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ABSTRACT

The Paleozoic tectonic evolution of the northern margin of Gondwana is inferred to comprise several epi-
sodes of continental breakup and ocean opening. However, the timing and number of rifting events, and
the identity and paleogeography of the continental blocks involved in these inferred breakup events
remain poorly understood. This study examines the early Paleozoic tectonic evolution of northern
Gondwana by analyzing the paleogeography and provenance of Ordovician strata exposed in the
Iranian blocks. New detrital zircon U-Pb-Hf measurements from Ordovician siliciclastic strata in Iran
define two major age fractions at 600—500 Ma (41 %; ¢Hf;) = —11.9 to +9.6) and 1100—600 Ma (37 %;
eHfy = —21.6 to +10.6), and two minor fractions at > 1100 Ma (13 %; eHf;) = —13.9 to +5.9) and
500—444 Ma (10 %; eHfy = —9.1 to +4.4). Detrital rutile U-Pb ages from these units similarly include
two major age fractions at 1100—600 Ma (49 %) and 600—500 Ma (33 %), and two minor fractions
at > 1100 Ma (14 %) and 500—444 Ma (4 %). Zr-in-rutile temperatures and Cr-Nb compositions indicate
that most detrital rutiles are sourced from amphibolite facies metapelitic or metafelsic rocks. The new
data suggest sediment was ultimately sourced from the Arabian-Nubian Shield (~54 %) and 600—
500 Ma (~39 %) and Ordovician (~7%) magmatic rocks in local basement in Iran. The widespread expo-
sure of 600—500 Ma magmatic rocks in Iran indicates significant changes in basin configuration from a
stable platform in the Ediacaran—Cambrian to a series of fault-bound extensional basins in the
Ordovician. We explore two possible scenarios for the Ordovician extension in Iran. The first involves
detachment of a continental block from northern Iran leading to opening of the Paleo-Tethys Ocean.
However, because the identity of this hypothesized rifted continental block remains unclear, we interpret
that early to middle Paleozoic extension across the region occurred within an already established conti-

nental margin.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of International Association for Gondwana
Research. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/
4.0/).

1. Introduction

blocks from northern margin of Gondwana (NMG; Fig. 1A)
(Stampfli et al., 1991; Stampfli and Borel, 2002; Metcalfe, 2021).

Continental blocks derived from northern Gondwana make up
most of modern Eurasia, and are delineated by belts of ophiolites,
magmatic arc rocks, and collisional orogens (Stocklin, 1974; Shafaii
Moghadam and Stern, 2014; Moghadam and Stern, 2015; Torsvik
and Cocks, 2017; Wu et al., 2020; Metcalfe, 2021; Robertson
et al., 2021). The Ediacaran to late Cenozoic assembly of this col-
lage of continental blocks is interpreted to have involved the inter-
mittent formation and consumption of Tethyan ocean basins
through the detachment and northward migration of continental
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https://doi.org/10.1016/j.gr.2023.10.017

Continental breakup associated with each phase of rifting was
not simultaneous along the margin and there is no consensus on
the number and timing of continental breakup episodes, nor the
original location of the detached blocks (Torsvik and Cocks, 2017;
Wu et al.,, 2020; Metcalfe, 2021; Robertson et al., 2021).

The history of episodic continental rifting and the transfer of
continental fragments to Eurasia via closure of Tethyan ocean
basins is best known from the geological record of Eurasia with
comparatively fewer constraints from the northern Gondwana
margin (e.g., Shafaii Moghadam and Stern, 2014; Moghadam and
Stern, 2015; Metcalfe, 2021). The poorly-resolved opening stages
of these oceanic basins has hindered their spatial and temporal
correlations along the NMG and understanding the tectonic drivers
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Fig. 1. A) Paleogeographic map of Gondwana (modified from Cawood et al., 2021) showing core continental blocks, peri-Gondwanan blocks, major interior orogens, and
inferred locations of continental breakup and ocean basin formation. Note that unlike other segments of the NMG, no fringing block to the north of Iran has been identified
that could have rifted away during the inferred opening of the Paleo-Tethys Ocean. Openings of the Paleo- and Neo-Tethys oceans along the NMG were diachronous. B)
Geological map of Iran showing main structural blocks, bounding faults, ophiolitic sutures, and studied sections. Note that Paleo-Tethys-related ophiolites are found in several
locations inboard (southwest) from the main inferred paleo-Tethys suture zone in NE Iran (i.e., the dashed blue line). Black suture belt is related to the Neo-Tethys Ocean
closure, and the green suture belts are related to closure of back-arc extensional basins associated with Neo-Tethys subduction. Y: Yazd block, T: Tabas block, L: Lut block,
UDMA: Urumieh-Dokhtar Magmatic Arc, KD: Kope Dagh; EIO: East Iranian Orocline. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

and paleogeographic implications of this rift history (Torsvik and
Cocks, 2017). These ambiguities are most pronounced for the older
Ediacaran to middle Paleozoic continental breakup events, mainly
because a detailed reconstruction of the NMG during this period is
lacking, and the rock record of these older events, now in central
Eurasia, is heavily overprinted by younger orogenic events.

In this paper, we outline an early Paleozoic paleogeographic
reconstruction of the northern margin of Gondwana (NMG) abut-
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ting the Sahara Metacraton and the Arabian Plate and present
new geochronological data to refine models for the early Paleozoic
tectonothermal evolution of this region. Our goal is to better
understand the paleogeography and tectonic context of early Pale-
ozoic extension along the northern margin of Gondwana and their
relationship to the formation of the Paleo-Tethys Ocean. For this
purpose, we employ a multi-proxy provenance analysis of Ordovi-
cian siliciclastic successions from the NMG fringing the Arabian
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Plate, including detrital zircon U-Pb and Hf isotope and detrital
rutile U-Pb and trace element analyses. This integrated dataset
provides insight into the age and genesis of magmatism and the
metamorphic history of the source region, which helps to refine
models for the Ordovician tectonomagmatic evolution of the
NMG. We focus on the Ordovician siliciclastic successions in the
Alborz, Central Iran, and Zagros blocks of Iran. These blocks are
located to the south of the Paleo-Tethys suture, which now lies
in Eurasia, and are considered to have formed the southern flank
of the Paleo-Tethys rift along the NMG (e.g., Stampfli et al., 1991;
Stampfli and Borel, 2002; Alvaro et al., 2022). Importantly, these
Iranian blocks preserve a nearly continuous history of Ediacaran
to Ordovician sedimentation, offering an extensive record of early
Paleozoic extension along the NMG. We combine the new data
with geological constraints from Eurasia (i.e., the Paleo-Tethys
suture) to revise paleogeographic and tectonic models for the early
Paleozoic transfer of continental blocks between Gondwanan and
Eurasia.

2. Geological setting

Iran consists of three main structural blocks, Alborz, Central
Iran, and Zagros, which are differentiated based on their deforma-
tion style, bounding faults, and fringing ophiolites (Fig. 1B)
(Stocklin, 1968, 1974; Berberian and King, 1981). From the Edi-
acaran to late Paleozoic, the Iranian blocks formed part of the Ara-
bian Plate along the NMG (Becker et al., 1973; Soffel and Rster,
1980; Wensink, 1983; Vecoli and Le Hérissé, 2004; Ghavidel-
syooki and Vecoli, 2008; Spina et al., 2020a). Following the late
Paleozoic opening of the Neo-Tethys Ocean along the Zagros
suture, the Alborz and Central Iran blocks rifted away from Gond-
wana as part of the Cimmerian terranes (e.g., Central Iran, Alborz,
Taurides, Afghanistan, South Qiangtang; Fergusson et al., 2016;
Hassanzadeh and Wernicke, 2016; Sheikholeslami, 2017; Jamei
et al., 2020; Jamei et al., 2021). The northward migration of the
Cimmerian terranes and their collision with the southern margin
of Eurasia involved subduction and closure of the Paleo-Tethys
Ocean in Permian-Triassic (Fig. 1) (Wilmsen et al., 2009; Zanchi
et al.,, 2009a; Rahmati-Ilkhchi et al., 2010; Kargaranbafghi et al.,
2012; Zanchetta et al., 2013; Zanchi et al., 2015; Zanchi et al,,
2016). Following, and probably concurrent with Paleo-Tethys clo-
sure, northward movement of the Afro-Arabian Plate initiated sub-
duction of the Neo-Tethys oceanic crust under Central Iran. This
subduction is recorded by arc magmatism in the western-
southwestern margins of Central Iran (i.e., the Urmia-Dokhtar
magmatic arc), metamorphism in the Sanandaj-Sirjan zone, and
widespread extensional back-arc basins in Central Iran and Alborz
blocks, which locally developed into narrow seaways floored by
oceanic crust (Fig. 1B) (Monsef et al., 2014; Monsef et al., 2018a;
Monsef et al., 2018b; Moghadam et al., 2019; Shafaii Moghadam
et al., 2020b; Monsef et al., 2022). The final collision of the Arabian
plate with Central Iran, probably in the Eocene-Miocene, formed
the Zagros Fold and Thrust Belt as part of the transcontinental
Alpine-Himalaya Orogen (e.g., Stocklin, 1968; Berberian and King,
1981; Agard et al., 2011; Barber et al., 2018; Gholami Zadeh
et al,, 2020; Gholami Zadeh et al., 2021; Koshnaw et al., 2021). This
compressional tectonism inverted the Neo-Tethyan back-arc
extensional basins in Central Iran and Alborz blocks, where
obducted ophiolites represent the remnants of these narrow
oceans are exposed farther north of the Neo-Tethys suture, and
in some cases are in close spatial association with the Paleo-
Tethyan ophiolites in NE Iran (Fig. 1B) (Khalatbari Jafari et al.,
2013; Moghadam and Stern, 2015; Moghadam et al., 2019; Pirnia
et al., 2020).
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The oldest crystalline rocks in the Iranian blocks include bimo-
dal (mafic—felsic) plutonic and rare volcanic rocks ranging in age
from 600 Ma to 500 Ma (Fig. 1B) (e.g., Hassanzadeh et al., 2008;
Rossetti et al., 2015; Moghadam et al., 2016; Moghadam et al.,
2017b; Shafaii Moghadam et al., 2017; Honarmand et al., 2018;
Daneshvar et al., 2019; Gholipour et al.,, 2022; Moradi et al,,
2022; Nouri et al., 2022). Based on whole-rock geochemistry, con-
trasting tectonic models have been suggested for the origin of
these magmatic rocks including a continental magmatic arc (e.g.,
Ramezani and Tucker, 2003; Shafaii Moghadam et al., 2020a;
Moghadam et al., 2021) or an extensional back-arc zone (e.g.,
Sepidbar et al., 2020; Sepidbar et al., 2021; Azizi and Whattam,
2022).

Ediacaran—Cambrian sedimentary successions in Iran include
mixed siliciclastic and carbonate sequences plus minor volcanic
intercalations with the distribution of lithofacies indicating a
change from isolated fault-bound basins in the Ediacaran to a uni-
fied shallow marine sedimentary basin during the Cambrian
(Fig. 2) (Berberian and King, 1981; Geyer et al., 2014; Bayet-Goll
et al., 2015; Bayet-Goll et al., 2018; Ghorbani, 2019). The laterally
extensive lithofacies, absence of angular unconformities, and con-
sistent provenance form the Arabian-Nubian Shield (ANS) have
been interpreted to indicate that the Cambrian strata were depos-
ited in a north/northeast-facing, epicontinental basin that lacked
significant local topography (Horton et al., 2008; Zoleikhaei et al.,
2021, 2022).

Ordovician magmatic rocks in Iran include mostly thin (<50 m)
mafic volcanic interlayers within sedimentary strata, which locally
form thicker units (~ 700 m) in some sections; for example, the
Soltan Meydan Basalts in eastern part of the Alborz block
(Bagheri and Stampfli, 2008; Derakhshi and Ghasemi, 2015;
Derakhshi et al., 2017; Fatehi and Ahmadipour, 2018; Vesali
et al., 2020; Derakhshi et al., 2022), and minor plutonic rocks
(Ghavidel-Syooki et al., 2011b; Moghadam et al., 2017a; Ranjbar
Moghadam et al., 2018; Shirdashtzadeh et al., 2018). The Ordovi-
cian basalt and gabbro rocks have alkaline to sub-alkaline geo-
chemical affinities, and the rare granitic rocks are A-type
granites, and are interpreted to imply extensional tectonics for Iran
during this period (Mehdizadeh Shahri, 2008; Derakhshi et al.,
2017; Moghadam et al., 2017a; Ranjbar Moghadam et al., 2018;
Vesali et al., 2020; Derakhshi et al., 2022). Ordovician sedimentary
units in Iran include thick successions of sandstones, shales, and
minor conglomerates, which record a marked lithological change
from the unconformably underlying carbonate rocks of the middle
to late Cambrian Mila Formation (Fig. 2). The Ordovician units are
not ubiquitous and, in some sections, younger units, up to Permian
age, directly overlie Cambrian strata (Ghavidel-syooki, 1994b;
Ghorbani, 2019; Spina et al., 2020b; Bayet-Goll et al., 2022b). The
Ordovician siliciclastic successions are compositionally immature
and characterized by rapid lateral changes in lithofacies (Bayet-
Goll et al,, 2022b). They include the Lashkarak and Ghelli forma-
tions in the Alborz block (Bayet-Goll and Carvalho, 2017; Alvaro
et al., 2022; Bayet-Goll et al., 2022a; Bayet-Goll et al., 2022b), the
Shirgesht Formation in the Central Iran block (Bayet-Goll et al.,
2016; Khazaei et al., 2018; Bayet-Goll, 2022), and the Zardkuh
and Seyahou formations in the Zagros block (Fig. 2) (Asghari,
2014; Vennin et al., 2015). The Ordovician age of these units is
mostly based on their fossil content and stratigraphic position
(Ghavidel-syooki, 1994a, 2006; Ghobadi Pour et al, 2006;
Schallreuter et al., 2006; Ghobadi Pour and Popov, 2009; Evans
et al., 2013; Ghavidel-Syooki et al., 2014; Ghobadi Pour et al.,
2015; Kebria-ee Zadeh et al., 2015; Popov et al., 2015; Ebbestad
et al, 2016; Ghavidel- Syooki, 2019; Ghobadi Pour, 2019;
Ghavidel-Syooki, 2021). Paleocurrent data are highly variable and
indicate north, east, and southward sediment transport directions
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(Bayet-Goll et al., 2016; Bayet-Goll and Neto de Carvalho, 2016;
Bayet-Goll et al., 2022b).

Large-scale paleovalleys with grooved and striated boulders in
the infilling late Ordovician sediments in the eastern and northern
margins of the Arabian Shield are interpreted to preserve evidence
for (super)continental-scale glaciation during the late Ordovician
(Clark-Lowes, 2005; Masri, 2017). Similarly, Ghavidel-syooki
et al. (2011a) believe that the upper parts of the Ordovician succes-
sions in the Zagros block include glaciomarine detritus, which
mark the northern/northeastern extents of the late Ordovician ice
sheet.

3. Methods

We collected samples from the laterally extensive Ordovician
sedimentary units in the three blocks of Iran including the Lash-
karak, Shirgesht, Zardkuh, and Seyahou formations (Fig. 2). Fig. 3
shows the stratigraphic column of the Ordovician units in the stud-
ied sections, geographic coordinates and stratigraphic locations of
the samples, number of samples per unit, and type of detrital min-
eral analyses. A variety of names have been applied to the Ordovi-
cian stratigraphic units in the Dehmolla section of the Alborz block.
Here, we use the name Lashkarak Formation for the whole Ordovi-
cian interval, which includes the Lashkarak and Ghelli formations
of Ghavidel-syooki (2006), and the unnamed unit and Lashkarak
Formation of Ghobadi Pour (2019), and the ~70 m thick interval
of submature sandstone below these strata (Fig. 3).

Our analyses include detrital zircon U-Pb analyses on 11 sam-
ples (a total of 979 grains), and detrital zircon Lu-Hf (283 grains)
and detrital rutile U-Pb and trace element (368 grains) analyses
on 4 representative samples (Fig. 3). Sample preparation and anal-
ysis were carried out at the Isotopia Facility, Monash University.
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Detrital grains were hand-picked from heavy mineral fractions sep-
arated using heavy liquids and magnetic separation and mounted
into epoxy resin blocks. The mounts were then polished to expose
the middle of the grains. Cathodoluminescence (CL) images for zir-
con grains and back scattered electron (BSE) images for the rutile
grains were used to select analytical spots. Detrital zircon U-Pb
analyses were conducted via LA-ICP-MS following the method out-
lined in Matthews and Guest (2017), which involved 15 s ablation
with a laser beam of 25 pm spot size, 4 j.cm~2 on-sample fluence,
and a repetition rate of 8 Hz. A subset of detrital zircons were also
analyzed for Lu-Hf isotopes via LA-MC-ICP-MS following the
method detailed in Mulder et al. (2021). Both Lu-Hf and U-Pb iso-
topic data were collected for these grains via split-stream analyses,
which involved 60 s of ablation using a laser beam with a 35 pm
spot size, 4.5 j.cm~2 on-sample fluence, and a repetition rate of
8 Hz. Most U-Pb and Lu-Hf measurements were collected from
the same CL domains of the grains analyzed during the first U-Pb
session. However, some new grains were also analyzed as some of
the grains analyzed for U-Pb isotopes in the first session were too
small to place a second laser spot for U-Pb-Hf measurements.
Detrital rutile U-Pb and trace element (?’Al, 4*Sc, 47Ti, >V, >2Cr,
SSMH, SGFC, 571:ev 59C0, 89Y, 9021.' 93Nbv 95]\/[0v 1185[.1v 178Hf, 181Ta,
182yy7, 206pp, 208pp, 232Th, 238(J) analyses were conducted via split
stream LA-ICP-MS, in which the grains were ablated for 30 s using
a laser beam with 35 pm spot size, 6.5 j.cm~2 on-sample fluence,
and 10 Hz repetition rate. All data were reduced using the Iolite 4
software package (Paton et al., 2011). Data tables for zircon U-Pb
and Lu-Hf, rutile U-Pb and trace element, and reference materials
analyses used for calibrating the experiments and assessing data
accuracy are provided in supplementary files A, B, C, and D.
The detrital zircon and rutile U-Pb ages include both concordant
(< #10 % discordant; discordance = (?°’Pb/?3°U = 206pp/238y
— 1) x 100) and discordant (> +10 discordant) data. Given that no
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robust approach is available for calculating original ages of discor-
dant detrital grains due to lead-loss, we have filtered the detrital
zircon U-Pb ages at 10 % discordance level. The discordant detrital
zircon U-Pb data are not included in the data plots and interpreta-
tions, and only reported in the supplementary data files. However,
in the case of detrital rutile U-Pb ages, the data pattern indicated
discordance due to common-lead, from which corrected ages are
calculated as explained in section 4.2, and no detrital rutile U-Pb
data have been rejected using the discordance filter. For all concor-
dant data, 2°°Pb/?38U ages are used if younger than 1100 Ma, and
207ph205ph ages are used if older than 1100 Ma. Kernel Density Esti-
mation and Multidimensional Scaling diagrams were plotted using
IsoplotR (Vermeesch, 2018).

4. Results
4.1. Detrital zircon and rutile morphology and internal structures

Detrital zircon grains in the Ordovician successions of Iran have
morphologies ranging from angular to well-rounded, with bimodal
distributions of angular to sub-angular and sub-rounded to well-
rounded grains in most samples (supplementary Fig. 1). In CL
images, the zircon grains show oscillatory and sector zoning, and
core and rim structures (Fig. S2). Detrital rutile grains in these suc-
cessions also have a wide range of morphologies but are mostly
sub-rounded to well-rounded (Fig. S1). In BSE images, most rutile
grains have homogenous internal textures. Detrital zircon and
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detrital rutile grains for geochronology and geochemical analyses
were selected from the different roundness classes according to
their relative frequencies in each sample. Given that rims on the
detrital zircons were generally too small to analyze, most measure-
ments are from the core regions of the zircon grains.

4.2. Detrital zircon U-Pb-Hf

We divided the detrital zircon and rutile ages from each of the
three Iranian blocks into four age intervals: (1) Pre-mid Stenian
(> 1100 Ma) and (2) mid Stenian to early Ediacaran (1100 to
600 Ma), which are the dominant zircon age populations recorded
in the Arabian-Nubian Shield, (3) middle Ediacaran—middle Cam-
brian (600 to 500 Ma) representing the age of the oldest crystalline
rocks in Iran, and (4) late Cambrian—Ordovician (500—444 Ma),
likely derived from local syn-sedimentary magmatic rocks.

4.2.1. Ordovician units in the Alborz block

Detrital zircon ages in five samples from the Lashkarak forma-
tion in Central Alborz (Shahmirzad and Dehmolla sections, respec-
tively, sections number 1 and 2 in Fig. 1B) contain two dominant
age fractions at 1100—600 Ma (28—57 % of the total populations,
with age peaks at 940, 850, 810, 750, and 610 Ma) and 600—
500 Ma (23—47 %; age peaks between 570 and 510 Ma)
(Fig. 4A—E). Other minor age fractions include pre-Stenian ages
(> 1100 Ma; 12—17 %), which range from 3300 to 2100 Ma (age
peak at ca. 2500 Ma) and between 2100 and 1800 Ma, and ages
between 500 and 446 Ma (4—16 %; Fig. 4A—E). In the Shahmirzad
section, the two youngest ages (< +5 % discordant) at 478 Ma (sam-
ple YZSLs-1) and 446 Ma (sample YZSLs-2a), provide maximum
depositional ages for the base and near top of these strata, respec-
tively (Fig. 3). In the Dehmolla section, weighted mean ages of
477 Ma (n = 3, MSWD = 0.5, sample YZDLs-5) and 459 Ma (n = 2,
MSWD = 0.02, sample YZDLs-7) for the youngest grains provide
maximum depositional ages for the base and middle part of these
strata, respectively (Fig. 3).

Detrital zircon eHf() values from a sample (YZDLs-7) from the
middle part of the Ordovician successions in east Central Alborz
(Dehmolla section) range from —21.6 to +10.6 (Fig. 5A). The ¢Hfy
values in the detrital zircons older than 1100 Ma evolve from +8.4
at ca. 2700 Ma to —13.3 at ca. 1800 Ma. Detrital zircons in the
major age fraction at 1100—600 Ma have variable eHf(, values
between —21.6 to +10.6, with the majority of grains (73 %) having
positive eHf values. The ¢Hf(,) values of the 600—500 Ma age frac-
tion range from —8 to +8.4. Ages younger than 500 Ma have eHf
values between —3.8 and +3.8 (Fig. 5A).

4.2.2. Ordovician units in the Central Iran block

Detrital zircon ages from the Ordovician Shirgesht Formation in
the northern (samples YZDrSh-2 and 3) and southern (samples
YZZSh-3 and 7) parts of the Central Iran block have similar age
ranges, but with different frequencies for age fractions (Fig. 4). In
the northern part of Central Iran (Derenjal section), 600—500 Ma
grains comprise the dominant age fraction (54 % and 77 %; age
peak at ca. 520 Ma), and 1100—600 Ma ages form the second most
frequent age fraction (13 % and 29 %; minor age peaks at 950 and
690 Ma Fig. 4F and G). In the southern part of Central Iran (Zarand
section), 1100—600 Ma grains form the major age fraction (48 %
and 54 %; age peaks at ca. 950, 790, 775, and ca. 600 Ma), and
600—500 Ma grains form the second dominant age fraction (21 %
and 31 %; age peaks at 545 Ma and 520 Ma). Grains between 500
and 445 Ma are less common (5—12 %) and form a shoulder of
the main age peak in these samples (Fig. 4G and I). However, in
sample YZZSh-3 from lower part of the formation in southern part
of Central Iran (Zarand section), 500—445 Ma ages are more
common (19 %) and form a prominent peak at 450 Ma (Fig. 3I).
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In both sections, ages older than 1100 Ma form minor age fractions
(3—16 %) and are scattered between 3200 and 1800 Ma. Weighted
mean ages of 474 Ma (n = 3, MSWD = 0.45, sample YZDrSh-2) and
454 Ma (n = 16, MSWD = 0.92, sample YZZSh-3) for the youngest
grains, respectively, in the Derenjal and Zarand section provide
maximum depositional ages for the lower part of these strata
(Fig. 3).

Detrital zircon eHf(y) values for two samples from the Ordovi-
cian Shirgesht Formation in north Central Iran (YZDrSh-2 and 3)
range from —18.9 to +9.6 (Fig. 5B). The ¢Hf(y) values in the grains
older than 1100 Ma are all sub-chondritic and range from —6.4
to —0.2. The 1100—600 Ma age fraction has more variable eHf
values from —18.9 to +8. The ¢Hf, values in the major 600—
500 Ma age fraction, and ages younger than 500 Ma are similar
and range from —11.9 to +9.6, with the majority of grains having
eHf() values from —4 to +3 (Fig. 5B).

4.2.3. Ordovician units in the Zagros block

Detrital zircons from two Ordovician units in the Zagros block
have similar age ranges, but with different frequencies between
age fractions. In the early Ordovician Zardkuh Formation (YZFZr-
1), 600—500 Ma ages form the major age fraction (54 %; age peak
at 530 Ma), and 1100—600 Ma ages are the second most frequent
age fraction (23 %) with small age peaks at 800 and 610 Ma (and
Fig. 4K). In the late Ordovician Seyahou Formation (YZFSy-6), the
1000—600 Ma ages are the dominant age fraction (59 %; a primary
age peak at 610 Ma, a secondary age peak at 780 Ma, and minor age
peaks at 1000 Ma and 880 Ma), and the 600—500 Ma ages form the
second most frequent age fraction (30 %) and form a shoulder on
the main age peak (Fig. 4]). Ages older than 1100 Ma form less
common age fractions in both units (11 % and 22 %) and are scat-
tered between 3300 and 1500 Ma with small age peaks at ca.
2500 Ma. Ages younger than 500 Ma are absent in these samples
(Fig. 4] and K).

Detrital zircon eHf ;) values from the early Ordovician Zardkuh
Formation (YZFZr-1) range from —21 to +9.1 (Fig. 5C). The Hf
values in detrital zircons older than 1100 Ma evolve from +2.8 at
ca. 2500 Ma to —13.9 at ca. 1600 Ma (Fig. 5C). The 1100—600 Ma
fraction has variable eHf() values ranging from —21 to +9.1. The
eHf(y) values in the major age fraction at 600—500 Ma ranges
from —5.7 to +5.2 with the majority of data points clustering
between —3 and +4 (Fig. 5C).

4.3. Detrital rutile U-Pb

A significant portion (~60 %) of the detrital rutile ages in each
sample are discordant (> 10 % discordant) due to the variable
incorporation of common-lead (Fig. S3). We calculate 2°7Pb-
corrected ages for these grains by measuring and correcting the
common-Pb component based on Stacey and Kramers (1975) Pb-
evolution model and using IsoplotR (Vermeesch, 2018). Accord-
ingly, the KDE plots for each sample include two curves, which cor-
respond to concordant ages (< £10 % discordant; blue curve) and
concordant + 207Pb-corrected ages (red curve; Fig. 6). The concor-
dant and discordant ages have similar age distributions for all sam-
ples, but in the concordant populations the frequencies of ages
older than ca. 900 Ma are higher. This pattern likely reflects the
higher radiogenic-lead content of the older grains and hence more
concordant ages due to higher radiogenic/common lead ratios in
these grains (Fig. 6). Therefore, to avoid bias induced by the con-
cordance filter, we base our interpretations on the combined con-
cordant and 2°’Pb-corrected dataset (i.e., red curve; Fig. 6).

4.3.1. Ordovician successions in the Alborz block
Detrital rutile ages for two samples from the Lashkarak Forma-
tion in western (YZSLs-2a) and eastern (YZDLs-7) parts of Central
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Fig. 4. Kernel Density Estimation (KDE) and histograms showing detrital zircon U-Pb ages from Ordovician siliciclastic successions in the Alborz (A—E), Central Iran (F—I),
and Zagros (J and K) blocks. Histogram bin width is 50 Ma. Only concordant ages (< 10 % discordant) are plotted. The pale blue band shows the age range of magmatism in
the ANS, and the pale yellow band shows the age range of Ediacaran—middle Cambrian (600—500 Ma) magmatism in Iran. For source of data for the presented age ranges of
the ANS crystalline basement and the Ediacaran—middle Cambrian magmatism in Iran see table 1 in supplementary file E. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

Alborz show overlapping age ranges, but with different frequencies
for age fractions (Fig. 6A and B). In the eastern part of Central
Alborz (Dehmolla section), 600—500 Ma is the dominant detrital
rutile age fraction (52 %; peak at 525 Ma), and the 1100—600 Ma
ages form the second dominant age fraction (29 %; a peak at
640 Ma; Fig. 6A). In the western part of Central Alborz (Shahmirzad
section), the 1100—600 Ma is the dominant age fraction (64 %;
peak at 660 Ma), and 600—500 Ma forms a second dominant age
fraction (18 %; a small peak at 570 Ma; Fig. 6B). Pre-1100 Ma grains

comprise 13 % and 16 % of the population in each section, respec-
tively, and scatter between 2600 and 1350 Ma (Fig. 6A and B). Both
samples include rare ages between 500 and 457 Ma (2 % and 6 %).

4.3.2. Ordovician succession in the Central Iran block

Detrital rutile ages from the Shirgesht Formation in southern
part of Central Iran block (YZZSh-3) include a major (74 %) age frac-
tion at 1100—600 Ma (age peak at 630 Ma; Fig. 6C). The 600—
500 Ma age fraction comprises 17 % of the population and forms
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the shoulder of the main age peak in the sample. Ages older than
1100 Ma represent 7 % of the population and are scattered between
3400 and 1300 Ma (Fig. 6C). The sample also includes a few (2 %)
ages between 500 and 464 Ma.

4.3.3. Ordovician successions in the Zagros block

Detrital rutile ages in the early Ordovician Zardkuh Formation
in Zagros (YZFZr-1) include a major (45 %) age fraction between
600 and 500 Ma forming a large age peak at 550 Ma. The 1100—
600 Ma age fraction composes 30 % of the population and forms
a small age peak at 1000 Ma (Fig. 6D). Ages older than 1100 Ma
make up 20 % of the population and are scattered between 2900
and 1150 Ma (Fig. 6D). This unit also includes rare (4 %) ages
between 500 and 454 Ma.

4.4. Detrital rutile trace elements

Crystallization temperatures for the detrital rutiles were calcu-
lated using the Zr-in-rutile thermometer calibration of Tomkins
et al. (2007) at an assumed pressure of 5 kbar. Except for five out-
lier values between 950 and 1030 °C, calculated temperatures
show similar ranges from ~380 °C to ~950 °C for the samples from
the three blocks, which spans greenschist to granulite facies meta-
morphic conditions (Fig. 7). Among these, the majority (66 %) of
grains in the four major age groups crystallized at temperatures
of 550—750 °C (corresponding to amphibolite facies; Fig. 7). Most
of the undatable detrital rutile grains (due to low U content and
hence low radiogenic Pb ingrowth) yield lower crystallization tem-
peratures of ~450 to ~650 °C.
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Source rock lithologies of the detrital rutile were evaluated
based on rutile Cr and Nb contents following the method of
Triebold et al. (2012). The majority of detrital rutile grains in all
age groups classify as being sourced from metapelitic/metafelsic
lithologies (Fig. 8). Although the undatable detrital rutiles also fol-
low this pattern, the frequency of rutile grains derived from meta-
mafic sources are usually higher compared to dated rutile grains,
which likely reflects the low U content of the rutile grains derived
from mafic rocks (Zack and Kooijman, 2017)(Fig. 8).

Although a selection of other trace elements (Al, Sc, V, Mn, Fe,
Co, Y, Mo, Sn, Hf, Ta, W, Pb, Th, U) were also measured, the prove-
nance implications of these elements in detrital rutile are not well-
constrained, and hence only briefly discussed here. Notable trends
in these elements include strong positive correlation between Hf
and calculated Zr-in-rutile temperatures, which reflects the similar
geochemical behavior of Hf and Zr (cf., Luvizotto and Zack, 2009)).
Additional trends include a correlation between crystallization
temperatures and elemental concentrations with higher contents
of V, Cr, Nb, Mo, Ta, Pb, and U, and lower contents of Sc, Co and
Sn in detrital rutiles predicted to be derived from upper amphibo-
lite and granulite-facies sources (cf., Agangi et al., 2020; Sciuba and
Beaudoin, 2021). The data and plots for these trace elements are
reported in supplementary file D and Fig. S4, respectively.

5. Discussion
5.1. Provenance of the Ordovician siliciclastic strata of Iran

Most proxies for continental reconstructions, including paleo-
magnetic and paleontological data, indicate the Iranian blocks
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were near the Arabian Plate along the northern margin of Gond-
wana from the Ediacaran to late Paleozoic (Becker et al., 1973;
Soffel and Rster, 1980; Wensink, 1983; Vecoli and Le Hérissé,

2004; Ghavidel-syooki and Vecoli, 2008; Popov et al., 2015;
Spina et al., 2020a; Ghavidel-Syooki, 2021). This location is further
supported by provenance data from the Ediacaran—early Cambrian
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siliciclastic strata of Iran that indicate a main source of detritus in
the Neoproterozoic basement of the Arabian-Nubian Shield (ANS)
(Horton et al., 2008; Etemad-Saeed et al, 2016; Honarmand
et al, 2016; Chu et al, 2021; Shakerardakani et al., 2021;
Zoleikhaei et al., 2021, 2022). Accordingly, in addition to the local
basement of the Iranian blocks, the Ordovician basins of Iran may
have also received detritus from more distal sources in the ANS.
Below, we summarize our new data and compare them to previ-
ously published magmatic and metamorphic ages from these two
potential source regions.

The detrital zircon and rutile U-Pb ages from Ordovician strata
in Iran include two major age fractions at 1100—600 Ma (13—74 %)
and 600—500 Ma (17—77 %), and two minor age fractions with one
older than 1100 Ma (3—22 %) and the other at 500—444 Ma (0—
19 %) (Figs. 4 and 6). The local basement of Iran does not include
rocks older than 600 Ma, and hence provides no potential source
rock for pre-600 Ma detrital zircon and rutile. The 1100—600 Ma
and > 1100 Ma detrital zircon and rutile age fractions (with peaks
at ca. 600 Ma, 800—700 Ma, and ca. 2500 Ma) are consistent with a
source from the ANS basement, where there are widespread expo-
sures of 1100—700 Ma (age peak at 800—700 Ma) arc terranes and
syn-orogenic rocks and 700—570 Ma (age peak at 605 Ma) post-
orogenic magmatic and metamorphic complexes (Fig. 9)
(Hargrove et al.,, 2006a; Be’eri-Shlevin et al., 2009; Ali et al.,
2010b; Morag et al., 2011; Ali et al., 2012; Be’eri-Shlevin et al.,
2012; Abu El-Enen and Whitehouse, 2013; Eyal et al., 2014;
Robinson et al., 2014; Yeshanew et al., 2015; Hassan et al., 2016;
Whitehouse et al., 2016; Kozdréj et al.,, 2018; Robinson et al.,
2018). The eHf(y, of the 1100—600 Ma detrital zircons are mostly
(61 %) suprachondritic (Fig. 5), which is consistent with a source
in the voluminous isotopically juvenile igneous rocks exposed in
the basement of the ANS (95 % eHfy) and 89 % eNdy) > O;
Hargrove et al., 2006b; Be’eri-Shlevin et al., 2010; Morag et al.,
2011; Robinson et al., 2014; Robinson et al., 2015; Ali et al.,
2016; Gamal El Dien et al, 2021; Zoheir et al, 2021;
Gamaleldien et al., 2022; Pease et al., 2022). Potential source rocks
in the ANS for the less common (39 %) detrital zircons with sub-
chondritic eHf(, values include reworked Cryogenian-Ediacaran
granitoid and gneissic rocks in the Khida, Abbas, Mahfid, and East-
ern Desert terranes in southern and western parts of the ANS (Agar
et al.,, 1992b; Windley et al., 1996; Whitehouse et al., 2001; Ali
et al., 2013; Ali et al., 2015; Yeshanew et al., 2015; Yeshanew
et al., 2017), and the widespread Cryogenian-Ediacaran glaciogenic
successions covering the ANS, which contain Neoproterozoic detri-
tal zircon with subchondritic eHfy values (Wilde and Youssef,
2002; Ali et al.,, 2010a; Nasiri Bezenjani et al., 2014; Fielding
et al.,, 2017; Li et al., 2018; Abd El-Rahman et al., 2019). The ANS
also includes potential sources for the detrital zircon and rutile
grains older than 1100 Ma. These include crustal domains such
as the Khida sub-terrane (ca. 1600 Ma; Agar et al, 1992a;
Whitehouse et al., 2001), the Mahfid terrane in Yemen (ca.
2500 Ma; Windley et al., 1996; Whitehouse et al., 1998), or rocks
of comparable ages in the Somalian and Ethiopian basement in
the southern part of the ANS, and eastern part of the Sahara
Metacraton (Sultan et al., 1994; Kroner and Sassi, 1996; Teklay
et al.,, 1998; Abdelsalam et al., 2002; Bea et al., 2011; Stern et al.,
2012). The Cr and Nb contents of the detrital rutile grains older
than 600 Ma indicate that the majority of these grains were
derived from metapelitic/metafelsic rocks and less commonly from
metamafic rocks (Fig. 8), which is consistent with the intermediate
to felsic basement of the ANS with minor mafic-ultramafic ophio-
lites along the suture zones of the arc terranes (Johnson et al.,
2004). The calculated crystallization temperatures of detrital rutile
grains older than 600 Ma range from ~450 to ~950 °C, with most
temperatures between 550 and 750 °C (Fig. 7), also support a
source in the typically greenschist to amphibolite facies, and less
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common granulite facies, metamorphic rocks in the ANS basement
(e.g., Johnson and Woldehaimanot, 2003; Hargrove, 2006; Johnson
et al,, 2011; Al-Saleh, 2012; Fritz et al., 2013; El-Sawy and El-
Shafei, 2019).

Alternatively, the detrital zircon and rutile grains in the Ordovi-
cian units with source signatures from the ANS could be recycled
from the underlying Ediacaran—early Cambrian siliciclastic units
of Iran. These Ediacaran—early Cambrian successions are them-
selves interpreted to be sourced from the ANS (Horton et al,
2008; Etemad-Saeed et al., 2016; Honarmand et al., 2016;
Zoleikhaei et al., 2021, 2022), and their detrital rutile and zircon
age peaks and eHfy) values are similar to the 1100—600 Ma
and > 1100 Ma age fractions in the Ordovician units (Fig. 9 and
Zoleikhaei et al., 2021).

Although the ANS includes a few small exposures of rocks as
young as 520 Ma, its crystalline rock record is dominantly older
than 600 Ma and hence pre-dates the major 600—500 Ma age frac-
tion in the Ordovician successions of Iran. A more likely source for
these 600—500 Ma detrital zircon and rutile grains are the local
600 to 500 Ma plutons exposed in the Iranian basement (Fig. 9)
(e.g., Ramezani and Tucker, 2003; Hassanzadeh et al., 2008;
Balaghi Einalou et al., 2014; Rossetti et al., 2015; Honarmand
et al., 2018; Sepidbar et al., 2020; Shafaii Moghadam et al,,
2020a; Moghadam et al., 2021). The eHfy values for the 600—
500 Ma detrital zircon grains in the Ordovician units range
from —11.9 to +9.6 (Fig. 5), which is similar to the magmatic zircon
eHf ) and whole-rock eNdy) data from the Ediacaran—middle Cam-
brian magmatic rocks of Iran (91 % eHfy) and 95 % &Nd
between —10 to +10; Nutman et al., 2013; Balaghi Einalou et al.,
2014; Chiu et al., 2017; Honarmand et al., 2018; Daneshvar et al.,
2019; Asadi Sarshar et al., 2020; Mehdipour Ghazi et al., 2020;
Sepidbar et al., 2020; Shafaii Moghadam et al., 2020a; Moghadam
et al, 2021; Nouri et al., 2021; Gholipour et al., 2022; Nouri
et al., 2022) and hence further supports a local source for 600—
500 Ma detritus. The Cr-Nb systematics of the 600—500 Ma detrital
rutiles indicate that the majority of these grains are derived from
metapelitic/metafelsic and less commonly from metamafic source
rocks, which is consistent with the dominance of felsic rocks in the
600—500 Ma magmatic complexes in Iran. The crystallization tem-
peratures for the these detrital rutiles mostly range between 550
and 750 °C (Fig. 7), which is also consistent with the
amphibolite-facies metamorphism experienced by some Edi-
acaran—middle Cambrian granitoids in Iran (Balaghi Einalou
et al., 2014). Alternatively, the 600—500 Ma detrital rutile grains
could have been derived from unexposed metapelitic units in the
basement of Iran into which the 600—500 Ma granitoids intrude.
In this scenario, the 600—500 Ma detrital rutile grains may be
derived from metapelites confined to the contact aureoles of
600—500 Ma granitoids or record a regional metamorphic event
associated with 600—500 Ma plutonism. We favor the latter inter-
pretation because these grains are ubiquitous in Ordovician strata
sampled over an extensive area of Iran (Fig. 1B, 2, and 6).

The Ediacaran—middle Cambrian plutonism in Iran diminished
by 520 Ma (Fig. 9) and was followed by a less-intense pulse of mag-
matism during the Ordovician—Silurian. This later phase of mag-
matism provides a potential local source for the 500—444 Ma
detrital zircons and rare detrital rutile grains in Ordovician strata.
These rocks include rare plutons of early Ordovician to late Silurian
age (483—425 Ma) (Ghavidel-Syooki et al., 2011b; Fergusson et al.,
2016; Moghadam et al., 2017a; Ranjbar Moghadam et al., 2018;
Shirdashtzadeh et al., 2018; Vesali et al.,, 2020; Samadi et al.,
2022) and intercalations of 468—441 Ma mafic to felsic volcanic
rocks within the middle to upper Ordovician successions in the
Alborz and Central Iran blocks (Bagheri and Stampfli, 2008;
Derakhshi and Ghasemi, 2015; Derakhshi et al., 2017; Fatehi and
Ahmadipour, 2018; Derakhshi et al., 2022). The eHf(, values for



Y. Zoleikhaei, J.A. Mulder and P.A. Cawood

Gondwana Research 128 (2024) 106-126

Z i

(

)

@ Ordovician DZ of Iran

o n = 979 (this study)
8 ] @ Ediacaran—early Cambrian DZ of Iran| g
- n= 1259 (literature) 3
= o ® Arabian-Nubian Shield, MZ g
.g 8 7 n = 7562 (literature) “
2 - @ Ediacaran—middle Cambrian |
o magmatic rocks of Iran, MZ
‘9 . n = 4199 (iterature)
o -r== L A e ————— "/l \'~~~_—_—'_—_l{’ . e T
400 800 1200 1600 2000 2400 2800 3200 3600
( R u t i | e )
8 7 @ Ordovician DR of Iran
n = 368 (this study)
o @ Ediacaran—early Cambrian DR of Iran
© 7 ] n =326 (literature)
5 ® Arabian-Nubian Shield, MZ
'g g i n = 7562 (iiterature)
> @ Ediacaran—middle Cambrian
magmatic rocks of Iran, MZ
8 - n=4199 (literature)
O == L = T /_?.“ L B L R — 1 1
400 800 1200 1600 2000 2400 2800 3200 3600
Age (Ma)
ANS ©
= ~ Ordovician
Ediacaran—early\\ . 0 2lrEn
Cambrian DR Iran > Ordovician
X . DRran
SR G =
il Ediacaran—middle
I @ Ediacaran—early Cambrian Cambrian rlrgag:cnlatlc
DZ Iran rocks of Iran

=0.2 0.0

0.2 0.4 0.6

Fig. 9. KDE plots (A and B) and Multidimensional Scaling (MDS) plot (C) comparing detrital zircon and rutile ages from Ordovician siliciclastic successions of Iran to detrital
zircon and rutile ages from Ediacaran—early Cambrian siliciclastic strata of Iran (Horton et al., 2008; Etemad-Saeed et al., 2016; Honarmand et al., 2016; Chu et al., 2021;
Zoleikhaei et al., 2021), and magmatic zircon ages from the Arabian-Nubian Shield (ANS) and Ediacaran—middle Cambrian (600—500 Ma) magmatic rocks of Iran. Solid lines
on the MDS plot show nearest neighbor, dashed lines show next nearest neighbor. For source of data from the ANS and Ediacaran—middle Cambrian (600—500 Ma) magmatic
rocks of Iran see table 1 in supplementary file E. DZ: detrital zircon, DR: detrital rutile, MZ: magmatic zircon.

500—444 Ma detrital zircons in the Ordovician units range
from —9.1 to +4.4 with the majority (93 %) of values between —4
and +4 (Fig. 5), which is compatible with the isotopic composition
of the Ordovician magmatism in Iran (whole-rock eNd) = -1.4
to +4.5 and zircon eHfiy) = +2.5 to +8.2; Derakhshi et al.,, 2017;
Moghadam et al., 2017a; Vesali et al., 2020). The tectonothermal
event associated with the Ordovician magmatism in Iran could also
have produced potential sources for the rare (0—5 %) detrital rutile
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grains younger than 500 Ma. Detrital rutile Cr and Nb contents sug-
gest that all of the 500—444 Ma rutile grains are derived from
metapelitic/metafelsic rocks (Fig. 8). These could have been
sourced from metapelites or metafelsic rocks in parts of the unex-
posed metamorphic basement of Iran that were thermally over-
printed during Ordovician—Silurian magmatism.

In summary, the detrital zircon and rutile provenance record of
Ordovician strata in Iran suggest sources in local crystalline base-
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ment and Ediacaran—early Cambrian sedimentary units and poten-
tially more distal sources in the Arabian-Nubian Shield in the
Gondwanan hinterland. However, given the proximal sources in
the local basement in Iran for 600—444 Ma detrital zircon and
rutile grains, and the revised model for Ordovician sedimentary
basins of Iran (sections 5.2 and 5.3), it is more likely that detrital
zircon and rutile grains with ages corresponding with the ANS
basement (> 600 Ma) in these successions are also recycled from
the underlying Ediacaran—early Cambrian siliciclastic successions
in the local basement and not directly derived from the ANS.

5.2. Basin paleogeography

Although our new data indicate that 600—500 Ma plutonic
rocks in Iran were an important sediment source for local Ordovi-
cian basins, the underlying Ediacaran—early Cambrian siliciclastic
strata appear to have been sourced solely from the ANS
(Zoleikhaei et al., 2021, 2022). These findings suggest that the
600—500 Ma magmatic rocks in Iran had little or no surface
expression during the Ediacaran—early Cambrian (i.e., no volcanic
units) and were instead emplaced as intrusions into an actively
subsiding basement. The appearance of prominent 600—500 Ma
detrital zircon and detrital rutile age populations in the Ordovician
strata of Iran suggests exposure and erosion of the 600—500 Ma
plutons, marking a distinct change in basin evolution. In addition
to the new provenance data, a major change in the evolution of
sedimentary basins along the NMG between the Cambrian and
Ordovician is independently supported by several aspects of the
Ordovician geology of Iran: (1) The Ordovician in Iran marks the
reappearance of terrigenous sediments after an interval of carbon-
ate deposition (Fig. 2) (i.e., the middle to late Cambrian Mila For-
mation and equivalent units; Ruttner et al., 1968; Bruton et al,,
2004; Ghavidel-syooki, 2006; Ghavidel-syooki and Vecoli, 2008;
Asghari, 2014; Geyer et al, 2014; Ghavidel- Syooki, 2019;
Ghorbani, 2019; Bayet-Goll et al., 2022b). These thick carbonate
sequences, together with the underlying highly mature quartz-
rich sandstones (top unit of the Lalun Formation, Fig. 2) are inter-
preted to reflect a peneplained source area (i.e., ANS) and dimin-
ished terrigenous sediment production during the Cambrian
(Zoleikhaei et al., 2022). (2) Detrital mode and whole-rock chemi-
cal analyses reflect an immature composition for most of the
Ordovician sandstones of Iran, which has been interpreted to sup-
port tectonic reactivation in the source area (Bayet-Goll, 2014;
Khazaei et al., 2018; Jazimagh et al., 2020; Bayet-Goll et al.,
2022b). An exception to the generally immature composition of
Ordovician sandstones may include the laterally-discontinuous,
submature arkosic sandstones observed at the base of the Lash-
karak Formation in the Dehmolla section, Central Alborz. (3) Unlike
the underlying Cambrian units, the Ordovician successions are not
laterally continuous across the Iranian blocks and they might
include significant stratigraphic gaps or be completely absent in
different areas of the same block (Stampfli et al., 1991; Ghavidel-
syooki, 1994b, 2006; Ghobadi Pour et al., 2011; Asghari, 2014;
Ghavidel-Syooki et al., 2014; Vennin et al., 2015; Ghavidel-
syooki, 2017; Ghavidel-Syooki, 2021; Alvaro et al., 2022). The lat-
eral discontinuity and unconformable contacts of these strata are
associated with synsedimentary normal faults and partial erosion
of the underlying Cambrian successions, which is interpreted to
indicate deposition in fault-bound basins associated with block
tilting (e.g., Alvaro et al., 2022; Bayet-Goll et al., 2022b). Accord-
ingly, we suggest that active uplift in Iran during the Ordovician
exposed 600—500 Ma plutons and their enclosing country rock,
resulting in a shift in sedimentary provenance to local sources. This
contrasts with the stable platform setting and distal ANS source of
the underlying Ediacaran and Cambrian strata in Iran.
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Faulting and basement uplift could have been caused by either
compressional or extensional tectonics. However, the normal sense
of movement for the synsedimentary faults in the Ordovician suc-
cessions indicate extensional tectonism (Alvaro et al., 2022; Bayet-
Goll et al., 2022b; Bayet-Goll et al., 2023). In addition, the mafic
alkaline to sub-alkaline volcanic rocks in the Ordovician succes-
sions have geochemical affinities with transitional to within-
plate volcanism and are consistent with continental rift-related
setting (Mehdizadeh Shahri, 2008; Derakhshi and Ghasemi, 2015;
Derakhshi et al, 2017; Ranjbar Moghadam et al., 2018;
Derakhshi et al., 2022).

5.3. Implications for Paleozoic extension in Iran

Ordovician extensional tectonism in Iran has traditionally been
interpreted to mark the initiation of Paleo-Tethys rifting in north-
ern Gondwana (Stocklin, 1974; Stampfli et al., 1991). Detachment
of an outboard (micro-)continental block accompanied by domal
uplift and normal faulting could account for the regional tectonic
rejuvenation, and the formation of fault-bound basins and alkaline
mafic volcanism observed in the Ordovician geology of Iran. How-
ever, in the context of opening of the Paleo-Tethys, several details
of the record of Paleozoic extension in Iran remain poorly under-
stood including: (1) the duration of rifting, (2) the architecture of
the rift zone including the location of the rift axis, and (3) the iden-
tity of any rifted (micro-)continental block(s). Resolving these
unknowns is important for refining tectonic models for the Paleo-
zoic evolution of the NMG and the opening of the Paleo-Tethys.

Stampfli et al. (1991) proposed an Ordovician—Silurian opening
of the Paleo-Tethys in the Iranian segment of the NMG based on
the occurrence of Ordovician—Silurian mafic volcanic rocks in the
Alborz block. However, other works have advocated for a much
younger opening of the Paleo-Tethys in this region based on the
observation that rift-related magmatic activity in Iran extended
throughout the middle and late Paleozoic (e.g., Bagheri and
Stampfli, 2008; Karimpour et al., 2010; Saccani et al., 2013;
Derakhshi and Ghasemi, 2014; Derakhshi et al, 2017;
Mohammadi et al., 2020). Paleozoic volcanic rocks occur as sub-
aerial and submarine flows of alkaline to sub-alkaline basalt and
andesite intercalating with Ordovician to Carboniferous sedimen-
tary successions (Mahmudy Gharaie et al., 2004; Aharipour et al.,
2010; Ayati et al.,, 2010; Torabi and Hashemi, 2010; Valinasab
Zarnagh et al., 2022). The contemporaneous plutonic rocks include
gabbroic rocks of alkaline and oceanic basalt (MORB) geochemical
affinities with subsidiary A-type granitic rocks, which intrude into
the older basement of Iran and have isotopic ages ranging from
483 Ma to 351 Ma (Saccani et al.,, 2013; Rahimi-Chakdel and
Raghimi, 2014; Ranjbar Moghadam et al., 2018; Shirdashtzadeh
et al., 2018; Shahsavari Alavijeh et al., 2019; Golestani, 2020;
Mohammadi et al., 2020; Vesali et al., 2020; Sepidbar et al., 2023).

The thickest accumulation of Ordovician—Silurian mafic vol-
canic rocks occurs in northeastern Iran, which are spatially associ-
ated with Permo-Triassic ophiolitic mélanges, and are generally
interpreted to mark the axis of Paleo-Tethys rifting (Figs. 1 and
10) (Stampfli et al., 1991). However, similar Ordovician—Silurian
alkaline mafic volcanic rocks and late Paleozoic—early Mesozoic
ophiolitic mélanges and ultramafic rocks (e.g., Anarak-Jandaq and
Posht-e-Badam ophiolitic mélanges, and Takab complex) are also
found within the Alborz and Central Iran blocks, well inboard of
the proposed Paleo-Tethys rifting and suture zone (Fig. 10)
(Bagheri and Stampfli, 2008; Zanchi et al., 2009b; Kargaranbafghi
et al, 2012; Masoodi et al.,, 2013; Zanchi et al.,, 2015; Khalili
et al, 2016; Gharibnejad et al., 2020; Gyomlai et al., 2022).
Although the Anarak-Jandaq ophiolitic mélange is interpreted to
have been displaced from an original position near the Paleo-
Tethys suture in NE Iran based on lithostratigraphic and paleomag-
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netic evidence (Fig. 10) (Davoudzadeh and Weber-Diefenbach,
1987; Soffel et al., 1996; Mattei et al., 2012; Mattei et al., 2015),
this interpretation cannot easily account for other within-block
ophiolitic mélanges away from the Paleo-Tethys suture zone. Fur-
thermore, remnants of early to middle Paleozoic extensional basins
are preserved in Central Iran that are filled with thick sequences of
continental detritus and mafic flows, which document continued
continental extension inboard of the inferred rift axis of the
Paleo-Tethys Ocean (Fig. 10) (e.g., the Kashmar-Kerman Tectonic
Zone, southern Sanandaj-Sirjan Zone, and northern margin of Yazd
block; Ruttner et al., 1968; Daneshmand, 1995; Masoodi et al.,
2013; Hairapetian et al., 2015; Fatehi and Ahmadipour, 2018).
Accordingly, the distribution of early—middle Paleozoic mafic vol-
canic rocks (i.e., evidence of extension), and late Paleozoic-early
Mesozoic ophiolites (i.e., evidence of closure of the extensional
zones) in the Iranian blocks suggests that the early Paleozoic
extension in Iran was widespread across the different blocks,
rather than confined to a narrow rift axis in northeast Iran.

If long-lived Paleozoic extension in Iran lead to the opening of
the Paleo-Tethys along this sector of the NMG through detachment
of a (micro-)continental block, the thick accumulation of Ordovi-
cian—Silurian extensional volcanic rocks in northeastern Iran rep-
resents the most likely location of continental break-up. A rift axis
in northeast Iran is consistent with paleogeographic proxies that
indicate that the Iranian blocks remained attached to Gondwana
after the inferred opening of the Paleo-Tethys Ocean during the
Paleozoic (e.g., Soffel et al., 1996; Besse et al., 1998; Horton et al.,
2008; Muttoni et al.,, 2009a; Muttoni et al., 2009b; Ghavidel-
syooki, 2017; Spina et al., 2020a; Spina et al., 2020b; Ghavidel-
Syooki, 2021). Thus, the opening of the Paleo-Tethys Ocean would
require detachment of continental blocks outboard (north) of Iran
along the NMG. However, recent data shows that peri-Gondwanan
blocks now scattered throughout central and eastern Asia (Kara-
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kum, Tarim, Tianshan, Tibet, Qaidam, Qiangtang, Qilian, North-
China), were not located near Iran and Anatolia as assumed in ear-
lier reconstructions of the Paleo-Tethys margins (Stampfli et al.,
1991; Stampfli and Borel, 2002). Instead, these blocks have closer
affinities with northern India and Australia (Fig. 1A) (e.g., Wang
et al., 2020; Cawood et al., 2021; Wei et al., 2022). Gondwanan
blocks accreted to the southern margin of Eurasia are generally
interpreted to have been derived directly from the opposing mar-
gin of northern Gondwanan without significant lateral transfer as
they drifted northward (e.g., Wang et al.,, 2020; Cawood et al.,
2021; Metcalfe, 2021; Wei et al., 2022). The Turan Block is located
immediately to the north of the Paleo-Tethys suture in NE Iran
(present-day position; Fig. 10) and hence is the most obvious can-
didate block to have rifted from Iran during the opening of the
Paleo-Tethys. Nonetheless, the Turan Block is interpreted to be a
collage of Paleozoic—]Jurassic arcs that were formed on the south-
ern margin of Eurasia and then juxtaposed through strike-slip
movement (Garzanti and Gaetani, 2002; Natal'in and Sengér,
2005). The Turan Block therefore appears to have little affinity with
the Proterozoic basement and thick Paleozoic cover sequences that
characterize the geology of Iran.

Although the identity of any continental block(s) that may have
rifted from northern Iran during the development of the Paleo-
Tethys remains unknown, the new detailed record of Ordovician
rifting in Iran presented here, particularly the distinct change in
basin evolution and provenance between Ediacaran-Cambrian
and Ordovician strata, provides a new geological ‘piercing point’
to identify formerly contiguous continental blocks. However, given
that a suitable continental block has yet to be identified, a plausible
alternative hypothesis is that Paleozoic extension in Iran was not
related to successful rifting of an outboard continental terrane.
Instead, given that the Ediacaran—Cambrian succession in Iran
indicate a transitional to marginal marine depositional basin
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Fig. 10. Geological map of Iran showing main structural blocks, bounding faults, oceanic sutures and ophiolite belts, and Ordovician—Silurian mafic volcanic rocks. Note that
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(e.g., Berberian and King, 1981; Sharland et al., 2001; Al-Husseini,
2010), this segment of the NMG may have already faced an ocean
that was established during the Ediacaran—Cambrian and post-
Cambrian extension in Iran was related to extension in a continen-
tal margin. Based on the present-day distribution of Ordovician
rift-related deposits, the Ordovician extensional zone in Iran may
have been up to 800 km wide and comparable in size to exten-
sional zones such as the Basin and Range Province, the Iberian Mar-
gin, or the West Antarctic Rift (Buck, 1991; Behrendt, 1999; Cunha,
2008; Salerno et al., 2016). Fig. 11 outlines a possible model for
Ordovician extensional tectonism and sedimentation in Iran based
on our new data and those from the literature. Ordovician exten-
sion formed fault-bound basins restricted by uplifted and tilted
blocks (i.e., in the form of horst and graben structures) in this seg-
ment of the NMG that was accompanied by deposition of compo-
sitionally immature sediments and mafic magmatism (Fig. 11).
Sediments were sourced locally from uplifted regions (horsts) con-
taining Ediacaran—Cambrian successions along with exposures of
600—500 Ma magmatic rocks (Fig. 11). Therefore, in our model,
the ‘ANS-aged’ detrital zircon and detrital rutile present in most
of the Ordovician formations were recycled from underlaying Edi-
acaran—early Cambrian siliciclastic strata, which also contain
these age fractions. Different frequencies of 1100—600 Ma and
600—500 Ma age fractions in the detrital zircon and detrital rutile
datasets (Figs. 4 and 6) indicate variations in the exposed areas of
different source components (i.e., the 600—500 Ma plutonic rocks
and the Ediacaran—early Cambrian cover strata) in each region.
The ophiolitic mélanges inland form the inferred Paleo-Tethys rift
axis and the associated early—middle Paleozoic continental to
marine sedimentary depocenters indicate that the extensional
zones (i.e., the grabens) within Iranian blocks formed narrow rift-
basins that may have locally developed a floor of oceanic litho-
sphere. However, given the ophiolites between the Iranian blocks
are generally scarce (Fig. 10), it is unlikely that these rift basins
developed long-lived spreading centers. The continued extension
in the Iranian blocks from early to late Paleozoic suggests that
the wide extensional zone initiated during the Ordovician may
have been periodically active until at least late Paleozoic. The Edi-
acaran—Ordovician oceanic basin to the north of Iran may have
lasted through to the late Paleozoic when the Neo-Tethys Ocean
opened as the Alborz and Central Iran blocks rifted away from
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northern Gondwana. We continue to use the name Paleo-Tethys
for this ocean, which is the ocean that existed before the Neo-
Tethys in this segment of the NMG.

5.4. Ordovician history of the northern margin of Gondwana

The tectonic regime of the northern margin of Gondwana dur-
ing the Ordovician was not uniform across the length of the mar-
gin. To the east of Iran along the northern margin of Gondwana,
in northern India and Australia, closure of the Proto-Tethys Ocean
was underway in early Paleozoic and was completed by the late
Silurian as several Asian blocks (e.g., North China, South China,
Tarim, Qaidam, North Qiangtang, and Indochina) collided with
the Gondwana during the Bhimphedian Orogeny (Cawood et al.,
2007; Metcalfe, 2021). The Bhimphedian Orogeny was followed
by post-collisional extension and opening of the Paleo-Tethys
Ocean during the Silurian, which carved off several continental
blocks (e.g., North China, South China, Tarim, Qaidam, North
Qiangtang, and Indochina) from the northern margin of Gondwana
(Metcalfe, 2021). To the west of Iran along the NMG, in northern
Africa and South America, compressional tectonism during the
Cadomian Orogeny related to the southward subduction of the
lapetan oceanic crust and associated arc magmatism and arc-
continent collision, was underway during the Neoproterozoic—
Cambrian (ca. 540 Ma) (Nance et al., 2010; Cawood et al., 2021).
During the Ordovician, continued subduction of the lapetus ocea-
nic crust initiated post-collisional extension in the margin, which
led to the opening of the Rheic Ocean and detachment of Avalonia
and Carolinia from the Gondwana margin (Nance et al., 2010). The
Rheic Ocean continued spreading until late Silurian. Therefore,
during the early Paleozoic, intensive extension related to opening
of the Rheic Ocean in the western segment of the NMG was chang-
ing eastward into compressional tectonism related to the closure
of the Proto-Tethys Ocean in the eastern segment of the NMG. Iran
occupied a link between eastern and western segments of the NMG
and the Ordovician—Silurian extension recorded in the Iranian
blocks indicate that they had a closer affinity to the extensional
tectonism in the western segment of the NMG. In this context,
the oceanic crust to the north of Iran likely belonged to the Rheic
oceanic plate rather than the southward subducting Proto-Tethys
oceanic plate.

Glacier (late Ordovician)

Ordovician units
(active deposition)

Uplifted basement including Ediacaran

-Cambrian successions and the
600 to 500 Ma magmatic rocks
(erosion/no deposition)

Ordovician mafic
magmatism

Ediacaran-Cambrian successions

Fig. 11. Schematic model of the northern margin of Gondwanan during the Ordovician. Active extension led to formation of horst and graben structures and mafic
magmatism. Uplifted regions experienced erosion or non-deposition, whereas nearby extensional basins record nearly continuous sedimentation from Ediacaran to

Ordovician. Note that the glaciers only appeared in the late Ordovician.
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6. Conclusions

Integrated provenance data including detrital zircon U-Pb age
and Hf isotopes and detrital rutile U-Pb age and trace elements
from Ordovician siliciclastic successions across the Iranian blocks
indicate derivation from local basement and recycling from Edi-
acaran—early Cambrian siliciclastic strata in Iran, with some possi-
ble additional input from the Arabian-Nubian shield in the
Gondwanan hinterland. Exposure of the 600—500 Ma magmatic
rocks in the Iranian basement and extensive unconformities in
Ordovician sequences suggest widespread exposure of local base-
ment in the vicinity of Ordovician extensional basins, which are
marked by thick successions of compositionally immature silici-
clastic strata and mafic volcanic rocks. The new data support a
marked change in basin style in Iran from a laterally extensive, epi-
continental basin in the Ediacaran—Cambrian that was infilled
with distally-sourced detritus, to compartmentalized deposition
in actively extending narrow depocenters during the Ordovician
with detritus sourced from local uplifts. The Ordovician extension
in Iran is traditionally interpreted to indicate detachment of a con-
tinental block from northern Iran and opening of the Paleo-Tethys
Ocean. However, the continental block to the north of Iran in the
NMG has yet to be identified and the Paleozoic extension in Iran
temporally and spatially extends beyond the preferred age and
location of the Paleo-Tethys rift, respectively. Therefore, the
Ordovician geology of Iran may reflect a broad zone of extension
developed across an established Ediacaran-Cambrian continental
margin and was not associated with the successful rifting of an
outboard block. The tectonic regime of the northern margin of
Gondwana during early Paleozoic varied along its length, and the
Ordovician—Silurian extensional tectonism developed in Iran had
a closer association with the contemporaneous extensional tecton-
ism and opening of the Rheic Ocean in the western segment of the
NMG than compressional tectonism and subduction of the Proto-
Tethys Ocean in the eastern segment of the NMG.
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