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Abstract: The Southern Caspian Sea ophiolite complex (SCO) is one of the Late Cretaceous 
discontinuous oceanic lithosphere remnants in northern Iran. These complex is almost a 
complete sequence from bottom to top, ultramafic cumulates, layered gabbros, isotropic 
gabbros, dike complex and basaltic lavas which is covered by Late Cretaceous (Companion- 
maaestirchtian) pelagic limestone. Crustal ultramafic cumulative rocks are mainly composed 
of dunite, wehrlite, olivine clinopyroxenite and clinopyroxenite. The crystallization order in 
the ultramafic rocks is: olivine (with high Mg# in clinopyroxene) + clinopyroxene (cumulus 
and with high Mg#) + olivine (intercumulus and with low Mg#). The mineral chemistry of the 
ultramafic cumulates of the Southern Caspian Sea ophiolite (SCO) is not consistent with 
crystal–liquid fractionation of primitive mid oceanic ridge basalts at low pressures. The 
presence of highly magnesian clinopyroxene (Mg# = 81-90), homogenouse composition of 
clinopyroxene, absence of zoning in clinopyroxene together with the absence of plagioclase, 
as early fractionating phases, indicate medium- to high-pressure (up to 10 kbar) crystal 
fractionation of primary basaltic melts. Mineralogical and geochemical data suggest that the 
ultramafic cumulates are distinct from rocks in mid oceanic ridge ophiolites. Mineral 
composition of clinopyroxene show that the ultramafic rocks of Southern Caspian Sea 
ophiolite, were formed from the basaltic magma in an island arc/suprasubduction zone 
tectonic setting. 

Keywords: Ultramafic cumulates, Southern Caspian Sea, high-pressure crystal fractionation, 
Suprasubduction zone. 
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' #"#�K� �)�1 ,G�	 �3"%"()�.3��A�)AlVI(
,%=�3 . 	 #31
*K H"')%"#�K� EI�8 �3��/$�!)	"�=

�K/";� �� 6r"-.8 _"�$���1 U�I �KY8 �/�)>� ""</ Na+ 

AlIV �I �Q��AlVI+2Ti+Cr ]�� ��:[��/ UI�G 
I���$/ .
K 8 ��"' R"#�K�  v%+ �3 Fe3+��.��A ,�/)8"�$  W�%+ #

	 �"=�U�� AlVI�Ti �CrEG)� �� "��.3��A��)& �/�� 
�/�/ 	�Fe3+' ��"#�K� 2=�I �3��I�/,�� AlVI��/� ��I �
8��Q+���/)� eI�8 ?�)�1 "%"EG)� �� ()"��.3 � ��A���g-

��A��$/ ./ I�%I
�g 3 #Al I" =.BEG)� ��/� "�

��A���g	 � �$  W�%+ ���� 6�-�/ ��)& "=��
 2)CA �I
�)�1"%"()(U��Fe3+EG)� �I "��.3��A�j3/ 	 �  8��)&.
/ �I
8 8 #"Y8 �/�)>� �� R""</ Na+ AlIV �I �Q��AlVI 

+2Ti+CrFD ���/)� ���� �/ �K ?AlVI +2Ti+Cr �I Na+ 

AlIV�����!^ E� �Fe3+=0�$/ .!�/ G /��" B��)>� �� �3
 � 4�I
� �
_D  Fe3+=08 8 �I "� ^ E� R
� ��
6�)I jK �
$�!)	"�K/ �=";� �� 6r"-.8 _"' U"�$��%�K�  . 3 P�%>t

*W�	 �g?�/ ��)>� _DFe3+=0 "I� 6�.� �,&�I  =.��K ,3�
$�!)	"�K/ �=";� �� 6r"-.8 _"' U"I #�K� "��)I  =.
�$/]�� ��o[.*K"')%"#�K� �3B��)>� �3B	��/ =�/ "H

�$� I�,& ��C� 
H�I_DFe3+=03�! ���
/  
�/ G _D #
��!"K�5 �K ,� �$�!)	 6�)I jK �/ "�K/ �=";� �� 6r"_

�$���1 U"-.8)U-&Bo.(
�&�Q�/ �� #"
�' B�3�="�)"	/ ?+)>7��"6/CTi�' "
#

�$/ .����
�'  "
#Ti*K �� "')%"#�K� �3B�&�Q�/�3B
q�)8"=�)wt% �o/\<(&�� ���8 �/ �!,& ��=&)! eQ%� /B

�/ ���1Ti �$/ ]�n ���[./ I�%I
���� #
�I  "�' ��"
#Ti �� 
/
*K #"')%"#�K� Q� �3"�)*Q8 #�/ ���1 
�>!�� HB�	"�/  

Ti�$/ .�3�>!��B�	"�/  Ti  �/�=& $ ��2=$�D B�3�>!���
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�8/)*W �6�"��E%K ��	)W B,>W�"%>"+� � �o�

	/"�)"��3B,�
�/ =?��2
�A �� ���1 U"-.8 �K �$/ �G & -
B�3/ 	 �$/ �,& �I�� �.�/�� 	 ]��[)U-&An.(

�/�)>�Mg# �I �Q�� TiO2#�K� "')%"*K �N%$ B�3 -
@)%A �"�)"	/ H"	��/ =�/ B�3U-& �� �CD B�
��A�6�.� 

��,3� .#�K� "')%"*K P4)W/ �I B�3Mg# 6/C"� �4�I TiO2

,��/� C"� �
4�I]�� ��\[��)� �� �,+�G #
/ ��� �
#�K� "')%"*K�+)>7��� �)A)� B�3 �"�)"	/ H"	��/ =��/ B�3

��"� ���W �CD B�
�� @)%A .��)>� ��  3 �$� I ��)� B�3
 �gMg#�K� "')%"*K #6/C"� ,&�I  84�I �3TiO2���1 

�$/  =%"
�')wt% �/\~)(U-&�.(�� B��)� #"%g
�+)>7�� 
CA �="�)"	/ B�3B�I )Bay of island ophiolite 

complex(]�� �����:[	/ �� �"�)"V QG �]��[�"�C
�,
�$/ �,& .3�!��/,�� TiO2*K "')%"#�K�  �+ $ �I �3

 �)*Q8 � �>!�� ��>7�/�)i �I �$/ �=�I/� ���1
/C	/ �I �-
d
 t ���>7�/ �+ $
�)8 R
eTi /C	/ 
� d�
,I�]�o ����

�\[./ I�%I 
�/,�� 6�)I jK #TiO2�34)�)K �� B	��/ =�/ "�H
����.� ,�/)8?,&�I ���1 �=�31 6,& � $ )U-&A�.(

�/,�� Cr2O3*K ��"')%"#�K� �3BN%$ �3B	��/ =��/ "H
�I P�=Q�� �$/ 4)��� ��"��,5 �3 �wt% o/\�� �

*K"')%"%�K� "��3wt% �o/\(d3�K �I �Mg# �/,�� �/ 
� �=$�K 61�/ �K �)&
�8 �I P4�>=5/ #�!,& ��,8 
7�

�/ �>!��Cr �=�I/��$/ ]�n�:[.

BC�K)A(#�K� "')%"*K �"EG)� N%$ B�3 �/�)>� B�� H"	��/ =��/ B�3 </ �""Y8 Al-Si . 6)"8��K �/,�E8 R��5  �I ��3�);� L)�� 	 �� ��3
�,& ��,� B��=D�$,�/ �)B(#�K� "')%"*K �"EG)�$� I B�3�</ ""Y8 �/�)>� B�� �,& +Na )AlIV(�I �Q��+2Ti+Cr)AlVI(]k��kl[.

BC�L)A(</ ""Y8 �/�)>�Ti �I �Q�� AlIV#�K� "')%"*K B/ I B�3�$� I �,& .� =�! B�3MORB �IAT �/ �"%"�)I �]��[.)B(
N%$ #�K� "')%"*K �"EG)� #""E8��)>� H"	��/ =��/ B�3 B�3�$� I �/�)>� B�� �,& Ti+Cr �I �Q�� Ca ]��[.

)A()B(
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�K �>"&��N%$ �*W/ B�3�CD B�
�� @)%A �="�)"	/ ?+)>7� H"	��/ =��/ B�3. . .�o�

[

BC�M)A(</ ""Y8 �/�)>�TiO2�I �Q�� Mg##�K� "')%"*K B/ I N%$ B�3 %� H�"	��/ =��/ B��3 ���F .#��K� "')%"*K N%�$ B��3 B��3
 �� H��"	��/ =��/O =���!����)>� B���I � ��
CA ���"�)"	/ B���3)BOI (���� �/ ��G,��� "!]km[�)B(</ ��""Y8 �/�)��>�Cr2O3���I �Q���� Mg# B/ ��I 
#�K� "')%"*K B�3�$� I �,& .O =�! #�K� "')%"*K B�3 ��&�Q�/ B��3 �=�/�)�' ��"�)"	/ �
� I��! –�=�/����K (PKO) �/ ]k�[��$/ .O =��! 

#�K� "' B�3 �� �/ #"
�' ��.	�$� IB�3  
� �I 78 k�/  J�>8/ ]k�[�$/ �)C(</ ""Y8 �/�)>�Al2O3�I �Q�� Mg# #�K� "')%"*K �� B�3
N%$ ��)>� 61 �� �K �CD @)%A �"�)"	/ H"	��/ =��/ B�3 #�K� "')%"*K B�3 B�3�$� I �� �,& O =�! 1 ��I H�
�C� �
 4�I ��.	 ��� �/ �G 6-

��/� �,� "!�"8�,
 ' B�3 B�3 �I �/ 4�I ��.	]��[�O =�! �/ ���!��-$/ ,��� ]��[�)D(</ ""Y8 �/�)>�<�v=��Al  �.3 ��I �Q�� ��A� Al 
��A� ��g#�K� "')%"*K �� B�3�$� I�,& .� =�! �/ �,& �T/�/ B�3]��[�$/ .

BC�N��)>� B�3$� I��,& �
 =$�)	 </ ""Y8 �/�)>� �� �I �Q�� NiO  ]��[#
)"�/ 61 �� �K N%$ B�3 �� P�Q
 �8 H"	��/ =��/ B�3O =�! 
�� �/ G �$)��"G/ B�34)�)K,� "!.

)A()B(
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�8/)*W �6�"��E%K ��	)W B,>W�"%>"+� � �n\

�
�� @
+)>7� ��?	/"�)"=��� @)%A 
�B��K ��CD ��/")
�/�/ 	 �I #�
d�I ���3B�'"
%��+)>7��
� �,��)& .�)i �I
�� �-

���"��/ � �3")
*K #"')%"%�K� "��3��	 �/ �3B*W/ ���K "��

� @)�;��,�)& .�I�,8
d�I �>$ �I s�3B4�I �
�+)>7� 

� �/"� �=$�K 61 6/C��)& .�=�
���1 s"C�
&��KC�n��)>� 
�/")
N%$ �/ #�3B	��/ =��/ "L�,A �� �+)>7� H��T/�/ 

�,&/,�.K 8"�)*I RB�/")
#�3
�D/)%-��F%� ,G�	 �,%IB
=�3,%.�"6/CFoN%$ �� ���1 �3B=&�Q�/�	��/ =��/ "H

<��J=��I �"#�:�8����� �� ,W�� "� ��:�8�/�� ,W�� 
�/ ��")
*K #"')%"%�K� "Y=� �""�$/  .�"6/CNiO��� �/ "�

�>$ �I *K"')%"%�K� "� d3�K ��
,I� .� �)v8��K �)&

�/")
#�3�)=K�	 �3BI)D �/ IBE8""Q�� <�A�� #��)*Q8 
 J8
��,%&�I ]�����[�/,�� NiO�/")
#I �3"#\�8:/\

��� ,W����$/ �*K /�� "?��)>� �3B�/")
N%$ #�3B
	��/ =��/"�� HBY8 �/�)>� "" =$�)	 ,W�� </ 
��I �Q�� 

��� ,W����K/ "� ,"U-)U-&�(��� >*G�&�Q�/�3B
G/"$)���]��[� �/ G �!",�  .Mg#�/")
#�I �Q�� �3Mg# 

#�K� "')%"*KB�36�>3 �� �)A)� N%$ �I �3"�' ��"
 =%
/ � �$/
 �/ #Q� P4�>=5/"V���� �)*Q8 #*K"')%"#�K� 

�Q���/ �I ")
��)>� �� #�$�3)��$� I��3BN%$ =D�%&�
�/")
#�3B�"=&�Q�/ 6��I"*K #"')%"#�K� �"C)�
/ ,
#

& ��$/ �*q�� U-�.(

H�)�O�=�
���1 s"��K C��/")
N%$ �� #�3B	��/ =��/ "H.
��)>� S10 S11 S12 S13 S14 S15 

SiO2(wt%) :�/:� ��/:o  o�/:� \�/:� \�/:�  \�/:�
TiO2 \ \ \ \n/\ \ \
Al2O3 \ \�/\ \ \ \�/\ \:/\
FeO ��/�� o�/��  ��/�: �/�:  �/�:  �n/�:
MnO :o/\ :�/\ :�/\ �n/\ :�/\ �o/\
MgO �:/:� �/:n  �:/:� ��/:� ��/:�  o/:�  
CaO \ \�/\ \n/\ \ \ \

Cr2O3 \ \ \�/\ \�/\ \ \:/\
NiO \n/\ �/\ ��/\ :/\ \ \
Total ��/�� ��/�n  nn/�� �:/�� ��/��  ��/��

8�K �/,E8"R�5  I ���)��K/ "6r

Si ��/\ ��/\ \�/\ ��/\ ��/\ ��/\

Ti \ \ \ \ \ \

Al \ \ \ \ \ \

Fe �n/\ on/\ o�/\ o�/\ o/\ o�/\

Mn \�/\ \�/\ \�/\ \�/\ \�/\ \�/\

Mg o�/� ��/� �o/� ��/� o/� o/�

Ca \ \ \ \ \ \

Cr \ \ \ \ \ \

Ni \ \ \ \ \ \

Fa ��/�: ��/�� \�/�n ::/�o ��/�o �:/�o

Fo ��/�n o�/�� ��/�: n�/�� ��/�� ��/��

Mg# ��/�n o�/�� ��/�: n�/�� ��/�� ��/��
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�K �>"&��N%$ �*W/ B�3�CD B�
�� @)%A �="�)"	/ ?+)>7� H"	��/ =��/ B�3. . .�n�

PQ- 
	/"�)"�8�EFG �3��=$)' �/ �3BG/"$)��� �/ �� �K ,%=�3 
 	
/�3,%B#"�� �=D�$i ���3��	 B/C3)K �
��B�=$/� 

&�5?"���G �A �3
C2
� #�,�)& .=$)'?G/"$)��� J8  �/ �� 
Z
�)*IBHG�i/ �� �3B�>!�� �
�C� 
�>!�� �� D � uF$ �I HB
�/��I=�/ �/ 
HG�i/ #� �I �36��G/"�� V)��
f =�! CK � H

/
� ��7�,�)& .L,��3B�,& �T/�/ ~*=�� B/ I)-8 
=$)' #?
G/"$)���Q�"HG�i/ �)[5 #�3B�>!�� �
��>+/ �� ��8�
K" =�)*B�3��.	 �� �BL��E� ��8o/�K",���I)*]�:[�� 
]��[.�$� IB�3I 78 �3��.	 �� �,& (�7�/ �B� J�>8/ 
]���:\ �:�[��/� 6�.� �)*Q8 �/ �K ,�/
�>!�� HB=�/��I �
��/"��8 8 �I "�/ R")
#)S$/"U%(]0' �
*K ��0K)"')%"� #�K� 

')8�/"-.8 #�K� "� U��)& ./ V�$/  I
#�$� I �3 �)*Q8
��/?"� �/,�� 
�/ ��")
� RQ$ �>!�� �/ #��)*Q8 �/ UQG �8 �)&�
*K"')%"#�K� 6)2I1G�I "�/ �,��>MgO�8 ��)&=� �� "�7

Mg#*K "')%"#�K� �/ � �3")
#�3BC>3 
P�=Q�� ���1 �I ��
�'"
�)I ,3/)D #)��Mg#< .( 6/��->3 � 6)=�/]�:[�� 
�=	�-

�=� �K ,�/
�/ UW�5 s�$� IB�3 ��.	 �� �,& (�7�/ �
�I  J�>81"8 8 �I �I�.� ��"�)*Q8 RBK 8 �"�)*I RB�,3�.� 

@�)� �� �,& �3=�3,%.@�)� �)*Q8�3��.	 �� �3B�'"
#
/ RQ$
��� ��7"�)=K� 8 ��"�/ � �")
� � I�! #��)&]���

:�[��5 �� �� J8 <4)v;� �K
�)*I ZB��/��I �3BG/"$)���
-.8 �I 4�I ��.	 ��"��� U"��� ��"*K ��"')%"%�K� "��

 =�I�
��� � � �"K ���1 �� �K �$/ �/ >3 �����3B	�� "H
/�/� BMg# 4�I�
,%=�3 ]����:[.N%$ �)A��3B��� "��
���"�/ ��")
*K #"')%"%�K� "*K � �"')%"%�K� "N%$ �� �-
�3B	��/ =��/ "+)>7� H?	/"�)"=��)*Q8 �I �G�%=� MORB 

�' ��.	 ��"
�$/ #.>3 V�$/  I"#�$� IB�3I 78 ���
�3��.	B�'"
#�]0' �)*Q8 
�0K)'  I"�$/ (,�� #�K� .

]0' 6/,�	
N%$ �� �0K)�3B	��/ =��/ "H�$� I � �,& 
�
D�8 �)[5" B<�)W �I 61 �&�Q�/ 6�"��/,E8 �� B��� �/ "�-

�3B]0' 
�0K)� 6�.� ��/��/ �K ,3�
N%$ #�3��.	 �� �3B
�'"
-.8 #"�,.� U,�/ .

��/)�  I ��0+
�,& ���K 8 "��K R�*K"')%"�K� � #"�� C
/
N%$ #Q� �3";� �� ���1 �)*Q8 #"_�I�$4�I ��.	 .�/�)>� 

Cr2O3*K "')%"#�K�  �3�I �Q�� Mg# U-& �� B�6�.� 
�$/ �,& ��/� .��)>��3�
�/�=&�Q�/�3B� I�! �
	/"�)"��3B

=��)'��=�/���K�)PKO(]::[��)>� ��3�
�/�=&�Q�/�3B
	��/ =�/"H��	/ �+)>7�"�)�=" CA
 B�I O)Bay of island 

ophiolite complex(]�����[�O =�!*K"')%"#�K� �3B
���' ��.	"
#N-MORB ]��[�"CB/ I��� 
/ �� ��
#

�,& �T/�/ �/�)>�/,�.��%g�-� �x50� �*K �)&"')%"#�K�  -
�3B�=&�Q�/�3B	��/ =��/ "	/ H"�)"�� @)%A �
�B��CD Mg# 

 84�IB�=&/� *K ^0D  I � �"')%"#�K� �3B-.8 "�� �,& U
;�"_�3B�I�' ��.	"
�>$ �I #Cr2O3�>8  84�I 
� ,��/� U

��� ��
*K �I ��"')%"#�K� �3B�I�' ��.	"
#O =�!8��J=� �
� 6�.� /���)i �I ,%3�B �8 �K 
�I P�QO =�!	/"�)"�K �

*K �I �)I �"')%"#�K� �3B4�I �8 _$)=� ��.	 �$]��[

�/)�>3�,��/� .�I #>t ���=&�Q�/�3B	��/ =��/ "�3� I�! � HB
V QG]��[��)8 ��3B��3)K B(�1 ���+)>7� L�>& 

	/"�)"=�CA
� I�B]����:[�"C��I�.� ��Q8�/ � 6�.� �-
,%3� .
=D/)%-�K 8 "�3��	 R�=&�Q�/ 6�"� � �=&�Q�/ B�)Q� �
��F%�,%IBQ� ����1 �� "&� $ #!,�L��E8 � (/�1 ��>7�/ �

/
�$��2%$ #]:���\[./ �I 
8 8 #",3/)& �I �A)8 �I R4�I 
��6/)8#
/ �I =�"�7,"$���)>� �K �3B�� �;I ��)� 

�3��.	B4�I B�"G/  J$)="$)����,& �)*Q=� ,�/.
�/,�� Al2O3*K"')%"#�K� �3B�=&�Q�/�3B	��/ =�/ "H

I"#��/\�8��/�Y=� "" �$/ )L�,A�.(Al2O3

*K"')%"#�K�  �3�I �Q�� Mg#/ I BN%$ �3B	��/ =�/ "H
U-& ��C��$/ �,& ��/� 6�.� .*K"')%"#�K� �3B�=&�Q�/-

�3B	��/ =�/ "�/,�� HAl2O3�' "
%�� 6�.� �,%3�)wt% o
~(���%g� U-& �� �-
� �,��)&����I O =�! �K 4�I ��.	 

�/,� _$)8
9]:o[ E8 
�,& ~�$/� �/ G�!",� �/
#
�=&�Q�/�3B�I�I 4�I ��.	�=&�Q�/�3B	��/ =�/ "$ � H"#]�\[�
�=&�Q�/�3B	��/ =�/ "+)>7� H?���8 "�%]��[� �
�)%"��3B
=$)'?��=;8 �$)q�1 V)G "#]:n[2>3 �K � J8 UW�5 
Z
�)*IB4�I ��.	 �� =�3��� UI�G �,%
��,�/ .%c>3"�%Q�  I #B

/ U-&
N%$ #,��� �3B	/ �/ <��J=� "�)"��3B� ���!��-$/ 
	/"�)"E>$/ �"�' ��.	 �� �)*Q8 L)v;� �K U"
,%=�3 #]::[

 �8 � ��/� 6�.�
,��)>+ 61  I P�Q)U-&C�.(
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�8/)*W �6�"��E%K ��	)W B,>W�"%>"+� � �n�

 

�/�)>� �� AlVI�I �Q��AlIV/ & 61 �� �K �
� >*G � �)*Q8 _
*K"')%"#�K� �3BN%$ �3B�,& �T/�/ ~*=�� �$/]�\�
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