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ARTICLE INFO ABSTRACT

Handling Editor: Jan Marten Huizenga This paper presents a synthesis of the geological features of each tectonic unit of the North Makran (SE Iran),

integrating results of multidisciplinary analyses, including structural and stratigraphic studies, petrographic and

Keywords: geochemical analyses, thermobarometric studies, as well as biostratigraphic and geochronological dating. This
N":thakran domain wealth of data forms the basis for a novel geodynamic model of the Jurassic — Eocene evolution of the Neo-
Ophiolites

Tethys realm, which evolved between the Arabian Plate and the Lut Block. The features of the North Makran
tectonic units support the existence of a mid-ocean ridge setting during the Jurassic — Early Cretaceous. Contrary
to previous interpretations, the data from these tectonic units suggests a single oceanic basin separating the
Arabian and Lut continental margins, without the interposition of a microcontinental block. In the Early
Cretaceous, subduction initiation is recorded by volcanic arc assemblages accommodating the convergence be-
tween the Arabian Plate and Lut Block. The nucleation of an intra-oceanic subduction marked the separation of
the North Makran Ocean from the Neo-Tethys. The Late Cretaceous was characterized by plume-related mag-
matism and the onset of the convergence in the North Makran Ocean, inducing its subduction beneath the Lut
Block. This subduction is recorded by volcanic arc assemblage and high pressure and low-temperature meta-
morphism within a subduction complex. Meanwhile, intra-oceanic subduction persisted within the Neo-Tethys,
accompanied by a subduction complex and arc magmatism. The final closure of the North Makran Ocean
occurred during the Late Cretaceous —Late Paleocene with the progressive amalgamation of the two subduction
complexes and the deformation of the interposing oceanic lithosphere. This study suggests that the subduction of
a seamount chain in the North Makran Ocean played a key role in the shortening and closure of this basin. This
research emphasizes the importance of considering multiple factors in understanding the tectonic evolution of
the Neo-Tethys realm.

Subduction zones
Neo-Tethys geodynamics
Mesozoic-Cenozoic

1. Introduction volcanic arc activity and continental margin collision. These processes

are all interconnected with the drifting of continental microplates from

The Alpine-Himalayan orogenic belt consists of a mosaic of conti-
nental microplates surrounded by ophiolite-bearing suture zones that
extend from the eastern Mediterranean area to the Himalayan belt
(Fig. 1a). This tectonic setting is the result of a long-lived geological
history spanning from Paleozoic to the present day, characterized by
processes such as rifting, oceanic spreading, subduction/obduction,
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the northern margin of the Gondwana Plate and their progressive
northward motion until their accretion at the southern margin of the
Eurasian Plate (Fig. 1b, ¢; Stocklin, 1968; Takin, 1972; Sengor and Yil-
maz 1981; Dercourt et al. 1986; Ricou 1994; Barrier et al., 2018; Fer-
gusson et al., 2016; Dilek and Furnes, 2019; Metcalfe, 2021).

One of the best examples of the tectonic setting resulting from this
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long-lived geological history is the Iranian area, where several ophiolite-
bearing suture zones are distributed around continental microplates
(Fig. 1a), forming a complex network of oceanic-derived terranes. This
network mainly resulted from the interplay between two large oceanic
basins: the Paleo-Tethys, which opened in the Silurian and closed in the
Triassic, and the Neo-Tethys, whose opening occurred in the Late
Permian — Triassic (Fig. 1b; Stocklin, 1968; Sengor, 1984; Sengor et al.,
1988; Stampfli, 2000; Agard et al., 2005; Stampfli and Hochard, 2009;
Metcalfe, 2013). Reconstructing the tectonic evolution of the various
Neo-Tethyan ophiolite-bearing suture zones is therefore a crucial step in
understanding the geodynamic history of the Alpine-Himalayan
orogenic belt in the Iranian area.

This paper focuses on the reconstruction of the Mesozoic to Cenozoic
geodynamics of one of the most relevant suture zones of the Iranian
region: the North Makran, where a stack of oceanic units of different
ages and geodynamic significance is well exposed (Fig. 2a, b). This area
plays an important role as the backstop of the present-day Makran
Accretionary Prism, a regional structure resulting from the ongoing
northward subduction of the Neo-Tethys oceanic lithosphere beneath
the Lut Block, one of the continental microplates amalgamated with the
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Eurasian margin (Fig. 1a). Geodynamic reconstructions for the North
Makran have so far been proposed by several authors (e.g., McCall and
Kidd, 1982; Moghadam and Stern, 2015; Burg, 2018; Saccani et al.,
2018; Ghasemi et al., 2022a). While these reconstructions are scientif-
ically valuable, they have some limitations due to an overly regional-
scale focus (e.g., Moghadam and Stern, 2015), or a lack of detailed
studies because of the pioneering nature of the research (e.g., McCall
and Kidd, 1982), or a focus on specific and restricted parts of the North
Makran (e.g., Burg, 2018; Saccani et al., 2018), or again a reliance solely
on petrological data without integration with multidisciplinary studies
(e.g., Ghasemi et al., 2022a). A great amount of data was provided in the
past few years by several authors, including the authors of this paper,
who have conducted extensive multidisciplinary investigations in the
western sector of the North Makran (e.g., Esmaeili et al., 2019, 2020;
Ghasemi Siani et al., 2021, 2022a, 2022b; Sepidbar et al., 2020; Barbero
et al., 2020a, b, 2021a, b, 2023a, b, c; Pandolfi et al., 2021; Moghadam
et al., 2022; Saccani et al., 2022a, b). These studies have significantly
enhanced our understanding of the western North Makran and demon-
strated that extant geodynamic models are not fully satisfactory for
explaining the recent geological evidence. For this reason, we present a

Fig. 1. a) general tectonic setting of the eastern mediterranean, middle east, and himalayan regions showing the main paleo- and neo-tethyan suture zones, as well as
the main ophiolites and ophiolite-bearing domains (modified fromDilek and Furnes, 2009; Furnes et al., 2020; Marroni et al., 2020; Wan et al., 2021). The main
continental plates and blocks are also shown. The box indicates the approximate position of Fig. 2a. Paleogeographic maps showing the Tethyan realms in the Late

Permian (b) and the Early Cretaceous (c) (modified from Barrier et al 2018).
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Fig. 2. a) shaded relief topography of the makran area showing the trace of the regional-scale thrusts, the main fault systems, and the main tectono-stratigraphic
domains (fromDolati, 2010; Burg, 2018). The box indicates the location of Fig. 2b. b) Simplified structural map and geological cross-section (c) showing the main
tectonic units within the North Makran domain. Traces of the cross sections shown in Figs. 3-6 are also shown in Panel b).

comprehensive review of the geological features of the western sector of
the North Makran using a wide spectrum of published data derived from
structural and stratigraphic studies, petrographic and geochemical an-
alyses, as well as biostratigraphic and geochronological dating. We
propose a new reconstruction of the geodynamic history of this area
from the Permian to the Eocene, which will be discussed within the
broader context of the Alpine-Himalayan orogenic belt. For the first
time, this reconstruction integrates multidisciplinary data from the
whole North Makran area, representing a step forward to understanding
and interpretating the complex geodynamics of the whole Alpi-
ne-Himalayan system.
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2. Geological and geodynamic setting of the Makran

The Makran Accretionary Prism (SE Iran-SW Pakistan, Fig. 2a) is one
of the largest active accretionary prisms in the world. It is related to the
Cretaceous to present convergence between the Arabian Plate and
southern margin of the Lut Block (e.g., Farhoudi and Karig, 1977; McCall
and Kidd, 1982; Glennie et al., 1990; Ricou, 1994; Koop et al., 2000;
Barrier et al., 2018). Similar to other segments of the Alpine-Himalayan
orogenic system in the Middle East, this convergent kinematics was
associated with the closure of the Neo-Tethyan oceanic seaways through
the formation of multiple, long-lived subduction zones (Fig. 1¢; Dercourt
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et al., 1986; Stampfli and Borel, 2002; Agard et al., 2011; Barrier et al.,
2018; Saccani et al., 2018; Burg, 2018;Stern et al., 2021; Wan et al.,
2021). In the Makran, subduction processes are still active as indicated
by geophysical and seismological data imaging the north-dipping sub-
ducting oceanic lithosphere of the Oman Sea (e.g., White and Klitgord,
1976; Kopp et al., 2000; Engdahl et al., 2006; Grando and McClay, 2007;
Penney et al., 2017; Motaghi et al., 2020).

The Makran extends from west to east for ~ 1000 km between the
dextral Minab-Sabzevaran-Nayband and the sinistral Chamal-Ornach-
Nal fault systems (Fig. 2a). Along the cross-strike direction (i.e., from
south to north), this prism extends for 400-600 km, from the offshore
deformation front in the Gulf of Oman to the depressions of Jaz Murian
and Mashkel (Fig. 2a), corresponding to the present-day forearc basins
of the active volcanic arcs. The Makran consists of an offshore and an
onshore prism separated by a wide shelf composed of undeformed
Miocene-Pliocene sediments (Burg, 2018). The offshore prism extends
from the deformation front to the coastline and consists of an imbricate
thrust-fold system associated with shale diapirism and normal faults
(Kopp et al., 2000; Grando and McClay, 2007). In the onshore prism,
four tectono-stratigraphic and thrust-bounded domains have been
identified by Dolati (2010) and Burg et al. (2013). From north to south —
that is from the uppermost to the lowermost structural position — these
domains are the North, Inner, Outer, and Coastal Makran (Fig. 2a). The
North Makran domain is a structurally complex stack of both meta-
morphic and non-metamorphic tectonic units, bounded by either high-
or low-angle shear zones and records the pre-Eocene accretionary stage
of the subduction complex (e.g., McCall and Kidd, 1982; McCall, 1985;
Glennie et al., 1990; McCall, 1997; Saccani et al., 2018; Burg, 2018;
Esmaeili et al., 2020; Pandolfi et al., 2021; Brocker et al., 2021; Barbero
et al., 2023a, b). The North Makran domain corresponds to the backstop
of the post-Eocene onshore accretionary prism, which includes the
Inner, Outer, and Coastal Makran (e.g., Dolati, 2010; Burg, 2018). These
domains are separated by regional-scale thrusts (Fig. 2a) and consist of
Eocene to Pleistocene mainly siliciclastic sedimentary successions
reflecting deposition within southward-migrating and progressively
younger trench and wedge-top basins (Platt et al., 1985; Dolati, 2010;
Burg et al., 2008, 2013; Dolati and Burg, 2013; Mohammadi et al., 2016,
2017). These domains formed as a result of the progressive deformation
and incorporation of the trench and wedge-top successions into the
frontal part of the accretionary prism at different times during its Eocene
— Pleistocene history. The tectonic units of the North Makran domain are
well exposed in its western sector (Fig. 2b, c), whereas in the east, most
of these units are covered by the deposits of the Jaz Murian basin or
completely cut out along regional-scale thrusts.

3. The tectonic units of the western rim of the North Makran
domain

The western North Makran domain consists of a south- to southwest-
verging imbricate stack of tectonic units. Southward, this stack overlaps
the Inner Makran along the Bashakerd thrust, an E-W trending, top-to-
the-south shear zone considered to be Early Miocene in age (Burg
etal., 2013). Northward, the stack is covered by the Quaternary deposits
of the Jaz Murian depression. However, the boundary between the
tectonic units of the North Makran domain and the deposits of the Jaz
Murian depression is locally dissected by high-angle normal and strike-
slip faults (Burg et al.,, 2013). The western boundary of the North
Makran domain is instead represented by the Minab-Sabzevaran-
Nayband dextral strike-slip fault system (Fig. 2a; Regard et al., 2010).
Eastward, the North Makran domain disappears against the Nehbandan
dextral strike-slip fault system along the western rim of the Sistan Suture
Zone (Rashidi et al., 2022).

According to McCall (2002), Omrani et al. (2017), Saccani et al.
(2018, 2022a, 2022b); Barbero et al. (2020b), Barbero et al. (2021a),
Pandolfi et al. (2021) and Esmaeili et al. (2021), the imbricate stack of
the North Makran domain, from top to bottom, includes the following
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tectonic units: 1) the Ganj Complex, as defined by Barbero et al. (2020a);
2) the North Makran Ophiolites, also known as the northern ophiolites,
which include three tectonic units: the Band-e-Zeyarat ophiolite (Arvin
et al., 2005; Ghasemi Siani et al., 2021; 2022a; Kananian et al., 2001;
Ghazi et al.,, 2004; Burg, 2018; Barbero et al., 2020b, 2023b), the
Remeshk-Mokhtarabad ophiolite (McCall, 2002; Hunziker et al., 2015;
Burg, 2018; Monsef et al., 2019) and the Fannuj-Maskutan ophiolite
(Hunziker et al., 2015; Moslempour et al., 2015; Burg, 2018; Sepidbar
etal., 2020); 3) the Durkan Complex as defined by Barbero et al. (2021a,
b); 4) the high pressure meta-ophiolites that include the Bajgan and
Deyader Complexes as defined by Pandolfi et al. (2021) and Hunziker
et al. (2017), respectively; 5) the Sorkhband ophiolites (also known as
southern ophiolites) as defined by Delavari et al., (2016); 6) the Col-
oured Mélange (McCall and Kidd, 1982; Burg et al., 2013; Saccani et al.,
2018).

The units from the North Makran domain, their internal tectonic
structures, and their mutual tectonic relationships are sealed by the Late
Paleocene — Early Eocene sedimentary deposits (McCall, 1985; Barbero
et al., 2023a). However, the North Makran domain is affected by Early-
Middle Miocene — Pliocene regional-scale brittle deformation (Burg,
2018; Barbero et al., 2023a), which is represented by normal and strike-
slip faults as well as thrusts and associated folding, as testified by the
occurrence of Late Paleocene — Early Eocene deposits within the main
thrust zones (Barbero et al., 2023a). Nonetheless, this deformation did
not change the architecture of the pre-Late Paleocene stack of tectonic
units. Consequently, the present-day structure is regarded as represen-
tative of the pre-Late Paleocene tectonic setting (McCall, 1985; Burg,
2018).

3.1. The Ganj Complex

According to Barbero et al. (2020a), the Ganj Complex (Fig. 2b and
3a) represents a tectonic unit consisting of the remnants of a Turonian-
Coniacian volcanic arc that was most likely formed in a relatively
shallow marine environment within an extensional intra-arc setting.
This complex is non-metamorphic and weakly deformed. The Ganj
Complex crops out along a discontinuous 38 km-long and 15 km-wide
belt located along the southwestern border of the Jaz Murian depression.
Toward the west and southwest, the Ganj Complex is thrust over the
North Makran ophiolites; however, these relationships are largely
reworked by the N-S to NW-SE trending sub-vertical Jiroft fault. The
Ganj Complex is unconformably overlain by the Eocene sedimentary
deposits (Fig. 3b).

3.1.1. Stratigraphic features

According to Barbero et al. (2020a), the Ganj Complex can be
divided into three stratigraphic units. The base is represented by a basal
dyke swarm showing a transition to the volcano-sedimentary sequence
that passes upward into a turbidite sequence (Fig. 3a). The thickness of
the entire sequence is > 2000 m (Barbero et al., 2020a).

The dyke-swarm consists of groups of sub-parallel or crosscutting
dykes (Fig. 3a), represented by a wide variety of rock-types, including
andesites, dacites, rhyolites and subordinate basaltic rocks. These
different rock types are evenly distributed in the study area with no
observed crosscutting relationships. In the uppermost part of the dyke-
swarm, the occurrence of sills marks the transition to the volcano-
sedimentary sequence.

The volcano-sedimentary sequence consists of an assemblage of
massive lava flows, pillow lavas, lava breccias and minor sedimentary
deposits (Fig. 3a). The lower part of the volcano-sedimentary sequence
is dominated by massive lava flows rarely intercalated with minor pillow
lavas, lava breccias and rare turbidite beds. Towards the top, the volume
of the lava flows, pillow lavas and minor turbidite beds progressively
increase (Shaker Ardakani et al., 2009). Remnants of unconsolidated
silty marls and marly limestones have been identified as soft clasts
squeezed among the pillow lavas. The general features of the volcano-
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Fig. 3. Synthesis of the stratigraphic, structural, chronological, and geochemical features of the Ganj Complex. a) Schematic stratigraphic column for the Ganj
Complex. The ages of these units are based on nannoplancton biostratigraphy (Barbero et al., 2020a); b) cross-section in the Mahallati area (see Fig. 2b for trace of the
section) showing the structural setting; ¢) N-MORB-normalized Th vs. Nb discrimination diagram of Saccani (2015) for volcanic and subvolcanic rocks of the Ganj
Complex (data from Barbero et al., 2020a). Abbreviations, N-MORB: normal-type mid-ocean ridge basalt; E-MORB: enriched-type mid-ocean ridge basalt; P-MORB:
plume-type mid-ocean ridge basalt; OIB: alkaline oceanic within-plate basalt; alk: alkaline basalts; IAT: island arc tholeiite; CAB: calc-alkaline basalt; ADK: IAT and
CAB with marked adakitic signature Vectors indicate the trends of chemical variation due to supra-subduction zone components (SSZ), assimilation-fractional
crystallization (AFC), ocean island (plume type) components (OIB), and fractional crystallization (FC). Normalizing values, composition of typical N-MORB, E-
MORB, and OIB (crosses), and the Primitive Mantle (PM) composition are from Sun and McDonough (1989); d) Ba/Th vs. Th/Nb diagram for volcanic and sub-
volcanic rocks from the Ganj Complex. Data from the Coloured Mélange are also shown. The composition of average pelitic sediments (APS); upper continental
crust (UCC); average calc-alkaline basalts and basaltic andesites (CAB-BA); average island arc tholeiitic basalts (IAT); normal-type mid-ocean ridge basalt (N-MORB)
are indicated with orange stars. Data ; APS and UCC are from ; IAT, and CA-B-BA are calculated from 249, and 244 samples, respectively of basaltic rocks from
various ophiolitic complexes (see for references).

Source: N-MORB are from Sun and McDonough (1989)Taylor and McLennan (1985)Saccani, 2015

sedimentary sequence and the occurrence of columnar basalts suggest carbonate platform source areas (Barbero et al., 2020a). This turbidite
that the volcanic rocks were erupted in sub-aerial or, eventually, very sequence was deposited in an outer platform environment influenced by
shallow-water (e.g., lacustrine or lagoonal) marine environments a river-delta (Barbero et al., 2020a).

(Barbero et al., 2020a).

The turbidite sequence consists of a sequence of medium to thin- 3.1.2. Geochemistry and petrogenesis of the magmatic rocks

bedded turbidites composed of a medium- to coarse-grained arenites The sub-volcanic and volcanic rocks of the Ganj Complex exhibit a
showing a transition into fine-grained laminated silty marls and marly wide variety of rock types, including basalts, basaltic andesites, andes-
limestones (Fig. 3a). In the coarse-grained arenites the occurrence of ites, dacites, and rhyolites. These different rock types share many
fragments of both carbonate and volcanic rocks, as well as remnants of geochemical features, such as a clear sub-alkaline nature with Nb/Y
shells and gastropods can be observed. Compositionally, the arenites are ratios ranging from 0.06 to 0.33, low contents of compatible elements (e.
characterized by ubiquitous volcanic-derived minerals and rock frag- g., Cr, Ni, Co), enrichment in Th with respect to Nb (Fig. 3c), and
ments associated with variable, but generally moderate, amounts of enrichment in LREE (light rare earth elements) compared to HREE
calcareous rock fragments and bioclasts. This composition indicates (heavy rare earth elements) (Barbero et al., 2020a). Based on immobile
sediments provenance from coeval, intrabasinal volcanic arc and element geochemistry these authors recognized three different rock
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types with distinct geochemical affinities: calc-alkaline (CA), island arc
tholeiites (IAT), and volcanic arc rocks with a marked adakitic signature
(ADK). The CA rocks are characterized by significant enrichment in Th,
La, and Ce coupled with Ta, Nb, P, and Ti depletion. They show LREE/
MREE (MREE: medium REE), and MREE/HREE enrichments, (e.g., Lan/
Yby = 1.67 — 5.50; Smy/Yby = 1.10—2.80, values normalized to the
chondrite composition of Sun and McDonough (1989). Moreover, these
rocks show a marked enrichment in Th relative to Nb (Fig. 3c).
Compared to CA rocks, IATs show significant Ta and Nb depletion
coupled with a little enrichment in Th contents and lack of Ti and P
depletion. Their IAT nature is evidenced in the discrimination diagram
in Fig. 3c. Compared to CA and IAT rocks, the rocks with ADK signature
show similar contents of many incompatible elements. Nonetheless,
their distinctive feature is an exceptionally high Sr content (380—982
ppm) coupled with very low HREE and Y contents. Barbero et al.
(2020a) observed that some geochemical features of these basalts
(particularly, the Sr-Y-Yb systematics) show similarities with adakitic
rocks. However, their overall geochemistry does not fully align with the
definition of “typical” adakites. Consequently, these authors concluded
that the ADK group is represented by both CA and IAT rocks showing
significant adakitic signature.

Petrogenetic modelling based on Cr-Y and Ba/Th — Th/Nb co-
variation, as well as REE compositions (Barbero et al., 2020a) in-
dicates that CA rocks derived from ~ 10—12 % partial melting in the
spinel-facies mantle of a depleted lherzolite residual after MORB-type
melt extraction, which was metasomatized by subduction components
significantly enriched in Th through the addition of 0.5 — 0.7 % sediment
melt (Fig. 3d). The IATs were formed by 15 — 17 % partial melting in the
spinel-facies mantle of a depleted lherzolite predominantly enriched by
subduction-derived aqueous fluids, thought minor contribution by
sediment melt addition cannot be excluded (Fig. 3d). Petrogenetic
modelling shows that the REE composition of the ADK basalts can be
explained by 15 % partial melting of a depleted lherzolite with the
addition of variable amounts (1—3 %) of an adakitic melt component.
In summary, Barbero et al. (2020a) suggested that volcanic rocks and
dykes from the Ganj Complex were formed in a volcanic arc tectonic
setting on the southern margin of the Lut Block during the Late
Cretaceous.

3.1.3. Structural setting and deformation history

According to Barbero et al., (2020a), the Ganj Complex is weakly
deformed. No evidence of orogenic metamorphism has been found in the
Ganj Complex, which, together with the Eocene deposits, was affected
by a gentle folding phase followed by a faulting phase represented by
high-angle strike-slip and normal faults (Fig. 3e). The folding phase
consists of upright folds with N-S to NW-SE trending fold axes and a
disjunctive axial planar cleavage. The faulting phase dismembered the
Ganj Complex into several tectonic slices.

3.1.4. Chronological constraints

The chronological constraints include the biostratigraphic dating of
marls collected at the top of the volcano-sedimentary sequence and
within the turbidite sequence (Barbero et al., 2020a). Dating was per-
formed using calcareous nannofossils assemblages. The main nanno-
fossil species identified in the marls at the top of the volcano-
sedimentary sequence suggest a Turonian age, whereas the turbidite
sequence provided nannofossils assemblages indicating a Turonian-
Coniacian age (Fig. 3a).

3.2. The North Makran ophiolites

The North Makran ophiolites include the Band-e-Zeyarat, Remeshk-
Mokhtarabad and Fannuj-Maskutan ophiolites, each representing a
fragment of the same Early to Late Cretaceous oceanic basin, known as
the North Makran Ocean (Desmons and Beccaluva, 1983; Arvin et al.,
2005; McCall, 2002; Kananian et al., 2001; Ghazi et al., 2004; Hunziker
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et al., 2015; Moslempour et al., 2015; Burg, 2018; Monsef et al., 2019;
Barbero et al., 2020b; Sepidbar et al., 2020; Ghasemi Siani et al., 2021;
2022a, 2022b; Saccani et al., 2022a). These non-metamorphic ophiolites
experienced two deformation phases during their incorporation within
the accretionary prism and subsequent exhumation (Barbero et al.,
2023b). The North Makran ophiolites extend along a narrow belt
approximately 400 km-long, spanning from the Minab-Sabzevaran-
Nayband and Chaman-Ornach Nal strike-slip fault systems (Fig. 2b).
This belt, generally less than 15 km wide, is WNW-ESE striking in most
of its extent but is N-S striking in the westernmost area. Here, the
boundary between the Band-e-Zeyarat ophiolite and the Bajgan Com-
plex is defined by the Sabzevaran-Nayband Fault. Northward, the North
Makran ophiolites are tectonically juxtaposed to the Ganj Complex or
covered by the Quaternary deposits of the Jaz-Murian Depression.
Southward, they are thrust over the Durkan Complex in the easternmost
area, whereas in the westernmost region, the boundary is marked by the
Dar Anar Fault. The North Makran ophiolites are unconformably over-
lain by Late Paleocene — Early Eocene sedimentary deposits (Fig. 4b).

3.2.1. Stratigraphic features

The Remeshk-Mokhtarabad and Fannuj-Maskutan ophiolites display
the same stratigraphic log, consisting of a complete ophiolite sequence
ranging from mantle peridotites to the volcanic section and the related
sedimentary cover (Hunziker et al., 2015; Moslempour et al., 2015;
Burg, 2018; Monsef et al., 2019; Sepidbar et al., 2020). However, Sac-
cani et al. (2022a) demonstrated that the peridotitic rocks in these
ophiolites are represented by ultramafic cumulates forming the lower
oceanic crust. This feature is also observed in the Band-e-Zeyarat
ophiolite, which includes only the crustal section (Arvin et al., 2005;
Ghasemi Siani et al., 2021; 2022a; Kananian et al., 2001; Ghazi et al.,
2004; Burg, 2018; Barbero et al., 2020b, 2023b).

A stratigraphic log for the North Makran ophiolites has been recon-
structed by integrating all available data in the different sequences of the
study area (Fig. 4a). This log includes, from bottom to top: ultramafic
rocks at the base, representing the lower crustal sequence; an intrusive
sequence starting with a layered lower crust sequence passing upward to
upper-level gabbros intruded by minor plagiogranites bodies; a sheeted
dykes complex, and an extrusive sequence topped by deep-marine
sedimentary rocks (Fig. 4a).

The ultramafic rocks consist of plagioclase-bearing lherzolites,
clinopyroxene-bearing harzburgites, dunites, plagioclase-dunites, and
podiform chromitites (Moslempour et al., 2015; Burg, 2018; Saccani
et al., 2022a). The lower crustal mafic sequence is characterized by a
magmatic layering ranging from centimetres to metres in thickness, with
alternating levels of olivine gabbros, troctolites, pegmatitic olivine
gabbros, anorthosites, and wehrlites (Barbero et al., 2020b). The gab-
bros show a well-developed magmatic foliation defined by the preferred
orientation of the mineral assemblages, especially plagioclase and
pyroxene.

The upper intrusive sequence mainly consists of isotropic rocks,
including fine-grained and coarse-grained gabbros, ferrogabbros, and
diorites, all intruded by small bodies and dykes of plagiogranites
(Fig. 4a). In the Band-e-Zeyarat ophiolite, plagiogranites are particularly
abundant at the top of the intrusive complex, near the transition be-
tween isotropic gabbros and the sheeted dyke complex. In addition, the
isotropic gabbros are frequently crosscut by basaltic dykes, which are
particularly abundant at the uppermost part of the intrusive sequence.

The sheeted dyke sequence consists of mutually intrusive, parallel,
and sub-parallel dykes of varying colours and grain sizes. These dykes
typically display doleritic textures and range in thickness from 10 cm to
3m.

The volcanic sequence stratigraphically overlays the sheeted dyke
complex (Fig. 4a) through a transitional zone of pillow and massive lava
flows cut by abundant sills and dykes ranging from a few decimetres to a
few metres in thickness. Pillow breccias are also interlayered at several
stratigraphic levels. They consist of centimetric- to pluridecimetric-sized
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Fig. 4. Synthesis of the stratigraphic, structural, chronological, and geochemical features of the North Makran ophiolites. a) Schematic stratigraphic column showing
the crustal architecture of the ophiolite sequence and the different members of the sedimentary cover. Radiometric ages for the intrusive sequence are indicated with
grey and black segments (data). Biostratigraphic age based on nannoplancton biostratigraphy are also indicated (data from); b) geological cross-section of the Band-e-
Zeyarat ophiolite and its sedimentary cover showing the structural setting near the Kahnuj city (see b for trace of the section); ¢) N-MORB-normalized Th vs. Nb
discrimination diagram of for volcanic and subvolcanic rocks of the North Makran ophiolites (data from). Abbreviations and compositions as in c; d) Zr/Y vs. Zr
diagram (modified from) for volcanic and subvolcanic rocks of the North Makran ophiolites (data from). Stars indicate different mantle source compositions ranging
from the depleted MORB mantle (DMM;) to DMM sources progressively enriched by plume-type component (EM1, EM2, EM3) and enriched oceanic island mantle
source (OIBM). Dashed lines indicate partial melting trends, whereas arrows indicate open system fractional crystallization trends (calculated based on , and .
Abbreviations, MORB: mid-ocean ridge basalt; N-MORB: normal-type MORB; E-MORB: enriched-type MORB; WPB: within-plate basalt; e) Stereographic plots
showing mesoscale data for the axis of D1 and D2 deformation stages.

Source: Kananian et al., 2001; Ghazi et al 2004; Hunziker, 2014; Khalatbari-Jafari et al., 2016; Sepidbar et al., 2020; Ghasemi Siani et al., 2021; Barbero et al.,
2020bBarbero et al., 2023bFig. 2Saccani (2015)Barbero et al., 2020b; Saccani et al., 2022bFig. 3Pearce and Norry, 1979Barbero et al., 2020b, Saccani et al.,
2022bWorkman and Hart, 2005Pearce and Norry (1979), Saccani et al. (2003)Bortolotti et al. (2018)
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fragments of pillow basalts, pelagic limestones, and cherts, set in a fine-
grained glassy matrix. A transition to the overlying pelagic sedimentary
cover is represented by pillow and massive lava flows interlayered with
thin, discontinuous layers of pelagic marls and limestones (Fig. 4a).
These layers show soft-sediment deformations, suggesting that lava
flows were emplaced onto weakly consolidated sediments.

The pelagic sedimentary cover has been reconstructed in detail in the
Band-e-Zeyarat ophiolite by Barbero et al. (2023b). This cover can be
subdivided into three members, which, from bottom to top, include: the
cherty limestone member, which transitions gradually to the limestone
and marl member, consisting of well-stratified sequence of marls and
limestones beds (Fig. 4a). The last member is represented by the post-
Barremian-Cenomanian(?) varicoloured marl member, characterized
by marls with widespread intercalation of volcaniclastic arenites
(Fig. 4a). Petrographic analysis of arenites indicates that the siliciclastic
fragments derived from quartz-rich volcanic arc rocks. The sedimentary
cover is intruded by basaltic dykes and sills.

The Fannuj-Maskutan ophiolite is unconformably overlain by
Maastrichtian shallow-water limestones and, locally, by turbiditic
sandstones interbedded with andesitic lava flows (Dolati, 2010). These
deposits are lacking in the Band-e-Zeyarat and Remeshk-Mokhtarabad
ophiolites.

3.2.2. Geochemistry and petrogenesis of magmatic rocks

Geochemical data on intrusive rocks from the Band-e-Zeyarat
ophiolites have been presented in Barbero et al. (2020b), whereas
data for the Remeshk-Mokhtarabad and Fannuj-Maskutan ophiolites
were presented in Hunziker (2014) and Saccani et al. (2022a). Ultra-
mafic and mafic cumulates display a wide range in major and trace el-
ements compositions reflecting variation in mineral abundances. These
rocks show low TiO,, P20s, and incompatible element contents, whereas
MgO, Cr, Co, and Ni contents are generally high (see Barbero et al.,
2020b for details). Their overall geochemical features indicate crystal-
lization from parental liquids with a general MORB affinity. The intru-
sive rocks show olivine + plagioclase + clinopyroxene + magnetite
crystallization order (Hunziker, 2014; Saccani et al., 2022a), which is
the typical crystallization order of tholeiitic magma series formed in
mid-oceanic ridge settings (Beccaluva et al., 1983). Plagiogranites,
likewise, appear to be differentiated products of MORB-type melts.
Isotropic gabbros and quartz-diorites show either N-MORB or E-MORB
chemical affinity (Hunziker, 2014; Barbero et al., 2020b).

Sheeted dykes, individual dykes, massive lavas, and pillow lavas
mainly consist of basalts, basaltic andesites, and Fe-basalts with minor
andesites and dacites, and very rare rhyolite dykes (Barbero et al.,
2020b; Saccani et al., 2022a). Volcanic and sub-volcanic rocks from the
North Makran ophiolites share the same chemical features and petro-
genetic processes. In fact, these units include sub-alkaline tholeiitic
rocks showing both N-MORB and E-MORB affinities (Ghazi et al., 2004;
Moslempour et al., 2015; Khalatbari-Jafari et al., 2016; Esmaeili et al.,
2019; Barbero et al., 2020b, Sepidbar et al., 2020; Saccani et al., 2022a)
(Fig. 4c). N-MORBs and E-MORBs can be distinguished based on
incompatible elements and REE compositions. N-MORBs have very low
Nb/Y ratios (0.08 - 0.11) and low Y, Zr, Nb, Th, Ta, and LREE. They
show flat N-MORB-normalized incompatible elements patterns (e.g.,
Thy/Nby = 0.8 — 1.9; Thy/Yby = 0.8 — 1.6; Nby/Yby = 0.9 - 1.4) with
LREE/HREE depletion (Lay/Yby = 0.5 — 0.9) and flat MREE-HREE
patterns (Smy/Yby = 0.9—1.2) (Ghazi et al., 2004; Hunziker, 2014;
Barbero et al., 2020b, Saccani et al., 2022a).

In contrast, E-MORBs exhibit Nb/Y ratios (0.14—0.42) and mod-
erate enrichment of Th, Ta, and Nb relative to Tb, Y, and Yb, with (Th/
Yb)y = 2.6 -13, (Ta/Yb)y = 2.0 - 8.1, and (Nb/Yb)y = 2.0 — 5.6. These
E-MORBs show LREE enrichment with respect to MREE and HREE with
(La/Yb)y = 1.2—4.0, (La/Sm)y = 1.2 - 2.2, and (Sm/Yb)y = 1.1 - 2.0
(Ghazi et al., 2004; Hunziker, 2014; Barbero et al., 2020b, Saccani et al.,
2022a). The E-MORB affinity of these rocks is evident in the Th-Nb
discrimination diagram, where they plot in the field for subduction-
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unrelated settings, within the compositional field for rocks with E-
MORSB affinity (Fig. 4c).

Petrogenetic modelling based on several incompatible elements,
such as REE, Th, Nb, and Zr indicate that N-MORBs derived from partial
melting of a depleted MORB mantle (DMM) with negligible enrichment
by ocean island basalts (OIB)-type (plume-type) components. E-MORBs,
on the other hand, derived from varying degrees of partial melting of a
DMM source variably enriched by OIB-type components (Barbero et al.,
2020Db; Saccani et al., 2022a) (Fig. 4d). Differences in the chemistry of E-
MORBs within and between ophiolitic units can be attributed to varia-
tions in the extent of: mantle enrichment (Fig. 4d), partial melting de-
grees, melting depths, or a combination of these factors. Ghazi et al.
(2004), Barbero et al. (2020b), and Saccani et al. (2022a) suggested that
the North Makran ophiolites represent a chemically composite oceanic
crust, which record an Early Cretaceous incipient mantle plume activity
and varying degrees of plume-ridge interaction in the Neo-Tethys.

3.2.3. Structural setting and deformation history

The structural setting of the North Makran ophiolites has been
recently studied in detail for the Band-e-Zeyarat ophiolite (e.g., Barbero
et al., 2023b), whereas only regional-scale studies have been done for
the Remeshk-Mokhtarabad and Fannuj-Maskutan ophiolites (McCall,
1985; Dolati, 2010; Hunziker, 2014). All these ophiolites show similar
regional-scale structural positions, stratigraphic architectures, and lith-
ological and geochemical features of the magmatic rocks. Therefore, we
assume that the Remeshk-Mokhtarabad and Fannuj-Maskutan ophiolites
underwent a deformation history comparable to that of the Band-e-
Zeyarat ophiolite.

The Band-e-Zeyarat ophiolite consists of a N-S striking tectonic units
bordered by high-angle fault zones and unconformably covered by an
Eocene siliciclastic succession (Fig. 2b, 4a). This ophiolite shows a
polyphase deformation history recently described by Barbero et al
(2023b). Three deformation phases, referred to as D1, D2, and D3, have
been recognized. Mesoscale structures associated with the D1 and D2
phases are observed within the sedimentary cover, where bedding pro-
vides excellent markers for deformation. The D1 phase is characterized
by overturned sub-isoclinal to close folds, with an axial planar foliation
(S1) developed only in marly and less competent beds (Fig. 4b). The S1
foliation represents a pressure solution cleavage, indicating deformation
at shallow structural levels within the Makran Accretionary Prism
(Barbero et al., 2023b). The orientation of the fold axes is variable,
ranging from N- to NW- and ESE-trend (Fig. 4e), likely due to later
deformation events. The D1 phase occurred during the incorporation of
fragments of oceanic lithosphere into the Makran Accretionary Prism
(Barbero et al., 2023b). The D1 folds are deformed by a second gener-
ation of open to tight folds (D2) with sub-horizontal axial planes
(Fig. 4b, e), associated with a local weak axial planar cleavage (Barbero
et al., 2023b). The fold axes are sub-horizontal and exhibit variable
orientation, ranging from N-S to NE-SW and NW-SE trend (Fig. 4e).
Similar to the D1 folds, the variation in fold axes orientation suggests
later deformation events during a strike-slip faulting stage (i.e., the D3
phase). The D2 phase occurred during the progressive exhumation of the
Band-e-Zeyarat ophiolites (see discussion in Barbero et al., 2023b). The
D1 and D2 structures are unconformably sealed by the Eocene silici-
clastic succession (Fig. 4b). Both the Band-e-Zeyarat ophiolite and the
Eocene succession are deformed into a domal antiform structure that is
cut by high-angle faults (D3 phase). The D3 antiform is characterized by
the magmatic intrusive sequence at its core and volcanic-sedimentary
sequences along its borders, where high-angle faults rework the anti-
form limbs (Barbero et al., 2023b). These faults show strike-slip kine-
matics and define fault-bounded structural blocks, with different
orientations of the D1 and D2 structural elements due to rotation
induced by strike-slip deformation. On a larger-scale, this rotation
affected the whole North Makran ophiolites. In fact, the orientation of
regional folds, thrusts, and dykes within the sheeted dyke complex
changes from E-W to NW-SE and NNW-SSE from the eastern to the
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western North Makran. This trend variation is also observed in other
tectonic units of the North Makran (e.g., Durkan Complex, Coloured
Mélange, see Fig. 2a, b). This evidence likely indicates a clockwise
rotation of the western margin of the North Makran domain relative to
the eastern North Makran during the post-accretion tectonic evolution.
The D3 structures accommodate this rotation, which has been associated
with right-lateral faulting along the Minab-Sabzevaran-Nayband fault
system (e.g., McCall, 1985; Stoneley, 2005; Barbero et al., 2023b).

Gondwana Research 141 (2025) 74-101

3.2.4. Chronological constraints

Chronological constraints for the magmatic rocks are primarily
available for the Band-e-Zeyarat ophiolite, based on K/Ar amphibole,
Ar/Ar amphibole and U/Pb zircon methods. Early studies by McCall
(1985) and Hassanipak et al. (1996) used K/Ar dating on amphibole in
gabbros obtaining ages between 126 + 2.5 and 131 + 2.5 Ma and 124 +
4 t0146 + 5 Ma, respectively (Fig. 4a). Later, Ghazi et al. (2004) used
Ar/Ar dating on amphiboles from gabbros to yield ages of 140.7 + 2.2,
1429 + 3.5 and 141.7 + 1.0 Ma (Fig. 4a). More recent LA-ICP-MS
zircon U/Pb dating by Barbero et al. (2020b) and Ghasemi Siani et al.

Fig. 5. Synthesis of the stratigraphic, structural, chronological, and geochemical features of the Durkan Complex. a) Schematic stratigraphic columns reconstructed
for the Durkan Complex in the western North Makran; chronological constraints for the distinguished stratigraphic units are based on nannoplancton biostratigraphy
(data from Barbero et al., 2021a); b) geological cross-section showing the structural setting of the Durkan Complex in the western North Makran (see Fig. 2b for trace
of the section); ¢) N-MORB-normalized Th vs. Nb discrimination diagram of Saccani (2015) for meta-volcanic and volcanic rocks from the Durkan Complex (data from
Barbero et al., 2021a, b). Abbreviations and compositions as in Fig. 3¢; d) Zr/Y vs. Zr diagram (modified from Pearce and Norry, 1979) for meta-volcanic and volcanic
rocks from the Durkan Complex (data from Barbero et al., 2021a, b). Abbreviations, compositions, and trends as in Fig. 4d, P-MORB: plume-type mid-ocean ridge
basalt; e) Stereographic plots showing mesoscale data for the axis of the D1 and D2 deformation phases.
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(2021) provided ages of 122-129 Ma and 126.0 + 1.3, 126.4 + 1.7 Ma,
128.5 £+ 1.3, to 130.8 + 1.8 Ma for plagiogranite and plagiogranic
dykes, respectively (Fig. 4a). These data collectively indicate a lower-
most Early Cretaceous age for the Band-e-Zeyarat ophiolite sequence,
spanning from Berriasian to Barremian (Fig. 4a). While no radiometric
dating is available for the Fannuj-Maskutan and Remeshk-Mokhtarabad
ophiolites, geological evidence and biostratigraphic dating of the over-
lying sedimentary cover (Dolati, 2010) support the hypothesis that the
ages of the Band-e-Zeyarat ophiolite can be extended to all the North
Makran ophiolites.

Nannofossil-based biostratigraphic dating of the sedimentary cover
of the Band-e-Zeyarat ophiolite, performed by Barbero et al. (2023b),
indicates a lower Hauterivian and upper Hauterivian — Barremian age
for the cherty limestone and limestone and marl members, respectively
(Fig. 4a). In addition, McCall (1985) reported Cenomanian foraminifera
at the top of the varicoloured marl lithofacies (Fig. 4a), suggesting that
the younger part of the sedimentary cover of the Band-e-Zeyarat
ophiolite extends into the Late Cretaceous. In both the Remeshk-
Mokhtarabad and Fannuj-Maskutan ophiolites, the overlying sedimen-
tary rocks consists of pelagic limestones and hemipelagic red marls
containing nannofossils no younger than Barremian (Dolati, 2010).

3.3. The Durkan Complex

The Durkan Complex extends along an ESE-WNW trending belt with
a length of about 300 km and a maximum width of 30 km (Fig. 2b).
Southward, the boundary between the Coloured Mélange and Durkan
Complex is represented by the Bashakerd thrust (Fig. 2b, c), whereas to
the north the boundary with the North Makran ophiolites is marked by
the Abnama thrust. In the westernmost areas, this boundary is reworked
by the Dar Anar fault. Eastward, the Durkan Complex progressively
disappears along the Bashakerd thrust, whereas to the west, it is crosscut
by the NNE-striking dextral Sabzevaran Fault. In the westernmost area,
the Durkan Complex is unconformably covered by the Late Paleocene —
Early Eocene sedimentary deposits (Fig. 5a).

The Durkan Complex has long been regarded as part of a single
tectonic unit together with the Bajgan Complex; this assemblage was
known as Bajgan-Durkan Complexes (McCall and Kidd, 1982; McCall,
2002; Hunziker et al., 2015; Burg, 2018). These authors interpreted the
Bajgan-Durkan Complexes as a continental ribbon detached from the Lut
Block. Recently, the Durkan Complex has been re-interpreted as an in-
dependent tectonic unit consisting of a stack of tectonic slices, mostly
representing the remnants of a Late Cretaceous oceanic seamounts chain
that was tectonically disrupted during its involvement in a subduction
zone (Barbero et al., 2021a; b; 2023a). The structural evolution of the
Durkan Complex indicates underplating under blueschist facies meta-
morphic conditions, followed by exhumation to shallower structural
levels within an accretionary prism (Barbero et al., 2023a).

3.3.1. Stratigraphic features

The Durkan Complex consists of a stack of tectonic slices, each
characterized by a coherent stratigraphic succession showing distinct
deformation and metamorphic imprints (Barbero et al., 2021a; 2023a).
In the western area of the Durkan Complex, Barbero et al. (2021a)
identified three different types of successions referred to as Type-I, —II
and —III, each including both magmatic and sedimentary rocks derived
from different seamount environments (Fig. 5a, b). The type-I succession
is characterized by a pelagic sequence consisting of thin-bedded red
cherts and cherty limestones alternating with shales and shaly marls
along with minor volcaniclastic arenites and pillow breccias (Fig. 5a).
Pillow basalts are frequently interbedded within this sequence. The low
vesicularity of the basalts suggests their eruption in a relatively deep-
water setting (Barbero et al., 2021a). This type of succession repre-
sents the remnants of a seamount during its deep-water stages of for-
mation, characterized by sedimentation and volcanic activity in a
pelagic depositional environment (Barbero et al., 2021a).
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The Type-II succession begins with a basal volcanic sequence
showing a transition to a volcano-sedimentary sequence that, in turn,
gradually passes upward to a pelagic and hemipelagic sedimentary
sequence (Fig. 5a, b). The volcanic sequence is made up of alternating
massive lava flows, pillow lavas, and volcaniclastic arenites and brec-
cias. The volcano-sedimentary sequence consists of alternating volca-
niclastic arenites and breccias, shales and siltstones. Within this
sequence, limestone layers, as well as minor massive lava flows have
been identified. The occurrence of pelagic foraminifera in the limestones
suggests that this succession originated in a relatively deep-water
environment. The pelagic and hemipelagic sedimentary sequence con-
sists of cherty limestones, shales, shaly marls, cherts, and minor car-
bonate breccias and volcaniclastic arenites (Fig. 5a). The stratigraphic
features of the Type-II succession indicate a depositional setting along
and at the base of a seamount flank during the relatively shallow-water
shield stage of seamount growth (Barbero et al., 2021a).

The Type-III succession is characterized by a volcanic sequence
passing upward to a volcano-sedimentary sequence (Fig. 5a). This
sequence is capped by a carbonate platform sequence that, in turn,
passes upward to a pelagic and hemipelagic sequence at the top
(Fig. 5a). The volcanic sequence is characterized by pillow and massive
lava flows alternating with volcaniclastic arenites. The volcano-
sedimentary sequence is composed of alternating volcanic rocks, vol-
caniclastic arenites and breccias, shales, as well as turbidites with a
mixed carbonate-volcanic composition (Fig. 5a). In addition, minor
platform-derived massive limestones are interbedded within the se-
quences (Fig. 5a), suggesting a shallow-water depositional setting,
further supported by the significantly high vesicularity of the pillow
lavas. The shallow-water carbonate platform sequence consists of
massive limestones alternating with subordinate volcaniclastic arenites
with no evidence of lava flows. The uppermost hemipelagic and pelagic
sequence marks the drowning of the carbonate platform. The stratig-
raphy of Type-IIl succession records shallow-water volcanic activity
associated with carbonate platform sedimentation and is comparable
with the stratigraphic successions formed in a seamount summit setting
during the shallow-water shield growth stage (Barbero et al., 2021a).

In the eastern area of the Durkan Complex, Hunziker (2014) and
Hunziker et al. (2015) identified a pre-Cretaceous rock assemblage
along the thrust with the Fannuj-Maskutan ophiolite, including tectonic
slices of trondhjemites, diorites, plagiogranites, and granites associated
with basalts and recrystallized limestones. The granites are intruded into
well-bedded recrystallized limestone, which is cut by basaltic dykes, and
covered by basaltic pillow-lavas. McCall (1985) interpreted the lime-
stones as Jurassic shelf deposits. Hunziker et al. (2015) also reported the
occurrence of Valanginian sediments interlayered with the pillow-lavas.

3.3.2. Geochemistry and petrogenesis of magmatic rocks

The magmatic rocks of the Durkan Complex are mainly represented
by basalts and ferrobasalts and minor trachytes and rhyolites showing
different degrees of deformation and metamorphic overprinting.
Basaltic and meta-basaltic rocks display geochemistry ranging from
transitional P-MORB to alkaline OIBs (Fig. 5c; Barbero et al., 2021b).
Both P-MORB and alkaline series show variable contents of major ele-
ments and compatible trace elements, suggesting formation from melts
at different fractionation stages (Barbero et al., 2021b). P-MORBs and
OIBs can be distinguished based on incompatible elements and REE
compositions. P-MORBs are mainly found in the Type-I succession, less
abundant in the Type-II succession and absent in Type-IIl. They are
characterized by transitional Nb/Y ratios (0.7 — 1.0) and relatively high
TiOy, P20s, Nb, Th, and Ta contents with relatively low Y contents.
Incompatible element contents, normalized to N-MORB (Sun and
McDonough, 1989), display significant enrichment of Th, Ta, and Nb
relative to Yb, as exemplified by high (Th/Yb)y (26.1 - 47.3), (Ta/Yb)x
(14.7 - 20.6), and (Nb/Yb)y (12.2 — 18.2) ratios. These rocks show mild
LREE enrichment with respect to HREE, as well as moderate depletion of
HREE compared to MREE, as summarized by the (La/Yb)y (4.44 — 7.86)
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and (Sm/Yb)y (1.18 — 3.16) ratios. The Durkan P-MORBs have
geochemical features highly similar to those of many P-MORBs erupted
in modern mid-ocean ridge settings influenced by plume-type activity
(e.g., Haase and Devey, 1996; Le Roex et al., 1983; Sun and McDonough,
1989). In fact, these rocks plot in the field for very enriched MORB
compositions (P-MORB) erupted in subduction-unrelated oceanic set-
tings (Fig. 5c¢).

Alkaline basalts and ferrobasalts are mainly found in the Type-II and
Type-III successions but are absent in the Type-I. They show a clear
alkaline affinity, indicated by high Nb/Y ratios ranging from 1 to 4.
These rocks have high contents of TiO2, P2Os, Th, Nb, and Ta, while Y
absolute abundance (18.5—33.0 ppm) is relatively low. Incompatible
element contents normalized to the N-MORB (Sun and McDonough,
1989) display marked enrichment in Th, Ta, and Nb relative to Yb, with
very high (Th/Yb)y (37.9 - 161), (Ta/Yb)y (28.3 — 87.4), and (Nb/Yb)yx
(22.0 - 65.3) ratios coupled with a slight enrichment in Th relative to Ta
and Nb (e.g., Thy/Nby = 1.6 — 2.7). Chondrite-normalized REE patterns
show marked LREE/HREE (e.g., Lay/Yby = 9.26 — 28.07) and MREE/
HREE (e.g., Smy/Yby = 3.5 — 8.4) enrichments, which are higher than
those of P-MORBs. The overall geochemical features of these basaltic
rocks are very similar to those of the within-plate alkaline volcanic rocks
typically forming oceanic islands (e.g., Safonova et al., 2016, and ref-
erences therein). The alkaline basalts plot within the field for subduction
unrelated alkaline basalts and cluster around the composition of OIB
(Fig. 5c; Saccani, 2015).

Petrogenetic modelling based on several incompatible elements,
such as REE, Th, Nb, Zr, Y, and TiO; carried out by Barbero et al. (2021b)
indicates that the Durkan basaltic and meta-basaltic rocks were gener-
ated from partial melting of a depleted sub-oceanic mantle source that
was metasomatized by OIB-type (plume-type) chemical components in a
within-plate oceanic setting. These authors suggested that the chemical
differences between P-MORBs and OIBs can be explained by variations
in: 1) amount of OIB-type enrichment; 2) partial melting degree; 3) the
depths of melting (i.e., spinel- or garnet-facies mantle). Fig. 5d shows
that, compared to the North Makran ophiolites (Fig. 4d), both P-MORBs
and alkaline basalts derived from partial melting of enriched to very
enriched mantle sources. Petrogenetic evidence suggests that the
oceanic lithosphere onto which the Durkan seamounts was forming was
characterized by an important mantle plume activity during the Late
Cretaceous (Barbero et al., 2021b).

3.3.3. Structural setting and deformation history

To the east of Remeshk, the Durkan Complex constitutes a rather thin
tectonic elements bounded by mainly E-W striking thrust, which sepa-
rates it from the North Makran ophiolites and the Coloured Mélange to
the north and to the south, respectively (Fig. 2b; Hunziker 2014; Hun-
ziker et al., 2015). Close to the contact with the North Makran ophio-
lites, this complex is characterized by top-to-SSW shear zones associated
with the main thrust surfaces (Hunziker, 2014). Associated with thrusts,
meso- and macro-scale folds have been observed, showing NW- to W-
trending axes and southward vergence (Hunziker, 2014). As observed in
the eastern sector of the North Makran ophiolites, a Campanian-
Maastrichtian — Paleocene shallow-water marine succession uncon-
formably seals the deformation of the Durkan Complex (Burg, 2018). In
addition, later NW-SE and NE-SW conjugates fault systems crosscut the
thrust and fold structures (Hunziker, 2014).

To the west of Remeshk (Fig. 2b), the Durkan Complex shows
different stratigraphic features (see section 3.3.1) and a distinct struc-
tural setting. It consists of a series of tectonic slices unconformably
sealed by a Late Paleocene — Eocene succession, which are bordered by
NW- to NNW-striking and NE- to E- dipping thrusts, showing top-to W-
SW sense of shearing (Fig. 5b; Barbero et al., 2023a). The stratigraphic
succession within each tectonic slice is affected by polyphase deforma-
tion. The D1 phase include sub-isoclinal to tight similar folds, charac-
terized by thinned and stretched limbs with a NW- to NNW-trending
axes and W-vergence (Fig. 5e). The overturned limbs of the macro-scale
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anticline are usually characterized by pluridecametric-thick reverse
shear zones, which include blocks of marbles and meta-basalts within a
matrix of meta-volcaniclastic materials. These shear zones mainly
represent the border of each tectonic slices (Barbero et al., 2023a). The
D1 folds are associated with an axial planar foliation (S1), which exhibit
varying dynamic recrystallization depending on the rock type. This
ranges from chlorite, amphibole, epidote, and albite in the meta-basalts,
chlorite, white mica, calcite, quartz, and albite in the meta-volcaniclastic
rocks and varying proportions of calcite, white mica, chlorite, and
quartz in meta-sedimentary rocks. Thermobarometric modelling in-
dicates P-T conditions of 0.6-1.2 (4+0.2) GPa and 160-310 (+20) °C
during the formation of the S1 axial planar foliation, consistent with
blueschist facies conditions (Barbero et al., 2023a). The D2 deformation
phase is characterized by open to close asymmetric and parallel folds,
which deform the D1 structural elements (Fig. 5e) producing Type 3
interference pattern (Ramsay, 1967). D2 folds mainly show NW-SE
trending axes and NE- to N-vergence (Fig. 5e). The axial planar folia-
tion (S2) corresponds to a disjunctive cleavage in the more competent
beds, such as marble and meta-arenites, and a crenulation cleavage in
shales, both of which are not associated with metamorphic recrystalli-
zation. These features of the S2 foliation (i.e., disjunctive and crenula-
tion cleavage without metamorphic recrystallization) indicate that the
D2 occurred at shallower structural levels compared to the D1 blueschist
phase. The D1 and D2 structures are sealed by a Late Paleocene — Eocene
succession (Fig. 5b). However, meso-scale structures and the involve-
ment of the Late Paleocene — Eocene succession along the thrusts indi-
cate a brittle reactivation of the D1 shear zones during the post-Eocene,
corresponding to the D3 deformation phase (Fig. 5b; Barbero et al.,
2023a).

3.3.4. Chronological constraints

The chronological constraints are based on biostratigraphic dating
obtained through an integrated approach using radiolarians, forami-
nifera and calcareous nannofossils assemblages (Barbero et al., 2021a).
The pelagic sequence of the Type-I is Coniacian-Campanian in age,
whereas the limestones from the volcano-sedimentary sequence of the
Type-II succession are Cenomanian (Fig. 5a). Similarly, the limestones
from the Type-III succession sampled in the shallow-water carbonate
platform sequence have yielded Cenomanian assemblages (Fig. 5a).

Hunziker et al. (2015) provided U/Pb zircon ages for the magmatic
rocks cropping out along the tectonic boundary with the Fannuj-
Maskutan ophiolite. The magmatic zircon from the granites yielded
concordant ages of 176.0 + 1.0 Ma and 170.0 + 1.0 Ma. In the diorites,
the dominant zircon population yielded concordant or intercept ages
between 160.3 + 0.8 Ma and 165.6 + 1.7 Ma. In addition, the same
authors have obtained U/Pb zircon ages spanning from 158.7 + 1.3 Ma
to 160.5 + 1.4 Ma for trondhjemites and from 164.4 + 1.9 Ma to 137.6
+ 2.5 Ma for plagiogranites.

3.4. The high pressure meta-ophiolites

The high pressure meta-ophiolites include the Bajgan and Deyader
Complexes, which are characterized by the high pressure — low tem-
perature (HP-LT) metamorphic imprint. These complexes crop out in
two different areas, approximately 250 km apart from each other
(Fig. 2b). The metamorphic imprint indicates that the high pressure
meta-ophiolites represent fragments of oceanic lithosphere deformed
and metamorphosed in a subduction setting. The deformation history of
these meta-ophiolites includes the deep underplating at the base of an
accretionary prism and the exhumation up to shallow structural levels
(Pandolfi et al., 2021).

The Bajgan Complex is exposed over an area of about 2400 km?,
bounded by the Sabzevaran fault to the east and the Rudan thrust to the
south (Fig. 2b). This complex was previously interpreted as an assem-
blage of metamorphic rocks derived from sedimentary and magmatic
protoliths of Paleozoic (or older) age (McCall and Kidd, 1982; Dorani
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et al., 2017), representing the metamorphic basement of a continental
microplate (e.g., McCall, 1985; Hunziker et al., 2015; Burg, 2018).
Recently, Pandolfi et al. (2021), Barbero et al. (2023c), and Saccani et al.
(2024) have shown unambiguously that the Bajan Complex consists of
Late Jurassic to Early Cretaceous meta-ophiolites and related meta-
sedimentary rocks, both affected by HP-LT metamorphism during the
Late Cretaceous.

The Deyader Complex is exposed in a tectonic window of about 400
km? (Fig. 2b). This complex is overthrust by the Remeshk-Mokhtarabad
ophiolite along a sub-horizontal thrust, whereas the boundary with the
Fannuj-Maskutan ophiolite is marked by a WNW-ESE trending fault. To
the north, the Deyader Complex is covered by the Quaternary deposits of
the Jaz Murian depression.

3.4.1. Stratigraphic features

The Bajgan Complex has recently been studied in detail by Pandolfi
etal. (2021), Barbero et al. (2023c¢), and Saccani et al. (2024). According
to these authors, this complex includes several tectonic slices repre-
sentative of crustal sections of oceanic lithosphere consisting of meta-
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ophiolites and meta-sedimentary. The meta-ophiolites include, from
bottom to top, serpentinites, representing remnants of the lower crust
ultramafic cumulates section, topped by meta-intrusive rocks derived
from the metamorphism and deformation of a primary sequence of
anorthosite, melagabbro, and gabbro, with minor plagiogranites
(Fig. 6a, b). The meta-volcanic rocks are derived from the meta-
morphism of massive and pillow lava basalts (Barbero et al., 2023c). The
transition between the meta-volcanic and meta-sedimentary rocks is
represented by a thick level of meta-volcaniclastic rocks (Fig. 6a, b). The
meta-sedimentary rocks include quartzites, marbles, micaschists, calcs-
chists and paragneisses derived from a pristine deep-sea, pelagic suc-
cession including cherts, limestone and turbidites (Fig. 6a).

The Deyader Complex consists of three slices deformed under
different P-T conditions ranging from greenschist to blueschist meta-
morphic conditions. These slices largely consist of foliated and massive
meta-basic rocks (Saccani et al., 2022b) associated with micaschists,
calcschists, and marbles whose protoliths were represented by shales,
sandstones, and limestones (Hunziker et al., 2017). The meta-basic rocks
occur in a large outcrop, up to ~ 30 km? in size, and include coarse-

Fig. 6. Synthesis of the stratigraphic, structural, chronological, and geochemical features of the high pressure meta-ophiolites. a) schematic stratigraphic columns for
the Bajgan and Deyader Complexes showing the reconstructed lithostratigraphy. Radiometric magmatic and metamorphic ages for different metamorphic rocks of the
Bajgan Complex are shown as coloured segments; b) geological cross-section showing the structural setting of the Bajgan Complex and its tectonic relationship
between the Sorkhband ophiolite and the Durkan Complex in the Manujan area (see Fig. 2b for trace of the section); ¢) N-MORB-normalized Th vs. Nb discrimination
diagram of Saccani (2015) for meta-volcanic and meta-intrusive rocks from the high pressure meta-ophiolites (data from Barbero et al., 2023c). Abbreviations,
compositions, and trends as in Fig. 3¢; d) Zr/Y vs. Zr diagram (modified from Pearce and Norry, 1979) for meta-volcanic and meta-intrusive rocks from high pressure
meta-ophiolites (data from Barbero et al., 2023c). Abbreviations, compositions, and trends as in Fig. 4d, 5d; e) Stereographic plots showing mesoscale data of the axis

of the D2 and D3 deformation phases.
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grained, layered blueschists, fine-grained blueschists, and foliated se-
quences of blueschists alternating with calcschists and marbles. The
protoliths of these rocks were represented by gabbros, basalts, and
volcaniclastic sequences (Fig. 6a, b; Hunziker et al., 2017; Saccani et al.,
2022b).

3.4.2. Geochemistry and petrogenesis of magmatic protoliths

Based on TiO2 — AlyO3 — MgO — CaO co-variations, Barbero et al.
(2023c) suggested that the magmatic protoliths of the Bajgan serpen-
tinites were represented by ultramafic cumulitic rocks, which can be
basically subdivided in two groups: 1) plagioclase lherzolites and
harzburgites; 2) plagioclase-wehrlites and plagioclase-websterites.
Incompatible trace element contents are very low in all rock types,
whereas compatible elements, such as Cr (651-3488 ppm) and Ni
(1070-2537 ppm), show high abundance. Chondrite-normalized REE
patterns show negative Eu anomalies indicating early crystallization and
removal of plagioclase (Barbero et al., 2023c). In summary, the
geochemistry of the serpentinites are compatible with compositions of
ultramafic cumulitic rocks largely dominated by olivine with subordi-
nate pyroxene and plagioclase (Pandolfi et al., 2021). The magmatic
affinity of ultramafic cumulitic rocks cannot reliably defined because the
composition of these rocks is largely dependent on cumulus processes
rather than melt composition. Therefore, from the chemical data it can
only be postulated that these rocks were characterized by early crys-
tallization of plagioclase, which is a feature typically observed in MORB-
type magmatic series (Beccaluva et al., 1983).

The protoliths of the meta-intrusive rocks are represented by anor-
thosites, cumulitic gabbros, isotropic gabbros, and plagiogranites. An-
orthosites show high Al,03 and CaO, as well as low TiO3, FeO, and MgO
contents coupled with marked Eu positive anomaly (Pandolfi et al.,
2021; Barbero et al., 2023c; Saccani et al., 2024). The meta-gabbros with
cumulitic texture are characterized by low TiO», FeOy, and P,Os contents
along with high MgO contents and very low incompatible trace element
contents (Pandolfi et al., 2021). Barbero et al. (2023c¢) and Saccani et al.
(2024) suggested that chemical compositions of these rocks resemble
those of MORB-type gabbros. The meta-gabbros with isotropic texture
show quite different chemical features compared to the meta-gabbros
with cumulitic texture. They are characterized by comparatively higher
TiO4, FeOy, and P05 contents. These rocks display a clear sub-alkaline
affinity, with Nb/Y ratios ranging from 0.07 to 0.36 (Barbero et al.,
2023c). Based on incompatible element and REE contents, Barbero et al.
(2023c) suggested that isotropic gabbro protoliths of the Bajgan meta-
ophiolites include both N-MORB and E-MORB type gabbros (Fig. 6¢).
Plagiogranites are characterized by low Nb/Y ratios (0.19 — 0.30), which
suggest a sub-alkaline affinity (Pandolfi et al., 2021). Based on Th — Nb
co-variation during fractional crystallization of MORB primary melts,
Barbero et al. (2023c) suggested that plagiogranites from the Bajgan
Complex originated by different degrees of fractional crystallization
starting from an N-MORB type primary melt.

The meta-volcanic rocks of the Bajgan and Deyader Complexes
derived from four distinct chemical groups of basaltic protoliths
including N-MORB, E-MORB, P-MORB, and alkaline basalts (Fig. 6¢;
Pandolfi et al., 2021; Saccani et al., 2022b, 2024; Barbero et al., 2023c).
N-MORBs show relatively high TiO, contents coupled with relatively
low P05 and Nb values. They exhibit a sub-alkaline affinity with very
low Nb/YDb ratios (0.06 — 0.13). N-MORB-normalized (Sun and McDo-
nough, 1989) incompatible elements compositions display no relative
enrichment of Th, Ta, and Nb relative to Yb, as exemplified by low (Th/
Yb)n, (Ta/Yb)y, and (Nb/Yb)y ratios, which are all included between
0.8 and 2.0. These rocks show Th — Nb co-variation similar to that
observed in typical N-MORB (Fig. 6¢). Chondrite-normalized REE con-
tents are characterized by depletion of LREE with respect to MREE and
HREE with (La/Yb)y = 0.51 — 0.81. E-MORB protoliths also display a
sub-alkaline affinity with, however, Nb/Y ratios (Nb/Y = 0.35 to 0.45)
higher than those of N-MORBs. Compared to N-MORBs, they show
higher contents of P»Os, Nb, Ta, and Th, as well as LREE. These meta-
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basalts show Th, Ta, and Nb enrichment relative to Yb (e.g., Thy/Yby =
8.7 - 12.6, Tan/Yby = 5.4 — 7.4, and Nbn/Yby = 4.5 — 6.1). They also
show slight LREE enrichment relative to MREE and HREE, as testified by
the (La/Sm)y and (La/Yb)y ratios that are in the range 1.49-1.70 and
2.44-3.20, respectively (Barbero et al., 2023c; Saccani et al., 2024). P-
MORBs are only found in the Deyader Complex (Fig. 6¢). They can easily
be distinguished from N- and E-MORBs based on transitional Nb/Y ratios
(0.6 — 0.8) and comparatively higher TiO,, P5Os, Nb, Th, and Ta con-
tents, as well as by higher Thy/Yby = (15.6 — 21.1), Tan/Yby = (10.5 -
14.2), and Nby/Yby = (9.4 — 11.6) enrichments. They show mild LREE
enrichment with respect to HREE, as well as moderate depletion of
HREE compared to MREE, as summarized by the (La/Yb)y (3 - 6) and
(Sm/Yb)y (1.8 —2.2) ratios. Alkaline basalts are only found in the Bajgan
Complex. These rocks show a clear alkaline affinity, as suggested by the
high (i.e., 0.88 — 1.82) Nb/Y ratios. Compared to N-, E-, and P-MORBEs,
they show slightly higher contents of P20s, Nb, Ta, and Th. Alkaline
basalts show very high Thy/Yby = (40.9 — 108), Tan/Yby = (24.9 -
54.6), and Nby/Yby = (15.8 — 37.1) enrichments, as well as marked
LREE/MREE and LREE/HREE enrichments with (La/Sm)y, (Sm/Yb)y,
and (La/Yb)y ratios that are in the range 2.26—3.33, 3.05 - 6.63, and
7.01—20.08, respectively (Saccani et al., 2022b; Barbero et al., 2023c).
In the tectonic discrimination diagram of Fig. 6¢, they plot in the field for
subduction-unrelated settings, namely within the compositional field for
typical ocean island basalts (Saccani, 2015).

Based on petrological and lithostratigraphic evidence, Pandolfi et al.
(2021) and Saccani et al. (2022b) suggested that the Bajgan and Deyader
Complexes are represented by meta-ophiolites formed in oceanic tec-
tonic settings characterized by different compositions of their mantle
sources (Fig. 6d). N-MORB volcanic protoliths were generated in mid-
ocean ridge settings from depleted mantle sources, whereas the very
enriched OIB-type protoliths were generated in within-plate seamounts
associated with plume-type activity. The slightly enriched E-MORBs and
the enriched P-MORBs were generated in mid-ocean ridge settings var-
iably influenced by plume-type activity.

3.4.3. Structural setting and deformation history

The Deyader Complex outcrops as a tectonic window below the
North Makran ophiolites in the northern-eastern North Makran domain,
whereas a north-dipping normal fault system separate it from the Jaz
Murian depression. It represents an antiformal stack of several tectonic
slices composed of meta-sedimentary and meta-volcanic rocks showing
pumpellyite-actinolite to blueschist facies metamorphic recrystalliza-
tion (Hunziker, 2014; Hunziker et al., 2017). The blueschist mainly
consists of up to kilometric thick tectonic slices mainly composed of
ophiolitic rocks, meta-basalts, and meta-sedimentary rocks (e.g., marble
and shales). The Deyader Complex is severely deformed by meso- and
macro-scale folds well exposed within the meta-sedimentary succession.
These folds mainly show NW-SE trending axis, with bedding and folia-
tion dipping to NE and SW (Hunziker, 2014). McCall (1985) recognize
two subsequent tectono-metamorphic events associated with a dynamic
recrystallization along axial planar foliations. These structures are
crosscut by thrusts and reverse faults that record a post- metamorphic,
Cenozoic imbrication within the North Makran domain.

The Bajgan Complex includes an assemblages of different tectonic
slices composed of metamorphic rocks showing a NW-SE trending
schistosity (Fig. 6e; Pandolfi et al., 2021). NW-SE trending mylonitic
shear zones border the different tectonic slices. The result of a recent
multiscale structural study suggests that this complex is deformed by
four deformation phases, namely D1, D2, D3, and D4 (Pandolfi et al.,
2021). The D1 structures are observed as relicts at both meso- and
microscopic scale in low-strain domains along the D2 structures. These
relicts consist of a S1 continuous foliation and rootles isoclinal folds. The
S1 foliation is characterized by aggregates of chlorite and white mica in
meta-volcaniclastic rocks and in micaschists. Thermobarometric esti-
mation of the S1 mineral assemblages suggests a metamorphic event at
blueschist facies conditions (T = 250-295 °C, P = 0.52-0.94 GPa) at
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depth of c. 17-31 km (Pandolfi et al., 2021). The main structures
documented from map- to micro-scale are related to the D2 phase. They
include tight to isoclinal folds with NW-SE to N-S trending axes (Fig. 6e)
and shear zones showing S-SW sense of shearing. The D2 folds are
associated with an axial planar foliation representing a continuous and
pervasive schistosity from meso- to micro-scale. A thermobarometric
study indicates that deformation and recrystallization during the D2
deformation event took place during two main steps along a retrograde
path (i.e., early D2: T = c. 450 °C, P = 0.80-1.10 GPa; late D2: T =
315-350 °C, P = 0.28-0.57 GPa) (Pandolfi et al., 2021). The D3 defor-
mation phase is characterized by close to open cylindrical folds showing
sub-horizontal axes trending from NW-SE to NE-SW (Fig. 6e). The folds
are associated with a S3 axial planar foliation corresponding to a cren-
ulation cleavage or a disjunctive cleavage in the most competent rocks.
The features of the S3 cleavage suggest semi-brittle to brittle deforma-
tion at shallower structural levels with respect to those of the D1 and D2
phases (Pandolfi et al., 2021). Middle Eocene (41.95 + 0.07 Ma) felsic
dykes intruded the Bajgan Complex and crosscut the D1, D2, and D3
structures providing limit deformation ages for these events. Both the
Bajgan Complex and the felsic dykes are deformed by D4 open to gentle
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folds with axes trending from E-W to NW-SE and axial planar foliation
characterized by a NE-SW striking disjunctive cleavage with no syn-ki-
nematic recrystallization. The D1 and D2 deformation phases record
underplating at blueschist facies conditions at the base of an accre-
tionary prism and subsequent deformation within the subduction
channel, respectively, whereas D3 phase indicate progressive exhuma-
tion of the deeply underplated units (Pandolfi et al., 2021).

3.4.4. Chronological constraints

U/Pb zircon dating of the felsic meta-intrusive rocks from the Bajgan
Complex range from 156 + 6 Ma to 112 + 4 Ma, i.e., from Late Jurassic
to Early Cretaceous. These ages have been interpreted as the ages of the
protoliths (Fig. 6a, Pandolfi et al., 2021). In addition, the Ar/Ar dating of
the metamorphic white mica from the micaschists have provided ages
ranging from about 91 to 100 Ma (Pandolfi et al., 2021). No paleonto-
logical dating is available because the fossils have been totally recrys-
tallized during the metamorphism. However, an Early Cretaceous age
can be proposed for the meta-sedimentary rocks according to the Late
Jurassic-Early Cretaceous age of meta-intrusive rocks and the Late
Cretaceous age of the metamorphism (Pandolfi et al., 2021).

Fig. 7. Synthesis of the stratigraphic, structural, chronological, and geochemical features of the Sorkhband Ophiolite. a) stratigraphic columns for the upper and the
lower tectonic slices of the Sorkhband ophiolite. The inferred ages are from McCall (1985) and Moghadam et al (2022); b) TiO vs. FeO, /(FeO, + MgO)
discrimination diagram (Serri, 1981) for gabbros from the upper ophiolite tectonic slice (data from Delavari et al., 2016); ¢) Variation of TiO» vs. MgO for peridotites
from the lower tectonic slice (data from Delavari et al., 2016). Partial melting trend shows the Ti-Mg co-variation in residual spinel peridotites during anhydrous
polybaric near-fractional melting of the depleted MORB mantle (DMM) source (Workmann and Hart, 2005) calculated using the model of Niu (1997). Numbers along
the lines indicate percent melting; d) stereographic plots showing the mesoscale data from the shear zones bordering the Sorkhband ophiolite.
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Chronological constraints about the Deyader Complex have been
first provided by Delaloye and Desmons (1980). A K/Ar ages of 87.9 £ 5
Ma have been obtained on metamorphic amphibole by these authors.
Recently, Brocker et al. (2021) report an age of the blueschist meta-
morphism of about 84 Ma (+ <1-3 Ma).

3.5. The Sorkhband ophiolite

The Sorkhband ophiolite (Rajabzadeh and Moosavinasab, 2013) is
represented by a large body of about 20 km? cropping out between the
Bajgan Complex at the top and the Coloured Mélange at the bottom
(Fig. 2b; McCall, 2002; Najafazdeh et al., 2008; Behzadi and Sha-
habpour, 2011; Jannessary et al., 2012; Rajabzadeh and Moosavinasab,
2013; Delavari et al., 2016; Moghadam et al., 2022). The boundary with
the Bajgan Complex is the NW-SE trending Dastgerd thrust whereas the
boundary with the Coloured Mélange is the NNW-SSE trending Rudan
thrust (Fig. 2b).

3.5.1. Stratigraphic features

The Sorkhband ophiolite consists of two different tectonic slices
(Fig. 7a; Delavari et al., 2016). The upper slice includes only lower crust
rocks, whereas the lower tectonic slice mainly consists of upper mantle
peridotites and ultramafic rocks at the upper mantle-lower crust tran-
sition (Fig. 7a). The upper slice consists of an about 100 m-thick
sequence of coarse-grained gabbros cut by dykes of fine-grained gabbros
(Delavari et al., 2016). Most of the gabbros show a cataclastic fabric,
though undeformed gabbros with well-preserved magmatic textures
locally occur. The lower slice consists of a well-exposed thick sequence
of mantle peridotites with remnants of the overlying lower oceanic crust
(Fig. 7a; Najafzadeh et al., 2008; Jannessary et al., 2012; Rajabzadeh
and Moosavinasab, 2013; Moghadam et al., 2022). At its base, the
sequence includes layered diopside-bearing harzburgites associated
with minor lenses of dunites (Fig. 7a). Abundant dykes of olivine cli-
nopyroxenite to olivine websterite crosscut dunites and harzburgites.
Harzburgites and dunites locally show traces of magmatic impregnation
by basaltic melts represented by clinopyroxene cumulates at the contact
and/or near the olivine clinopyroxenite and websterite dykes. The
harzburgites show a gradual transition to a thick level of dunites with
minor bands of wehrlites and websterites (Fig. 7a). The dunites are cut
by dykes of ol-bearing clinopyroxenites (Fig. 7a). Ore bodies of chro-
mitites have been found in the dunites showing textures changing from
disseminated in thick dunitic layers to cumulate in chromite-rich dunites
and to massive in chromitite layers (Moghadam et al., 2022). Bands of
chromitites have also been observed inside the mantle peridotite
(Fig. 7a).

3.5.2. Geochemistry and petrogenesis of magmatic rocks and mantle
peridotites

Gabbros and fine-grained gabbroic dykes show an isotropic texture
and relatively low TiOg, P2Os, and Y contents with high Mg#. These
rocks are depleted in incompatible elements with respect to the N-MORB
composition. Nonetheless, they show N-MORB-normalized ratios similar
to those of N-MORB-type gabbros (e.g., Thy/Yby = 0.5 — 1.0), Tan/Yby
=0.6-1.0, and Nby/Yby = 0.7 — 1.0) coupled with no enrichment in Th
relative to Ta and Nb (e.g., Thy/Nby = 0.8 — 1.2). Chondrite-normalized
REE compositions show the typical features of N-MORB rocks with a
marked LREE depletion (Lay/Yby = 0.44-0.62). Delavari et al. (2016)
suggested that Sorkhband gabbros were generated in a mid-ocean ridge
setting from a DMM-type mantle with no influence from either enriched
mantle components or subduction-related components. In fact, in the
discrimination diagram in Fig. 7b they plot in the field for ophiolitic
gabbros formed at mid-ocean ridge settings.

According to Delavari et al. (2016) and Moghadam et al. (2022), the
Sorkhband peridotites represent the upper mantle-lower crust transition
zone and consist of depleted lherzolites, harzburgites, stratiform chro-
mitites, chromite-rich dunites, and dunites. Crosscutting dykes of olivine
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websterite and olivine clinopyroxenite are frequent. Incompatible
element contents are low in lherzolites and very low in harzburgites.
Depleted lherzolites show chondrite-normalized (Sun and McDonough,
1989) REE patterns featuring marked LREE/MREE and LREE/HREE
depletion with Smy/Yby = 0.12 and Lay/Yby = 0.04-0.07. In contrast,
harzburgites show chondrite-normalized REE patterns characterized by
depletion of MREE with respect to both LREE and HREE (Lay/Smy =
2.06 — 2.57 and Smy/Yby = 0.34 — 0.65). According to Moghadam et al.
(2022), major- and trace-element compositions of clinopyroxene and
spinel in olivine-websterite and clinopyroxenite dykes and chromitites
indicate crystallization from melts similar to boninites and low-Ti
forearc basalts. Moghadam et al. (2022) proposed that the Sorkhband
peridotites formed in a forearc setting during the initial subduction of
the Neo-Tethys Ocean beneath the Lut block during the Late Cretaceous.
In fact, the overall chemistry of these peridotites is compatible with that
of sub-arc depleted lherzolites and harzburgites residual after high de-
grees of partial melting of a MORB-type mantle, as exemplified in
Fig. 7c.

3.5.3. Structural setting and deformation history

The Sorkhband ophiolite constitutes a NW-SE trending lenticular
tectonic element sandwiched between the Coloured Mélange, to the
south, and the Bajgan Complex, to the north. In this ophiolite, a strong
strain partitioning is observed, with the deformation localized along the
basal and roof tectonic contacts and an internal poorly deformed
domain. The basal and southern tectonic contact is hundreds of meters-
thick shear zone, consisting of elongated and boudinaged slices of
marbles, meta-basalts and serpentinized peridotites separated by NW-SE
trending shear planes, gently dipping to the north-east (Fig. 7d). The
meso-scale S-C structures indicate a top-to-the SW sense of shearing
(Fig. 7d). The roof tectonic contact shows similar features, with up to
hundreds of meters-long and tens of metres-thick slices of amphibolite of
the Bajgan Complex included between the shear zones. Meso-scale data
indicate top-to the southwest or south sense of shearing along this
contact.

3.5.4. Chronological constraints

The age of these ophiolites is still unknown as radiometric datings
are lacking. However, their structural position between Jurassic and
Cretaceous ophiolites and meta-ophiolites suggest that they are reason-
ably Cretaceous in age, as suggested by Ghazi et al. (2004) and Delavari
et al. (2016).

3.6. The Coloured Mélange

The Coloured Mélange is also known as Coloured Mélange Complex
(McCall and Kidd, 1982; McCall, 2002; Saccani et al., 2018), or as
Imbricate Zone (Burg et al., 2013; Burg, 2018), or as Southern Makran
ophiolitic mélange (Esmaeili et al., 2020). It crops out along the entire
length of the North Makran domain, i.e., an area about 500 km long with
a width ranging from 15 to 2-3 km (Fig. 2b). However, in some places,
the Coloured Mélange is completely cut off along its lower boundary.
This mélange is an assemblage of tectonic slices and can be regarded as a
tectonic mélange formed by offscraping of oceanic lithosphere,
including the deep-sea sedimentary deposits. Its lower boundary is the
WNW-ESE trending Bashakerd thrust, along which the Coloured
Mélange overlaps the Inner Makran (Fig. 2b, ¢). The upper boundary,
separating the Coloured Mélange from the Sorkhband ophiolite and
from the Durkan Complex, corresponds to the WNW-ESE trending
Rudan and Bandkosh thrusts, respectively. The Coloured Mélange is
unconformably covered by the Late Paleocene — Early Eocene sedi-
mentary deposits. However, slices of these deposits are involved in the
thrust zones at the boundary with the Sorkhband ophiolite and the
Durkan Complex.
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3.6.1. Stratigraphic features

The slices of the Coloured Mélange are represented by sedimentary,
magmatic, and metamorphic rocks, locally forming distinct incomplete
sequences that include different lithologies (Fig. 8a). Overall, the slices
mainly consist of (in order of decreasing volumetric abundance) volca-
nic rocks, cherts, limestones, mantle serpentinites, gabbros, shales,
serpentinized cumulate peridotites, and plagiogranites. According to
McCall (1983) and Esmaeili et al. (2021), slices of turbidites also occur.
The magmatic rocks are representative of different oceanic tectonic
settings, not only for their geochemical feature but also for their age.

The serpentinites are mantle peridotites, consisting of harzburgites
associated with bodies of dunites, wehrlites and websterites (VcCall,
1983). These ophiolites bear chromitite ore bodies, analogous to those of
the Sorkhband ophiolite. Saccani et al. (2018) have recognized several
slices of basalts, all covered by cherts (Fig. 8a). Their geochemical fea-
tures indicate that the Coloured Mélange incorporates a wide range of
volcanic rocks formed in distinct tectonic settings. McCall (1983) re-
ported the occurrence of carbonate rocks consisting of Globotruncana-
bearing biomicrites and Orbitolina-bearing reefal limestones (Fig. 8a).
In addition, the occurrence of blocks of Globigerina-bearing limestones
is also reported (McCall, 1983, 1985). Blocks of metamorphic rocks are
also widespread. Most of these consist of massive marbles, meta-basalts
and meta-volcaniclastic rocks (Fig. 8a). The meta-basalts are represented
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by HP-LT fine-grained schists with abundant glaucophane amphibole
(Saccani et al. 2018). In addition, Esmaeili et al. (2021) described
lenticular slices of amphibolites showing tectonic relationships with
bodies of foliated serpentinites (Fig. 8a). The amphibolites show in-
tercalations with discontinuous levels of bedded to massive marbles.

3.6.2. Geochemistry and petrogenesis of magmatic rocks

The mafic volcanic and meta-volcanic rocks in the Coloured Mélange
consist of both subduction-related and subduction-unrelated rock types
(Fig. 8b). Subduction-unrelated rocks-types include N-MORBs, E-
MORBEs, Late Cretaceous P-MORBs, alkaline basalts, and basalts with
geochemical features strongly resembling those of oceanic plateau ba-
salts (OPB) (Fig. 8b; Saccani et al., 2018; Esmaeili et al., 2019). All these
rock types but OPB-like rocks, have chemical features similar to those of
their counterparts forming the ophiolitic and meta-ophiolitic units
described above. In contrast, OPB-like rocks, are exclusively found
within the Coloured Mélange and show overall geochemical features
very similar to those of E-MORBs (Fig. 8b) bearing, however, the very
flat chondrite-normalized REE patters, which typically characterize the
OPBs from many oceanic settings (Saccani et al., 2018, and references
therein). In fact, these rocks show (La/Yb)y, (Sm/Yb)y, and (La/Sm)y
ratios between 0.9 and 1.1. All these rocks have been interpreted as
remnants of the Mesozoic Neo-Tethys sector located between the

Fig. 8. Synthesis of the stratigraphic, structural, chronological, and geochemical features of the Coloured Mélange. a) schematic and reconstructed stratigraphic
columns of different blocks within the Coloured Mélange. The coloured boxes indicate the radiolarian-based biostratigraphic ages for cherts associated with basalts
(data from Saccani et al., 2018, Esmaeili et al., 2019) and the foraminifera-based ages for limestones (data from McCall, 1985). Radiometric ages for amphibolites are
also reported (data from Esmaeili et al., 2021); ¢) N-MORB-normalized Th vs. Nb discrimination diagram of Saccani (2015) for meta-volcanic and volcanic rocks from
the Coloured Mélange (data from Saccani et al., 2018). Abbreviations and compositions as in Fig. 3¢, OPB: oceanic plateau basalt; d) Zr/Y vs. Zr diagram (modified
from Pearce and Norry, 1979) for meta-volcanic and volcanic rocks from the Coloured Mélange (data from Saccani et al., 2018). Abbreviations, compositions, and
trends as in Fig. 4d, 5d, OPB: oceanic plateau basalt; d) stereographic plot showing the orientation of bedding and shear zones within the Coloured Mélange in the

Manujan area.
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Arabian Plate and the Lut Block (Saccani et al., 2018; Esmaeili et al.,
2019). The occurrence of enriched basalts, such as E-MORBs, OPBs, and
alkaline basalts within the Coloured Mélange strongly point out for a
Late Cretaceous mantle plume activity in this Neo-Tethys sector (Saccani
et al., 2018). Likewise, Esmaeili et al. (2019) proposed that E-MORBs, P-
MORBs, and alkaline basalts were formed through the partial melting of
heterogeneous mantle sources, which were metasomatized by deep-
mantle OIB-type components and were erupted in a mid-ocean ridge
featuring plume-ridge interaction. Fig. 8c shows that the composition of
subduction-unrelated basalts in the mélange are compatible with pro-
gressively enriched mantle sources. Subduction-related rocks within the
Coloured Mélange include Early Cretaceous IATs and Late Cretaceous
CABs varieties (Fig. 8b). Saccani et al. (2018) suggested that these rock
types originated from depleted mantle sources that underwent different
subduction-related metasomatisms prior to melting. In particular, CAB
rocks show a marked influence from sediment melt addition, whereas
IATs show chemical compositions compatible with subduction fluid
addition (Fig. 3d). These petrological features suggest that Early
Cretaceous IATs and Late Cretaceous CABs were generated in different
volcanic arc settings or different portions of a single volcanic arc
(Saccani et al., 2018).

3.6.3. Structural setting and deformation history

The Coloured Mélange corresponds to an assemblage of metric- to
decametric-thick blocks showing lozenge-type shape. Generally, the
blocks have been juxtaposed with each other by cm- to dm-thick shear
zones without the presence of a sedimentary matrix enclosing them. The
shear zones are ESE-WNW to NW-SE trending (Fig. 8d) and are char-
acterized at the meso-scale by foliated cataclasites with S-C structures
indicating reverse kinematic and top-to-the south-west sense of shearing
(Fig. 8d). Only in some areas, the Coloured Mélange consists of blocks
within a matrix composed of deformed and sheared serpentinites
(McCall, 1983). Inside the thicker blocks, stratigraphic relationships
between volcanic rocks, pelagic sedimentary rocks, and turbidites can be
recognized (Saccani et al., 2018; Esmaeili et al., 2019, 2020). In this
specific tectono-stratigraphic situation, the bedding is at low-angle, with
the shear zones bordering the blocks and the bedding strike sub-parallel
to the shear planes (Fig. 8d). These structural features, along with nature
of the blocks forming the Coloured Mélange, suggest that it represents a
tectonic chaotic complex (e.g., Festa et al., 2022) formed through the
imbrication, deformation, and mixing of fragments of oceanic litho-
sphere and its sedimentary cover including pelagic and trench turbiditic
successions (Saccani et al., 2018; Esmaeili et al., 2019, 2020).

3.6.4. Chronological constraints

Saccani et al. (2018) provided biostratigraphic dating of the cherts
overlying the basalts using radiolarian assemblages. The results indicate
that the volcanic arc tholeiites range from Early (late Hauterivian —
early Aptian) to Late (latest Cenomanian — lower late Campanian)
Cretaceous (Fig. 8a). In contrast, the calc-alkaline rocks and OPBs are
Late Cretaceous in age (early Coniacian — Santonian and early Turonian
— early Campanian, respectively). McCall (1983) reported an Albian age
for limestones consisting of Globotruncana-bearing biomicrites and
Orbitolina-bearing reefal limestones. However, the most important
occurrence is represented by blocks of Globigerina-bearing limestones of
Early Paleocene age, indicating that the processes leading to the origin
of the Coloured Mélange began in the Early Paleocene (Fig. 8a).

Radiometric dating is scarce. The only available data were provided
by Esmaeili et al. (2021), who reported U/Pb zircon ages of 209.5 + 1.0
Ma (Late Triassic), 273.1 &+ 0.9 Ma (Late- Early Permian), and 265.0 +
1.2 Ma (Middle Permian) for the magmatic protoliths of amphibolites
(Fig. 8a).

4. Discussion

A thorough examination of the existing data on the Makran tectonic

90

Gondwana Research 141 (2025) 74-101

units allows us to revise the geodynamic reconstructions of the North
Makran domain published so far and to propose an update of its Meso-
zoic- Early Cenozoic geodynamic evolution. In section 4.1, we will
briefly describe the extant geodynamic models of the area, whereas in
section 4.2, we will critically evaluate these models by outlining points
that contrast with new data from the authors of this paper. Finally, in
section 4.3, we will propose a new geodynamic reconstruction, accom-
panied by 2-D sketches of the Makran, showing the Jurassic to Early
Cenozoic plate tectonics in the Neo-Tethys realm and the associated
Arabian Plate and the Lut Block.

4.1. Previous geodynamic reconstructions of the Makran area

The first geodynamic reconstruction of the Makran was proposed by
McCall and co-workers (e.g., McCall and Kidd, 1982; McCall, 1997;
McCall, 2002). These works summarized the results of the 1970 s-1980 s
geological mapping at scales of 1:100,000 and 1:250,000. McCall and
Kidd (1982) distinguished eight geotectonic zones and discussed their
significance within a new geodynamic model of this area. From north to
south, these provinces were defined as follows: the Jaz Murian depres-
sion, the Inner Makran Spreading Zone, the Bajgan — Durkan zone, the
Coloured Mélange zone, the Eocene-Oligocene flysch, the Oligocene-
Miocene flysch, the Miocene neritic zone, and the Mio-Pliocene neritic
zone (McCall and Kidd, 1982). These zones are mainly bounded by
tectonic contacts and each of them was considered as a distinct paleo-
geographic element during the Mesozoic-Cenozoic evolution of the
Makran. The present-day structural position in the prism was considered
as reflecting the original paleogeographic location within the former
Neo-Tethys Ocean (McCall and Kidd, 1982). According to McCall and
Kidd (1982) and McCall (1997), the Bajgan-Durkan zone was a key zone
for reconstructing the Middle Jurassic to the Late Cretaceous paleoge-
ography of the Neo-Tethys. This zone was described by McCall and Kidd
(1982) and McCall (1997) as an assemblage of undated metamorphic
rocks of the Bajgan Complex that are stratigraphically covered by the
Cretaceous shelf carbonate sequence of the Durkan Complex (Fig. 9).
Rare tectonic slices of Permian and Jurassic shallow-water limestone are
also associated with the Cretaceous sequence. Based on the Permian —
Cretaceous age of the carbonate succession of the Durkan Complex and
its supposed stratigraphic relationship with the metamorphic rocks of
the Bajgan Complex, the Bajgan-Durkan zone was interpreted as a
microcontinent and its sedimentary cover. This microcontinent is
thought to have completely separated the main oceanic branch, i.e., the
Neo-Tethys Ocean, remnants of which are now preserved in the Col-
oured Mélange, from the Fannuj Ocean. The latter is currently repre-
sented by several ophiolites in the geotectonic province called Inner
Makran Spreading Zone (referred to as the Northern ophiolites in this
paper). In this geodynamic model, the Bajgan-Durkan complexes in the
Makran were correlated with the Sanandaj-Sirjan zone in the Zagros belt
(e.g., Ghasemi and Talbot, 2006), whereas the Inner and the Outer
Zagros ophiolitic belts could be correlated with the Inner Makran
Spreading Zone and the Coloured Mélange, respectively (McCall, 1997;
see also Moghadam and Stern, 2015 and reference therein). McCall and
Kidd, (1982) postulated that the northern oceanic basin (i.e., the Fannuj
Ocean) represented a Jurassic — Cretaceous back-arc basin (Fig. 9) that
opened in response to the northward subduction of the Neo-Tethys
below the Bajgan-Durkan continental ribbon. This assumption was
based on the scattered occurrence of calc-alkaline rocks within some
sectors of the Inner Makran Spreading Zone and on a comparison with
the Zagros belt. In fact, the Sanandaj-Sirjan zone is characterized by
Middle Jurassic-Early Cretaceous volcanic arc complexes (e.g., Berber-
ian et al., 1982; Hassanzadeh and Wernicke, 2016; Zhang et al., 2018)
and Early to Late Cretaceous back-arc basin (e.g., Moghadam and Stern,
2015; Hassanzadeh and Wernicke, 2016), which were interpreted as the
evidence for the start of the subduction in the Neo-Tethys realm. During
the Late Cretaceous — Paleocene, convergent kinematics affected both
the Neo-Tethys and the Fannuj Ocean. The Bajgan-Durkan
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Fig. 9. Summary of the stratigraphic, magmatic, and tectonic events in the Makran Accretionary Prism according to the geodynamic models of McCall (1997) and
Burg (2018). Blue dotted lines represent regional stratigraphic unconformities.
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microcontinent was believed to have separated an actively forming
accretionary complex to the south (e.g., the Coloured Mélange), and a
closing ocean to the north (i.e., the Fannuj Ocean) (McCall and Kidd,
1982; McCall, 1997). These authors proposed that the closure of the
northern basin was related to a subduction zone accounting for the
occurrence of blueschists along the southern margin of the Jaz Murian
depression (e.g., the Deyader Complex). By the Eocene, the former
microcontinent collided with the Lut Block (i.e., the Eurasian Plate), and
the ophiolites in the Inner Makran Spreading Zone were obducted onto
the Bajgan-Durkan microcontinent. These ophiolites now mark this su-
ture zone. The unconformable deposition of Eocene siliciclastic deposits
onto this tectonic assemblage provides a chronological constrain for the
formation of the suture zone (e.g., McCall and Kidd, 1982; Fig. 9).

Following the works of McCall and co-authors, over the past 20 years
several papers have been published on specific aspects of the North
Makran domain tectonic units, including their tectono-stratigraphic ar-
chitecture and biostratigraphy (e.g., Dolati, 2010; Haghipour et al.,
2012; Hunziker et al., 2015; Mohammadi et al., 2016, 2017; Burg et al.,
2008, 2013; Saccani et al., 2018; Esmaeili et al., 2020; Barbero et al.,
2020a, 2021a, 2023b), the tectono-magmatic characterization and
dating of the ophiolites and meta-ophiolites (e.g., Ghazi et al., 2004;
Hunziker, 2014; Delavari et al., 2016; Esmaeili et al., 2019; Monsef
et al., 2019; Barbero et al., 2020b, 2021b; Ghasemi Siani et al., 2021,
2022a, 2022b; Sepidbar et al., 2020; Pandolfi et al., 2021; Moghadam
et al., 2022; Saccani et al., 2022a, b), and their tectono-metamorphic
evolution (e.g., Dorani et al.,, 2017; Hunziker et al., 2017; Omrani
et al., 2017; Pandolfi et al., 2021; Brocker et al., 2021; Barbero et al.,
2023a). The geodynamic implications of part of these new data have
been discussed by Burg (2018), who reviewed several years of work in
the onshore Makran Accretionary Prism. He proposed to subdivide the
prism into four tectono-stratigraphic domains (i.e., the North, Inner,
Outer, and Coastal Makran) and presented a geodynamic reconstruction
of the Mesozoic-Cenozoic evolution of the Makran. These domains are
separated by major thrust zones and are distinguished according to the
age of the stratigraphic successions, structural architecture, and timing
of tectonic deformation phases (Burg, 2018). For example, the North
Makran domain reflects a pre-Eocene convergent evolution, whereas the
Inner, Outer, and Coastal Makran record post-Eocene —Mio-Pliocene
accretionary stages. Using data from the eastern North Makran domain,
Hunziker et al. (2015) and Burg (2018) adopted the McCall’s hypothesis
of existence of a microcontinent separating two oceanic branches. They
interpreted the northern ocean (i.e., the Fannuj Ocean of McCall and
Kidd, 1982) as having opened in response to rifting along the southern
margin of the Lut Block. According to Burg (2018), remnants of the
Fannuj Ocean are preserved in the North Makran ophiolites, whereas the
remnants of the microcontinental block are now found in the Bajgan and
Durkan Complexes. The Bajgan-Durkan microcontinent experienced a
Late Jurassic — Early Cretaceous rifting stage, followed by the
emplacement of a volcanic arc associated with the northward subduc-
tion of the Neo-Tethys beneath the Bajgan-Durkan continental ribbon
since the Early Cretaceous (Fig. 9; Burg, 2018). Different types of
granites and plagiogranites, first attributed to the Durkan Complex by
Hunziker et al. (2015), were interpreted as the sole remnants of this
rifting stage, as no typical continental crust rocks have been found. In
contrast, indirect evidence for the Early to Late Cretaceous arc include
volcanic sequences onto the North Makran ophiolites (Hunziker, 2014)
and an increase in detrital zircon grains sourced from a volcanic arc
during the Cretaceous — Miocene turbidites of the Inner and Outer
Makran (Mohammadi et al., 2016, 2017; Burg, 2018). However,
Cretaceous volcanic arc rocks have not yet been identified in the Bajgan
and Durkan Complexes. Convergent kinematics persisted during the
Late Cretaceous — Paleocene as evidenced by the formation of blues-
chists, an accretionary wedge south of the Bajgan-Durkan micro-
continent, and the obduction of the North Makran ophiolites (Burg,
2018).

The Late Cretaceous — Paleocene tectonic stage is followed by a phase
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of tectonic quiescence, during which Eocene — Early Oligocene turbidites
(i.e., the present-day successions of the Inner and Outer Makran) were
deposited (Fig. 9; Burg, 2018). These turbidites were deposited on top of
the Late Cretaceous — Paleocene accretionary prism (i.e., the tectonic
units of the North Makran domain) and were fed by the prism itself, with
paleocurrent orthogonal to the trench. Oligocene and Miocene turbidites
were also deposited in more distal locations, directly atop the subduct-
ing oceanic lithosphere. During the Miocene — Present-day, this trench —
wedge- top tectonostratigraphic assemblage was imbricated and folded
as indicated by the folding and thrusting deformation in the Inner,
Outer, and Coastal Makran. This deformation is related to the contin-
uous convergence of the Arabian Plate and Lut Block, which is accom-
modated by the ongoing subduction in the Makran and by
continent—continent collision in the Zagros (e.g., Agard et al., 2011;
Burg, 2018).

Another significant geodynamic reconstruction of the North Makran
domain has been proposed by Saccani et al. (2018), who suggested an
update on the Late Cretaceous — Paleocene evolution based on new
geochemical data on basaltic rocks and biostratigraphic data on the
associated cherts. These authors identified Late Cretaceous basalts
within the Coloured Mélange, suggesting the existence of oceanic island
and oceanic plateaux in the Neo-Tethys during this age. Saccani et al.
(2018) also proposed that these oceanic reliefs played a significant role
during the convergent stages, causing regional shortening of the
convergent margin, which controlled the imbrication of the tectonic
units and the obduction of the North Makran ophiolites onto the Bajgan-
Durkan microcontinent. Although this model was based just on data
from the Coloured Mélange and does not provide a comprehensive up-
date of the geodynamic evolution of the area, it was the first to propose
that oceanic islands and plateaux existed in the Neo-Tethys Ocean and
that their role during the convergent stage should be considered in
future geodynamic reconstructions.

4.2. Critical evaluation of the existing models and key points for the North
Makran geodynamic evolution

The data reviewed in this paper indicates that some constraints in the
previous geodynamic models require critical discussion. One of the
major controversial points is the interpretation of the Bajgan-Durkan
Complexes as a Paleozoic microcontinent (McCall and Kidd, 1982;
Burg, 2018). The Late Jurassic — Early Cretaceous ages of the magmatic
protoliths from the Bajgan Complex (Fig. 10) allow us to exclude that it
represents a Paleozoic or pre-Paleozoic continental basement as previ-
ously believed. On the contrary, the Jurassic — Cretaceous age, the N-
MORB, E-MORB, and OIB chemical affinities of the meta-gabbros and
meta-basalts, and the stratigraphic architecture of the Bajgan Complex
demonstrate that it is an assemblage of meta-ophiolites and their meta-
sedimentary cover derived from the subduction of different portions of
the Neo-Tethys oceanic basin. This conclusion aligns with the regional-
scale reconstruction for the Neo-Tethys realm during the Jurassic — Early
Cretaceous, which shows a wide oceanic domain existing between the
Arabian and Eurasian Plates (e.g., Sengor et al., 1988; Barrier et al.,
2018). Further support comes by the comparison between the ages and
geochemical compositions of the Bajgan Complex meta-ophiolites with
those of the North Makran ophiolites and the Deyader Complex
(Fig. 10). In fact, the similar age range and shared N- and E-MORB
geochemical affinities of these ophiolites and meta-ophiolites (Fig. 10)
strongly suggest that they originated from the deformation of different
sectors of the same Late Jurassic — Cretaceous oceanic basin. Conse-
quently, the hypothesis of a small continental microplate separating two
distinct oceanic basins should be discarded in the future geodynamic
reconstructions of the North Makran domain.

Another point of contrast with previous models is the occurrence of
rocks with supra-subduction zone geochemical affinity within two units
with distinct structural positions. Contrary to what proposed by McCall
and Kidd (1982), Late Cretaceous calc-alkaline and island arc tholeiites
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Fig. 10. Summary of the stratigraphic, magmatic, and tectonic events recognized in the tectonic units of the North Makran and a synthesis of the ages of the different
geodynamic stages. The colours indicate the different type of events. Data , 2020b, 2021a, 2023b), , Brocker et al (2021), . Abbreviations: N: normal-type MORB; E:

enriched-type MORB; P: Plume-type MORB; Alk: Alkaline basalt; OPB: oceanic plateau basalt; SSZ: supra-subduction zone; IAT: island arc tholeiite; CAB: calc-alkaline
basalt; HP-LT: high pressure — low temperature.
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Source: Delaloye and Desmons (1980), McCall (1983, 1985), Ghazi et al. (2004), Dolati (2010), Hunziker et al. (2015), Delavari et al. (2016), Saccani et al. (2018),

Barbero et al. (2020aGhasemi Siani et al., (2021), Pandolfi et al. (2021)Esmaeili et al. (2021)

rocks are found exclusively in the Ganj Complex and are not peculiar of
all the North Makran ophiolites. These volcanic arc rocks are signifi-
cantly younger than the N- and E-MORB magmatic rocks of the North
Makran ophiolites, suggesting the existence of a volcanic arc in specific
sectors of the basin and distinct magmatic stages with different age and
chemical affinity (Fig. 10). Early to Late Cretaceous volcanic and ul-
tramafic rocks with supra-subduction zone chemical affinity are also
found within the Coloured Mélange (Fig. 10), which occupies a struc-
tural position distinct from that of the Ganj Complex. In addition, two
belts with HP-LT metamorphism are found in two separate structural
positions within the tectonic stack, providing evidence for two distinct
subduction complexes. The southern belt occurs as dismembered blocks
within the Coloured Mélange, whereas the northern belt is represented
by high pressure meta-ophiolites and part of the Durkan Complex.
Restoring the original positions of these supra-subduction zone rocks
and the HP-LT metamorphic units is critical for discussing the location of
ancient subduction zones in the new geodynamic model, which will be
reviewed in the next section.

The stratigraphic, biostratigraphic, and petrological data from the
Durkan Complex provide additional fundamental constraints for the
geodynamic evolution of the Makran. Specifically, the western part of
this complex includes successions formed in a Late Cretaceous seamount
where P-MORB and OIB magmatisms, as well as shallow-water and
pelagic sedimentation took place (Fig. 10). Remnants of Permian and
Jurassic continental margin shelf sequences and rift-related magmatic
rocks, as described by McCall (1985) and Hunziker et al. (2015) were
not found stratigraphically associated with the Late Cretaceous succes-
sion, suggesting that this complex cannot be interpreted as a continuous
passive margin succession. Moreover, there is no evidence of a pristine
stratigraphic relationship between the Durkan and the Bajgan Com-
plexes, contrary to what previously believed (McCall, 1985; Burg,
2018). Instead, the different ages, P-T metamorphic conditions, and the
structural data indicate a tectonic relationship between these com-
plexes. Thus, interpreting the Durkan Complex as a tectonically dis-
rupted seamount chain (Barbero et al., 2021a, 2021b, 2023a) is a central
clue for proposing a new geodynamic model.

The wealth of structural data reviewed in this paper represent
fundamental constraints for better describing the convergent stages that
affected the Makran. In fact, the Late Cretaceous age of the main
metamorphism of the Bajgan Complex (Fig. 10) provides a crucial age
constraint for these convergent stages. Similar to the hypothesis postu-
lated by McCall and Kidd (1982), these data confirm the existence of a
Late Cretaceous subduction zone associated with an accretionary prism.
The deformation history and style described in the Deyader Complex,
the Durkan Complex, and the North Makran ophiolites, indicate their
deformation within an accretionary prism, further supporting the exis-
tence of a subduction complex where the accretion of fragments of
oceanic lithosphere occurred at different depths of the prism (Fig. 10).
As previously suggested by McCall (1985), the ages of the successions
unconformably resting on top of these units allow for constraining the
accretionary deformation phases to the Late Cretaceous — Paleocene
times (Fig. 10). In addition, the structural setting of the Coloured
Mélange, with tectonic slices composed of succession of different ages,
natures, and metamorphic degrees, is compatible with the deformation
in both the frontal and deeper parts of an accretionary prism. Collec-
tively, these data represent a significant advancement in understanding
the convergent deformation that affected the Makran. Their geodynamic
significance will be discussed in the next section.

Finally, similar to what was proposed by McCall and Burg (e.g.,
McCall and Kidd, 1982; McCall, 1997; Burg, 2018), the consistency of
the structural data and the direction of transport along the main thrust
zones within the different units suggest that the position of each unit in
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the tectonic stack likely reflects its original paleogeographic location
within the former Neo-Tethys realm. This assumption forms the basis of
the geodynamic reconstruction described in the following sections.

4.3. New model for the North Makran geodynamic evolution

The different steps of the Jurassic — Eocene geodynamic evolution of
North Makran domain are described here to propose a new geodynamic
scenario for the opening and closure of the Neo-Tethys Ocean between
the Arabian and Lut continental margins. Unlike previously published
geodynamic models, we emphasize that the new model considers the
results of multidisciplinary studies performed on all the North Makran
tectonic units.

4.3.1. Jurassic — Early Cretaceous stage: Oceanic spreading

The opening of the Neo-Tethys Ocean dates back to the Permian and
started with continental rifting along the northern Gondwana margin
(Dercourt et al., 1986; Sengor et al., 1988; Robertson and Searle, 1990;
Stampfli and Borel, 2002; Barrier et al., 2018). In the Middle East sector,
this ocean evolved between the Arabian Plate and the Lut Block from the
Triassic up to the Cenozoic (Barrier et al., 2018). Remnants of the Late
Permian — Early Triassic rifting and early oceanic spreading stages of
the Neo-Tethys are rare within the collisional and accretionary belts of
the Middle East region. These remnants correspond to both pelagic
succession (i.e., limestone and radiolarites) and volcano-sedimentary
assemblages in the Oman Mountains (e.g., Robertson and Searle,
1990; Chauvet et al., 2011) and in the Zagros collisional belt (Ghasemi
and Talbot, 2006). In the North Makran domain, amphibolites within
the Coloured Mélange, whose protoliths date to the Permian and Late
Triassic, likely record the rifting and early oceanic spreading of the Neo-
Tethys (Fig. 10). In fact, the transitional to E-MORB geochemical affinity
of the amphibolites suggest their interpretation as metamorphosed
mafic rocks formed during the plume-associated rifting of the northern
Gondwana margin. This finding testifies to the progressively opening of
the Neo-Tethys during the Late Permian — Late Triassic in the Makran
(Esmaeili et al., 2021). The spreading stage of the Neo-Tethys Ocean is
recorded by the meta-ophiolites now preserved in the Bajgan Complex.
The stratigraphic architecture, the geochemical composition of meta-
basalts and meta-gabbros, and U/Pb ages of the meta-intrusive rocks
indicate that this complex is composed of remnants of Late Jurassic —
Early Cretaceous oceanic lithosphere, providing evidence for the exis-
tence of a mid-ocean ridge since at least the Late Jurassic (Fig. 11a). This
interpretation aligns well with recently published Early to Middle
Jurassic age data on gabbros and plagiogranites from the Haji-Abad
meta-ophiolites in the Zagros belt (Moghadam et al., 2017). Unlike the
geodynamic reconstruction proposed by McCall and Kidd (1982) and
Burg (2018), the re-interpretation of the Bajgan Complex as Mesozoic
meta-ophiolites implies the existence of a single oceanic basin actively
spreading during the Jurassic — Early Cretaceous and separating the
Arabian and Lut passive margins without the interposition of a micro-
continental block (Fig. 11a). At this time, there is no evidence for an
active subduction zone or subduction-related magmatism in the entire
Makran domain (Fig. 11a).

4.3.2. Early Cretaceous stage: First subduction inception

During the Early Cretaceous, the kinematic evolution in the Neo-
Tethys realm changed with the onset of convergence between the
Arabian Plate and the Lut Block (e.g., Agard et al., 2011; Barrier et al.,
2018). This convergence was accommodated by the nucleation of sub-
duction zones, as recorded by both arc magmatism and HP/LT meta-
morphism within the neighbouring Neo-Tethyan orogenic belts (e.g.,
Agard et al., 2006; Burg, 2011; Angiboust et al., 2016; Moghadam et al.,
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Fig. 11. 2D lithospheric-scale cartoons showing the Jurassic — Eocene geodynamic history for the North Makran domain.
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2017; Rolland et al., 2020; Munoz-Montecinos et al., 2021). In the North
Makran domain, this convergent kinematics is testified by the formation
of an intra-oceanic subduction zone, evidenced by volcanic arc assem-
blages within the Coloured Mélange and the supra-subduction zone
peridotites of the Sorkhband ophiolite (Fig. 11b). In detail, the Early
Cretaceous IAT rocks formed within a volcanic arc setting associated
with the intra-oceanic subduction of the Neo-Tethys oceanic lithosphere
(Fig. 11b). The pelagic sedimentary cover of the volcanic arc rocks
within the Coloured Mélange indicate a subduction-related magmatism
in a deep-water setting (i.e., forearc; Fig. 11b). Accordingly, the
Sorkhband ophiolites represent the upper mantle-lower crust transition
of a forearc domain (Fig. 11b). During the Early Cretaceous, the devel-
opment of the intra-oceanic subduction delineated two distinct oceanic
branches in the Makran based on their position relative to the subduc-
tion zone, namely the Neo-Tethys Ocean and the North Makran Ocean
(Fig. 11b). Thus, the Sorkhband ophiolites, the North Makran ophiolites,
and the high pressure meta-ophiolites derived from the North Makran
Ocean, whereas the Coloured Mélange (Fig. 2b, ¢) includes the remnants
of the Neo-Tethys Ocean. From the Early Cretaceous onwards, the
oceanic lithospheres of the two oceanic branches followed different
evolutionary paths. The lithosphere of the Neo-Tethys was consumed in
the intra-oceanic subduction, whereas the lithosphere of the North
Makran Ocean was characterized by continued oceanic spreading and
the formation of N- to E-MORB oceanic crust (i.e., North Makran
Ophiolites and high pressure meta-ophiolites in Fig. 11b). Petrogenetic
modelling for E-MORB rocks suggests partial melting of lherzolite
enriched by OIB-type chemical components in both garnet- and spinel-
facies. This indicates that the asthenospheric mantle beneath the mid-
ocean ridge was influenced by plume-type chemical component con-
nected to an embryonal rise of a mantle plume (e.g., Barbero et al.,
2020b, 2023c; Saccani et al., 2022a, b). Therefore, the petrogenetic data
indicate that the North Makran Ocean during the Early Cretaceous was a
mature oceanic basin perched at the rear of the intra-oceanic subduc-
tion. It was characterized by an active mid-ocean ridge spreading
showing plume-ridge interaction with no evidence of subduction-related
magmatism (Fig. 11b).

4.3.3. Late Cretaceous stage: Second subduction inception and mantle
plume activity

During the Late Cretaceous, the North Makran Ocean experienced
significant tectono-magmatic and geodynamic events that modified the
physiography of the basin and its northern margin. The tectono-
magmatic and tectono-sedimentary evolutions reconstructed for the
Durkan and Ganj Complexes record the beginning of plume- and vol-
canic arc-related magmatism, respectively (Fig. 10,11c). The strati-
graphic architecture and geochemistry of the basalts and meta-basalts in
the Durkan Complex indicate sedimentation and magmatism within a
Late Cretaceous seamount chain formed as consequence of an active
mantle plume (Fig. 11c). Evidence for this plume includes the clear P-
MORB and alkaline nature of the volcanic rocks along with the petro-
genetic modelling, which demonstrate partial melting of OIB-type
asthenospheric mantle within garnet stability field during the ascent
of a mantle plume (Barbero et al., 2021b). In contrast, the Late Creta-
ceous volcanic arc succession preserved in the Ganj Complex provides
evidence of active subduction of oceanic lithosphere. The structural
position of the Ganj Complex as the uppermost unit of the North Makran
domain, its less intense folding deformation with respect to other tec-
tonic units, and the moderate- to shallow-water marine setting of its
eruptions indicate that this arc cannot correspond to the Early Creta-
ceous arc associated with the intra-oceanic subduction of the Neo-Tethys
Ocean (Fig. 11c). In addition, a simple retro-deformation analysis based
on the top-to-the-south sense of shear of the deformations observed in
the different units (see previous sections and Burg et al., 2013) suggest
that the original location of the Ganj volcanic arc was to the north of the
North Makran Ocean (Fig. 11c). These considerations imply that the
Late Cretaceous Ganj arc was associated with the northward subduction
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of the lithosphere of the North Makran Ocean beneath the Lut Block
(Fig. 11c). This conclusion is further supported by the occurrence of
meta-ophiolites with Late Cretaceous HP-LT metamorphism along the
southern margin of the Eurasian Plate (Brocker et al., 2021; Angiboust
etal., 2016; Bonnet et al., 2020a; Agard et al., 2005), which indicates the
regional presence of subduction complexes along the northern margin of
the Neo-Tethyan oceanic realm. The Late Cretaceous IAT and calc-
alkaline volcanic rocks nowadays preserved in the Coloured Mélange
indicate that magmatism associated with the intra-oceanic subduction of
the Neo-Tethys oceanic lithosphere remained active during this period
(Fig. 11c; Saccani et al., 2018; Burg, 2018). Therefore, the Late Creta-
ceous was characterized by two distinct subduction zones in the Makran
Neo-Tethys. Some considerations can be proposed to explain the
nucleation of a new subduction zone beneath the continental margin of
the Lut Block during the Late Cretaceous. This new subduction could
have been induced by the high convergence rate (i.e., slightly more than
6 cm/a) of Arabia and Eurasia between 105-80 Ma (Agard et al., 2007).
In this period, such high convergence rate could not have been fully
accommodated by the intra-oceanic subduction, thus requiring the for-
mation of a new subduction zone below the Lut Block. In addition, nu-
merical modelling suggested that mantle plume can induce the
nucleation of subduction zones both in intra-oceanic settings and
beneath continental margins (Whattam and Stern, 2015; Rodriguez
etal., 2021; Cloetingh et al., 2021). The ocean-continent transition zone
can act as a zone of weakness where a new subduction zone might
originate (e.g., Pandey et al., 2019; Zhou et al., 2020). At present, there
are insufficient data to fully understand the effective mechanism that led
to the subduction of the North Makran Ocean. However, the slightly
older age of the plume-related basalts compared to the volcanic arc rocks
of the Ganj Complex suggests that a combination of plume activity, fast
convergence rate, and possible pre-existing weakness along the Lut
margin contributed to its formation.

4.3.4. Latest Cretaceous — Early Paleocene stage: Progressive oceanic
closure by coexistence of two subduction zones

During this period convergence in the Neo-Tethys realm led to the
progressive closure of the North Makran Ocean, the incorporation of
fragments of its oceanic lithosphere in the northern subduction complex,
and in the formation of the tectonic stack nowadays observed in the
North Makran (Fig. 11d). The early stages of oceanic lithosphere ac-
cretion are recorded by the deformation history of the meta-ophiolites
and the North Makran ophiolites. In fact, the features of the D1 and D2
deformation phases, as along with the thermobarometric and geochro-
nological data from the meta-ophiolites (Delaloye and Desmons, 1980;
Hunziker et al., 2017; Pandolfi et al., 2021) indicate underplating at the
base of the subduction complex involving slices of the North Makran
oceanic lithosphere (Fig. 11d). These data agree with dating and P-T
paths obtained for other blueschist units found in the area of Iranshar, at
the eastern termination of the North Makran domain (Omrani et al.,
2017; Brocker et al., 2021), as well as in the southeast Zagros (Agard
et al., 2011; Angiboust et al., 2016; Moghadam et al., 2017; Bonnet
et al., 2020a). Together, this evidence strongly supports the existence of
an active subduction complex during Late Cretaceous at the southern
margin of the Eurasian Plate. Likewise, the structural evolution of the
non-metamorphic North Makran ophiolites and the features of the D1
deformation phase suggest that these units were incorporated at shallow
structural level within the same subduction complex (Fig. 11d). Due to
the absence of a metamorphic recrystallization, the age of their incor-
poration into the prism can be inferred from the age of the stratigraphic
succession of the units and the oldest sedimentary succession resting
unconformably on top of them. According to Dolati (2010), Burg et al.
(2013), and Burg (2018), the unconformable deposition of a
Maastrichtian-Paleocene succession above the already deformed
Remeshk-Mokhtarabad and Fannuj-Maskutan ophiolites indicate that
the accretion of the North Makran ophiolites occurred during the latest
Cretaceous (Figs. 10, 11d).
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During the Early Paleocene, a significant amount of shortening
induced multiple compressional tectonic events in the Makran, as
recorded by the structural evolution of the Durkan Complex, the
Sorkhband ophiolites, and the Coloured Mélange (Fig. 11d). Starting
with the Durkan Complex, the occurrence of the D1 phase sub-isoclinal
folds and shear zones along the fold limbs indicate the imbrication of
several tectonic slices detached from a subducting seamount during
compressional tectonic events (Barbero et al., 2023a). P-T data indicate
the underplating of seamount material at blueschist facies (Barbero
et al., 2023a). The structural setting of the Sorkhband ophiolites also
records significant shortening; specifically, the reverse shear zones
along the basal and roof tectonic contact of this unit indicates its
emplacement during compressional tectonic events. It is worth noting
that the basal shear zone is responsible for the overthrusting of the
former SSZ forearc crust-mantle sequence onto the southern subduction
complex, now represented by the Coloured Mélange (Fig. 11d). Finally,
the structural setting of the Coloured Mélange, with reverse shear zones
separating imbricated tectonic slices, records a significant amount of
shortening and compressive tectonics. The lithological composition of
the rocks in the tectonic slices and their Jurassic to Early Paleocene ages
likely indicate that they correspond to fragments of oceanic lithosphere
of the Neo-Tethys Ocean and, its sedimentary cover, as well as trench
successions deformed in the frontal part of a subduction complex (Burg,
2018; Saccani et al., 2018). In addition, the occurrence of Early — Late
Cretaceous IAT and CAB basalts indicate that also the forearc crust were
involved in the compressional events that formed the Coloured Mélange.
Unfortunately, age constraints for this shortening are still limited,
although they can be indirectly inferred from the youngest ages of the
deformed succession and the oldest ages of the unconformable succes-
sion resting on top of the Coloured Mélange, the Sorkhband, and the
Durkan Complex. The evidence that the youngest age of the blocks in the
Coloured Mélange is Early Paleocene (McCall, 1983), and that Late
Paleocene - Eocene deposits unconformably rest onto the Durkan
Complex (McCall, 1983; Barbero et al., 2023a) temporally constrain the
deformation to the Paleocene. However, older tectonic accretion during
the Cretaceous cannot be ruled out. Another consequence of this sig-
nificant amount of shortening is the folding and faulting of the Ganj arc
along southern margin of the Lut Block, as indicated by its structural
setting (Fig. 11d).

4.3.5. Late Paleocene — Eocene stage: Amalgamation of two subduction
complexes

At a larger scale, the compressive deformation that occurred during
the latest Cretaceous — Early Paleocene resulted in the final closure of the
North Makran Ocean. This event was marked by the slicing of the SSZ
crust-mantle section onto the southern subduction complex, the
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complete subduction of the remaining oceanic crust beneath the Lut
Block, and the amalgamation of the northern and the southern sub-
duction complexes (Fig. 11e). The North Makran can thus be considered
as a true suture zone between two distinct accretionary complexes,
which were associated with distinct subduction zones and recorded
distinct accretionary histories (Fig. 12). Finally, the deposition of Eocene
siliciclastic and carbonatic successions unconformably sealed the suture
between the two distinct accretionary complexes (Fig. 11e, 12). Mean-
while, Eocene to Oligocene turbidites were deposited in an active trench
basin located to the south of the North Makran domain. The history of
the Makran continued with the progressive southward migration of both
the trench-thrust top basins and the deformation front, leading to the
imbrication of the Inner, Outer, and Coastal Makran from the Eocene to
the present day (see Burg, 2018).

4.4. Broad implication of the new model for the geodynamic
reconstruction of the Alpine-Himalayan suture zones

The new model for the North Makran suture zone significantly
changes the Late Jurassic — Eocene geodynamic scenario for the Makran
sector of the Neo-Tethys in two main aspects. The first concerns the
physiography of the Neo-Tethys Ocean during the Late Jurassic —
Cretaceous, which involved a unique oceanic basin that separated the
Lut Block (i.e., the Eurasian margin) from the Arabian Plate. This ocean
was characterized by the abundance of plume-related OIB-type
magmatic rocks formed within seamounts. The second aspect involves
the closure of the Neo-Tethys Ocean, which occurred through the gen-
eration of two coeval subduction zones. To critically evaluate our new
model, we briefly compare it with the neighbouring sectors of the
Alpine-Himalayan orogenic system, focusing the discussion on these two
points.

The physiography of the Neo-Tethys ocean, as proposed in our
model, is comparable to the geodynamic models suggested for the Neo-
Tethys by several authors based on data from the neighbouring Zagros
and Caucasus collisional belts (e.g., Ghasemi and Talboot, 2006; Saccani
et al., 2013; Moghadam and Stern, 2015; Rolland et al., 2020). In these
models, an oceanic lithosphere with MORB to OIB crustal rocks has been
reconstructed based on to the features of ophiolites and meta-ophiolites.
Similar to our model, the OIB-magmatic rocks have been genetically
ascribed to Cretaceous mantle plume magmatism within the Neo-Tethys
Ocean (e.g., Hassig et al., 2013; Rolland et al., 2020). In the Himalayan
sector of the Alpine-Himalayan orogenic system, OIB-type basalts are
associated with some Cretaceous ophiolites now scattered from the
Pakistan-India border to Myanmar (e.g., Xia et al., 2008; Dai et al., 2012;
Khogenkumar et al., 2016, 2021). These rocks have been interpreted as
evidence of hot spot and plume-related magmatism that was responsible

Fig. 12. Schematic present-day 2D schematic section of the Makran domain along a N-S transect showing the amalgamation of the Cretaceous — Paleocene southern
and northern ophiolite-bearing subduction complexes with the post-Eocene — present-day Accretionary Prism (modified from Platt et al., 1985; Kopp et al., 2000;

Burg, 2018). Abbreviation: SSZ: supra subduction zone.
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for the formation of seamount and seamount chain within the Neo-
Tethys Ocean during the Cretaceous (e.g., Khogenkumar et al., 2016).
This comparison with the neighbouring segments of the Alpine-
Himalayan suture zone validates our model, highlighting how the
Neo-Tethys ocean was dominated by a Cretaceous mantle-plume activ-
ity, which produced a composite oceanic lithosphere characterized by
MORB crustal rocks interspersed with patches of or isolated seamount of
OIB-type basalts.

The Neo-Tethys ocean began its closure in the early Cretaceous in
response to the general movement of the Africa-Arabia and India Plates
toward the Eurasian Plate (e.g., Barrier et al., 2018; van Hinsbergen
etal., 2019). In our new model, this convergence was accommodated by
two subduction zones, associated with distinct subduction complexes
and volcanic arcs. This conclusion fits well with the geodynamic models
proposed for the neighbouring Zagros and Himalayan orogenic belts. In
the Zagros belts, several authors proposed the existence of two coeval
subduction zones within the Neo-Tethys during the Late Cretaceous (e.
g., Ghasemi and Talbot, 2006; Agard et al., 2005; Saccani et al., 2013;
Monsef et al., 2018; Bonnet et al., 2020b). Similar to our model, one
subduction was intraoceanic and was associated with the formation of
oceanic lithosphere in a supra-subduction zone setting. The remnants of
this setting are now represented by the supra-subduction zone ophiolites
that typically occur in the Zagros belt and in the Oman mountains,
which can be correlated with the Sorkhband ophiolites in our model (e.
g., Moghadam and Stern, 2015; Moghadam et al., 2021). A Late Creta-
ceous intraoceanic subduction is generally depicted in most geodynamic
models for the Himalayan collisional belts from Pakistan to Myanmar (e.
g., Malpas et al., 2003; Mahéo et al., 2004; Burg, 2011; Searle, 2019;
Khogenkumar et al., 2021; Ullah et al., 2023; Salam et al., 2024), sup-
porting the idea that the southern subduction zone proposed in our
model was a regional-scale features that extended across the entire Neo-
Tethys ocean during the Cretaceous. The second, northernmost sub-
duction zone hypothesized in our model nucleated beneath the Eurasian
margin and was responsible for the formation of a volcanic arc at the
southern margin of the Lut Block (Fig. 11c, d). In the Zagros belt, some
authors proposed a similar scenario with a subduction zone dipping
beneath the continental crust of the Sanandaj-Sirjan block (e.g., Agard
et al., 2005; Saccani et al., 2013; Monsef et al., 2018). However, other
researchers proposed an alternative scenario implying a subduction
associated with a forearc spreading centre close to the Eurasian margin
(e.g., Moghadam and Stern, 2015; Bonnet et al., 2020b; Moghadam
et al.,, 2023). In the Pakistani and Indian segments of the Alpine-
Himalayan collisional systems, there is a general agreement on the
nucleation of a subduction zone beneath the Eurasian margin resulting
in the formation of a volcanic arc whose remnants are now found from
Pakistan to the Himalayan belt (e.g., Malpas et al., 2003; Burg, 2011;
Ullah et al., 2023). Some controversies among the various models
concern the existence of a back-arc basin north of this arc, which closed
with an additional subduction (e.g., Mahéo et al., 2004). Despite some
differences that may be related to local complexities along the entire
Alpine-Himalayan system, the comparison of our model with those
proposed for neighbouring belts strongly validates our conclusions.

5. Conclusions

The North Makran domain, located in southeast Iran, is a large stack
of tectonic units entirely exposed on land. It represents the backstop of
the present-day Makran Accretionary Prism and preserves the pre-
Eocene record of geodynamic events driven by the convergence be-
tween the Arabian and Eurasian Plates. Previous studies suggested that
these tectonic units represent remnants of oceanic and continental do-
mains (e.g., McCall, 2002; Hunziker et al., 2015; Burg, 2018; Saccani
et al., 2018). Specifically, they originate from the North Makran Ocean,
which was located south of the Lut Block, and the Bajgan-Durkan con-
tinental block. This continental block separated the North Makran
Ocean from the main Neo-Tethys Ocean. This review, however, proposes
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a different scenario: the North Makran tectonic units derived from the
North Makran Ocean and the Neo-Tethys, through two distinct north-
dipping subductions, without any intervening microcontinent. The
first, southernmost subduction initiated in the Early Cretaceous in an
intra-oceanic setting within the Neo-Tethys Ocean, thus marking the
separation of the North Makran Ocean (to the north) from the main Neo-
Tethys Ocean (to the south). The northernmost subduction developed
along the southern edge of the Lut Block during the Late Cretaceous,
triggered by the increased convergence between Arabia and Eurasia
(Agard et al., 2011). As result, two distinct subduction complexes —
southern and northern — both bearing HP-LT metamorphic units,
coexisted during the Late Cretaceous. The closure of the North Makran
Ocean during the Paleocene was marked by basin-scale shortening,
likely driven by the subduction of a seamount chain (the Durkan Com-
plex) in the northern subduction zone (Fig. 11). Seamount subduction
caused a decrease of the subduction rate, leading to abrupt shortening of
the oceanic area between the two subduction zones to maintain ongoing
plate convergence (Fig. 11e). This shortening propagated southward,
affecting the southern intra-oceanic supra-subduction mantle (the
Sorkhband ophiolites), which was compressed between the northern
and the southern subduction complexes (Fig. 11e). This process resulted
in the amalgamation of the two subduction complexes, incorporating
slices of the Sorkhband ophiolites between them. (Fig. 12). Our model
emphasizes the occurrence of dual subduction zones during the closure
of the North Makran Ocean and underscore the critical role of seamount
chain subduction. Similar processes have been documented in other
convergent margins worldwide (e.g., Dominguez et al., 1998; Cloos,
1992; Kerr et al., 2002). The striking parallels between our model and
those proposed for neighbouring Alpine-Himalayan suture zones
strongly support our conclusions, offering valuable insights for future
research on the Neo-Tethys realms at a regional-scale.
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