ma), and YClo
(246 + 2-226 + 2 Ma) ages (Figure 7). This comparison shows a grouping in the Mashhad Phyllite samples:
older YClo and YC2o ages, and younger MLA and YSG ages (Figure 7). Except for sample AB197, the MLA
and YSG ages are similar in error for all samples. The YSG age of sample AB197 (209 + 10 Ma) is slightly
younger than the other Triassic samples in this study but has a large error; its MLA age is similar to the
YClo and YC20 ages (Figure 7e).

5. Provenance Analysis

5.1. Sources for Detrital Zircons

The present tectonic architecture of Iran involves two major sutures, the Paleo-Tethys to the north and the
Neo-Tethys to the south, and three continental plates/blocks, including the Eurasia Plate (Scythian—-Tur-
an-Karakum), Central Iran Block, and Arabia Plate (Figure 1). To discuss the Paleo-Tethyan evolution, we
first analyze the possible sources from the Eurasia Plate and the Central Iran Block for our studied samples,
because the Arabia Plate was far from the Paleo-Tethyan suture zone. The Eurasia Plate yields tectonic
events at 2.1-1.8 Ga due to Columbia supercontinent formation, which involved the Baltica and Siberia
plates and contemporaneous collisional belts (Zhao et al., 2002, 2004). The Pan-African event had little
effect on the Turan Block because of its distance from Gondwana, leading to a temporal gap at 650-500 Ma.
Geological data from drilling holes reveal a magmatic basement under thick Cenozoic sediments, and these
rocks suggest volcanic and plutonic activity from the Silurian to the Triassic (Burnet et al., 2017; Natal'in
and Sengor, 2005).

The Central Iran Block has a long geographical link to the Gondwana, so its shares a similar tectonic
history with the Gondwana-derived plates, contrasting with that of the Eurasia Plate. It is also heteroge-
neous, and includes displaced Variscan-Eocimmerian terranes, and allochthonous late Mesozoic-Early
Cenozoic terranes (Bagheri & Damani Gol, 2020). Archean to Early Proterozoic events at 2.5 Ga and
1.8 Ga predate the Pan-African events, and form the basement rocks of Gondwana (Stern et al., 1994).
Pan-African ages overwhelmingly dominate the age data in the Central Iran Block, and can thus be used
as an important signature for detecting Gondwana-origin influx (Bagheri & Stampfli, 2008; Hassanzadeh
et al., 2008). Contrary to the Paleozoic arc magmatism of the Eurasia Plate/Turan Block, the Central Iran
Block was part of a passive margin to Paleo-Tethys, that recorded less extensive magmatism. In NW Iran,
Devonian to Permian magmatic rocks reflect Paleozoic rifting events that separated the Central Iran
Block from Gondwana (Moghadam et al., 2015; Mohammadi et al., 2020), coinciding with the sporadic
mafic-felsic suites at the southern margin of the Central Iran Block (Alirezaei & Hassanzadeh, 2012;
Vesali et al., 2020).

5.2. Pan-African Basement Provenance for the Paleozoic Basins

Our detrital zircon U-Pb results from the Binalud Mountains provide new constraints on the provenance
of the sedimentary and metasedimentary rocks of this region. Five samples display a bimodal age pattern
in the <1,200 Ma zircons (Figure 8). In the major group, ages range between 900 and 500 Ma, with two
major peaks at ~600 and ~800 Ma. These ages are older than the widespread Cadomian magmatic rocks
in Iran, and should belong to the Pan-African event that built the Arabia-Nubia shield (Avigad et al., 2003,
2015; Morag et al., 2011). There are also Cadomian age records mixed in the Neoproterozoic age cluster
(Figure 8). Cadomian-aged (580-530 Ma) igneous rocks crop out across the Central Iran Block (Bagheri &
Stampfli, 2008; Hassanzadeh et al., 2008; Moghadam, Li, Santos et al., 2017), so they are the likely source
rocks for sediment with Cadomian age signatures. Therefore, the widespread Cadomian magmatic rocks in
Central Iran Block contributed to the deposition of the Paleozoic clastic rocks, but Pan-African and Early
Neoproterozoic ages dominate the age distribution. We tentatively interpret this age pattern as a result of
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Figure 8. Detrital zircon age comparison between Paleozoic and Mesozoic samples suggesting a drastic provenance
change during Triassic deposition. Paleozoic samples show a large amount of Late Proterozoic ages but lack
Paleoproterozoic ages, whereas Mesozoic samples have a dominant age peak at ~1,870 Ma. Excluding ages clustering at
Permian, Early Paleozoic ages are also missing in the Devonian-Permian samples.

the dominance of Pan-African basement rocks, with Cadomian plutons being largely unexposed at the
times of deposition.

Two small clusters at ~2,000-1,800 Ma and ~2,600-2,400 Ma are probably derived from recycling of older
sediments. The origin of these older grains is very uncertain. The Sahara metacraton includes Precambrian
basement slices formed at ~1.8 Ga and 2.5 Ga (Stern et al., 1994), but is a long way from NE Iran. Other
candidates are even further away.

All the Paleozoic samples have almost identical zircon age spectra. This feature results from either a con-
sistent provenance for Paleozoic rocks from mixed sources, or recycling of a single adjacent older source
that itself was derived from multiple sources. The Central Iran Block lacks Precambrian rock exposures
and the oldest basement rocks are Cadomian-aged. According to the paleogeographic reconstruction, the
Sahara metacraton is most likely to provide the Precambrian zircons (Horton et al., 2008). Although the
connection between Central Iran and Gondwana lasted until the Late Paleozoic (Stampfli & Borel, 2002),
it is unlikely that the Precambrian source in the Sahara metacraton could continuously provide material to
Silurian-Permian sandstones for over 200 million years. Another important clue is that, despite widespread
Cadomian igneous/metamorphic rocks in the Central Iran Block, zircons of 580-540 Ma only form a small
component in these samples. We conclude that the source of the zircons in the Late Paleozoic clastic rocks
was Cambrian sandstone in the Binalud Mountains, or in neighboring areas. This explanation is consistent
with the large amount of rounded zircons in these rocks.

Permian sandstones have a similar provenance to the Devonian sandstones (Figures 6a and 6b), but a subor-
dinate Late Carboniferous peak in sample AB636 requires a new source, because tectonic/magmatic events
of this age have not been recorded in the northern margin of the Central Iran Block. To the south, the
Anarak region has outcrops of Variscan plutonic and metamorphic rocks, and could therefore be a possi-
ble source for zircons of this age in Permian sample AB636 (Bagheri & Stampfli, 2008; Zanchi et al., 2009,
2016). The minor difference of age pattern between samples AB170A and AB636 probably results from
different stratigraphic ages. The Late Carboniferous age peak suggests a high relief for the Anarak region
that contributed detritus to sample AB636, but this arc was eroded and/or bypassed during the deposition
of sample AB170A.
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5.3. Provenance Shift in the Triassic and Jurassic Rocks

Five samples from the Mashhad Phyllite, and one from the Jurassic sandstone, show a drastic change of
provenance with dominant ages grouped at 500-200 Ma and ~2,100-1,800 Ma, which, excluding ages be-
tween 300 and 200 Ma, are almost absent in the Paleozoic sediments (Figure 8). According to our prove-
nance analysis for Paleozoic samples, the arrival of Paleozoic and Late Paleoproterozoic zircons and lack of
Pan-African ones mark the switch of major source areas, from a passive margin to an active margin. Ages
of ~1,900 Ma are typical for the formation of the Columbia supercontinent, and coeval geological records
can be traced in most continents (Zhao et al., 2002, 2004). Paleogeographic reconstructions show that the
“Columbia”-related belt is localized at the westernmost margin of the African plate, whereas the Baltica and
Siberia plates were finally welded by contemporaneous collision belts (Zhao et al., 2002). A prominent age
group between 2.1 and 1.8 Ga matches detrital zircon results in the southern Urals, and provides a viable
source area for the Paleoproterozoic zircons (Maslov et al., 2018). In comparison to the minority of Paleop-
roterozoic ages in the Paleozoic samples in this study, the abrupt increase of Paleoproterozoic ages cannot
be attributed to a remote uplifted source area in westernmost Africa, but signals a new provenance from the
north, the Eurasian plate.

Two major groups of Phanerozoic ages are also captured, one at ~450 Ma, and the other at ~280 Ma, but
neither of them has been reported in adjacent regions within the Central Iran Block. Within Ordovician-Si-
lurian strata, a thick layer of basalt to basaltic-andesite named the Soltan-Meidan Formation is present in
the Eastern Alborz and the Binalud Mountains (Derakhshi et al., 2017; Ghaemi et al., 1999), but it lacks
precise age constraints. Moghadam, Li, Griffin et al. (2017) found similar ages in Devonian sandstone from
the Eastern Alborz (Figure 9d), and correlated these ages to the erosion of Ordovician volcanic and intrusive
rocks (Derakhshi et al., 2017). In contrast, our Devonian and Permian samples do not contain any Ordovi-
cian-Silurian age information, and if the Soltan-Meidan Formation was exposed in Triassic and provided
Ordovician-Silurian ages, there should also be Pan-African ages transported from Devonian sandstone to
Triassic samples. No such peak is present in the age spectra (Figure 8b). We therefore infer that the Early
Paleozoic age group at ~450 Ma is more likely to come from another source from the Turan Block to the
north.

Devonian to Permian magmatic rocks have also been reported in NW Iran or the Sanandaj-Sirjan Zone
of the southern Central Iran Block (Alirezaei & Hassanzadeh, 2012; Moghadam et al., 2015; Mohammadi
et al., 2020; Vesali et al., 2020). However, the lack of these ages in Triassic sandstones of the Nakhlak region
between the Binalud and the Sanandaj-Sirjan Zone/NW Iran rules out these Late Paleozoic magmatic rocks
as potential source for the Mashhad Phyllite (Meinhold et al., 2020).

Late Paleozoic-Early Triassic volcanism was widespread along the southern margin of the Eurasian plate
including the Turan Block, and is called the “Silk-road arc” (Natal'in & Sengor, 2005). Despite later dissec-
tion by strike-slip faults, this arc system consists of calc-alkaline igneous rocks formed at two main stages,
Carboniferous and Triassic (Abdullah & Chmyriov, 2008; Boulin, 1988; Debon et al., 1987). The earlier stage
is interpreted as a result of Variscan orogeny that also occurred in the Greater Caucasus (Allen et al., 2006;
Cowgill et al., 2016; Vasey et al., 2020). The younger stage, with ages clustered in the Early Middle Triassic,
represents the active margin built over the Turan Block during Paleo-Tethys subduction (Sengér, 1984; Sie-
hl, 2019; Zanchetta et al., 2013). These two stages of magmatic rocks supplied a large amount of detritus
into the Triassic basin, but additional Permian detrital zircon ages imply a missing arc. This feature is possi-
bly buried by the Jurassic-Cretaceous platform between the Paleo-Tethys suture zone and the Aghdarband-
North Hindu Kush back-arc basins (Siehl, 2019; Zanchetta et al., 2013; Zanchi et al., 2016). Alternatively,
there was a longer transport route from the Late Carboniferous-Early Permian Gissar arc of the Southwest-
ern Tianshan (Worthington et al., 2017).

6. Discussion
6.1. Mashhad Phyllite: Witness of the Turan-Central Iran Collision

As noted above, the most significant finding from our detrital zircon results is the abrupt shift of prove-
nance between Paleozoic and Mesozoic samples (Figure 8). The Triassic Mashhad Phyllite of the Binalud
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Figure 9. Density plots for sedimentary rocks along the Alborz-Binalud Mountains, that is, the Paleo-Tethys suture
zone. (a—c): Neoproterozoic-Cambrian rocks with similar age patterns. (d-f) Middle Paleozoic rocks showing a
younging trend from east to west related to tectonic variation. (g) and (h): Permian samples with contrasting age peaks.
Central Alborz is characterized with Carboniferous ages, but Binalud received mostly Neoproterozoic zircons. Data
source: (a), (d) and (g): this study. (b), (f) and (h): Horton et al. (2008). (c): Honarmand et al. (2016). (e): Moghadam

et al. (2017a).
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Mountains, represents a change to rapid and thick terrigenous deposition on the original passive margin;
this shift may be key evidence to constrain the onset of the collision between Eurasia and Central Iran.

Devonian-Permian formations deposited on the passive margin of the Central Iran Block are characterized
by Pan-African detritus fed from Gondwana-affinity sources (Figure 8a). In the Triassic, Paleozoic rocks
were capped by the Mashhad Phyllite and then both sets of rocks were involved in the Cimmerian orogeny
(Zanchetta et al., 2013; Zanchi et al., 2016). Despite later low grade metamorphism and intense deformation,
some researchers have also found important clues to identify the sedimentary environment of the Mash-
had Phyllite (Alavi, 1992; Ghaemi et al., 1999; Wilmsen, Fursich, & Taheri, 2009). A basal conglomerate to
the Mashhad Phyllite indicates a regional sedimentary hiatus in the Triassic. Up-section, the sedimentary
sequence changes to interlayered shale and sandstone with volcanics; these rocks have large terrigenous
sources (Alavi, 1992; Ghaemi et al., 1999). The unconformity was first interpreted as to be equivalent to
the Middle-Late Triassic unconformity between the Shamshak Formation and pre-orogenic sedimentary
series (Alavi, 1992). But according to detailed stratigraphic study (Wilmsen, Fursich, & Taheri, 2009), the
Jurassic Shemshak Formation only occurred in the northeast of the Binalud, and unconformably covered
the Mashhad Phyllite with a basal conglomerate that includes pebbles and boulders of granitoids, quartzite,
schist and chert. This updated result helps us interpret that the Mashhad Phyllite was deposited in a colli-
sion-related peripheral basin during the closure of the Paleo-Tethys Ocean.

The detrital zircon age spectrum of the Paleozoic samples displays a dominant Pan-African age peak, fed
from the Central Iran Block, and with a Gondwana affinity (Figure 8a). The Mashhad Phyllite is located on
the passive margin of the Central Iran Block, but has Late Paleozoic-Early Triassic age peaks exclusively
from the Eurasia plate (Figure 8b). It records the first arrival of volcano-plutonic detritus derived from the
active margin on the Turan Block. As a result, the oldest depositional age of the Mashhad Phyllite should be
the most robust evidence to constrain the initial collision timing between the Central Iran and Turan blocks.

Dickinson and Gehrels (2009) evaluated the various ways of processing detrital zircon data for the Colorado
Plateau, and found that YSG ages are more indicative of the deposition age of an active continental margin
than YClo and YC20 ages. Recently, Vermeesch (2020) adopted the MLA for the statistical estimation of
depositional ages. In our study, except AB197, all samples have consistent MLA and YSG ages. So we as-
sume that MLA/YSG age stands for the maximum depositional age for our samples. Among the collected
Mashhad Phyllite samples, AB182 and AB201 have the oldest depositional age at ~231-228 Ma, whereas the
rest of samples have younger ages (225-214 Ma). We thus infer that the earliest deposition of the Mashhad
Phyllite started no later than 228 + 3 Ma (and likely slightly earlier). This age tightly constrains the timing
of the initial collision between Central Iran and Eurasia. The age is consistent with previous estimates for
the collision timing as Late Triassic-Early Jurassic (Alavi, 1992; Ghaemi et al., 1999; Sheikholeslami & Kou-
hpeyma, 2012; Taheri & Ghaemi, 1996; Wilmsen, Fursich, & Taheri, 2009), and possibly Carnian (Wilmsen,
Fuersich, Seyed-Emami, et al., 2009), but provides a much more precise age.

6.2. Tectonic Affinity of the Turan Block

The Rheic and Paleo-Tethys oceans both began with the separation of continental slices from the northern
margin of Gondwana (Sengdr, 1984; Stampfli et al., 2013). The Turan Block was considered as one of these
slices (Horton et al., 2008), but thick Mesozoic-Cenozoic sedimentary cover prevents clear recognition of its
pre-Mesozoic history (Brunet et al., 2017). A new reconstruction model places the Turan Block to the south-
west of the Baltica craton, together with the Karakum, Tarim, and North China Blocks, constituting a larger
continent named “Balkatach” (Zuza & Yin, 2017). This continent separated from the Rodinia superconti-
nent in the Late Neoproterozoic, and amalgamated with the Siberia craton to create part of the Central Asia
Orogenic Belt (Xiao et al., 2015). In contrast, Natal'in and Sengdr (2005) proposed that the Paleozoic crust
of the Turan Block is largely juvenile, and was assembled during oblique dextral subduction and strike-slip
repetition during the closure of Paleo-Tethys.

In our study, the pre-Mesozoic basement record of the Turan Block, revealed by the detrital zircons of the
Mashhad Phyllite, yields a distinct detrital zircon peak at ~1,870 Ma, but minor Pan-African ages (Fig-
ure 8). Horton et al. (2008) proposed that the Turan Block was located on the passive margin of the sub-
duction zone, and accreted to Gondwana at the end of the Cadomian orogeny. Our data, that record weak
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Pan-African and Cadomian signals, therefore contradicts this model. In keeping with the “Balkatach” mod-
el, the Turan Block had a close link to the Baltic Shield/East European Craton, that is, characterized by Late
Paleoproterozoic (2.0-1.8 Ga) and Early Neoproterozoic orogenic events (Cawood et al., 2007; Kuznetsov
et al., 2010; Wan et al., 2021). The implication is that the Turan Block was not rifted from Gondwana by the
opening of the Paleo-Tethys Ocean but existed as a part of the Eurasia Plate, and finally collided with the
Gondwana-derived Central Iran Block when the ocean closed.

6.3. Implications for the Evolution of Paleo-Tethys

The opening of the Paleo-Tethys ocean began in the Early Paleozoic (Stampfli & Borel, 2002; Stampfli
et al., 2013). Initial continental rifting in Central Iran Block may have occurred as early as the Ordovician,
marked by mafic magmatism that crops out at the northern margin of the Central Iran Block (Bagheri &
Stampfli, 2008; Derakhshi et al., 2017). Subsequently, passive margin deposition took place at the northern
margin of the Central Iran Block, where our results show that sedimentary rocks were sourced from Pan-Af-
rican rocks with Gondwana affinities. In the Eastern Alborz, detrital zircons from Devonian sandstone
show a similar pattern, dominated by Pan-African ages, but there is also an age group at ~490-450 Ma
(Figure 9e). We interpret this group of ages to indicate that initial continental rifting occurred as early as
Late Cambrian-Early Ordovician (Moghadam, Li, Griffin et al., 2017). In the Central Alborz, Devonian
sandstone lack Early Ordovician ages, but has a single, Late Devonian age peak (~380 Ma) close to the
stratigraphic age (Figure 9f). This age peak is interpreted as evidence for the initial rifting of Paleo-Tethys
(Horton et al., 2008).

It is unclear when Paleo-Tethys began to subduct under the Turan Block. Because of the presence of Middle
Devonian mafic blocks, the Darrehanjir ophiolite is considered as the earliest oceanic remnant of the Irani-
an Paleo-Tethys (Rutter, 1993; Rutter et al., 1991; Moghadam & Stern, 2014). Its formation age at ~380 Ma
and the subduction fluid-altered geochemistry fits a supra-subduction zone ophiolite model. Thus the onset
of Paleo-Tethys subduction is proposed to be Middle Devonian (Moghadam & Stern, 2014). The earliest arc
magmatic record can represent the minimum age of subduction initiation. The only geological record is a
Carboniferous arc-related granodiorite in the Mashhad-Fariman accretionary wedge that constrains ocean-
ic subduction at ~315 Ma (Zanchetta et al., 2013). As noted, the Mashhad Phyllite shows a provenance shift
to sources in the Turan Block, that reveals arc evolution during Paleo-Tethys subduction. Detrital zircon age
clusters demonstrate a sharp increase in the Early Ordovician and a reduction until the Late Triassic, with
two dominant peaks at ~450 and ~285 Ma (Figure 8b). We interpret this pattern to mean a long-lived active
continental margin in the Turan Block with two stages of magmatic flare-ups (Figure 10b). In NE Iran, the
pre-Mesozoic Paleo-Tethys arc is covered by thick Jurassic-Cretaceous platform carbonates. To the east,
volcanic rocks at the southern end of the Karakum Block argue for a Late Carboniferous-Early Triassic arc
(Debon et al., 1987; Siehl, 2019). Granitic rocks that yield Silurian ages are rarely exposed in the South Turan
Block, although there may be a hidden Ordovician-Silurian magmatic basement, in accord with magnetic
anomalies (Natal'in & $engdr, 2005). By integrating geological records and geophysical interpretation, we
suggest that subduction initiation of Paleo-Tethys was in the Latest Ordovician to Early Silurian in NE Iran
(Figure 10a), and subduction lasted through the Middle-Late Paleozoic. Subduction in this region coexisted
with subduction zones in the Turkestan and Uralian Ocean north of the Turan Block (Zuza & Yin, 2017),
and in the Rheic Ocean to the west (Linnemann et al., 2007; Nance et al., 2010).

6.4. Tectonic Reconstruction between the Paleo-Tethys and Rheic Oceans

During Late Paleozoic, two subduction systems controlled the tectonic evolution of Eurasia and Gondwana:
(a) Paleo-Tethys to the east (b) the Rheic Ocean to the west, separating Laurasia and Gondwana (Figures 12
and 13). Based on paleogeographic reconstructions (Stampfli et al., 2013), the Rheic Ocean was separat-
ed from Paleo-Tethys by a superterrane, including the Pontides-Transcaucasus Block, that detached from
Gondwana during the Early Paleozoic. The tectonic relationship of the two oceans is not fully clear, espe-
cially the boundary and transition between the two oceans.

At the northern margin of Gondwana, an Early Paleozoic magmatic arc was developed in the Pontides-Tran-
scaucasus Block above a southward-dipping subduction zone (Okay et al., 2008; Rolland et al., 2016).
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Subduction of the Rheic Ocean triggered back-arc extension that later evolved into Paleo-Tethys (Fig-
ure 13a). In contrast to the Pontides-Transcaucasus Block, southern Baltica has a variable magmatic record
preserved in detrital zircons in sediments: the Greater Caucasus show little evidence of a Silurian-Devonian
arc (Figures 11c and 12; Allen et al., 2006; Cowgill et al., 2016; Vasey et al., 2020), although this can be traced
in the Crimea (Figure 11d; Kuznetsov et al., 2019). In the Turan Block, simultaneous arc magmatism re-
vealed by our data clearly indicates an Early Paleozoic age for subduction related to the Paleo-Tethys ocean
(Figure 10a) and coexistence of the Rheic and Paleo-Tethys oceans, subduction zones and arcs along their
northern margins (Figure 13a).

As the eastern end of the European Variscan collision (Figure 13b), the accretion of the Pontides-Transcau-
casus Block to Baltica led to extensive deformation and magmatism at ~350-320 Ma (Figure 12; Rolland
et al., 2016; Topuz et al., 2006; Vasey et al., 2020). This collision was sealed by post-orogenic granitoids
around 320 Ma (Mayringer et al., 2011; Topuz et al., 2010). During this time subduction of Paleo-Tethys con-
tinued with high-pressure metamorphism at the Turan margin (Figure 12), but a gap in arc magmatism at
~350 Ma in our detrital zircon ages matches the collision timing between the Pontides-Transcaucasus Block
and Baltica (Figure 11). Together with the emplacement of the Shanderman eclogite, this change probably
results from the deceleration of convergence caused by adjacent continental collision.

Arc magmatism in Turan resumed after the Late Carboniferous and can be traced in sediments from the
Greater Caucasus, Crimea and Karakaya complex (Figures 11c-11e; Allen et al., 2006; Cowgill et al., 2016;
Kuznetsov et al., 2019; Ustadmer et al., 2015; Vasey et al., 2020). When combined with the coeval magmatic
record from the Turan Block (Figures 11a and 11b), the collective data indicate that a laterally continuous
Paleo-Tethyan subduction zone formed and began to control the tectonic evolution of Eurasia. A large back-
arc basin developed in the Late Permian-Early Triassic (Figure 13c), including the Aghdarband Basin and
the North Hindu Kush rift basin (Siehl, 2019; Zanchetta et al., 2013; Zanchi et al., 2016). At the same time,
prominent detrital age peaks of the western segment reveal a magmatic flare-up that may correspond to an
extensional event along the entire subduction zone (Garzanti & Gaetani, 2002; Natal'in & Sengdr, 2005).

The deposition of the Mashhad Phyllite marked the arrival of the Central Iran Block that interrupted this
unified subduction zone (Figure 13d). To the west, evidence suggests continued subduction with persis-
tent arc magmatism from the Paleo-Tethys to Neo-Tethys without an intervening Cimmerian continental
collision (Okay et al., 2020; Topuz et al., 2004, 2012). The Anatolide-Tauride-Armenia Block was laterally
equivalent to the Central Iran Block on the northern side of Gondwana (Figure 13d), but had a different
history of rifting and eventual collision with Eurasia.

6.5. Paleo-Tethys Closure and the Carnian Pluvial Event

The Carnian Pluvial Event (CPE) was a period of humid climate within the otherwise arid Late Triassic, with
a duration of ~2 million years (Ruffell et al., 2016). It strongly affected the Tethyan region and elsewhere in
Eurasia, but has been documented in other regions of the world. Its timing of ~234-232 Ma is close to the
start of major diversification of the dinosaurs, and also the emergence of calcifying nannoplankton (Dal
Corso et al., 2020). Therefore it was an important period for evolution. The cause of the CPE is debated, but
most recent studies emphasize a near-coincidence in timing with the eruption of thick basaltic sequences
in the Wrangellia oceanic plateau, now preserved in tectonic slices along western North America. Emission
of greenhouse gases and aerosols by the eruptions has been proposed as the cause of climatic and environ-
mental change (Dal Corso et al., 2012). The Wrangellia lavas are dated at 230-225 Ma (Greene et al., 2010).
This age range is slightly younger than the CPE-which raises a question over whether the magmatism could
have caused the climate change. Closure of the Paleo-Tethys Ocean has also been invoked as the cause of the
CPE (e.g., Hornung & Brandner, 2005), with an intensified monsoonal climate causing increased erosion

Figure 10. Schematic 3D evolution model illustrating our preferred tectonic and sedimentary process for Cambrian to Triassic rocks of the Binalud Mountains.
(a) Early Silurian subduction initiation at the southern margin of the Turan Block. This change is revealed by the occurrence of a large number of zircon ages

at ~450-430 Ma. (b) During the late Paleozoic, subduction of the Paleo-Tethys continued accompanied with reduction of oceanic crust and approaching of the
Central Iran Block. Devonian to Permian sandstone deposited on the passive margin received recycled zircons from older rocks of the Central Iran Block. (c) In
the Late Triassic, the first contact between two continental blocks occurred in the Binalud region, and arc materials poured onto the passive margin, forming the
Late Triassic peripheral foreland basin, and depositing the Mashhad Phyllite.
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Figure 11. Zircon U-Pb ages plotted as kernel density estimation from Mesozoic samples in the Paleo-Tethys tectonic
domain and adjacent regions, including (a) Binalud and Alborz (this study combined with Horton et al., 2008); (b)
Nakhlak and Central Iran (Meinhold et al., 2020); (c) Greater Caucasus (Allen et al., 2006; Cowgill et al., 2016; Vasey
et al., 2020); (d) Crimea (Kuznetsov et al., 2019); (e) Karakaya complex (Ustadmer et al., 2015).
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Figure 12. Tectonic map showing geological records of the Paleo-Tethys and Rheic oceans in the Iran-Turkey region.
Numbers are 1: Wan et al. (2021).2: Rossetti et al. (2017). 3: Moghadam Stern (2014). 4: Zanchetta et al. (2013). 5:
Rolland et al. (2016). 6: Topuz et al. (2006). 7: Mayringer et al. (2011). 8: Vasey et al. (2020). 9: Akdogan et al. (2018). 10:
Wilmsen, Fursich, and Taheri (2009). 11: Topuz et al. (2004). 12: Tapponnier et al. (1981). 13: Debon et al. (1987) with
Rb-Sr dating results. 14: Garzanti and Gaetani (2002). 15: Data compiled by Natal'in and Sengdr (2005) from exploration
reports. 16: Zanchi et al. (2009) and Meinhold et al. (2020).

and silicate deposition. Evaluating this mechanism has been hindered by uncertainty in the timing of ocean
closure. Previous estimates of Late Triassic collision are too vague for confident correlation with the CPE,
given that the epoch lasted for 35 million years in total, while even the Carnian epoch lasted for ~10 mil-
lion years. Our study reduces that uncertainty, and places the demise of Paleo-Tethys in NE Iran very close
to the timing of the CPE. We therefore revive the idea that climate change was triggered by closure of the
Paleo-Tethys Ocean at least in NE Iran, with potential perturbations of oceanic and atmospheric circulation,
and sediment flux into the oceans. The closure of Paleo-Tethys as a major driver for the CPE is consistent
with the bulk of evidence for environmental change coming from the Tethyan region (Ruffell et al., 2016).

7. Conclusions

Our detrital zircon geochronology in the Binalud Mountains of NE Iran provides a complete tectonic sce-
nario from ocean spreading to continental collision for the Iranian sector of Paleo-Tethys. Below we list
some concluding points of our work:

1. Located at the northern side of the Central Iran Block, the Binalud region received passive margin depo-
sition in the Paleozoic before the demise of the Paleo-Tethys Ocean. Provenance for Cambrian to Permi-
an clastic rocks is probably the Pan-African basement of northern Gondwana.

2. The Paleo-Tethys Ocean began in the Early Ordovician. Subduction initiation could have been as early
as 450 Ma, not long after the onset of ocean spreading. This subduction system evolved coevally with the
subduction of the Rheic Ocean to the west.

3. A provenance shift from the passive margin to the active margin is recorded in the Mashhad Phyllite,
and marks the initial collision between the Central Iran Block and the Eurasian Plate. Our new results
constrain the age for the initial collision as no younger than 228 Ma, and probably slightly older.
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Figure 13. Tectonic reconstruction maps of the Eurasian continental margin illustrating the tectonic interaction
between the Rheic and the Paleo-Tethys. Tectonic evolution of the Rheic Ocean is modified after Topuz et al. (2004);
Cowgill et al. (2016); Rolland et al. (2016); Okay et al. (2020); Vasey et al. (2020). The ocean width is not to scale, but
shows the detachment of Gondwana-derived blocks and the birth of the Paleo-Tethys and Neo-Tethys. ATA: Anatolide-
Tauride-Armenia. CIB: Central Iran Block. PTB: Pontides-Transcaucasus Block. (a) At Late Silurian, the Rheic Ocean
and Paleo-Tethys coexisted to the north of the Gondwana. We infer a large arc system at the southern margin of
Eurasia. (b) The PTB collided with Eurasia (Baltica) in the Greater Caucasus, while the Shanderman eclogite (SE) was
emplaced within the Paleo-Tethys subduction zone. The collision ceased arc magmatism in the southern Baltica and

a sharp decrease in the southern Turan Block. (c) In Early Triassic, subduction jumped to the south of the PTB and
resumed arc magmatism within the PTB. The southern Turan Block was stretched by back-arc extension that formed
the Darreh-Anjir complex and Aghdarband Basin (DA) and the North Hindu Kush rift. (d) The collision between the
CIB and the Turan Block initiated with the Mashhad Phyllite (MP) foreland basin. Slab shallowing due to the CIB-
Turan collision is highly responsible for the emplacement of Triassic blueschist and eclogite in the PTB.

4. There is a coincidence in timing between our new age for the closure of Paleo-Tethys (no younger than
228 Ma) and the Carnian Pluvial Event (234-232 Ma). This match in timings reinforces previous sugges-
tions that Paleo-Tethys closure might have been responsible for the CPE.
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