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

÷

���� ����	�
� � �
��������� ���������
�	 ���	 �����
 ��� � !�
 

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

���� 
� ��! "�# ��! "�# $�%&��� �'(�) *+,- $./&��� 
0�1.2�� $! 3 �'(�) 1�2#�2	 $�%&��� ���(4 5 ����/�6 ����(��!�7 

.��/0:�-+89���.(� ��:,1 �;��)�< =>��#���?��=$)�.3 )� �8(�@ =�" �
A ��(� �7 < �< $� 8" �;��)�< �1� �<+1� B)�� =�"
$ ;�3 �� �4���� �+827� �! "�# C # D�8# �5 E F D�8# =.H21�"=;��)�< ��("�� �< �
�83�� )� ��.(� ��:,1 ����;�� �5

! �
�(,I E!J �&�< �K�50L�.M�=$�%;1�7 �;#+3�=�2F$.#=����3�;(5!.
 N �� !$�%
�O �	�4 �!�� $��I=��P
'(�N '(�
!!��� ��;	 3 >/# '(�N '
�+,(1 =�.;<� .�� .H21 '
��"=;��)�< ����4 Q(4 5 )� $�+< ����+7 < �;7�+2/
 R�;?�� �1�2#

 !S+�;1���1 3��.
.# �5 T1+;� U�O�� �<$.#.�� .
VWN;
�!�� <A X)W4+�;
V!� '�4! (N+2(,4 !����4 =�".(�4� ! ��,M� =�"
'"6��(;2%�+��;(5 Y+� )� ��;(5����4 �(28,
� !H21 '
� �� �� �- 	 =�"�� >(/&5 �".2"� .��� Z
�;��=!� �921��&	

'�4! (N+2(,4 �!.[ '(< �+,?5 =��� X %��&� �"��LL �5 �0LL�O�� ��&	 ��� %(;��1 =)�  ;84 \���(#6 �� �+,?5 ! ��<+,(4 =/���(#6-
)�  ;84 C�8-� �� ]I�! �
�83�� =�"0^ ;�+,(4 =�1� .

.2��!�� � !�
 :8(#���4 ��"_��� ��921��&	_���)�<��.(� ��:,1 =�"_�! "�# .

3
�4
 
�-+89� ��.(� ��:,1 �;��)�< =(SMBC) >��# ���?��=

���!� )� �8(�@3 �.`;� =�"$)�. ! �;��)�< =� �+,36 ��;��)�< =
�
A ��(� �7 < �< $� 8" a+5 �4 �1� �<+1� B)�� =�"

�+827�$.24� N =�"$ ;�3 �� �6 ==$� ;�3�=D�8# )� 
.���� S ;�3 �! "�# C # D�8# �5 E F)>/#�.(bF (,-

�-+89� >(/&5 X'1 c,;�� ]<�2� �� R��+8- �/2
� �;��)�< =
��.(� ��:,11� < ��� ��1� $.# $��� �?�� '
�+,(1 �<�-

�"='(�N '(�
!!��� �P �-+89� '
� �4 ��� ��&� .
.O �
)�F6 '(�N '
�+,(1 ]��0[�1� �;	 3 >/#.1� < '(2f8"�
3g
!��"=
�83�� ����)�< '
� �� �("��  %��(< �" ����;�� �5

X�
�(,I =�83�� ��(�!� h�?5�� �)
&�H21=�" �
'�-+89� )�
 P
i�+,?5 .2
6 	 �.O
&��*.-  (jk5 !�
l�� m(n�� l
A6 

�
�83���!>/# (3=�83�� =�!�(�)�E!J �&�< �K�50L
$�%;1�7 X=.M�� �;#+3�=�2F$.#=����3�;(5!.
 N ��

T(o� �&&4 �	�4 �!�� $��I=��1�]�.['
� >(/&5
�-+89� =p�m<�?5�� �� .
�< �� �;��)�< �	�4 >[� � �< h�
�)

 ����� q(;5+r��N]��s.[
1� < �+O! �<��"=�3g
! =!� �.`;� ���)�< tc,;�� =�"-

1� < '(�!� '
� ���.(� ��:,1 =�"����4 X�8(# =!� =�"
$.2"� >(/&5���)�< '
� =� )� $��u;1� �< �"
�! ;/�� S)�� Nm�

�1� .�>(�� '(8" �<����
�(8(# Q(4 5 �U� ((v5 !
���4 �?(4 5$.2"� >(/&5 =�"���)�< =��:2� =�"=��+� 

��� )� $��u;1� �< ����� �� ! �	 3 �� I �1� <�Z21 ��&	 �"=
2�4! (N��6 >(/&5 ��&	 ! ��� T
� # �1� < �< ��;7�� N �"

�1� $.#.
∗'u,5 �D+r�� $.2�
+�� <�8� :^^w\LLs)0s^(/(�! ;/�� ��N ��:mortezaderakhshi78@yahoo.com

x��8# �*+1 ! ��(< D�1*!� ���;�<�5 ��)� �youM z{| �5 z�} 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
25

-0
7-

02
 ]

 

                             1 / 12

https://ijcm.ir/article-1-170-en.html


D��4+4 =+�4+5 ��81�I ��&7�� �� 
� �1�2# ���4 ! �1�2#�+,< �,9� z{}

5�
� � �6�����78 ��9&+
34��
 ����	 
��:2�1� < ��+� =��I # D�8# .�!� �< ��� �< F E+2O

$+4 �;#� �I # l�< �
�(	� vO U�~;�� �� ! ) ?�� =�""�L
�KLº�K�5"�0�0wº��! �I # D+P"�0�0\º^\�5
"Ls���º^\���8# � - �;	 3 �� I�1� ."!gN '
� �� �< �l

�-+89� ��
) ����@ ! �3� ;�3 �< �O+5 ��:,1 �;��)�< =
�/
�m� �� �-+89� '
� )� �,M� ! Q1�2� �+827� �1 ���.(�

 '���/� =�"�;1!�)$�� ����+,4 =(�`,I ���I 7 +�)$�� �� =
�8&n.(1 (S+7 !�� I i(I� �1� < ��+� ! E��;�� CW(

�;	 3 .��)>/#�.(&� �
� oM ."�+#�� �� ����@ �4 .2"�

�-+89� '
� =p�m<$�� �� �;��)�< ��+,4 =K^\$�� �� � ;� -
�8&n =.(1�0�\��:2� �� ! � ;� S+7 =>I�.[ CW(


��L �1�  ;� ]��0.[�+827� '
� ���85 ���
A ��(� �" =�"
H21 )� �4)���1�� ��+;�;,(1 �>(# >��# �<+1� =�" H21

.���� �+�[ � �+,%24 !.
���)�<�"=�+827� ���85 �� ��.(� ��:,1 �" �� )� $�%
�O 

�2(n�< �1�2#U�+M �,I .�)�1 =!� Q(&8" )'1 �<
���I+	 '(�
!!��� (XQ(&8" �%;1+(N�� �< ! �;	 3 �� I 

1! �< �&
�1 	(�,=�"��N .�)�1 )'
 
) '(�!� '1 �<����(� (
�� $.(#+N�+# .�� '(2f8"���?�� �%21 =�" �5 '(�
!!���

��:2� �� '(�!�1� < ��+� =�=�".[�! ���85 '(< ) � �
$.
� �?(# 3� ��+%f(" ! $�+< Q(&8" U�+M �< �%21

�8��+# .��:2� �� =)�< b�(5�83��1� < ��+� =��< R�	 M 
���)�<$�+?� �!.o� ��.(� ��:,1 =�"�1� �� !$)�.3 ��+5 -

,I .�)�1 �� �� �;��)�< Q(4 5 �< =�" �]}[! �"��N =�".�)�1 !
S+7 CW(
]�[$."�&� m(� 4�.

���)�<�+827� ���85 �� ��.(� ��:,1 =�" �+7 =�"
.2;�" �+,< �.(N�� R�?��F ! $�+< �7�+2/
 R�?
 �5 = "�� =���� .�<

�� ���+� �7 < �� ��+O! '
� ! )W4+
VWN =�"�+,< �#�� ��+5
��6 �� �� '
+(�� �"�3 ! '�4! (N.
� �. "�� �+O! �<

���)�< '
� �� �7�+2/
�O�� c`@ ! U.# ��" ! ���1 3� =
���4 c,;��  
���� �+�[�
+��j =�" �� ���1 3� )� >M�[ =

�6�� �-�< �" $.
� m?1 �5 $ (5 H�� �< � oM �� �4 �+#
.�+# .]
�# ��.# �5!.(N�  ;84 ��.�� �< ! �.# �;
 ,4 '
 5

���1 3�$��� �� =�" �� >��- '
 ;8�� ! ��-+89� '
� �� 
���!� )� �7 < �� m?1 H�� )! < $)�.3 =�";�".2.

:/	%
�(	� vO �(`I+��)c�� (�&�� !$.# $��1 ='(�) =�".[�! )� �1�2#=%21 �,M� �+827� �1 �� '(�!� �5 '(�
!!��� �1� < ��+� �
$ ;�3 ��=�;1!� D�8# ='���/� )E(D�8#�;1!� E F=�`,I ��I 7 +�)�(�;1!� !=S+7 CW(
)U.(

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
25

-0
7-

02
 ]

 

                             2 / 12

https://ijcm.ir/article-1-170-en.html


.,Oz�$��8# �z���;�<�5���� ���4 X�8(#��� ! �"��921��&	 ���)�< =�". . .z{�

����� ;�� 
1� < �+�2� �<��"=��%� H21 =��.`5 �z|� ]:�� �.- 
��+8� )� B)���,(1! �< ! �(�5 ��:2� =�" �+/1! /(� =

&?:I�1� < ��+� �.2;	 3 �� I .H21 )� qN��%�=i(I� 
���)�< =!���:2� =�"1� < �+�2� �< !��"=! /
�� E! N

 ��.`5 ���! ;/������+8� ��+8�  " )� ! E��;�� Q1�2� =z
B)�� ]:����(�5 �,�(M.�.# .��(� )� q�1z�]:�� 

B)����$.# �(�5 X�,�(M��=�!6 	 U��(�o5 m4 � �� ��+8� 
! �� 
� ��.`� ��+�����+8� =m4 � $�%&
��)6 ��  %
� =

���(��!�7 �2	 $�%&���(Middle East Technical 
University) ��+� �(4 5 �� 1� <�m(���6 ! /(� ��! ;/��

(EPMA).2;	 3 �� I .$��� m4 � !� '
� )� >M�[ =�"
 ��.`5 >��# �5��(�o5����
m95 �:�� �
�(8(# ==�)��� 

���)�< m(���6$�� =�" ���+,4 =��z���)�< )� �:�� $�� =�" =
�8&n ! .(1�����)�< )� m(���6 � =�"��:2S+7 =CW(
 (�<

��! ;/�� �+/1! /(�  
!�~5 $� 8"(BSE) �< �u(4 m(���6 !
S!�EDS$�+< �.�.

�
m95 =�
S)�� N m=�!6 	 U��(�o5 m4 � �� ��! ;/�� 
�< �� 
� ��.`� ��+�
$.�)�� N  <� �=Y+� SX100 =���� �4 

{<(E�2 =��&;�� �+� D+P �< (WDS) =V �� b;�(1 �
 !
;�� =��&(EDS) �+< �1! �<(�,=E�;# $.2"�=V�;�! �< �{

��
 O ! ��! +,(4�{ ��6 +��� .# $��� E�;# .�
m95 =�
m
S)�� N$�%&��� =m4 � $�%&
��)6 �� ��! ;/�� =�2	 

$�%;1� �< m(� ���(��!�7$.�)�� N  <�=Y+� JEOL JXA-8230 
=���� �4{�� =��&;�� �+� D+P �< Z21 c(P �.#�<�<E�;# 

$.2"� V�;�! �< =�{+5 N ��
 O ! ��! +,(4 =z�!  ��6 +��� 
�/
��<  :I �< ��
 O )� =�{*�9��  ;�! /(� �	 3.

����� � <=� 
��>� ?��!

���)�< Q(4 5 =���� �+/1! /(�  
) �� ��.(� ��:,1 =�"
 �;7�+2/
 R�?
 �5.��+<.���4 $.2"� >(/&5 X�,M� =�" '
� =

�)�<��=�".(�4� ! $�+< '�4! (N+2(,4! )W4+
VWN >��# �"
'"6�b�� ��;(5�� >(/&5 �� �6 �- 	 ���4 '
 5.���� .��

���!� )� �7 <���4 U�+M �< m(� '
+(�� �" �+�[ �- 	 �#�� .
�<H21 �,4 �+P ��:2� '
�J6 =�" �� )�H21 ��%�==���� 

�
).�6 �5 ���)�< Q(4 5 �;��)�<.��+<.

1� <��"=�
#)�� N m�.
.# �5 T1+;� U�O��  %��(< 
! �;(�
 1 R��+8- ! $�+< ��:2� =�")W4+
VWN �� ���1 3�

$.# �;
�+1+1.��+< .�9(;� �� �4 =�+P �< t� /,8- =
�� ���1 3����4 ��+5�
+��j =�" ! U!.(N� ��
 ,4  (�� =�

�6 =!� ���!� 	 �< �� �(�,4 $."�&� �" 4�.! (N'�4 �4 �"
S+�;1����4 '(< ���1 3� '
 ;84 H21 X�,M� =�" =�"

 ��:2�.��+<��;(5 �"�3 ! �
V!� Y+� )� R��+8- �! $�+< �
V!�
�6 �� '�4! (N+5���.� �+�[ �"�#.��;�(�9���4 ��(� =�"

$.2"� >(/&5���)�< ='
+(�� ���:2� =�"�O�� '
 5.
.# �"-
=� ��&� �� ���1 3� �.2"�1! �< R���85 !(�,=���4 =�"

$.# '(&��O �
+��j.�� .���4 ��(�,4 �U!.(N� ��
 ,4 =�"
��4 �'u1� �m5��+4��"=1��'
 ;8�� '"6 =�".(�4� !

���4�
+��j =�" �-+89� =.��+< .���85 R�?
 �5 '(2f8"
�&(#�9(;� �� �(�!� �;��)�< =�"�&(# =>��4 �+P �< �
��)


.?5 �
 ,4 �<$.# >.��.�	�< '
 ;8�� ���)�< �� �+O+� =�" -
$ (87 �< = (	�+N >��# m(� ��:2� =�" ��;(�! /(� =

$ (87 �< = (	�+N�;(�! /(� =��&(# =�)�(;(,(N+��("(�
�
 1 ��;(�! /(���+N ����
 O ��;
�E�1 ��(;(	� ��(;(,(4 -

$ u[ �D�5 1 ;2
� ��(;(	� = (	�+N! �+,3 ! �/����< �=�<.��+.
�3g
!���4 =�"H21 �;	�< ! �1�2# cI+5  %��(< ��:2� =�"

���(#6 �� �83�� ! �+,?5 ! �
�83�� =�"�.O
l�� �
�83�� 
�6 �"N(l�
��� �+`M )� $�+< �1� ]��z.[

���� ����	.��
� :�/�# !�
������ !34��
 !�
 
5,����@ ����	 

'�4! (N i(I� Q(4 5 �1� < �+�2� �<+� =�"���)�< �� �+O-
���.(� ��:,1 =�"�{z�:�� m(���6 �6 =!� =� U�+M �"

�	 3 .'�4! (N >4 Q(4 5 X'(%��(� D!.O �� ��:2� =�"�!
>/#z�1� $.# ����� .

Q(4 5�"='�4! (N c,;�� �< .��O D+,o� U�+M �< �"
 �
��;�� =��-�Ca2Si2O6�Mg2Si2O6!Fe2+2Si2O6!

�� U� ((v5 �< $� 8"  
��Ca-Mg-Fe .��+< .� <=Y+� '((`5 
'�4! (N i(I��"=���+8� )� ��:2� $��.2<=]��[$��u;1�

 .#)>/#�.(��85 R�?
 �5 ���1� '
�  <�'�4! (N =�"
 �;
V!� Q(4 5 =���� ��:2�.��+< .�u(4 m(���6  
!�~5 '(2f8"

 S!� �<EDS�6 Q(4 5 ��+< �;
V!�  < =.(
k5 m(� �"�+< 
)/#>�.(

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
25

-0
7-

02
 ]

 

                             3 / 12

https://ijcm.ir/article-1-170-en.html


D��4+4 =+�4+5 ��81�I ��&7�� �� 
� �1�2# ���4 ! �1�2#�+,< �,9� z��

 ���8%,4 '(%��(��Q(4 5 ���4
�"����)�< �� �4 ��:2� =�"=�
m95 ��+� =�
S)�� N m�;	 3 �� I ��! ;/�� .��.
���� SiO2 TiO2 Al2O3 FeO* MnO MgO CaO Na2O K2O Cr2O3 Total 

,4(N+2('�4!  �}/{� }�/� {{/z }�/| ��/� �}/�� ��/z� z|/� ��/� �z/� {/��� 
VWN
+)W4 );(?�6�( �|/�� ��/� |�/z� �z/� ��/� �{/� ��/� ��/�� ��/� � }{/�� 
VWN
)W4+)b��1( ��/{z �z/� �}/z� �|/� ��/� ��/� |�/�z {{/� �}/� � |/��� 

 ,4
� }�/z� ��/� {{/�� �|/z{ �}/� ��/�{ �}/� ��/� �z/� ��/� �}/}} 
'u1� |�/�� �}/�� }�/z ��/� �z/� ��/� {�/z} �z/� �z/� ��/� ��/�} 

N�(U!. �� ��/� |�/�� ��/�� �}/� {z/� �z/�} �z/� ��/� ��/� ��/�� 
�
28,(� z/� �{/�{ ���/� ��/�� }�/{ ��/� ��/� � �z/� ��/� ��/�� 

;2%�(� ��/z ��/� ��/� {�/}z ��/� �z/� }{/� �{/� ��/� �z/� ��/�� 
5(;2%�+��;(� ��/� {}/z� �}/� �{/�� ��/� ��/� zz/� ��/� ��/� �z/� ��/�� 

'�4+4+� }{/�z {�/�} ��/� z�/z �z/� �}/� ��/�� ��/� � � |�/�{ 

:/	-'�4! (N Q(4 5 '(%��(����)�< �� �+O+� =�"��:2� =�" .$����1� �8;
��%� U�+M �< =�+8- �+o� =!� �".

:/	A$��'�4! (N =.2< ���+8� =!� ��:2� =�"]�L.[��
��+8� ���+8� '
�$�� =�"���&� �< ��+,4 ==)(��+8� �=�"

$���8&n =���&� �< .(1 =)(��+8� !��:2� =�"S+7 =-
���&� �< CW(
 =)($.# $��� l
�8�.��.

:/	BS!� �< �u(4 m(���6  
+~5EDS ��+8� �
 =!� 
'�4! (N+2(,4 )����)�< �� �+O+� =�"��:2� =�".

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
25

-0
7-

02
 ]

 

                             4 / 12

https://ijcm.ir/article-1-170-en.html


.,Oz�$��8# �z���;�<�5���� ���4 X�8(#��� ! �"��921��&	 ���)�< =�". . .z��

=�"�+,< )� *�.4  " �� �?(4 5 U� ((v5 �1� < �+�2� �<
���)�< �� �+O+� �
V!�7 < )� ���:2� =�"�'�4! (N+2(,4 �"

�:�� m(���6.# *�9�� �(#�[ �< m4 � )� ! �@ - ]:�� �� =� .
>/# ��{�
V!� �7 < )� ��! ;/�� �+/1! /(�  
!�~5 =�"
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D!.O �� ! $.# $��� l
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� Z
�;� m(� =�
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V!� �+,< !� E ! c�� 
�(#�[ �< m4 � )� �6 ��)D!.Ozh��� �����}!�|���(

 
���� )� Z
�.5 �<MgO �CaO �Cr2O3!Al2O3.# �;1�4 
 
���� !FeO�MnO !TiO2�m	�
l
�	� .U� ((v5 .�!�

�
V!� ���85 �� �?(4 5���)�< �� �+O+� =�" R�?��F ��:2� =�"
�+< ����+7 < �8�� '(2n �
 )�.�=�".(�4� RA+8`� !SiO2

!Na2O�8� ��&� �8�2� U� ((v5 .���� ..�!� ]I�! ��
  M�2- U� ((v5)�+~7 �<MgO �CaO �Cr2O3�FeO !

MnO ( ���
V!� �� =��- �?(4 5 U� ((v5  %��(< ��:2� =�"
�6�6 �9
�.5 �+,?5 ! �" )� =��- T
� # �� �.# � 1 '([ �"

E��� �;��)�< $�+<�1� .>/# '(2f8"{ 
+~5 �� 

�� ��&� �� �
V!� �+,< �
 )� ��! ;/�� �+/1! /(� �� �4 ."�
�(#�[��:2� �6 =�?(4 5 =.2<2#!���� $.
� �+# .��6 m(�
�:�� �+,< '
� �� =�)D!.Ozh��� ���!��(�� ��&� ."�

'�4! (N+2(,4 �< �<�&� �4��:2� .I�	 =�" �< m4 � )� �=.2<
  
���� )� �(#�[MgO �CaO �Cr2O3�Na2O!Al2O3

 
����  < ! $.# �;1�4FeO !MnO !TiO2.# $�!m	� .
>/# �� '(2f8"{) �� �4 �
V!� �n+4 �+,< �
 ��2(� =

�
m95 ��+� m(� ���� �� I H21�:�� =�	 3 �� I =�)D!.O
z�:�� �=�z.(h��� �< �?�� m(� �:�� '
���!����8" 

 M�2- U� ((v5 X�,?I =�".�!�)�(#�[ �< m4 � )� (�< �?�� ��
 �P =��- �+,?5 .�!� �
 ! $��� ��&� S�!�9� �+,< �#��

3 >/#( =�� ��/#6 �� �83�� �)�1 .�� ]I�! �� �9(;� ��+5
��:2� �4 �	 3�
V!� �� =��- =.2< �� �uI! ��9
� >(�� �< �"

 �83�� �+`M '([ �
 ! �
�83�� �m�� �� �"�+,< .#�$��� �� !
�u;2� �
�83�� hW;7� �
 l
A6  (�� �,��+- � /,8- ! l��

�1�.

:/	C 
!�~5BSE �"�+,< )�=��:2� .I�	 �
V!� =.2<)�E ! c� (��:2� =���� !X=.2<)�(���)�< �� �?(4 5��:2� =�" .Z
�;�
�
m95 D!.O �� $.# m(���6 h��� �
�(8(# =0$.# ����� �.�.

���8-�
m95 Z
�;��:�� =�=���)�< �� �
V!� �+,< �1 =!�  < ��:2� =�" . 
!�~5BSE >/# ����1� $.# $��� l
�8� .
Point N. Position SiO2 TiO2 Al2O3 FeOt MnO MgO CaO Na2O Cr2O3 Total 

�� �(#�[ �|/{z }�/� |�/z z�/| ��/� ��/�� �z/z� �/� zz/� �/��� 
�| m4 � �z/{z |/� z�/� }�/{ ��/� }/�� {{/z� z�/� |�/� {/��� 
�} �(#�[ �z/{� }�/� |�/� �|/| �}/� �z/�� ��/z� �/� �|/� }/�� 
�| m4 � ||/{� {�/� �/z {|/� ��/� z�/�| ||/z� z�/� {�/� }/��� 
�} {�/{� �z/� }�/z �z/� ��/� z�/�| ��/z� �z/� ��/� �/��� 
�� �(#�[ z�/{� |/� z�/� {}/| �}/� �|/�� ��/z� zz/� �}/� �/��� 
�� m4 � �z/{� �{/� }z/z �z/| �{/� �z/�| �z/z� zz/� {}/� |/��� 
�� �(#�[ �}/{� �}/� ||/� ��/�� z{/� �}/�{ ��/�} �}/� ��/� �/�� 
�z �+,< m
� ��/{� �|/� {�/� �/�{ ��/� ��/�z �|/�| z�/� � }/�� 
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D��4+4 =+�4+5 ��81�I ��&7�� �� 
� �1�2# ���4 ! �1�2#�+,< �,9� z�z

�D�+62D@ ����	 
��!� 	 )W4+
VWN���)�< �� ���4 '
 5 !� �< �4 �1� ��:2� =�"

�(�! /(� ! �+,< �#�� U�+M ��� �+�[�..Z
�;� �,4 �+P �<
�
m95 =�
S)�� Nm .(
k5 ��:2� =�")W4+
VWN =!� ��! ;/�� 
$.224H21 ."�+# =��%�==!� ���1 3� � /,8-  < �2?� 

�6�"�1.�� ��&� Z
�;� '
���1 3� .2
6 	 � /,8- �4 .2"��
���)�< =!� �! 7 �<  92� R��+8- �4 �+< =.[ �< ��:2� =�"

 =.1 ! �")W4+
VWN Q(4 5 �< b
.1 �!�! ! b(�,4 �.#
�6 Q(4 5 �1� $.# �");(,(�1���.# .(�<Q(4 5 �4 =�+P

;(?�6 Y+� )� ��:2� =�")W4+
VWN  �4���1� )>/#�!
D!.O=�" �!�.(>/# ��|XQ(4 5 �)� ��+8� 

�4 ��:2� =�")W4+
VWNS+�;1� �;(?�6 .2
6 	 � /,8- 
�;	 3 �� I �.# .��(An1-2)�1� $.# ����� �.5 �+O! �<  (jk

 �.# =.1 ! ��:2� =�")W4+
VWN Q,F� =!� ���1 3� .
.#
�6�6 )� =�!.`� ��.`5 ��" �4 �"S+�;1� ;84 ���1 3� =

$.#�
m95 ��+� m(� .�� =�
#)�� N m��;	 3 �� I ��! ;/�� .��
)D!.O�.(b��1 =�")W4+
VWN '
�  
���� �<  5An56�5 An64�

=� < �� �;
�!�� <A Q(4 5�� ��&� ��:2� =�")W4+
VWN -

1� < �< �4 .2"���"=�
#)�� N m�)�
!�) ��1�  < =
�#+��7 (���� ���+�8" RW��4)>/#|.(

�9�6 )� R�;?�� ��:2� =�")W4+
VWN =!� ���1 3�  (jk5 �4
�
m95 Z
�;� ��1� $�+< .
.# '
� X�@ - ]:�� �� �
�(8(# =

�"�+,<��3.24� N >(�� �< ���X (�u5 t�(,<�I ! $�+?� ��?;-� =��
.���.� �� Q1�2� .>/# ��}S!� �< �u(4 m(���6  
+~5 EDS 

.# $��� l
�8� ��:2� b��1 =�")W4+
VWN )� �/
 =!�.

:/	E 
+~5 BSE���)�< �� )W4+
VWN �
 )� ��:2� =�" .�
m95 Z
�;� D!.O �� $.# m(���6 h��� �
�(8(# =^$.# ����� �.�.

���8A�:�� m(���6 Z
�;��=/
 =!�  < ��")W4+
VWN )� =��:2� . 
+~5BSE>/# �� h��� '
� �< h+< � m(���6 >o� !\$��� l
�8� .#.�.
Point N. SiO2 TiO2 Al2O3 FeOt MnO MgO CaO Na2O K2O Cr2O3 Total 

�� |}/�| � ��/z� �z/� � �z/� {|/� �/�� ��/� � �/��� 
�� �/�| � zz/z� �{/� � � {/� �z/�� �}/� ��/� �/�� 
�{ ��/�| ��/� z�/z� ��/� ��/� � |}/� {�/�� �/� � �/��� 

�� {}/�| � ��/z� ��/� � � {/� �z/�� �z/� ��/� z/��� 

�| �|/�� � z�/z� }z/� ��/� z/� |�/� ��/�� �/� � �/��� 
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.,Oz�$��8# �z���;�<�5���� ���4 X�8(#��� ! �"��921��&	 ���)�< =�". . .z��

:/	F$�� ���+8� =!� ��:2� =�")W4+
VWN )� �7 < X=.2<
�(?�6 ��,����(5�+�6�)� )+5�!� ]��.[

:/	GS!� �< �u(4 m(���6  
+~5EDS )� �/
 )� 
���)�< �� �+O+� b���1 R�;?�� =�")W4+
VWN��:2� =�".

���� ����	 !�
��� 
���4 =�"�.4���4 )� �8�� $! 3 ��- 	 =�"���)�< �� �+O+�-

�� >(/&5 �� ��:2� =�".2"� .���4 '
� �u(4 m(���6 �� �4 �"
 S!� �<EDS�
m95 !=�
#)�� N m�$."�&� ��! ;/�� 

.�.#�'"6 tc,;�� =�".(�4� ! �
 ��u1� >��# ���;(5 
��.�+# .��+8� �� �
 ��u1� ����+7 < ���!� 	 )� ��:2� =�"

$�+?��1� � �7 < �� R�	 M !���!� ) 
���� �� $)�.3 =�"
�� $.
� =�!.o�+#�..�!�=�".(�4� ��
 ��u1� taW7 < 

'"6 tc,;����� �� ��;(5���)�< �� ���!� 	 �< ��+5 ��:2� =�"
 $."�&� 4�.'"6 tc,;�� =�".(�4� U�?(4 5���;(5)D!.O

�(��+8� ����?P ���+8� =!� ��:2� =�"�1 =.2< �
�5FeO- 
Fe2O3-TiO2Y+� )� ! �;	 3 �� I c,;�� $! 3 �1 �� 

�(;2%�+��;(5 ! �(;2%� ��(28,
�;�" .2)>/#�.(�< �O+5 �<

��+8� ���85 �� R�?
 �5 �(;2%�+��;(5 ! �(28,
� �/2
� =�"
�< ��:2� l�< Xm4 85 �.���� �+�[ �- 	 ���4 U�+Mp�m< 

���)�< �� *+(��;(5  ~2-��4 '
� �� .
�< �� ��:2� =�"��"
����� .

���)�< �� =�"�+,< U�+M �< R�?��F �(28,
� ��:2� =�"
$.(&4 ! ��)+1�&(# �!�� �� ! �
 ,4 �< $.# >
.?5 =�"

�� $.
� �"�+,< �#�� =W<A �� �
 '
� �4 �+#$.2"� ��&�=
���4 �< �?�� )�	 '
� = (7k5 �+,?5 H21 �,M� =�"

)'�4! (N+2(,4 ! )W4+
VWN (�1� .$.
.N )� �/
 '(2f8" =�"
��+8� )� �7 < �� D!�.;����" �+�[ ��:2� =�" )� �
�"

 �(;2%�+��;(5 ! �(28,
� =�"�+,< )� �7 < a� P� �� '�4+4+�
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D��4+4 =+�4+5 ��81�I ��&7�� �� 
� �1�2# ���4 ! �1�2#�+,< �,9� z��


�����������(Thermobarometry) 
��� X ;&(< �Z21��&	2�4! (N =�"�$.# �	 `� �+24�5 �4 .��

 '�4! (N !� '(< D��`5 =�2?�  <)'�4! (N+2(,4 ! +5�� (
.2;�" .�
�!.o� ��9
� Q?1  �� '
�
�"� (3��/< �� =�6�"

b;�(1 �����)�<  (�� �2
�J6 =�"�� ��.(� ��:,1 =�" �+#
�6 �� �4���� �+�[ '�4! (N Y+� �
 ��25 �" .'(2f8"

 ���1 3� � /,8- U.# >(�� �< m(� ��:2� =�")W4+
VWN
��� �� $��u;1� �(,<�I�.���.� �� �921��&	 .�� >(�� '(8" �<

1� < �+�2� �< l"!gN '
���"=��� ���+8� =!� �921��&	 -
S!� )� ���:2� =�" T1+5 $.# ����� =�"]����{[ < �4

'�4! (N+2(,4 '(< D��`5 =�2?��4 5 �
 ! E��� �+,< �5 XQ(
��+;1� '�4! (N+2(,4.# $��u;1� �.�.

S!� '
� �� X��+(5�4  �4 =�2?�  < E��� U�?(4 5 ��"
�+(5�4 ! $�+< E6 �!.< U�?(4 5$.2"� >(/&5 =�" =

=�2?�  < m(� '�4! (N+2(,4��� �?1�o� �g(�4� b5� �+# .
S!� �� '(2f8""=�]����{['�4! (N c,;�� U�?(4 5

 �(���V  (��(Jd).(�N+
� �+�
V ?�."(DiHd)�(5�;��� !+
�(,(1! 	(EnFs)1! �< (�,==+%�� �
 ��%��=��+� 

�� �� I �?1�o�.� (3.

�
��5,����@+�� � :�/�# ��������� ;�� 3� �
]JK[
S!� '
� ����!� <X'�4! (N+2(,4 ��1�  < ��&	 ! ��� 

Q(4 5 �< �	�(8"$)�.3=�+�2� �< ! $�+< ��+;1� �(	�� 
�?1�o�=)� Q(5 5 �< '�4! (N+2(,4 �+,?5 X��&	 ! ��� 
UA��`��!z�� $��u;1� �+#:

104/T = 6.59 – 0.16*ln[Jdpx*Caliq*Fmliq/
DiHdpx*Naliq*Alliq] – 0.65*ln [Mgliq/ Mgliq + Feliq]
+ 0.23*ln[caliq] – 0.02p                                )����`� �(
P = -54.3 + 299*T/104 + 36.4*T/104ln[Jdpx/
[Siliq]2*Naliq*Alliq] + 367*[Naliq*Alliq] )����`� z(
Fm= FeO  + MgO, DiHd = diopside + hedenbergite, 
liq = liquid, px = pyroxene 
 

��!� <�"�
V!� �+,?5 X��&	 ! ��� =��1�  < ��:2� =�"
 UA��`��!z'(< >(/&5 =���  %��(< {/���{ �5 {/��}� 

�O�� '(< ��&	 ! �� %(;��1 =��5�/���<+,(4 �1�)>/#��
c��.(

�
��5,����@+�� � :�/�# ��������� ;�� 3� �
]JM[
��� '
� ��4 X��1��V �+,?5  < Z21��&	 ����`5 D��?5 ! �(���

�(���V '(<�.(�N+
� +�
V ?�.")5���+�(��%� +=($�+< ��+;1�

�?1�o� =� < !)� Q(5 5 �< '�4! (N+2(,4 �+,?5 X��&	 ! ��� =
UA��`��!��� $��u;1� �+#:

104/T(k) = 4.60 - 4.37*10-1ln[[JdcpxCaliqFmliq]/ 
DiHdcpxNaliqAlliq]] - 6.54*10-1ln[Mg’liq] - 3.26*10-1 

ln[Naliq] - 6.32*10-3[P(kbar)] - 0.92ln[Siliq] +
2.74*10-1 ln[Jdcpx] )����`�=�(

P(kbar) = -88.3 + 2.82*10-3T(K)ln[[Jdcpx]/ 
[NaliqAlliq(Siliq)2]] + 2.19*10-2T(K) -  
25.1 ln[CaliqSiliq] + 7.03[Mg’liq] + 12.4ln[Caliq]

)����`�=�(
Fmliq = FeOliq + MgOliq 
Mg’liq = MgOliq/(MgOliq + FeOliq)

UA��`� ��1�  <�!�'�4! (N �+,?5 =��� '(< �"
}/���z �5 �/�����O�� '(< ��&	 ! �� %(;��1 =��5�/�

 (v;� ��<+,(4�1�)>/#��E.(

�
��������� 5,����@+�� � :�/�# �� ;�� 3� �
]JN[
�?1�o� ��1�  < S!� '
� �� �� �(5�;��� �(��`	 ��m(� =

'�4! (N+2(,4)T1+5 $.# �����]��([]
)+5 m(� ! �Al '(< 
'�4! (N+2(,4 ��� E��� ��� ��+5)����`� ={(X��&	 !

)UA��`��!|('((`5 �� '�4! (N+2(,4 �+,?5 4�. 5 <=
���`��={�!.< '�4! (N+2(,4 X�+,< �5 >(/&5 =��� '((`5 �

�1� E��� Q(4 5 ���7�.
T(K) = 93100 + 544P(kbar)/61.1 + 36.6(XTi

cpx) +
10.9(XFe

cpx) - 0.95(XAl
cpx + XCr

cpx - XNa
cpx - XK

cpx) +
0.395[ln(aEn

cpx)]2 )����`�={(
� '
� ������`:

XAl
cpx = XAl(IV)

cpx+ XAl(VI)
cpx 

aEn
cpx = (1-XCa

cpx – XNa
cpx - XK

cpx) . (1- 0.5(XAl
cpx + 

XCr
cpx + XNa

cpx+Xk
cpx)) 

P(kbar) = -40.73 + 358T(K)/104 + 21.69T(K)/104ln 
[XNaAlSi2O6

cpx/XNaO0.5
liqXAlO1.5

liq(XSiO2
liq)2] -

105.7(XCao
liq) - 165.5(XNaO0.5

liq + XKO0.5
liq)2 -

50.15(XSiO2
liq)(XFeO

liq + XMgO
liq) - 3.178ln(XDiHd

cpx) -
2.205ln(XEnFs

cpx + 0.864ln(XAl
cpx) +

0.3962(H2Oliq) )����`��(
�������`� '���
� �� XAl

cpx = XAl(IV)
cpx + XAl(VI)

cpx !
NaAlSi2O6

cpx = NaO0.5
liq + AlO1.5

liq + 2SiO2
liq 

�1�.
P(kbar) = -57.9 + 0.0475T(K) – 40.6(XFeO

liq) –
47.7(XCaTs

cpx) + 0.676(H2Oliq) –
153(XCaO0.5

liqXSiO2
liq) + 6.89[XAl

cpx/XAlO1.5
liq]

)��`���=|(
����`� '
� ��XAl

cpx = XAl(IV)
cpx + XAl(VI)

xpx �1�.
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.,Oz�$��8# �z���;�<�5���� ���4 X�8(#��� ! �"��921��&	 ���)�< =�". . .z�{

�
V!� �+,?5 =�����:2� =�"�2< �  <����` ={��<  <� < 
{/���{ �5 {/�zz��O��  < m(� ��&	 ! $�+< �� %(;��1 =

UA��`� ��1��!|Q(5 5 �< |/��5�/|!|/��5���<+,(4 
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