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"I �1 )?!w/ �/ Ỳ�<8X/()?!–K"I (�?/ �8	&' M�!U )?!8� .

�#!<=�G@&A b�<: �� ,B�? >�.4.15 ��NB�G�%�/ (�J
$&8�' �7 &8f�G$�&8�'/GVB? �/ �HG��.4.15 �%

�/%5�u5G�HG�8�7/% b��0� �B�I �7 >5 �7 ^l\\ v7&� &8�!"(E 
M�!U �7$,�&('&7 �� % $�!7 ���.4.15 6%&�� �(��0	 GG�H
 G��=4�/)G�/%5�u5 �/!� L��: (>�
&C %$�/,' G�H )?!(� G/

 �?/ G&�&1/!E �1]�[.$�/,' �I�� �I M�!U �7 &8�/!C G�H
VB?�?/ $,(��:!I /� )(.(I ���.4.15 G�H .%&�� 6

��NB� �� ��/%�5 ���.4.15 % G,(?/ F(E&1 �7 �?�&7 ��!� G
)?!("I )? �7 _?/%,XJ)?!8�(K"I]�[�"X&� )
&f5 �7G

∗)4"1 �b!K�� $,B�
!� :qqq�[r\qJ\�^&7�<� �qqq�]\[�J\�^-(�%&8-�/ ��I ��:hajialioghli@tabrizu.ac.ir 

% ��(7 b�? ���x y��<: � %� �>�8�7�1 �z{d4U �/ �ih| �1 i�� 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
25

-0
7-

13
 ]

 

                             1 / 14

http://ijcm.ir/article-1-107-en.html


,
}� �G,(:� ��"A%/ �"# �C�X >/&
/ �?�B: ���E % �?�B:�!"7 �"=� ih�

 ,B�? >�.4.15 >/�!	 �/),B�? >/!C ��	 (�?/ �8�7/%.

 ������ 1���28 ��
? O�?/ &7b�=B? ��~HG�~8	&'  �~=�/ ]�[>�.~4.15 )~?

 � ,B�?()?!J&�&1/!EG�?/ .6%&�� ��.~4.15�$!~E �~�/%�5 
� �7 �7�.�
$�/,' &2�HG�� �7 ,B�? (Y�7 �m"A LG~7 �~<'�� �

$,H�.� L��E �̀8*�� 6%&�� M�!U ����!~f u!~4� �~7 �E �!:

 Y�7 �7 %� ;��<EG@!?� �~HG,~9 
/ /� &8<
�~?/ $�&~E ��~=
)L-:[Jt�/.(

)�E )~?!("I )? �7 6%&�� )
/ ���.4.15 G�H,X/% )
&1
 VB? �/ $�/,' % G�/%5�u5 G�H G&8�~E�f V�� �7 �8
�,�5 G�H

 �~
Y �~7 $&~(1 3*? %�!~1 �/ �7%�~B1 % G,~B7 �$,~: �&~f G�~H

&*<B2
/�?�� �!1 % ��?/ $,: L(-.1 G/)L-:[J@.(

93�:)t�/ (09!�(��NB� �G��!� ?�&7���$��,B7G]q[�)@(�� �.��()?�B:�$���f� % $!E ��/%�5 6%&�� �HG��.4.15 �@&A @!BC �� 
,B�? >�.4.15 �&: �� ��75 >�8�7]�[.

93�;)t�/ (�<��
)? �7 $!E ��/%�5 6%&�� �/ "I()?!J"I()?!K8�)�
@!BC �7 %� ,(�)@(�<��
�8.�� �/ �HG�8�7/% "I �7 (6%&�� �E )?!
 7 >5 �/ ��/%�5(��?/ $,�5 >%&)�(�!"7 % M�0N9�HG2B? ��&?�3� V�� 
W�7���H� G�6%&�� )M(Y
,B7 �G1(��~�/%�5 $�/,' �� ):%� % $&

)�(Y
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�~~7 ��/ $,~~�5 �~~?�

&'
',�3��E/(&7 >a : O�?/ (<�7(1!(�<H �� �H (��!<� )-
�/!�<H �H���/� .

�7 b!~*(4�5 �<(: F(E&1 G�/�2��� �!mB� G�~H $�/,~' �� 
$�� �/ ��?�&7 ��!� �(?/�G,B7][�[,~: $��48?/ )L-~: ]J

t�/JM.(b!*(4�5 F(E&1 &
��~�� O�~?/ &~7 �~?�&7 ��!� G�H
 ��!(1�~~~ETi L~~~7��� �� AlIV!~~~
3(B� Z!~~~� �/ J"*��!H % ,~~~B

 �� )((01 �(E��&x �!:)L-:]Jt�/.($�� �� O�?/ &7 G,B7
 &
����Si L7��� �� Na+K �?�&7 ��!� G�H b!*(4�5 F(E&1 �

$&8�' �� �� �/&9 �(B
�/ % ,B"*��!H ��(E��&x G,�&(')L-:
]J@.(b!*(4�5 �/�!<� �� $,: �?�&7 G�HMg/(Mg+Fe2+)

&7/&7 ��Si �~(�!B(8E/ Z!~� �/ J��!H !~
3B2� �,~B"*J% ,~B"*��!H
�(E��&xJ�?/ ,B"*��!H)L-:]J�.(�/�!~<�Al $�~2
�C �� 

��C%��~�x(T) $�~2
�C �� ��!(1�~E Z!~<=� L~7��� �� A�� 
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,
}� �G,(:� ��"A%/ �"# �C�X >/&
/ �?�B: ���E % �?�B:�!"7 �"=� ih�

��/!~�<H �~"*9 G�~H�/�!<� �
�8� �7 b!*(4�5 G��8f�? b!�&	
�� >�.� ,H�)M L-:J].(

��J�� 1� � A�2  
 ���	��  ��� 1��K� 
���? �/ b!*(4�5 VB? G��# >�', �~7 )~
�u5 G�~H G&~? $a~
%

�-H5J�7 �
�("9 �� ��<: ,
5]^[[._(~d� )(~(01 G/&~7 G�~H
 _(~~d� �(�.~~1 �!o~~f �~~7 t~~"8�� �
�~~<'��!�!8-1 G�~~H

 �d4U >%�� % ;�/�%&	 $��48~?/ b!~*(4�5 �<(: F(E&1 �/ G/
�� �!:]q[[.b!*(4�5 &
��~�� G/�/� ;�/�%&~	 �~7 �8�7/% G�H

)(
�I &1Na2O%TiO2�d4U >%�� Z/!�/ �7 �*�� ,B8�~H G/ .
$�� �/�!~<� O�?/ &7 �
�~<'��!�!8-1 G,~B7]q[[�� b!~*(4�5 

VB? $&8�' �� �?�&7 ��!� G�H �~7 �8�~7/% G�~H b!*(4�5 G
�� �/&9 ;�/�%&	 ,�&(')L-:rJt�/(.

93�L)t�/ (�/�!<�/,C $,BBE G4�5 (b!*�HG�<'�� �
>!'&'� %][�[�)@(E&1(4�5 F(b!*�HG��!~� ~?�&7�%�G�/�!~<� (Na)B&~7/&7 �� 
(Na+Ca)B]q^[E&1 �E(BA F��"E �/ (� >�.� /� >5 T��,H�)�(01 �/�!<�(()&'
',�3��E/(�I &7 >a
�GE&1 ~(4�5 F(b!~*]q\[Y�~7 �~E 

*�� >�!7�&'
',�3��E/(4�5 �!"*1 >��� �� >a(b!*�HG��!� ?�&7�.� /� � >��,H�.

93�M$�� ,B7 G:(<(��
4�5 (b!* �H][�[)t�/ (E&1(4�5 F(b!*�HG��!� ?�&7����� O�?/ &7 
1�E &(�!�Ti L7��� �� AlIVB� Z!� �/ (3~
!J
E��&x % ,B"*��!H(01 �((� )���!:)@(�/�!<� ��Si L7��� �� Na+K E&1 (4�5 F(b!*�HG��!� ~?�&7���8�~'$&GE��&x ~(% ,~B"*��!H ��

�/
B(� v9/% ���,�!:)�(�/�!<� ��Mg/(Mg+Fe2+)&7/&7 �� SiE&1 (��E F�?�B:�4�5 (b!* 8E/ �~H(�!B ~(�J3B2� �,~B"*��!H ~
!J% ,~B"*��!H
E��&x(�J��?/ ,B"*��!H)M(�/�!<�Al�C �� 
�C%���x $�2�(T)1�E Z!<=� L7��� �� (�!��C �� 
$�2A4�5 (E&1 �7 b!*(B� F(3
!J�,B"*��!H

8E/(�!B(�JE��&x % ,B"*��!H(�–�/!�<H ,B"*��!H�� >�.� �,H�.
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,"C��$��<: ��>�8�7�1 �|i�z ���E �<(: �?�&7 VB? % �H$�/,' �
/�6%&�� �8(?/� G�H. . .ih�

O�~~?/ &~~7~~?�&7��~~HG]q��qq[�/,~~�� AlIVE&1 �� ~~( F
~~:(<�4�5 (/,~~C �&~~� >/!~~B# �~~7 b!~~*
~~d� ;(_�~~HG

�<'��!�!8-1�
4�5 (~� �~8	&' &~m� �� �~H b!*��!~: .��~��
&
AlIV>1.5 �8�7/% -.~1 �7 (4�5 L(~d� �� b!~*(_�~HG~�� ()

8f�?�/3C 
?!9 &��H��.	 �� G�/ &1Y�~7 ^\E(% $�!~7 ��~7!"
����
&AlIV<1.54�5 �&0� (b!*�HG-.1 (~:�X �� $,~: L(�
�HG$��9 b�0	 /G�H��.	 �� G�/ &8<E �E(�?/ ��7!" ./ &~7 ~
 )

���� �7 �C!1 �7 % O�?/
&AlIV 4�5 �� (b!*�HG��!~� ~?�&7�
)r\/\Jqr/^b%,C �[(�7(&8. 4�5 (b!* �~H)�B�8~?/ �~7G~
W

�7 �N��AlIV �7 &7/&7 ]r/^(:�X �7($��~9 b�~0	 �/G�~7 �8�~7/% 
�/!�<H ;�/�%&	�,��/� .E&1(7 F(1!(E&1 v7�1 Z!<=� �� �(F

/&: %
�<'�� �!"*1 _�
�~7 % �~?/ $,~: �!"*8� >5 �/ �E �?/ 
/
~� �"# )��~7 >5 �/ >/!~1 >/!~B# ~
 0� W~(�/&~7 F~?�B� �G

�?�B:�
H�� (/&: % �
	 _(3
:!-(<(��
d� % �<'�� (�� _()
8f�?�VB? �~HG�u5 ~
�&~E $��48~?/ )./&~7G01(~( &~? )G
�<'���
$,���? G�(��.4.15 6%&�� �� �H�-�$!~E �~�/%�5 ��/

,B7 $��G]q�[,: $��48?/)@ L-~:Jr.(p1 O�~?/&7 ~(( M/&
B�(3
B�!�5 L7��� ��  !(E �� LE  !���7(1!~(�]q�[E&1 �~(F
7(1!(VB? �� ��HG��!� ?�&7���$&8�'G"9 �*: ~(��
�~1 

-H5�"9(��
� �/&9 �'(�&)@ L-~:Jr.(O�~?/ &~7$�� ,~B7G
]^�[�~<'�� $�28?�f�
VB~? �~HG��!~� ~?�&7���~<1 ���

�H�/�!<�G$�� ,~B7G]^�[)L-~: rJ�J�(�~-H5�J"9~(��

/3H!E�
;�/�%&	 �7 �8�7/% 01((� )��!~: .4�5 �!c~X(b!~*
�~~"E(WJB�(3~~
7 �~~7 $/&~~<H �/�  !(1!~~( % �&'
',~~�3�Y�~~7G
�E/(+ >a���E �!"*1 ��HG4�5 (7 % b!*(1!(�� �E �<'�� �� �

,: $��:/ Y�7�,H/!: �/ G�~8� �~E ,B8�H 
�~7 �$,~�5 �~?�G
;�/�%&	 �7 �8�7/%-H5�J"9~(��
�~H�/�!<� �/ G~:!wP (<(��


)&?G�HG-H5�J"9(��
��NB� �HG;�/�%&	 (e1 /� ~(
 ~� ,�-
,BBE ./
8� )(�8� �7 �=
01 �/ LU�X �((d� )(�� _()8f�?��7

E&1 �/ $��48?/("U/ &U�B# F�7(1!(��~HG~<H �� �!~C!� ()
VB? �H)L-:�J�%rJ@(� %(�8� 3
:!wP �(<�LE VB? 

�/ $,�5 �?� �7?�&7��HG]r[�/!�<H���/� .

93� N)t�/ (,B7 $�� �/�!<�G�<'��!�!8-1 �
4�5 (b!*]q[[�VB? ���HG�,�5 
?/� �(�$!E ��/%�5 �)@(E&1(&~? FG�~<'�� �
VB~? �~HG
��!�?�&7�E&1 O�?/ &7 (: F(<�7(1!(�]q�[�)�(E&1(� F(�H�-G��!� ~?�&7�%�G�~<'��!�!8-1 �/�!~<� �
Al2O3-FeO*-MgO ]^�[�

�/�!<�Al2O3-MgO ]^�[�)M(�/�!<�Al2O3-FeO*  ]^�[�)�(�/�!<�Al2O3-FeO*  ]^�[%)�(�/�!<�MgO-FeO* ]^�[.
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,
}� �G,(:� ��"A%/ �"# �C�X >/&
/ �?�B: ���E % �?�B:�!"7 �"=� i��

 ��� � 1)O�� ���@�
VB?�HG>�.4.15 ��!� ?�&7�&E!B	 �7 
���HG��!"7 �:�� 

��7 ,�/!1(VB? �!"*1 �/,f� &2�� + �H�4"8�� LX/&� �,~:�7 .
&E!B	
���HG� �!"7 �:�� �~H�!"7 % $,~: �!~"*8� k~<# �G

�
~~+ &~~13��3� �~~7 �~~<'�� �!0~~U ~~
~~�� �N~~? W())�(�~~<
��.4.15�(%~
�N~? �)��.~4.15�(-.~1($,~: L,~�/ .�!~C%
&E!B	
���HGPQI �~:�� ~
VB~? �� �QE! �~HG��.~4.15 �

~� >�.~� $!~E ��/%�5 6%&���PQI �~E ,~BH� ~
 �QE! ~
 ��~	 W
&E!B	
8��<�� �>3�� �� % ��<#/ �� �<'���
�E �?/ $�!7 

� �<'�� �!0U  �2BH �S?g!�8? � ��.	 �	/ (�~?/ $,~: 3.
/ ��~~
 );~~�701 �!~~mB� �~~7 (~~(/&~~: )
�~~�� _J�!~~"*1 ��.~~	

&E!B	
��g%� �/ �H�HG1�E b��*1 �,08� (�!�,: $��48?/ .
4�5(&�1 b!*
VB?  �<1 �� �̀* �~HG�u5 ~
))	�� ~( �~"	 �W(�W

_?/%,X ($&8�' �7G?%(0��.	 �/ % ���� |�~1 �iE(% ��~7!"
��� �1 ��� �C�� G8��? ��I �/&'
�/, �~?/ ]q][.�/,~��Al 

E&1 ��(4�5 F(�m"A v7�1 b!*Al �<'�� �� G�~-"7 $�!*� ���� 
�?/ �!"*1 &7 TE�X ��.	 v7�1 .�~(>/3Ca,Ti, Al(tot), AlIV �� 

E&1(4�5 F(�?��� v7�1 b!*]qr[.�/,��AlVI �Q~f &7 AlIV 
?�B8� /3	/ �7 F
/3	/ ��.	 ;
� ;�
~7 >5 &~7 ��� % ,7����~1 (&
�?/ .�*?�d�G�/,�� AlIV %Al(tot)�B*� G�~7 ��.~	 ;=B~? 

E&1 �/ $��48?/(4�5 F(�?/ b!* .��!<��HGVB~? �/ F~?�B� -
�HG��!� ?�&7��7-.1(���'%� LG��E (��
E&1 �F~?�B� ~(F
:(<�4�5 (b!*�HG�"E (�7 WSi %Ca F?�B� )�\/]�1q^/r
%�/^�1l/^(�*�� )8:/� �Fetot/(Mg+Fetot)~7 ()q[/\�~1 

�r/\��NB� )8:/,� %,B7G4�5 �� (b!*/&7G��� J=B?��.~	�
,�,: @��8�/ .�7M�~#Q+/ >�&~E ��/% �/ �~Nf ;H�~E �!~mB�

�8�7/% 4�5 �7 (b!*�HG8E/ (�!B(8�T.x:!I��~?/ $,~: .��
/
�H g%� �/ ;H%aI )G�,08� G~7/&G��/ ~
7��%� �/ ��.~	 G

4�5(,: $��48?/ b!* .1�E �/,�� �/ $��48?/ �7(�!��!�5 (B(L~E T
4�5 ��8f�? �� �!C!�(O�?/ &7 b!* �~C�� ,~B7G]qr[��.~	 �

�%,X[/\±[/�E(/&7 ��7!"G/~
�~?/ $,~: ��%5&~7 ��2B~? ).
�H��.	GO�~?/ &~7 $,~: �*?�d� ]ql[�~7 &~7/&7^�/\±�/�

,�5 �?,7 .1 ��.~	 4�5 �!~"*(�~���0� O�~?/ &~7 b!~*G]q�[
(P=4.76*Al(tot)-3.01) �%,~~X �� �\q/�~~�/ �]\/�E(��~~7!"

 ,: �*?�d� .g%�  �<1 ���HG�� $,~: �~w/�/ �Y�~7 �*~?�d� G
%� �/ ��.	G�(B�!�5 >/3 ~( 4�5 ��  !(,~:  �~=�/ b!~* .�/�!~<�

)L-~~:lJt~~�/(��/,~~�� O�~~?/ &~~7 �~~EAl(tot) L~~7��� �� 
Fe(tot)/(Mg + Fetot)]�\[$&8�~' �?/ $,: T?� G��.~	 G

�%,X ��[/q�1�/�E(� >�.� /� ��7!"�,~H� .]q\[&~m� �� �~7
 / )8	&'
� �E �8-� )(>/3Al E&1 �� (4�5 F(�~7 �~�B1 �~� b!*

 ,X �1 �-"7 ��.	G��� �7 3(� �N7/� ��?/ �8�7/% G�
/&~7 /� &G
�*?�d�G,��&E �w/�/ ��.	 :

P[±0.6Kbar] = -3.01+4.76Altot - [(T(0C)- 675)/85]* 
[0.53Altot + 0.005294*(T(0C) - 675)] 

/
�H��� �� �N7/� )G�/ &8<E l\\ �C�� G8��? �&~*80� �/&~'
�?/ .����0� O�?/ &7G/&7 $,: �*?�d� ��.	 �Y�7 G4�5 (b!~*

 VB? ���HG��!� ?�&7�r\/q�1\\/]E(,~: �*~?�d� ��7!" .
&7�I
�G�8� 
�7 �=B?��.~	 �/ $,~�5 �?���7~(.(�BGk~<# 

&E!B	 �!"*1
��VB? �� �H �~HG��!~� ~?�&7��%,~X �� ^l
E(��/ &8�!"
7�����!:.� M��*# �7 
&E!B	 �!"*1 &2
�/ �~H ��

 k~~<#^lE(&8�!~~"G�8~~?!I G$��~~9 /G�~~?/ $,~~: Z%&~~: .
=B?����PQI g%� �~7 ~
4�5 % �QE!(b!~*
~-�g%� �/ �~HG
7 b%/,8�/&G=B?��� �VB? �HG~-H5�J"9~(��
�~?/ ]�^[.

/&7G01((/ �~7 �~�� )~
�7 g%� )~
4�5 ,(PQI % b!~* ~
 �~7 �QE!
 3<H M�!U
4�5 % �8~:/� �!cX VB? �� ��(b!~*�~(3,~9�	

:�X(8E/ �(�!B(8�,:�7 ./
g%� )�~C�� ,~B7G/&~7 G�~H��� G
�\\ �1 ^\\\�C�� G8��? ��H��.	 % �/&' G^�1^�E(��~7!"

9"7�(��/� /� $��48?/ �]�[[.=B?��� �����~E �%� g%� �~7 �
PQI
,B"*��!H % �QE!]�[[��� �G]\\ �1 ]�� 8��~? �~C�� �

/&7 �/&'GVB? �HG��!� ?�&7�,: �*?�d� .
��E�7(1!(� �/ �(>�73�HG1 T�� (��8(� @!�d�  !��!~: .

�(>/3Ti 7 �� �!C!� (1!(p1 �7 �((: ���.	 ���� M/&(<��!~"7
�#!<=� %G��E ��HG3<H 
���8�7/% �?/]�q[.

>/3(�Ti �7 �(1!(7 �� �/,~�� ;
/3~	/ �7 �"E �!+Fe ;
/3~	/ 
�� ,7�
]��[.�~C�� �/ $��48~?/ �7 �=B?��� G,~B7]��[&~7 %

�(1!(7 �� �!C!� >�8(1 O�?/ G�H��.~	 �� �~(�%/ G�H��~1 ]
�(1!(7 �!"*1 )(2��(� G��� ���7!"(E /� �H �%,X �� ]\\ �~C�� 

�8��?�7 �/&' �� �?�,H�.
T = ([Ln(Ti) – a - c(XMg)3]/b)33

>5 �� �ET�O!(�("(? F�X &7 ��� Ti ,~X/% �� T~1/ �/,01 
O�~?/ &7 b!�&	[[% >a(�~E/ XMg &~7/&7 Mg/(Mg + Fe) 

�~~?/ .�=B~~?��� )(~~�� �� $��48~~?/ L~~7�9 �~~7�� G�~~H&8�/��I
 O�~?/&7Ti �/ ,~B1��*# :a = -2.3594 �b = 4.6482*10-9�

c = -1.7283 ._
/&: �� �=B?��� g%� )
/Ti = 0.04-0.6 
(apfu) �T(0C) = 480 - 800%XMg= 0.275-1.0 L~~7�9 

�?/ ��<8#/.
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,"C��$��<: ��>�8�7�1 �|i�z ���E �<(: �?�&7 VB? % �H$�/,' �
/�6%&�� �8(?/� G�H. . .i�|

93�P)t�/ (�/�!<�Al (tot) &7/&7 �� Fe/(Fe+Mg) �/ ]�\[$�%,d� �EG-.1 ��.	 (4�5 L(� >�.� /� �H b!*�,H� .4�5(�H b!*G��!� ~?�&7�
�%,X�E(� >�.� /� ��7!"��,BH�)@(�*?�d�G&�1 
*���� G-.1 (4�5 L(O�~?/ &7 b!*]�r[�)�(�~��J=B?��.~	��~E/ O�~?/ &~7 (�H,G
B�!�5(1 %  !(��8(��E W1 �� �!C!�  !�4�5 (b!*]��[.�~��G�%,~X r\\Jl\\ �~C�� G8��~? �b��~0� ��.~	 �� �/&~' ]E(/&~7 ��~7!"G�!~"*1
&E!B	
���HG4�5 (�%,X k<# �/ b!*^lE(&8�!"G��/ �8?!I 
7�����!:.

=B?����4�5 O�~?/ &~7 (b!~*��~H��� G/&~7 /� �!~"*1 &1Y�~7 G
VB?�HG��!� ?�&7��~?/ $�/� �?,7 .]�][�~E �/� >�.~�
 �/,��Ti /3~	/ �~7 ,B"*��!H 
/3~	/ �~�� ;
~� ;�
,~7� .]�r[�~7 

p1 �/ $��48?/((�� M/& B�!�5 �/,(1 �7 �*��  !(��~8(,~X/% ��  !
�!�&	�4�5 (b!* ��� ��HG-.1 (/ L
��E )���/ /� �~H ~
7��$�&~E 
�?/ ./ ��
p1 �/ $��48?/ �7 ;H%aI )((M/&Ti �~7 �*�� AlIV �
���G�%,~X r\\ �~1 r�\ �~C�� G8��~? �/&~7 �/&~'G�!~"*1 
4�5(b!* �7 �H ,�5 �?�)L-:lJ@.(�H���G7 $,: �*?�d� &

��~~�� O�~~?/
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