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Abstract: The North Makran domain (southeast Iran) is part of the Makran accretionary wedge and
consists of an imbricate stack of continental and Neo-Tethyan oceanic tectonic units. Among these,
the Band-e-Zeyarat ophiolite consists of (from bottom to top): ultramafic cumulates, layered gabbros,
isotropic gabbros, a sheeted dyke complex, and a volcanic sequence. Sheeted dykes and volcanic rocks
are mainly represented by basalts and minor andesites and rhyolites showing either normal-type
(N) or enriched-type (E) mid-ocean ridge basalt affinities (MORB). These conclusions are also
supported by mineral chemistry data. In addition, E-MORBs can be subdivided in distinct subtypes
based on slightly different but significant light rare earth elements, Th, Nb, TiO2, and Ta contents.
These chemical differences point out for different partial melting conditions of their mantle sources,
in terms of source composition, partial melting degrees, and melting depths. U-Pb geochronological
data on zircons from intrusive rocks gave ages ranging from 122 to 129 Ma. We suggest that the
Band-e-Zeyarat ophiolite represents an Early Cretaceous chemical composite oceanic crust formed in
a mid-ocean ridge setting by partial melting of a depleted suboceanic mantle variably metasomatized
by plume-type components. This ophiolite records, therefore, an Early Cretaceous plume–ridge
interaction in the Makran Neo-Tethys.

Keywords: ophiolite; petrology; U-Pb zircon geochronology; plume–ridge interaction; Makran
accretionary prism; Cretaceous; Iran

1. Introduction

Ophiolites may originate in a variety of oceanic settings such as mid-ocean ridges, supra-subduction
zones, marginal basins, and ocean islands. For each setting of origin, ophiolites show distinctive
features in terms of lithological features and geochemical fingerprinting [1–9]. Thus, ophiolites can be
used to identify their geodynamic setting of formation and, consequently, they can provide fundamental
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information for the reconstruction of the tectono-magmatic events that occurred during the life of an
oceanic basin. To this purpose, the geochemistry of magmatic rocks forming an ophiolitic sequence is
particularly useful for identifying the nature of mantle sources, thus providing valuable insights for
discriminating the geodynamic setting where the ophiolites originated [9,10]. These data, coupled
with the geochronological data, represent an effective tool for the reconstruction of the geodynamic
history of oceanic basins.

In the North Makran (southeast Iran), several ophiolitic units crop out at the rear of the accretionary
wedge developed within the convergent margin resulting from the subduction of the Neo-Tethyan
oceanic lithosphere beneath the Lut and Afghan continental blocks (Figure 1a) [11–14]. All these
ophiolitic units are interpreted as the remnants of the Early Cretaceous North Makran Ocean located
south of Lut and Afghan continental blocks [15–19]. This oceanic basin was interpreted as either a
marginal basin [15,16] or a back-arc basin related to the Neo-Tethys northward subduction [17–19].
This oceanic basin played an important role during the Late Cretaceous–Eocene convergent tectonics,
when the North Makran acquired most of its present-day tectonic setting [15,16,20–23]. In the North
Makran, one of the best-preserved ophiolitic sequences is represented by the Band-e-Zeyarat Unit [24].
This unit includes (from bottom to top) ultramafic cumulates, layered gabbros, isotropic gabbros,
a sheeted dyke complex, and a volcanic sequence. Despite its importance for the reconstruction of the
geodynamics of the Makran area, the only available geochemical data for the Band-e-Zeyarat Unit
are those given by Ghazi et al. [24], whereas sparse age data obtained from amphiboles and whole
rocks were presented by Ghazi et al. [24] and Kananian et al. [25]. Ghazi et al. [24] have shown that
the Cretaceous Band-e-Zeyarat basalts display enriched mid-ocean ridge (E-MORB) chemical affinity.
Likewise, Saccani et al. [22] and Esmaeili et al. [26] have documented a widespread occurrence of
Cretaceous enriched-type basalts, such as E-MORB and alkaline basalts, in several units of the North
Makran. These authors have suggested that the enriched nature of these basalts can be related to
mantle sources enriched by plume-type components. On the other hand, mantle plume activities were
commonly active at a worldwide scale during Cretaceous times [27–31]. Therefore, the possibility that
the Band-e-Zeyarat ophiolites record a mantle plume activity and plume–ridge interaction processes in
the Makran sector of the Neo-Tethys during the Cretaceous times is worth investigating. For this reason,
we present new detailed stratigraphic data, as well as mineral chemistry and whole rock geochemical
data on the Band-e-Zeyarat ophiolite sequence. We also present new U-Pb geochronological data on
zircons separated from plagiogranites found in the isotropic gabbro series. We anticipate that these new
data provide robust constraints for the reconstruction of the tectono-magmatic setting of formation of
the Cretaceous Neo-Tethys to the south of the Lut continental block.



Minerals 2020, 10, 1100 3 of 34

Figure 1. Tectonic sketch map of the Middle East area (a) showing the main tectonic plates and
convergent zones (modified from Bagheri and Stampfli [32]; Zanchetta et al. [33]; Mohammadi et al. [34];
Pirnia et al. [35]; Barbero et al. [23]). (b) Simplified structural map of the Makran Accretionary Wedge
(modified from Burg et al. [13]), (c) simplified geological-structural map of the North Makran Domain
showing the different tectonic units (modified from Eftekhar-Nezhad et al. [36]; Samimi Namin [37,38];
Hunziker et al. [15]; Burg [16]; Barbero et al. [23]).

2. Geological Setting

The Makran Accretionary Prism (Figure 1a,b) extends between the Minab-Sabzevaran-Nayband
dextral fault system and the Chaman-Ornach-Nal sinistral fault system [12,14,39], separating the
still active Makran subduction zone from the Zagros fold-and-thrust belt and the Himalayan
continent–continent collision zones, respectively (Figure 1a). The Makran Accretionary Prism
formed in response to the Cretaceous–Present day northward subduction of the Neo-Tethys oceanic
lithosphere beneath the Lut and Afghan continental blocks, which are parts of the southern Eurasia
margin [16,18,22,40,41]. The subduction is related to the convergence between the Arabia and Eurasia
plates [40,42,43], which is still active beneath the Makran, as outlined by the geophysical and earthquake
focal mechanisms data [12,44,45]. In the Makran Accretionary Prism, four tectono-stratigraphic
domains have been distinguished [13,46] including from the structural top to the bottom (i.e., from
north to south): (1) the North Makran, (2) the Inner Makran, (3) the Outer Makran, and (4) the
Coastal Makran (Figure 1b). The North Makran includes several tectonic units derived from the
deformation of both oceanic (largely predominant) and continental (largely subordinate) domains.
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These units record the pre-Eocene geodynamic history of the Makran Accretionary Prism [20,47,48].
In contrast, the Inner, Outer, and Coastal Makran document the post-Eocene filling of trench and
thrust-top basins, which have been progressively deformed in the frontal part of the prism since the
Miocene [13,16,46,49–51]. The tectonic units of the North Makran tectono-stratigraphic domain are
bounded by high- to low-angle shear zones [22,23,36,38,47,51] and are, from north to south and from
the uppermost to the lowermost unit (Figure 1c): (1) the Ganj Complex, (2) the Northern Ophiolites
(Inner Makran Spreading Zone of McCall and Kidd [17]), (3) the Bajgan and Durkan Complexes,
(4) the Deyader Metamorphic Complex, (5) the Sorkhband-Rudan ophiolitic slices, and (6) the Colored
Mélange (Imbricate Zone of Burg et al. [13]).

The Ganj Complex consists of a basal swarm of crosscutting and sub-parallel dykes, which passes
upward to a volcano-sedimentary sequence, followed, in turn, by a Turonian–Coniacian turbiditic
sequence (Figure 1c). The early geological studies and mapping of the Makran area made in the
1980s [47] have included this Complex within the North Makran Ophiolites. However, Barbero et al. [23],
based on biostratigraphic, geochemical, and petrological data, have re-interpreted the Ganj Complex
as a volcanic arc, forming close to the southern margin of the Lut Block during the Late Cretaceous.

The North Makran Ophiolites include several distinct units (Figure 1c), which are:
The Band-e-Zeyarat [24,25], Remeshk-Mokhtarabad [16,17,20,52], and Fannuj-Maskutan units [21,53].
These ophiolites show Early to Late Cretaceous ages and magmatic rocks displaying different
geochemical features. In detail, the Early Cretaceous ophiolites have enriched mid-ocean ridge basalt
(E-MORB) geochemical affinity, whereas the Late Cretaceous units display supra-subduction zone
geochemical affinity [16,18,19,24,53]. The Band-e-Zeyarat ophiolite consists of an incomplete ophiolitic
sequence characterized by cumulate and isotropic intrusive rocks, a sheeted dykes complex, and pillow
basalts interbedded with and capped by pelagic sedimentary rocks [20,24]. 40Ar-39Ar and 40K-40Ar
dating performed on hornblende from the isotropic gabbros yielded crystallization ages of 136–156 Ma
(i.e., Early Cretaceous) [24,25]. In addition, whole-rock and mineral separates (i.e., amphibole and
plagioclase) 40K–40Ar dating yielded ages of 128–112 Ma and 128–88 Ma for diorites and plagiogranites,
respectively [25]. In contrast, the Fannuj-Maskutan and Remeshk-Mokhtarabad ophiolites show a
complete ophiolitic sequence from mantle peridotites to pillow-lava basalts [16,19,52,53]. Pillow basalts
are capped by an Early Cretaceous pelagic sedimentary cover [46]. All these ophiolites are considered as
the remnants of an Early Cretaceous oceanic basin, i.e., the North Makran Ocean, which was interpreted
as either a marginal basin opened during the Late Jurassic–Early Cretaceous at the southern margin of
the Lut Block [15,16] or a back-arc basin and/or supra-subduction zone basin related to the Neo-Tethys
northward subduction [17–19]. Regardless of these different interpretations, the opening of the North
Makran Ocean is thought to have led to the drift of the so-called Bajgan-Durkan microcontinent from
the Lut Block [15–20].

The Bajgan and Durkan Complexes represent ~250 km long and ~40 km wide tectonic
elements (Figure 1c). The Bajgan is a metamorphic complex that includes schists, paragneisses,
amphibolites, and marbles, as well as basic and acidic meta-intrusive rocks and rare glaucophane-bearing
schists [20,47,54,55]. In contrast, the Durkan Complex includes Lower Cretaceous–Paleocene
successions, rare tectonic slices of Carboniferous, Permian, and Jurassic shelf carbonate rocks,
and subordinate marbles and schists [15,20,47]. In addition, in the eastern sector of the Durkan
Complex, different types of granitoids intruding into Permian and Jurassic shelf limestones have been
described and were interpreted as originated in a continental margin setting during extensional tectonic
phases [15]. The Bajgan and Durkan Complexes have been considered as derived from the deformation
of a microcontinental block, known as the Bajgan-Durkan microcontinent, which is thought to represent
the southeastward continuation of the Precambrian–Late Palaeozoic Sanandaj-Sirjan Zone [16,17,56].

The Deyader Metamorphic Complex is exclusively cropped out in the eastern sector of the North
Makran domain (Figure 1c). It is made up by meta-limestones, metavolcanics, and meta-gabbros
affected by Late Cretaceous high pressure-low temperature (HP-LT) metamorphism [15,47,57,58].
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The ophiolitic Sorkhband and Rudan tectonic slices crop out in the western North Makran between
the Colored Mélange and the Bajgan Complex (Figure 1c). They are also known as “the southern
ophiolites” and consist of a tectonic slice of supra-subduction zone-type (SSZ) peridotites and a tectonic
slice of mid-ocean ridge-type mafic rocks, both inferred as Mesozoic in age [20,51].

The Colored Mélange is characterized by an assemblage of metric- to decametric-thick slices that
consist of volcanic rocks, cherts, limestones, serpentinites, gabbros, shales, as well as various types
of metamorphic rocks [20,22,26,54,59]. Volcanic rocks show a wide range of geochemical affinity and
age, including undated normal-type mid-ocean ridge basalts (N-MORB), alkaline basalts together
with Turonian-Campanian oceanic plateau basalts, Hauterivian-Campanian island arc tholeiites,
and Coniacian-Santonian calc-alkaline basalts [22,26]. The Colored Mélange is thought to have
formed during the Late Cretaceous–Paleocene in response of the subduction of the Neo-Tethys oceanic
lithosphere and includes remnants of both the subducting plate and the forearc-arc [22,47,54].

3. Methods

3.1. Field Investigation and Petrography

The field investigation was focused on the lithostratigraphic features of the Band-e-Zeyarat
ophiolite. Particular attention has been focused on sampling plagiogranitic rocks suitable for zircon
U-Pb geochronology. Unfortunately, the study area is affected by abundant acidic dykes associated
with Tertiary calc-alkaline magmatism [47], which are sometimes hard to be distinguished in the field
from the plagiogranite dykes of the ophiolitic sequence. Therefore, a detailed field investigation proved
necessary for unequivocally distinguishing ophiolitic plagiogranites from the Tertiary acidic dykes.
Plagiogranites where taken from the transition between the intrusive and the sheeted dyke complexes
in two distinct areas, namely the Chah Mirak and Bandkouh areas (Figure 2a), which were investigated
in detail. The mineral composition and textures of the studied rocks were investigated in thin sections
by a polarized light microscope.

3.2. Whole-Rock Chemical Analysis

Whole rock major and some trace elements were analyzed by X-ray fluorescence (XRF) on
pressed-powder pellets using an ARL Advant-XP automated X-ray spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA). The matrix correction method proposed by Lachance and Trail [60] was
applied. Volatile elements’ content was determined as loss on ignition (LOI) at 1000 ◦C. In addition,
other trace elements, such as Rb, Sr, Y, Zr, Nb, Hf, Ta, Th, U, and the rare earth elements (REE),
were determined by inductively coupled plasma-mass spectrometry (ICP-MS) using a Thermo Series
X-I instrument (Thermo Fisher Scientific, Waltham, MA, USA). Accuracy of the data and detection
limits were evaluated using results for international standard rocks [61], run as unknown. Results for
the different elements analyzed with different methods are given in Supplementary Table S1. All whole
rock analyses were performed at the Department of Physics and Earth Sciences, Ferrara University.
Representative analyses are shown in Supplementary Tables S2 and S3.

3.3. Mineral Chemistry Analysis

Silicates were analyzed by electron microprobe using a Superprobe Jeol JXA 8200 (JEOL, Tokyo,
Japan) at the Eugen F. Stumpfl Laboratory at the University of Leoben, Austria, using both energy
and wavelength dispersive systems (EDS and WDS, respectively). During the quantitative analyses of
silicates, the electron microprobe was operated in the WDS mode, with an accelerating voltage of 15 kV
and beam current of 10 nA. The diameter of the beam was about 1 µm. Counting times were 20 s on
the peak and 10 s on the left and right backgrounds. Standards (element, emission line) were: adularia
(Al and Si, Kα), rutile (Ti, Kα), chromite (Cr, Kα), almandine (Fe, Kα), rhodonite (Mn, Kα), olivine
(Mg, Kα), wollastonite (Ca, Kα), albite (Na, Kα), and sanidine (K, Kα). The following diffracting
crystals were selected: TAP for Na, Mg, and Al, PETJ for K, Si, and Ca, and LIFH for Ti, Cr, Mn,
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and Fe. The detection limits were automatically calculated by the Jeol microprobe software version
JXA8200 and they are listed in the following as ppm: Na, Al, Mg, K, Ca (100), Si, Cr, Fe, Mn (150),
and Ti (200). As a consequence of the severe ocean-floor hydrothermal alteration that affected the
studied rocks, a few samples were suitable for electron microprobe analysis. Only one type of mineral
phase (plagioclase or clinopyroxene) was fresh enough to be analyzed in only three samples of the
sheeted dyke and volcanic complexes. In four samples from the intrusive complex, we found two
or more different types of fresh mineral phases, including olivine, plagioclase, and clinopyroxene.
The composition of Fe2+ and Fe3+ for clinopyroxene was calculated from the measured FeO according
to the method of Droop [62]. Representative analyses are shown in Supplementary Tables S4–S6.

Figure 2. (a) Simplified geological map of north-western sector of the North Makran domain showing
the structural setting of the Band-e-Zeyarat ophiolite (based on Samimi Namin [37] and modified
according to our original fieldwork and photointerpretation with satellite images). (b) Schematic
stratigraphic column of the Band-e-Zeyarat ophiolite.

3.4. Zircon U-Pb Geochronology

We analyzed zircon grains separated from the quartz-diorites MK748 and MK749 as well as from
the plagiogranites MK422 and MK423. Zircons were handpicked from the heavy mineral fraction,
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placed into epoxy resin mounts, and polished to expose the zircon cores. Prior to U-Pb radiometric
dating, the internal structure of detrital zircons was imaged using cathodoluminescence (CL) at
the Institute of Geosciences and Earth Resources of the National Research Council (IGG-CNR) of
Pavia (Italy). Representative CL images of zircon grains are shown in Supplementary Figure S1.
In situ U-Pb geochronology was determined by excimer Laser-ablation Inductively-Coupled-Plasma
Mass-Spectrometry LA-ICP-MS at CNR-IGG of Pavia. The LA instrument couples an ArF excimer laser
microprobe at 193 nm (Geolas200Q-Microlas) with Triple Quadrupole ICP-MS 8900 Agilent (Agilent,
Santa Clara, CA, USA). Ablation was undertaken in helium flowing at 0.54 l min−1, which was mixed
with argon flowing at 0.84 l min−1 immediately after leaving the ablation cell. ICP-MS tuning was
performed using a 50-micron diameter on the NIST610 glass at 8 J cm−2 laser fluence. The ICP-MS
was tuned for low oxides (ThO/Th < 0.2%) maximizing sensitivity for heavy masses (238U) and
U/Th of about 1. Zircons were analyzed using a 25-micron laser beam fired at 5 Hz and a fluence
of 8.0 J cm−2. Each analysis consisted of a 40 s gas blank followed by a 60 s ablation. Masses
monitored were 202Hg, 204Pb, 206Pb, 207Pb, 208Pb, 232Th, 235U, and 238U. The 235U signal is calculated
from 238U on the basis of the ratio 238U/235U = 137.818 [63]. Laser-induced U-Pb fractionation and
mass discrimination effects were simultaneously corrected using a matrix-matched external standard
and considering the same integration intervals on the standard and the unknowns. The reference
zircon GJ–1 (608.5 ± 0.4 Ma [64]) was adopted as an external standard. For means of quality control,
the reference zircons 91,500 (1065.4 ± 0.6 Ma [65]) and Plešovice (337.1± 0.4 Ma [66]) were also analyzed
as unknown. Data reduction was carried out with the GLITTER software package version 4.4.4 [67].
IsoplotR software version 4.0.2 [68] was used for data processing and plotting. We performed 69 U-Pb
analyses on 58 zircon grains and the results are listed in Supplementary Table S7.

4. Stratigraphy of the Band-e-Zeyarat Ophiolite

The Band-e-Zeyarat ophiolite is bordered by regional-scale strike-slip and reverse fault zones
(Figures 1c and 2a) [20,47]. It has classically been considered as a unique and coherent tectonic
unit [17,24,47]. However, it represents a N-S elongated tectonic element in the western North
Makran domain, whose continuity is crosscut by several high-angle and mainly strike-slip fault
zones (Figures 1c and 2a). These fault zones also involved the post-Eocene siliciclastic successions,
which unconformably cover the Band-e-Zeyarat unit (Figures 1c and 2a). Therefore, it is not possible
to clearly understand if the post-Eocene tectonic activity of these faults juxtaposed different ophiolitic
units or if these faults only interrupted the N-S continuity of a unique ophiolitic unit.

The Band-e-Zeyarat ophiolite includes, from bottom to top: (1) a rather thick (~5 km) intrusive
complex consisting of layered gabbros (in the lower part) that gradually pass upward to isotropic
gabbros, (2) a sheeted dyke complex (~1.5–2 km), and (3) a volcanic sequence up to ~2–3 km thick
(Figure 2b). In addition, a mainly carbonatic, pelagic sedimentary cover stratigraphically overlays the
volcanic sequence (Figure 2b). The layered gabbros consist of cumulitic rocks including alternating
troctolites, olivine-gabbros, leucogabbros, as well as minor dunites (Figure 2b). This alternation defines
a cm- to m-thick magmatic layering (Figures 2b and 3a). In addition, the gabbros show a well-developed
magmatic foliation, which can be readily recognized in the field and it is defined by the iso-orientation
of the mineral assemblages, especially plagioclase and pyroxene (Figure 3b). The isotropic gabbro series
mainly consist of isotropic rocks, but cumulitic layers are locally found. This series includes gabbros,
olivine-gabbros, ferrogabbros, and diorites (Figures 2b and 3c). In addition, small plagiogranitic
bodies and dykes can be observed in this series (Figure 2b). Plagiogranites are, however, particularly
abundant at the top of the intrusive complex, close to the transition between gabbros and the sheeted
dyke complex. In addition, the isotropic gabbros are frequently crosscut by basaltic dykes, which are
particularly abundant at the top of the series (Figure 2b). The sheeted dyke complex consists of
mutually intrusive, parallel, and sub-parallel dykes showing different colors and grain sizes (Figure 3d).
Their contacts are usually tectonized and fractured, then chilled margins are rarely preserved. Dykes
show variable thickness, from pluridecimetric to plurimetric, and are typically characterized by



Minerals 2020, 10, 1100 8 of 34

doleritic texture that can usually be easily recognized in the field (Figure 3e). The volcanic sequence
stratigraphically overlays the sheeted dyke complex through a transitional zone composed of pillow
lavas and massive lava flows cut by abundant sills and dykes (Figure 2b). The volcanic sequence is
characterized by alternating pillow lava flows up to plurimetric in thickness (Figure 3f) and minor
massive lava flows. In addition, pillow breccias are also interlayered in the sequence at several
stratigraphic levels (Figure 2b). They consist of centimetric- to pluridecimetric-sized fragments of
pillow basalts as well as pelagic limestones and cherts, which are set in a fine-grained glassy matrix
(Figure 3g). Finally, the volcanic sequence is crosscut by randomly distributed individual dykes.
The sedimentary cover consists of alternating whitish- to brownish-pelagic limestones, shaly marls and
shales, as well as minor abundant pinkish limestones and red cherts (Figures 2b and 3h). In addition,
tabular beds of turbiditic limestone are interlayered in the sequence.

Figure 3. Field occurrence of the Band-e-Zeyarat ophiolite: (a) cumulitic gabbros from the layered
gabbro, (b) close up of primary magmatic banding defined by the alternation of leucogabbro and
gabbro, (c) gabbro from the isotropic gabbro, (d) vertical and parallel dykes from the sheeted dyke,
(e) close up of the doleritic texture of an individual dyke from the sheeted dyke, (f) pillow lava flows
from the volcanic sequence, (g) pillow breccia with clasts of whitish limestone, and (h) alternating thin
beds of limestone and marl from the pelagic sedimentary cover.

Sections Sampled for Plagiogranites Suitable for Zircon U-Pb Geochronological Dating

The best plagiogranite outcrops can be found at the transition between the gabbro and sheeted
dyke complexes in the Chah Mirak and Bandkouh areas (Figure 2a). In the Chah Mirak section,
the upper part of the intrusive complex is well-exposed and is crosscut by both mafic and plagiogranite
dykes (Figure 4a,b). Two samples of plagiogranites were taken for geochronological analysis (samples
MK422 and MK423). Mafic dykes are intruded into isotropic ferrogabbros (sample MK455) and are up
to ~2 m thick (Figure 4a,b). They are characterized by porphyritic texture and show chilled margin,
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indicating intrusion in relatively cold gabbros. In contrast, the plagiogranite dykes show up to metric
thickness and crosscut both gabbros and mafic dykes (Figure 4a,b). Plagiogranite dykes are commonly
intruded along the contacts between gabbros and mafic dykes (Figure 4a,b). Plagiogranite injections
caused fragmentation of both gabbros and mafic dykes, producing a breccias in which plagiogranite
forms the matrix enclosing fragments of both gabbros and mafic dykes (Figure 4c). These fragments
are centimetric in size and show sub-angular to rounded margins (Figure 4c). In the thin section,
the contact between plagiogranites and mafic dyke clasts is rather transitional, not sharp, and shows a
gradual decrease in grain size toward the clasts (Figure 4d).

Figure 4. Field occurrence and photomicrographs of the sections sampled for zircon dating. (a–e) Chah
Mirak section: (a) view and (b) schematic sketch of the complex intrusive relationships between
isotropic gabbro, mafic dyke, and plagiogranite dyke (hammer for scale). (c) Magmatic breccia
showing plagiogranite matrix enclosing sub-angular to rounded clasts of both gabbro and mafic dyke
(hammer for scale), (d) photomicrographs of the contact between matrix and clasts in the magmatic
breccia, (e) photomicrographs of the curviplanar contact between the plagiogranite and the gabbro.
(f–j) Bandkouh section: (f) view and (g) schematic explanatory drawing of the transition zone between
the isotropic gabbro and the sheeted dyke showing a network of basaltic dykes crosscutting the gabbro
screen. White plagiogranite veinlets crosscut both the gabbro and the dykes, (h) magmatic breccia
bodies within the gabbro (hammer for scale), (i) close-up view of the magmatic breccia showing
sub-angular to rounded clasts set within plagiogranite matrix. Plagiogranite veinlets are injected in the
clasts from the matrix (hammer for scale), (j) gradual intrusive contact between plagiogranite matrix
and micro-gabbro clasts in the magmatic breccia.



Minerals 2020, 10, 1100 10 of 34

The contact between the plagiogranite dykes and the gabbros is rather sharp but curviplanar.
A decrease in the grain size of plagiogranites toward the contact is locally observed (Figure 4e).
The relationships between plagiogranites and mafic dykes, as well as the nature of their contacts,
suggest that the plagiogranite dykes were emplaced after the mafic dykes, but when the latter were still
able to react to the intrusion of the plagiogranite with a ductile behavior. These data collectively support
the primary magmatic relationships between the sampled plagiogranites and the intrusive complex.

In the Bandkouh section, the base of the sheeted dyke complex is characterized by the occurrence
of magmatic breccia showing a matrix of plagiogranitic to quartz-dioritic composition (Figure 2b).
Samples MK748 and MK749 used for geochronological dating consist of quartz-diorites taken from
the matrix of this breccia. The lower part of this section shows lens-shaped bodies of magmatic
breccias, which can reach up to tens of meters in thickness (Figure 4f). The upper part of this section
is characterized by a network of mafic dykes crosscutting the gabbro screens (Figures 2b and 4g,h).
Dykes gradually increase in abundance upward and progressively replace the gabbros to form a
pure sheeted dyke complex. The magmatic breccias show anastomosed contacts with the gabbros
(Figure 4f), and consist of plagiogranite matrix, which enclose up to metric enclaves of gabbros and
mafic dykes (Figure 4i). The mafic enclaves show lobate to sub-angular shape, and their margins
are quite sharp, but generally rounded (Figure 4i). The enclaves are locally cut by a network of
millimetric veins of plagiogranite, which are clearly injected from the matrix (Figure 4i). In this case,
the contacts between veins and enclaves are curviplanar with no clear grain variation and chilled
margin (Figure 4j). In addition, in this portion of the transition zone, the gabbros are characterized by
small (<few cm) veins of plagiogranite that are clearly injected into the gabbros from the breccia matrix.
These observations suggest a primary magmatic relationship between plagiogranites and mafic rocks.
Plagiogranite melts were localized in the uppermost part of the intrusive complex and were injected
into the transition zone between the intrusive and the sheeted dyke complexes. This process produced
magmatic breccias and plagiogranite veinlets into the already crystallized but likely still hot gabbros.
Similar magmatic breccias are found in the Oman ophiolites at the transition between the intrusive and
sheeted dyke complexes, as well as in other ophiolitic complex. They have been interpreted as forming
in a typical mid-oceanic ridge magma chamber, in consequence of the interaction of coeval different
magmatic liquids [69,70].

5. Petrography of the Magmatic Rocks

Most of the studied rocks are affected by various degrees of low-grade ocean-floor hydrothermal
alteration. Alteration has produced the replacement of the primary igneous phases, whereas the primary
igneous textures are always well preserved. In general, olivine is completely replaced by iddingsite
and/or serpentine in volcanic and subvolcanic rocks, whereas it is preserved only in intrusive rocks.
Plagioclase is commonly pseudomorphosed by albite and/or phyllosilicate aggregates, even though
some samples of intrusive rocks show fresh plagioclase. Clinopyroxene alteration normally occurs as
pseudomorphic replacement by brown amphibole. This is more common in volcanic and subvolcanic
rocks, whereas fresh pyroxene generally occurs in the intrusive rocks. However, rims of crystals are
locally replaced by amphibole also in the intrusive rocks. The volcanic glass in the groundmass of
volcanic rocks is commonly replaced by fine-grained assemblages of chlorite and clay minerals.

In the layered intrusive complex, rocks are characterized by holocrystalline, medium- to
coarse-grained, cumulitic texture. They range in composition from dunites to troctolites, olivine-gabbros,
gabbros, and leucogabbros. Dunites consist of completely serpentinized olivine crystals, usually
bordered by oxide rims (Figure 5a). In addition, relicts of altered clinopyroxene occur and they likely
represent inter-cumulus phases. Troctolites show rounded olivine crystals (40%–60%), subhedral
plagioclase (60%–40%), together with minor clinopyroxenes and rare altered spinels (Figure 5b).
Plagioclase crystals locally enclose olivine, whereas anhedral clinopyroxene crystals occur in interstitial
spaces (Figure 5b). The crystallization order is: olivine + plagioclase + clinopyroxene, which is the
typical crystallization order of MORB-type rocks [71].
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Figure 5. Photomicrograph of intrusive (a–g), subvolcanic (h), and volcanic (i,j) rocks from the
Band-e-Zeyarat ophiolite: (a) serpentinized dunites showing relicts of magmatic olivine, (b) cumulitic
texture in troctolite showing large olivine and plagioclase crystals and inter-cumulus clinopyroxene,
(c) cumulitic texture in gabbro showing rounded olivine crystals and subhedral plagioclase, (d) cumulitic
leucogabbro showing inter-cumulus clinopyroxene and magmatic foliation defined by preferential
orientation of plagioclase crystals, (e) ipidiomorphic texture in gabbro showing crystallization order
olivine + plagioclase + clinopyroxene, (f) autoallotriomorphic texture showing subhedral plagioclase
and clinopyroxene, (g) euhedral plagioclase and anhedral quartz in plagiogranite, (h) subophitic texture
in basaltic dyke from the sheeted dyke, (i) aphyric and weakly porphyritic (j) pillow lava showing
intersertal texture with plagioclase microlites set in altered volcanic glass.

Gabbros range from olivine-gabbros to gabbros and leucogabbros according to the modal contents
of olivine and plagioclase. Olivine crystals (from 10% to 30% in volume) show rounded shape and are
surrounded by subhedral plagioclases (Figure 5c) and anhedral clinopyroxene. In addition, subordinate
Fe-Ti oxides also occur in interstitial positions. Leucogabbros are composed by subhedral plagioclase
(70%–80% of the modal composition) and interstitial clinopyroxene (30%–10%) (Figure 5d), as well
as subordinate olivine and spinel (<10%). They commonly show magmatic foliation defined by the
parallel orientation of plagioclase laths (Figure 5d). The rocks from the isotropic complex show a wide
range of variation in grain-size, from coarse- to fine-grained. They include gabbros, ferrogabbros and
diorites showing granular texture ranging from ipidiomorphic to autoallotriomorphic. Ipidiomorphic
gabbros show euhedral olivine, often enclosed in subhedral plagioclase crystals (Figure 5e). In addition,
large (i.e., plurimillimetric) clinopyroxene oikocrysts enclose both olivine and plagioclase (Figure 5e),
defining the crystallization order as: olivine + plagioclase + clinopyroxene. Autoallotriomorphic
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textures are characterized by subhedral plagioclase and clinopyroxene and minor olivine (Figure 5f).
The ferrogabbros typically show interstitial Fe-Ti oxides, whereas diorites have biotite and rare quartz
in interstitial position. The plagiogranite dykes are medium-grained and show holocrystalline and
ipidiomorphic texture (Figure 5g). They are composed of euhedral plagioclase, surrounded by anhedral
quartz and minor amphibole (Figure 5g), usually pseudomorphosed by chlorite. In addition, rare small
crystals of epidote, biotite, and zircon occur in interstitial position.

Basaltic dykes, either individual dykes in the intrusive complex or sheeted dykes, show medium-
to fine-grained holocrystalline texture. Commonly, these rocks are characterized by subophitic texture
with plagioclase laths partially enclosed within clinopyroxene crystals, as well as interstitial Fe-Ti
oxides and rare altered olivine crystals (Figure 5h). Some samples show intergranular texture with
plagioclase laths and granular clinopyroxene. Basaltic pillow lavas show both aphyric and weakly
porphyritic (PI ~10) textures (Figure 5i,j). The aphyric varieties are hypocrystalline and show intersertal
texture with plagioclase laths and minor olivine set in an altered volcanic glass (Figure 5i). In contrast,
the porphyritic basaltic rocks show plagioclase and olivine phenocrysts, up to 3 mm in size, set in a
hypocrystalline groundmass (Figure 5j). The groundmass commonly shows intersertal texture with
plagioclase laths and olivine microlites surrounded by altered volcanic glass (Figure 5j). Few samples
also show amygdaloidal texture defined by rounded vesicles filled by calcite.

6. Geochemistry of the Magmatic Rocks

The description of the geochemical features of the magmatic rocks studied in this paper is based
on those elements considered virtually immobile during alteration processes [7,72]. They include some
incompatible elements (e.g., Ti, P, Zr, Y, Nb, Ta, Hf, Th), middle (MREE) and heavy (HREE) rare earth
elements (REE), as well as some transitional metal, such as Ni, Cr, V, and Co. In contrast, light REE
(LREE), large ion lithophile elements (LILE, e.g., Ba, Sr, Rb), and most major elements are usually
sensitive to secondary alteration processes. Therefore, we plotted these elements against immobile
elements (e.g., Zr or Y) and we calculated the correlation coefficients in order to check their amount of
mobilization (not shown). These tests returned fairly good correlation for LILE, CaO, and MgO in most
of the samples, suggesting that these elements can be used, though with some caution. In contrast,
the good correlation coefficients for LREE suggest no or very little re-mobilization of these elements
during secondary alteration processes.

6.1. Intrusive Complex

Cumulitic rocks range from dunites to troctolites, olivine-gabbros, gabbros, and leucogabbros,
whereas the isotropic varieties include gabbros, ferrogabbros, diorites, quartz-diorites, and plagiogranites
(Supplementary Table S2). The large variation in the geochemistry of these rocks suggests that they
were formed at different stages of magmatic fractionation. In fact, the variation of their geochemistry
is in accordance with the variation of the modal composition, as also evidenced by the co-variation of
Al2O3/TiO2 against Ti/1000 (assumed here as an indicator of differentiation) shown in Figure 6. In this
figure and in agreement with petrographic observations, the intrusive rocks plot along a differentiation
trend defined by the crystallization of olivine + plagioclase + clinopyroxene + magnetite (Figure 6),
which is the typical crystallization order of tholeiitic magma series with mid-oceanic ridge (MOR)
affinity [66].

Ultramafic cumulates and troctolites display low TiO2, P2O5, and incompatible element
contents, such as Nb, Y, and Zr, whereas MgO, Cr, Co, and Ni contents are particularly high
(Supplementary Table S2). The troctolites MK750 and MK781 display a wide range of variation in
the contents of Al2O3 (5.50–10.60 wt.%), MgO (23.50–32.07 wt.%), CaO (4.20–8.00 wt.%), and Cr
(683–1926 ppm), which are depending on the mutual abundance of plagioclase and olivine, as observed
by the petrographic study. Ultramafic cumulates consist of dunites with high MgO (37.83–38.03 wt.%)
and Cr (2287–3146 ppm). The dunite MK47 shows severe depletion in incompatible elements
(about 0.01 times N-MORB composition) and REE (about 0.1 times Chondrite abundance (Figure 7a,b)).
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In contrast, dunite MK40 shows comparatively higher incompatible elements and REE contents,
which are broadly comparable to those of the cumulitic gabbros (Figure 7a). Both dunite samples do not
show any Eu anomaly (Figure 7b). Cumulitic gabbros show a wide range of variation in the contents of
many major and trace elements, which clearly reflect the variation of the modal amounts of rock-forming
minerals. In particular, Al2O3 (14.50–23.60 wt.%), MgO (7.50–17.34 wt.%), and Cr (337–1927 ppm)
are among those elements showing the largest variations. Mg# (Mg# = 100 ×MgO/(MgO + FeO))
is also variable (91–76), but generally high (around 84 in most samples). In contrast, TiO2, P2O5,
and other incompatible elements’ contents are low, showing values of far lower than 1 times N-MORB
composition [73]. In the chondrite-normalized REE diagram, all gabbroic rocks show marked
Eu-positive anomalies (Figure 7b), reflecting large amounts of plagioclase early crystallization and
accumulation (Figure 6). The REE patterns for the leucogabbros and gabbros MK32 and MK35 are quite
flat, with slight LREE and MREE enrichment with respect to HREE (Figure 7b), as testified by (La/Yb)N

and (Sm/Yb)N ratios slightly higher than 1 (Supplementary Table S2). In contrast, gabbro MK44 shows
an LREE-depleted pattern that is comparable with the REE patterns of typical N-MORB [73].

Figure 6. Al2O3/TiO2 vs. Ti/1000 diagram for magmatic rocks from the Band-e-Zeyarat ophiolite.
Arrows show the fractional crystallization trends of magnetite (mt), orthopyroxene (opx), olivine (ol),
clinopyroxene (cpx), and plagioclase (pl).

Figure 7. N-MORB (normal-type mid-ocean ridge basalt)-normalized incompatible element patterns
(a,c) and chondrite-normalized rare earth element (REE) patterns (b,d) for mafic and ultramafic
cumulates, isotropic mafic rocks, quartz-diorites, and plagiogranites from the intrusive complex of the
Band-e-Zeyarat ophiolite. Normalizing values are from Sun and McDonough [73].
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The isotropic mafic rocks range from gabbro to ferrogabbro and diorite with Mg# ranging from 83
to 51. They show a wide variation of TiO2, P2O5, Zr, Nb, and Y contents, likely reflecting different
progressive degrees of fractionation (Supplementary Table S2, Figure 6). This is also suggested by the
high variation of compatible elements’ contents, such as Cr, Co, and Ni (Supplementary Table S2).
In addition, V contents are extremely variable in the isotropic intrusive rocks, showing the lowest
values in olivine-gabbro and a very high value in the ferrogabbro (Supplementary Table S2).
N-MORB-normalized incompatible elements’ spider diagrams show two distinct patterns for the
isotropic intrusive rocks (Figure 7c). In detail, ferrogabbro MK455 show rather flat patterns, with
normalized values lower than 1 times N-MORB composition (Figure 7c), whereas the olivine-gabbro
MK42 and diorites MK38 and MK39 display a regularly decreasing pattern from LILE to HFSE (high
field strength elements) (Figure 7c).

Accordingly, ferrogabbro MK455 shows a chondrite-normalized REE pattern with marked
depletion of LREE, with respect to MREE and HREE (Figure 7d). Samples MK42, MK38, and MK39
show a REE pattern gradually decreasing from LREE to HREE (Figure 7d). Different extents of
negative anomalies of Eu are observed in all these samples, likely reflecting different amounts of early
crystallization and fractionation of plagioclase (Figure 7d).

The plagiogranitic rocks range in composition from quartz-diorites (SiO2 = 56.50–58.30 wt.%;
Mg# = 61–49) to highly differentiated plagiogranites (SiO2 = 63.60–74.20 wt.%, Mg# = 56–32).
Accordingly, the contents of many major and trace elements show a wide range of variation. For example,
TiO2, P2O5, MgO, Ni, Cr, and Co contents are relatively high in the quartz-diorites and very low in
plagiogranites (Supplementary Table S2). In the N-MORB-normalized incompatible elements’ spider
diagrams, plagiogranites show different patterns (Figure 7c). The majority of the samples show
different extents of Ti, P, and Nb negative anomalies, as well as LILE enrichment with respect to
HFSE. HFSE display rather low values ranging from 0.8 to 1.9 times N-MORB composition (Figure 7c).
In the chondrite-normalized REE diagram (Figure 7d), the quartz-diorite MK749 displays a regularly
decreasing pattern from La to Yb, whereas the plagiogranites show U-shaped patterns with MREE
depletion with respect to LREE and HREE, which is likely associated with the fractional crystallization
of amphibole. In addition, most of the samples display Eu-negative anomalies (Figure 7d), suggesting
abundant crystallization and removal of plagioclase before their formation.

In conclusion, the geochemistry of the cumulitic rocks from the Band-e-Zeyarat ophiolite is mainly
controlled by the amount of cumulus minerals and, therefore, does not represent the composition of a
magmatic liquid. Nonetheless, the overall geochemical features of these rocks point out crystallization
and mineral removal from parental liquids with MORB affinity [71]. In contrast the chemistry of
isotropic gabbros most likely reflect the composition of magmatic liquids, as particularly suggested
by the REE compositions with HREE composition >10 times the chondrite abundance (Figure 7d).
The overall geochemical features indicate that some of the studied gabbroic rocks are comparable
with the composition of N-MORBs (MK431 and MK455), whereas some other intrusive rocks have
compositions similar to those of enriched-type MORB (E-MORB) rocks (MK42, MK38, and MK39).

The overall geochemical features of quartz-diorites and plagiogranites indicate that they represent
differentiated products from primitive MORB-type tholeiitic melts, whose composition was similar to
those of the Band-e-Zeyarat basalts. However, plagiogranites represent the product of crystallization
of extremely fractionated melts. Therefore, it is impossible to assess if they bear normal-type or
enriched-type MORB affinity. In contrast, quartz-diorites MK748 and MK749 show overall geochemical
features and REE compositions that are well comparable with those of E-MORB-type rocks (Figure 7d).

6.2. Sheeted Dyke Complex, Volcanic Sequence, and Individual Dykes

No geochemical differences can be observed between the individual dykes intruded into the
intrusive complex, the dolerites forming the sheeted dyke complex, and the basaltic rocks in the
volcanic sequence (Supplementary Table S3); therefore, in this section, we describe together their
geochemical features regardless of their distribution in the stratigraphic succession. Subvolcanic and
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volcanic rocks are mainly represented by basalts, minor basaltic andesites and andesites, as well as one
rhyolitic dyke (Figure 8). They show variable but relatively low Nb/Y ratios that suggest a sub-alkaline
nature (Figure 8). Mg# (76.1–40.6), CaO (2.1–12.5 wt.%), Al2O3 (11.4–18.4 wt.%), MgO (1.2–14.4 wt.%),
TiO2 (0.35–3 wt.%), and P2O5 (0.06–0.54 wt.%) are extremely variable, suggesting that these rocks
represent melts at different stages of fractionation. This feature is also suggested by the high variability
of compatible elements’ (e.g., Cr, Ni, Co, and V) contents, which generally decrease in abundance
from the basalts to the more differentiated basaltic andesites and rhyolites (Supplementary Table S3).
In detail, the co-variation diagram of Al2O3/TiO2 against Ti/1000 mainly points out a fractionation
trend dominated by the progressive crystallization of olivine, plagioclase, plagioclase + clinopyroxene,
and finally, magnetite (Figure 6). This evidence, combined with the low Nb/Y ratios, suggests the same
sub-alkaline and tholeiitic nature for all the magmatic rocks from the sheeted dyke complex and the
volcanic sequence. However, based on incompatible elements and REE compositions, two geochemical
types can be distinguished (hereafter Type-I and Type-II). These different geochemical types are
observed in both the volcanic sequence and the sheeted dyke complex. However, it is worth to outline
that we observed, as a general tendency, that the Type-II rocks are more abundant than Type-I rocks in
the upper part of the volcanic sequence.

Figure 8. Nb/Y vs. Zr/Ti discrimination diagram of Winchester and Floyd [74], modified by Pearce [75]
for subvolcanic and volcanic rocks from the sheeted dyke complex and volcanic sequence of the
Band-e-Zeyarat ophiolite.

6.2.1. Type-I Volcanic and Subvolcanic Rocks

Type-I includes basaltic rocks and one rhyolitic dyke (Supplementary Table S3; Figure 8).
The basaltic rocks display relatively low Nb/Y ratio (0.08–0.11) and they are characterized by generally
low abundance of Y (15.0–50.7 ppm), Zr (55.4–143 ppm), Nb (1.36–5 ppm), Th (0.063–0.611), and Ta
(0.090–0.440 ppm) (Supplementary Table S3). The rhyolite MK92 has, in contrast, higher concentration
of these incompatible elements, reflecting its differentiated nature (Supplementary Table S3). In the
N-MORB-normalized incompatible elements spider diagram (Figure 9a), the basaltic rocks show
a rather flat pattern, with slightly positive anomalies in Ti, and low concentration of HFSE and
LILE, which range from ~0.35 to 1.51 and 0.55 to 5 times the N-MORB composition [73], respectively.
Chondrite-normalized REE patterns of basaltic rocks (Figure 9b) are rather flat from MREE to
HREE, whereas LREE are characterized by variable extent of depletion in comparison with MREE
(Figures 9b and 10a). These features are exemplified by the SmN/YbN and LaN/SmN ratios, which are in
the range 0.93–1.41 and 0.34–0.97, respectively. Samples MK29 and MK713 show positive Eu anomaly
and slightly negative Eu anomaly, respectively (Figure 9b). These features are well comparable with
those of typical N-MORB [73]. The rhyolite MK92 is characterized by a marked Eu-negative anomaly,
reflecting early crystallization of plagioclase. It shows a rather flat MREE-HREE pattern, with HREE
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contents of ~1.8 times the chondrite abundance, whereas the LREE are strongly enriched with respect to
MREE, as testified by the high (La/Sm)N ratios (Figure 9b; Supplementary Table S3). These geochemical
features suggest that the rhyolite can represent the product of differentiation processes of N-MORB-like
primary melts. In the discrimination diagram in Figure 10b, the Type-I basalts plot close to the
composition of N-MORBs [9], whereas the differentiated rocks (i.e., the basaltic andesites and rhyolite)
plot at higher NbN–ThN values, along the trend calculated for fractional crystallization starting from
an N-MORB primary melt.

Figure 9. N-MORB (normal-type mid-ocean ridge basalt)-normalized incompatible element patterns
(a,c–f) and chondrite-normalized rare earth element (REE) patterns (b,g–j) for volcanic and subvolcanic
rocks from the sheeted dyke complex and volcanic sequence of the Band-e-Zeyarat ophiolite.
Normalizing values and N-MORB and E-MORB compositions are from Sun and McDonough [73].
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Figure 10. Chondrite-normalized (La/Sm)N vs. (La/Yb)N diagram (a) and N-MORB-normalized Th vs.
Nb discrimination diagram of Saccani [9] (b) for volcanic and subvolcanic rocks from the sheeted dyke
complex and volcanic sequence of the Band-e-Zeyarat ophiolite. Vectors in (b) indicate the trends of
compositional variations due to the main petrogenetic processes. Abbreviations: AFC: assimilation-
fractional crystallization; OIB-CE: ocean island-type (plume-type) component enrichment; FC: fractional
crystallization; MORB: mid-ocean ridge basalt; N-: normal type; E-: enriched type; P-: plume type;
D-: depleted type; IAT: island arc tholeiite; CAB: calc-alkaline basalt; AB: alkaline oceanic within-plate
basalt; MTB: medium titanium basalt. Normalizing values, as well as the composition of typical
N-MORB (white star), E-MORB (grey star), and OIB (black star), are from Sun and McDonough [73].

6.2.2. Type-II Volcanic and Subvolcanic Rocks

Type-II volcanic rocks include mainly basalts and subordinate basaltic andesites and andesites
(Figure 8). Type-II is characterized by Nb/Y ratios ranging from 0.14 to 0.42 (Figure 8). Nb (3.59–19.46 ppm),
Zr (72.3–340 ppm), Th (0.22–1.31 ppm), Ta (0.18–1.07 ppm), and Y (17.8–78.2 ppm) contents are generally
higher than those of Type-I rocks.

The N-MORB-normalized incompatible element patterns are characterized by LILE enrichment
with respect to HFSE, with regularly decreasing pattern from Th to Y (Figure 9c–f). These elements
range from 2 to 14 and 0.5 to 3 times the N-MORB abundance, respectively. Only few differentiated
samples display different extents of negative anomalies in Ti, likely reflecting the fractionation of Fe-Ti
oxides (Figure 9c,d). The N-MORB-normalized incompatible element patterns (Figure 9c–f) strongly
resemble those of the typical E-MORB composition [73]. Accordingly, in the discrimination diagram in
Figure 10b, Type-II rocks plot in the field for subduction-unrelated settings, within the compositional
field for rocks with E-MORB affinity [73].

The chondrite-normalized REE patterns generally show enrichment of LREE with respect to
MREE and HREE with (La/Yb)N = 1.3–3.1 and (La/Sm)N = 1.2–1.9. However, the different samples
show crosscutting REE patterns (Figure 9g–j) that, coupled with slightly different incompatible element
contents and ratios, point out magmatic differentiation starting from primary melts with distinct REE
compositions. These slightly different compositions of primary melts point out, in turn, their origin
from partial melting of distinct mantle source compositions and partial melting conditions [67,71].
Therefore, though these geochemical differences are minor, we can distinguish some subtypes of rocks
mainly based on REE contents (Figure 10a).

Subtype-IIa basalts show chondrite-normalized REE with Eu-negative anomalies, which are
progressively more marked in the relatively more differentiated rocks (Figure 9g). This suggests
early fractionation of plagioclase, as commonly observed in tholeiitic volcanic series. These rocks are
characterized by gently decreasing patterns from LREE to MREE and HREE (Figure 9g), as exemplified
by similar (La/Sm)N and (La/Yb)N ratios, which are in the range 1.10–1.29 and 1.38–1.87, respectively
(Figure 10a). Subtype-IIa basalts can be distinguished from the other Type-II rocks by their relatively
high Ta/Hf (>6.3) and Th/Nb (>0.07) ratios.

Subtype-IIb volcanic rocks and dykes show steeper chondrite-normalized REE patterns with
respect to Subtype-IIa (Figure 9h). In fact, compared to Subtype-IIa rocks, they show similar (La/Sm)N
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ratios (1.18–1.40), but higher (La/Yb)N ratios, which are in the range 2.04–2.50 (Figure 10a). However,
similar to Subtype-IIa, they display Eu-negative anomalies, whose values are positively correlated
with the degree of fractionation of the different differentiated rocks. Subtype-IIb basalts can be
distinguished from Subtype-IIa basalts by their relatively low Ta/Hf (<6.3) and Th/Nb (<0.07) ratios.
Subtype-IIc basalts show chondrite-normalized REE patterns (Figure 9i) characterized by no or very
little enrichment of LREE with respect to MREE, that is, almost flat patterns from La to Sm (Figure 9i).
In fact, their LaN/SmN ratios range from 1.00 to 1.09 (Figure 10a). However, these basalts show
moderate LREE/HREE enrichment with (La/Yb)N ratios (1.53–1.89) that are comparable to those of
Subtype-IIa basalts (Figure 10a). It follows that they display a marked enrichment in MREE with
respect to HREE, as exemplified by relatively high SmN/YbN ratios (1.46–1.74). These basalts also show
the lowest Th and Nb values within Type-II rocks, whereas other trace element contents and ratios
(e.g., Ce/Y, Zr/Nb) are comparable with those of Type-II rocks (Supplementary Table S3).

Subtype-IId basalts show the highest LREE/MREE and LREE/HREE enrichment (Figure 9j).
Their (La/Sm)N and (La/Yb)N ratios range from 1.51 to 1.70 and from 2.33 to 3.06, respectively
(Figure 10). Slightly negative anomalies in Eu can be seen in the slightly differentiated samples
(Figure 9j). These basalts also display relatively high contents of Nb and Th (Figure 10b) and the
highest Nb/Y and the lowest Zr/Nb ratios within the Type-II rocks.

7. Mineral Chemistry

7.1. Mineral Chemistry

7.1.1. Olivine

The olivine crystals are un-zoned and show quite homogeneous composition from core to rim
(Supplementary Table S4). In the cumulitic gabbro MK750 from the layered gabbros complex, the olivine
crystals display MgO ranging from 39.4 to 41.4 wt.% and forsterite contents in the range of 76.1–78.2.
In contrast, the olivine from the cumulitic gabbros MK32, and MK35 from the isotropic gabbros
complex, shows comparatively lower MgO content (36.5–38.0 wt.% in sample MK32; 37.9–38.7 wt.% in
sample MK35) and forsterite content (71.2%–72.6% in sample MK32; 73.0%–74.1% in sample MK35).
The different contents in forsterite and MgO observed in gabbros from the layered and isotropic gabbro
complexes likely reflect the segregation of the different olivine compositions from melts at different
fractionation stages. The co-variation of olivine forsterite content against anorthite content of the
coexisting plagioclase likely suggests a fractionation trend comparable with that described for MOR
cumulates (Figure 11a).

Figure 11. Forsterite (Fo) in olivine vs. Anorthite (An) in plagioclase (a) and Anorthite (An) in
plagioclase vs. Mg# in clinopyroxene (b) diagrams for cumulitic gabbros from the layered and isotropic
gabbro of the Band-e-Zeyarat ophiolite. Field for compositional variations of supra-subduction zone
ophiolites, arc gabbros, and oceanic cumulate are shown for comparisons [76–78].



Minerals 2020, 10, 1100 19 of 34

7.1.2. Plagioclase

Plagioclase was analyzed in cumulitic gabbros, namely in samples MK32 and MK35 from the
isotropic complex and samples MK750 and MK752 from the layered complex. In addition, this mineral
was also analyzed in sample MK93 from the sheeted-dyke complex. Plagioclases from cumulitic
gabbros are commonly un-zoned. They show relatively low anorthite content (58.1–75.6). However,
the plagioclase crystals of each sample have quite homogeneous composition in terms of anorthite
content (MK32 = 64.1%–67.9%; MK35 = 60.0%–66.5%; MK750 = 74.4%–75.6%; MK752 = 58.1%–60.9%).
Plagioclase from the sheeted-dyke complex shows anorthite contents ranging from 62.3% to 67.3%
(Supplementary Table S5). In the rocks from both the layered and isotropic complex, the anorthite
contents plotted against forsterite contents of the co-existing olivine overlap the compositional field for
MOR-type cumulitic rocks, showing lower anorthite percentage with respect to plagioclase of cumulitic
rocks from supra-subduction zone ophiolites (Figure 11a). Accordingly, the co-variation of anorthite
contents in plagioclase vs. The Mg# in co-existing clinopyroxene from the Band-e-Zeyarat cumulitic
gabbros are comparable with those of MORB-type gabbros (Figure 11b). Low anorthite content is
commonly related to the crystallization of plagioclase from water-poor magma, whereas high anorthite
content suggests crystallization from a water-rich magma [76,79]. The low anorthite content observed
in the studied plagioclases (Figure 11) suggests that they crystallized from a tholeiitic liquid at low
H2O contents, as commonly observed in typical MORBs.

7.1.3. Clinopyroxene

Clinopyroxene was analyzed in four cumulitic gabbros (i.e., MK32, MK35, MK750, and MK752),
as well as in Type-II basalts MK10 and MK105 from the volcanic sequence (Supplementary Table S6).
The former sample represents a dyke crosscutting the lower part of the volcanic sequence,
whereas sample MK105 corresponds to a pillow lava. The compositions of clinopyroxenes from
cumulitic gabbros plot mainly in the augite field with enstatite contents ranging from 38.4% to 44.0%
(Figure 12a). Most of the crystals are un-zoned (Supplementary Table S6). In fact, Mg#, TiO2, Cr2O3,
and Al2O3 contents do not show significant variation from core to rim (Supplementary Table S6). Mg# is
generally high, ranging from 75.6 to 84.8, and its variation in each sample is lower than 3%, with the
only exception being the sample MK752, in which it ranges from 75.6 to 82.8 (Supplementary Table S6).

Cr2O3 positively correlates with Mg# value and is generally low in all samples (0.13–0.47 wt.%),
except for the cumulitic gabbro MK750 (0.55–0.78 wt.%). TiO2 (0.33–1.20 wt.%) and Al2O3

(1.98–3.93 wt.%) contents are relatively high and negatively correlate with Mg#. In Figure 11b,
the clinopyroxene from the Band-e-Zeyarat ophiolite overlap the compositional field for clinopyroxene
and plagioclase from MOR-gabbros from modern settings [76,77,80]. The clinopyroxene from basalts
show augitic composition with enstatite contents in the range 36.1–49.7% (Figure 12a). They display
Mg# ranging from 64.6 to 81.4 in the basaltic dyke MK10 and from 70.4 to 84.1 in the pillow basalt MK105.
TiO2 (0.57–1.93 wt.%) and Al2O3 (1.71–4.65 wt.%) are relatively high and negatively correlate with Mg#.
In contrast, Cr2O3 contents (0.01–0.98 wt.%) show positive correlation with Mg#. Some clinopyroxenes
in basalts are weakly zoned, showing both normal and reverse zoning (Supplementary Table S6).
In detail, the normal-zoned crystals show a decrease of Mg# and Cr2O3 contents and an increase of TiO2

contents from core to rim. By contrast, the reverse-zoned crystals have core characterized by higher TiO2

contents and lower Mg# and Cr2O3 contents with respect to the crystals rim (Supplementary Table S6).
The amount of TiO2 in clinopyroxene is related to the Ti activity in the parental melt, as well as the
degree of depletion of the mantle source [72].
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Figure 12. (a) Pyroxene quadrilateral diagram [81], and TiO2–Na2O–SiO2/100 diagram for
discriminating clinopyroxenes in basalts from different oceanic settings [82] (b). Clinopyroxene from
the intrusive complex of Band-e-Zeyarat ophiolite are also plotted for comparison in (b). Abbreviations,
E-MORB: enriched mid-ocean ridge basalt; N-MORB: normal mid-ocean ridge basalt; WOPB: within
oceanic plate basalts; ICB: Iceland basalts; SSZ: supra-subduction zone basalts.

The relatively high TiO2 contents in clinopyroxenes from the Band-e-Zeyarat ophiolite suggest their
crystallization from primary magmas generated from mantle sources that did not experience significant
previous partial melting events, as those commonly observed in mid-ocean ridge settings [5,9,75].
This is also suggested by the discrimination diagram shown in Figure 12b, in which the clinopyroxenes
from basalts plot in the field for MOR setting, showing clearly distinct compositions from those of
supra-subduction zone setting.

8. Zircon U-Pb Dating

Zircon grains from the quartz-diorite MK748 are generally euhedral and small (<100 µm) with
low aspect ratios. They are characterized by broad banding and oscillatory zoning. Inclusions of
apatite are common. Thirteen U-Pb analyses on thirteen zircon grains were performed on this sample.
Ten datapoints yield a concordance better than 92% (Figure 13), with a weighted average 206Pb/238U age
of 125 ± 6 Ma. Similarly, zircon grains from the quartz-dioritic sample MK749 are generally euhedral
and small (<100 µm) with low aspect ratios. They are characterized by darker core surrounded by
brighter rims locally showing oscillatory zoning. Fourteen datapoints yield a concordance better than
92% (Figure 13) with a weighted average 206Pb/238U age of 122 ± 2 Ma.

Zircon grains from the plagiogranite MK422 are generally euhedral and small (<75 µm) with
low aspect ratios. They are characterized by sector and oscillatory zoning. Euhedral grains without
apparent zoning also occur. Inclusions of apatite are common. Fifteen U-Pb analyses on fifteen zircon
grains were collected for the MK422 sample. All data resulted severely discordant with only four
sub-concordant data without a significant cluster (Figure 13). Zircon grains from the plagiogranite
MK423 are generally euhedral and small (<75 µm) with low aspect ratios. They are characterized by
oscillatory zoning. Sixteen U-Pb analyses were performed on sixteen grains. Some of the U-Pb data
resulted discordant. Nonetheless, eight concordant and sub-concordant (concordance better than 92%)
data provided a weighted average 206Pb/238U age of 129 ± 2 Ma (Figure 13).
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Figure 13. 206Pb/238U age distribution of concordant and sub-concordant (discordance < ± 8%) data
and discordant data (unfilled bars). The weighted average age and the relative Mean Square Weighted
Deviates (MSWD) are also reported and refer only to filled bars.

9. Discussion

9.1. Melt Petrogenesis

Our petrogenetic discussion will be focused on the identification of the possible mantle sources
and their melting conditions (e.g., degree of partial melting and melting depth), with the aim
of better constraining the tectono-magmatic setting of formation of the Band-e-Zeyarat ophiolite.
Incompatible elements and REE composition of basaltic rocks is thought to be largely dependent on the
composition of the mantle source and its degree of partial melting, rather than fractional crystallization
processes [72]. In addition, even in the presence of moderate amounts of fractional crystallization
of mainly olivine + plagioclase + clinopyroxene, ratios of incompatible elements (e.g., Zr/Nb, Nb/Y,
Th/Ta, Th/Tb, and REE) in magmatic rocks are assumed to represent those of the associated mantle
source [83]. For these reasons, the following petrogenetic discussion will be based on the relatively
less fractionated basalts for each geochemical type. Our data show that the magmatic rocks from the
Band-e-Zeyarat ophiolite basically include two geochemical types: Type-I showing N-MORB affinity
and Type-II showing E-MORB affinity. According to their chemical features, Type-I and Type-II rocks
were likely originated from partial melting of chemically different mantle sources. Information about
the possible mantle sources can be obtained using ratios of hygromagmatophile element ratios, such as
Th/Ta and Th/Tb ratios.

In fact, Th, Ta, and Tb are weakly fractionated during either fractional crystallization or partial
melting and, therefore, their ratios in the basaltic rocks are mainly controlled by the elemental ratios
of the mantle source [83,84]. A first discrimination of the possible mantle sources associated with
the different Type-I and Type-II rocks can be obtained from Figure 14a, which shows that Type-I
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basalts have (Th/Tb)/(Th/Ta) ratios overlapping those of N-MORBs, whereas Type-II basalts show ratios
similar to those of E-MORBs. Accordingly, Figure 14b shows that Type-I primary basalts plot close to
the composition of the typical N-MORB [85], suggesting that they were generated from a depleted
MORB-type sub-oceanic mantle source. In contrast, Type-II basalts plot along the N-MORB–OIB
mixing line, suggesting that these rocks are generally compatible with a genesis from depleted
MORB-type mantle, which was metasomatized by OIB-type (plume-type) chemical components.
Further information on petrogenesis of the studied rocks can be derived from the Nb/Yb–TiO2/Yb
co-variation (Figure 14c). This diagram highlights the depth of melting and mantle source composition
(i.e., depletion vs. enrichment), as the variance of TiO2/Yb values is almost entirely dependent on
garnet residues during melting, whereas the Nb/Yb variation mainly depends on source composition
and melting degree [10]. In fact, on the TiO2/Yb-Nb/Yb diagram (Figure 14c), Type-I and Subtype-IIa
relatively primitive basalts plot in the MORB array, suggesting that they originated from partial
melting at relatively shallow depths (i.e., spinel-facies mantle). In contrast, Subtypes-IIb, IIc, and IId
basalts have higher TiO2/Yb ratios than MORB, suggesting deeper melting with involvement of a
garnet-bearing mantle source (Figure 14c). The Nb/Yb ratios further suggest that Type-I basalts
were generated from a depleted N-MORB-type mantle source without any influence of plume-type
chemical components, whereas Type-II basalts show Nb/Yb ratios higher than Type-I rocks, as well as
a co-variation of TiO2/Yb and Nb/Yb ratios, which indicates plume–ridge interaction (Figure 14c).

Figure 14. Diagrams showing the co-variation of some trace element ratios for subvolcanic and
volcanic rocks from the sheeted dyke complex and volcanic sequence of the Band-e-Zeyarat ophiolite.
(a) Th/Tb vs. Th/Ta diagram for primitive basalts for each geochemical type and subtype. Compositions
of oceanic subduction-unrelated rocks are shown for comparison [9,86–88]. (b) Zr/Nb vs. Zr/Y
diagram for primitive basalts for each geochemical type and subtype. N-MORB, E-MORB, and OIB
end-members are from Sun and McDonough [73]. Fields indicate compositional variation for different
types of basalts from subduction-unrelated ophiolites and modern oceanic setting. Data source [85–93].
The dashed line represents the mixing curve calculated using OIB and N-MORB end-members (from
Le Roex et al. [89]). (c) Nb/Yb vs. TiO2/Yb diagram from Pearce [10] for primitive basalts for each
geochemical type. Compositional fields for basalts erupted in modern plume–ridge interaction are
shown for comparison [10]. Composition of typical N-MORB (dark grey star), E-MORB (light grey
star), and OIB (white star) are from Sun and McDonough [73].
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Given this evidence, we performed non-modal, batch partial melting modeling using both
Nb/Yb-Th co-variation as well as REE composition (Figures 15 and 16). Plots of Th vs. Nb/Yb are
particularly useful for distinguishing between melting in the spinel and garnet stability fields [94],
whereas the abundance of Th and Nb is particularly useful for evaluating the enrichment of the
source [9,95]. In this model, two compositionally different mantle sources are considered based on the
diagrams in Figure 14: (1) a depleted MORB mantle (DMM) source [96] melting in the spinel-facies,
and (2) a theoretical DMM source enriched in LREE and incompatible elements by a plume-type
chemical component (i.e., plume-influenced source of Saccani [9] or plume-proximal ridge of Pearce [10])
that melts either in the spinel- or garnet-facies mantle (source S2 in Figures 15 and 16). It should
however be noted that the composition of the enriched source S2 cannot be precisely constrained.
In our model, we calculated the theoretical composition of the enriched source S2 starting from a
DMM slightly metasomatized and enriched in LREE, Th, and Nb by the OIB-type chemical component.
An enriched mantle source typical for alkaline basalts [97] was used for representing the OIB-type
chemical component (Figure 16b–d). This assumption agrees with petrogenetic studies on E-MORB
basalts from both modern oceanic setting and ophiolites, which are interpreted as possibly derived from
a DMM source that was metasomatized to varying degrees by an OIB-type component [85,89–94,98,99].
The composition in terms of REE, Th, and Nb of the DMM source, the OIB-type mantle source,
and the theoretical enriched mantle source S2, as well as their modal compositions and melting
proportions [93], and partition coefficients [93,100–106] used in the models in Figures 15 and 16,
are given in Supplementary Table S8.

Figure 15. Melt curve models based on Th vs. Nb/Yb and compositions of the relatively more primitive
basalts for each rock type and subtype. Melt curves are calculated using non-modal, batch partial
melting of DMM [96] and a theoretically enriched mantle source (S2). Ticks on all melting curves indicate
the same percentages of partial melting as shown for the melting curve of source S2 in the garnet-facies.
The thin black line represents the mixing line of various melt fractions from garnet- and spinel-facies
mantle. Input parameters for the REE models (source modes, melting proportions, and partition
coefficients), as well as compositions of the mantle sources, are shown in Supplementary Table S8.
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Figure 16. Calculated chondrite-normalized [73] rare earth element (REE) liquid composition for
parental melts derived from different mantle sources, assuming various degrees of non-modal batch
partial melting: (a) Type-I; (b) Type-IIa; (c) Type-IIb; (d) Type-IId; (e) Type-IIe. Abbreviations:
EM: enriched mantle source (from Lustrino et al. [89]); DMM: depleted MORB mantle [82]; S2: enriched
mantle source S2. Input parameters for the REE models (source modes, melting proportions,
and partition coefficients), as well as compositions of the different mantle sources, are shown in
Supplementary Table S8.

9.1.1. Type-I

Depletion of LREE with respect to MREE and HREE (Figure 9b) and low Nb/Yb and TiO2/Yb
ratios (Figure 14c) displayed by Type-I rocks suggest a melt generation from a depleted, sub-oceanic
mantle source (DMM) in the spinel stability field. The model in Figure 15 shows, indeed, that the
Th-Nb-Yb composition of Type-I primitive basalts can be explained by 15%–18% of partial melting
of a DMM source [96] in the spinel-facies. The REE modeling (Figure 16a) fully confirms the results
obtained from the Th vs. Nb/Yb model. In fact, the REE composition of the relatively primitive basalt
MK97 fits well with the liquid composition calculated for ~15% of partial melting of a DMM source in
the spinel-facies (Figure 16a).

9.1.2. Subtype-IIa

The Subtype-IIa rocks have clear E-MORB geochemical affinity with different extents of
LREE/HREE enrichment (Figures 9g and 10a), as well as low TiO2/Yb ratios (Figure 14c), which suggest
a melting of an enriched sub-oceanic mantle source in the spinel stability field. The chemical features
of Subtype-IIa basalts cannot be modelled by very low degrees of partial melting of a DMM mantle
source. In fact, Subtype-IIa primitive rocks clearly plot at higher values of both Th and Nb/Yb with
respect to the calculated melting curve for partial melting of the DMM source (Figure 15). In contrast,
the Th-Nb/Yb composition of Subtype-IIa relatively primitive basalts is compatible with 6%–8% partial
melting in the spinel-facies of the enriched mantle source S2 (Figure 15). Accordingly, results of the REE
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modeling indicate that the REE composition of Subtype-IIa primitive basalts is compatible with the
~9% partial melting of the S2 source in the spinel-facies (Figure 16b). In agreement with the Th-Nb-Yb
modeling, higher and lower degrees of partial melting fail to reproduce the REE composition of the
primitive basalts of the Type-IIa. Likewise, very low degrees (<3%) of partial melting of a DMM source
cannot reproduce the REE patterns of Subtype-IIa basalts (not shown).

9.1.3. Subtype-IIb

Subtype-IIb rocks show higher LREE/HREE enrichment (Figure 9g,h and Figure 10a) and TiO2/Yb
ratios (Figure 14c) compared to Subtype-IIa rocks. These features, particularly the TiO2/Yb ratios,
suggest an involvement of residual garnet during partial melting. In fact, the model in Figure 15 shows
that Th-Nb-Yb composition of Subtype-IIb relatively primitive basalts cannot be explained by partial
melting in the spinel-facies alone. Rather, the composition of these basalts can be explained by ~2%
partial melting of mantle source S2 in the garnet-facies and ~4% partial melting of the same source in
the spinel facies. Accordingly, the REE composition of these basalts is compatible with partial melting
of the mantle source S2 that starts to melt at low degrees (~2%) in the garnet-facies and continues to
melt to larger extents (~5%) in the spinel-facies (Figure 16c). The mixing proportion between melts
generated at spinel- and garnet-facies that best fits the REE composition of the primitive basalt MK93
is 8:2 (Figure 16c). In Figure 16c, it is also shown that calculations involving different degrees of partial
melting in the garnet- and spinel-facies, as well as different mixing proportions of melts generated at
spinel- and garnet-facies, fails to reproduce the REE composition of Subtype-IIb basalts.

9.1.4. Subtype-IIc

Subtype-IIc rocks show a general LREE/HREE enrichment, which is comparable to that of
Subtype-IIa basalts but shows the lowest LREE/MREE and MREE/HREE enrichment within Type-II
rocks (Figures 9i and 10a). Primitive basalts show relatively high TiO2/Yb ratios (Figure 14c) and
low HREE contents (e.g., YbN = 9.5), which suggest an involvement of residual garnet during partial
melting. Though the REE patterns of these rocks are appreciably different from those of other Type-II
basalts, ratios of hygromagmatophile element ratios are comparable with those of Subtype-IIa and
IIb basalts (Figure 14a), suggesting a compositionally similar mantle source. Therefore, we postulate
that the different REE patterns of these rocks are most likely due to different melting conditions of the
enriched source S2. In fact, the model in Figure 15 shows that the Th-Nb-Yb composition of Subtype-IIc
primitive basalts can be explained by 2%–4% and 10%–14% partial melting of the theoretical source S2
in the garnet- and spinel-facies, respectively. The REE composition of Subtype-IIc primitive basalt
MK109 can be explained by mixing with proportion 8:2 of liquids generated form 4% and 12% partial
melting of mantle source S2 in the garnet and spinel stability fields, respectively (Figure 16d).

9.1.5. Subtype-IId

Subtype-IId rocks show the highest enrichment in LREE with respect to MREE and HREE observed
within the Type-II rocks (Figures 9j and 10a). Primitive basalts show TiO2/Yb ratios (Figure 14c) and
low HREE absolute contents (e.g., YbN = 9.3), which suggest an involvement of residual garnet in
the mantle source. In our model (Figure 15), the Subtype-IId primitive basalt MK87 plots very close
to Subtype-IIb basalts. In fact, similar to Subtype-IIb, the Th-Nb-Yb composition of sample MK87 is
compatible with ~2% partial melting of the theoretical source S2 in the garnet-facies, and ~7%–8%
partial melting of S2 in the spinel-facies. Accordingly, the REE model shows that the REE composition
of the relatively more primitive Subtype-IId basalt is compatible with partial melting of the mantle
source S2 that melts in the garnet-facies for 2% partial melting and continues to melt in the spinel-facies
for about 10% (Figure 16e). The mixing proportion between melts generated at spinel- and garnet-facies
that best fits the REE composition of the primitive basalt MK87 is 7:3 (Figure 16e). It follows that
the relatively high LREE/HREE and MREE/HREE ratios displayed by Subtype-IId rocks (Figure 10a)
are most likely due to a slightly higher contribution of melt formed in the garnet-facies mantle with



Minerals 2020, 10, 1100 26 of 34

respect to Subtype-IIb and Subtype-IIc rocks. Nonetheless, it cannot be excluded that the relatively
higher LREE enrichment displayed by Subtype-IId basalts may result from partial melting of a mantle
source slightly more enriched in LREE than the theoretical source S2. The (Th/Tb)/(Th/Ta) ratios of
the primitive Subtype-IId basalt are indeed slightly higher than those of other Subtype-II basalts
(Figure 14a). However, the differences in (Th/Tb)/(Th/Ta) ratios in the distinct Subtype-II basalts are so
small that it is difficult to unequivocally confirm this hypothesis.

9.2. Tectono-Magmatic Setting of Formation of the Band-e-Zeyarat Ophiolite and Geodynamic Implications

Previous studies have suggested that the rocks from the Band-e-Zeyarat ophiolite were derived
from mafic melts with E-MORB composition and show an Early Cretaceous age (141–143 Ma, based
on 40Ar-39Ar methods) [24]. Our new whole rock geochemical data, geochronological data, as well
as the mineral chemistry data, are in agreement with this conclusion. In fact, they highlight that
the oceanic basin in which the Band-e-Zeyarat ophiolite was formed (i.e., the North Makran Ocean),
was characterized by an Early Cretaceous, chemical composite upper oceanic crust, consisting of
N-MORBs and different varieties of E-MORBs. The petrological evidence presented in Section 9.1
clearly indicates that the Band-e-Zeyarat ophiolite was generated in a mid-ocean ridge setting from
partial melting of mantle sources, showing a combination of distinct compositions and different
partial melting degrees and melting depths. The absolute ages of 122–129 Ma obtained in this
work combined with previously published ages of 141–143 Ma [24] suggest that a spreading ridge
characterized by enriched-type mantle sources was active in the North Makran Ocean from the
lowermost Early Cretaceous.

In Figure 17, we present a schematic tectono-magmatic model that can explain the formation of
the Band-e-Zeyarat composite upper crustal sequence. Type-I (N-MORB) rocks were generated from
the partial melting in the spinel-facies of a depleted sub-oceanic asthenosphere without influences
of OIB-type components (Figures 15, 16a and 17). Type-II (E-MORB) rocks were derived from the
partial melting of a comparatively more enriched mantle source (S2 source), which corresponds
to an asthenospheric depleted sub-oceanic mantle bearing OIB-type chemical components
(Figures 15, 16b–e and 17). We have shown in the petrogenetic discussion (Figures 15c and 16b–e)
that the different Subtype-II rocks are compatible with different melting conditions in terms of partial
melting degree and depth of melting of the enriched mantle source S2.

Figure 17. Conceptual two-dimensional cartoon showing the petrogenetic processes responsible for
the formation of the N- and E-MORB composite crust of the Band-e-Zeyarat ophiolite in a mid-oceanic
ridge tectono-magmatic setting. Abbreviations: N-MORB: normal mid-oceanic ridge basalt; E-MORB:
enriched mid-oceanic ridge basalt; OIB: oceanic island basalt; DMM: depleted MORB mantle.
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The tectono-magmatic setting shown in Figure 17 can explain the formation of these slightly
different E-MORBs forming the Band-e-Zeyarat ophiolite. We propose that Type-IIa melts were
generated from the partial melting of the enriched mantle source S2 in the spinel-facies. By contrast,
the Type-IIb, IIc, and IId rocks may have been generated from variable degrees of partial melting
of the same S2 source, which started to melt in the garnet-facies and continued to melt in the
spinel-facies (Figure 17). The tectono-magmatic model proposed in Figure 17 is compatible with two
different mid-ocean ridge settings: (1) a mid-ocean ridge proximal to a mantle plume that was active
during the formation of the Band-e-Zeyarat ophiolite, and (2) a mid-ocean ridge associated with a
heterogeneous sub-oceanic asthenospheric mantle bearing inherited portions enriched by ancient
mantle plume activity. The discriminations between these two distinct tectono-magmatic settings based
only on petrogenetic data from the Band-e-Zeyarat ophiolites is difficult to be made. To this purpose,
some useful constraints can be obtained from the comparison with the tectono-magmatic events
occurring in the Makran area and, more generally, in the Middle East–Tibet area during Cretaceous
times. The Band-e-Zeyarat ophiolite, together with the Fannuj-Maskutan and Remesk-Moktarabad
ophiolites, has been interpreted as an Early Cretaceous ophiolite, which represents the remnants
of the North Makran Ocean [15,17]. Recent works on the eastern ophiolites of the North Makran
domain have shown that the Fannuj-Maskutan ophiolites (Figure 1c) consist of island arc tholeiitic
gabbros and E-MORB basalts. These ophiolites are interpreted as formed in a supra-subduction zone
basin (back-arc basin) located between the Lut Block and the Bajgan-Durkan microcontinent during
the Late Jurassic–Early Cretaceous [19]. On the other hand, recent data from the Ganj Complex in
the western North Makran indicate that the subduction-related magmatism in the western North
Makran is Late Cretaceous in age [23] and, therefore, it is much younger than the Early Cretaceous
N- to E-MORB magmatism recorded by the Band-e-Zeyarat ophiolite. This evidence allowed us to
exclude that the Band-e-Zeyarat ophiolite were formed in the same Late Jurassic–Early Cretaceous
supra-subduction zone tectonic setting of formation of the eastern North Makran ophiolites. Recent
works have documented the widespread occurrence of Late Cretaceous alkaline and oceanic plateau
basalts, as well as P-MORB in the Makran area, namely in the Colored Mélange and in the Durkan
Complex. The genesis of these rocks has been related either to oceanic within-plate mantle plume
magmatism [22,107] or to a plume–ridge interaction [26]. In any case, these data point out that during
the Late Cretaceous, a mantle plume activity strongly influenced the magmatic history of the Northern
Makran Ocean. Accordingly, mantle plume activity has been documented in the Early Cretaceous at a
regional scale from the Caucasus to Tibet [108,109].

Given this regional evidence, we suggest that the N-MORB–E-MORB association in the
Band-e-Zeyarat ophiolite can most likely be related to a mantle plume activity rather than an
inherited metasomatized asthenospheric mantle. However, an active mantle plume close to a MOR
setting commonly results in abundant eruptions of E-MORB, P-MORB, and alkaline basalts formed
through polybaric melting, as well as a time-dependent magmatic evolution from depleted N-MORB
to enriched E-MORB, P-MORB, and alkaline basalts [10,95,109]. By contrast, in the case of melting of a
sub-oceanic mantle showing inherited OIB-type metasomatism, the volume of E-MORB, P-MORB,
and alkaline basalts is commonly subordinate with respect to N-MORB and partial melting is by
far limited to the spinel-facies mantle, as observed in modern oceanic settings [110], as well as in
many ophiolitic settings [5,9,10,85,94,99,111]. In the Band-e-Zeyarat ophiolites, the E-MORB rocks are
volumetrically largely prevailing compared to N-MORBs. In addition, we can observe, as a general
tendency, the increase of the abundance of E-MORBs toward the top of the sequence. Therefore,
we postulate that the Band-e-Zeyarat ophiolite most likely represents an excellent fossil example of a
plume-proximal mid-oceanic ridge, which recorded a plume–ridge interaction during an embryonic
stage of a mantle plume activity in the Early Cretaceous. In our model, this plume activity was
characterized by the rising of OIB-type chemical components from a deep and enriched mantle source,
which metasomatized the existing asthenospheric sub-oceanic mantle (Figure 17). Recent works in
the Makran area [22,53,107] demonstrated the occurrence of E-MORBs, P-MORBs, and alkaline OIBs
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formed in seamounts and oceanic plateau settings associated with Late Cretaceous mantle plume
activity. The new evidence of Early Cretaceous plume–ridge interaction in the Band-e-Zeyarat ophiolite
is, therefore, highly significant as they represent, up to now, the earliest witness of mantle plume activity
in the Makran sector of the Neo-Tethys. This conclusion fits well and improves the extant literature data
from Makran [22,53,102] and neighboring collisional belts [90,95,108,109], which point out a plume
activity starting in the Early Cretaceous and continuing in the Late Cretaceous in the Neo-Tethys realm.
This data agrees well with the evidence for two major pulses of mantle plume activities at a worldwide
scale during the Early and Late Cretaceous (i.e., from 122 to 70 Ma, see Reference [27]); in fact,
examples of oceanic plateau and continental flood basalts associated with Cretaceous mantle plume are
well-known in the Indian Ocean (e.g., Kerguelen Plateau [28]), in the Pacific Ocean (e.g., Ontong Java
Plateau [29,30]; Hikurangi Plateau [31]), and in the Caribbean region (Caribbean Plateau [29]). Our new
findings suggest that the worldwide Cretaceous plume activity also affected the Makran sector of the
Neo-Tethys. Therefore, the Band-e-Zeyarat ophiolites may represent a potential natural laboratory to
unveil the processes responsible for crustal growth during plume activities at a global scale.

10. Conclusions

1. The Band-e-Zeyarat ophiolite consists of (from bottom to top): ultramafic cumulates, layered
gabbros, isotropic gabbros, as well as a sheeted dyke complex and a volcanic series including
mainly basalts and minor andesites and rhyolites.

2. Whole rock chemical compositions of basaltic rocks show both N-MORB and E-MORB affinities.
3. The compositions of rock-forming minerals (i.e., olivine, plagioclase, and clinopyroxene) also

point out a general MORB-type affinity of both gabbros and basalts.
4. LA-ICP-MS zircon U-Pb dating showed the age of the Band-e-Zeyarat gabbros at ~122–129 Ma.
5. Band-e-Zeyarat N-MORBs formed from partial melting of a depleted sub-oceanic mantle peridotite

in the spinel-facies.
6. Band-e-Zeyarat E-MORBs formed from partial melting of a depleted sub-oceanic mantle peridotite

that was metasomatized by OIB-type (plume-type) components. They show different LREE, Th,
Nb, TiO2, and Ta contents, which point out different partial melting conditions, in terms of partial
melting degrees and melting depths.

7. We suggest that the Band-e-Zeyarat ophiolite represents a chemical composite upper oceanic
crust, which records an Early Cretaceous plume–ridge interaction in the Makran Neo-Tethys.

8. The plume activity that affected the Makran sector of the Neo-Tethys can be framed into the
plume activities observed worldwide during the Cretaceous.
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