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Abstract

The Bajgan Complex in the North Makran Domain (Makran Accretionary Prism) comprises
disrupted meta-ophiolitic sequences originating from oceanic crust protoliths. They include
ultramafic and mafic cumulates, isotropic gabbros, plagiogranites, and basalts. Ultramafic-
mafic cumulates and plagiogranites exhibit compositions akin to rocks formed in mid-ocean
ridge settings. Isotropic gabbro and basalt protoliths can be subdivided in three distinct
geochemical types. Type-1 rocks is sub-alkaline (Nb/Y < 0.1) with low Th, Nb, and Ta
contents and Lan/Yby ratios <1, resembling those of normal-type (N-) mid-ocean ridge
basalts (MORB). Type-2 rocks display slight enrichment in Th, Ta, Nb (Nb/Y = 0.36 — 0.45),
and Lan/Ybn = 2.12 — 3.20, resembling the chemistry of enriched-type (E-) MORB. Type-3
basalts show an alkaline nature (Nb/Y=0.88-1.82), significant Th, Ta, Nb enrichment, and
high Lan/Yby ratios (7.01 — 20.08), resembling the chemistry of alkaline basalts (OIB).
Petrogenetic modeling indicates that N-MORB protoliths originated from a depleted MORB
mantle source, while E-MORB and OIB protoliths were generated from partial melting of
sub-oceanic depleted sources that underwent varying degrees of OIB-type enrichment. The
Bajgan meta-ophiolitic protoliths were formed within a Late Jurassic to Cretaceous oceanic

basin influenced by mantle plume activity and plume-ridge interaction.
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Cretaceous, Iran
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1. Introduction

Ophiolites form in various plate tectonic settings such as ocean-continent transition zones,
mid-ocean ridge spreading centres, island arcs, volcanic arcs, backarcs, and hotspots. Their
geochemical and petrological features reflect different geodynamic settings, preserving
records of tectono-magmatic events and magma generation processes during the tectonic
evolution of oceanic basins and associated continental margins (e.g., Pearce, 2008; Dilek and
Furnes, 2011; Saccani, 2015; Shervais, 2022: Barbero et al., 2023a). Mesozoic ophiolites are
widespread in the Alpine-Himalayan belts, originating from the opening, development, and
closure of the Neotethys Ocean and its minor branches (e.g., Dercourt et al., 1986; Sengor et
al., 1988; Robertson, 2007). Studies on ophiolites demonstrate the heterogeneous nature of the
Neotethys Ocean's oceanic lithosphere, recording magma generation processes across
different tectonic stages, from rifting to subduction initiation and volcanic arc development
(e.g., Bortolotti et al., 2004; Robertson, 2007; Dilek and Furnes, 2011; Saccani et al., 2015,
2017). Recognizing the tectono-magmatic setting of formation of the different ophiolites is
crucial for the interpretation of the geodynamic history of Alpine-Himalayan orogenic belts
(see Furnes et al., 2020).

The Makran Accretionary Prism (SE Iran and SW Pakistan) is central to the Alpine-
Himalayan belts, connecting the Zagros to the west and the Himalayas to the east (Fig. 1a). It
comprises several tectono-stratigraphic domains (Fig. 1a) incorporated into the accretionary
prism from the Cretaceous to the present (see Dolati and Burg, 2013; Monsef et al., 2019).
Ophiolitic and meta-ophiolitic series representing the Mesozoic Neotethys Ocean are
widespread in the North Makran domain (Fig. 1b). They are an excellent natural laboratory

for understanding the oceanic formation mechanisms and evolution of the Neotethyan
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lithosphere. Research on the North Makran Domain has intensified over the past two decades
(e.g., Ghazi et al., 2004; Burg et al., 2008, 2013; Dolati, 2010; Dolati and Burg, 2013;
Hunziker, 2014; Hunziker et al., 2015, 2017; Moslempour et al., 2015; Mohammadi et al.,
2016; Dorani et al., 2017; Burg, 2018; Saccani et al., 2018; Esmaeili et al., 2019, 2020;
Barbero et al., 2020a, 2020b, 2021a, 2021b, 2022, 2023b, 2023c; Barbero, 2021; Monsef et
al., 2019; Sepidbar et al., 2020; Pandolfi et al., 2021; Saccani et al., 2021, 2023). Despite
extensive research, disparities persist in the knowledge of the ophiolites and meta-ophiolites
of the North Makran Domain. In fact, the high-pressure-low-temperature (HP-LT) meta-
ophiolites of the Bajgan Complex (Figs. 1b, 2) have long considered as an early Paleozoic
metamorphic continental basement. Recent lithostratigraphic, structural, and geochronological
studies revealed this complex as an assemblage of Late Jurassic to Early Cretaceous ophiolitic
tectonicslices (Pandolfiet al., 2021; Barbero et al., 2023c). However, detailed information on
the geochemical, petrological, and tectono-magmatic setting of formation of the magmatic
protoliths still remains poorly known. This paper presents new whole-rock geochemical data
on the Bajgan meta-ophiolites to: 1) assess petrogenetic processes of formation of their
magmatic protoliths; 2) provide robust constraints on the geochemical nature of the oceanic
lithosphere in which they formed; 3) define their relationships with other North Makran
ophiolites/meta-ophiolites to assess their tectono-magmatic significance in the Makran

Neotethys.

2. Geological setting of the Makran Accretionary Prism

The Makran, an active accretionary prism stretching 450 km from southern Iran to south

Pakistan (Fig. 1a), results from the north-dipping subduction of the Jurassic-Cretaceous
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Neotethys oceanic lithosphere beneath Eurasia (McCall and Kidd, 1982; Dercourt et al., 1986;
Vigny et al., 2006; Saccani et al., 2018; Burg, 2018; Monsef et al., 2019; Barbero et al.,
2020a). In SE Iran, five tectono-stratigraphic domains separated by thrust faults can be
recognized: North Makran, Inner Makran, Outer Makran, Coastal Makran, and Offshore
Makran. The Inner, Outer, and Coastal Makran domains include accreted slices of Eocene to
Pleistocene terrigenous sedimentary successions (e.g., Dolati, 2010; Burg et al., 2013; Burg,
2018). The Makran's deformation front has gradually moved southward since Late
Cretaceous-Paleocene times, with the Offshore Makran representing the present-day active
deformation front (Kopp et al., 2000; Burg et al., 2013). The North Makran domain records
the pre-Eocene accretionary stages, consisting of a tectonic stack of units formed in different
domains (e.g., McCall and Kidd, 1982; McCall, 2002; Dorani et al., 2017; Hunziker et al.,
2017; Burg, 2018). These units include: 1) the Ganj Complex representing a Late Cretaceous
continental volcanic arc built up onto the southern continental margin of the Lut Block
(Barbero et al., 2020a); 2) a stack of ophiolitic and high pressure-low temperature (HP-LT)
meta-ophiolitic units formed in the Neotethys Ocean (Ghazi et al., 2004; Esmaeiliet al., 2019;
Barbero et al., 2020b, 2021a; Saccani et al., 2021, 2023; Pandolfi et al., 2021); 3) the
Sorkhband — Rudan mantle peridotites formed in an intra-oceanic island arc within the
Neotethys (Delavari et al., 2016; Moghadam et al., 2022); 4) the Coloured Mélange related to
Early Paleocene oceanic subduction (Saccani et al, 2018).

The ophiolitic units (also known as the Northern ophiolites; Fig. 1b) include the Band-e-
Zeyarat/Dar Anar (Ghazi et al., 2004; Barbero et al., 2020b), Remeshk-Mokhtarabad (McCall,
2002; Hunziker et al., 2015; Burg, 2018), and Fannuj-Maskutan (Moslempour et al., 2015;
Esmaeili et al., 2019; Saccani et al., 2023) ophiolites. They share the same Early - Late
Cretaceous age and lithostratigraphic features such as fragmented magmatic suites with

ultramafic and mafic cumulates, isotropic gabbros, plagiogranites, a sheeted dyke complex,
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pillow and massive lava flows, and Early Cretaceous pelagic sediment. These ophiolites are
mainly composed of enriched-type mid-ocean ridge basalts (E-MORB) with minor
occurrences of normal-type mid-ocean ridge basalts (N-MORB) (McCall, 2002; Ghazi et al.,
2004; Dolati, 2010; Hunziker et al., 2015; Moslempour et al., 2015; Burg, 2018; Barbero et
al., 2020b; Sepidbar et al., 2020). These ophioliticcomplexes were interpreted as remnants of
the North Makran Ocean, believed to have existed during the Late Jurassic - Early Cretaceous
at the southern margin of the Central Iran continental plate (Ghazi et al., 2004; Hunziker et
al., 2015; Burg, 2018; Sepidbar et al., 2020).

The Bajgan and Durkan complexes (Figs.1b, 2) were once considered remnants of a
microcontinental block, separated from the Lut Block in the Late Jurassic - Early Cretaceous
by the opening of the North Makran Ocean (e.g., McCall and Kidd, 1982; McCall, 2002;
Hunziker et al., 2015). Specifically, the Durkan Complex was seen as a platform sequence
overlying the Bajgan continental metamorphic basement (e.g., Burg, 2018). However, recent
multidisciplinary investigations revealed these complexes as distinct tectonic units formed in
different tectonic domains. The Durkan Complex comprises Early Cretaceous to Paleocene
meta-pelite, carbonate, and volcanic successions representing remnants of oceanic seamounts
(Barbero et al., 2021a, 2021b, 2022). Volcanic rocks exhibit enriched compositions ranging
from transitional plume-type MORBs (P-MORB) to alkaline basalts (Barbero et al., 2021b).
The Durkan volcano-sedimentary sequences often exhibit HP-LT metamorphic imprints
reaching blueschist facies conditions (Barbero et al., 2022). The Bajgan Complex, previously
described as a metamorphic basement, consists of meta-ophiolites representing fragmented
oceanic crust sequences with various rock types (Pandolfi et al., 2021; Barbero et al., 2023c).
Preliminary chemical analyses carried out on some meta-basalts suggested N-MORB, E-
MORB, and alkaline affinities (Barbero et al., 2023c). U-Pb dating on zircons indicates

magmatic protolith ages from 161 to 114 Ma (Pandolfi et al., 2021). The Bajgan meta-
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ophiolites underwent polyphase deformation, recording blueschist facies conditions during
subduction followed by retrograde metamorphic evolution to greenschist facies conditions
during exhumation within the accretionary wedge (Pandolfi et al., 2021). “°Ar-*°Ar dating on
white mica suggests the early stage of exhumation occurred from 101 to 90 Ma (Pandolfi et
al., 2021).

The Deyader Metamorphic Complex (Fig. 1b) consists of a low-grade meta-sedimentary
complex with HP-LT meta-ophiolites (Hunziker et al., 2015: Omrani et al., 2017). Meta-
ophiolites share the same structural position (Fig. 1b), as well as the same metamorphic and
lithostratigraphic features with the Bajgan Complex (Hunziker et al., 2017; Saccani et al.,
2021; Pandolfi et al., 2021). The magmatic protoliths consist of sub-alkaline basalts ranging

in composition from N-MORB to E-MORB, as well as transitional P-MORB.

3. Field data and sampling

Field photographs of the main lithotypes of the Bajgan Complex are shown in
Supplementary Figure S1. The Bajgan Complex primarily crops out north of Manujan, while
smaller outcrops are along the Bashakerd Thrust (Fig. 1b). The main outcrop is bordered by
the Sabzevaran fault to the east, the Kanhuj-Nurabad Fault to the northwest, and the Rudan
Thrust to the south (Fig. 2a). The Sabzevaran fault separates the Bajgan Complex from the
Northern Makran ophiolites, while the Rudan Thrust is a post-Middle Eocene shear zone
where the Bajgan Complex is thrust over the Sorkhband ophiolites and the Coloured Mélange
Complex. The foliation within the Bajgan Complex is generally parallel across different rock
types, trending NW-SE to N-S, with occasional ENE-WSW trends north of the Kanhuj-

Nurabad Fault (Figs. 2a, b). The small outcrops along the Bashakerd Thrust consist mainly of
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meta-volcanic and meta-sedimentary (mainly marbles) rocks (Fig. 2b). Conversely, in the
main outcrop sevreal metamorphic rocks are present. They include meta-serpentinites, meta-
gabbros, meta-volcanic rocks (volumetrically prevailing), micaschists, and marbles (Fig. 2a).
The meta-volcanic rocks manifest as thick lenticular bodies of banded or foliated meta-basalts
and amphibolites, featuring millimeter-thick layers rich in amphibole and plagioclase. They
are accompanied by various meta-sedimentary rocks (not distinguished in Fig. 2), such as
meta-volcaniclastic rocks, quartzites, micaschists, and calcschists, interpreted as the original
sedimentary pelagic cover of the volcanic series (Pandolfi et al., 2021).

Lens-shaped bodies of meta-serpentinites are primarily found in the northeastern area of
the Bajgan Complex, near the Sabzevaran Fault (Fig. 2a). These bodies, often containing
bands of chromitites, exhibit a massive fabric and are surrounded by highly foliated meta-
serpentinites. Typically, these meta-serpentinite bodies are enclosed within meta-gabbros
(Fig. 2a). A kilometric body of meta-gabbros is exposed to the north of the Kanhuj-Nurabad
Fault (Fig. 2a). Meta-gabbros display textures ranging from poorly deformed to foliated and
mylonitic. The poorly deformed variety exhibits layering characterized by differences in grain
size or mineralogical composition, while the foliated and mylonitic meta-gabbros exhibit fine-
grained, strongly foliated textures with occasional porphyroclasts of magmatic pyroxene
relics. Minor bodies of meta-leuco gabbros are present as lenses within the meta-gabbros,
whereas, meta-plagiogranitic dykes, stocks, and pods are scattered throughout meta-gabbros
and meta-volcanic rocks.

Sampling focused on metamorphic rocks derived from the main lithologies commonly
found in typical ophiolitic sequences. We, therefore, collected samples from metamorphosed
ultramafic rocks (serpentinites), anorthosites, cumulate gabbros, isotropic gabbros,
plagiogranites, and volcanic rocks. A total of thirty-eight samples were collected for

petrographic and whole-rock geochemical studies, with thirty-four samples obtained from the
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main outcrop and four samples from the small outcrop south of Manujan. Sampling locations

and the rocks sampled are shown in Figures 2a, b and Supplementary Table S2.

4 Petrography

Micro photos of the main rock types are shown in the Supplementary Figure S2.

4.1. Meta-ultramafic rocks (serpentinites)

The meta-ultramafic rocks of the Bajgan Complex range from non-pseudomorphic to
pseudomorphic, where remnants of the original magmatic textures are still visible. Most
samples show mylonitic to grano-mylonitic and granoblastic textures, characterized by fine-
grained aggregates of chlorite, serpentine, and opaque minerals. Some samples display relics
of the original cumulate texture, including rounded serpentinized grains and minor relics of
cumulus clinopyroxene or olivine. Interstitial clinopyroxene remnants are locally observed,
particularly in sample MK305. Sample MK323 appears as a talc schist with a nematoblastic
decussate texture, composed mainly of talc, tremolite, and occasional chlorite. Samples
MK317 and MK318 preserve the original mineral assemblage with olivine and minor red-

brown spinel.

4.2. Meta-anorthosites, meta-gabbros and meta-plagiogranitic dykes

Meta-anorthosite samples MK704 and MK702 exhibit altered plagioclase as the primary

mineral, along with epidote and minor quartz scattered throughout the rocks. They display
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remnants of the original magmatic cumulate texture characterized by rounded plagioclase
crystals as the cumulus mineral and a sparse (~10% in volume) intercumulus altered minerals
with scarce apatite and zircon accessory phases. Witnesses of the original magmatic layering
is marked by layers of different-sized plagioclase crystals.

Meta-gabbros primarily exhibit lepidoblastic and grano-lepidoblastic textures, featuring
layers of tremolitic-actinolitic amphibole and chlorite alternating with albite, quartz, and
minor epidote. Sample MK254 also displays an augen-type texture, with lenses of large
plagioclase crystals altered into a clay mineral assemblage. Locally preserved magmatic
cumulate texture in this sample is defined by relicts of plagioclase (cumulus) and
clinopyroxene (intercumulus) crystals. Clinopyroxene relics are observed in all meta-gabbros.
In grano-lepidoblastic varieties, the foliation is feeble, marked by the alignment of actinolite
crystals within a granoblastic very fine-grained aggregate of chlorite, quartz, and albite.

Meta-plagiogranite MK508, shows well-developed foliation defined by muscovite,
chlorite, and abundant epidote alternating with lenses of quartz, albite, and garnet. In meta-
plagiogranite MK701 a discontinuous foliation is defined by layers of green hornblende,
chloritoid alternating with layers and lenses of quartz and albite, with apatite as a common

accessory phase.

4.3. Meta-volcanic rocks

Most meta-volcanic rocks display lepidoblastic to grano-lepidoblastic textures with
foliation ranging from strong to feeble. Samples with alkaline affinity (see section 5.4) are
predominantly amphibolites exhibiting distinct foliation characterized by layers of green
hornblende or actinolite, chlorite, and felsic, fine-grained layers of quartz, albite, and minor

epidote. MORB-type samples (see section 5.4) with lepidoblastic and grano-lepidoblastic
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textures are primarily meta-basalts, showing comparatively less pronounced foliation. The
mineralogical assemblage includes albite, epidote, quartz, chlorite, actinolite-tremolite, with
occasional opaque minerals and calcite. A couple of samples (MK264, MK269) exhibit
porphyroblastic texture characterized by coarse-grained plagioclase porphyroblasts within a
very fine-grained granoblastic matrix composed of tremolite-actinolite, epidote, chlorite,
minor white mica, titanite, and opaque minerals. Sample MK513 displays a nematoblastic
decussate texture mainly defined by actinolite and chlorite crystals, along with albite, epidote,

minor quartz, abundant opaque minerals, and leucoxene.

5. Whole rock geochemistry

Whole rock and trace element composition of a total of thirty-eight samples from various
meta-ophiolitic rocks from the Bajgan Complex are presented in this paper. Analytical
methods, accuracy, and detection limits are presented in Supplementary Text S1. X-ray
fluorescence analyses (XRF) of twenty samples have been presented in Pandolfi et al. (2021),
whereas XRF analyses of eighteen samples have been performed in this work. Trace elements
compositions determined by inductively coupled plasma-mass spectrometry (ICP-MS) on
thirty-eight samples are presented in this paper. Analytical results are shown in
Supplementary Table S2.

The petrographic analysis revealed extensive metamorphic imprint and secondary
alteration in the studied rocks, likely leading to the remobilization of large ion lithophile
elements (LILE) and many major elements (Winchester and Floyd, 1977). However, many
incompatible elements (e.g., Ti, P, Zr, Y, Sc, Nb, Ta, Hf, Th), rare earth elements (REE), and

some transition metals (e.g., Ni, Co, Cr, V) are typically immobile during low-temperature
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alteration and metamorphism. Thus, the geochemical characteristics and petrogenetic
interpretations of the meta-magmatic rocks from the Bajgan Complex essentially rely on
immobile elements. Petrographic analyses showed that both the magmatic texture and mineral
assemblages were largely obliterated by metamorphic re-crystallization. Consequently,
petrography is of little help for recognizing the original magmatic rock types. Therefore, we
will use the immobile element chemical composition of these rocks to understand the nature

of the magmatic protoliths of the Bajgan meta-ophiolites.

5.1. Ultramafic protoliths

Meta-serpentinites consist of ultramafic rocks with generally low TiO, and Al.O3
contents, while MgO contents, though varying among rock types, are typically high. Based on
TiO,, Al,O3, MgO, and CaO contents and their co-variations, ultramafic protoliths can be
subdivided into two groups. One group exhibits comparatively lower TiO2 (0.01 - 0.10 wt%)
and CaO (0.10 - 5.71 wt%) contents with high MgO (30.31 - 41.00 wt%) and variable Al,0s
(1.29 - 6.29 wt%), resembling compositions of peridotites (lherzolites, harzburgites, dunites)
bearing variable amounts of plagioclase. In contrast, samples MK274 and MK323 show
relatively higher TiO, (0.14 - 0.46 wt%) and CaO (11.22 - 12.18 wt%) contents with
relatively low MgO (20.82 - 26.92 wt%), similar to cumulate rocks characterized by
significant pyroxene content alongside variable olivine and plagioclase contents (i.e.,
plagioclase-wehrlites and plagioclase-websterites. Incompatible trace element contents are
generally very low in all rock types except sample MK274 (e.g., Zr =0.17 - 9.31 ppm, Y =
0.47 — 5.52 ppm, Nb = 0.060-0.498 ppm, and Th = 0.008-0.054 ppm), as illustrated in the N-
MORB normalized incompatible element patterns in Figure 3a. V contents are also low (< 84

ppm), with the exception of sample MK274 (V = 265 ppm). Conversely, compatible elements
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like Cr (651-3488 ppm), Co (40-95 ppm), and Ni (1070-2537 ppm) exhibit high to very high
abundance in all studied rocks. Notably, there's no significant difference in compatible
element contents observed between the peridotitic and pyroxene-rich protoliths, albeit the
latter generally exhibit comparatively lower values.

In the chondrite-normalized (Sun and McDonough, 1989) REE diagram (Fig. 3b),
peridotites exhibit depleted patterns in both light REE (LREE) and heavy REE (HREE), with
overall abundances lower than 1 time chondrite abundance. Some samples display LREE
depleted patterns compared to HREE, while others show slightly enriched LREE relative to
medium REE (MREE) and HREE (Fig. 3b). Most samples show Eu negative anomalies,
indicating early crystallization and removal of plagioclase. However, samples MK273,
MK305, and MK323 show positive Eu anomalies (Fig. 3b), suggesting the occurrence of
some amounts of plagioclase in the protoliths. The overall geochemical composition and the
very depleted REE patterns of the meta-peridotites are consistent with compositions of
magmatic protoliths largely dominated by olivine with subordinate pyroxene and plagioclase.
In contrast, the relatively high contents of Y (13.8 ppm), TiO2 (0.46 wt%), V (265 ppm), Zr
(27 ppm), and REE in sample MK274 (Figs. 3a, b) indicate a protolith characterized by the
prevalence of clinopyroxene and olivine, classifying this rock as a plagioclase-wehrlite.
Compared to sample MK274, sample MK323 exhibits slightly lower Y (5.52 ppm), TiO,
(0.14 wt%), V (63 ppm), Zr (9.31 ppm), and REE contents (Figs. 3a, b) but higher silica
contents (53.60 wt%), consistent with a protolith mineral assemblage predominant in
clinopyroxene and orthopyroxene with minor olivine and plagioclase (i.e., plagioclase-
websterite). The chemical compositions of the ultramafic rocks are generally compatible with
those of ultramafic cumulate rocks. Relic cumulate textures support this conclusion only for
peridotites MK318 and MK305 and plagioclase-wehrlite MK317. Nonetheless, some lines of

evidence suggest a cumulate nature for all ultramafic samples. The MgO/SiO; - Al,03/SiO;
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composition of these rocks plots outside the field for mantle peridotites defined by Jagoutz et
al. (1979) (not shown). Moreover, positive and negative Eu anomalies (Fig. 3b) suggest either
plagioclase accumulation or removal from a magmatic melt. The magmatic affinity of
ultramafic cumulate rocks cannot reliably be defined because the composition of these rocks
largely depends on cumulus processes rather than melt composition. Based on the chemical
data, it can be postulated that these rocks were characterized by early crystallization of

plagioclase, typically observed in MORB-type magmatic series (Beccaluva et al., 1983).

5.2. Gabbroic protoliths

Meta-anorthosites MK702 and MK704 exhibit high SiO- (52.09 — 60.16 wt%), Al,0s
(17.31 — 23.21 Wt%), and CaO (8.12 — 8-37 wt%) but low TiO, (0.12 — 0.57 wt%), FeO; (1.28
— 3.75 wt%), MgO (1.90 — 2.89 wt%), Ni (1 — 2 ppm), and Cr (3 ppm) contents. Incompatible
trace elements are generally low (Fig. 3c). These samples present differing chondrite-
normalized REE patterns (Fig. 3d). Sample MK704 displays LREE/MREE and LREE/HREE
enrichments (e.g., Lan/Smy = 1.93; Lan/Ybn = 4.67) with a marked Eu positive anomaly (Fig.
3d). Conversely, sample MK702 shows LREE depletion with Lan/Smy = 0.53 and Lan/Ybn =
0.51. Their overall compositions and high alumina contents alongside positive Eu anomalies
(Fig. 3d) resemble those of anorthosites. Moreover, very low FeOt, MgO, Ni, Cr, Sc, and Y
contents imply scarce olivine, pyroxene, and spinel abundance. The low LREE/HREE ratios
and Th (0.006 — 0.034 ppm), Ta (0.014 — 0.058 ppm), and Nb (0.371 - 0.649 ppm) contents
suggest formation from a depleted N-MORB type parental liquid. In fact, the (Th/Tb)/(Th/Ta)
ratios (0.22 - 0.24) are much lower than those of anorthosites from enriched-type magmas

(1.8 — 3.5; Shellnut et al., 2020).
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Meta-gabbros MK254, MK700A, and MK708 exhibit low TiO (0.13 — 0.35 wt%), FeO
(3.51 - 5.99 wt%), and P,0Os (0.01 — 0.02 wt%) contents, alongside high MgO (11.52 —14.35
wt%) and CaO (10.30 — 13.63 wt%) contents with Mg# values of 82-87. Compatible element
values are generally high. Incompatible trace element contents are very low, with N-MORB
normalized patterns ranging from 0.1 to 0.3 times N-MORB abundance (Sun and
McDonough, 1989) (Fig. 3c). Chondrite-normalized REE patterns also exhibit low values,
approximately 1 to 4 times chondrite abundance (Sun and McDonough, 1989) (Fig. 3d). The
overall chemical composition aligns with that of ophiolitic cumulate gabbros (e.g., Saccani et
al., 2000). However, due to their cumulate nature, their origin from either depleted or enriched
MORB melts cannot be conclusively determined.

Meta-gabbros MK256, MK272, and MK705A exhibit quite different chemistry compared
to the meta-cumulate gabbros discussed earlier. They feature relatively higher TiO, (0.71 —
1.27 wt%), FeO; (7.60 — 9.96 wt%), and P,0s (0.05 — 0.13 wt%) contents, coupled with lower
MgO (10.55 — 11.29 wt%) and CaO (7.58 — 9.49 wt%) contents, and Mg# values of 69-74.
They show sub-alkaline affinity with low Nb/Y ratios (isotropic gabbros in Fig. 4), these
rocks have variable but generally high absolute contents of compatible elements, which,
however, are lower compared to those of meta-cumulate gabbros, whereas Sc, Ga, V,
incompatible elements, and REEs are comparatively higher with N-MORB normalized
patterns clustering close to 1 time N-MORB composition (Sun and McDonough, 1989) (Fig.
3c). Chondrite-normalized MREE - HREE patterns are approximately 10 times chondrite
abundance (Sun and McDonough, 1989) (Fig. 3d). Overall, the chemical composition aligns
with that of MORB-type high-level isotropic gabbros from Alpine-type ophiolitic complexes
(e.g., Saccani et al., 2000). Based on incompatible element and REE contents, two distinct
types of isotropic gabbro protoliths can be recognized. Samples MK256 and MK705A exhibit

flat N-MORB normalized patterns (Fig. 3c) with Th, U, Ta, Nb, P, and Hf compositions close
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to 1 time N-MORB composition (Sun and McDonough, 1989). These samples display
LREE/HREE (Lan/Yby = 0.57 - 0.73) and LREE/MREE (Lan/Smy = 0.61 - 0.77) depletion
alongside flat MREE-HREE patterns (Fig. 3d). REE ratios in Figures 5a, b plot close to
typical N-MORB composition (Sun and McDonough, 1989). These chemical features indicate
that the magmatic protoliths of these samples were isotropic gabbros crystallized from a N-
MORB-type melt, as also suggested by the discrimination diagram in Figure 6.

In contrast, sample MK272 presents N-MORB normalized patterns gradually decreasing
from Th to Yb (Fig. 3c) with Th, U, Ta, and Nb enrichment relative to Ybh. REE patterns
indicate LREE/MREE, MREE/HREE, and LREE/HREE enrichments (Fig. 3d) with (La/Sm)n
=1.39, (Sm/Yb)n = 1.53, and (La/Yb)n = 2.12 (Figs. 5a, b). Nb/Y ratios are also relatively
higher compared to those of N-MORB isotropic gabbro protoliths (Fig. 4). The incompatible
element and REE composition of sample MK272 suggest a genesis from an E-MORB type

melt, a conclusion further supported by the discrimination diagram in Figure 6.

5.3. Plagiogranitic protoliths

Meta-plagiogranites are characterized by high SiO, content (71.19 - 72.58 wt%) and very
low contents of TiOz, P20s, MgO, Cr, Co, Ni, and Mg# values (41 — 31), as well as low Nb/Y
ratios (0.19 — 0.30), which denote sub-alkaline affinity (Fig. 4). The two plagiogranite
samples studied in this paper display parallel N-MORB normalized incompatible element
patterns and chondrite-normalized REE patterns with slightly different contents of these
elements (Figs. 3e, f). They exhibit almost flat N-MORB normalized patterns from Nd to Yb
with negative anomalies of Ti and P and slight Th, U, Ta, and Nb enrichment relative to Yb
(Fig. 3e). These samples show REE patterns regularly decreasing from La to Lu (Fig. 3f) with

(La/Sm)n = 2.08 — 3.31, (Sm/Yb)n = 1.39 - 1.53, and (La/Yb)n = 2.90 — 3.54. Marked Eu
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negative anomalies point out for early crystallization and removal of plagioclase. Assessing
the magmatic affinity of highly differentiated magmatic rocks is difficult because very high
degrees of fractional crystallization and mantle source enrichment by plume-type components
usually result in very similar chemical features (see trends in Fig. 6). In the discrimination
diagram in Figure 6, these samples align along the fractional crystallization trend of MORB
primary melts. Sample MK508 exhibits Thy and Nby values lower than those of the primary
E-MORB (Sun and McDonough, 1989). Therefore, given the high degree of fractionation of
this rock, it is reasonable to assume that this sample represents a plagiogranite protolith
crystallized from a N-MORB-type primary melt. Conversely, the magmatic affinity of sample
MK701 cannot be straightforwardly determined. The very high Thy and Nby values (Fig. 6)
could be compatible with either a very high degree (~80%) of fractional crystallization
starting from an N-MORB type parental melt, or a high degree (~60%) of fractional
crystallization starting from an enriched parental melt (E-MORB). Nonetheless, sample
MKT701 exhibits REE patterns parallel to those of sample MK508 (Fig. 3f), as well as similar
LREE/MREE, MREE/HREE, and LREE/HREE ratios. It can therefore be postulated that both
samples derived from magmatic fractionation from similar N-MORB parental melts, and that
the higher Th, Nb, and REE contents of sample MK701 may reflect a higher degree of

fractionation compared to sample MK508.

5.4. Volcanic protoliths

The meta-volcanic rocks studied in this paper show basaltic compositions with SiO-
ranging from 42.62 to 51.77 wt% and MgO ranging from 7.30 to 11.75 wt%. Mg# values
show a wide range of variation (70-53) though most samples have relatively high Mg# values

suggesting that most of the studied basaltic protoliths represent melts at small degree of
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fractionation, which can approximately be estimated to be in the range 10 — 30%. These rocks
show variable and generally low contents of transition metals, which are broadly negatively

correlated with the degree of fractionation of the different rocks and positively correlated with
MgO contents. Based on incompatible elements and REE contents, the magmatic protoliths of

the meta-volcanic rocks can be subdivided in three distinct chemical groups.

5.4.1 Type-1 basaltic protoliths

This group comprises basalts and one ferrobasalt (sample MK513). The ferrobasalt is
distinguished by very high TiO; (3.85 wt%), FeO: (17.34 wt%), and V (453 ppm), with a low
Mg# value (54). Type-1 basalts exhibit relatively high TiO2 (1.10 - 1.80 wt%) and Y (23.9 —
41.2 ppm) contents, alongside relatively low P,0s (0.07-0.16 wt%), Zr (61.6-116 ppm), and
Nb (1.85 — 3.66 ppm) values. They show sub-alkaline affinity with very low Nb/Yb ratios
(Fig. 4). Type-1 rocks display flat N-MORB normalized incompatible elements patterns (Fig.
7a) with high field strength elements (HFSE) contents ranging from ~0.9 to ~1.6 times N-
MORB abundance (Sun and McDonough, 1989). The chondrite-normalized REE diagram
shows almost parallel patterns characterized by depletion of LREE with respect to MREE and
HREE with (La/Sm)n = 0.53 — 0.79 and (La/Yb)n =0.51 — 0.81 (Figs. 5a, 7b). In contrast,
(Sm/YDb)y ratios are very close to 1 (0.96 — 1.10; Figs. 7b, 5b). These features strongly suggest
an N-MORB affinity for Type-1 basaltic protoliths, as evidenced by the discrimination
diagramin Figure 6, where these rocks plot within the field for subduction-unrelated settings,

aligning with the compositional field for typical N-MORB (Saccani, 2015).

5.4.2. Type-2 basaltic protoliths
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The protoliths of Type-2 meta-volcanic rocks exhibit basaltic compositions and a sub-
alkaline affinity, albeit with Nb/Y ratios higher than those of Type-1 basalts (Nb/Y =0.35 to
0.45; Fig. 4). Compared to Type-1 rocks, these basalts show higher contents of P,Os (0.15 -
0.31 wt%), Nb (8.99 - 11.4 ppm), Ta (0.67 - 0.76 ppm), and Th (1.04 — 1.17 ppm), as well as
LREE. In the N-MORB normalized (Sun and McDonough, 1989) incompatible elements
spider diagram, Type-2 basalts display regularly decreasing patterns from Th (Thy =9 - 10) to
Yb (Ybn =0.69 - 0.84) (Fig. 7c¢). Chondrite-normalized REE patterns exhibit slight LREE
enrichment with respect to MREE and HREE (Fig. 7d), as indicated by the (La/Sm)y and
(La/Yb)n ratiosin the range 1.49 - 1.70 and 2.44 - 3.20, respectively (Figs. 5a, 7d). MREE are
enriched compared to HREE, as shown by Smn/Yby = 1.44 — 2.15 (Figs. 5b, 7d). Both N-
MORB normalized incompatible elements patterns and chondrite-normalized REE patterns
closely resemble those of the typical E-MORB of Sun and McDonough (1989). In summary,
the overall geochemical features of Type-2 meta-basalts suggest an E-MORB geochemical

affinity of the magmatic protoliths, as also confirmed by the diagram in Figure 6.

5.4.3. Type-3 basaltic protoliths

This group comprises five amphibolites derived from basaltic protoliths, exhibiting
alkaline affinity, as indicated by the high (i.e., 0.88 — 1.82) Nb/Y ratios (Fig. 4). Type-3
basalts have relatively homogeneous compositions. Compared to Type-1 and Type-2 basalts,
they exhibit slightly higher FeO; (11.73 — 14.70 wt%), TiO, (1.84 - 2.85 wt%), and P,0s (0.16
- 0.56 wt%) contents. These rocks also display high contents of Zr (148-324 ppm), Nb (21.3 -
65.2 ppm), Ta (1.69 — 5.4 ppm), and Th (2.45 — 9.80 ppm) compared to other protolith types.
Cr, Co, and Ni show wider variation ranges compared to Type-1 and Type-2 protoliths. The

incompatible elements spider diagrams indicate marked enrichment in LILE compared to
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HFSE and regularly decreasing patterns from Ba to Yb (Fig. 8e), resembling those of intra-
oceanic alkaline basalts (OIB) (Sun and McDonough, 1989). The chondrite-normalized REE
patterns feature regular decrease from La to Yb and significant enrichment of LREE
compared to MREE and HREE (Fig. 7f). Specifically, (La/Sm)n, (Sm/YDb)n, and (La/Yb)n
ratios fall within the ranges 2.26 - 3.33, 3.05 — 6.63, and 7.01 - 20.08, respectively (Figs. 5a,
b; 7). REE patterns closely resemble those of typical OIBs of Sun and McDonough (1989).
Accordingly, in the tectonic discrimination diagram in Figure 6, Type-3 rocks plot within the

field for OIBs (Saccani, 2015).

6. Discussion

6.1. Petrogenesis of the mafic protoliths

We use the geochemical characteristics of the Bajgan meta-ophiolites to identify potential
mantle sources and melting conditions for their magmatic protoliths. This approach provides
valuable insights into the tectono-magmatic environment in which these rocks formed during
the Late Jurassic - Cretaceous times. We will focus specifically on isotropic gabbro and basalt
protoliths, as their compositions likely reflect magmatic liquid compositions and are therefore
suitable for petrogenetic analyses (Pearce, 2008; Saccani, 2015). For simplicity, we will

henceforth use magmatic terminology in our discussion.

6.1.1. Constraints for the petrogenetic modelling
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Many incompatible element ratios, such as Zr/Nb, Zr/Y, Ce/Y, Th/Ta, and Th/Tb, remain
relatively unaffected by the process of fractional crystallization involving mainly olivine,
clinopyroxene, and plagioclase. Consequently, these ratios are considered to reflect the
elemental composition of the source material even in the presence of significant magmatic
fractionation (Allegre and Minster, 1978). The three types of mafic rocks in the Bajgan meta-
ophiolites display different ratios of incompatible elements (e.g., Zr/Nb, Ce/Y) and REE, as
well as differing ratios of hygromagmatophile elements (e.g., (Th/Tb)/(Th/Ta)), suggesting
that they originated from chemically distinct mantle sources. Nonetheless, different REE
ratios and patterns may also be due to differences in partial melting conditions (e.g., depth and
degree of melting) of similar mantle sources. A first order idea on the degree of mantle source
enrichment for the Bajgan mafic rock types can be inferred from Zr-Nb and (Th/Tb)-(Th/Ta)
co-variations (Figs. 8a, b). Type-1 isotropic gabbros and basalts exhibit high Zr/Nb (25.1 -
47.9) and low [(Th/Tb)/(Th/Ta)] (0.18 - 0.26) ratios, indicating derivation from a depleted
mantle source. Conversely, Type-3 basalts display low Zr/Nb (5.0 - 7.8) and high
[(Th/Tb)/(Th/Ta)] (2.74 - 4.60) ratios, suggesting an enriched mantle source (see Saccani et
al., 2015, and references therein). Type-2 mafic rocks exhibit intermediate Zr/Nb (8.1 - 12.1)
and [(Th/Tb)/(Th/Ta)] (0.77-1.29) ratios, implying genesis from primary magmas sourced
from a slightly enriched sub-oceanic transitional mantle. Co-variation between Nb and Th
(Fig. 6) and very low Th/Ta ratios (< 2, Fig. 8b) in all rock types indicate origin from sub-
oceanic mantle sources without influence from subduction-related or continental crustal
components. Furthermore, low Th/NDb ratios (0.05 — 0.16) suggest absence of continental crust
contamination and potential plume-lithosphere interaction (Jourdan et al., 2007; Shinjo et al.,
2011).

Type-3 alkaline basalts exhibit high LREE/HREE ratios (Lan/Ybn = 7.01-20.08),

indicating a mantle source significantly enriched in LREES compared to depleted N-MORB
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mantle (DMM, Workman and Hart, 2005). High LREE/HREE ratios may also suggest
involvement of residual garnet in the mantle source. This hypothesisis supported by (Th/Yb)n
ratios >1.8, which are typical of melts generated from garnet-facies mantle (Grégoire et al.,
2003; Jourdan et al., 2007), as well as by lower absolute Yb contents (Ybn =8 - 10) in Type-3
rocks compared to Type-1 and Type-2 basalts (Ybn = 14 - 18) with comparable Mg#.

The Zr/Nb — Zr/'Y co-variation of the Bajgan mafic rocks and a comparison with the well-
known North Atlantic modern basalts (Thirlwall et al., 1984; Hanan et al., 2000) are shown in
Figure 10a, which displays that the studied rocks plot along the mixing curve between N-
MORB and OIB compositions. Such mixing relationships are consistent with source region
mixing and suggest plume-ridge interaction and a progressive increase of the enrichment from
OIB-type (plume-type) chemical components from Type-1 to Type-2 and Type 3 basalts. This
conclusion is further supported by the Nb/Yb-TiO./Yb co-variation (Fig. 9b. In fact, the
variance of Ti/Yb values is almost entirely depending on garnet residues during melting,
whereas the Nb/Yb variation mainly depends on source depletion or enrichment (Pearce,
2008). Type-3 rocks have higher TiO2/Yb and Nb/Yb ratios than MORB reflecting deeper
melting with involvement of a garnet-bearing mantle source and a “plume-type” enrichement
of the mantle source, respectively (Pearce, 2008). Type-1 and Type-2 mafic rocks fall within
the MORB array suggesting thus shallow melting in the spinel-facies mantle. Type-2 rocks
have Nb/Yb ratios higher than Type-1 rocks and therefore we suggest that these rocks were
generated from partial melting of an E-MORB type mantle source. Interestingly, the TiO2/Yb
and Nb/Yb ratios of Type-2 basalts plot along the trend for plume-ridge interaction (Pearce,
2008) (Fig. 9h).

Based on evidence from Figure 9, we performed non-modal batch partial melting
modeling to infer the potential mantle source compositions and melting conditions

responsible for generating the relatively primitive melts for each geochemical rock type. The
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Bajgan meta-ophiolites consist of distinct tectonic slices that most likely have no direct co-
magmatic relationships. These slices represent different portions of oceanic crust likely
formed at different locations and times, which were subsequently underplated at the base of
the accretionary wedge (Pandolfi et al., 2021). It follows that an accurate definition of mantle
source compositions, along with the extents and depths of partial melting that produced the
distinct rock-types cannot be made. Therefore, our petrogenetic modeling is semi-quantitative
and is primarily focused on identifying mantle source compositions and melting conditions
that can generally replicate the compositions of primitive melts for different rock types. We
performed different models based on incompatible trace elements and REE (Figs. 10, 11). The
Nb/Yb vs. Th diagram (Fig. 10) is used for distinguishing between melting in spinel and
garnet stability fields, as well as assessing source enrichment and plume-type component
contributions. Increasing Nb/Yb ratios indicate increasing residual garnet in the source, while
Th content correlates with the degree of mantle source enrichment. However, Th, Nb, and
LREE are influenced by fractional crystallization in shallow-level magma chambers. Hence,
our modeling focuses only on the most primitive rocks for each magmatic type, with
estimated fractional crystallization degrees of less than 10% (see Fig. 10).

The chemistry of the mafic protoliths of the Bajgan meta-ophiolites points out for a
genesis from partial melting of sub-oceanic mantle sources that have experienced variable
enrichment from OIB-type chemical components. The same conclusion was suggested for
basalts from many North Makran ophiolites and meta-ophiolites, such as the Northern
Ophiolites (Esmaeili et al., 2019; Barbero et al., 2020b, 2023b; Saccani et al., 2023), the
Durkan Complex (Barbero et al., 2021b), and the Deyader Complex (Saccani et al., 2021).
Consistently, in our modeling, we used the same mantle source compositions used in
petrogenetic modeling for the Durkan and Deyader Complexes (Barbero et al., 2021b;

Saccani et al., 2021). We considered the depleted MORB mantle (DMM) of Workman and
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Hart (2005) as the possible mantle source for Type-1 (N-MORB) mafic rocks, whereas for the
enriched Type-2 (E-MORB) and highly enriched Type-3 (alkaline basalts), we assumed
theoretical mantle sources derived from a sub-oceanic slightly depleted Iherzolite (Iherzolite
ZB2 from the Northern Apennines, Barbero et al., 2020c) variably enriched by an OIB-type
chemical component. Modal compositions, chemical compositions, and melting proportions
of the assumed mantle sources, as well as the distribution coefficients for REE and trace

elements used in models are detailed in Supplementary Table S3.

6.1.2. Type-1 mafic protoliths

The isotropic gabbro MK256 is considered as the possible relatively primitive melts of
Type-1 rocks. Modeling based on Nb/Yb vs. Th suggests that the compositions of these Type-
1 primitive melts can be attributed to approximately 12-18% partial melting of the depleted
MORB mantle (DMM) in the spinel-facies (Fig. 10). Similar results are obtained in the
Nb/Yb vs. TiO2/Yb diagram using isobaric melting curves from Pearce (2008), starting from
the DMM composition (Fig. 9b). REE modeling further corroborates these findings,
indicating that the REE composition of isotropic gabbro MK256 can be explained by 15%
partial melting of the DMM source in the spinel-facies (Fig. 11a). In summary, all models
consistently indicate that Type-1 mafic protoliths with N-MORB chemistry are consistent

with melt generation from a depleted MORB-type mantle at shallow depths (Figs. 9, 10, 11a).

6.1.3. Type-2 mafic protoliths

The isotropic gabbro MK272 is representative of the possible relatively primitive melts of

Type-2 rocks. Compared to Type-1, Type-2 mafic protoliths exhibit slightly enriched
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compositions in Th, Ta, Nb, and LREE (Fig. 5). These E-MORB compositions can result
from either partial melting of a mantle source more enriched than the depleted MORB mantle
(DMM), or very low degrees (less than 3-5%) of partial melting of a DMM source. However,
very low degrees of partial melting of a DMM source would result in Nb/Yb ratios and Th
contents significantly lower than those observed in sample MK272 (Fig. 10). Moreover, the
MREE and HREE contents of Type-2 rocks are lower than expected from <5% partial melting
of a DMM source (Figs. 11a, b). In fact, modeling shows that the Nb/Yb vs. Th covariation of
isotropic gabbro MK272 can be explained by approximately 12% partial melting of the
theoretical slightly enriched source S1 in the spinel-facies (Fig. 10). Accordingly, the Nb/Yb
and TiO/Yb compositions of this rock are consistent with about 15% partial melting of
source S1 at pressures typical for the spinel-facies mantle (Fig. 9b). Likewise, the REE
composition of isotropic gabbro MK272 is compatible with that of a primary melt originating
from 12.5% partial melting of source S1 in the spinel-facies (Fig. 11b). In summary, all
models independently indicate that Type-2 mafic protoliths with E-MORB chemistry are
consistent with melt generation from moderate degrees of partial melting in the spinel
stability field of a depleted sub-oceanic MORB-type mantle, further enriched in Th, Nb, and

LREE by plume-type chemical components (Figs. 9, 10, 11b).

6.1.4. Type-3 mafic protoliths

Basalts MK313 and MK263 are assumed as representative of the relatively primitive
melts of Type-3 rocks. Type-3 basalts are enriched in Th, Ta, Nb, and LREE with HREE
contents slightly lower than those of Type-1 and Type-2 rocks at comparable Mg# (Fig. 5).
The incompatible element and REE composition of Type-3 basalts indicate a genesis from a

significantly enriched mantle source, with high TiO2/Yb ratios suggesting partial melting in
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the garnet-facies mantle (Fig. 11b). In the Nb/Yb vs. TiO,/Yb diagram, Type-3 primitive
basalts align along the melting curve for partial melting of the enriched theoretical source S2
at about 3.5 GPa. Petrogenetic modeling (Fig. 10) reveals that primitive alkaline basalts of
Type-3 rocks are consistent with low-degree partial melting of theoretical source S2, starting
at 1-2% partial melting in the garnet-facies mantle and continuing to slightly greater extents
(3 — 6%) in the spinel-facies (polybaric melting). Accordingly, the REE composition of basalt
MK313 can be explained by partial melting of mantle source S2, beginning at low degrees
(1%) in the garnet-facies and continuing to larger extents (6%) in the spinel-facies with
mixing proportion between melts generated at spinel- and garnet-facies of 15:85, respectively.
However, primitive basalts MK313 and MK263 exhibit crosscutting REE patterns, with
sample MK263 showing higher LREE content and lower HREE content (Fig. 7f). As a result,
the REE composition of basalt MK263 cannot be explained by partial melting of source S2 in
the proportions calculated for basalt MK313. Despite this difference, many trace element
contents and ratios (Figs. 5, 8, 9) suggest a compositionally similar mantle source. Therefore,
we propose that the REE pattern of basalt MK263 is likely due to a slightly higher
contribution of melt formed in the garnet-facies mantle compared to basalt MK313. Modeling
in Figure 11d demonstrates that the REE composition of primitive basalt MK263 can be
accounted for by mixing with a proportion of 25:75 of liquids generated from 2% and 3%
partial melting of mantle source S2 in the garnet and spinel stability fields, respectively. In
summary, petrogenetic modeling suggests that Type-3 mafic protoliths with OIB chemistry
originate from low degrees of polybaric partial melting in the garnet and spinel stability fields
of a depleted sub-oceanic MORB-type mantle significantly enriched in Th, Nb, and LREE by
plume-type chemical components. The different incompatible element and REE contents of
distinct primitive basalts can be attributed to differing melting conditions of the same (or very

similar) enriched mantle source.
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6.2. A summary of geochemistry and petrogenesis of the North Makran ophiolites and

meta-ophiolites

The mafic protoliths of the Bajgan meta-ophiolites encompass MORB-type rocks
spanning from normal- to enriched-types, as well as alkaline OIBs (Fig. 12a). Similar
compositional variations have been observed in other ophiolites and meta-ophiolites of the
North Makran (Ghazi et al., 2004; Hunziker, 2014; Moslempour et al., 2015; Saccani et al.,
2018; Sepidbar et al., 2020; Esmaeiliet al., 2019; Barbero et al., 2020a, 2020b, 2021a, 2021b,
2022, 2023b, 2023c; Barbero, 2021; Pandolfi et al., 2021). Regardless of the metamorphic
imprint associated with the subduction phase, comparing mafic protoliths of the Bajgan meta-
ophiolites with mafic volcanic/metavolcanic rocks of other North Makran ophiolites can yield
robust constraints on the nature of the Makran Neotethys during the Mesozoic.

The Northern Makran ophiolites (Band-e-Zeyarat, Remeshk-Mokhtarabad, and Fannuj-
Maskutan units), exhibit volcanic rocks and dykes ranging in age from Late Jurassic to Early
Cretaceous, displaying N-MORB and E-MORB chemical affinities (Fig. 12b). However,
while E-MORBs are ubiquitous in these units, N-MORBSs are very rare in the Remeshk-
Mokhtarabad, and Fannuj-Maskutan ophiolites (Ghazi et al., 2004; Moslempour et al., 2015;
Sepidbar et al., 2020; Esmaeili et al., 2019; Barbero et al., 2020b, 2023b; Saccani et al.,
2023). Petrogenetic models (Barbero et al., 2020b) and Nd, Pb, and Sr isotopic data (Ghazi et
al., 2004) suggested that the Band-e-Zeyarat ophiolites record Early Cretaceous plume-ridge
interaction in the Makran Neotethys, with N-MORBs formed by partial melting of a depleted
sub-oceanic mantle peridotite in the spinel-facies and E-MORBs by partial melting of a
depleted sub-oceanic mantle peridotite enriched by OIB-type components (Barbero et al.,

2020b; Ghazi et al., 2004). In contrast, different hypotheses have been proposed for the
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petrogenesis and tectonic setting of formation of the Remeshk-Mokhtarabad and Fannuj-
Maskutan ophiolites. Some authors suggested that they formed in mid-ocean ridge or back-arc
basin settings (Moslempour et al., 2015; Sepidbar et al., 2020). However, Saccani et al.
(2023) suggested that similar to the Band-e-Zeyarat unit, these ophiolites represent oceanic
crust formed in a mid-ocean ridge setting featuring plume-ridge interaction.

Based on lithostratigraphic and geochemical evidence, the Durkan Complex basalts and
metabasalts are interpreted as remnants of Late Cretaceous disrupted seamounts, displaying
geochemistry ranging from transitional P-MORB to alkaline OIBs (Fig.12c) (Barbero et al.,
2021a, 2021b). Petrogenetic modeling suggests that Durkan basaltic rocks originated from
partial melting of a depleted sub-oceanic mantle source enriched by OIB-type chemical
components in a within-plate oceanic setting (Barbero et al., 2021b).

The Late Cretaceous volcanic protoliths of the HP-LT blueschists of the Deyader
Complex consist of sub-alkaline basalts displaying N-MORB, E-MORB, and transitional
basalts showing P-MORB composition (Fig. 12d) (Hunziker et al., 2017; Saccani et al.,
2023). Petrogenetic modeling indicates that N-MORBs originated from a DMM source,
whereas E-MORBs and P-MORBs derived from a spinel-facies DMM source slightly (E-

type) or moderately (P-type) enriched by plume-type components.

6.3. Tectono-magmatic significance of the Bajgan meta-ophiolites within the Makran

Neotethys

In the previous section, we have shown that the North Makran ophiolites and meta-
ophiolites share many geochemical and petrogenetic characteristics, which collectively
indicate that they represent a chemically composite oceanic crust formed in both mid-ocean

ridge segments featuring varying degrees of plume-ridge interaction and oceanic within-plate
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seamounts (Ghazi et al., 2004; Saccani et al., 2018; Esmaeili et al., 2019; Barbero et al.,
2020b, 2023b; Pandolfiet al., 2021). Chronological constraints indicate that these rocks have
formed in the Makran Neotethys from Late Jurassic to Late Cretaceous (Saccani et al., 2018;
Barbero et al., 2020b, 2023b; Pandolfi et al., 2021), though Esmaeili et al. (2021) dated the
opening of this Ocean at Late Permian — Triassic times. The paleogeographic location of the
Neotethyan Makran sector in Cretaceous times is shown in Figure 13a. This oceanic branch
was located between the Arabia plate and the Central Iran microcontinental block, having a
central position with respect to the Turkish-Zagros (i.e., Southern Neotethys) and the Indo-
Pakistani sectors of the Neotethys (Fig. 13a). The temporal distribution of rock types indicates
a general magmatic evolution from depleted N-MORB and slightly enriched E-MORB
compositions in Late Jurassic — Early Cretaceous (e.g., Northern ophiolites; Ghazi et al.,
2004; Dolati and Burg, 2013; Esmaeili et al., 2019; Barbero et al., 2020b; Saccani et al.,
2023) to comparatively more enriched P-MORB and alkaline OIB compositions in the Late
Cretaceous (e.g., Durkan and Deyader Complexes; Barbero et al., 2021a, 2021b; Saccani et
al., 2021), suggesting an increasing influence of mantle plume activity in the Makran
Neotethys towards the Late Cretaceous (Barbero et al., 2021b). This conclusion fully agrees
with the regional scale occurrence of OIB rocks associated with Late Cretaceous mantle
plume activity in the Neotethys observed from Caucasus to Himalaya (e.g., Rolland et al.,
2010; Saccani et al., 2013; Liu et al., 2015; Yang and Dilek, 2015; Yang et al., 2019; Azizi et
al., 2018; Lian et al., 2021), as well as farther eastward in Central Asia (Safonova and
Santosh, 2014; Safonova et al., 2016). Consequently, Saccani et al. (2021, 2023) proposed
that the North Makran ophiolites and meta-ophiolites formed in a unique Late Jurassic (or
older) — Cretaceous oceanic basin significantly influenced by mantle plume activity. The
formation of the Bajgan ophiolitic protoliths can be framed in the context of the oceanic

evolution of the Makran Neotethys inferred from the other North Makran ophiolitic units. In
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fact, they exhibit oceanic rocks similar in composition (N-MORB, E-MORB, and OIBs) and
age (Figs. 12a-d), as well as comparable petrogenetic processes. A possible tectono-magmatic
model for the Makran Neotethys (Fig. 13a), which can explain the genesis of the Bajgan
magmatic protoliths alongside similar mafic rocks from the ophiolites and meta-ophiolites of
the North Makran Domain, is shown in Figs. 13b, c. This model suggests the formation of N-
MORB in a mid-ocean ridge setting during the Jurassic times (Pandolfi et al., 2021) or,
eventually, in the Triassic (Esmaeili et al., 2020). The Late Jurassic — Early Cretaceous N-
MORB:s of the Bajgan Complex may have originated during this period. Starting from the
Early Cretaceous, incipient upsurge of mantle plume material and associated OIB-type
components (Barbero et al., 2020b, 2021b) led to progressive, scattered enrichment of the
sub-oceanic mantle resulting, in turn, in the formation of compositionally heterogeneous
mantle domains at different depths (Fig. 13b). In this context, N-MORBs were originated
from partial melting of mantle domains with no or little enrichment in OIB-type components,
whereas partial melting of mantle domains variably enriched by OIB-type components was
responsible for the formation of the E-MORB rocks.

The Late Cretaceous witnessed a peak in mantle plume activity, resulting in the eruption
of alkaline basalts and P-MORBs in seamount settings, as seen in the Durkan Complex (Fig.
13c). Although lacking precise age data, the alkaline basalts of the Bajgan Complex likely
correspond to this Late Cretaceous peak of mantle plume activity. During this phase,
significant plume-ridge interactionslikely occurred within the oceanic lithosphere, leading to
the formation of P-MORBs and E-MORBs in mid-ocean ridges proximal to plumes, as well
as in off-axis regions or along transform faults (Fig. 13c). The chemical variations observed in
E-MORBs, P-MORBs, and alkaline basalts, whether within the same ophiolite or across

different ophiolites, may be attributed to a combination of factors, including degree of OIB-



Downloaded from https://www.lyellcollection.org by Emilio SACCANI on Apr 25, 2024

type enrichment, partial melting degrees, partial melting depths, thickness of the polybaric

melting column (see Regelous et al., 2003; White, 2010; Safonova and Santosh, 2014).

7. Conclusions

The Bajgan Complex is a crucial tectonic unit of the North Makran Domain whose
earlier interpretation as a Paleozoic microcontinental block has constrained the
geodynamic reconstruction of the Mesozoic Makran Neotethys for about four decades. A
recent multidisciplinary study has shown that this Complex consists of tectonically
disrupted metamorphosed Late Jurassic — Early Cretaceous ophiolitic sequences, thus
opening new perspectives for the Mesozoic geodynamics of the Neotethys in the Makran
area. We present here new geochemical and petrological data on the magmatic protoliths of
the Bajgan Complex for providing robust constraints about nature and formation of the
Makran oceanic lithosphere. Results can be summarized as follows:

1) The Bajgan Complex comprises various oceanic crustal lithologies, including

ultramafic and mafic cumulate rocks (lherzolite, wehrlites, websterites, anorthosite,

and gabbro), along with high-level isotropic gabbros, plagiogranites, and basalts.

Basalts include both N-MORB and E-MORB types and alkaline basalts.

2) Petrogenetic modeling based on REE, Th, and Nb suggests that N-MORB rocks

stem from partial melting of a depleted MORB mantle; E-MORB lithologies result

from partial melting of a sub-oceanic mantle slightly enriched by OIB-type
components; alkaline basalts originated from partial melting of a sub-oceanic mantle

strongly enriched by OIB-type components.
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3) A comparison of the Bajgan meta-ophiolites and other ophiolitic units from the
North Makran, and regional-scale evidence show that the Bajgan Complex and the
North Makran ophiolites and meta-ophiolites represent remnants of a long-standing
(Jurassic — Cretaceous) oceanic basin. This basin experienced increasing mantle plume
activity since the Early Cretaceous, leading to plume-ridge interactions in the Early

Cretaceous and seamount formation in the Late Cretaceous.
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Figure Captions

Figure 1. a) Simplified tectonic sketch map of the Iranian-Afghan-Pakistani area
(modified from Pirnia et al., 2020, and references therein) showing the different tectono-
stratigraphic domains of the Makran Accretionary Prism (after Burg et al., 2013); b)
simplified geological map of the North Makran Domain showing the different tectono-
stratigraphic units (modified from Burg, 2018; Barbero et al., 2022 and references therein).
Box in panel a) shows the area expanded in panel b). Boxes in Panel b) indicate the areas

shown in Figure 2.
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Figure 2. Simplified geological map of the main outcrop (a) and a minor outcrop (b) of
the Bajgan Complex meta-ophiolites and surrounding tectonic units (modified from Pandolfi
et al., 2021). Circled letters indicate the location of samples shown in Supplementary Table

S2.

Figure 3. N-MORB normalized incompatible element patterns (left column) and
chondrite-normalized REE patterns (right column) for meta-ultramafic rocks (a, b), meta-
gabbroic rocks (c, d), and meta-plagiogranites (e, f) from the Bajgan Complex. The
compositions of modern normal-type (N-) and enriched-type (E-) mid-ocean ridge basalts

(MORB), as well as normalizing values are from Sun and McDonough (1989).

Figure 4. Nb/Y vs. Zr/Ti discrimination diagram of Winchester and Floyd (1977) for
meta-isotropic gabbros, meta-plagiogranites, and meta-basalts from the Bajgan Complex.

Rocks are shown in legend using the nomenclature of the magmatic protoliths.

Figure 5. Chondrite-normalized (La/Sm)n vs. (La/Yb)n (a) and (Sm/Yb)n vs. (Sm/Yb)n
(b) diagrams for meta-isotropic gabbros and meta-basalts from the Bajgan Complex.
Normalizing values, as well as the composition of typical normal-type mid-ocean ridge
basalts (N-MORB), enriched-type mid-ocean ridge basalts (E-MORB), and alkaline ocean
island basalts (OIB) (stars) are from Sun and McDonough (1989). Rocks are shown in legend

using the nomenclature of the magmatic protoliths.

Figure 6. N-MORB-normalized Th vs. Nb discrimination diagram of Saccani (2015) for

meta-isotropic gabbros, meta-plagiogranites, and meta-basalts from the Bajgan Complex.
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Vectors indicate the trends of compositional variations due to the main petrogenetic
processes. Abbreviations, PM: primitive mantle, SSZ: supra-subduction zone component
enrichment, AFC: assimilation-fractional crystallization, OIB: OIB (plume-type) component
enrichment, FC: fractional crystallization, MORB: mid-ocean ridge basalt. The compositional
fieldsfor MORBs (N: normal type, E: enriched type, P: plume type) and alkaline within-plate
basalts (A) are also shown for comparison (data from Saccani, 2015). Normalization values,
as well as the composition of typical modern N-MORB, E-MORB, and OIB (ocean island
basalt) are from Sun and McDonough (1989). Rocks are shown in legend using the

nomenclature of the magmatic protoliths.

Figure 7. N-MORB normalized incompatible element patterns (left column) and
chondrite-normalized REE patterns (right column) for meta-basaltic rocks from the Bajgan
Complex. The compositions of modern normal-type (N-), enriched-type (E-) mid-ocean ridge
basalts (MORB), and ocean island basalt (OIB), are shown for comparison. N-MORB, E-
MORB, and OIB compositions, as well as normalizing values are from Sun and McDonough

(1989).

Figure 8. a) Nb vs. Zr diagram and b) Th/Tb vs. Th/Ta diagram for meta-isotropic
gabbros and meta-basalts from the Bajgan Complex. The composition of meta-plagiogranites
is also shown in b). The composition of typical modern normal (N-) and enriched (E-) mid-
ocean ridge basalts (MORB), and alkaline ocean island basalts (OIB) are from Sun and
McDonough (1989). The dashed line in panel a) approximately indicates the boundary
between transitional and enriched mantle (based on data from Saccani, 2015). Rocks are

shown in legend using the nomenclature of the magmatic protoliths.
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Figure 9. a) Zr/Y vs. Zr/Nb and b) TiO2/Yb vs. Nb/Yb (Pearce, 2008) diagrams for
meta-isotropic gabbros and meta-basalts from the Bajgan Complex. The compositions of
normal (N-) and enriched (E-) types of mid ocean ridge basalts (MORB), and ocean island
basalt (OIB) are from Sun and McDonough (1989). The dashed line in a) represents the
mixing curve calculated using OIB and N-MORB endmembers (from Le Roex et al. 1983).
The isobaric melting curves for the depleted MORB mantle (DMM, Workman and Hart,
2005), as well as for the theoretical mantle sources S1 and S2 (see Supplementary table S2)
calculated for different pressures according to Pearce (2008) are also shown in b). The
diagram in b) discriminatesbetween deep (i.e., garnet-facies mantle) and shallow (i.e., spinel-
facies mantle) melting, as well as between depleted (N-MORB type) and enriched (plume-
type) mantle sources. Type-2 rocks plot in the region of compositions reflecting plume-ridge
interaction. (see text for explanation). Fields showing the compositional variation of different
types of basalts erupted in the North Atlantic Ocean is shown for comparison (data from
Thirlwall et al., 1984 and Hanan et al., 2000). Mafic rocks used in the petrogenetic modelling

are identified with sample labels in panel b).

Figure 10. Nb/Yb vs. Th batch melting curves for the depleted MORB mantle (DMM,
Workman and Hart, 2005) and the theoretical mantle sources S1 and S2 calculated for spinel
(spl) and garnet (gt) facies conditions. The dashed lines represent the mixing lines of various
melt fractions from garnet- and spinel-facies mantle. S1 and S2 are taken from Barbero et al.
(2021b) and represent theoretical mantle sources calculated by assuming different degrees of
enrichment by an OIB-type chemical component (Lustrino et al., 2002) of a sub-oceanic
slightly depleted Iherzolite residual after small volume of MORB melt extraction (lherzolite
ZB2, Barbero et al., 2020c). The compositions of the mantle sources and the input parameters

for the modelling are given in Supplementary Table S3. Meta-volcanic rocks and meta-
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isotropic gabbros from the Bajgan Complex are plotted; the relatively less fractionated rocks
of each geochemical type are shown with large symbols, whereas other samples are shown
with small symbols. The fractional crystallization trend calculated assuming the
crystallization of olivine (ol), plagioclase (pl), clinopyroxene (cpx), and spinel (spl) in the
proportions shown in Figure is also shown. Partition coefficients used for fractional
crystallizationare from McKenzie and O’Nions (1991) and Irving and Frey (1984). Rocks are
shown in legend using the nomenclature of the magmatic protoliths. Mafic rocks used in the

petrogenetic modelling are identified with sample labels.

Figure 11. Calculated chondrite-normalized (Sun and McDonough, 1989) rare earth
element (REE) liquid composition for parental melts derived from different mantle sources
and assuming various degrees of non-modal batch partial melting. a) partial melting of a
depleted MORB mantle source (DMM of Workman and Hart, 2005) in the spinel-facies
mantle; b) partial melting of the theoretical slightly enriched mantle source S1 in the spinel -
facies mantle; c), d) partial melting of the theoretical enriched mantle source S2 in the spinel -
and garnet-facies mantle. S1 and S2 represent theoretical mantle sources calculated by
assuming different degrees of enrichment by an OIB-type chemical component (EM of
Lustrino et al., 2002) of a sub-oceanicslightly depleted Iherzolite residual after small volume
of MORB melt extraction (lherzolite ZB2, Barbero et al., 2020c). Grey lines in a) and b)
represent melt compositions for different degrees of partial melting. Grey lines in c) and d)
represent melt compositions deriving from combinations of different proportions of different
melt fractions from garnet- and spinel-facies mantle. Heavy dashed lines in ¢) and d) represent
the compositions of melts deriving from low degree partial melting (5%) of the S2 source in

the spinel (spl 5%) and garnet (grt 5%) stability fields. Input parameters for the REE
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modelling (source modes, melting proportions, and partition coefficients), as well as

compositions of the different mantle sources are shown in Supplementary Table S3.

Figure 12. Th-Ta-Hf/3 discrimination diagram (Wood, 1980) used for comparison between
the composition of meta-basalts and meta-isotropic gabbros from the Bajgan Complex (a) and
basaltic and meta-basalticlavas and dykes from different ophiolites and meta-ophiolites of the
North Makran (b-d). The Northern Makran ophiolites include the Band-e-Zeyarat (data from
Ghazi et al., 2004; Barbero et al., 2020b), the Remeshk-Mokhtarabad (data from Saccani et
al., 2023), and Fannuj-Maskutan ophiolites (data from Moslempour et al., 2015; Khalatbari-
Jafari et al., 2016; Sepidbar et al., 2020; Saccani et al., 2023). Data for the Deyader
Metamorphic Complex are from Saccani et al. (2021); data for the Durkan Complex are from
Barbero et al. (2021a, 2021b). Abbreviations, N-MORB: normal-type mid-ocean ridge basalt;
E-MORB: enriched-type mid-ocean ridge basalt; OIB: within-plate ocean island alkaline

basalt.

Figure 13. a) Paleogeographic map of the Cretaceous Neotethys Ocean and surrounding
continental domains in the Middle East (modified from Saccani et al., 2023, based on data
from Dilek and Furnes, 2019; Esmaeili et al., 2019; Pirnia et al., 2020; Barbero et al., 2021b;
Moghadam etal., 2022). The main Neotethyan branches and seaways are indicated with italic,
blue letters. Abbreviations, S: Sabzevar; N: Nain; SBB: Share Babak — Baft; b), c) Schematic
cartoon for explaining our preferred tectono-magmatic model for the petrogenesis of the
magmatic protholiths of the North Makran ophiolites and meta-ophiolites within the Makran
sector of the Neotethys at Cretaceous times. b) at Early Cretaceous times, the incipient
upwelling of deep mantle plume material (OIB-type components) variably contributed to the

veining and enrichment of the originally depleted MORB mantle with formation of domains
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of differently metasomatized mantle. N-MORB type magmatic rocks derived from unveined
depleted mantle. Chemically different E-MORB type rocks derived from distinct enriched
mantle domains characterized by variable OIB enrichments, as well as different melting
conditions (see text for explanation); c¢) during Late Cretaceous times the steady-state
upwelling of mantle plume material led to the formation of seamounts with alkaline basalts
and P-MORBs, as well as to the a diffuse enrichment of the sub-oceanic depleted mantle with
the eruption of E-MORB and P-MORB rocks in mid-ocean ridge settings. Abbreviations,
MORB: mid-ocean ridge basalt; OIB: ocean island basalt; N-MORB: normal-type MORB; E-

MORB: enriched-type MORB; P-MORB: plume-type MORB.
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