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Fig. 1. A: Location of ophiolites in Iran and Naein ophiolite (study area) (Pessagno et al., 2004) and B: map north of
Naein (Davoudzadeh, 1972).
KH = Khoy; KR = Kermanshah; NY = Neyriz; BZ = Band Ziarat; NA = Naein; BF = Baft; ES = Esphandagheh; FM =
Fanuj-Maskutan; IR = Iranshahr; TK = Tchehel Kureh; MS = Mashhad; SB = Sabzevar; RS = Rasht; SM = Samail;
ASH= Ashin; AN = Anarak; JA = Jandaq; BY = Bayazeh; PB = Posht-e-Badam.
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Fig. 2. Contact gabbro intrusion of mantle peridotites and formed wehrlite, A: (far view contact) and B: (near view

contact).
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Fig. 3. Panoramic photo of gabbro intrusion in mantle peridotites of Naein ophiolite.
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Fig. 4. Photomicrographs in wehrlite of Naein ophiolite. Clinopyroxene and margins are irregular and curved. A:
normal light, and B: polarized light. (Cpx= Clinopyroxene, Spl= Spinel, Ol= Olivine, Srp= Serpentine)
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Table 1. Comparison of the chemical composition of olivine in the mantle peridotites (dunite, harzburgites and

lherzolites) and wehrlite of the Naein ophiolite.

Sample Lherzolite | Harzburgite Dunite Wehrlit (B685) Wehrlite (B694)
Number 59 49 8 247 248 260 266 268
SiO, 40.88 40.88 39.95 40.00 39.00 40.61 39.99 40.62
TiO, 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00
Al,O3 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Cr,03 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.00
FeO* 9.52 8.66 11.44 11.12 11.03 11.05 11.04 10.74
MnO 0.13 0.12 0.17 0.20 0.19 0.16 0.16 0.15
MgO 49.79 50.48 48.84 48.28 49.06 4831 48.52 47.95
Ca0 0.03 0.03 0.09 0.04 0.02 0.05 0.05 0.04
NiO 0.39 0.40 0.24 0.24 0.21 0.20 0.20 0.22
Na,O 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.75 100.60 100.76 99.88 99.50 100.39 99.97 99.75
Structural formula based on the 4 Oxygens
Si 0.995 0.993 0.983 0.990 0.971 0.998 0.988 1.003
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al 0.000 0.000 0.001 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
Fe’* 0.194 0.176 0.235 0.230 0.229 0.227 0.228 0.222
Fe’* 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mn 0.003 0.003 0.004 0.004 0.004 0.003 0.003 0.003
Mg 1.806 1.828 1.791 1.781 1.820 1.769 1.787 1.764
Ca 0.001 0.001 0.003 0.001 0.001 0.001 0.001 0.001
Na 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ni 0.008 0.008 0.005 0.005 0.004 0.004 0.004 0.004
Sum 3.006 3.008 3.020 3.011 3.029 3.002 3.011 2.998
Fe# 0.097 0.088 0.116 0.110 0.110 0.110 0.110 0.110
Mg# 0.903 0.912 0.884 0.890 0.890 0.890 0.890 0.890
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Table 2. Comparison of the chemical composition of clinopyroxene in the mantle peridotites (dunite, harzburgites and
lherzolites) and wehrlite of the Naein ophiolite.

Sample | Lherzolite | Harzburgite Dunite Wehrlite (B685) Wehrlite (B694)
Number 18 112 123 242 257 261 264 267
SiO, 50.94 51.26 52.93 54.44 54.62 53.52 52.74 52.68
TiO, 0.13 0.06 0.27 0.12 0.04 0.24 0.12 0.13
Al,O3 5.50 3.40 2.88 0.92 0.59 1.98 2.84 2.76
Cr,0; 1.06 1.08 0.97 0.18 0.08 0.43 0.85 0.85
FeO* 3.32 2.79 2.79 2.12 2.05 2.76 3.26 2.99
MnO 0.09 0.07 0.10 0.05 0.07 0.05 0.08 0.09
MgO 17.84 19.07 16.86 17.47 17.63 17.12 17.58 16.74
Cal 19.71 20.53 23.25 25.38 25.33 24.25 22.17 23.63
NiO 0.07 0.06 0.03 0.02 0.02 0.01 0.02 0.01
Na,O 0.37 0.17 0.30 0.06 0.06 0.22 0.19 0.24
K20 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.01
Total 99.03 98.47 100.61 100.76 100.49 100.57 99.84 100.12
Structural formula based on the 6 Oxygens
Si 1.858 1.875 1.918 1.963 1.973 1.935 1.918 1915
Ti 0.004 0.002 0.007 0.003 0.001 0.007 0.003 0.004
AlY 0.142 0.022 0.041 0.037 0.025 0.065 0.082 0.085
AlY 0.090 0.147 0.123 0.002 0.000 0.019 0.040 0.033
Cr 0.031 0.031 0.028 0.005 0.002 0.012 0.025 0.024
Fe?* 0.064 0.021 0.065 0.036 0.033 0.048 0.076 0.053
Fe 0.037 0.064 0.020 0.028 0.029 0.036 0.024 0.038
Mn 0.003 0.002 0.003 0.002 0.002 0.002 0.003 0.003
Mg 0.970 1.040 0.911 0.939 0.950 0.922 0.953 0.907
Ca 0.770 0.805 0.903 0.980 0.980 0.939 0.864 0.920
Na 0.026 0.012 0.021 0.004 0.004 0.015 0.013 0.017
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ni 0.002 0.002 0.001 0.001 0.001 0.000 0.001 0.000
Sum 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000
Cr# 0.116 0.156 0.145 0.114 0.074 0.125 0.170 0.169
Fett 0.062 0.020 0.066 0.037 0.034 0.049 0.074 0.055
Fe*# 0.124 0.243 0.095 0.389 0.518 0.273 0.140 0211
Mo# 0.938 0.980 0.934 0.963 0.966 0.951 0.926 0.945
WO 40.4 41.7 475 49.4 492 483 45.0 479
EN 53.7 53.8 47.9 473 47.6 47.4 49.7 472
FS 5.9 4.5 4.6 3.3 3.2 4.4 5.3 49
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Table 3. Comparison of the chemical composition of chromian spinel in mantle peridotites (dunite, harzburgites and
lherzolites) and wehrlite of the Naein ophiolite.

Sample | Lherzolite | Harzburgite Dunite Wehrlite
Number 68 47 6 239 240 241 251 252 253 254 258 259
SiO, 0.00 0.01 0.02 0.00 0.00 0.00 0.35 0.00 0.00 0.00 0.00 0.00
TiO, 0.05 0.04 0.49 0.20 0.17 0.15 0.06 0.37 0.38 0.38 0.68 0.75
Al,O3 49.13 32.99 27.03 30.67 30.77 28.20 30.46 25.15 25.71 23.73 21.78 22.80
Cr,04 18.81 34.69 36.26 32.36 32.95 34.60 26.93 36.65 36.44 37.90 37.27 37.17
FeO* 12.79 16.04 23.13 23.99 23.89 25.73 28.33 25.82 26.05 26.66 28.37 27.45
MnO 0.14 0.20 0.30 0.20 0.29 0.34 0.42 0.31 0.29 0.32 0.34 0.32
MgO 18.27 15.11 12.17 12.27 12.12 10.77 9.76 10.95 11.06 10.21 9.46 9.73
CaO 0.01 0.01 0.00 0.01 0.00 0.01 0.03 0.00 0.00 0.01 0.00 0.00
NiO 0.00 0.00 0.00 0.09 0.08 0.07 0.05 0.11 0.05 0.05 0.09 0.11
Na,O 0.00 0.00 0.00 0.01 0.02 0.01 0.01 0.01 0.00 0.00 0.03 0.00
K0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Total 99.20 99.08 99.40 99.66  100.14  99.73 95.90 99.21 99.83 99.26 97.83 98.18
Structural formula based on the 32 Oxygens
Si 0.000 0.002 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ti 0.009 0.007 0.089 0.036 0.030 0.028 0.011 0.069 0.069 0.071 0.131 0.144
Al 12.535 9.106 4.450 8.644 8.646 8.100 8.997 7.332 7.436 7.001 6.576 6.824
Cr 3.220 6.425 6.975 6.117 6.208 6.665 5.335 7.167 7.067 7.497 7.546 7.460
Fe? 2.087 2.689 3.619 3.673 3.713 4.107 4.374 4.034 4.042 4.275 4.541 4.464
Fe** 0.228 0.452 1.086 1.146 1.068 1.158 1.603 1.334 1.330 1.332 1.575 1.396
Mn 0.025 0.040 0.063 0.014 0.033 0.041 0.067 0.034 0.029 0.036 0.042 0.037
Mg 5.896 5.265 4413 4373 4.305 3.909 3.643 4.037 4.044 3.807 3.610 3.683
Ca 0.001 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Na 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ni 0.000 0.000 0.000 0.018 0.016 0.014 0.011 0.022 0.010 0.011 0.019 0.022
Sum 24.000 24.000 24.000 24.021 24.018 24.021 24.041 24.028 24.028 24.028 24.040 24.031
Cr# 0.204 0.413 0.611 0.414 0.418 0.451 0.372 0.494 0.487 0.517 0.534 0.522
Fe# 0.014 0.028 0.087 0.072 0.067 0.073 0.101 0.084 0.084 0.084 0.100 0.089
Mg# 0.739 0.662 0.549 0.355 0.348 0.320 0.273 0.355 0.352 0.471 0.325 0.326
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Table 4. Chemical composition of amphibole in wehrlite of the Naein ophiolite.

Sample B685 B685 B685 B685 B685
Analysis 244 245 246 249 255
SiO, 53.58 53.95 57.41 57.15 56.22
TiO, 0.30 0.30 0.08 0.08 0.13
Al;O; 4.90 423 1.37 1.32 231
FeO 3.12 3.54 2.66 2.80 2.92
Cry0; 0.43 0.33 0.04 0.05 0.42
MnO 0.10 0.08 0.08 0.08 0.07
MgO 21.02 21.15 22.49 2224 22.20
CaO 13.07 12.80 13.58 13.56 13.20
NiO 0.00 0.00 0.00 0.00 0.00
Na,O 0.51 0.35 0.06 0.06 0.09
K;0 0.00 0.00 0.00 0.00 0.01
Total 96.60 96.40 97.73 97.29 97.15
Strucrural formula based on the 23 Oxygens
Si 7.414 7.463 7.861 7.873 7.696
Ti 0.031 0.031 0.008 0.008 0.013
AlY 0.586 0.537 0.139 0.127 0.304
AlY! 0.213 0.152 0.082 0.087 0.068
Fe* 0.110 0.011 0.270 0.323 0.069
Fe™ 0.251 0.398 0.035 0.000 0.266
Cr 0.047 0.036 0.004 0.005 0.045
Mn 0.012 0.009 0.009 0.009 0.008
Mg 4336 4362 4591 4567 4530
Ca 1.938 1.897 1.992 2.001 1.936
Na 0.298 0.434 0.039 0.005 0.311
K 0.000 0.000 0.000 0.000 0.002
Ni 0.000 0.000 0.000 0.000 0.000
Sum 15.075 14.991 15.008 15.017 14.962
Fe# 0.025 0.003 0.056 0.066 0.015
Mg# 0.975 0.997 0.944 0.934 0.985
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Table 5. Chemical composition of serpentine (A) and epidote (B) in wehrlite of the Naein ophiolite.

A
Sample B685 B685 B685
Analysis 243 250 256
SiO; 49.12 42.92 43.19
TiO; 0.03 0.02 0.00
Al,O3 1.78 0.59 0.13
Cr,0; 0.25 0.00 0.00
Feo* 4.21 5.42 5.42
MnO 0.08 0.11 0.11
MgO 33.46 37.37 36.40
CaO 0.12 0.11 0.08
NiO 0.05 0.00 0.05
Na,O 0.14 0.00 0.00
K0 0.06 0.01 0.01
Total 89.00 86.55 85.34

Structural formula based on the 5 Oxygens

Si 1.582 1.456 1.483
Ti 0.001 0.001 0.000
Al 0.068 0.023 0.005
Cr 0.000 0.000 0.000
Fe®* 0.113 0.154 0.156
Fe® 0.000 0.000 0.000
Mn 0.002 0.003 0.003
Mg 1.607 1.890 1.864
Ca 0.004 0.004 0.003
Na 0.009 0.000 0.000
K 0.002 0.000 0.000
Ni 0.000 0.000 0.000
sum 3.388 3.531 3.514

B
Sample B685 B685
Analysis 262 263
SiO, 33.59 34.42
TiO; 0.00 0.00
Al,O3 4.43 3.82
Cr,0; 0.00 0.00
FeO* 21.63 22.09
MnO 0.00 0.00
MgO 0.37 1.59
CaO 35.31 34.40
NiO 0.00 0.00
Na,O 0.00 0.00
K,0O 0.00 0.00
Total 95.34 96.32

Structural formula based on the 12.5

Oxygens
Si 2.988 3.019
Ti 0.000 0.000
Al 0.464 0.395
Cr 0.000 0.000
Fe?* 0.000 0.000
Fe** 1.607 1.618
Mn 0.000 0.000
Mg 0.049 0.208
Ca 3.365 3.232
Na 0.000 0.000
K 0.000 0.000
Ni 0.000 0.000
Sum 8.473 8.472
Ps 0.800 0.800
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Table 6. Relationship between mineralogical paragenesis and metamorphic facies in altered ultrabasic rocks (Spear,

1995).
Facies Paragenesis Al-phase Si content of Ca-amphibole
Sub-greenschist Chrysotile + Talc + Tremolite Chlorite 8.0-7.9
Greenschist and blueschist | Brucite + Antigorite + Diopside Chlorite 8.0-7.9
Forsterite + Antigorite + Diopside Chlorite
Amphibolite Forsterite + Antigorite + Tremolite Chlorite
Forsterite + Tale + Tremolite Chlorite
Forsterite + Anthophyllite (or Magnesio- Chlorite/Chromite |8.0-7.8
cummingtonite) + Tremolite Chlorite/Chromite |7.9-7.5
Forsterite + Orthopyroxene + Tremolite Spinel
Forsterite + Orthopyroxene + Hornblende 7.6-6.5
Pyroxene hornfels (low P) | Forsterite + Orthopyroxene + Clinopyroxene |Plagioclase
Granulite (intermediate P)  |Forsterite + Orthopyroxene + Clinopyroxene |Spinel 6.6-5.9
+ Hornblende
Eclogite (high P) Forsterite + Orthopyroxene + Clinopyroxene | Garnet
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Table 7. Relationship between metamorphic facies and mineralogy of altered ultrabasic rocks (Evans, 1977).

zeolite lizardite/chrysotile serpentinite
pumpellyite

blueschist brucite — antigorite serpentinite
“low” greenschist

“low™ eclogite diopside — antigorite peridotite
“high” greenschist

amphibolite Tremolite peridotite
hornblende hornfels

Pyroxene hornfels Plagioclase lherzolite
Pyroxene granulite {oggx-i- +p‘;cig} Spinel lherzolite {j:;é;?iit?}tcgieei}
“high” eclogite Garnet lherzolite

Eclogite

Blue Schist

[
%]
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Fig. 5. Graph of metamorphic facies and metamorphic conditions in wehrlites of the Naein ophiolite in comparison with

Prehnite
Pumpellyite

2 |- Zeolite

Naein metamorphic ophiolite (Yardley, 1989).
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Fig. 6. A: plots of chemical composition of the minerals olivine, B,C: clinopyroxene and D, E: amphibole in wehrlite

of the Naein ophiolite (Deer et al., 1992).
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Fig. 7. Graphs of chromian spinel in wehrlites of the Naein ophiolite A: Cr # versus Mg # (Cabanes and Mercier, 1988),
b: AlL,O; content of Cr,O; (range from Kepezhinskas et al., 1995)) and C: the amount of Cr # in vs. TiO,, fields of

MORB and boninite by Arai (1992) were determined.
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Introduction

Geological background

Ophiolites have played a major role in our
understanding of Earth’s processes ranging from
seafloor spreading, melt evolution and magma
transport in oceanic spreading centers, and
hydrothermal alteration and mineralization of
oceanic crust to collision tectonics, mountain
building processes, and orogeny. They provide the
essential structural, petrological, geochemical, and
geochronological evidence to document the
evolutionary history of ancient continental
margins and ocean basin. Ophiolites include a
peridotitic mantle sequence, generally
characterized by high-temperature  plastic
deformation and residual chemistry, and a
comagmatic crustal sequence (gabbros, diabase
dikes, and submarine basalts), weakly or not
deformed. According to this interpretation,
ophiolites were allochthonous with respect to their
country rocks. They were assembled during a
primary accretion stage at an oceanic spreading
center, and later tectonically emplaced on a
continental margin or island arc (Dilek, 2003).
The indigenous dikes of pyroxenites and gabbros
that were injected into a melting peridotite, or
intrusive dikes of pyroxenite and gabbro that
injected when the peridotite was fresh and well
below its solidus, are discussed in different
ophiolite papers. Pyroxenite formation and
contact of gabbro and mantle peridotite are
discussed in different articles (Dilek, 2003).
When a gabbro intrude a fresh mantle peridotite
could not significantly react with it, but if
intrusion occurs during the serpentinization, the
gabbro will change to rodingite.

*Corresponding author’s email: Farhadghasemi268@ymail.com

Geological setting

The Naein ophiolitic melanges comprise the
following rock units: mantle peridotites
(harzburgite, lherzolite, dunite, with associated
chromitite), gabbro, pyroxenite, sheeted and
swarm dikes, massive basalts, pillow lava,
plagiogranite, radiolarian chert, glaubotruncana
limestone, rodingite, listvenite, and metamorphic
rocks (foliated amphibolitic dike, amphibolite,
skarn, banded meta-chert, and succession of schist
and marble) (Davoudzadeh, 1972; Jabbari, 1997;
Pirnia Naeini, 2006; Torabi, 2012;
Shirdashtzadeh, 2006). In this ophiolite, the
leucogabbro intrusions crosscut all other rock
units.

Materials and Methods

Mineralogical analyses were conducted by
wavelength-dispersive EPMA (JEOL JXA-
8800R) at the Cooperative Centre of Kanazawa
University (Japan). The analyses were performed
under an accelerating voltage of 15 kV and a
beam current of 15 nA. JEOL software using ZAF
corrections was employed for data reduction.
Natural and synthetic minerals of known
composition are used as standards. The Fe**
content in minerals was estimated by assuming
mineral stoichiometry.

Results

In the contact zone of leucogabbros and mantle
peridotites of the Naein ophiolite, wehrlite and
olivine clinopyroxenite are formed. Rock-forming
minerals of these wehrlites are olivine
(chrysolite), clinopyroxene (diopside), Cr-spinel,
serpentine, amphibole (tremolite and tremolitic
hornblende), epidote and magnetite.
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Comparison of mineral chemistry of olivine,
clinopyroxene and chromian spinel in wehrlites
and mantle peridotites indicate that chemical
composition of clinopyroxene and olivine in these
rocks are different, but chemistry of Cr-spinels in
harzburgite and wehrlite are nearly same.

Discussion

According to the resistance of Cr-spinel against
the metamorphism and alteration, it can be
concluded that the wehrlites in contact zone of
gabbros and mantle peridotites are formed at the
expense  of  harzburgite.  Olivine  and
clinopyroxene of wehrlites are formed by
serpentine  metamorphism and interaction of
serpentine and calcium of gabbro, respectively.
Field study of the research area shows that the
leucogabbro intrudes the harzburgite. This
research shows that after the serpentinization of
mantle harzburgite, the gabbro intrusions crosscut
the serpentinized peridotites, and wehrlite and
olivine clinopyroxenite formed in the contact
zone.
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