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ABSTRACT

This review compiles and integrates available stratigraphic, structural, petrological, geochemical, and geochronological data on subduction-related and
subduction-unrelated ophiolites in the North Makran domain (southeastern Iran) to reconstruct the formation, evolution, and incorporation of Neo-Tethyan oce-
anic lithosphere within the Makran Accretionary Prism. The data indicate a multi-stage geodynamic evolution, beginning in the Late Jurassic-Early Cretaceous,
when oceanic lithosphere formed predominantly in a mid-ocean ridge setting, locally influenced by plume-related components. During the Early Cretaceous,
the initiation of an intra-oceanic subduction zone led to the formation of forearc lithosphere and to the progressive separation of the North Makran Ocean from
the main Neo-Tethys. In the Late Cretaceous, oceanic lithosphere formation became more complex, with the coeval development of plume-related magmatism
in seamounts and volcanic arc activity associated with subduction of the North Makran Ocean beneath the Lut Block. This stage records the coexistence of
subduction-unrelated and subduction-related magmatic systems within the same oceanic basin. Final closure of the composite oceanic lithosphere of the North
Makran Ocean took place from the latest Cretaceous to the Paleocene, through progressive subduction, accretion, and underplating within the Makran Accre-
tionary Prism. Overall, the North Makran domain provides a unique natural laboratory for investigating how ridge, plume, and multiple subduction processes
interact through time to generate oceanic lithosphere within a convergent plate margin, highlighting the complexity of Neo-Tethyan geodynamic evolution.

INTRODUCTION

Ophiolites are key tectonic components of both accre-
tionary- and collisional-type orogenic belts, representing
relicts of ancient oceanic lithosphere that evolved between
continental plates and terranes (e.g., Dilek and Furnes, 2011
and references therein; Barbero et al., 2023a). As such, they
provide fundamental archives of plate tectonic processes, re-
cording the evolution of oceanic lithosphere from continental
extension and mantle exhumation to seafloor spreading, sub-
duction, and continental collision (e.g., Dilek, 2003).

According to the integrated classification of ophiolites
proposed by Dilek and Furnes (2011, 2014), ophiolites can
be subdivided in subduction-unrelated and subduction-relat-
ed types (see also Pearce, 2008). These two groups display
distinct stratigraphic-structural architectures, lithological
makeups, and geochemical characteristics, reflecting differ-
ences in the mode and tempo of the magmatic and tectonic
processes operating during oceanic lithosphere formation and
evolution (e.g., Shervais, 2001; Marroni and Pandolfi, 2007;
Dilek and Furnes, 2011; Balestro et al., 2015; Safonova et al.,
2016; Saccani et al., 2017).

Subduction-unrelated ophiolites comprise oceanic litho-
sphere whose magmatic evolution were not influenced by
subduction processes (Dilek and Furnes, 2011, 2014; Saccani,
2015). These types include ophiolites formed at continental
margin, mid-ocean ridge, mature back-arc basin, and oceanic
within-plate (plume-type ophiolites) settings.

In contrast, subduction-related ophiolites are genetical-
ly related to magmatic and tectonic processes acting in the
upper plate of a subduction zone (Dilek and Furnes, 2011,

2014). They include supra-subduction zone ophiolites (in-
cluding forearc and back-arc ophiolites) and volcanic arc
ophiolites (e.g., Dilek and Furnes, 2011; Saccani et al., 2017;
Furnes et al., 2020).

The distinction between subduction-unrelated and sub-
duction-related ophiolites thus represents a fundamental
guideline for reconstructing the paleogeography and tecto-
no-magmatic evolution of ancient oceanic basins and their
margins, as well as for the geodynamic evolution of accre-
tionary- and collisional-type orogenic belts. To this end, mul-
tidisciplinary approaches integrating stratigraphic and struc-
tural data, geochronology, and geochemical and petrological
studies are essential.

Among the most significant ophiolite occurrences world-
wide are those preserved within the Alpine-Himalayan oro-
genic belts, which are interpreted as relicts of the Neo-Tethys
Ocean. This long-lived and complex oceanic basin developed
from the Late Permian - Triassic between the Africa-Arabia
Plates and Eurasia (Stocklin, 1968; Dercourt et al., 1986;
Sengor et al., 1988; Ricou, 1994; Stampfli, 2000; Metcalfe,
2013; Barrier et al., 2018). In the Middle East, the Neo-
Tethyan ophiolites are distributed along a ~7,000 km-long
orogenic belt extending from the Anatolian suture zones to
the Zagros collisional belt, the Makran Accretionary Prism,
and the Pakistani sector of Himalaya (e.g., Agard et al.,2011;
Saccani et al., 2013; Kakar et al., 2014; Moghadam and
Stern, 2015; Burg, 2018; Parlak et al., 2019; Bonnet et al.,
2020a, b; Rolland et al., 2020; Moghadam et al., 2021; Salam
et al., 2024; Barbero et al., 2025). These ophiolites range in
age from Jurassic to Cretaceous and include both subduction-
unrelated (e.g., Ghazi et al., 2004; Saccani et al., 2010, 2013;
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Barbero et al., 2020b, 2021a, 2021b, 2023b, 2023c) and sub-
duction-related types (e.g., Moghadam et al., 2013; Kakar et
al., 2014; Delavari et al., 2016; Monsef et al., 2018; Pirnia et
al 2019; Barbero et al., 2020a; Ghasemi Siani et al., 2025),
indicating a long-lived and multi-stage evolution of the Neo-
Tethys Ocean in the Middle East.

Within this regional framework, the Makran sector rep-
resents a key area for investigating the late stages of Neo-
Tethyan evolution. It is characterized by a ~1,000 km-long
accretionary prism, namely the Makran Accretionary Prism
(Fig. 1), formed by Cretaceous to present-day convergence
between the Arabian Plate and the southern margin of the
Lut Block (e.g., McCall and Kidd, 1982; Glennie et al., 1990;
Ricou, 1994; Kopp et al., 2000). This prism is associated with
the still active northward subduction of the Neo-Tethys ocean-
ic lithosphere (Kopp et al., 2000; Grando and McClay, 2007;

Burg, 2018). In the Makran Accretionary Prism, Neo-Tethyan
ophiolites are widely exposed in tectonic units forming the
backstop of the prism, which corresponds to the North Makran
domain (Fig. 2; Burg, 2018; Barbero et al., 2025). These ophi-
olites include different varieties of both subduction-related
and subduction-unrelated types. Therefore, they provide a key
natural laboratory for investigating the evolution of the Neo-
Tethys in the only sector of the Alpine-Himalayan orogenic
belt where oceanic subduction is still active.

In this study, we present a comprehensive review of the
ophiolites of the western North Makran domain, based on an
extensive compilation of published structural, stratigraphic,
petrographic, geochemical, and geochronological data. On this
basis, we propose a revised reconstruction of the geodynamic
evolution of North Makran domain and discuss its implications
for the evolution of the Middle East Neo-Tethys Ocean.
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Fig. 2 - Structural scheme of the North Makran Domain. The blue line indicates the trace of the cross-section shown in Figs. 3 and 7.



THE OPHIOLITES OF THE WESTERN NORTH
MAKRAN DOMAIN

In the Makran Accretionary Wedge, the ophiolites belong
to the structurally innermost and uppermost tectonic domain,
known as the North Makran domain after Burg et al. (2013).
This domain corresponds to the backstop of the post-Eocene
onshore prism that is composed of three thrust-bounded do-
mains, namely the Inner, Outer, and Coastal Makran (Burg
et al., 2013; Burg, 2018). These domains are composed of
Eocene-Pleistocene mainly siliciclastic sedimentary succes-
sions, recording the sedimentation within southward-migrat-
ing and progressively younger trench and wedge-top basins
(Platt et al., 1985; Dolati, 2010; Dolati and Burg, 2013;
Mohammadi et al., 2016, 2017; GholamiZadeh et al., 2025a,
b). Conversely, the North Makran domain comprises a tecton-
ic assemblage of metamorphic and non-metamorphic ophiol-
ites and ophiolitic mélanges, which are associated with deep-
sea sedimentary sequences and, less frequently, trench-type
turbiditic sequences (McCall and Kidd, 1982; McCall, 1985;
Glennie et al., 1990; Burg, 2018; Esmaeili et al., 2020, 2021).
In the North Makran domain, each tectonic unit is bounded
by either high- or low-angle and south- to southwest-verging
thrust zones that formed during the accretionary stage of the
Neo-Tethys oceanic lithosphere (McCall, 1997; Pandolfi
et al., 2021; Brocker et al., 2021; Barbero et al., 2023b, c;
Barbero et al., 2025). Southward, the mainly E-W trending
Bashakerd Thrust separates the North Makran domain from
the post-Eocene accretionary wedge (Burg et al., 2013). To
the north, the North Makran domain is partially covered by
Quaternary deposits of the Jazz Murian depression, a ~300
km wide and ~500 km long basin that represents the forearc
basin of the Eocene to present-day continental volcanic arc
associated with the Makran subduction (Fig. 2; Berberian et
al., 1982; Delavari et al., 2022; GholamiZadeh et al., 2025a).

Several authors have investigated the metamorphic and
non-metamorphic ophiolites of the North Makran domain,
delineating their stratigraphy and structural architecture, their
geochemical composition and petrological significance, the
HP-LT metamorphic evolution, and their ages (e.g., McCall,
2002; Ghazi et al., 2004; Hunziker et al., 2015, 2017,
Moslempour et al., 2015; Omrani et al., 2017; Sepidbar et
al., 2020; Esmaeili et al., 2019, 2020; Barbero et al., 2020a,
2020b, 2021a, 2021b, 2023b, 2023c; Saccani et al., 2018,
2022a, 2022b; Ghasemi Siani et al., 2021; 2022a, 2022b,
2025; Pandolfi et al., 2021; Brocker et al., 2021). According
to Barbero et al. (2025), the North Makran is composed of
different types of ophiolites and an ophiolitic mélange whose
tectonic relationships are sealed by the unconformable depo-
sition of late Paleocene - early Eocene sedimentary succes-
sions. The combination of the stratigraphy of the ophiolites
and their sedimentary cover and the petrological features of
the magmatic rocks were used to classify the North Makran
ophiolites according to the integrated classification of the
ophiolites and interpretation of their geodynamic setting of
formation proposed by Dilek and Furnes (2011). From north
to south (i.e., from the inner to the outer structural position)
the ophiolites include: i) the volcanic arc type ophiolites (VA
ophiolites of Dilek and Furnes, 2011) of the Ganj Complex;
ii) the mid ocean ridge (MOR) type of the North Makran
Ophiolites, represented by the Band-e-Zeyarat ophiolites in
the western North Makran and the Remeshk-Mokhtarabad
and Fannuj-Maskutan ophiolites in the central North Makran;
iii) the plume-type ophiolite of the Durkan Complex; iv)
the MOR-type high pressure meta-ophiolites of the Bajgan

67

Complex in the western North Makran and the Deyader
Complex in the central North Makran; v) the Sorkhband
ophiolite consisting of a MOR-type ophiolite in the upper
tectonic slice and a supra-subduction zone ophiolite in the
lower slice (SSZ type of Dilek and Furnes, 2011); vi) the
Coloured Mélange representing an ophiolitic mélange com-
posed of slices of ophiolitic units and pelagic and trench sedi-
mentary rocks. The ophiolitic units include both the mantle
section, as well as the crustal sequence and show geochemi-
cal features typical of both subduction-related and subduc-
tion-unrelated types, including MOR-type, plume-type, and
SSZ-type (Barbero et al., 2025). The Coloured Mélange is
thus a tectonic mixing of fragments of the Neo-Tethys oce-
anic lithosphere with different age and crustal types rather
than a unique section of the oceanic lithosphere (Barbero et
al., 2025). In this review, we avoid discussing in detail the
features of the Coloured Mélange, instead focusing on the
coherent ophiolites of the North Makran domain and dis-
cussing their stratigraphic and structural characteristics and
the geochemistry of the magmatic rocks within the broader
context of the distinction between subduction-related and
subduction-unrelated ophiolites (Dilek and Furnes, 2011).
To provide a robust and well-constrained geological section
across the ophiolites of the North Makran domain, this review
focuses on the westernmost part of this tectonic domain (i.e.,
the Manujan-Kahnuj area; Fig. 2), where the structural rela-
tionships among the different tectonic units are best exposed.
This allows us to define a well-grounded geological frame-
work and to discuss the relationships between subduction-
related and subduction-unrelated ophiolites.

SUBDUCTION-UNRELATED OPHIOLITES
IN THE NORTH MAKRAN DOMAIN:
THE TECTONO-STRATIGRAPHIC
ARCHITECTURE

The subduction-unrelated ophiolites are sandwiched be-
tween the subduction-related ophiolites of the Ganj Complex,
to the north, and the Sorkhband Ophiolites, to the south (see
section 2.3). From the upper to the lower structural position,
they show the transition from the non-metamorphic Band-
e-Zeyarat Ophiolites, the partially metamorphic Durkan
Complex, and the HP-LT meta-ophiolites of the Bajgan
Complex (Figs. 2, 3).

Band-e-Zeyarat Ophiolites

The Band-e-Zeyarat Ophiolites include the crustal se-
quence of a MOR-type ophiolite (Ghazi et al., 2004; Barbero
et al., 2020b, 2023c) and belong to the North Makran
Ophiolites as defined by Barbero et al. (2025). The strati-
graphic, structural, and geochemical data allow us to recon-
struct a synthetic stratigraphic log for this unit that is well
comparable with the MOR-type ophiolitic sequence (Dilek
and Furnes, 2011). In fact, the Band-e-Zeyarat Ophiolites
include from bottom to top ultramafic rocks, an intrusive
complex, a sheeted dyke complex, a volcanic sequence, and
on top of the ophiolite the pelagic sedimentary cover (Figs.
3a, 4a-c). The ultramafic rocks include plagioclase-bearing
lherzolite, clinopyroxene-bearing harzburgite, dunite, pla-
gioclase-dunite, and podiform chromitite, likely represent-
ing lower oceanic crustal cumulate rather than mantle pe-
ridotite (Fig. 4; Arvin et al., 2005; Kananian et al., 2001;
Ghazi et al., 2004; Barbero et al., 2020b, Ghasemi Siani et
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Fig. 3 - a) Lithostratigraphic columns of the subduction-unrelated tectonic units of the North Makran Domain and b) simplified geological cross-section (see
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al., 2021, 2022a, 2025). The intrusive complex is composed
of a lower part with layered rocks followed by an upper part
with isotropic intrusive rocks. The lower layered part shows
cm- to m-scale magmatic layering defined by the alternation
of olivine gabbro, troctolite, pegmatitic olivine gabbro, an-
orthosite, and wehrlite (Fig. 4a). Gabbro commonly displays
a strong magmatic foliation defined by aligned plagioclase
and pyroxene. The upper isotropic part is dominated by iso-
tropic gabbro, ferrogabbro, and diorite, intruded by small
plagiogranite bodies and dykes. Plagiogranite and basaltic
dykes (Fig. 4b) are particularly abundant at the top of this
complex, near the transition to the sheeted dykes. Various
lithologies from the intrusive complex have been dated since
the 1980s with different radiometric techniques (see Barbero
et al., 2025 for details). The results of these radiometric dat-
ings indicate ages ranging from 146 £ 5 Ma to 122 + 2 Ma
(Hassanipak et al., 1996; Ghazi et al., 2004; Barbero et al.,
2020b; Ghasemi Siani et al., 2021). The overlying sheeted
dyke complex consists of parallel to sub-parallel doleritic
dykes ranging from 10 cm to 3 m in thickness. This com-
plex is followed by a volcanic sequence through a transi-
tional zone of pillow and massive lavas intruded by frequent

sills and dykes. Pillow lavas and massive lavas are interlay-
ered with pillow breccia, which contain fragments of pillow
basalt, pelagic limestone, and chert within a glassy matrix
(Fig. 4c). Upward, lava flows are interlayered with thin, dis-
continuous marls and limestone affected by soft-sediment
deformation, indicating emplacement onto poorly consoli-
dated sediments. The Band-e-Zeyarat Ophiolites are capped
by Hauterivian-Cenomanian pelagic sedimentary cover that,
from bottom to top, consists of cherty limestone, alternating
marls and limestones, and varicoloured marls with interca-
lation of volcaniclastic arenite with particularly abundant
lithic fragments of quartz-rich volcanic rocks. Age con-
straints were obtained with nannoplankton biostratigraphy
by Barbero et al. (2023c). The lower part of the sedimentary
cover is intruded by basaltic sills and dykes.

From the structural point of view, the Band-e-Zeyarat
Ophiolites represent a mainly N-S oriented tectonic element
separated from the Ganj Complex and the Bajgan Complex by
the N-striking Jiroft Fault and the NNE- striking Sabzevaran-
Nayban Fault, respectively (Figs. 2, 3b). Southward these
ophiolites are thrust over the Durkan Complex. Internally, the
Band-e-Zeyarat Ophiolites are composed of different tectonic



Fig. 4 - Field occurrence of the subduction-unrelated ophiolites from the Band-e-Zeyarat, Durkan, and Bajgan ophiolites and metaophiolites. Band-
e-Zeyarat ophiolite: a) layered gabbro; b) fine grained gabbro (I') from the isotropic facies crosscut by a doleritic basaltic dyke (d); ¢) pillow lavas
and pillow breccia basalts () interlayered with pelagic limestones and red siliceous marls (sed). Durkan Complex: d) Type-I succession, deep water
cherty limestones (cl) interlayered with volcaniclastic arenites (va); e) Type-II succession, deep water silty limestones (sl) interlayered with volcani-
clastic arenites (va); f) Type-III succession, volcanic rocks and volcaniclastic arenites (v) interlayered with massive platform limestone (Imst) indicat-
ing a shallow-marine depositional setting. Bajgan Complex: g) highly deformed metagabbro; h) garnet (grt)-bearing metabasalt.
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slices bordered by N-S oriented high-angle faults. The struc-
tural setting is mainly characterized by sub-isoclinal to tight
folds re-deformed by open to tight folds with sub-horizontal
axial planes (Barbero et al., 2023c for further details). These
folding stages were achieved during the incorporation of the
ophiolite within the accretionary prism and the subsequent
exhumation. The sub-isoclinal to tight folds are associated
with an axial planar foliation (Fig. 5a) indicating deformation
at shallow structural level (Barbero et al., 2023c for further
details). In fact, this foliation is represented by a weak pres-
sure solution cleavage within the marls without any meta-
morphic recrystallization, and a radial fanning disjunctive
cleavage in the limestones (Fig. 5b). A late Paleocene - early
Eocene sedimentary succession unconformably rests onto the
deformed Band-e-Zeyarat Ophiolites, indicating its accre-
tion and deformation in the prism before the late Paleocene
(Barbero et al., 2023c¢).

Durkan Complex

Traditionally, the Durkan Complex was interpreted as
the sedimentary cover of a continental margin (McCall and
Kidd, 1982; Hunziker et al., 2015), but recent multidisci-
plinary studies demonstrate it is composed of fragments of
a Late Cretaceous oceanic seamount chain disrupted dur-
ing subduction-related processes (Barbero et al., 2021a, b,
2023b). The age constraints were derived from an integrated
biostratigraphic study, combining radiolarian, nannoplank-
ton, and foraminifera biostratigraphy (see Barbero et al.,
2021a for details). The Durkan Complex consists of multiple
tectonic slices. These slices show coherent stratigraphic suc-
cessions, showing either no-metamorphic overprint or blue-
schist facies metamorphic signatures (Barbero et al., 2021a,
2023b). In the Manujan area, Barbero et al. (2021a) distin-
guished three main succession types (Type-I-1II), all includ-
ing meta-igneous and meta-sedimentary lithologies as well as
magmatic and sedimentary rocks, all derived from different
seamount settings (Figs. 3a, 4d-f). To focus on the descrip-
tion of the stratigraphy in each seamount setting, in the fol-
lowing we use the sedimentary rocks nomenclature since the
pristine stratigraphic succession is still preserved even in the
strongly metamorphosed tectonic slices. Type-I succession
formed in deep-water marine environment testified by the al-
ternation of thin-bedded red chert, cherty limestone, shale,
shaly marl, and pillow basalt along with minor volcaniclas-
tic arenite and pillow breccia (Fig. 4d). This succession rep-
resents the deep-water developmental stage of a seamount,
characterized by pelagic sedimentation and volcanic activity
(Barbero et al., 2021a). Type-II succession is composed of a
volcanic sequence passing upward to a volcano-sedimentary
sequence, in turn, followed by a pelagic to hemipelagic suc-
cession. Massive lava flows, pillow lavas, and volcaniclastic
arenite and breccia are particularly abundant in the volcanic
and volcano-sedimentary sequence. In the latter, shale and
limestone increase in abundance upward and are interca-
lated with mixed carbonate and volcaniclastic breccia and/
or arenite (Fig. 4e). Upward, the pelagic to hemipelagic suc-
cession comprises cherty limestone, shale, chert, and minor
carbonate breccia and volcaniclastic arenite. The limestone
in the Type-II succession bears pelagic foraminifera indica-
tive of sedimentation in relatively deep-water environment.
Overall, Type-II records sedimentation along and at the base
of a seamount flank during the shallow-water shield stage of
seamount growth (Barbero et al., 2021a). Type-III succession
differs mainly from the Type-I and -II because shallow-ma-

rine carbonate platform rocks are associated with the volcanic
and volcano-sedimentary sequences. The volcanic sequence
includes alternating pillow and massive lavas with volcani-
clastic arenites. The volcano-sedimentary sequence is differ-
ent as it contains volcanic rocks mixed with volcaniclastic
arenites and breccias, shales, mixed carbonate-volcanic tur-
bidites, and locally, platform-derived massive limestones in-
dicating a shallow-marine depositional setting (Fig. 4f). The
carbonate platform succession contains massive limestones
and subordinate volcaniclastic arenites, with no evidence
of lava flows. The Type-III succession ends upward with a
hemipelagic and pelagic sequence. The stratigraphic features
of the Type-III succession testify to shallow-water volcanic
activity and carbonate platform development atop a seamount
summit during its shallow-water growth stage.

Structurally, the Durkan Complex in the Manujan area
defines an ESE-WNW trending belt sandwiched between the
Band-e-Zeyarat Ophiolites and the Bajgan Complex (Figs. 2,
3b). However, the Bajgan Complex is generally completely
cut off along the thrust zones, and the Durkan Complex is
directly juxtaposed to the Coloured Mélange. The thrust-
bounded structural stack is crosscut by the NNE-striking dex-
tral Sabzevaran-Nayban Fault. The structural evolution (Figs
5c, d) reflects underplating under blueschist-facies conditions
followed by exhumation to shallower levels within an accre-
tionary prism (Barbero et al., 2023b). In fact, a first phase
of deformation characterized by sub-isoclinal to tight folds
associated with reverse shear zones along the overturned
limb is representative for the underplating of the seamount
fragments at the base of the accretionary prism. This is fur-
ther constrained by the thermodynamic modelling on the
metamorphic paragenesis of the axial planar foliation, which
testifies the deformation within blueschist-facies condition
atP=0.6-1.GPaand T = 160 - 310 °C (Barbero et al.,
2023b). These folds are re-folded by open to tight folds with
axial planar foliation forming a crenulation cleavage in the
shale and a disjunctive cleavage in the competent lithologies
such as marble and meta-arenite. The lack of metamorphic
recrystallization associated with this foliation indicates the
deformation at shallower structural level with respect to the
blueschist-facies event. This indicates the deformation dur-
ing the progressive exhumation of the Durkan Complex.
These structures are unconformably sealed by late Paleocene-
Eocene turbidite succession.

Bajgan Complex

In the literature, the Bajgan Complex was considered as a
Paleozoic (or older) metamorphic basement of a continental
microplate (McCall and Kidd, 1982; Dorani et al., 2017), but
recent work has demonstrated unequivocally that the Bajgan
Complex consists of Late Jurassic to Early Cretaceous meta-
ophiolites and associated meta-sedimentary sequences, all af-
fected by HP-LT metamorphism during the Late Cretaceous
(Pandolfi et al., 2021). The age data for the magmatic em-
placement of the ophiolitic gabbro were derived from U/Pb
zircon dating, whereas the age data for the HP-LT metamor-
phism are based on Ar/Ar dating of metamorphic white mica
from micaschist from the sedimentary cover (see Pandolfi
et al., 2021 and details therein). These findings led to the
classification of the Bajgan Complex as high-pressure meta-
ophiolites as defined by Barbero et al. (2025), interpreting it
as the remnants of a subduction complex composed of de-
formed and metamorphosed fragments of oceanic lithosphere
and sedimentary cover.
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Fig. 5 - The figure highlights the different metamorphic and deformational features observed in the Band-e-Zeyarat (BZ), Durkan (DK) and Bajgan (BG) units,
at both outcrop and microscopic scales. The abbreviation Sp denotes the main surface recognizable at the mesoscale. Band-e-Zeyarat Unit: (a) F1 fold and asso-
ciated axial-plane foliation S1 within the carbonate sedimentary cover; (b) detail of the S1 axial-plane foliation, expressed as a pressure-solution surface. Durkan
Complex: (c) F2 fold with associated axial-plane foliation AP-S2. The composite surface defined by bedding and S1 foliation is indicated as (S0+S1); (d) micro-
scale detail of the F2 hinge zone. The composite surface SO+S1, characterized by the crystallization of white mica and chlorite (wmca + chl), is folded by the
subsequent D2 phase, whose axial plane AP-S2 is clearly visible. Bajgan Ophiolite: (e) F2 fold developed from reworking of the composite surface SO+S1. The
main surface visible at outcrop scale is the S2 foliation; (f) micro-scale detail of the S1 foliation, characterized by the growth of blue amphibole (gln).

The Bajgan Complex is composed of several tectonic
slices that collectively form a reconstructed crustal section
of oceanic lithosphere, for which a synthetic stratigraphic log
has been proposed integrating field observations in several
outcrops (Figs. 3a, 4g-h; Barbero et al., 2025). From bottom
to top, the Bajgan Complex stratigraphy includes the ser-
pentinite, the meta-intrusive, the meta-volcanic rocks, and
the meta-sedimentary succession. Serpentinites likely repre-

sent the former ultramafic cumulates from the lower oceanic
crust. They are associated with meta-intrusive rocks derived
from the deformation and metamorphism of anorthosite, mel-
agabbro, and gabbro (Fig. 4g) with minor plagiogranite. The
meta-volcanic rocks include amphibolite and blueschist de-
rived from the metamorphism of massive and pillow basal-
tic lavas (Fig. 4h). The meta-sedimentary cover is composed
of quartzite, marble, micaschist, calcschist, and paragneiss.
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These lithologies derive from deep-sea pelagic sediments
such as chert, limestone, and turbidite, documenting the evo-
lution of the oceanic domain prior to subduction.

Structurally, the Bajgan Complex is widely exposed in
the Manujan area, extending between the Sabzevaran Fault
to the east and the Rudan Thrust to the south (Fig. 2). In this
area, it is tectonically covered by the Durkan Complex and
is thrust over the subduction-related Sorkhband Ophiolites
and the Coloured Mélange (Fig. 3b). The Bajgan Complex
consists of multiple tectonic slices separated by NW-SE
trending mylonitic shear zones. Internally, each slice shows
well-developed NW-SE trending foliation. A multiscale
structural analysis highlights a polyphase deformation his-
tory achieved during the progressive underplating at the base
of the Makran subduction Complex followed by its exhuma-
tion at shallower structural levels (Pandolfi et al., 2021). The
underplating stages are testified by two deformation phases
(D1 and D2, Fig. Se), recording a prograde metamorphic
evolution. The D1 structures consist of structural relicts in
low-strain domains and consists of S1 foliation (Fig. 5f) and
rootless isoclinal folds formed during the early stage of the
underplating and the prograde metamorphism. The white
mica+chlorite+albite+quartz mineral assemblages within S1
constrain peak blueschist-facies conditions of ~250-295 °C
and ~0.52-0.94 GPa, corresponding to burial depths of ~17-
31 km (Pandolfi et al., 2021). The D2 structures (Fig. Se) are
the most common and well-preserved in the outcrops and
consist of tight to isoclinal folds as well as shear zones with
S-SW shearing sense. The associated S2 axial planar folia-
tion forms a pervasive schistosity from meso- to micro-scale.
Thermobarometric calculations based on the equilibrium of
mica+chlorite+albite+quartz grew along the S2 foliation in-
dicate that this foliation developed along a retrograde path,
with early D2 conditions of ~450 °C and ~0.80-1.10 GPa,
followed by late D2 at ~315-350 °C and ~0.28-0.57 GPa
(Pandolfi et al.,2021). D2 structures reflect deformation with-
in the subduction channel at the peak conditions, immediately
before the beginning of the exhumation stages (see Pandolfi
et al., 2021 for further details). The complete exhumation of
the Bajgan Complex has been achieved with close to open
folds with sub-horizontal axes associated with a crenulation
cleavage and with open to gentle folds with no syn-kinematic
metamorphic recrystallization.

SUBDUCTION-UNRELATED OPHIOLITES
IN THE NORTH MAKRAN DOMAIN:
GEOCHEMICAL AND PETROGENETIC FEATURES

The Band-e-Zeyarat Ophiolite

The geochemical characteristics and petrogenetic con-
straints of the Band-e-Zeyarat magmatic rocks summarized in
this section are based on data previously reported by Barbero
et al. (2020a). Volcanic and subvolcanic rocks of the Band-
e-Zeyarat Ophiolites are mainly represented by basalt, with
subordinate basaltic andesite, andesite, Fe-basalt, and very
rare rhyolitic dykes. These lithologies occur as individual
dykes intruding the intrusive complex, dolerite forming the
sheeted dyke complex, and basaltic lavas in the volcanic se-
quence. No systematic geochemical differences are observed
among these units, indicating that they represent products
of the same magmatic system at different structural levels.
Consequently, they are described together regardless of their
stratigraphic position.

All volcanic and subvolcanic rocks display variable but
generally low Nb/Y ratios (0.08 - 0.13), indicating a sub-alka-
line affinity. Major element compositions are highly variable,
reflecting melts at different stages of magmatic differentia-
tion (e.g., CaO = 2.1 - 12.5 wt%, AL,O; = 11.4 - 184 wt%,
MgO =1.2 - 144 wt%, TiO, = 0.35 - 3 wt%, P,0O5 = 0.06 -
0.54 wt%, Mg# =76 - 41). Covariation trends of Al,0,/TiO,
versus Ti indicate fractional crystallization dominated by ol-
ivine, followed by plagioclase, plagioclase + clinopyroxene,
and finally magnetite. These features, together with the low
Nb/Y ratios, indicate a common tholeiitic evolutionary trend
for the volcanic and subvolcanic rocks of the sheeted dyke
complex and volcanic sequence.

Despite this overall coherence, incompatible trace ele-
ment and REE (rare earth elements) systematics allow the
distinction of two main geochemical types: N-MORB (nor-
mal-type mid-ocean ridge basalts) and E-MORB (enriched-
type mid-ocean ridge basalts), both of which occur in the
volcanic sequence and the sheeted dyke complex; however,
E-MORB rocks are generally more abundant than N-MORB
rocks toward the upper part of the volcanic sequence.

N-MORB-type basalts

N-MORB rocks include basalts and rhyolitic dykes. The
basalts exhibit very low Nb/Y ratios (0.08-0.11) and low
abundances of Y (15.0 - 50.7 ppm), Zr (55.4 - 143 ppm), Nb
(1.36 - 5 ppm), Th (0.063 - 0.611), Ta (0.090 - 0.440 ppm),
and LREE (light REE). Their N-MORB-normalized incom-
patible element patterns are relatively flat (Fig. 6a), with low
overall abundances of HFSE (high field strength elements)
and LILE (large ion lithophile elements) and only minor Ti
anomalies. Chondrite-normalized REE patterns are flat from
MREE (medium REE) to HREE (heavy REE), whereas
LREE are variably depleted relative to MREE, as indicated
by low (La/Sm)y (0.34-0.9) and (La/Yb), (Fig. E1lb) ratios
and near-unity (Sm/Yb)y values. Minor positive or negative
Eu anomalies are locally observed.

These geochemical features closely match those of typical
N-MORB derived from depleted MORB mantle sources. In
the tectonic discrimination diagram of Saccani (2015), these
basalts plot close to the N-MORB field (Fig. 6¢), supporting
a subduction-unrelated mid-ocean ridge origin. The rhyolitic
dykes display high incompatible element contents and a pro-
nounced negative Eu anomaly, reflecting advanced fractional
crystallization dominated by plagioclase removal. Their REE
and trace element characteristics indicate derivation from dif-
ferentiation of N-MORB-like parental melt.

E-MORB-type

E-MORB rocks consist mainly of basalt with subordinate
basaltic andesite and andesite and are distinguished by higher
Nb/Y ratios (0.14-0.42) and systematically higher Nb (3.59-
19.46 ppm), Zr (72.3 - 340 ppm), Th (0.22 - 1.31 ppm), Ta
(0.18 - 1.07 ppm), Y (17.8 - 78.2 ppm), and LREE contents
than N-MORBs. Their N-MORB-normalized incompatible
element patterns show enrichment of LILE relative to HFSE
and smoothly decreasing trends from Th to Y (Fig. 6a), close-
ly resembling those of the typical E-MORB composition
(Sun and McDonough, 1989). Negative Ti anomalies occur
in some differentiated samples, reflecting fractionation of Fe-
Ti oxides. Chondrite-normalized REE patterns show overall
enrichment of LREE relative to MREE and HREE with (La/
Yb)y=1.3-3.1 and (La/Sm) = 1.2 - 1.9, although individual
samples display cross-cutting patterns (Fig. 6b). E-MORB
rocks from the Band-e-Zeyarat Ophiolites plot in the field for
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Fig. 6 - N-MORB normalized incompatible element patterns (left column), Chondrite-normalized rare earth element (REE) patterns (central column), and
N-MORB normalized Th vs. Nb discrimination diagrams of Saccani (2015) (right column) for subvolcanic, volcanic, and metavolcanic rocks from the
subduction-unrelated ophiolites and meta-ophiolites from the North Makran domain. Normalizing values are from Sun and McDonough (1989). Black lines in
the extended incompatible element diagrams and red crosses in the Th-Nb diagrams indicate the composition of normal (N-MORB) and enriched (E-MORB)
mid-ocean ridge basalts, as well as alkaline ocean island basalt (OIB). Normalizing values from Sun and McDonough (1989). Vectors in the Th-Nb diagrams
indicate the trends of compositional variations due to the main petrogenetic processes (OIB: plume-type-component enrichment; FC: fractional crystallization;
SSZ: supra-subduction zone component enrichment). Arrows broadly indicate the compositional variation of N-MORBs, E-MORBs, plume-type MORBs (P-),
and alkaline basalts (alk) data from Saccani (2015).

subduction-unrelated settings, within the compositional field Eu anomalies indicating plagioclase fractionation. Others
for rocks with E-MORB affinity in the discrimination dia- display steeper LREE/HREE patterns, stronger LREE en-
gram in Fig. 6c¢. richment, variable Eu depletion, and lower Ta/Hf and Th/

Variations in REE contents reflect magmatic differen- Nb ratios. Additional variants range from nearly flat REE
tiation from parental melts with slightly different compo- patterns to strongly LREE-enriched compositions with mi-
sitions, related to partial melting of heterogeneous mantle nor Eu anomalies, higher Nb and Th contents, and elevated
sources under variable conditions (Allegre and Minster, Nb/Y and Zr/Nb ratios. Overall, although these geochemi-
1978). Although differences are minor, Barbero et al. cal differences are subtle, they suggest variations in mantle
(2020a) identified distinct rock subtypes based on REE source enrichment and melting conditions rather than be-
characteristics. Some basalts show gently sloping REE pat- ing controlled solely by fractional crystallization processes

terns, high Ta/Hf and Th/Nb ratios, and marked negative (Barbero et al., 2020a).
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Petrogenetic implications

The volcanic and subvolcanic rocks of the Band-e-Zeyarat
Ophiolites record magmatism typical of subduction-unrelat-
ed oceanic settings (Fig. 6¢) and are dominated by tholeiitic
melts with N-MORB and E-MORB affinities. N-MORB-
type rocks derived from partial melting of a depleted MORB
mantle with negligible plume-type enrichment, whereas
E-MORB-type rocks formed from variably enriched mantle
sources influenced by OIB-type (within-plate ocean island
basalts) components. Petrogenetic modelling indicates that
differences among E-MORB compositions reflect a combi-
nation of variable degrees of mantle enrichment, partial melt-
ing, and melting depths. Together with data from intrusive
rocks and other North Makran Ophiolites (Ghazi et al., 2004;
Hunziker, 2014; Barbero et al., 2020b, Saccani et al., 2022a),
these results suggest that the Band-e-Zeyarat Ophiolites rep-
resent part of a chemically composite oceanic crust formed
during the Early Cretaceous. This crust records incipient
mantle plume activity and variable plume-ridge interaction
during the evolution of the Neo-Tethyan oceanic lithosphere.

The Durkan Complex

The magmatic rocks of the Durkan Complex are domi-
nated by basalts and ferrobasalts, with subordinate basaltic
andesites and rare evolved compositions including trachyte
and alkali rhyolite. These rocks occur with variable degrees
of deformation and metamorphic overprinting; however,
metavolcanic rocks are discussed together with their unmeta-
morphosed counterparts, as the geochemical characteristics
of the original volcanic protoliths do not relate to the later
tectono-metamorphic processes. For simplicity, the prefix
“meta” is omitted hereafter. The geochemical characteristics
and petrogenetic constraints of the Durkan magmatic rocks
summarized in this review were originally presented by
Barbero et al. (2021b).

Basaltic rocks show wide variations in major and trace el-
ement compositions, indicating derivation from melts gener-
ated at different degrees of partial melting and magmatic dif-
ferentiation. Based on Nb/Y ratios (Pearce, 1996), two main
geochemical rock types have been distinguished by Barbero
et al. (2021b). P-MORB (plume-type mid-ocean ridge ba-
salts) rocks display transitional affinities with Nb/Y ratios
between ~0.7 and 1.0, whereas alkaline OIB rocks exhibit a
clear alkaline affinity, with Nb/Y ratios generally >1 and lo-
cally reaching values up to ~4.

P-MORB-type volcanics

P-MORB-type volcanics include basalts, basaltic andes-
ites, ferrobasalts and one trachyte sample. These rocks are
predominantly associated with the Type-I succession, are
less common in the Type-II succession, and are absent in the
Type-III succession. The basalts display a broad composi-
tional range (Si0, =43.3 - 53.3 wt%,MgO0 =49 - 11.9 wt%,
AlLO, =122 - 17.2 wt%, Mg# = 48-75), suggesting variable
degrees of fractionation. They are characterized by relatively
high TiO, (1.20-2.29 wt%) and P,O; (0.23-0.51 wt%) con-
tents, enrichment in incompatible elements such as Zr (73-
220 ppm), Nb (13.5-32.6 ppm), Th (1.49-3.66 ppm), and Ta
(0.92-2.18 ppm) contents, coupled with comparatively low
Y abundances (16.9-33.5 ppm). Compatible elements (Cr,
V, Ni, Co) show variable but generally high contents, con-
sistent with basaltic compositions. Ti/V ratios (28-61) fall
within the range typical of MORB to transitional alkaline
basalts (Shervais, 1982). N-MORB-normalized incompatible

element patterns display smoothly decreasing trends from Th
to Yb, with significant enrichment of Th, Ta, and Nb rela-
tive to Yb (Fig. 6d), as indicated by high (Th/Yb), (Ta/Yb)
- and (Nb/Yb)y ratios. Chondrite-normalized REE patterns
show mild LREE enrichment relative to HREE and moderate
HREE depletion relative to MREE (Fig. 6e), with (La/Yb)
N =4.4-79 and (Sm/Yb)y = 1.2-3.2. Overall, the geochemi-
cal features of the Durkan P-MORB rocks closely resemble
those of plume-type MORB (P-MORB) erupted in modern
mid-ocean ridge settings influenced by mantle plume activity
(e.g., Le Roex et al., 1983). In tectonic discrimination dia-
grams, these rocks plot within subduction-unrelated oceanic
fields between typical P-MORB and alkaline basalt composi-
tions (Fig. 6f).

The trachyte is distinguished by high SiO, and low MgO
contents, very high Zr and Y contents, and strong depletion
in compatible elements, TiO,, and P,Os, reflecting advanced
magmatic differentiation. Its geochemical signatures in-
clude pronounced negative Ti and P anomalies in N-MORB-
normalized patterns and a strong negative Eu anomaly in
REE patterns (Figs. 6d, e), consistent with early fractionation
of plagioclase, Fe-Ti oxides, apatite, and amphibole.

Alkaline OIB-type

Alkaline OIB-type rocks predominantly comprise basal-
tic and ferrobasaltic rocks and very minor alkali rhyolites.
These rocks are mainly found in the Type-II and Type-III
successions and are absent in the Type-I succession. Basalts
in this group display variable SiO, contents (41.9 - 53.5
wt%) and Mg# values (39 - 75), indicating melts formed
at different stages of differentiation. These basalts are en-
riched in TiO, (1.55-5.13 wt%), P,05(0.20 - 1.10 wt%), Zr
(139 - 403 ppm), Nb (23.6 - 71.8 ppm), and Ta (1.42 - 5.13
ppm), while Y contents (18.5 - 33.0 ppm) remain relatively
low. High Ti/V ratios (41 - 76, Shervais, 1982), elevated
Ti/Y (526-1448) and Zr/Y (6.7-20.6) ratios and strongly en-
riched incompatible element patterns distinguish them from
P-MORB rocks. N-MORB-normalized spider diagrams
show pronounced enrichment in Nb and Ta relative to Yb
(Fig. 6d), with very high (Th/Yb)y, (Ta/Yb)y, and (Nb/Yb)
v ratios. Chondrite-normalized REE patterns are character-
ized by strong LREE/HREE and MREE/HREE enrichment
(Fig. 6e), with (La/Yb)y = 9-28 and (Sm/Yb)y = 3.5-84,
reflecting significant HREE depletion. The alkali rhyolites
show geochemical features typical of highly evolved alka-
line magmas, including very high Zr and Y contents, strong
negative Ti, P, and Eu anomalies, and depletion of HREE
relative to both LREE and MREE. The overall geochemi-
cal characteristics of alkaline rocks closely resemble those
of within-plate alkaline volcanic rocks typical of oceanic
islands (OIB, Sun and McDonough, 1989). In tectonic dis-
crimination diagrams, these samples plot within the field
of subduction-unrelated alkaline basalts and cluster around
OIB compositions (Fig. 6f).

Despite similar major and trace element contents at com-
parable degrees of differentiation, Barbero et al. (2021b) fur-
ther subdivided the Durkan alkaline basalts into two groups
based on systematic differences in REE patterns and selected
trace element ratios. These variations are independent of
magmatic differentiation and instead reflect differences in
mantle source characteristics and melting conditions.

Petrogenetic and tectonic implications
Petrogenetic modelling based on REE and incompatible
elements, such as Th, Nb, Zr, Y, and TiO, (Barbero et al.,



2021b) suggests that both P-MORB-type and alkaline basalts
of the Durkan Complex were generated by partial melting of
a depleted sub-oceanic mantle source that was variably meta-
somatized by OIB-type (plume-related) components. The
geochemical differences between Group 1 and Group 2 rocks
can be explained by variations in the degree of plume-related
enrichment, partial melting extent, and melting depth within
spinel- and garnet-facies mantle domains. These geochemi-
cal data collectively indicate that the oceanic lithosphere on
which the Durkan volcanic edifices developed was influenced
by significant mantle plume activity in a within-plate oceanic
setting during the Late Cretaceous.

The Bajgan Complex

Despite the intensive deformation and metamorphic over-
printing, metavolcanic rocks are described in this section
in terms of their original volcanic protoliths, as the present
study focuses on their geochemical characteristics and tecto-
no-magmatic significance, irrespective of later tectono-meta-
morphic modifications. For clarity, the prefix “meta” is omit-
ted throughout the text. The main geochemical features and
petrogenetic constraints of the Bajgan magmatic rocks dis-
cussed in this section are derived from Pandolfi et al, (2021)
and Saccani et al. (2024).

The metavolcanic rocks investigated in the Bajgan
Complex are basaltic in composition, with SiO, contents
ranging from 42.6 to 51.8 wt% and MgO from 7.3 to 11.8
wt%. Mg# values span a relatively wide range (53 - 70), but
most samples display high Mg#, indicating that the basaltic
protoliths generally represent weakly evolved melts. The es-
timated degree of magmatic fractionation is modest, on the
order of ~10-30%. Based on incompatible trace element sys-
tematics and REE distributions, the basaltic protoliths can be
subdivided into distinct geochemical types corresponding to
N-MORB, E-MORB, and alkaline (OIB-type) affinities, con-
sistent with previous studies on the Bajgan Complex.

N-MORB-type basalts

N-MORB-type protoliths are sub-alkaline basalts charac-
terized by relatively high TiO, (1.10-1.80 wt%) coupled with
low P,O5 (0.07-0.16 wt%), and Nb (1.85-3.66 ppm). They
display very low Nb/Y (0.07 - 0.15) and Nb/Yb (0.7 - 1.06)
ratios. N-MORB-normalized incompatible element patterns
are flat, with no significant enrichment of Th, Ta, or Nb rela-
tive to Yb (Fig. 6g), as indicated by low (Th/Yb)y, (Ta/Yb)
n» and (Nb/Yb) ratios generally close to unity. Chondrite-
normalized REE patterns show depletion of LREE relative to
MREE and HREE (Fig. 6h), with low (La/Sm) (0.53-0.79)
and (La/Yb)y (0.51-0.81) ratios and near-unity (Sm/Yb)y
(0.96-1.10) values. These features are typical of normal mid-
ocean ridge basalts generated from a depleted mantle source
and are consistent with formation in subduction-unrelated
ridge settings, as further supported by their position in the Th-
Nb tectonic discrimination diagram, where they plot within
the subduction-unrelated N-MORB field (Fig. 6i; Saccani,
2015).

E-MORB-type basalts

E-MORB-type protoliths are also sub-alkaline basalts
but differ from N-MORBs by higher Nb/Y ratios (0.35-
0.45) and systematic enrichment in incompatible elements,
including P,05 (0.15-0.31 wt%), Nb (8.99-11.4 ppm), Ta
(0.67-0.76 ppm), Th (1.04-1.17 ppm), and LREE. Their
N-MORB-normalized incompatible element patterns dis-
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play smoothly decreasing trends from Th to Yb, with moder-
ate enrichment of Th, Ta, and Nb relative to Yb (Fig. 6g).
Chondrite-normalized REE patterns show slight LREE en-
richment relative to MREE and HREE (Fig. 6h), with elevat-
ed (La/Sm)y and (La/Yb)y ratios compared to N-MORBs,
and (Sm/Yb)y values indicating moderate MREE/HREE
fractionation. These geochemical features closely resemble
those of enriched MORB as defined by Sun and McDonough
(1989) and indicate derivation from a mantle source that ex-
perienced limited enrichment relative to a depleted MORB
mantle.

Alkaline (OIB-type) basalts

Alkaline basaltic protoliths display a clear alkaline affin-
ity, as indicated by high Nb/Y ratios (0.88 - 1.82). Compared
to MORB-type basalts, they are enriched in FeO, (11.73-
14.70 wt%), TiO, (1.84-2.85 wt%), and P,0Oy (0.16-0.56
wt%). They are also markedly enriched in Zr (148-324 ppm),
Nb (21.3-65.2 ppm), Ta (1.69-5.40 ppm), and Th (2.45-
9.80 ppm). N-MORB-normalized incompatible element
patterns show strong enrichment of LILE relative to HFSE
and regularly decreasing trends from Ba to Yb, closely re-
sembling those of intra-oceanic alkaline basalts (OIB; Sun
and McDonough, 1989) (Fig. 6g). Chondrite-normalized
REE patterns are characterized by pronounced enrichment
of LREE relative to both MREE and HREE (Fig. 6h), with
high (La/Sm)y (2.26-3.33), (Sm/Yb), (3.05-6.63), and (La/
Yb)y (7.01-20.08) ratios typical of ocean island basalts. In
tectonic discrimination diagrams, these rocks plot within the
OIB field, indicating a subduction-unrelated within-plate set-
ting (Fig. 6i; Saccani, 2015).

Petrogenetic and tectonic implications

Petrological, geochemical, and lithostratigraphic evidence
indicates that the Bajgan Complex represents meta-ophiolitic
successions formed in oceanic tectonic settings characterized
by different mantle source compositions. N-MORB protoliths
were generated at mid-ocean ridges from depleted mantle
sources, whereas E-MORB protoliths reflect variable degrees
of plume-related enrichment superimposed on a MORB man-
tle source. In contrast, the strongly enriched alkaline basalts
were generated in within-plate oceanic seamount environ-
ments associated with plume-type mantle upwelling. These
data collectively suggest spatial and temporal variations in
mantle source enrichment and melting conditions during the
formation of the oceanic lithosphere now preserved in the
Bajgan Complex.

SUBDUCTION-RELATED OPHIOLITES IN THE
NORTH MAKRAN DOMAIN:
THE TECTONO-STRATIGRAPHIC
ARCHITECTURE

The subduction-related ophiolites include two tecto-
no-stratigraphic units, namely the Ganj Complex and the
Sorkhband Ophiolites, showing different structural posi-
tions and stratigraphic architectures (Figs. 2, 7). In fact, the
Ganj Complex is the uppermost tectonic unit in the structural
stack of the North Makran domain whereas the Sorkhband
Ophiolites are the lowermost coherent ophiolite (Fig. 7b).
These subduction-related ophiolites are separated from each
other by the Band-e-Zeyarat Ophiolites, the Durkan Complex,
and the Bajgan Complex, representing the subduction-unre-
lated ophiolites of the North Makran domain.
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The Ganj Complex

The Ganj Complex represents a non-metamorphic
Turonian-Cenomanian volcanic arc. The stratigraphic succes-
sion is >2000 m thick and composed of a basal dyke swarm,
a volcano-sedimentary sequence, and a turbidite succession
(Figs. 7a, 8a-c; Barbero et al., 2020a; Hajimohammadi et
al., 2025; GholamiZadeh et al., 2025a). Based on Dilek and
Furnes (2011), the stratigraphic architecture of this complex
and the affinity of its magmatic rocks (Barbero et al., 2020a)
allow us to classify the Ganj Complex as volcanic arc type
ophiolite. The age constraints on this Complex consists of
nannoplankton ages of the marls within the upper part of
the volcano-sedimentary sequence and the turbidite suc-
cession (see Barbero et al., 2020a and details therein). The
dyke swarm includes subparallel to cross-cutting andesitic,
dacitic, rhyolitic, and subordinate basaltic dykes (Fig. 8a).
Sills at its top mark the transition to the volcano-sedimentary

sequence. The volcano-sedimentary succession includes al-
ternating massive lava flows, pillow lavas, lava breccia, and
minor sedimentary rocks. The massive flows dominate the
lower part, while pillow lavas (Fig. 8b) and thin turbidite
beds increase upward (Fig. 8c; Shaker Ardakani et al., 2009).
Soft clasts of silty marl and marly limestone occur between
pillow lavas. Textural and structural features, together with
columnar basalts, point to subaerial to very shallow-water
emplacement (Barbero et al., 2020a; Hajimohammadi et al.,
2025). The turbidite unit consists of medium- to thin-bedded
arenite passing upward into laminated silty marl and marly
limestone. The arenite contains volcanic and carbonate frag-
ments, along with shell and gastropod remains, indicating
mixed sediment input from coeval volcanic arc and carbonate
platform sources. Deposition occurred in an outer platform
setting influenced by a river delta within a relatively shal-
low marine environment in an extensional intra-arc setting
(Barbero et al., 2020a).



Structurally, this complex constitutes a 38 km-long and
15 km-wide arc-shaped tectonic unit sandwiched between the
Jaz Murian depression and the subduction-unrelated Band-e-
Zeyarat Ophiolites. Unfortunately, the basement of the vol-
canic arc succession is not exposed, as it probably lies be-
neath the Jaz Murian depression. The tectonic contact with
the Band-e-Zeyarat Ophiolites corresponds to a thrust zone,
although the steep N-S to NW-SE Jiroft Fault reworks the
low-angle thrusts. Eocene sedimentary units rest unconform-
ably on top (Barbero et al., 2020a). The Ganj Complex re-
cords two main deformational stages (Barbero et al., 2020a).
The first phase produced gentle, upright folds with N-S to
NW-SE-trending fold axes and a disjunctive axial-planar
cleavage. The subsequent brittle phase generated high-angle
strike-slip and normal faults that fragmented the complex into
several tectonic slices. Both the Ganj Complex and the over-
lying Eocene deposits lack orogenic metamorphism, indicat-
ing deformation at shallow structural level.

The Sorkhband Ophiolites

The Sorkhband Ophiolites include two tectonic slices
(Fig. 7a; Rajabzadeh and Moosavinasab, 2013; Delavari et
al., 2016). The upper slice is composed of a ~100 m-thick
sequence of coarse-grained gabbro intruded by fine-grained
gabbro dykes. The lower slice consists predominantly of up-
per mantle peridotites with remnants of lower oceanic crust at
the top. The base of this slice shows layered diopside-bearing
harzburgites including minor dunite lenses and olivine clino-
pyroxenite to olivine websterite dykes. Up-section, harzbur-
gite grades into thick dunite containing wehrlite and websterite
bands, also intruded by olivine-bearing clinopyroxenites (Fig.
8d). Chromitites occur as disseminated to massive ore bodies
within the dunite and as bands within mantle peridotite (Fig.
8e; Moghadam et al., 2022). The stratigraphic features of
the Sorkhband ultramafic rocks indicate that they represent a
mantle-lower crust transition formed within a forearc setting
(Moghadam et al., 2022; Barbero et al., 2025). Based on Dilek
and Furnes (2011), the lower unit of the Sorkhband ophiolite
can be classified as SSZ-type ophiolite. No radiometric ages are
available in literature for these ophiolites. However, according
to their structural position between Jurassic and Cretaceous
ophiolites and meta-ophiolites some authors have suggested a
Cretaceous age (Ghazi et al., 2004; Delavari et al., 2016).

The structural setting of the Sorkhband Ophiolites is
dominated by the localization of the deformation along their
basal and roof tectonic contacts, which are characterized by
NW-SE striking and NE-dipping thrust zones separating the
Sorkhband Ophiolites from the Coloured Mélange and the
Bajgan Complex, respectively (Figs. 2, 7b). The basal contact
consists of a several-hundred-metre-thick shear zone con-
taining boudinaged marbles, meta-basalts and serpentinized
peridotites aligned along gently NE-dipping NW-SE shear
planes, with S-C fabrics indicating top-to-the-SW shear-
ing. The roof contact displays similar shear-zone character-
istics and includes slices of amphibolites from the Bajgan
Complex; meso-scale indicators show top-to-the-SW to top-
to-the-S shearing (Fig. 8f).

SUBDUCTION-RELATED OPHIOLITES
IN THE NORTH MAKRAN DOMAIN:
GEOCHEMICAL AND PETROGENETIC FEATURES

This section summarizes the geochemical features and
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petrogenetic constraints of the Ganj Complex magmatic
rocks as documented by Barbero et al. (2020b). The volcanic
and subvolcanic rocks of the Ganj Complex include a wide
spectrum of compositions ranging from basalt and basaltic
andesite to andesite, dacite, and rhyolite. These lithologies
occur as dykes, massive lava flows, and pillow lavas, and col-
lectively define compositionally diverse but genetically relat-
ed magmatic suites. All samples display a clear sub-alkaline
affinity, as indicated by consistently low Nb/Y ratios (0.06-
0.33), low contents of compatible elements (e.g., Cr, Ni, Co),
enrichment of Th relative to Nb, and systematic enrichment
of LREE relative to HREE. Based on immobile trace element
systematics and REE distributions, the volcanic and sub-
volcanic rocks can be grouped into three main geochemical
associations corresponding to calc-alkaline (CA), island arc
tholeiitic (IAT), and volcanic arc rocks with a marked ada-
kitic signature (ADK).

Calc-alkaline rocks

Calc-alkaline rocks comprise both dykes and massive lava
flows and are dominated by dacites and rhyolites, with sub-
ordinate basaltic andesites and andesites. They exhibit wide
compositional variability, with SiO, contents ranging from
56.8 to 74.3 wt% and Mg# values spanning from primitive
to highly evolved compositions (Mg# = 67 - 8). TiO, (0.24
- 1.59 wt%), P,05(0.02 - 0.45 wt%), Zr (76 - 236 ppm), and
Y (15 - 49 ppm) are generally low and decrease with increas-
ing differentiation, whereas compatible element abundances
are very low, reflecting advanced fractional crystallization
(e.g., Cr <53 ppm; Ni <18 ppm). Major and trace element
covariation trends indicate a calc-alkaline evolutionary path
dominated by fractionation of clinopyroxene, hornblende,
and magnetite relative to plagioclase, as shown by decreasing
TiO, and FeO, and increasing Y/Sc ratios with increasing dif-
ferentiation (Barbero et al., 2020b). N-MORB-normalized in-
compatible element patterns display strong enrichment in Th,
U, La, and Ce coupled with pronounced negative Ta, Nb, P,
and Ti anomalies, a hallmark of calc-alkaline arc magmatism
(Fig. 9a). Chondrite-normalized REE patterns further support
a calc-alkaline affinity, as testified by marked LREE/HREE
and MREE/HREE enrichment (Fig. 9b). Based on REE con-
tents, Barbero et al. (2020b) identified two subgroups inde-
pendent of the degree of differentiation, the REE patterns
of which are interpreted to reflect variable mantle source
enrichment. One subgroup shows steeply fractionated REE
patterns with strong LREE and MREE enrichment relative to
HREE (La/Yby =3.3-5.5; Sm\/Yby =19 - 2.3), whereas
the other displays more modest LREE enrichment and nearly
flat MREE-HREE patterns (Lay/Yby = 1.7 - 2.3; Sm/Yby =
1.1 - 1.6). Th enrichment is particularly pronounced (9 - 30
times N-MORB values) and, together with the overall geo-
chemical signature, is consistent with a calc-alkaline affinity
(e.g., Pearce, 1983). This interpretation is confirmed by the
discrimination diagram in Fig. 9c.

Island arc tholeiites (IAT)

TIATSs consist of basalts, basaltic andesites, and andesites
occurring as dykes, massive lavas, and pillow lavas. These
rocks show a clear tholeiitic affinity, as indicated by systematic
increases in TiO, and FeO, from basalts to basaltic andesites,
followed by decreases in the most evolved compositions. At
comparable differentiation levels, they contain higher TiO,
(0.53 - 2.02 wt%), Cr (12 - 336 ppm), and Co (19 - 40 ppm)
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Fig. 8 - Field occurrence of the subduction-related ophiolites from the Ganj and Sorkhband units. Ganj Complex: a) dyke swarm including sub-parallel to
crosscutting andesitic, dacitic, rhyolitic, and subordinate basaltic dykes. White lines indicate dyke boundaries; b) pillow lava flows from the volcanic sequence;
c) relationships between pillow lavas ([3) and pelagic sedimentary rocks (ps). Sorkhband Ophiolites: d) olivine-bearing clinopyroxenite; ) bands of chromitite
(Chr) in mantle peridotite (7); (f) Sorkhband unit (SU) roof tectonic contact with the Bajgan Complex (BC) displaying shear-zone characteristics; meso-scale
indicators show top-to-the-SW shearing. The sheared tectonic contact includes slices of amphibolites from the Bajgan Complex (amph).

and lower Y (9.5 - 32.9 ppm) than CA rocks. Their N-MORB-
normalized incompatible element patterns are characterized
by pronounced negative Nb and Ta anomalies, relative enrich-
ment in Th and Ba, and the absence of Ti and P negative anom-
alies (Fig. 9a). Chondrite-normalized REE patterns show slight
LREE enrichment relative to HREE, nearly flat MREE-HREE
patterns (Smy/Yby = 1.2 - 1.8), and weak or absent Eu anoma-
lies (Fig. 9b). Overall trace element characteristics closely
resemble those of island arc tholeiites (e.g., Pearce, 1983;) as
summarized in the discrimination diagram in Fig. 9c.

Volcanic arc rocks with adakitic signature

These volcanics comprise basaltic to basaltic andesitic pil-
low lavas and massive flows characterized by relatively primi-
tive compositions (Mg# = 65 - 71) and limited fractional crys-
tallization. These rocks are characterized by relatively low
TiO, (0.53 - 0.94 wt%) and very low Y contents (7.64 - 11.2
ppm), as well as low contents of compatible elements (Cr =
62 - 144 ppm; Co = 20 - 25 ppm; Ni <31 ppm). A distinc-
tive feature is their exceptionally high Sr contents (380 - 982
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ppm). These geochemical features clearly set them apart from
CA and IAT rocks. N-MORB-normalized incompatible ele-
ment patterns show strong enrichment in Th and Sr relative to
Nb and Ta and very low HFSE contents from Hf to Yb (Fig.
9a). Chondrite-normalized REE patterns display extremely
low HREE abundances (Yby = 4 - 6) and define two sub-
groups: one with steeply fractionated REE patterns and very
high (La/Yb)y (8 - 14) and (Sm/Yb)y (3 - 4), and another with
gently sloping REE patterns and much lower fractionation
ratios (Lay/Yby ~1.6; Smy/Yby ~1.4, Fig. 9b). In tectonic
discrimination diagrams, the strongly fractionated subgroup
plots within the calc-alkaline field, whereas the less fraction-
ated subgroup overlaps with the IAT field (Fig. 9c). Although
these rocks do not fully satisfy the compositional criteria of
either high-silica or low-silica adakites (e.g., Castillo, 2006;
Richards and Kerrich, 2007), their Sr-Y-Yb systematics indi-
cate a pronounced adakitic geochemical signature.

Petrogenetic implications

Petrogenetic modelling based on Cr-Y and Ba/Th - Th/
Nb co-variation, as well as REE compositions (Barbero et al.,
2020a) indicates that calc-alkaline rocks formed by ~10-12%
partial melting of a depleted spinel-facies lherzolite mantle
previously affected by MORB extraction and subsequently
metasomatized by subduction components, including ~0.5-
0.7% sediment-derived melt addition. Island arc tholeiites re-
sulted from higher degrees of partial melting (~15-17%) of a
similarly depleted mantle source predominantly modified by
subduction-derived aqueous fluids, with a minor sediment-
derived melt contribution.

The adakitic-signature rocks can be explained by ~15%
partial melting of a depleted mantle source metasomatized
by variable amounts (~1-3%) of an adakitic melt component.
Collectively, these data indicate that the volcanic and sub-
volcanic rocks of the Ganj Complex formed in a volcanic arc
tectonic setting along the southern margin of the Lut Block
during the Late Cretaceous, recording variable mantle source
metasomatism, melting conditions, and magma evolution
within a single arc system.

DISCUSSION

Mode and tempo for subduction-unrelated
and subduction-related ophiolites
in the North Makran domain

The systematic analysis and integration of the stratigraph-
ic, structural, petrological, and age data from the ophiolites
of the North Makran domain allow us to evaluate the mode
and tempo of the oceanic lithosphere accretion and evolution
with time in the Makran sector of the Neo-Tethys. Using this
approach, we identified three main stages of oceanic litho-
sphere formation from Late Jurassic to Late Cretaceous. Fig.
10 shows the comparison with the age of the magmatic events
and their geochemistry, according to three geochemical prox-
ies. The Thy-Nby proxy (Fig. 10a) indicates enrichment in
subduction-related chemical components during magma
genesis, discriminating thus between subduction-related and
subduction-unrelated ophiolites (e.g., Pearce, 2008; Saccani,
2015). The Zr-Y and Nb-Zr proxies (Figs. 10b, ¢) represent
key petrogenetic indicators for OIB-type chemical compo-
nents during magma genesis (e.g., LeRoex et al., 1983; Fitton
et al., 2003), allowing us to discriminate between MOR-type
and Plume-Type ophiolites (sensu Dilek and Furnes, 2011).

The first stage of oceanic formation lasted from the Late
Jurassic (or earlier) to the Early Cretaceous, when the proto-
liths of the HP-LT meta-ophiolites of the Bajgan Complex
and the Band-e-Zeyarat Ophiolites were formed (Fig. 10).
Their reconstructed similar magmatic stratigraphy with the
occurrence of hundreds to 2 km-thick gabbros and sheeted
dykes is well comparable with MOR-type ophiolites of Dilek
and Furnes (2011). Accordingly, the pelagic nature of the
sedimentary and meta-sedimentary rocks associated with ba-
salt and meta-basalt of the Band-e-Zeyarat Ophiolites and the
Bajgan Complex, respectively, indicate a deep-water basin
(Pandolfi et al., 2021; Barbero et al., 2023c), which is the
typical geodynamic setting where mid-ocean ridge develops.
Consistently, the geochemical signature of the magmatic
rocks from the Bajgan Complex and the Band-e-Zeyarat
Ophiolites range from N- to E-MORB (Pandolfi et al., 2021;
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Fig. 10 - Evolution of age and geochemistry of
the magmatic stages recognized in the ophio-
lites of the North Makran domain. The panel
(a) shows the time variation of the Thy-Nby
geochemical proxy, which indicates the con-
tribution of subduction-related chemical com-
ponents during the ophiolite genesis (Pearce,
2008; Saccani, 2015). Black dashed line repre-
sents the Thy-Nby ratios distinguishing value
for subduction-related and subduction-unrelat-
ed ophiolites calculated from the discrimina-
tion diagram of Saccani (2015); Panels (b) and
(c) show the time variations of the Zr-Y and
Nb-Zr proxies, which indicate the contribu-
tion of Ocean Island Basalt (OIB) chemical
component during the genesis of subduction-
unrelated ophiolites. The arrow indicates the
time-dependent increase in OIB-type chemi-
cal components in the ophiolites of the North
Makran domain. Data sources: Barbero et al.
(2020a, 2020b, 2021b, 2023c; Pandolfi et al.,
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Barbero et al., 2020b, 2023c) with relatively low Thy/Nby
ratios, indicating the formation of the oceanic lithosphere
during this stage within a subduction-unrelated MOR setting
(Fig. 10a).

The second stage of oceanic formation occurred dur-
ing the Late Cretaceous and is characterized by a remark-
able change in the nature and petrogenetic processes of the
North Makran oceanic lithosphere. In fact, the stratigraphy
and the geochemistry of the volcanic rocks of the Durkan
Complex testifies for OIB-influenced magmatism (P-MORB
and alkaline rocks; Fig. 10) in various depositional environ-
ments. These include deep-water pelagic, deep-water slope,
and shallow-water carbonate platform environments. Based
on stratigraphic and petrological constraints, Barbero et al.
(2021a, b) interpreted the Durkan Complex as a seamount
chain associated with a within-plate and plume-related mag-
matism (P-Type ophiolite sensu Dilek and Furnes, 2011).
The analysis of geochemical proxies shown in Figs. 10 (b,c)
allows us to prove a temporal variation on the contribution
of OIB-type components for the magma genesis and mantle
sources evolution. In fact, magmatic rocks of the Durkan
Complex formed during the second stage show Zr/Y and Nb/
Zr ratios significantly higher than first stage rocks, indicat-

2021; Saccani et al., 2024).

ing that in the Late Cretaceous the North Makran Ocean was
largely characterized by a significant influence from plume-
type components. This highlights a compositional variation
of the subduction-unrelated ophiolites of the North Makran
from the Early Cretaceous to the Late Cretaceous, suggest-
ing the time-dependent increase of contribution of a mantle
plume and/or mantle plume chemical components during the
magma genesis and mantle source evolution (Figs. 10b, c).
The time-dependent evolution from the first stage to the
second stage of oceanic crust formation is well shown in
Fig. 11. Fitton et al. (1997, 2003) have shown that a loga-
rithmic Nb/Y versus Zr/Y diagram is an effective tool for
distinguishing plume-influenced basalts from non-plume
basalts. Icelandic basalts (plume-related) and N-MORB
(non-plume) define two distinct, subparallel linear arrays in
this space. Using the lower boundary of the Icelandic array
as a reference, Fitton et al. (1997) introduced the parameter
AND, which quantifies Nb excess or depletion, where plume-
related basalts have ANb > 0, whereas non-plume MORB
have ANb < 0. Variations along each array mainly reflect
different degrees of partial melting, with lower degrees of
melting producing higher Zr/Y and Nb/Y ratios. However,
simple melting models show that ANb is largely insensi-



tive to melting degree and therefore reflects mantle source
characteristics rather than melting processes. Fig. 11 shows
that the Early Cretaceous N-MORB and some of the Early
Cretaceous E-MORB have negative ANb indicating no, or
negligible, plume-influence. In contrast, part of the Early
Cretaceous E-MORB and Late Cretaceous P-MORB and al-
kaline basalts have positive ANb, which indicates a marked
plume-influence for these rocks. Fig. 11 also shows that the
best fit line calculated for all rock samples is very similar to
the mixing line between the N-MORB and OIB compositions
of Sun and McDonough (1989), suggesting that the petrogen-
esis of most of the North Makran ophiolites is consistent with
various extent of plume-ridge interaction. These observations
suggest that the North Makran Ocean was weakly affected
by plume activity during the Late Jurassic-Early Cretaceous
and indicate a progressive increase influence of plume activ-
ity on the oceanic crust formation, reaching a peak in the Late
Cretaceous.

Based on stratigraphic and petrological constraints from
the Complex, the third stage of oceanic accretion was marked
by the formation of the Late Cretaceous Ganj volcanic arc
at the northern margin of the oceanic basin, which testi-
fies for subduction activity (Barbero et al., 2020a; Barbero
et al., 2025). In fact, the volcanic facies, the composition of
the volcaniclastic arenites, and the shallow-water outer plat-
form depositional environment of the Ganj Complex suc-
cession (Barbero et al., 2020a; Hajimohammadi et al., 2025;
GholamiZadeh et al., 2025a) indicate crust formation within
a subduction-related volcanic arc setting (sensu Dilek and
Furnes, 2011; Fig. 10a). Accordingly, the petrogenesis of the
magmatic rocks of the Ganj Complex is strongly controlled
by the input of slab-released chemical components to the as-
thenospheric mantle wedge above the subducting slabs. This
process is well exemplified by the Thy/Nby ratios, which are
significantly higher in the Ganj rocks with respect to those of
the subduction-unrelated ophiolites (Fig. 10a) and are greater
than the Thy/Nby ratios of the volcanic arc array of Saccani
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(2015). Thus, during the Late Cretaceous the available data
indicate the contemporaneous formation of crustal rocks
within a subduction-unrelated oceanic setting dominated by
common plume activity and subduction-related setting pro-
viding a key constraint for the geodynamic significance of the
ophiolites of the North Makran domain.

The origin of the ophiolites of the North Makran domain
in the geodynamic evolution of the Neo-Tethys

The multidisciplinary data from the ophiolites of the
North Makran domain are here discussed to propose a new
reconstruction of oceanic lithosphere accretion in the Makran
sector of the Neo-Tethys from the Jurassic to the Late
Cretaceous. Below, we discuss the variations of the tectonic
setting of formation of the oceanic lithosphere in response to
geodynamic processes such as oceanic spreading, subduction
initiation and evolution, and mantle plume activity. To this
end, we follow the general tectonic framework for the con-
vergent and accretionary stages as proposed by Burg (2018)
and Barbero et al. (2025).

Late Jurassic-Early Cretaceous: Oceanic lithosphere
accretion in mid-ocean ridge and forearc settings

During this phase, the oceanic lithosphere formation
within mid-ocean ridge setting is recorded by the tectono-
stratigraphic and tectono-magmatic architecture of the HP-
LT Bajgan Complex meta-ophiolites and the Band-e-Zeyarat
Ophiolites. The evidence from the North Makran domain
aligns with regional-scale paleogeographic reconstructions
of the whole Neo-Tethys realm (Dercourt et al., 1986; Sengor
et al., 1988; Robertson and Searle, 1990; Stampfli and Borel,
2002; Barrier et al., 2018). In fact, this ocean evolved be-
tween the Arabia-India and the Eurasia plates since the Late
Permian with rifting along the northern Gondwana margin
followed by spreading stage within a MOR setting as dem-
onstrated by remnants of ophiolitic units strongly deformed

10
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Fig. 11 - Nb/Y versus Zr/Y diagram (after
Fitton et al., 2003) for subvolcanic, volcanic,
and metavolcanic rocks from the subduction-
unrelated ophiolites and meta-ophiolites from
the North Makran domain. Iceland array and
compositional fields for N-MORB and OIB
are from Fitton et al. (2003, and references
therein). Stars indicate the compositions of
N-MORB and OIB of Sun and McDonough
(1989). Abbreviations: MORB: mid-ocean
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within the Oman Mountains and the Zagros collisional belts
(Robertson and Searle, 1990; Chauvet et al., 2011; Ghasemi
and Talbot, 2006; Moghadam et al., 2017). The formation of
subduction-unrelated MOR-type oceanic lithosphere of the
Bajgan Complex and the Band-e-Zeyarat ophiolites can like-
ly be restored within this regional MOR of the Neo-Tethys
(Fig. 12; see Barbero et al., 2025 and discussion therein).
According to Dilek and Furnes (2011), the pluri kilometric
thickness of the gabbros and sheeted dykes complexes of the
Band-e-Zeyarat Ophiolites indicated that this MOR was like-
ly characterized by medium to fast spreading rate.

In the Early Cretaceous, this geodynamic scenario
changed due to the regional onset of shortening kinematics
within the Neo-Tethys Ocean due to a change in relative mo-
tion of the major continental plates (e.g., Torsvik et al., 2012;
Jagoutz et al., 2015; Gaina et al., 2015; Barrier et al., 2018).
In fact, the convergence between Arabia-India and Eurasia
plates started during the Early Cretaceous, causing the nucle-
ation of subduction zones associated with HP/LT metamor-
phism and arc magmatism (Agard et al., 2006; Angiboust et
al., 2016; Moghadam et al., 2017; Rolland et al., 2020). In
the North Makran domain, the stratigraphic and geochemical
features of the Sorkhband ultramafic rocks indicate its for-
mation within a forearc setting (e.g., Delavari et al., 2016;
Moghadam et al., 2022), likely testifying to nucleation of an
intra-oceanic subduction zone within the Makran sector of
the Neo-Tethys due to this regional-scale geodynamics (Fig.
12). In the Makran, there are no remnants of coherent and
complete ophiolite preserving the oceanic crust formed with-
in a deep-water forearc during this period. However, Early
Cretaceous volcanic arc rocks associated with pelagic sedi-
mentary rocks are found within the Coloured Mélange and
interpreted as remnants of Early Cretaceous forearc oceanic
crust that were tectonically disrupted and deformed within
the accretionary prism during the late Paleocene - Eocene
(Saccani et al., 2018; Barbero et al., 2025).

The main consequence of the nucleation of this intra-oce-
anic subduction is the identification of two oceanic branches
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within the Neo-Tethys realm in the Early Cretaceous (e.g.,
Rolland et al., 2020; Barbero et al., 2025). In the Makran,
Barbero et al. (2025) proposed that the ophiolites of the North
Makran domain derived from the northern branch, named the
North Makran Ocean, whereas fragments of the southern
branch, named the Neo-Tethys, are now represented by part
of the Coloured Mélange.

The Early Cretaceous geodynamic was characterized by
the contemporaneous oceanic lithosphere accretion in both
subduction-related and subduction-unrelated setting. In this
period, in the North Makran Ocean the MOR was still active
and producing subduction-unrelated type oceanic lithosphere
as indicated by the age of the Bajgan Complex and the Band-
e-Zeyarat Ophiolites (Fig. 12). Meanwhile, subduction-relat-
ed oceanic lithosphere was forming above the forearc mantle
wedge associated with the intra-oceanic subduction of the
Neo-Tethys oceanic lithosphere (Fig. 12).

Late Cretaceous: Oceanic lithosphere accretion in volcanic
arc and plume-related seamount settings.

This period was characterized by a significant change
in the mode of oceanic lithosphere construction within the
North Makran Ocean. No evidence of MOR-type ophiolites
is recorded within the Late Cretaceous ophiolites of the North
Makran domain, as N-MORBs of Late Cretaceous age have
not so far been documented. On the contrary, the stratigraphy
and geochemistry of the magmatic rocks from the Durkan
and Ganj Complex testify to the onset of plume-related mag-
matism within the oceanic plate and arc-related magmatism
at its border, respectively (Fig. 13). The stratigraphy of the
Durkan Complex displays characteristics suggesting its for-
mation within a seamount chain onto the Late Jurassic-Early
Cretaceous MOR-type oceanic lithosphere (Fig. 13). The
stratigraphic relationship between shallow-marine carbonate
platform and volcanic rocks indicated that individual sea-
mount of the chain reached ~ 4-5 km of elevation above the

MOR-type oceanic crust.Accordingly, the P-MORB to alka-
line affinities of the basalts and meta-basalts are indicative of

North Makran
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Fig. 12 - 3D sketch illustrating the geodynamic reconstruction of the North Makran Domain during the Early Cretaceous. In the southern part, convergence led
to north-dipping subduction, resulting in the development of a southern accretionary prism. This prism was bounded to the north by a supra-subduction zone
overlain by a forearc domain. In the northern sector, an extensional tectonic regime promoted ridge formation and the generation of mid-ocean ridge (MOR)

crust progressively influenced by incipient mantle plume activity.



contribution from mantle plume activity during their forma-
tion, which is confirmed by petrogenetic modelling pointing
to partial melting of OIB-type asthenospheric mantle with-
in the garnet field during plume ascent (see Barbero et al.,
2021b and discussion therein). Thus, the Durkan Complex
is regarded as a subduction-unrelated P-type ophiolite (sensu
Dilek and Furnes, 2011).

A completely different scenario can be depicted for the
Ganj Complex. The stratigraphy, geochemistry of the mag-
matic rocks, and petrogenetic modelling indicate its formation
within a volcanic arc setting above a subduction zone (Fig.
13). Barbero et al. (2025) proposed that the Ganj arc was as-
sociated with a newly established subduction zone, where the
lithosphere of North Makran Ocean subducted beneath the Lut
Block. In fact, the structural position at the top of the North
Makran tectonic pile, relatively weak deformation, and shal-
low- to moderate-water depositional environments, as well
as distinct geochemical features exclude the correlation of
the Ganj Complex with the Early Cretaceous intra-oceanic
arc. Kinematic reconstructions based on south-directed shear
sense indicate that the Ganj arc originally formed north of the
North Makran Ocean, along the Lut margin (Fig. 13; Barbero
etal.,2025). According to arenite composition and provenance
study, GholamiZadeh et al. (2025a) reached a similar conclu-
sion, proposing the existence of two volcanic arcs associated
with two distinct subduction zones. According to this evidence,
the Ganj Complex represents a volcanic arc that was built onto
the Late Jurassic-Early Cretaceous MOR-type oceanic litho-
sphere or on the thinned continental margin of the Lut Block.
Unfortunately, the lack of exposure of the crustal basement of
this arc or subsurface data does not allow the precise assess-
ment of these two hypotheses. It is worth noting that while
the subduction of the North Makran Ocean contributed to the
formation of the Ganj arc, the intra-oceanic subduction of the
Neo-Tethys was still active during the Late Cretaceous. This
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intra-oceanic subduction kept producing oceanic lithosphere
in forearc domain, as testified by the IAT and calc-alkaline
rocks found in the Coloured Mélange (Saccani et al., 2018;
Barbero et al., 2025). In conclusion, the outstanding feature of
the Late Cretaceous evolution of the North Makran Ocean was
the construction of oceanic lithosphere within forearc and arc
settings associated with two distinct subduction zones contem-
poraneously to the formation of subduction-unrelated oceanic
lithosphere associated with a mantle plume.

Latest Cretaceous-Eocene: complete consumption
of a composite oceanic lithosphere

During this phase, the composite subduction-related and
-unrelated oceanic lithosphere of the North Makran Ocean
was progressively closed to accommodate the regional-scale
convergence kinematics between the Arabia and Eurasia
plates (Agard et al., 2011; Barrier et al., 2018). According
to Barbero et al. (2025), the consumption of this oceanic
lithosphere was due to its northward subduction below the
Lut Block. This subduction was associated with a subduc-
tion complex where fragments of the subducting lithosphere
were incorporated via underplating at its base (Fig. 14). This
process is testified by the deformation histories of the Band-
e-Zeyarat Ophiolites, the Durkan Complex, and the Bajgan
Complex, which record the latest Cretaceous - late Paleocene
accretion of the oceanic lithosphere at different structural
levels, from few kilometres (e.g., Band-e-Zeyarat and part of
the Durkan Complex; Barbero et al., 2021a, 2023c) to 20-
40 km (e.g., the Durkan and Bajgan Complexes, Pandolfi
et al., 2021; Barbero et al., 2023b). It is worth noting that
the oceanic lithosphere accreted by underplating processes
corresponds to those formed within subduction-unrelated
MOR- and P-Type settings in the earlier stages. This pro-
posed scenario is supported by the tectono-metamorphic evo-
lution of meta-ophiolites from the neighbouring collisional
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Fig. 13 - 3D Sketch illustrating the geodynamic reconstruction of the North Makran Domain during the latest Late Cretaceous to early Paleocene. The transi-
tion from extension to compression gave rise to a younger, north-dipping subduction zone in the North Makran Ocean. This produced a new accretionary
prism where slices of mid-ocean ridge (MOR) crust were accreted at depth and deformed under high-pressure, low-temperature (HP-LT) metamorphic condi-
tions. Shallow-marine carbonate platforms developed at the top of the prism. The Ganj volcanic arc developed northward as a result of this new subduction.
Mantle plume activity in the region generated seamounts (e.g., Durkan) in the lower plate adjacent to the trench.
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belts, which record HP-LT Late Cretaceous metamorphism
achieved within a subduction complex along the southern
margin of the Eurasia Plates (Agard et al., 2005; Angiboust et
al., 2016; Omrani et al., 2017; Brocker et al., 2021; Mufoz-
Montecinos et al., 2021).

A key aspect of the deformative evolution of the North
Makran domain is the evidence of intense shortening within
the Band-e-Zeyarat Ophiolites, and the Durkan and Bajgan
Complexes. In particular, the reverse shear zones character-
izing these ophiolites indicate strong tectonic imbrication
due to compressional tectonics. A similar structural archi-
tecture is observed in the subduction-related forearc oceanic
lithosphere of the Sorkhband Ophiolites, demonstrating that
the shortening ultimately propagates to the southern portion
of the North Makran Ocean, within the former Cretaceous
subduction-related forearc lithosphere (Fig. 14). The main
effect of this compressive tectonic is the overthrust of the
Sorkhband Ophiolites onto the Coloured Mélange, which, on
the contrary, was built via offscraping and underplating with-
in the Neo-Tethys subduction complex (Fig. 14; e.g., McCall
and Kidd, 1982; Burg, 2018; Saccani et al., 2018; Barbero
et al., 2025). Although deformation ages are not tightly con-
strained, the evidence that the youngest age of the blocks in
the Coloured Mélange is early Paleocene (McCall, 1983),
and upper Paleocene - Eocene deposits unconformably seal
the major shear zones suggest a Paleocene age for this com-
pressive phase (McCall, 1983; Barbero et al., 2023b, c). At
larger scale, the forearc oceanic lithosphere of the Sorkhband
Ophiolites marks the suture between the North Makran and
the Neo-Tethys subduction complexes, which took place for
the complete closure of the North Makran Ocean. Meanwhile,
the southern Neo-Tethys Ocean was still opened and its
subduction kept accommodating the convergence between
Arabia-India and Eurasia Plates since the present day (Platt et
al., 1985; Kopp et al., 2000; Regard et al., 2010; Burg, 2018).

CONCLUSION

The ophiolites of the North Makran domain (southeast of
Iran) occur within a stack of tectonic units, which record the

the northernmost units of the North Makran
domain. Along the suture zone between the two
prisms, remnants of the supra-subduction zone
(i.e., Sorkhband) were preserved. Evidence of
mantle plume activity is instead represented by
the Durkan Complex, which is embedded in
the HP meta-ophiolites. The Coloured Mélange
gradually formed at the front of the stack of
units from the North Makran domain.

progressive incorporation of fragments of Neo-Tethys oce-
anic lithosphere within an accretionary complex during the
convergence between the Arabian and Eurasian Plates. The
integration of stratigraphic, structural, petrological, and geo-
chemical data indicates the occurrence of both subduction-
unrelated and subduction-related types of ophiolites (sensu
Dilek and Furnes, 2011), documenting a long-lived and com-
plex geodynamic evolution characterized by the interplay of
different tectonic settings within the Makran sector of the
Neo-Tethys during the Jurassic-Cretaceous times. Within this
framework, the evolution of the North Makran oceanic litho-
sphere can be described as a multi-stage process. The oldest
ophiolites so far documented in the North Makran domain
record a Late Jurassic-Early Cretaceous formation of oce-
anic lithosphere mainly in a subduction-unrelated mid-ocean
ridge setting, producing MOR-type ophiolites. Petrological
constraints point to an increasing influence of plume-related
components on magma genesis within this mid-ocean ridge
during the Early Cretaceous. At the same time, the nucleation
of an intraoceanic subduction system led to the develop-
ment of forearc oceanic lithosphere and to the separation of
the North Makran Ocean (to the north) from the main Neo-
Tethys Ocean (to the south).

This early geodynamic configuration was followed in the
Late Cretaceous, by a significant change in the mode of oce-
anic lithosphere formation marked by the coeval development
of plume-related seamounts within the oceanic plate and vol-
canic arc magmatism along the northern margins of the North
Makran Ocean, associated with subduction beneath the Lut
Block. This stage documents the coexistence of subduction-
unrelated and subduction-related oceanic lithosphere within
the same basin, reflecting the interaction between mantle
plume activity and multiple subduction zones. Continued
convergence from the latest Cretaceous to the Eocene led to
the progressive northward subduction of the North Makran
Ocean beneath the Lut Block triggering accretion and defor-
mation of its composite oceanic lithosphere and finally result-
ing in the complete closure of this basin and suturing of the
North Makran and the Neo-Tethys subduction complexes.

Taken together, these results highlight the North Makran
domain as a key natural laboratory for understanding how



oceanic lithosphere is generated, modified, and incorpo-
rated within convergent margins. More broadly, this review
emphasizes that the evolution of the Neo-Tethys cannot be
described by simple end-member models but instead reflect
time-dependent and spatially variable interactions between
mid-ocean ridge, mantle plume components, and multiple
subduction zones. This study also points up that multidisci-
plinary studies integrating stratigraphic, structural, petrologi-
cal, and chronological data remain essential for constraining
processes governing the formation and consumption of an-
cient oceanic basins.
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