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1-Introduction

The chemical composition of ultramafic rocks in ophiolites sequence has been a controversial topic for
geologists for years (Arif and Jan, 2006). Recently, geologists have focused their studies on the mantle sequence
of ophiolites in order to determine the history of ophiolites' evolution and distinguish the environment of their
formation (e.g., Morishita et al., 2009; Choi et al., 2008; Zanetti et al., 2006; Moradpour et al., 2017). Hence,
the mantle sequence of north Makran ophiolitic mélange, in the southeast of Iran, is selected for this study.

2-Methodology

The north Makran area contains the oldest rocks in the Makran accretionary wedge and includes three central
tectonostratigraphic units separated by major thrust zones (McCall et al., 1985; Dolati, 2010; Haghipour et al.,
2012; Burg, 2018): (1) The Didar metamorphic complex consists of low grade to very low-grade metamorphic
flow and pillow basalts, siltstone, mudstone and pelagic limestone with lenses of blueschist (Hunziker et al.,
2017), (2) The north Makran ophiolite mélange, a primarily complete ophiolitic sequence include ultramafic
bodies intruded by several mafic intrusive rocks, and lavas and deep-sea sediments cover all these rocks, and (3)
The continental Bajkan-Durkan complex of intermediate to felsic rocks covered by recrystallized limestone
(Hunziker et al., 2015). In this study, we recognize different lithologies in north Makran ophiolite and
investigate the relationship between them. We measured structural elements (Such as fault types, folding, dyke
directions, magmatic foliation and other structural elements) and their geometric kinematics. After sample
collection, 18 polished-thin sections were prepared, and two sections were selected for chemical analysis of
main minerals.

3- Discussion and conclusion

Combining field observations, petrology, and structural data represent north Makran ophiolite contain a
practically complete sequence from oceanic lithosphere with well-preserved mantle and crust sequences. The
dominant structures are WNW-ESE thrust faults with north-northeast dip resulting in SSW-ward transportation.
Peridotite (i.e., harzburgite, dunite and Iherzolite) is the most abundant rock type in the mantle sequence of the
complex. Olivine, orthopyroxene, clinopyroxene and a few spinels are the main rock-forming minerals, and
granular, poikilitic and mesh are the main textures in them. The alignment of orthopyroxene and olivine
porphyroclasts defines a primary magmatic foliation, and the kink band indicate upper mantle subsolidus
deformation of these rocks. Electron microprobe analyses of olivine, orthopyroxene, clinopyroxene and spinel
in harzburgites and dunites show that olivine is forsterite (Fo: 87-90), orthopyroxene is enstatite (En: 88-91),
clinopyroxene is diopside (En: 44-48, Wo: 48-52), and spinel is Al-Cr bearing (Spl: 54-69, Chr: 21-36). The
mean values of Mg# (Mg# = Mg/(Mg+Fe*?) in olivine, clinopyroxene, and orthopyroxene are 0.86, 0.92, 0.96
respectively, and Cr# (Cr# = Cr/Cr + Al + Fe*") in spinel is 0.27.

The chemical composition of olivine and spinel indicate that the peridotites of the studied area are abyssal type,
belong to sub-oceanic crust-mantle, and show 10 to 15 percent of partial melting. Based on discriminant
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diagrams, Makran peridotites represent mid-oceanic ridge (MOR) affinities with no distinguishable and
conclusive subduction influence. Therefore, north Makran ophiolite mélange has formed in an extensional basin
between the central Iranian microcontinents (Lut block), the north-northeast, and the continental sliver of
Bajkan-Durkan complex to the south-southwest.
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Fig. 2. Field photographs of North Makran ophiolitie, (a) Thrusted gabbros on peridotites, (b) Magmatic foliations
in layered gabbros with olivine-rich and plagioclase-rich layers, (c) Intermittent thrusting of rock units in the
southwest-ward, (d) Contact between North Makran peridotites and granitoid rocks of Bajkan-Durkan complex,
where peridotites were thrusted on the granitoids, (e) The faulted contact between granitoid units of Bajkan-Durkan

and sediments of Makran accretionary wedge, and (f) Folded sediments in North Makran ophiolitie. The arrows in
a, ¢, d, and e show the displacement direction of the rock units at the fault hanging wall.
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Fig. 3. Structural map of North Makran illustrating fault distribution together with stereographic projections in
equal area projections in the lower hemisphere (Schmidt net) of fault planes and movement directions; in above,
fault properties in different locations with arrows indicating movement direction in the hanging wall, In the bottom,

left and right represent fold axes and their plunge in west and east part of study aera, respectively, and bottom
center show orientation and dips of dykes.
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Fig. 4. Field photographs of North Makran ophiolitie; (a) Dunite dykes in harzburgite, (b) Sheeted dykes in
diabase, (c) Anorthosite dyke in isotropic gabbro, (d) Diabase intruded by plagiogranite dykes, (e) Magmatic
foliations in peridotites, and (f) Banded chromite with gradual contact to dunite.
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Fig. 5. Microscope photographs of ultramaphic rocks in North Makran ophiolitie; (a) Granular texture in
harzburgite include olivine and orthopyroxene phenocrysts with minor clinopyroxene and spinel, (b) Stretched
orthopyroxene porphyroclast in fine grain olivine matrix, (c) Rounded spinels in matrix of olivines, (d) Chromite
phenocrysts formed in olivine grain boundaries in dunites, (e) Olivine phenocrysts in dunites have grain boundaries
with 120° triple junctions, (f) Vermicular spinel grains formed in olivine grain boundaries. Mineral abbreviations
are olivine (Ol), orthopyroxene (Opx), clinopyroxene (Cpx), spinel (Spl), and Chromite (Chr; Whitney and Evans,
2010).
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Table 1. The results of electron microprobe analyses for the olivine samples in dunite and harzburgite of North

Makran ophiolite; Forsterite (Fo) and Fayalite (Fa).

Oxide(wt,%)/Rock type Dunite Harzburgite
SiO, 40.61 39.92 40.58 40.14 39.17 40.13 41.24 40.58 41.05 41.03
TiO, 0.01 0 0 0.01 0.01 0.01 0 0 0 0
Al,O4 0.03 0.01 0 0.03 0.01 0.01 0 0 0 0
Cr,03 0 0.01 0.01 0.01 0 0.01 0 0.01 0 0
FeO 1009 1185 1213 113 1533  12.09 9.18 9.58 8.92 9.29
MnO 0.18 0.17 0.19 0.17 0.26 0.18 0.13 0.14 0.15 0.14
MgO 4946  47.65 4693 4805 4497 4721 49.14 49.29 4954  49.12
CaO 0.02 0.04 0.03 0.05 0.03 0 0.01 0.01° 0.01 0.01
NiO 0.29 0.29 0.26 0.26 0.17 0.28 0.39 0.38 0.38 0.39
Na,O 0.01 001 002 001 002 0.01 0.01 0 0
K,0 0 0.01 0 0.01 0.01 0.01 0 0 0 0
TOTAL 100.7 99.96 100.15 100.03  99.97 99.95 100.1 99.99  100.05 99.98
Calculation of chemical formula and cation values based on 4 oxygen atoms
Si 0.991 0.989 1.007 0.991 0.985 0.997 1.012 0.996 1.005 1.008
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe3+ 0.018 0.021 0.000 0.016 0.029 0.006 0.000 0.007 0.000 0.000
Fe?t 0.188 0224 0252 0218 0293 0245 0.188 0.189 0183 0.91
Mn 0.004 0.004 0.004 0.004 0.006 0.004 0.003 0.003 0.003 0.003
Mg 1798 1760 1736 1769 1686  1.748 1.797 1.804 1.809 1.798
Ca 0.001 0.001 0.001 0.001 0.001 0.000 0.000 0.000 0.000 0.000
Mg#(=Mg/Mg+Fe?*) 0905 0887 0873 0890 0852 0877 0.905 0.905 0908  0.904
FO(%) 89.540 87.555 87.127 88.130 83.682 87.273 90.379 90.026 90.672 90.264
Fa(%) 10250 12215 12.633 11.627 16.003 12.538 9.472 9.816  9.159 9577
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Table 2. The results of electron microprobe analysis for orthopyroxene and clinopyroxene samples in dunite and
harzburgite of North Makran ophiolite; Wollastonite (Fo), Enstatite (En) and Ferrosilite (Fs).

Rock type Harzburgite Dunite

Oxide (wt.%)/Min Opx Opx Opx Opx Opx Cpx Cpx Cpx |Opx Opx Opx Cpx Cpx
SiO» 5596 5543 54.68 55.07 56.34 5445 5347 5247 | 56.89 56.43 5549 5182 5235
TiO, 0.03 0.01 0.02 0.01 0.03 0.11 0.18 0.05 0.03 0.01 0.06 0.35 0.54
Al,O3 311 289 383 353 264 156 259 211 349 257 314 402 541
Cr,05 0.6 051 062 0.7 0.3 02 047 104 05 04 096 091 099

FeO 612 671 619 673 626 143 219 33 6.06 476 565 203 223

MnO 014 015 012 014 016 002 009 0.08 012 015 012 0.8 0.06
MgO 3322 3384 3374 3297 3384 1737 1679 163 | 31.96 3367 3414 169 14.24
CaO 069 043 071 0.6 03 2491 242 2446 | 073 064 05 2327 2347
Na,O 0.02 0 0.01 0 0.01 0.12 0.33 0.23 0.02 0 0.02 0.66 0.72
TOTAL 99.89 9997 99.92 99.75 99.88 1001  100.3 100 99.8  98.63 100 100 100

Calculation of chemical formula and cation values based on 4 oxygen atoms
Si 1935 1913 1885 1910 1945 1970 1935 1915 1.978 1967 1909 1.872 1911
Ti 0.001 0.000 0.001 0.000 0.001 0.003 0.005 0.001 | 0.001 0.000 0.002 0.010 0.015
Al 0.127 0118 0.156 0.144 0.107 0.067 0.110 0.091 | 0.143 0.106 0.127 0.171 0.233
Cr 0.016 0.014 0.017 0.019 0.008 0.006 0.013 0.030 | 0.014 0.011 0.026 0.026 0.029
Fe3+ 0.000 0.042 0.058 0.016 0.000 0.000 0.020 0.063 | 0.000 0.000 0.027 0.086 0.000
Fe2+ 0.177 0152 0.120 0.179 0.181 0.043 0.047 0.038 | 0.176 0.139 0.135 0.024 0.068
Mn 0.004 0.004 0.004 0.004 0.005 0.001 0.003 0.002 | 0.004 0.004 0.003 0.002 0.002
Mg 1.713 1741 1734 1705 1742 0937 0906 0887 | 1.656 1749 1751 0910 0.775
Ca 0.026 0.016 0.026 0.022 0.011 0966 0.938 0.956 | 0.027 0.024 0.018 0.901 0.918
Na 0.010 0.000 0.001 0.000 0.001 0.009 0.230 0.016 | 0.001 0.000 0.001 0.047 0.051
Mg#(=Mg/Mg+Fe?*) 0906 0920 0.935 0.905 0906 0956 0.951 0.959 | 0.904 0927 0928 1.027 0.919
Fer/Fer+Mg 0.094 0.100 0.093 0.103 0.094 0.044 0.068 0.102 | 0.096 0.073 0.085 0.063 0.081
Fe?/Fe’+Mg 0.094 0.080 0.065 0.095 0.094 0.044 0.049 0.041 ] 0.096 0.073 0.072 0.027 0.081
Wo = Ca/Ca+Mg+Fer 1335 0.815 1353 1160 0574 49.62 49.11 4920 | 1462 1250 0.954 4810 52.12
En = Mg/Ca+Mg+Fer 89.42 8925 8944 88.68 90.07 4815 4741 4561 | 89.06 91.49 90.63 48.61 44.00
Fs = Fer/Ca+Mg+Fer 9.242 9.928 9.205 10.15 9348 2.224 3469 5.181 ] 9474 7.256 8414 3276 3.866
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Table 3. The results of electron microprobe analysis for spinel samples in dunite and harzburgite of North Makran
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ophiolite
Oxide (wt.%) / Rock type  Dunite Harzburgite
SiO; 0 0 0 0 0 0 0 0.02 0 0 0 0
TiO; 0.01 0.38 0.24 0.2 0.39 022 0.24 0.02 0.03 0.24 0.2 0.06
Al,O3 49.24 43.49 36.29 43.75 43.36 39.19 34.83 40.65 42.79 36.52  43.45 48.13
Cr,03 19.82 20.88 31.01 21.08 19.67 2571 3121 27.71 2416 30.26 2285 20.14
FeO 14.19 16.84 1655 1587 1422 1636 1862 13.91 1461 1601 1323 13.11
Fe,Os* 29 3.29 2.89 3.27 6.71 318 217 2.19 2.09 215 315 2.21
MnO 0.19 0.25 0.23 0.18 0.16 0.19 0.23 0.17 0.25 022 0.17 0.15
MgO 13.34 14.69 1257 1567 1531 1488 1248 14.85 1595 1443 1672 16.28
CaO 0.01 0 0.01 0 0.01 0 0 0.01 0.01° 0.01 0.01 0
NiO 0.28 0.18 0.19 0.17 0.19 014 0.14 0.13 0.14 014 014 0.19
Na,O 0.01 0.01 0 0 0 0.01 0.01 0.01 0.01 0 0 0
K20 0 0 0 0 0 0 0.01 0 0 0 0 0
TOTAL 99.99 100.01 99.98 100.19 100.02 99.88 99.94 99.67 100.03  99.98 99.92  100.27
Calculation of chemical formula and cation values based on 4 oxygen atoms
Ti 0.00 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.00
Al 1.61 1.44 1.25 1.43 1.43 131 120 1.36 1.41 124 142 1.55
Cr 0.43 0.46 0.72 0.46 0.43 0.58 0.72 0.62 0.53 069 050 043
Fe3* 0.04 0.09 0.03 0.10 0.12 0.10 0.06 0.02 0.06 0.06 0.07 0.02
Fe?* 0.44 0.38 0.45 0.35 0.36 0.37 045 0.36 0.33 0.38 0.31 0.33
Mn 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.00
Ni 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.55 0.61 0.55 0.65 0.64 0.63 0.55 0.63 0.66 062 069 0.66
Mg/(Mg+Fe?*) 0.56 0.61 0.55 0.65 0.64 0.63 0.55 0.63 0.67 062 069 0.67
Cr/Cr+Al+Fe®* 0.22 0.23 0.36 0.23 0.22 029 0.36 0.31 0.27 035 025 022
Fe?*/(Fe?*+Fe3*) 111 0.82 0.95 0.78 0.74 0.79 0.88 0.95 0.84 0.86 0.81 0.95
Al/(Al+Fe®*+Cr) 0.80 0.7 0.63 0.72 0.72 0.66 0.61 0.68 0.70 062 071 0.77
Spinel(%) 55.1 61.32 546 6487 6366 63.0 546 62.84 66.28 619 69.0 66.16
Hercynite(%) 24.2 9.44 6.71 5.92 6.80 181 473 4.45 3.10 0.84 1.17 10.39
Galaxite(%) 0.45 0.59 0.57 0.42 0.38 0.46  0.57 0.41 0.59 054 040 035
Gahnite(%) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Trevorite(%) 0.62 0.41 0.45 0.38 0.43 032 0.33 0.30 0.31 032 031 0.42
Magnetite(%) 2.13 4.33 1.30 4.85 6.23 494 3.01 0.86 3.03 3.03 364 086
Chromite(%) 21.71 23.11 35.77 2314 2169 2891 36.22 31.10 26.62 34.46 25.02 21.70
Ulvospinel (%) 0.02 0.80 0.53 0.42 0.82 0.47  0.53 0.04 0.06 052 042 0.12
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Fig. 6. (a) Classification of olivine in dunite and harzburgite based on Wager and Deer (1939), (b) Classification of
pyroxene based on Morimoto and Kitamura (1983), (c) Pyroxene type based on Morimoto (1988), and (d)
Classification of spinel in dunite and harzburgite in the Cr# versus Mg# diagram (Zhou and Bai, 1992).
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Fig. 7. (a) North Makran spinels in the Cr# versus Mg# diagram after Dick and Bullent (1984), peridotites of North
Makran ophiolite show 10 to 15 percent of partial melting and (b) North Makran spinels in the Cr# versus Mg#

diagram (Dick and Bullen, 1984; Arai, 1994).
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Fig. 8. (a) North Makran peridotite types in the Cr# spinel versus Mg# olivine diagram after Arai (1994), partial
melting based on Hirose and Kawamoto, (1995), (b) Makan peridotites represent mid oceanic ridge (MOR)
affinities in the Al,Os versus TiO, wt.% diagram, (c) Makan peridotites represent mid oceanic ridge (MOR)
affinities in in the Al,Os versus Cr,Os wt.% diagram (Kamenetsky et al., 2001), (d) Mantle array for Makan
peridotites in Conrad and Kay (1984) diagram, (e) Depleted mantle source for Makan peridotites in Kepezhinskas
et al. (1945) diagram, and (f) Makan peridotites represent oceanic affinities in Kornprobst et al. (1981) diagram.
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