
)����� �	�
��:��/�/����
��� ���� :�/�/��(

÷

����� �� �	
��
� ������ ������ ��
��� ���� ���� ��
����� ������������ ���� 
������� !�"� 

���#� $!��%&'(��)�*) �+��", �)�-
) &'(����.� ��
��&�*���� ��/� '�0

��������  �!"�#� �$%�& '()* + �,%-. /0�1�  23"�#� 
��4�!
�5)6 �(� '�%7  �!"�#� 

12���:819 �0 �0(��9 ��:1� �
+�0�6 ;�< �19 �0 $%=> ��� ?�=� �� ;@(A�  �(B $
21C D�(E��7 �� �
F�0 �9�B�G H�0 
�1�7 ���=�;I2119 -�J	�
 4(=1>� 4�K�%9 2�# .819 $
# ��G @(A� �9�B�G $9 �0 �M<N + �)%� ;�<2O#+ �� $
�@N ;�<2�# .

���GP%M"B �)E# ;�< 21<�;9 $
# 81�2G + $�G+�%7(1%)G �&QG(
RQ7 P��� �<21J�< .�:�� ;�<S%���N;#;+�  2� '�T�#
$�G+�%7(1%)G�<+�0�6 $
# ;�<���:1� ��(6�< 4+20 2%�7(
� U(� $�G+�%7(1%)G �(VO �!��%0 �� �
�%=%� ;2104N�G �9�< ;#�#� 

Mg# ;F�0 W�J-�� )XY/Z–\Y/Z(�9# .$%�& ;�1-� �0 ��� 19$�G+�%7(1%)G �()-B ;��� P]#2O �T �0 �0#�0 �<YYZ–\ZZ�K�� ;
�J��9 ��"	 +  �(0 �#�6N�0 2� ��+ &# �J=G $�G+�%7(1%)G P%M"B ;#�0 Y�9# ��0()%G .�-�� AlVI/AlIV &# �J=� ^Y/Z��  �(0 
4�"� 21<�;�()-B _
#�� ���9# �%O�� $
# �� �
+�0�6 �=6�� ;#�0 $%
�7 ��"	 .&#$�G+�%7(1%)G `%G�B �
�=6��(�(JMB �a� $
# ;�<

4�"� �<+�0�6  21<�;U(� &# ;&�0 ;�=6�� ���M�N4+���bAE#;)WPA (�9# .$%1c=< �6
62�S�4d%�G# �=6�� W�J-�� S%� F�0  �(0
�9#.

�4*��
�"����:�
�%��� �=%�e$�G+�%7(1%)G e�
�=6��(�(JMB e�0(G�9 e$%=> eI2119 –K�%9 4�.

���5� 
$�G+�%7 �<��D�M%)%9  +�6  �%T�& ;�< ;#2��#� �#�] �0 �G 

?(��	M2M1T2O6�� f
�,B (��C /g(� h
 P��� + 2���
�K+��K+ �"< /g(� +� +��9# .���1"%7 �0]j[�#�]-

4(%B�G ;�%6�0 ?(��	 �� �<D�(E :j(4(%B�G ;�<Si4++
Al3+l59 +Fe3+4�M� �� T� $
S!
�K �U(=T� + 2�(�

4(%B�G 4�M� ;�<T�0 �0#�0 ^�9# .^(4�M� U(=T�M1�0#�0 
j4(%B�G + �9# ;�<Al3++Fe3+�]�0 4�M� &#  2���T$
# �� 

�� �#�] 4�M�2��%6 .�B�(E �� �GAl3++Fe3+�7 ;#�0 �	�G 
4��G 4�M�M14(%B�G �2��-� 21��� �
�<Ti4+�Cr3+�V3+�
Ti3+�Zr4+�Sc3+�Zn2+ �Mg2++Fe2+l59 +Mn2+�� �

/g(� $
# �� 21�#(B2��%6 �#�].m(4�3� ��M24(%B�G ;�<
�]�0 4�M� &#  2���M121��� Mg2+�Fe2++Mn2+�� +

�)O��;4(%B�G 2,0 ;�<Li+�Ca2++Na+�#�] /g(� $
# ��
��4N �%	�n + 2��%6 �+2O j�9# .4�621<+d7 &
��;]^�Y[

$�G+�%7 �=%� `%G�B �!J�0#+ �0 + �
�%=%� `%G�B �0 �<
 ��G 2%G�B 4�0S%� ;�=6�� �%<�� �%=<# `-9 $
# + 2�#

$�G+�%7(1%)G + 4�0S%� 819 �
�=6�� ;�9 $%%,B �� �<
�9#  2� �
�=6��(�(JMB �%,](� $%%,B.U(1B �G �T�N &#

$�G+�%7(1%)G �-%G�B�=%� �� D#�%%oB �0 W�-��p �<�=6�� 
�J�0#+ 21
#�	 ��9##2K
H;+� �M
S%	 _
#�� + �
�=6�� 

�� �q# �=6�� `%G�B��#r6 .$
#�0�10 $�G+�%7(1%)G `%G�B�<
∗$A)B �?(s��  21�
(� :ZtjmXuvmtmY�0�=� �:Zmvm^m^uu^mM%�+�JM�# ��7 ��:zeynab.sakhaei@gmail.com 

w��=� �'(9 + ��%0 ?�9'(9 �S%
�7 �x�ybAE &# z�� �B zxx 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
25

-0
7-

12
 ]

 

                             1 / 12

http://ijcm.ir/article-1-159-en.html


�9 ��
�4�
�+#�;��M<� �4�%��-��#2
�7 �;4#�
# �9�1� ���G + �9�1��()0 �)T� z�x

#2K �q# �� D2� �0
H4(%B�G �9 + �< ��J>�(!0N�4N &# �G 
�� �()-J��� ?�J1G ��(� �(�]Y[.9��0 4(1G�B��<;

;��%�0 �(B �=%�({R |(}> ���1�7 ;@(A� ;�<;I2119 
��9# �J	�6 D�(E 4�K�%9 �9��0 |(}> �� ��+ ��6d
+ -

���G �=%� ;�< �J�6 �� $�G+�%7(1%)G ���G  d
+ �0 �<;
 ��J�6 D�*Q.# H<+d7 ��(��� ;#��%� ~�J9� .$
# �2<

9��0 ��(� �
�<+�0�6 �� $�G+�%7(1%)G `%G�B �9��0 ������
#�0;�9� �%�"B ;#�0 $s=:� �M%J�R+�J7 �>�� �0 �0�


�& _%b�%$J>�9��#(�=< + �9# �=6�� U(� +�4N�0 �<
 �#� �0 �
�J� + �<�9# P� 819 �=%� &#  2�N �9�.

�����56!� ���!� 
��:1�;��(� 9��0�$%�& ;�<2O#+ D�=%��B �a� &# �9�1�

4#�
# ;��J>�9 +��1�7 �� ;I2119 –4�K�%9 �#�] �J	�6 
�9#]X.[ �(B �� �0(G�9 �
+�0�6 ;@(A� ;�<jX;�J�()%G 

�J	�6 �#�] ;SG�� 4�J9# $%=> 4�J9��� ?�=� �0 + 2�#
�5B D�(E��  2
� �(<��2�(�. �(B $
# WF(=,� ;@(A� ;�<

0�6 �
+�H�0�<;�)] 21)0 �� P%M"B #� �< 21<� .�O���
4+�%0 �6�& �(B $
# ;�<�9# hC(G + �+2b� ;@(A� ;�<��0

 �(B $
�J6�S0 �G ;�(.;;#�#� �9��0 ��(� ��J�6 �/�
�9# /0�� �J�()%G .+�0�6 $
# &# �>�0 �<�(�J9� ��(6�6� 

�K��; 2� $%
�7 ���� �0 �� 2�# ��%�(1%J�# ;�< �D+2%7#
 ��"� �%�)� + �
�)� ��(��.$
# �
�%	#�oK D�}J�� 

 �(B �
�%	#�oK ��* �0 �0#�0 �< "��´xz˚�� �B "��´z�˚�� 
?(. + ���=� �
�%	#�oK ;�<"��´��˚z� �B"x�´��˚z� 

�]���9# .�"�� ��j:jZZZZZ DQb� ]\[�04#(1*
)] ;�<+�0�6%��
 2� ��#S6 2�#)PM�j.( �(B $
#�<$
�@N ;

��:1� �� $9({# WF�=JO# + ���
�7 �9�B�G ��7 $9 �0;��(� 
9��0�P%� �� + 2��#� ��J�6 h<N + �< $
�
& �9�B�G ;�<

 2� �
�SB 2�#]\.[�
SB�#(Gh<N + �< �J	�
 �()-B 2
2TB ;�<
 �(B f�9�<;�� P%M"B #� �
+�0�6 $
# /]#+ �� + 21<�

 2��%6 �0 �� �<2O#+; �(B 21J�< �
+�0�6 ;�< .819 $
# �<
�%q�B �bB���6; �(B �J	�6 �#�] �< ��qN ��)M��6� �0  +Q* +

�J�7 �� 4�"� �62� �0 + 21<��� �a� ��#(� �>�0 �� 29�
 �(B�<;4N �
+�0�6 �V< �(> �� #� �<��G�0 ��9#  �� ;�(.

�� ;�<2O#+ $
# �3
�S� �� 819 � 2��%6�0 �
+�0�6 ;�<
�+�$�B�
�  2�2�(� .

7-� 8�"��;$%�& ��:1� &#  2�  ��9 �9�1�;�
�7 �0 �9��0 ��(� ;$%�& �"�� 9�1��j:jZZZZZ DQb� ]\[.

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
25

-0
7-

12
 ]

 

                             2 / 12

http://ijcm.ir/article-1-159-en.html


2)K�� ��=� ����7%
S���x �6d
+ �0 �J	�%<� $%=> ?�=� ;�<+�0�6  2�&�9 ;�=6�� ;�< . . .z�z

���� 9���
$
# ��H<+d7�0 �(B $
# �9��0 �(a1�  �62
� &# �< 819
9�1������� 4N &#�0D�(E 4��&�9
�J	� &#  ��AJ9# �0 
GPS ��(=� �0�(a1� �0 l59 + 2� ;�#� 9��0����� �=%� �<

�%�B &# l7;9��0 + �&�� /.��� ��<;4N �7(39+�3%� ��<
�3
&#��(=� ���9�6� $
�J=� �0 +�0�6 ;�< &# l7 + ���J�#

�� �%�B:&#  ��AJ9# �0 �)�%E �&�� /�
 2�&#��7S;�+�JM�# �
+�G#+;�:�� ;#2�.+�G#+;�<;�
 2�&#��7S;�#�+�JM���

$%�&  +�6 �=<Q�#  �!"�#� �9�1�;&#  ��AJ9# �0 �3
��N 
 �!J9� Cameca SX50 ��_
#����()%� ��+4�
�K ���

�5�N (��� +�����=� 4��& �%��q ���� ���J�# �0�
4+�3%� ;�J�21J	�6 '�T�# .���� S%���N '�� �0 �< ;�B(%5��� �#S	# 

PET]v[�-9�b� + 2�2� �-9�b�;�
���� Fe+3 ;�1-� �0 
D�aOQ�J�0�#��'�T�#_9(B  2� ]t[�9# .

:!� ���;� :!��) < ������� ��
�
��� ��� �= >� 
819 �(B ;�< h%J%	# �	�0 WF(E# �0(G�9 ;@(A� ;�<)PM�

^f�# �(%� + h%J%	# ��9 �B��#� S�#� �<�� �	�0 U(� &# 2,0 ;�<
� �)>#2B%��#� 4�#;)PM�^� �(�� 4�"� #�21<� .���G-

819 $
# �9�1����G +  �(0  ��9 W�J-�� �< 4N �)E# ;�<
P��� :�9# �2G + $�G+�%7(1%)G �&QG(
RQ7 .

�?� �4?�:P%3"B &# ���� $
#  21<� �9# 819 �)E# ;�< +
�+2O ��YZP%M"B #� /.��� 2E�� ��2<�. &#2�# ;��#� �<

�=%� + _9(J� W�-��p 3�P�0 �B �#� ;#�#� +  �(0 P3�PG���<;
;�#�3B)�)7 J19J�%(�9# �J%-�N +.��:1�  �6 4�"� ;210

�� 2<�)PM�^� �(�#� �J
�(9(9 �
STB &# ;��qN $%1c=<
�� 4�"� 21<�.
������� :�()0 ���� �B _9(J� ���� $
#�0�P3��=%�

P3�P3� �B �#� �� �J9� +� �g�* /.��� +  �(0 �#� �(=* 
�� 4�"� #� �<�0 21<�)PM�^f�# �(�+2O + �uZ2E�� 

��G $
# �0 �(0�� /.�����
STB ��qN ;#�#� + ��9# &# �62�
 �9# �J
�)G U(�)PM�^� �.(

������� :�()0  &#2�# �a� &# ���� $
#;_9(J�  �(0 �()0 S
� �B 
�0 +�=%� �B P3�P3��-%�N �<�6 + �#��9# .m2E�� 
.�����G #� /��9#  �#� P%M"B �2G .W�-��p �G $
# �0 �K(B �0

���� $
#  2� �
STB $A9# �0 �2� ;�<)S
�  &#2�# �a� &# �G
�0 + �()0�9# PM�(%� + �9#  2� �.�O#SS%���N ~�9# �0 

�#�7(B�7l3
# (Energy-Dispersive X-Ray Analysis)�
$
#���� U(� &# �2� ;�< 21J�< �%1=)
#)�PM^� �.(

���G �0 �%1=)
# PM� �%%oB $�G(G(� $A9#  2� �
STB ;�<
�9# �J	�
.

���� @4 7� :!� 
S%���N �
�J�ICP-MS +ICP-AES + ��%=G ��)E# �E�1*

 �G�> �����J�0#+��(=� ���C �0 819 &# 9��0 ��(� ;�<�
+ �	�0 �0 �K(B �0 �G �9#  �#� 4�"� 4#S%�SiO2�� �(K(�

19 $
#8�<)$%0\j/uY �B tj/YZ2E�� +�0$%!��%� XX/u\ 
2E��(�819 $
# )] �%<�� ��  �(0 �
+�0�6 U(� &# �<%��

2��#�4+�� _%b� �
 �� +�bAE; ��]  2� P%3"B ;# 2�#

]jZ.[

7-�0f�# :� �h%J%	# �	�0 H
�=�:��#� �	�0 H
�=�#;�<�� � U(� &# ��#� 2,0%��#� 4�#;� �:��%1=)
# ���G H
�=�Cpx : �$�G+�%7(1%)GPl :
�&QG(
RQ7Ilm  :�%1=)
#) .&# �J	�6�0 ;��}J># �{Q*]��.([ 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
25

-0
7-

12
 ]

 

                             3 / 12

http://ijcm.ir/article-1-159-en.html


�9 ��
�4�
�+#�;��M<� �4�%��-��#2
�7 �;4#�
# �9�1� ���G + �9�1��()0 �)T� z��

������� !�"� ���� ���� 
;�<S%���N �
�J��
�&#��7S��+�J3�#�$��+�%7(1%)�  �(B ;�<-

�<;9��0 ��(� ;@(A� �?+2K �� �#�# { 2� �2�# .�� �3��1C
2<�"� ?+2K $
#��  �
��J�# ;�V*# `%��B �(�

$��+�%7(1%)�  �(B $
# &# �< �0 �0#�0 �<En33.24-38.79 Wo45.37-

46.04 Fs15.84-20.93 �9# .$��+�%7(1%)� `%��B +  �(0 4��3
 �<
�=<;4N�<2%�7(
� 4#2%� �� ]j[�#�]2��#�)P3�m.(��

�#�(=�Q-J)J = 2Na, Q = Ca + Mg + Fe2+(��(=� �<;
9��0 ��(�� �J�6 �� ;$��+�%7 �%�)� ;�< �$<N �

�
S%1� �#�)Quad(�� �#�] 2��%6)P3�u.($��+�%7 ;�<
9��0 ��(����:1� 2]�	 21J�< ;210.

D#�%%oB �#�(=� ~�9#�0Ti+Na+Cr �0#�0 �� Al����=B 
$��+�%7(1%)� 2��#� $
�@N �%<�� �< ]j^) [P3�Y.(4#S%�

 D#�%%oBAl2O3&# ^X/j�Bu^/^D#�%%oB +  �(0 ��&+ 2E�� 
CaO4N &# + �9# �� ��%�0 �<uv/^j �B Z^/^^ ��&+ 2E�� 

oB%%� ��21G .�#2��Mg# �+2O �� _9(J� �(. �0 S%� \^/Z
�9# .4#S%� AlIV&# ZYu/Z�BZtt/Z?(��	 2O#+ �� �B# 

(a.p.f.u) +AlVI &# S%� ZZ^/Z�BZjY/Za.p.f.u.�9# �%oJ� .

���A&�
�J�STB
�;�:�� 4N ;��J>�9 ?(��	 �-9�b� + $�G+�%7(1%)G ;#.
SK2-11 D1-

Cpx7 
SK2-11 D1-

Cpx6 
SK2-11 D1-

Cpx5 
SK2-11 D1-

Cpx4 
SK2-11 D1-

Cpx3 
SK2-11 D1-

Cpx2 
SK2-11 

D1-Cpx1 Label 
�z/z� ��/z� ��/z� ��/z� ��/z� z�/z� �x/z� SiO2

��/��z/���/���/���/��z/�z�/�TiO2

��/���/���/�x�/�x�/���/���/�Al2O3

��/���/���/���/���/���/���/�Cr2O3

��/���/���/���/���/���/���/�Fe2O3

��/�z�/�� �x/�� zx/���/���/�� x�/�� FeO 
��/���/���/���/���/���/���/�MnO 
��/�� ��/�� ��/�� ��/�� ��/�� ��/�� x�/�� MgO 
��/�� ��/�� x�/�� ��/�� ��/�� ��/�� ��/�� CaO 
xz/�z�/�x�/�xx/�xx/�z�/�z�/�Na2O
��/���/���/���/���/���/���/�K2O
��/�� ��/��� ��/�� ��/�� ��/��� ��/��� ��/�� Total 

;�1-� �0 D�-9�b�X4d%�G# �B# 
��/���/���/���/���/��x/��z/�Si 
��/���/���/��x/���/���/���/�Ti 
��/���/���/���/���/���/���/�Al 
��/���/���/���/����/���/���/�Cr 
�z/��z/���/��z/��x/��x/���/�Fe3

��/���/��z/��z/���/���/��x/�Fe2

��/���/���/���/���/���/���/�Mn 
�x/���/���/��z/���/���/��z/�Mg 
��/���/���/���/���/���/���/�Ca 
��/��x/��x/���/���/��x/��x/�Na 
��/���/���/���/���/���/���/�K
��/x��/x��/x��/x��/x��/x��/xsum 
�x/���/��x/��z/��x/���/�XY/ZMg# 
���/����/���x/����/����/����/��zx/�AlIV 
���/���x/���z/����/���z/����/����/�AlVI 
��/���/���/���/���/���/���/�Q
��/���/���/���/���/���/���/�J
�x/��x/���/���/���/��z/��z/�Q + J
��/��x/��x/���/���/��x/��x/�J/(J + Q) 
xx/xz z�/xz ��/xz ��/xz x�/xz �x/x� ��/xz MolWo 
�x/�� ��/�� z�/�� ��/�� ��/�� ��/�x �x/�� MolEn 
��/�� z�/�� �z/�� �x/�z ��/�� ��/�� ��/�� MolFs 

quad-Px quad-Px quad-Px quad-Px quad-Px quad-Px quad-Px group 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
25

-0
7-

12
 ]

 

                             4 / 12

http://ijcm.ir/article-1-159-en.html


2)K�� ��=� ����7%
S���x �6d
+ �0 �J	�%<� $%=> ?�=� ;�<+�0�6  2�&�9 ;�=6�� ;�< . . .z��

7-�B](�$�G+�%7(1%)G �%, �(B ;�<�<;�0(G�9 ;@(A� ]j[.

7-�C$�G+�%7(1%)G9��0 ��(� ;�<��#�(=� �� Q-J)J=2Na, Q=Ca+Mg+Fe2+($�G+�%7(1%)G  �J�6 ���%�)G ;�<��
S�%1� �$�<N �#�
�� �#�] 2��%6]j[.

71�D�#�(=� ��Ti + Na + Cr �0#�0 ��Al +�%7(1%)�$�� �� 4�"� $
�@N �%<�� �< 21<� ]j^.[
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�9 ��
�4�
�+#�;��M<� �4�%��-��#2
�7 �;4#�
# �9�1� ���G + �9�1��()0 �)T� z��

 �0 �-�� �E�1* ;�<2%��# ��#+#�	 D#�%%oB ;�<�#�(=� ��
Mg# �	�"%7 �!��%0 �G �)��* 4#(1* �0 #2K
H�
�=6�� 
�9#)PM�X.(2�+� �0 4#(�=< S%� �E�1* ;�<2%��# ��#+#�	

 �	�"%7#2K
H�(0 2<#(> �
�=6�� .�-9�b�;�
S%1� �2* 
�0D�(E Mg# = Mg/(Mg + Fe2+)�9#  �(0 .2E��

 + �E�1* ;�<2%��# &�9 �	�"%7 �!��%0 �G �
�<#2K
H
$�G+�%7(1%)G �()-B '�!1< �
�=6�� P��� 21J�< �<Mg# �� 

�0#�0)SiO2, TiO2, MgO, MnO,…($
# �� �G �21J�< 
4#S%� �<�#�(=�TiO2�Al2O3+MgO �0 ;�(,E 2�+� ;#�#� 

Mg# +  �(0 SiO2�FeO �MnO �CaO�Na2O+K2O2�+� 
�� 4�"� �(> &# #� ��+S�21<�.

;#(Jb�Ti +Al$��+�%7(1%)� �0 �<��,	%�l%)%9 
�(!0N� 2� �()-J� 4N &# �� 2�# +�0 �� �E�1* $
# �-�� �0

�(B ;�<�=6�� U#(�# �� `%B�Bs��J%)]%��
H
#S	# $��3�N�7 +
�� ��#� �!J�0 �20�
 ]^�jm.[0�#�(=� �0 �K(B �Ti-AlIV �]ju[

$��+�%7(1%)� �� �%��J%B $%
�7 4#S%� ���� �(K+ �!��%0 �< ;�<
�%��J%B �#�)�%1=)
# (�9# 819 ��)P3�\(0 ����.�O# 

���� 42� 9+ �0 �2� ;�<%�� 2%
�B �%��J%B �) �(�.�6
62�S�
 d
+ �%q�B 4d%�G# ;��� �%%oB �� ;#!�(!0N�`%G�B +(!0N4+

��#� �()0 ]m�jY[+�
�=6�� ;�<21
#�	 ?�J1G �� ;�q(� P��*
�9# ]^Z�jX[�0 +���-��;���G U(� + �()-B �J	�
 �()-B ;�<

�9# �#r6�%q�B .

7-�E�#�(=� �0#�0 �� $�G+�%7(1%)G `%G�B D#�%%oB ;�<Mg#..

7-�FD#�%%oB �#�(=� �0 �K(B �0Ti-AllV �%
�7 4#S%� $��+�%7(1%)� �� �%��J%B $���� �(K+ �!��%0 �< �%��J%B ;�< �#�)�%1=)
# (��9# 819 ��
]ju.[
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2)K�� ��=� ����7%
S���x �6d
+ �0 �J	�%<� $%=> ?�=� ;�<+�0�6  2�&�9 ;�=6�� ;�< . . .z��

/
&(B �#�(=� ��Al +Si$��+�%7  �(B ;�<�<;��(� 
9��0���(=� �C  �!
�K U�-�# _> ;F�0 �� �<��K+����#�] 
�� 2��%6)P3�v.(C �%,](� $
#�0�10��K+���$
# 

$��+�%7(1%)� �0 �<�0 P��� �(. 9+%�);Si�0 +�"�0 �(.
9+ �0%�)Al (AlIV)�� �7 2�(��=� +9+ �0 2�#(B%�);
4(%B�� P�� �J%	�n �9 ;�< Fe+3 �Ti +Cr ?�o�# (��.Al 

�"< ��J>�9 ��#+ S%� �J%	�n �9 �E�1* �0  #�=< �	�g#
�K+���2�(� .4#S%� $
#�0�10Fe3+$��+�%7(1%)� �� �<

B�6 &# �,0�
62�S�4#S%� + 4d%��# AlC �%,](� �� ��K+���
�K+ �"< +��#�(=� ��9# AlVI + 2Ti + Cr �0#�0 �� Na + 

AlIV$�G+�%7 �J%	�n �9 $<N 4#S%� &# �,0�B �(> �G -
�9�<��9# $
# �!��%0 ]^j�^^.[��(=� ;�%6�#�] ;F�0 �� �<
 _>Fe3+ = 0�6 4�(0 F�0 2
(� 
62�S�4d%��# �9#)P3�

t(��&#(� ~�9# �0 �#�(=� $
# �AlC �%,](� �� ��K+����0
Al +Cr3+�K+ �"< �%,](� ����9#  2� �%a1B .��

$�G+�%7 `%G�B �}1* �<Fe3+�� �9 �E�1* $%"��K 2�#(B
 21��� �J%	�nAlVI�Ti +Cr�"< �%,](� �� �(� ��K+ ��

J�%�T��#+#�	 Fe3+$�G+�%7 �� 0 �!J�0 �< 4#S%� �AlVI ��#� 
��&#(� /0�B ��!
� D��-* �0 +;�%,](� �� �%1%�(�N 

�"< + ��K+���C�9# ��K+ .�C�< $
#�0�10Al ;�J"%0 
�J%	�n �9 �E�1* �+�+ 4�M�# �(� ��K+���C �%,](� ��#+

 21��� ��%1%�(�N SK �0 �!
�Fe3+�"< �%,](� �0 ��K+
�<#�	�� �B�(� .��(=� �G D�(E $
20 _> ;F�0 �G �
�<

Fe3+ = 0�J	�6 �#�] $�G+�%7 �2�# �� �G 21J�< �
�<
�6
62�S� 2� �()-J� F�0 4d%�G# ��(=� + 2�# $%
�7 �� �G �
�<

�J	�6 �#�] _> $
#�6 �!��"� 2�#
62�S��� + 21�d%�G# $%
�7 
?�O $%* ]^m[�)E�	 �0;��(=� _> &# �<Fe3++  ��G  ���#

 2� �+N��
��(=� �)E�	 �C �< �G 2�# 2��0 �J"%0 _> $
# &# �<
�6 �#2��
62�S�4N P%M"B _%b� �� 4d%�G#  �(0 �J"%0 �<

�9# .PM� �0 �K(B �0t��  2
� ��(=� �G �(� ;�<
�J	�6 �#�]  2� ��
 _> ;F�0 �� �!=< $�G+�%7(1%)G �0 +

�)E�	 �0 �K(B;��(=� > �0 �< _Fe3+ = 0�6 
62�S�_%b� 
�9F�0 W�J-�� �()-B.

71�G$��+�%7  �(B ;�<�<;��(� 9��0�/
&(B �#�(=� �� Al +Si  �!
�K U�-�# _> ;F�0 ��C��K+����� �#�] 2��%6]^^[.

71�H��(=� ;�%6�#�] _> ;F�0 �� �< Fe3+ = 0�� �#�(=�AlVI + 2Ti + Cr �0#�0 ��Na + AlIV 4�(0 F�0 ;�
(6�6
62�S�+ �9# 4d%��# 
��(=� �)E�	 �0 �K(B �0 _> �0 �< Fe3+ = 0 �6
62�S�W�J-�� �()-B _%b� F�0 �9#]^^.[

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
25

-0
7-

12
 ]

 

                             7 / 12

http://ijcm.ir/article-1-159-en.html


�9 ��
�4�
�+#�;��M<� �4�%��-��#2
�7 �;4#�
# �9�1� ���G + �9�1��()0 �)T� zx�

 `%��BAlVI$��+�%7(1%)� �� �� �(:��=< $
�@N ;�<
9��0��<;��#&�0 �� �+@ �0�TB ��"	 �0 �J�0#+ � �#� 4�"� �<
�9# ]^u[.�� �
���� AlVI��#&�0 ;�<2%�7(
� �� ��6&�9 ��<

�9# �()-B $%
�7 ;�<��"	 �0 .�-��AlVI/AlIV $
# �� 
$��+�%7(1%)� ��(� ;�<9��0�$%0 Zu/Z�B^j/Z �(0 �%oJ� 

+$��+�%7(1%)�  �J�6 �� �� �#�] $%
�7 ��"	 ;�< 2��%6 ]^Y[
)P3�jZ(&# �J=� �-�� $
# �^Y/Z�9# $%0 &�� /]#+ �� �� 
7$��+�% _9(J� + �� ��"	 $%0 �� �9# �
�<)~5 kbar (

 2� �()-J� 2�# ]^X[.�%%oB 2�+�Al2O3P0��� �� Mg# ;#�0 
�<+�0�6;)]%��
PM� �� jj2�  ��+N �9#  .$�G+�%7(1%)G

)]%��
�<+�0�6 Al2O3�� 4�"� #� �
F�0 W�J-�� �B + 21<�

# �%�(%	# + ���6��M9# 2�+� �0 �0�"� ;�+2O 4�=* �� P%,=9
 21J�<]^\�^v[.

+ ��K+���C �%,](� �� �%1%�(�N /
&(B �#�(=� ~�9# �0
�"< ��K+)AlVI�0 �-�� AlIV('�!1< �=6�� �� �N 4#S%� 

&# �J=G �+2O �� + �%oJ� �()-BjZ%�9# ��"	 $%1c=< +
&# �J=G �()-B _%b� �0 �G�OY4�"� +  �(0 ��0()%G  21<�;

	 �G _%b� h
�9# ��" ]u�^t) [PM�j^.(
&# �#�(=�Ca + Na �0#�0 �� Ti �%�"B ;#�0 �%<�� 

$��+�%7 ���� �=%� ~�9# �0 ���� ;�=6��2�  ��AJ9# .$
#
)] �#�(=�%��
 2�&�9 ;�=6�� 4�(0 ;��(=� $��+�%7(1%)� ;�<

 #��� 4�"� 2<�]u) [P3�jm(.

71�&I�#�(=� D#�%%oB AlVI �0#�0 �� AlIV ]^Y[$��+�%7(1%)� ;�<��"	 $%=�B ;#�0 �<HP =�F�0 ��"	 4#2%� MP=+ _�9(J� ��"�	 4#2%� 
LP=$%
�7 ��"	 4#2%� .

7-�88D#�%%oB �#�(=�Al2O3�0 �-�� Mg# $�G+�%7(1%)G �� )] ;�<+�0�6 ;�<%��
 �#� �0(G�9 �%B+2
�7 ;�< �0 &# F�0 ��"	]^\[ �J�6;
6��M9# 2�+� &# ���]^v.[
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2)K�� ��=� ����7%
S���x �6d
+ �0 �J	�%<� $%=> ?�=� ;�<+�0�6  2�&�9 ;�=6�� ;�< . . .zx�

7-�8J�"< + ��K+ ���C �%,](� �� �%1%�(�N /
&(B �#�(=� &# ��J=G �+2O�� �()-B '�!1< �=6�� �N 4#S%� ��K+jZ%+��0 ��0 �G��O ��"�	
 &# �J=G �()-B _%b�Y�9# ��0 ()%G ]^t.[

7-�8B�#�(=�Ca + Na �0#�0 �� Ti)] �%<�� %��
 2�&�9 ;�=6�� 4�(0 ;1%)G $�G+�%7(�� 4�"� #� �<21<� ]u[A:)]%��
+ ��#&�0 T:��#&�0
J%s�(B�M<N +��)]%��
.

�
���� &#  ��AJ9# �0Na +Cr ;��J>�9 2O#+ 
$�G+�%7(1%)G9��0 ��(� ;�<��0(G�9 ;�<+�0�6 �� � 2<�"� 

��4N ���=B �G �(� ��] _%b� �� �<�J	�6 �#�] ;# 2�#)PM�
ju .( �J�6;�<_9(B  2� ���1"%7 �#�(=� ��  2� ��"� 

]mZ[�9# .�0� $%%,B �(a1���;$�G+�%7 �()-B �#�(=� &# �< 
]mj[�
���� &#  ��AJ9# �0 + �J	�6 h=GXPT +YPT 

 �J�6;��� �
$�G+�%7(1%)G �()-B `K(� �G �<+�0�6 �� �<
��&# �(�jZvZ�BjjmZ�K�� ;J��9 ��9# �#�6 .�0 �K(B �0
�	 $
# �#�.# �� �%6#�	 +  ��J�6 �B�+�T� ��(6�6� �
 4#2

 �(B ;@(A� ;�<��0�� �a� �0 ;��� �29� $
# ��  2�N �9�
�0 �+�2��0 �,]#+ 4#S%� &# �B��
& ��K(B P0�] 4#S%� .

PM� �0 �K(B �0jY�$�G+�%7(1%)G �()-B ;��� ;#�0 �<
 ��"	Y_9(B �G ��0()%G ]m^[�"� �9#  2� �{#�#� 4�2<� 

�G$�G+�%7(1%)G �()-B 9��0 ��(� ;�<� �J�6 �� ;�
��� 

YYZ �B \ZZ�K�� �J��9 ;�� D�(E �#�6 6%��.$%1c=<
T19�������G $�G+�%7(1%)G �0~�9#]mm[��<��;Yvm �B 

Xtj �K��J��9�4�"� #� �#�6��&# PE�O �
�J� �0 �� 2<�
 �+�T19����]m^[�#� �3
�S� ��#(�=<�.���;W�J-�� �()-B 
�0�"��#�0 ;�<�()0 ;�
�7(%2�<+�0�6 �� ;	#%�(%J�=<%�	� 
�(G
~�G� 
4��(_9(B ]^X�mu[�9#  2� ��#S6 .$%1c=< 
���;�+2O ?��,B XZZJ��9 �K�� �#�0 �#�6;819�<;
)]%��
��+N�0 +�0�6 2��9#  ]mm[.

�0�#�(=� &#  ��AJ9# �0 ��"	 $%%,B �(a1� ]mj[ ��0 �0 +-
6%�;�
���� &# XPT +YPT �0�10 PM�jX �J�6 ;;��"	 

$�G+�%7(1%)G �()-B 4N `K(� �0 �G�� D�(E �<+�0�6 �� �<-
&# �J=G &# ��%6^&�� �B ��0()%� ^�BY�0 �� ��9# ��0()%G 

�0N��+ �-�� &#  2�N �9� �0 AlVI/AlIV)&# �J=� �1,
Y
��0()%� (��#� ��#(�=<.
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�+#�;��M<� �4�%��-��#2
�7 �;4#�
# �9�1� ���G + �9�1��()0 �)T� zx�

 

7-�8C�
���� Na +Cr$�G+�%7(1%)G ;��J>�9 2O#+  ��] _%b� �� #� �<�� 4�"� ;#2<� ]mZ.[

7-�8D$�G+�%7(1%)G �()-B ;���9��0 ��(� ;�<��%��B �#�(=� ;+� $��+�%7(1%)� �
��� ;210 &# �<]m^[ �J�6 &# ;#YYZ ��B \ZZ ��K�� 
�J��9 ��"	 �� #� �#�6Y4�"� ��0()%G ��2<�.
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S���x �6d
+ �0 �J	�%<� $%=> ?�=� ;�<+�0�6  2�&�9 ;�=6�� ;�< . . .zx�

K�*)�� 
���G �9��0 + $�G+�%7(1%)G ���G �%<�� �0 �K(B ��<;�
��! 

81��9 �� �0(G���9 ;&���0 ;���<����� 4�"��� �����G ���G 2��<�
 -�9�1� ���J�# $�G+�%7(1%)G�81�9 ��%<�� ��9��0 ;#��0 

�9 + �%�+# ;�=6�� D�}�"� � �!J9�> ��9# �"�0 �+@ �� .
$�G+�%7(1%)G  �(B $
# ;�< +  �(�0 2%��7(
� `%G�B ;#�#� �<

  �J�6 ��;$�G+�%7(1%)G �%�)G ;�<��
S%1� �$<N �#��] �#�
�J	�6 2��# .$��G+�%7(1%)G #�#� ��<;�1
�@N ��%<�� �+4#S�%�
1%
�7�&#�%��J%B 21J�< .�-���AlVI/AlIV �� +  �(�0 ��%oJ� 

 �J�6;+�%7(1%)G $�G ;�< ��0 ��� �#��] $%
��7 ��"�	 2���%6 .
4#S%�Na +Cr $�G+�%7(1%)G ;��J>�9 2O#+ _%�b� �� #� �<
 ��] �� 4�"� ;#2<� .� �	�. &#��;$�G+�%7(1%)G $
# �()-B -

�0 ?��,� �G �<���; �(B�<;$%�0 �9# ;@(A� YYZ ��B \ZZ 
�J��9 �K�� &# �J=� �
�<��"	 ;#�0 #� �#�6Y"�%7 ��0()%G ���1

�� 21G .�6 $%1c=<
62�S���9F�0 W�J-��� ��=6�� 4d%�G# .&#
$�G+�%7 ���G �=%� �
�=6��(�(JMB �a� $
# �!��%0 �< �G �9#

 �(��B $��
#���<;)] ���%<�� ;#�#� ;@(��A� ��%��
4+�� �bA��E#;
21J�<.

LA*�� 
[1] Morimoto N., Fabries J., Ferguson A. K., 
Ginzburg I. V., RossM.,  Seifert F.A., Zussman J., 
Akoi K., Gottardi G., "Nomenclature of 
pyroxenes", Mineralogical Magazine 52 (1988) 
535-550. 
[2] Le Bas M. J., "The role of aluminium in 
igneous clinopyroxenes with relation to their 
parentage", American Journal of Science 260 
(1962) 267-288.
[3] Nisbet E. G., Pearce J. A., "Clinopyroxene 
composition of mafic lavas from different tectonic 
settings", Contributions to Mineralogy and 
Petrology 63 (1977) 161-173. 
[4] Letterrier J., Maury R. C., Thonon P., Girard 
D., Marchal M., "Clinopyroxene composition as a 
method of identification of the magmatic affinities 
of paleo-volcanic series", Earth and Planetary 
Science Letters 59 (1982) 139–54. 
[5] Beccaluva L., Macciotta G., Piccardo G. B., 
Zeda O., "Clinopyroxene composition of ophiolite 
basalts as petrogenetic indicator", Chemical 
Geology 77 (1989) 165-182. 

]X[U �B�-��]N.�"4#�
# �9�1� $%�&"$%�& 4��&�9 �+ �9�1�
�2,� D�	�"JG#��4#��B ��("� )���z (|z�� ��.

]\[' '#�27 ����& .� �1%�O �.' ��Q9F# �%� �.�.�A< �
� 81�.�"�"��$%�& �(6���C �9�1�DQb�"�94��&�

$%�& ~�%�� �4#�
# �9�1��:������ �)���� .( 

[8] Dachs E., "PET: Petrological elementary tools 
for mathematica: an update", Computers and 
Geoscience 30 (2004) 173-182. 
[9] Droop G. T. R., "A general equation for 
estimating Fe3+ in ferromagnesian silicates and 
oxides from microprobe analysis, using 
stoichiometric criteria", Mineralogical Magazine 
51 (1987) 431-437. 

]jZ[�
��9&.� U ;��M<� 4�
�+#� �.4 �1K+�0 4�%��-� �.�
' ;�#2
�7.�"819 �3%�(J3B �%,](� + �=%�({R �
&�0 ;�<

 �0(��9 ��p)$%=> ?�=�"(�4�
�7 9�1���G ������2��# 
)jmtm (|.jj\ �j.

[11] Whitney D. L., Evans B.W., "Abbreviations 
for names of rock-forming minerals", American 
Mineralogist 95 (2010) 185-187. 
[12] Berger J., Féménias O., Mercier J. C. C., 
Demaiffe D., "Ocean-floor hydrothermal 
metamorphism in the Limousin ophiolites (western 
French Massif Central): evidence of a rare 
preserved Variscan oceanic marker", Journal of 
Metamorphic Geology. 23b (2005) 795-812. 
[13] Kushiro I., "Si-Al relation in clinopyroxenes 
from igneous rocks", American Journal of Science 
258 (1960) 548-554.  
[14] Gamble R. P., Taylor L. A., "Crystal/liquid 
partitioning augite: effects of cooling rate", Earth 
and Planetary Science Letters 47 (1980) 21-33. 
[15] France L., Ildefonse B., Koepke J., Bech F., 
"A new method to estimate the oxidation state of 
basaltic series from microprobe analyses", Journal 
of Volcanology and Geothermal Research 189 
(2010) 340-346. 
[16] Kilinc A., Carmichael I. S. E., Rivers M. L., 
Sack R. O., "The ferric-ferrous ratio of natural 
silicate liquids equilibrated in air", Contributions 
to Mineralogy and Petrology 83 (1983) 136-140. 
[17] Kress V. C, Carmichael I. S. E., "The 
compressibility of silicate liquids containing Fe2O3
and the effect of composition, temperature, oxygen 
fugacity and pressure on their redox states",
Contributions to Mineralogy and Petrology 108 
(1991) 82-92. 
[18] Ottonello G. Moretti R., Marini L., Zuccolini 
M. V., "Oxidation state of iron in silicate glasses 
and melts: a thermochemical model", Chemical 
Geology 174 (2001) 157-179. 
[19] Moretti R., "Polymerization, basicity, 
oxidation state and their role in ionic modelling of 
silicate melts", Geophysics 48 (2005) 583-608. 
[20] Botcharnikov R. E., Koepke J., Holtz F., 
McCammon C., Wilke M., "The effect of water 
activity on the oxidation and structural state of Fe 
in a ferro-basaltic melt", Geochimica et 
Cosmochimica Acta 69 (2005) 5071-5085. 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
25

-0
7-

12
 ]

 

                            11 / 12

http://ijcm.ir/article-1-159-en.html


�9 ��
�4�
�+#�;��M<� �4�%��-��#2
�7 �;4#�
# �9�1� ���G + �9�1��()0 �)T� zxx

[21] Bence A. E., Papike J. J., Ayuso R. A., 
"Petrology of Atlantic island arcs", Bulletin of 
 Volcanology 32 (1975) 189-206. 
[22] Schweitzer E. L., Papike J. J., Bence A. E., 
"Statistical analysis of clinopyroxenes from deep 
sea basalts", American Mineralogist 64 (1979) 
501-513. 
[23] Cameron M., Papike J. J., "Structural and 
chemical variations", American Mineralogist 66 
(1981) 1-50. 
[24] Mahood G. A., Baker D. R., "Experimental 
constraints on depths of fractionation of mildly 
alkalic basalts and associated felsic rocks: 
Pantelleria, Strait of Sicily", Contributions to 
Mineralogy and Petrology 93 (1986) 251–264. 
[25] Aoki K., Shiba I, "Pyroxene from lherzolite 
inclusions of Itinomegata, Japan", Lithos 6 (1973) 
41–51.
[26] Pomonis P., Tsikouras B., Hatzipanagiotou 
K., "Petrogenetic evolution of the Koziakas 
ophiolite complex (W. Thessaly, Greece)",
Mineralogy and Petrology 89 (2007) 77-111. 
[27] Medaris L. G., "High-pressure peridotites in 
south-western Oregon", Geological Society of 
America Bulletin 83 (1972) 41– 58. 
[28] DeBari S. M., Coleman R. G., "Examination 
of the deep levels of an island arc: evidence from 
the Tonsina ultramafic– mafic assemblage, 
Tonsina, Alaska", Journal of Geophysical 
Research: Solid Earth 94 (1989) 4373–4391. 
 

[29] Helz R.T., "Phase relationships of basalts in 
their melting range at pH2O = 5 kb as a function of 
oxygen fugacity", Journal of Petrology 14 (1973) 
249-302. 
[30] Kornprobst J., Ohnenstetter D., Ohnenstetter 
M., "Na and Cr contents in Cpx from peridotites: a 
possible discriminant between sub-continental and 
sub-oceanic mantle", Earth and Planetary Science 
Letters 53 (1981) 241-254. 
[31] Soesoo A., "A multivariate statistical analysis 
of clinopyroxene composition: empirical 
coordinates for the crystallization PT-estimations",
Geological Society of Sweden (Geologiska 
Föreningen) 119 (1997) 55-60. 
[32] Lindsley I., "Pyroxene thermometry",
American Mineralogist 68 (1983) 477-493. 
[33] Kretz R., "Transfer and exchange equilibria 
in a portion of the pyroxene quadrilateral as 
deduced from natural and experimental data",
Geochimica et Cosmochimica Acta 46 (1982) 411-
421.
[34] Saha A., Ganguly S., Ray J., Chaterjee N., 
"Evaluation of phase chemistry and petrochemical 
aspects of Samchampi-Samteran differentiated 
alkaline complex of Mikir Hills, northeastern 
India", Journal of Earth System Science 119 
(2010) 675-699. 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
25

-0
7-

12
 ]

 

Powered by TCPDF (www.tcpdf.org)

                            12 / 12

http://ijcm.ir/article-1-159-en.html
http://www.tcpdf.org

