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Fig. 1. A: The location of the study area on the Sanandaj-Sirjan zone; B: Geological map of the study area taken from 

the 1/100,000 geological map of Orzuieh (Sahandi et al., 2007). 
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Fig. 2. A: The granular texture in the harzburgite samples of the study area and the presence of fine olivine crystals around 

the orthopyroxene crystals; B: Fine olivines and embayed-shaped corrosions inside orthopyroxenes (both shapes are in XPL 

conditions). 
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Table 1. Representative microprobe analyses of orthopyroxenes from the East Hajiabad harzburgites. The calculated 
structural formula (in apfu) based on 6 oxygen atoms and the end members. 

Samples Opx1 Opx2 Opx3 Opx4 Opx5 Opx6 Opx7 Opx8 Opx9 Opx10 

SiO2 55.2 55.31 55.36 55.53 55.82 55.86 55.93 56.02 56.14 56.27 

TiO2 0.1 0.09 0.09 0.05 0.08 0.06 0.05 0.08 0.05 0.06 

Al2O3 4.82 4.63 4.28 3.34 3.81 3.58 3.39 3.24 3.08 3.34 

FeOt 6.38 6.14 6.28 6.36 6.34 6.44 6.4 6.4 6.38 6.35 

MnO 0.14 0.15 0.14 0.15 0.14 0.15 0.14 0.18 0.14 0.13 

MgO 32.76 32.65 32.67 32.83 32.99 33.33 33.47 33.38 33.61 33.58 

CaO 0.78 0.77 0.66 0.53 0.68 0.46 0.45 0.57 0.39 0.55 

K2O 0.07 0.05 0.07 0.04 0.04 0.04 0.04 0.04 0.03 0.04 

Cr2O3 0.4 0.42 0.33 0.26 0.3 0.36 0.31 0.28 0.31 0.26 

Total 100.74 100.26 99.97 99.16 100.31 100.35 100.22 100.27 100.22 100.62 

Si 1.89 1.9 1.91 1.93 1.92 1.92 1.93 1.93 1.93 1.93 

Al 0.19 0.19 0.17 0.14 0.15 0.15 0.14 0.13 0.12 0.13 

Al(IV) 0.11 0.1 0.09 0.07 0.08 0.08 0.07 0.07 0.07 0.07 

Al(VI) 0.09 0.09 0.09 0.07 0.08 0.07 0.06 0.06 0.06 0.06 

Fe 0.18 0.18 0.18 0.19 0.18 0.19 0.18 0.18 0.18 0.18 

Mn 0.01 0.012 0.01 0.01 0.011 0 0 0.01 0.013 0.011 

Mg 1.68 1.68 1.68 1.7 1.69 1.71 1.72 1.71 1.73 1.72 

Ca 0.03 0.03 0.02 0.02 0.03 0.02 0.02 0.02 0.01 0.02 

Cr 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Wo 1.52 1.5 1.29 1.04 1.33 0.89 0.86 1.1 0.75 1.05 

En 88.86 89.1 89.1 89.26 89.07 89.41 89.54 89.3 89.69 89.46 

Fs 9.63 9.4 9.61 9.7 9.6 9.7 9.6 9.61 9.55 9.49 

Cr# 5.26 5.69 4.91 4.89 5.08 6.29 5.7 5.38 6.23 5.01 

Mg# 0.9016 0.9046 0.9027 0.902 0.9027 0.9022 0.9032 0.9029 0.9037 0.9041 

Mg#=Mg. (Fe+Mg).100 
 

 C�=-2. �O<� ��"*3 	& Q>�. ̀ �����!����#���;� 
&����� 
���-�. ,�� (�a)���	��� 
�� �B��2� .���8 ��3�� ���# �� ��6 . J�!�& b3& 

Table 2. Representative microprobe analyses of clinopyroxenes from the East Hajiabad harzburgites samples. The 

calculated structural formula (in apfu) based on 6 oxygen atoms and the end members. 

Samples CPX1 CPX2 CPX3 CPX4 CPX5 CPX6 CPX7 CPX8 CPX9 CPX10 

SiO2 54.62 53.38 53.2 53.27 53.16 53.83 53.93 53.21 53.16 53.34 

TiO2 0.02 0.05 0.03 0.04 0.02 0.03 0.15 0.04 0.06 0.44 

Al2O3 2.904 2.821 2.739 2.701 2.709 2.727 2.63 2.666 2.61 2.533 

Cr2O3 0 0.04 0.02 0.01 0.02 0.02 0.03 0 0.01 0.03 

FeO 3.53 3.7 4.29 4.65 4.79 4.46 4.39 4.45 5.8 5.09 

MnO 0 0.05 0.03 0.02 0.03 0.07 0.05 0 0.02 0.02 

MgO 14.06 14.01 14.06 14.06 14.02 14.09 14.03 14.04 14.05 14.07 

CaO 24.59 24.78 24.39 24.41 24.35 24.21 24.13 24.21 24.13 24.28 

Total 99.724 98.831 98.759 99.161 99.099 99.437 99.34 98.616 99.84 99.803 

Si 2.017 1.989 1.986 1.982 1.98 1.997 2.004 1.99 1.97 1.977 

Ti 0.001 0.001 0.001 0.001 0.001 0.001 0.004 0.001 0.002 0.012 

Al 0.126 0.124 0.12 0.118 0.119 0.119 0.115 0.117 0.114 0.111 

Cr+3 0 0.001 0.001 0 0.001 0.001 0.001 0 0 0.001 

Fe+2 0.109 0.115 0.134 0.145 0.149 0.138 0.136 0.139 0.18 0.158 

Mn 0 0.002 0.001 0.001 0.001 0.002 0.002 0 0.001 0.001 

Mg 0.774 0.778 0.782 0.78 0.778 0.779 0.777 0.783 0.776 0.777 

Ca 0.973 0.989 0.975 0.973 0.972 0.962 0.961 0.97 0.958 0.964 

Wo 52.42 52.54 51.56 51.28 51.16 51.19 51.26 51.27 50.06 50.76 

En 41.7 41.33 41.36 41.1 40.98 41.45 41.47 41.37 40.55 40.93 

Fs 5.87 6.12 7.08 7.62 7.86 7.36 7.28 7.36 9.39 8.31 

Mg# 0.87656 0.87122 0.85371 0.84324 0.83927 0.84951 0.85104 0.84924 0.811715 0.83102 

Mg#=Mg. (Fe+Mg).100 

220  



��������	 ���� 
�� �
������ ����� ����19����� � 38   ��!�	 � "���# �1404   

 

 

�!����#�3�& :�3����2��*� ���.� 
�x!� k���� ) �� En

0.89 �0.07Fs  �0.01Wo  ��0.92 En �0.08Fs � 0.02Wo  *	

 �(�*�#;8 � ���;�*��) /$� ���r�19881) .(  �O�;�� *��

 ����)�%) ̀ /$� �8, �� ��R: � W���%� �� �%f �3����2 ����

 �$*�) *	 W.� }7�& G� (��%! 1) W���%� 	"! *�"R�

�3����2 ����;�& k���� H����r�' �	�9�$� 	*�� �8 *��

��.	���  W���%� 	"!)2+Mg#=(Mg/Mg+Fe ���� ��� �8

 ���9/0 ��� �� � /$��3����2��*� �* W���%� 	"! 
�*�	 �8

�� �0�) O�"=) "%&�)1 ��	�R� �8*� ) ��� *	 .(2TiO  ��

045/0  ��1/0  �Cr#=(100Cr/Cr+Al)  ��89/4  ��29/6 

�� ��r���3����2��*� k���� ."&�) *	 1�0�M� 	*�� 
�8

 *�	�;�En-Wo-Fs  �(�*�#;8 � ���;�*��)1988(  *	

�� L'�� /����3�� ���3� B#&) 	�&31��;� W�$�� .( 
�8

 *�	�;� *	 �3����2��*��3O2Al  B)�R� *	

3O2MgO+FeO+Fe  *�	�;� �)+Mg2+/(Fe2+Fe B)�R� *	 

)2+100.Ca/(Ca+Mg+Fe  ����;��*) /����$�0� ��1983 (

 ����3����2��*� ��*+, /�8���� (�
� �* �8 B#&) "8	

4-  .(? � I0� 
  

  

  

 QK�3. �!����#�3�& (�TU�� �&���� �� �T1�O� ���� 
��En-Wo-Fs  � &��K�� � �3������)1988.( 

Fig. 3. The position of the studied orthopyroxenes on the En-Wo-Fs diagram (Morimoto et al., 1988). 
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Fig. 4. A: Classification of the studied orthopyroxene composition on Al2O3 versus MgO+FeO+Fe2O3 diagram 

(Rietmeijer, 1983); B: Seperation of igneous and metamorphic orthopyroxenes on the Fe2+/(Fe2++Mg) versus 
100Ca/(Fe2++Mg+Ca) diagram (Rietmeijer, 1983).  
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Fig. 5. A: The clinopyroxene positions of the East Hajiabad harzburgites on the En-Wo-Fs diagram (Morimoto et al., 1988); B: 

Classification of clinopyroxenes from the studied harzburgites based on the Q versus J components diagram (Morimoto et al., 1988). 
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Fig. 6. A: Chondrite normalized rare earth elements pattern (Sun and McDonough, 1989) and depleted MORB mantle (DMM) 

(Hanghøj et al., 2010) for the studied harzburgites; B: Normalized trace elements relative to the Primitive mantle (Sun and 

McDonough, 1989) for the East harzburgites of Hajiabad.  
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Fig. 7. Variation diagrams of MgO against the major oxides such as CaO, Al2O3 and Sc (ppm) of whole rocks from the East 
harzburgites of Hajiabad samples. The ranges of abyssal and SSZ-type peridotites from Niu et al., (1997) and Parkinson and 

Pearce, (1998), respectively. The residual composition after melting of the primary upper mantle (PUM; Palme and O'Neill, 

2004) has been plotted at pressures of 10 and 20 kbar (Kapsiotis, 2016). 
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Table 3. Representative major (in wt%) and trace element (in ppm) compositions of the East harzburgites of Hajiabad 
samples. 

Samples HJ3 HJ4 HJ5 HJ6 HJ7 HJ8 

SiO2 41.32 42.96 43.29 41.82 43.6 43.31 

Al2O3 3.8 2.18 2.02 1.41 1.75 0.95 

Fe2O3T 9.18 8.64 8.86 8.77 8.52 7.11 

MgO 38.63 39.63 39.51 40.01 38.18 40.41 

CaO 3.47 2.67 2.77 2.9 0.75 0.67 

Na2O 0.41 0.11 0.05 0.06 0.06 0.94 

K2O 0.01 0.02 0.01 0.01 0.02 0.01 

TiO2 0.47 0.3 0.23 0.44 0.35 0.41 

P2O5 0.01 0.01 0.24 0.01 0.01 0.01 

MnO 0.52 0.2 0.25 0.31 0.5 0.12 

LOI 2.39 2.9 1.26 3.09 3.1 3.77 

Total 100.21 99.62 98.49 98.83 96.84 97.71 

Rb (ppm) 0.43 0.53 0.28 0.63 0.42 0.73 

Sc 12.41 11 0.29 8 10 9.06 

Cr 2439 3280 0.3 3050 2420 2163 

Ni 1930 2200 0.31 2170 2320 2021 

Zn 45 46 0.32 46 46 46 

Cu 22 24 0.33 18 14 16 

Co 97 100 0.34 102 100 101 

Ga 1.9 2 0.35 1.97 2 1.08 

Cs 0.02 0.03 0.36 0.02 0.03 0.04 

Ba 3.41 4 0.37 3 2 2 

Sr 7 6 0.38 6 7 7 

La 1.73 1.3 0.39 0.89 0.2 0.4 

Ce 0.35 0.46 0.4 0.87 0.48 0.54 

Pr 0.05 0.03 0.41 0.08 0.06 0.05 

Nd 0.7 0.26 0.42 0.92 0.17 0.15 

Sm 0.07 0.1 0.43 0.08 0.1 0.1 

Eu 0.01 0.02 0.44 0.06 0.01 0.01 

Gd 0.6 0.8 0.45 0.19 0.11 0.1 

Tb 0.02 0.01 0.46 0.04 0.02 0.02 

Dy 0.11 0.11 0.47 0.06 0.1 0.18 

Ho 0.04 0.01 0.48 0.02 0.05 0.04 

Er 0.06 0.09 0.49 0.01 0.08 0.1 

Tm 0.04 0.009 0.5 0.012 0.007 0.02 

Yb 0.11 0.18 0.51 0.19 0.09 0.17 

Lu 0.016 0.022 0.52 0.018 0.032 0.03 

Ta 0.07 0.05 0.53 0.05 0.04 0.05 

Y 0.5 0.5 0.54 1.5 1 1.2 

Nb 0.8 0.7 0.55 0.2 0.3 0.2 

V 66 59 0.56 58 65 70 

W 0.7 0.9 0.57 0.6 0.5 0.2 

Tl 0.009 0.007 0.58 0.006 0.006 <0.005 

Th 0.07 0.09 0.59 0.08 0.05 0.05 

U 0.01 0.01 0.6 0.03 0.04 0.03 

Zr 10 10 0.61 10 10 10 

Hf 0.2 0.2 0.62 0.1 0.1 0.1 
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Fig. 8. A and B: The Mg# against Al2O3 diagram for orthopyroxene crystals from the East Hajiabad harzburgites. The 
range of abyssal peridotites is taken from Johnson et al., (1990) and the range of fore-arc peridotites is taken from Ishii 

et al. (1992). C: The Mg# against TiO2 diagram for clinopyroxene crystals in the rock samples of the study area 
(Ishikawa et al., 2007). 
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Fig. 9. Spider diagram normalized relative to N-MORB values (N-MORB data from Sun and McDonough, 1989) of the 

East Hajiabad harzburgites compared with the depleted MORB mantle (DMM). The DMM curve from Workman and 
Hart, 2005. 
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Fig. 10. A: Non-modal dynamic melting model in a closed system of a primary mantle with mantle spinel lherzolite 

mineralogy (Palme and O'Neil, 2004) to investigate the melting degree of harzburgites in the study area. B: Variations 
of Er (ppm) vs. Yb(ppm). Trends are plotted based on non-modal dynamic melting of primary mantle. 
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Fig. 11. V/Sc (ppm) versus Sc (ppm) diagarm (Lee et al., 2005) for harzburgite samples of the study area where the 
melting degrees and oxygen fugacity are plotted. 
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P (Kbar) = -T (K) 126.9 * Ln [aCaCrTs
Cpx] + 15483.Ln (CrCpx/T (K) 

+ T (K)/71.38 + 107.8) a Cpx  
CaCrTs = Cr-0.81Cr #.(Na+K) 
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P (kbar) = -13.97 + 0.0129T (ͦ C) + 0.001416T (ͦ C). ln 

(XNaAlSi2O6
Opx/(XNaO0.5

liq.XAlO1.5.(XSiO2
liq)2)) -19.64 (XSiO2

liq) 

+47.49 (XMgO
liq) +6.99 (XFe

Opx) +37.37 (XFmAl2SiO6
Opx) + 

0.748 (H2Oliq) +79.67 (XNaO0.5
liq+XKO0.5

liq) 
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Table 4. Thermometry and barometry of the East Hajiabad harzburgites based on the chemical composition of 

orthopyroxene and clinopyroxene. 
Geothermometers Pressure (Kbar) 

Clinopyroxene-Orthopyroxene 
Nimis and 

Taylor (2000) 

Putirka, 

(2008) 
Putirka(2008) T(ͦ C) Brey and Köhler (1990) 

T (ͦ C) Eqn 32 Eqn 36 Eqn 37 

1311.11 1342.11 1333.55 1321.5 13.45 14.12 
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Abstract 
Mantle peridotites form an important part of Esfandah-Hajiabad ophiolitic belt on the southeast of 

Sanandaj-Sirjan zone. The East Harzburgites of Hajiabad, having minerals such as olivine, 

orthopyroxene, and clinopyroxene, are the main unit among this set of ultramafic rocks that do not have 

obvious layering and are observed as masses. The orientation of minerals, recrystallization and different 

generations of minerals indicate that these rocks are prouduced in the upper mantle and implacement in 

the crustal environment. Mineral chemistry of pyroxene in harzburgites show that in these rocks, 

orthopyroxenes are located in the enstatite range and clinopyroxenes are located in the diopside range. 

Based on thermometric and barometric studies on pyroxene crystals in harzburgites, the equilibrium 

temperature is around 1342.11 ͦ C and the crystallization pressure is around 14.12 kb, which corresponds 

to the range of spinel peridotite. Based on geochemical and tectonic studies, the harzburgites in the east 

of Hajiabad were formed in the range of abyssal peridotites towards a supersubduction zone, probably 

similar to back-arc basin with about 12% partialmelting. The behavior of rare earth elements associated 

with the rock samples of the study area also proves the partialmelting and metasomatism processes that 

occurred during the formation of these rocks. 
 

Keywords: Geothermobarometry, Pyroxene, Metasomatism, Partial melting, Harzburgite, Hajiabad 

 

Introduction 
The ophiolitic belt of the Zagros Thrust is divided 

into two groups such as external ophiolites, 

including the Khoy-Maku ophiolites, the Zagros 

ophiolites of Iran-Iraq (Kurdistan ophiolites), 

Kermanshah, Neyriz, and Esfandaghe-Hajiabad 

and internal ophiolites, including the Nain, 

Dehshir, Shahrbabak, and Balvard-Baft 

ophiolites. The study area seems to be a part of 

the external ophiolites of Zagros. Mineralogical 

and petrological data of upper mantle peridotites 

in ophiolitic complexes can help to investigate 

the tectonic setting and genesis of these 

complexes. Therefore, in this study, an effort has 

been made to obtain a better understanding of 

their origin and tectonic environment by studying 

the chemical characteristics of rock and 

pyroxenes in the harzburgites of the ophiolitic 

complex in the East of Hajiabad. 

 

Regional Geology 
The studied ultramafics include dunite, 

harzburgite, and a small amount of lherzolite. 

These rocks belong to the Triassic age. The 

dunites make up the largest volume of ultramafic 

rocks in the study area and appear yellow in the 

field observations. The next lithologic unit in the 

study area is the harzburgites. This rock unit 

shows less weathering compared to other rocks in 

the area and exhibits varying degrees of 

serpentinization. The harzburgites appear dark 

green on the broken surface. Another rock unit in 

the study area is the lherzolites, representing 

about 5% of the volume of ultramafic rocks in the 

study area. The color of the lherzolites ranges 

from reddish brown to yellow in the field. Due to 

weathering, some of these rocks appear as eroded 

hills in certain areas. Common phenomena in the 

study area include serpentinization and the 

presence of secondary carbonate veins. Tectonic 

fractures and alteration in the ultramafic rock 

units of the study area indicate the intensity of 

tectonic activity, with calcite veins injected along 

the tectonic fractures. 

 

Material and Methods 
After detailed library studies and field 

observations, targeted sampling of harzburgites 
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from the ultramafic complex, microscopic 

studies were performed and 6 less-altered 

samples were chosen to determine the major 

oxides by XRF method for the whole rock and the 

major elements, trace elements and rare earth 

elements by the ICPmass method. The samples 

sent to Zarazma laboratory. For the mineral 

chemistry, pyroxene (clinopyroxene, 

orthopyroxene) have been analysed by a Cameca 

SX100 EMPA (Iran LIMS, Iran). The 

acceleration voltage was 15 Kv. The beam 

current was 30 nA. 

  

Result and Discussion 
Mantle peridotites form an important part of 

Esfandaghe-Hajiabad ophiolitic belt in the 

southeast of Sanandaj-Sirjan zone. Harzburgites 

in the East of Hajiabad are the main unit in this 

mafic-ultramafic rock assemblage which lack 

visible layering and occur in a massive form. The 

orientation of the minerals, recrystallization and 

different generations of minerals indicate the 

formation of these rocks in the upper mantle and 

their emplacement in the crustal environment. 

Based on mineral chemistry of pyroxene in 

harzburgites, orthopyroxenes are located in the 

enstatite range and clinopyroxenes are located in 

the diopside range. The behavior of mobile and 

immobile elements of the studied harzburgites are 

shown in spider diagrams. In spider diagrams, the 

studied harzburgite rocks show enrichment of 

LREE elements relative to HREE. This 

enrichment of LREE elements in the harzburgites 

can be attributed to the partial melting process, 

the exit of produced magma, depletion of primary 

peridotite, and the effect of fluids and volatiles 

released from the subducting oceanic crust 

reacting with primary peridotite. In other words, 

in addition to undergoing the process of melting, 

the rocks have also undergone the process of 

metasomatism. If the melting was alone process, 

the LREE values should be lower than the HREE 

values. Therefore, it can be concluded that 

initially, the source rock was depleted of these 

elements due to melting and the presence of 

LREE elements in the melt; however, it 

subsequently underwent metasomatism, resulting 

in the enrichment of these elements again under 

the influence of fluids and volatile substances. 

Whole rock and mineral chemistry studies were 

employed to determine the tectonic environment 

of harzburgites in the East of Hajiabad. The 

resulting diagrams from these studies display the 

range of abyssal peridotites for the harzburgites. 

Harzburgites are the most abundant type of 

peridotite in the lithospheric mantle of most 

oceanic environments, such as mid-ocean ridges 

(MOR) or in the mantle wedge above subduction 

zones (such as back-arc basins (BAB)). The 

mineralogical composition of these rocks is 

similar in both environments, but the 

harzburgites above subduction zones are altered 

by the fluids released from the subducted crust. 

As a result, there is a change in the abundance 

pattern of elements, with an increase in 

subduction-related mobile incompatible elements 

compared to normal mid-ocean ridge basalt (N-

MORB) and a decrease in subduction-related 

immobile incompatible elements, which is 

characteristic of ophiolites associated with back-

arc basins. These conditions are observed in the 

East harzburgite samples of Hajiabad, 

confirming their formation in a back-arc basin 

with approximately 12% partial melting. 

Temperature and pressure measurements on the 

pyroxenes in harzburgites show an equilibrium 

temperature of about 1342.11 ͦ C in the range of 

spinel peridotite. The crystallization pressure of 

about 14.12 kbar obtained in barometric studies 

confirms this statement. the ƒO2 during 

crystallization in these rocks was moderate to 

high.  
 

Conclusion 
The East harzburgites of Hajiabad clearly show 

the upper mantle deformations such as the 

elongation and curvature of pyroxenes and the 

recrystallization of olivines. The pyroxene 

thermometers (coexisting pyroxenes method) 

have been used to determine the temperature in 

these rocks, and the estimated temperature was 

calculated to be around 1342.11 ͦ C. According to 

the mineralogy of these harzburgites and absence 

of garnet, the pressure range was found to be 

around 14.12 kbar. This pressure is consistent 

with partial melting in the spinel peridotite range. 

Due to the behavior of rare earth elements, partial 

melting and metasomatism have occurred. In the 

tectonic setting above the subduction zone, the 

peridotites can show partial melting, depletion 

and the evidence of metasomatism, which due to 

the reaction of fluids from the subducting slab. 

Base on these reasons it can be concluded that 

these rocks were formed in a back-arc basin 

environment. During the crystallization of 

orthopyroxene and clinopyroxene, the ƒO2 is 

moderate to high. The lower ƒO2 at 

orthopyroxenes crystallization than 

clinopyroxenes orthopyroxenes indicates that 

clinopyroxenes crystallized more delayed than 

orthopyroxenes in magmatic crystallization 

series. 
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