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The Bashagard ophiolite-mélange complex, located within the Makran
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the tholeiitic magmatic series and transitional zone. REE patterns reveal an
enrichment of peridotites in LILEs and LREEs, alongside a depletion in HFSEs

Avrticle History

Keywords and HREESs. This signature is interpreted as a result of partial melting processes
Mineral chemistry and the interaction of fluids and transient melts with pristine mantle peridotites.
Peridotite Based on silicate mineral chemistry, clinopyroxenes in the ultramafic units are
Chromitite

Supra-subduction zone diopsidic, characterized b_y .a compositional range of WO046.03-51.16, I-En45A45_53,-97,
Bashagard ophiolite mélange and Fsooo-479. They exhibit low Al,O; and TiO; contents, consistent with
Complex compositional trends spanning from fore-arc to abyssal peridotites. The
Makran accretionary prism chrome-spinels within the chromitites demonstrate compositional affinity with
fore-arc peridotites. These chrome-spinels possess a high Cr# and appear to
have crystallized from a boninitic melt generated under hydrous conditions via
high degrees of partial melting of a depleted mantle source. Moreover, the
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EXTENDED ABSTRACT

Introduction
Understanding  the  origin, evolution, and

metallogenic processes of mantle peridotites is
fundamental for reconstructing the geodynamic
history of oceanic basins and supra-subduction zone
(SSZ) settings. Ophiolitic mantle peridotites and
their associated podiform chromitites preserve robust
records of mantle melting regimes, melt-rock
interactions, and tectonomagmatic evolution during
oceanic spreading and subduction initiation (Leblanc
and Nicolas, 1992; Arai, 1994). Within the Neo-
Tethyan realm, the Makran Accretionary Prism
(MACP) of southeastern Iran represents a key
tectonic domain containing accreted fragments of
oceanic lithosphere formed during the convergence
of the Arabian and Eurasian plates (McCall, 2002;
Shafaii Moghadam and Stern, 2015). Despite
extensive investigations, the petrogenesis, mantle-
source characteristics, and tectonic significance of
chromitite-bearing peridotites from the Bashagard
Ophiolite Mélange Complex (BOMC) remain poorly
constrained. Previous studies have variously
interpreted Makran ultramafic—mafic assemblages as
products of mid-ocean ridge (MOR), plume-related,
or SSZ magmatism, highlighting the lack of an
integrated petro-geochemical and mineral-chemical
framework (e.g., Ghazi et al., 2004; Delavari et al.,
2016; Ghasemi Siani et al., 2021a; Ghasemi Siani et
al., 2021b; Ghasemi Siani et al., 2025). In particular,
the processes controlling podiform chromitite
mineralization and the role of slab-derived hydrous
melts in modifying the mantle wedge beneath the
MACP remain debated. The principal objective of
this study is to constrain the tectonomagmatic setting
and mantle evolution of chromitite-hosting
peridotites in the BOMC through an integrated
dataset  including  petrography,  whole-rock
geochemistry, mineral chemistry, and detrital-zircon
U-Pb geochronology to discriminate between
abyssal and SSZ mantle processes and refine
regional geodynamic models for the MACP.

Material and methods
To characterize chromite mineralization and its

petrogenetic  controls  within  the BOMC,
representative surface samples were systematically
collected from ultramafic and mafic lithological
units during detailed geological field surveys, guided
by lithological variability and field relationships.
Polished thin sections and polished blocks of
ultramafic, mafic, and felsic igneous rocks, as well
as associated chromitite ore bodies, were prepared
for petrographic, mineralogical, and textural
analyses using transmitted- and reflected-light
microscopy at Kharazmi University.

Following microscopic examination, representative
chromite-bearing host rocks and massive chromitite
samples were selected for whole-rock geochemical
analyses. Major-element concentrations  were
determined by X-ray fluorescence (XRF), whereas
trace and rare-earth elements (REE) were analyzed
by inductively coupled plasma—mass spectrometry
(ICP-MS; Agilent 7900) at the Iranian Mineral
Processing Research Center and Ankara University.
Prior to analysis, samples were crushed, powdered in
an agate mill, and prepared following standard
analytical protocols.

Mineral chemical compositions of orthopyroxene,
clinopyroxene, and chrome-spinel were measured
with a CAMECA SX100 electron microprobe at the
State Key Laboratory of Geological Processes and
Mineral Resources, China University of Geosciences
(Wuhan), under well-defined analytical conditions.
Ferric-iron contents in pyroxenes were calculated
using the charge-balance method of Cawthorn and
Collerson (1974). In addition, detrital zircon grains
separated from a sandstone sample were examined
by cathodoluminescence imaging and analyzed by
LA-ICP-MS U-Pb geochronology using a 193 nm
excimer laser system at China University of
Geosciences (Wuhan).

Results and Discussion

Petrographic, whole-rock  geochemical, and
mineral-chemical data from the BOMC indicate that
the ultramafic and mafic rocks were derived from a
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strongly depleted mantle source that was
subsequently modified by supra-subduction-zone
(SSZ) processes during the early stages of
subduction initiation. The dominant harzburgite,
Iherzolite, and dunite units display adcumulate to
mesocumulate textures and variably deformed
protogranular to cataclastic fabrics, consistent with
upper-mantle peridotites formed in fore-arc settings.
Widespread serpentinization, development of mesh
textures, and preservation of relict olivine and
clinopyroxene indicate post-magmatic hydration
under tectonically active conditions.

Whole-rock geochemical data reveal extremely low
Al;0O5 and TiO; contents, implying high degrees of
partial melting. Elevated Cr# values in
chrome-spinel and high Mg# values in pyroxenes
further support derivation from a strongly depleted
mantle source genetically linked to hydrous SSZ
settings and comparable to fore-arc peridotites (e.g.,
Kamenetsky et al.,, 2001). Clinopyroxene
compositions plotted on TiO; vs. Al,Os, TiO; vs.
Mg#, and Cr# vs. Mg# discrimination diagrams
display transitional trends between abyssal and SSZ
peridotites,  reflecting  pervasive  melt-rock
interaction  with  slab-derived melts during
subduction initiation (Johnson et al., 1990). These
melts were likely boninitic to island-arc tholeiitic in
composition.

Field observations of dunite channels, coupled with
petrographic evidence for Cr-rich melt infiltration,
suggest focused melt transport and channelized
percolation that enhanced chromium enrichment and
promoted the formation of podiform chromitite
lenses typical of fore-arc ophiolitic systems
(Gonzalez-Jiménez et al., 2014a; Gonzélez-Jiménez
et al., 2014b). Mafic units including olivine gabbro,
gabbronorite, diabase dikes, and plagiogranite
display predominantly tholeiitic affinities on SiO vs.
(Na2O + K;0), Zr/Y vs. Th/Yb, and Zr vs. Y
diagrams, with subordinate calc-alkaline signatures,
indicating a composite magmatic evolution
influenced by both MORB-like and SSZ melts.
U-Pb analysis of detrital zircons from sandstone
lenses yielded Early Carboniferous (Tournaisian)
ages of approximately 350 + 6 Ma, with Th/U ratios
indicative of magmatic origin (e.g., Cherniak and
Watson, 2000; Kirkland et al., 2015). These inherited
zircons record sediment supply from older
continental or arc-related crust. Integrated with
regional tectonic constraints, the BOMC documents
a multistage evolution involving Neo-Tethyan
seafloor spreading, subduction initiation, fore-arc
development, and final accretion and obduction
during convergence between the Arabian Plate and
the Lut Block (e.g., McCall, 2002; Shafaii
Moghadam and Stern, 2015; Barbero et al., 2025).
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Fig. 4. View of the igneous and metamorphic units of the Bashagard Ophiolite Mélange Complex. A: Dike-like intrusion
of dunite into harzburgite, accompanied by the development of secondary calcite veinlets, B: Rugged topography of the
harzburgitic units (view toward the west), C and D: Serpentinization within the harzburgite unit, E: Gabbro outcrop at
higher elevations, together with mafic and ultramafic lithologies of the Bashagard ophiolite—mélange complex (view
toward the west), F: Leucogabbro and its contact with adjacent shaly units, G: Outcrops of diabasic dikes in the study
area (view toward the west), H: Exposure of a plagiogranite dike, I: Outcrop of the serpentinite unit (view toward the

northwest), J: Association of dunite with high-grade chromitite displaying a massive texture, K: Exposure of a chromitite
vein in the Bashagard area, and L: Outcrop of a large, high-grade chromitite lens
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Fig. 5. A: The Streckeisen (1979) and Le Bas (2000) triangular diagrams were used for the classification of ultramafic
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Bashagard ophiolite—-mélange complex plotted on the IUGS classification diagram (Gibson, 2002)
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Fig. 6. Microscopic images of ultramafic units from the Bashagard Ophiolite Mélange Complex. A: Olivines affected by
intense serpentinization (dunite), B: Coarse-grained orthopyroxene with prominent cleavage (harzburgite), C: Olivine and
pyroxene phenocrysts (lherzolite), D: Tectonized serpentine with bending (pyroxenite), E: Intergrown hornblende
phenocrysts (hornblendite), F and G: Lamellar texture formed by simultaneous growth of orthopyroxene and
clinopyroxene blades, H: Clinopyroxene crystals undergoing transformation into secondary amphibole, and I: Interstitial
pyroxene phase between primary hornblende crystals. All images were taken in transmitted cross-polarized light (XPL).
Abbreviations after Whitney and Evans (2010) (Ol: Olivine, Opx: Orthopyroxene, Cpx: Clinopyroxene, As: Asbestos,
Hbl: Hornblende, PI: Plagioclase, Srp: Serpentine).
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Fig. 7. Optical microscopic image (A-I, transmitted cross-polarized light, XPL; J and L, reflected plane-polarized light,
PPL) and backscattered electron (BSE) images of mafic, felsic, metamorphic, and chromitite units from the Bashagard
Ophiolitic Complex. A: Chromite associated with olivine and pyroxene, illustrating contacts between magmatic shear
bands within noritic gabbros, B: Well-developed fractures in olivine grains within olivine gabbros, C: Porphyroidal
texture observed in troctolite, D: Sieve texture of plagioclase in diabasic dikes, E: Subhedral to euhedral, holocrystalline
plagiogranites from the Bashagard area, F: Asbestos veins hosted within serpentine in serpentinite units, G: Characteristic
mesh texture developed in serpentinite units, H: Alteration of primary amphibole (hornblende) to secondary amphibole
(tremolite—actinolite) in amphibolite units, I: Preferred orientation (parallel growth) of acicular hornblende crystals in
amphibolite units, J: Triple junctions between polygonal chromite grains, K: Backscattered electron image of massive
chromite, and L: Tectonized chromitite exhibiting a brecciated texture. Abbreviations after Whitney and Evans (2010)
(Ol: Olivine, PI: Plagioclase, Opqg: Opaque minerals, Cpx: Clinopyroxene, Qtz: Quartz, Afs: Alkali feldspar, As: Asbestos,
Hbl: Hornblende, Srp: Serpentine, Tr/Act: Tremolite—Actinolite, Chr: Chromite).
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Fig. 8. A: Geochemical classification of mafic and ultramafic rocks in the Bashagard ophiolite Mélange complex based
on the SiO; vs. Na;0O + K0 diagram (Middlemost, 1994), B: Zr/Y vs. Th/Yb diagram (Ross and Bédard, 2009), showing
the location of samples from the Bashagard region. These samples exhibit tholeiitic characteristics, and C: Zr vs. Y

diagram (Ross and Bédard, 2009), showing the location of different rock groups. Apart from the diabase sample's location
in the calc-alkaline range, these samples also exhibit tholeiitic characteristics.
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Table 1. Whole-rock chemical analysis results of samples from ultramafic and mafic rocks of the Bashagard ophiolitic
complex, analyzed by XRF (wt.%) and ICP-MS (ppm). Abbreviations after Streckeisen, (1976) (NA: Not analyzed, Hz:
Harzburgite, Dun: Dunite, Lhz: Lherzolite, Px: Pyroxenite, Hbl: Hornblendite, Tr: Troctolite, Gb: Gabbro).

Rock

Name

SiO: 44.69  42.13 43.36 39.35 43.89 42.80 48.32 54.24 46.29 4731
TiO: 0.30 0.02 0.03 0.02 0.04 0.02 1.55 1.22 0.94 1.59
ALlLOs 0.17 0.23 0.15 0.51 1.83 0.01 12.71 12.38 13.03 8.80
FeO 9.41 8.43 9.55 7.81 6.93 9.47 11.30 9.47 10.72 11.92
MnO 0.06 0.11 0.08 0.13 0.18 0.07 0.11 0.12 0.10 0.07
MgO 42.66  45.35 41.49 48.37 40.89 41.72 9.68 8.72 11.76 13.02
CaO 0.49 0.63 0.23 0.89 2.63 0.39 10.85 8.74 12.31 11.43
Na:O 0.08 0.11 0.03 0.08 0.13 0.04 2.48 1.18 2.57 1.36

Hz Hz Hz Dun Lhz Px Hbl Hbl Hbl Tr

K:O 0.19 0.28 0.15 0.04 0.03 0.16 0.15 2.08 0.12 0.79
P20s 0.03 0.04 0.02 0.01 0.04 0.05 0.22 0.22 0.04 0.13
LOI 2.07 2.21 4.12 242 3.13 4.28 2.19 1.74 1.73 2.83
Total 99.88  99.54 99.21 99.63 99.72 99.01 99.56 100.11 99.61 99.25
Rb 1.37 1.98 0.60 12.19 12.14 0.20 3.40 32.20 1.93 16.71
Sr 11.84 19.76 14.20 104.50  173.28 8.30 395.10 22840  86.42  313.36
Co 4120  38.35 116.00  56.72 18.14 145.00  35.32 63.40 28.39 11.34
Y 12.00 15.52 0.40 10.57 15.04 0.30 22.10 23.70 11.20 11.52
Zr 10.41 6.02 3.30 10.15 27.72 3.40 17.05 106.10 6.93 73.32
Nb 2.69 9.39 2.20 27.61 10.56 2.30 25.92 20.10 23.67 4.49
Ba 12.56  86.08 44.10 37.09 57.33 16.30 25.50 39.20 12.82  424.16
Ta NA NA 7.30 NA NA 7.40 NA 2.80 NA NA
Th 0.90 0.33 0.60 0.70 2.71 0.50 0.63 0.70 0.56 0.79
U 0.67 0.16 6.30 0.27 0.39 6.70 0.48 9.20 0.66 0.77
Ga 3.00 3.86 1.90 7.41 8.66 2.10 12.35 15.80 7.36 8.16
Hf 0.68 0.74 3.40 0.06 0.43 2.90 0.45 2.60 0.61 242
La 4.43 4.76 6.90 6.21 13.80 10.80 9.23 7.50 6.63 2.57
Ce 3.09 3.25 11.50 15.49 27.64 9.80 19.19 22.20 12.63 6.99
Pr 4.82 5.04 6.16 6.29 11.07 10.55 9.03 8.93 1.49 4.76
Nd 5.74 6.85 7.71 8.39 14.48 13.19 12.40 12.20 12.25 6.05
Sm 3.32 3.48 3.37 3.50 4.70 4.56 4.70 4.71 4.49 3.59
Eu 0.55 0.60 0.55 0.58 0.47 0.67 0.87 0.48 0.33 0.38
Gd 2.20 221 2.13 1.42 2.03 2.62 1.81 1.18 NA 1.94
Tb 0.66 0.68 NA 0.33 0.73 NA 0.49 NA 0.44 0.47
Dy 2.35 2.49 2.22 1.33 1.64 1.85 2.30 1.96 1.57 1.98
Ho 0.56 0.59 0.49 0.32 0.36 0.61 0.50 0.42 0.39 0.45
Er 1.44 1.59 1.33 0.76 0.94 0.88 1.41 1.29 1.09 1.22
Tm 0.22 0.23 NA 0.07 0.13 NA 0.20 NA 0.16 0.18
Yb 2.30 2.37 1.89 1.63 1.40 2.13 2.79 1.95 1.79 1.63
Lu 0.30 0.33 NA 0.08 0.16 NA 0.25 NA 0.23 0.26

XREE 31.98 3447 44.25 46.46 72.55 57.75 65.17 62.82 43.49 32.47
XLREE 2195 23.98 36.19 40.46 72.16 49.66 5542 56.02 37.82 24.34
XHREE  10.03  10.49 8.06 5.94 7.39 8.09 9.75 6.80 5.67 8.13
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Table 1 (Continued). Whole-rock chemical analysis results of samples from ultramafic and mafic rocks of the Bashagard
ophiolitic complex, analyzed by XRF (wt.%) and ICP-MS (ppm). Abbreviations after Streckeisen, (1976) (NA: Not
analyzed, Hz: Harzburgite, Dun: Dunite, Lhz: Lherzolite, Px: Pyroxenite, Hbl: Hornblendite, Tr: Troctolite, Gb: Gabbro).

15;:“]; Gb OI1-Gb g(l:; Diab Diab Plg Plg Amp Amp Srp
SiO; 47.91 48.34 49.24 49.51 48.93 65.29 64.82 48.27 48.91 43.25
TiO: 1.86 0.56 0.68 1.91 0.96 0.46 0.23 1.76 0.53 0.01
AlLOs 10.27 12.56 11.71 14.62 13.58 13.88 10.53 13.56 10.09 9.61
FeO 13.10 5.68 7.60 7.87 8.33 4.99 3.98 12.45 14.44 0.10
MnO 0.18 0.10 0.20 0.24 0.07 0.06 0.21 0.10 0.10 41.49
MgO 9.03 18.96 16.97 7.13 10.24 3.96 4.63 5.93 7.87 0.14
CaO 13.22 9.22 8.13 11.13 10.08 3.51 4.99 13.67 10.71 0.03
Na:O 2.48 0.40 1.31 2.62 2.85 5.78 3.41 2.56 3.66 0.16
K>O 0.23 1.31 0.09 0.31 0.98 0.13 1.52 0.37 1.83 0.08
P20s 0.13 0.18 0.23 0.34 0.26 0.09 0.07 0.49 0.09 NA
LOI 1.63 1.93 3.47 4.17 3.14 1.37 4.72 0.78 1.69 4.62
Total 100.04  99.24 99.63 99.85 99.42 99.52 99.11 100.94  99.92 99.51
Rb 1.10 10.61 10.26 51.94 72.11 0.30 19.70 5.40 65.41 0.20
Sr 74330 217.84 34858 92776 242770 9250  191.00 445.80 262.66 4.10
Co 49.50 22.96 14.07 52.45 20.67 19.60 22.70 59.50 15.16  128.00
Y 25.50 14.47 27.27 9.13 12.43 30.00 21.90 37.90 14.26 0.40
Zr 93.40 54.63 87.08 153.82 6691 96.50 113.40 19540  52.80 3.30
Nb 3.90 3.02 4.62 6.51 11.13 3.80 2.70 18.60 10.15 2.50
Ba 40.70 139.45  96.02 44.46 180.97 23930 186.20  51.20 157.67 10.50
Ta 3.70 NA NA NA NA 3.30 2.70 6.80 NA 7.00
Th 0.80 0.33 0.59 0.74 2.70 0.50 1.90 1.30 2.77 0.60
U 9.10 0.14 0.43 1.00 1.01 6.90 6.20 8.90 0.28 6.70
Ga 20.20 14.83 5.72 30.69 12.53 13.80 8.80 24.40 9.66 1.70
Hf 3.50 1.40 2.48 3.52 1.67 2.40 3.80 5.50 1.41 2.70
La 7.60 5.72 7.15 28.60 13.59 14.50 14.90 25.00 10.86 11.10
Ce 15.20 10.75 15.26 42.22 19.43 12.60 9.90 34.20 17.03 9.60
Pr 5.25 7.25 10.66 19.26 11.19 13.11 12.96 8.85 9.27 8.98
Nd 7.56 10.06 13.78 29.82 15.53 15.16 14.36 12.96 12.12 12.34
Sm 4.25 4.38 7.43 12.57 5.74 6.95 5.78 3.68 4.00 4.04
Eu 0.52 0.60 0.87 3.01 0.76 0.42 0.39 0.71 0.64 0.61
Gd 2.15 2.27 4.03 11.41 2.55 4.36 3.98 2.87 2.24 2.19
Tb NA 0.59 0.14 2.68 0.28 NA NA NA 0.49 NA
Dy 1.88 1.90 3.93 13.99 2.25 1.87 2.32 1.55 1.81 1.76
Ho 0.51 0.45 0.92 3.38 0.49 2.19 2.54 0.56 0.44 0.39
Er 1.36 1.21 2.74 7.62 1.37 1.79 1.93 1.02 1.14 1.56
Tm NA 0.19 0.37 1.03 0.20 NA NA NA 0.19 NA
Yb 1.77 2.21 2.97 3.04 1.62 223 2.44 1.74 1.66 1.89
Lu NA 0.24 0.56 1.00 0.23 NA NA NA 0.27 NA
ZREE 48.05 47.82 70.81 179.63 7523 75.18 71.50 93.14 62.16 54.46
ZLREE 4038 38.76 55.15 13548  66.24 62.74 58.29 85.40 53.92 46.67
XHREE 7.67 9.06 15.66 44.15 8.99 12.44 13.21 7.74 8.24 7.79
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Table 2. U-Pb geochronological results of detrital zircons from the sandstone unit of the Bashagard ophiolitic complex

Sample U [ppm]  Th [ppm] U/Th N7ph/2%Ph 1sigma W07pp/235y
M-03 165.63 82.54 2.12 0.053 0.004 0.409
Sample 1sigma 206pp/238Yy  1Isigma  2Pb/2°Pb +(Ma) 207pp /235y
M-03 0.026 0.056 0.001 324.13 168.50 347.83
Sample  +(Ma) _ Pb/®U _ +(Ma) 2®Pb/’’Th __ +(Ma)
M-03 18.74 350.32 5.98 335.17 14.35

AUX 10.0kVWD16mmP.C.78 HV  x190 100pm  S—

Samplesolution

350.3 £ 6.0 Ma

0001 Jul 14, 20
Sam

AUX 10.0kVWD16mmP.C.78 HV x190

100pm  —

0002 Jul 14, 2019

,
0.027 600
Sample M-03 (Plagiogranite)
I Intercept at
0.025 | 350 6.0 Ma 200
- MSWD = 0.019
@ Probability = 0.89
£ 0.023
S
0.021
0.019 — . -
0.11 0.13 0.15 0.17 0.21

207pp/235Y

6&{@\{&&?\.‘6‘.&;}‘55‘6‘4})&;gau‘ﬁd‘d;)—w&MML&&))&}U‘L;Lﬂjijj‘&%)}-ul{‘suﬁjdﬂjA-" ™)

ol @wu.w &M\AZOGPb/ZSSU LgUhu.u d)} u:i’\?‘ﬁde}’.)""}_‘ij}“ ZB}MA@ oS Jf@}»@ﬁ‘wwﬂ ‘) GL-»'}J

5 Bl 5ed 5l oSUnS”

Fig. 10. A: Cathodoluminescence images of detrital zircons in a dated sandstone showing an example of magmatic zircons
with oscillatory zoning from the Bashagard ophiolite Mélange complex, and B: Tera-Wasserburg diagram and weighted
average 2%Ph/?%U ages of dated sandstone sample from the Bashagard ophiolite Mélange complex

DOI: 10.22067/econg.2026.1167

ar

\ aJL«..'Z AA e)}i‘\\c'b gé:l..a:i\ wux,


https://doi.org/10.22067/ECONG.2021.70627.1025

e 0L i3l shie 03 S L gl oSS 136K 5 oo

Oar 5 Sl ol

s S 5 03 9d5es 53 (A-VY S2) (Morimoto, 1988)

CJ_ — ;J—? )‘J._; FE'Mg'Ca Cj_;
SN oose 35 V0 4 S5 LT CatMg+Fe™ slag lS”

> s .

e ba Hls gl ys i (Shs Ao s 0/ Y 51 2aS) a8 Na
«(B-VY ) (Morimoto, 1988) Wo-En-Fs
g5 3 SBLl Il gladsls 53 3 50 Sla S g 5lS
W046.03-51.16EN45 45-53.97FS0.00- S 5 aals (51505 5 A 35
33 S 3y 5l MQ s 50as uﬁ;u (F Jode) w479
oalie ol S3s o3 )/ Y s sl s STakl g glaeSn
UYYNR 5= 53 590 ok sad S 5 0 5lS° CaO
Ll 555 o3 YO/YF

Johnson et al., ) o, er 5 O 5—wile Gla s gas Wbl »
sA-Y ) dshiietal., 1992) of s 5 ! 5 (1990
g5 3 28y adlate lacoymisle (F Jpis) 5 (B
Ol Laome a0 855 L LS (ol baoms ol ssts
L;Q&J)Jﬁj;:lfﬁ}:;» sde Ol e s (Gras) (o 55L3
e3lae Lol el /80 3 S Ly dibate (lacy 5y ol 3 35 g0
1) 555 A3 VIOA 54/ A 5 5 4 LT ALO3 5 TIO?
Gy 95 ayls gad ol ol (F Jsda) Sl yls
3OS (sl Lame (ST gk 05 55e 53 5 S Ly ailats
S35l 53 LS s g1lS o Sils e ki, S e
Jador) Sl G55 oo s> */F0 ol g 5 5 s a3 S Ly ailate
(¥
5|>qusuq,%ﬂ,;uﬁ,ﬁk&ﬁkaw
ol (B U Cy S s) ol Lz QAVA L5 44/¥D
22V e sde s Wil e 50 omb sles 3 ol
(Parkinson and Pearce, 1998) 4l Sy olS
dlen GIAE s glaolde U lacos sy (2S5 Cpionan
AL La S5 ST 53 Vo st s s Al 5 e aiS
.(Bodinier and Godard, 2005)

b S (oo

slczws S (Cr# = Cr/Cr+Al) (.}; sde 1 fimwl(Pg 5
ol e VEIAY B PR/ 550 315 Sty gl oShaS”
gl Joleze daczay S pl oy S ade polie (¥ i)
Slsges bl (¥ Jsusr) dimen ilys 305 (slaags 53 alie
Leblanc and ) (M@#) o5t sae Jolis 53 5,8 sde
553 Sl aibte glacaas S o(A-YVY S2) (Nicolas, 1992
SLaes s0d 13505 2l 53 48 or sl ¢ Cns S a 05 S
SVEIAY < 038 5ae S FA/PY pslia 1) 5 SLey ailaie Sy S
ol S b5 51 il 5 e ((AV/AY < (o e 300 <YF/ 8
SV ) el ls 1y S el § 5 slaans S sla S5
EO G /YY)y 550 Sy S TIO2 (gl s2ea (A
A Jgder) ol ia (555 e ys  IYA 5 K0ke) 555 Aoy
(Bonavia et al., 1993) TiOz Jlas ;5 Cr &l ,us5 )15 gai 53
o3 gdms 333,51y adbate Coey S slaaiges (B-VY JS2)
Cr-Fe*-Al LUau Jlssai ;5 05,5 o 1,5 oyl
aibie Czes ST slaaiges ((C-VY JS2) (Stevens, 1944)
ol a5 as S5 T 5l 2o laloes S e gdome 535 Sy
Ferrario ) Cra0s Jslis 55 TiO2 (sla )15 gas 5 .tz Cr
Cuns S slads e (@nd Garuti, 1988; Arai et al., 2004
Loy /PO L /Y 0 TIO2 (g sioes 4 4o 5 L) 5,5 Ly ailate
33 (S35 A3 PANA L YMAY (5 Cra03 (gl gmes 5 555
35 (D)) S8 wilas 8 515 IS o5 5 gl 03 gikuse
«(Proenza et al., 1999) Al,O3 JoLis ;5 CroOs s sul
g5 Sl S o8 555 Sty adlas ony S 154l
3 ge5 sl 5 (E-VY JSi5,8 o ,13Cr 51 2o 5 T
«(Dick and Bullen, 1984) TiO, Jilis 55 Cr205 ;U ss
b T Glacans S o3 gume 553 St aibite glacaey S
(Fny ) 6,8 e sl

Slado-ls 55 3 2 50 (Sba S 5 5ulST dad 1y 9 g GIellS”
Q-J Jfsges 5 0> Sty sMe S gl WSUaS” (255005508

DOI: 10.22067/econg.2026.1167

af

\ a)L..i: AA 693 AF 0 gé:\..a:.;‘ wuwﬁ)


https://doi.org/10.22067/ECONG.2021.70627.1025

e 0L i3l shie 03 S L gl oSS 136K 5 oo O 5 Sl anls

J}A,&Ql,..‘la»Lg\.asa:l:;UijjA.p)éd»\.alj.::)fl..':.{g.:sxélwgl_’.‘.f‘_;l.ac,:::.»);pA}g-}ﬁdl.a‘}z:;..ﬂlrjjfdhﬁqkdclﬁfhjgv\?

O3S @310 bl s ()bl
Table 3. Results of Point Analysis of Chrome-Spinels Present in Chromitites of the Bashagard Ophiolitic Complex Based
on Weight Percentage and Structural Formula Calculation Data Based on 5 Oxygen Atoms

Point No. 1 2 3 4 5 6
SiO; 3.99 0.08 0.06 0.08 0.00 0.08
TiO:2 0.45 0.29 0.27 0.26 0.26 0.27

ALO3 19.73 13.52 13.31 13.64 14.38 13.64
FeO 33.61 4.34 4.16 4.51 4.77 4.38
MnO 0.70 0.67 0.64 0.60 0.67 0.62
MgO 6.64 15.14 14.90 15.09 15.85 15.11
CaO 2.69 0.00 0.00 0.02 0.00 0.00
Na:0 0.00 0.00 0.00 0.00 0.00 0.06
K0 0.00 0.00 0.00 0.00 0.00 0.00
Cr203 28.97 59.76 59.10 59.15 61.79 58.22
NiO 0.00 0.74 0.52 0.40 0.43 0.63
CoO 0.09 0.02 0.02 0.10 0.05 0.00
V203 0.33 0.10 0.11 0.09 0.06 0.10
Total 97.20 94.66 93.09 93.94 98.26 93.11
Si 0.166 0.003 0.002 0.003 0.000 0.003
Ti 0.140 0.009 0.008 0.008 0.008 0.008
Al 0.970 0.648 0.648 0.658 0.663 0.663
Mn 0.025 0.023 0.022 0.210 0.022 0.022
Mg 0.413 0.918 0.918 0.921 0.925 0.930
Ca 0.120 0.000 0.000 0.001 0.000 0.000
Na 0.000 0.000 0.000 0.000 0.000 0.005
K 0.000 0.000 0.000 0.000 0.000 0.000
Cr¥* 0.955 1.922 1.931 1.915 1.912 1.899
Ni 0.000 0.024 0.017 0.013 0.014 0.021
Fe?* 1.172 0.148 0.144 0.154 0.156 0.151
Mg# 26.06 86.12 86.44 85.67 85.57 86.03
Cr# 49.61 74.79 74.87 74.43 74.25 74.12

ALOs-melt 14.51 12.53 12.45 12.58 12.86 12.58
YAl-chromite 0.46 0.23 0.23 0.24 0.24 0.24
YFe*-chromite 0.08 0.05 0.05 0.05 0.05 0.05

Ln(FeOMg0O)- 0.98 1.00 0.93 0.93 0.97
chromite
TiOz-melt 1.28 1.10 1.08 1.07 1.07 1.08
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Table 3 (Continued). Results of Point Analysis of Chrome-Spinels Present in Chromitites of the Bashagard Ophiolitic
Complex Based on Weight Percentage and Structural Formula Calculation Data Based on 5 Oxygen Atoms

Point No. 7 8 9 10 1 12
$i0; 002 005 006 006 005 006
TiO; 025 027 024 023 023 028
ALO; 13.60 1344 1386  13.65  13.60  13.46
FeO 399 414 429 386 410  3.99
MnO 0.64 062 067 066 065 071
MgO 1524 1527 1537 1569 1519 1529
Ca0 004 000 002 000 000  0.00
Na:0 003 004 005 000 000  0.00
K:0 000 000 000 000 000  0.00
Cr20; 5834 5773 5902 60.12  59.50  59.32
NiO 033 059 000 070 060  0.56
CoO 009 008 000 002 007 009
V205 009 007 007 009 008 0.0
Total 9266 9230 9365 9508 9407  93.83
Si 0.001 0002 0002 0002 0002  0.002
Ti 0.008  0.008 0007 0007 0007  0.009
Al 0.664  0.659 0668 0650  0.655  0.650
Mn 0022 0022 0023 0023 0023 0025
Mg 0941 0948 0937 0945 0926 0932
Ca 0002  0.000 0001 0000 0000  0.000
Na 0.002 0003 0004 0000 0000  0.000
K 0.000  0.000 0000 0000 0000  0.000
Cr* 1910 1900 1909 1920 1923  1.922
Ni 0011 0200 0000 0023 0200 0018
Fe?* 0138 0144 0147 0130  0.140  0.137
Mgt 8721 8681 8644 8791 8687  87.18
Cr# 7420 7425 7408 7471 7459 7473
ALOs-melt 1256 1250 1266 1258 1256 12.51
YAI-chromite 024 024 024 024 024 024
YFe*-chromite 005 005 005 004 005 005
L“(ther(O’n”:‘itgeO)' 108 104 101  L14 104 107
TiOz-melt 106 108 104 103 103  1.09
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Fig. 11. Chemical composition of chromites from peridotites in the Bashagard area. A: C# vs. Mg# (after Leblanc and
Nicolas (1992)), B: Cr vs. TiO; variation diagram (after Bonavia et al. (1993)), C: Ternary Cr—Fe**—Al diagram (after
Stevens (1994)), D: TiO; vs. Cr,03 discrimination diagram (boundary between stratiform and podiform chromites from
Ferrario and Garuti (1988), and Arai et al. (2004); Ural-Alaskan field after Garuti et al. (2005)), E: Cr20s vs. AlOs
diagram (after Proenza et al. (1999)), and F: Cr,03 vs. TiO, diagram (after Dick and Bullen (1984))
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Table 4. Results of point analysis of pyroxenes in harzburgite units of the Bashagard ophiolitic complex, based on weight
percentages and structural formula calculations (normalized to 6 oxygen atoms)

Point No. 1 2 3 4 5 6 7
SiO: 53.17 51.31 51.35 51.02 52.32 53.34 54.55
TiO: 0.05 0.08 0.08 0.07 0.08 0.09 0.07
ALO3 1.52 1.62 1.76 1.63 1.73 1.36 1.26
FeO 2.93 2.98 2.85 4.46 3.14 3.13 3.02
MnO 0.13 0.13 0.15 0.13 0.13 0.10 0.08
MgO 18.85 19.04 19.33 18.90 19.54 16.92 16.06
CaO 23.53 24.57 24.19 24.01 23.19 25.24 24.46
Na2O 0.12 0.04 0.07 0.09 0.11 0.12 0.07
K20 0.00 0.00 0.02 0.00 0.00 0.00 0.00
Cr203 0.42 0.41 0.43 0.42 0.42 0.47 0.47
Total 100.92 100.18 100.23 100.73 100.66 100.77 100.04

Si 1.884 1.881 1.874 1.901 1.814 1.814 1.816

Ti 0.002 0.002 0.002 0.002 0.003 0.002 0.003

Al 0.070 0.076 0.071 0.074 0.067 0.065 0.067
Fe?* 0.130 0.136 0.118 0.076 0.320 0.312 0.113
Fe’* 0.220 0.221 0.252 0.170 0.425 0.418 0.203
Cr¥* 0.012 0.012 0.012 0.012 0.016 0.016 0.014
Mn 0.004 0.005 0.004 0.004 0.004 0.003 0.004
Mg 1.042 1.056 1.035 1.058 0.993 0.981 0.984
Ca 0.966 0.950 0.945 0.903 1.132 1.145 1.004
Na 0.003 0.005 0.006 0.008 0.010 0.006 0.009
Mgi# 88.915 88.609 89.749 93.268 75.652 75.878 89.695
Cations 4.333 4.345 4.319 4.209 4.782 4.764 4.294
Wollastonite 47.290 48.120 47.350 47.730 46.030 51.160 49.750
Enstatite 52.710 51.880 52.650 52.270 53.970 47.720 45.450
Ferrosilite 0.000 0.000 0.000 0.000 0.000 1.120 4.790

Cpx Name diopside  diopside  diopside  diopside  diopside diopside  diopside
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Table 4 (Continued). Results of point analysis of pyroxenes in harzburgite units of the Bashagard ophiolitic complex,
based on weight percentages and structural formula calculations (normalized to 6 oxygen atoms)

Point No. 8 9 10 1 12 13
Si0; 53.30 52.69 51.91 51.84 51.89 52.08
TiO: 0.09 0.07 0.09 0.09 0.06 0.07
ALO;3 1.47 1.56 1.68 1.72 1.64 1.62
FeO 2.86 2.86 2.68 2.87 2.60 2.72
MnO 0.11 0.12 0.10 0.12 0.11 0.09
MgO 17.20 18.13 19.12 19.07 19.34 18.25
Ca0 24.42 24.42 24.27 24.03 24.40 24.74
Na:0 0.12 0.12 0.15 0.14 0.14 0.09
K:0 0.00 0.00 0.00 0.00 0.00 0.00
Cr:03 0.47 0.43 0.45 0.44 0.46 0.51
Total 100.04  100.40  100.45 100.32  100.64  100.17

Si 1.893 1.920 1.894 1.890 1.889 1.857

Ti 0.002 0.002 0.002 0.002 0.002 0.002

Al 0.067 0.072 0.074 0.070 0.069 0.068
Fe* 0.037 0.115 0.105 0.132 0.125 0.125
Fe** 0.127 0.195 0.191 0.209 0.206 0.206
Ccr¥* 0.012 0.013 0.013 0.013 0.015 0.014
Mn 0.004 0.003 0.004 0.003 0.003 0.003
Mg 0.985 1.040 1.039 1.050 1.041 1.023
Ca 0.953 0.949 0.941 0.952 0.962 0.945

Na 0.008 0.011 0.010 0.010 0.006 0.006
Mg# 96.412  90.065  90.841 83.868  89.303  89.111
Cations 4.115 4.294 4273 4333 4318 4.249
Wollastonite ~ 49.550  49.190  47.710  47.520  47.560  49.350
Enstatite 48550  50.810 52290 52480 52440  50.650
Ferrosilite 1.900 0.000 0.000 0.000 0.000 0.000

Cpx Name diopside  diopside  diopside  diopside  diopside  diopside
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Fig. 13. Presentation of the analyzed chemical compositions of clinopyroxenes from harzburgites of the Bashagard
ophiolitic complex. A: TiOz vs. Al,O3 diagram, B: TiO, vs. Mg# diagram, C: Al,O3 vs. Mg# diagram, D: Cr# vs. Mg#
diagram, and E: TiO, vs. Mg# diagram. The compositional fields of clinopyroxenes from abyssal peridotites are marked
by solid lines, whereas those of clinopyroxenes from supra-subduction zone peridotites are shown by dashed lines. The
ranges of clinopyroxene chemical compositions in abyssal peridotites are based on Johnson et al. (1990), and those of
fore-arc type peridotites are plotted according to Ishii et al. (1992).
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Fig. 14. Position of chrome-spinel from ultramafic rocks of the Bashagard ophiolitic complex. A: Al;O3 vs. Cr,03
variation diagram (Franz and Wirth, 2000), B: Fe*'# vs. TiO, variation diagram (Barnes and Roeder, 2001), C: TiO2 vs.
Cr# variation diagram (Tamura and Arai, 2006), D: Cr,O3 vs. MgO variation diagram (gray field for mantle harzburgites
after Al-Aabed, 2000), and E: TiO; vs. Cr# diagram (Kamenetsky et al., 2001) (fields for boninites and mid-ocean ridge
basalts after Dick and Bullen (1984); and for depleted to highly depleted peridotites after Jan and Windley (1990))
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Fig. 16. Two-dimensional (2D) lithosphere-scale tectonic models illustrating the geodynamic evolution of the Northern
Makran Basin from the Jurassic to the Eocene (modified after Barbero et al., 2025i,_and showing the tectonic position of
the Bashagard ophiolitic complex and its associated chromite mineralization. A: Ritting and formation of an oceanic basin
(Jurassic-Early Cretaceous, 152-139 Ma), B: Seafloor spreading and initiation of subduction (Early Cretaceous, 139
115 Ma), C: Development of a supra-subduction-zone (SSZ) setting and arc-related magmatism (Late Cretaceous, 100—
80 Ma), D: Intensification of qonver?en_ce and accretion of metamorphosed ophiolitic units (Late Cretaceous—Earl
Paleocene, 80-62 Ma), and E: Final collision and closure of the oceanic basin (Late Paleocene—Early Eocene, 62-52 Ma).

Abbreviations MOR: mid-ocean ridge; HP: high-pressure metamorphism; IAT: island-arc tholeiite; CAB: calc-alkaline
basalt; SSZ: supra-subduction zone
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