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� #/ :/ �;�� !
/ :�3
G �8 ��/ �%,�I��[c��  /� �3�)*7 � �� n@G #/ ,V�� 

��J��2
� $#/,�/ �)  !"7 A)6"K�M :�3�/[�LI/[% &;?"*"� 
�3�)*7 � ����p��/ &;?"*"� .��0)-�%&-"� d\��� ��

A)6"K�M$)�P :�3 :�).�� % :#)� c- �7 A)?N� �)\ �7 :/
�� $,
��� 1�.� �)D #/ �4��,�b % c8�� �3�' �8 ,�) -

,�3�)c- �u.(�%,G ��%/&	 �7 �3��B�,*	p[��[,V�� 
�� ���;D/ �)D �7 /� �?@G ,V�� !
&;."7 �"3 ��/ �,�3�

�?� $,
� �)*7 � �� u�)V �7 $�' J��2
� u�)V �7 % ,�) 
 ,�;�3 ��"�# ��)c- ��.(�;
&*8 #/ 1,  ��� % 1, 

����&'�J�� !
/ �� $,3�.� c7�P :�3���3 .��/%/&	 ���8
��/ �
�"*P��B�,*	 #/ &;."7 ��"�7 #T8)
UT0 .�3#T8)
UT0

 % $�&8 , � �3&"	%&B�C $&"?D �� �+�N  u�)V �7 �3�'
$�/� �?.b �	�7 c"-.L ,�/)c- ��(�7 �	�7 !
/ �8

u�-"*"� �4;�"�M (,+ �'W
% ��/)� :C�7 ��.	 �� u�-"*"� 
�� X&;�' �/&	 ,7�
 .�/ u��6+ �?.b �	�7nk� #/ �:&"'

 �/&\/ �� �+�N  u�)V �7 �3�)*7 � �� #/ :�)*7 �+)?@�
�)*7 � ��� �� :�3�D�  c-  �8 &L�� �)D �7 �&' :/-

,�&"' .J��2
� c��  ��"�# �!�8%&"0 �#T8)
UT0 :�3
 A)6"K�M)�[�?@G ,V�� (�"L)"7)I,V�� (��/ .���8 :�3

���8 #/ !�8%&"0)L�/ % �,8 % �+&	 :�3 ��"�&� ��"�*8
���8 #/ 2L�/)8 % u%,"0/�� <)�m� �
)��� :�3 ,�)  .�>)L �7

�'W
% �7J�� :�3�� &k� �7 C�7 �� $,  1�"7 ����  �8 ,��
,� �7 �"�);B��8 g)� #/ ��O�� :�3&"	%&B�C .

>9�5�0)-�%&-"� :�3&
)�L d\��;� $,"6OP �)� �7 (XPL)9
/� #/ �C % :#�7�
� :�3��0)> :&"	%&B .Y�/(�	�7 ��/� !"7J�� �� :/ :�3
&"0 :�3�)*7 �8 ���&7 ��)�%�;	&' �/&P #T8)
UT0 :�3�)*7 !"7 !�8 ,�/�<(#T8)
UT0 :�3�)*7 � �� �� ���7&= �	�7 �~(�� �
�L%� c8�� 

!�8%&"0 :�3�)*7�u(��O�� &"	%&B�C 9
/��� �
�L%� c8�� �7 A)6"K�M ���8 ��(
/� �)*7 � �� �)�G 1%,7 :&"	%&B�C 9% #T8)
UT0 :�3
9"�*	 ���8 %�(	�7 c"-.L % #T8)
UT0 �+�N  , � ��?.b.

 [
 D

O
I:

 1
0.

29
25

2/
ijc

m
.2

7.
3.

70
7 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
cm

.ir
 o

n 
20

25
-0

5-
28

 ]
 

                             4 / 16

http://dx.doi.org/10.29252/ijcm.27.3.707
http://ijcm.ir/article-1-1337-en.html


,*>��$��?  �p2"
�0 ��p�� J�� ���&7 !"�# �:��4� �)*6L ��.	 % ��� !""NL % �?"  . . .���

>� ��� ���� ���� 
A%,> ��^!"4��"��
2@L }
�;���)?� �
�"?"  :�3 :�3

9
/���/ $,  $��%M ��0)> :&"	%&B�C % :#�7�
� :�3 .���&7
!"�#��)?� �
�"?"  :�3�� 1�.� �4�� �?3 �8 ,3� ���M

 �"3���
�"*P,��/� .��)?� �� :&"	%&B�C :�3$&;�'��/#�7 :
�
�"*P�� �/&P ��/#�7 �8/&L %�� % ,�&"'$&;�' :

:�3&"	%&B�C�
�"*P�� n�� ,�) )c- j.(

D�0-/$�/� �*V/ :�3&��+ ,"�8/ :�3)&7S�G ��#% ,V�� (<�"?8 %)&7S�G (ppm 9
/� c8 J�� �
2@L #/ $,�M ��� �7 &"	%&B�C % :#�7 :�3:���O�� 
X%� �7 ���&7 ��)�)ICP-MS :Db  #�7�
� :Lp&"	%&B�C (.

&��+ 1-5-j 1-8-j 1-12J 17N 81-P 41-J-P 101-J-P 
Db Db Db Db Lp Lp Lp 

SiO2 �/�� �Z/�� �Z/�� ��/�� �/�� �Z/�� �Z/��
TiO2 �Z/[ �Z/� pZ/� ��/[ �Z/� �Z/� IZ/�
Al2O3 p�/�Z ��/�Z �I/�Z p/�I p�/�I �p/�� Ip/�I
Fe2O3 �p/� �I/� �I/� �/�[ �p/� �I/� �I/�
MnO ��/[ pp/[ ��/[ ��/[ ��/[ pp/[ ��/[
MgO ��/� ��/Z �I/Z ��/� ��/� ��/� �I/�
CaO Ip/� �Z/� ��/� ��/�[ pp/� �Z/�[ �Z/�
Na2O Z�/� ��/p ��/� ��/� Z�/p [�/p [p/p
K2O Zp/� ��/� ��/� �I/� [p/� ��/� ��/�
P2O5 ��/[ �Z/[ [,�p [,�� [,�� [,�� [,�p
SO3 [I/[ [I/[ [I/[ [I/[ [I/[ [I/[ [Z/[

Cr2O3 [�/[ [�/[ [�/[ [�/[ [�/[ [�/[ [�/[
LOI �/� �/� ��/� ��/[ �/� p/� ��/�
g)?@� ��/�� ��/�[[ Ip/�[[ ��/�� ��/�[[ ��/�� ��/�[[

Cs �pI �p[ ��� �pI ��[ ��� ���
Rb ��� �� �� �p ��[ �[p ��
Ba ��� I[� �Zp �[� Z�p Z�[ I�p
Sr ��Z ��I �II ��� ��� ��Z ��Z
Pb Z/�� Zp/�� �/�� �/�� �/�� �� I�/��
Th Z pZ/� �p/Z [�/Z Z/Z Z/I �/�
U p p/� � I �/� p/� �
Zr ��Z ��� ��p ��� �ZZ ��I ��I
Hf I/� ��/p ��/� [�/I �/� ��/p ��/�
Ta �/� �/� Zp/� p�/� I/� �/� Z/�
Y �� p[ p� pp �� �� �Z
Nb p[ �I �� �I �� �Z �Z
La �Z �� I� I� �� �Z I�
Pr Z/� �/� �/� �/� �� �� ��
Nd p� pZ p� �[ �� �[ �[
Sm [�/� ��/� Z�/� ��/� ��/Z �I/Z ��/Z
Eu I�/� �Z/� ��/� Z�/� �I/� ��/� [�/�
Gd [�/� p/� p�/� ��/� �/Z ��/I �/I
Tb [�/� �Z/[ [�/� [�/� ��/[ ��/[ [�/�
Dy �/� p/� ��/� No p�/� ��/� p/�
Ho [�/� �Z/[ �/[ [p/� ��/[ ��/[ �/[
Er I�/� II/� ��/� ZZ/� ��/� ��/� I�/�
Tm p/[ ��/[ ��/[ p�/[ p/[ p�/[ p�/[
Yb [p/� ��/� [�/� �Z/� �Z/� �/� �/�
Lu p�/[ p�/[ pZ/[ p�/[ p/[ p�/[ p�/[
Ce �p �� �p �[ �[� �I �[[
Cr ��Z ��� �Z� ��� ��� �[p �[�
Ni Z� Z� �� Z� �p �� �I
V ��� ��� ��Z ��I ��� ��I ���
Ga �Z/�Z [p/�� ��/�I [p/�� �I/�� ��/�� �/�p
Zn �Z ��� �[[ �p �� �� �I
Cu pZ p� pZ p� �� �� ��
Be �/� �/� �/� �/� �/� � I/�
Ge ��/[ ��/[ ��/[ ��/[ [p/� �I/[ �I/[
Hg [I/[< [I/[< [I/[< [I/[< [I/[< [I/[< [I/[<
Li �/�I I�/p[ �/�I �� �/p[ �� pp
Sn �/p Zp/� ��/p �/� � p p/p
Tl � �/[ Z/[ � �/� [�/� �
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��,P ��/W� J�U�/�;�)0 �1�
�/&� �1/&
/ ����  ���8 % ���� �)*7 �*@� ���

>9�EY�/���)?� :,�7 n"��L �/�)?� �� ���&7 ��)� :�3d>&� ]^l.[$&;�':&� �-"-KL `D % �"�%&B�C % &"	%&B�C :�3 �
�?'�� :�3
d>&� #/ �;	&'&7 ]^v[��/ .)�7 $&;�'J��&0 i)OD :��
�"*P &"	%&B�C S"8&L$&;�'��27 !"b `D �7 ::�3&"	%&B�C	�/&9"	� (UML)�

$&;�'2
� !"b `D �7 :&"	%&B�C �
�"*P �-3M CAL) ( %$&;�'!"b �O�� �7 :�"�%&B�C(<(�/�)?� Na2O+K2O�7 �6�� SiO2]^r[.
�3&"	%&B�C:�3#�7�
� :

���� �8�D &V��+ ,���� :��'#���� &V��+ u/&""wL �� �3�6 
)c- lY�/(�� 1�.� ��)?� �?3 �8 ,3� �7 ���&7 ��)� :�3

 �&;.� $�4;��D J�� 9
 #/ �C�?;G/ % ,�;�3 �;�7/% n3
$,  ��@
/,�/ .96� ���� �8�D &V��+ �@
�,L �)4�/ !
/ ��

LREE)(���"� �7 (MREE) !"4�� %(HREE) S"  �7 %
�� $,
� �K�� �� /� &�/ !
/ �8 �)  �6�� �7 1/)L :�3

(La/Sm)N#/ j_/j�Lr_/r�(Sm/Yb)N#/ h�Ll%
(La/Yb)N#/ v/{�Lv/^q�&8 ,"��L 2"� .,�%� 1�)7 ��	/

 &V��+HREE�� ����' �; )' $�4;��D ���.� ,�/)L :/&7 �/�
��L % ���&7 ��)� ��O�� ���M �', )HREE (��� �� ,�/)L

���8 Q
/,> #/ , �7 ,�*6��)3 �
 !8&
# �!
)"�/ :�3]^^[.
���� &V��+ ��/%/&	 :)4�/J�� ��'# ��0)> ���.K.LM :�3

 �
�,�8 &
���� �7 $,  ��@��7]^h[)c- l<(�',  ��L
 �� ��.�Ba, Ti, Nb, Ta Th &V��+ �� �',  ��= %K

%Rb�� 1�.� /� ,3� .�',  ��L 1/&4.3%W0 �D&7 $,"�+ �7
 #/Ta-Nb #/ �',  ��= %LREE ��%� J�� &V��+ %

1)
 ��27(LILE)��  �� ,�/)L c��+ %� #/ �^(c"-.L
 $,  ��= �; )' 9
 #/ �3�?'��)A�"� &�/ ���.�/�%&	 :�3 (%

h(�;�)0 Q
CM , �7 �; )' #/ �;	&' c- :�3�?'�� :/
]^j.[

>9�FY�/(:)4�/ REEJ�� �� ��0)> �NOP �;�/#�7 :�3]^q[%<($,  ��@�3 �7 �/�)?�J�� :7 �6�� ���&7 ��)� ��O�� :�3 �
�,��8 �
]^h[c-  ,���� n�T+ j,�;�3 .
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,*>��$��?  �p2"
�0 ��p�� J�� ���&7 !"�# �:��4� �)*6L ��.	 % ��� !""NL % �?"  . . .��p

��
� ���� 
#
#/ }
�;��
2@L�O�� ::/� #/�&02
����8 !�8%&"0 :�3 %

#T8)
UT0A%,> �� �8 :�3�%p$,  $��%M ,�/ .�)k�� �7
��  �:�/�4����
����
�"?"  S"8&L �)*6L ��.	 % ��� !""NL
�+)?@� ����NLJ���� �
�"��8 :�3, $��K;�/ ��0)> ��O�� .

�"����! 
!�8%&"0)�"*8 �� ���8 !
&;�/%/&	 �3#T8)
UT0 #/ �0 �3

9
/� � �� u�)V �7 &;."7 �8,�;�3 ��0)> :#�7�
� :�3
�)*7 c- :�3 J��2
� !"7 �� �)*72
� �3�' % �/� :�3

�� $,
� �3��B�,*	 ,�)  .X%� #/ ���8 !
/ :�/�4��� :/&7
 d>&�]��[�K;�/ , $� .�/�)?� #/ ���� �X%� !
/ ��Q-J 

!�8%&"0 g/)�/ �8�?
,� ��?
,� :�3��?"�*8 % �?"�*8 
�� /,> n3 #/ /� , $��K;�/ ,�8)c- IY�/.(�,+ �/,��

 n
2"��Mg# = 100Mg/(Mg + Fe + 2) �%,G ���8 !
/ 
p[/�[ ��Z/�I,V�� )�3&"	%&B�C % �3#�7�
� :/&7 (, �6��m�

8 g)?@� %1)"L� :�3Na+Ca+ Fe+2 �7 9
�2� ���M ���/ 
!3M $&;�' �� ���M �!
/&7��7�n
2"�� ��� �/&P n"�*8 ,�&"' .

�� �3&"	%&B�C % �3#�7�
� �� ���8 !
/ �
��� :��+/ S"8&L
 $&;�'Fs(7.19 - 14.35) �En(35.64 - 42.60) %Wo(50) 
��/ .�"�);�C% ��*�� �/�)?� 5��/&7 ��"L�;��/ ��%&	 �"*"

]��[!�8%&"0 �,�;�3 ,"�0)
� g)� #/ �3)c- I<.(

D�0- 5$�/� ��%&;-�/%�82
� �
2@L :�3)&7S�G ��#% ,V�� (9
/� �� !�8%&"0 ����8 :/&7#�7 :��3:.
Error! Not a valid 

link.Point Px1 Px2 Px3 Px4 Px5 Px6 Px7 Px8 Px9 Px10 

SiO2 ��/��  [�/��  [�/I[  [�/��  [�/��  ��/��  ��/��  �p/��  ��/��  �� 

TiO2 Z�/� �/� ZI/� p�/� ��/� �/� I�/� I/� ��/� ��/�
Al2O3 �Z/p ��/� ��/� ��/� [p/p ��/� ��/� p ��/� Z�/�
FeO ��/� ��/�[  [I/�[  ZI/�[  [Z/�[  ��/� �I/� Zp/�[  �p/� [Z/�[  

MnO p/[ ��/[ p�/[ p�/[ ��/[ p�/[ p�/[ ��/[ p�/[ pZ/[
MgO [�/�I  �Z/��  ��/��  [p/�I  �p/��  �Z/�I  Z�/��  Z�/��  ��/��  [p/�I  

CaO I�/��  pZ/�[  �Z/�[  ��/�[  ��/�[  ZZ/��  ��/�[  ��/��  ��/�[  ��/�[  

Na2O IZ/[ I/[ I�/[ I�/[ ��/[ I/[ I�/[ Ip/[ I�/[ ��/[
K2O �/[ �/[ [�/[ [�/[ [p/[ �/[ [�/[ [�/[ �/[ [p/[

Cr2O3 pZ/[ pZ/[ �/[ ��/[ p/[ p�/[ pp/[ ��/[ pp/[ ��/[
g)?@� ZZ/�[[  ��/�[[  ��/�[[  ��/�[[  p/�[[  �p/�[[  ��/�[[  ��/�[[  ��/��  Z�/�[[  

Si ��Z/� ���/� ���/� �[I/� ���/� �[�/� ���/� �p�/� ��Z/� ���/�
Ti [�I/[ [Ip/[ [�Z/[ [p�/[ [I�/[ [p�/[ [�p/[ [��/[ [Ip/[ [I�/[
Al ���/[ ��p/[ ��Z/[ ���/[ �pp/[ ��I/[ ���/[ �p�/[ ���/[ ���/[
Al4 ���/[ ��p/[ ��Z/[ ���/[ �pp/[ ��I/[ ���/[ �p�/[ ���/[ ���/[
Al6 [/[ [/[ [/[ [/[ [/[ [/[ [/[ [/[ [/[ [/[
Fe3 [��/[ [�p/[ [Z�/[ [�p/[ [Ip/[ [��/[ [Z�/[ [��/[ [�Z/[ [p�/[
Fe2 �I�/[ ��[/[ ��Z/[ �II/[ �I�/[ �[�/[ �p�/[ �Ip/[ �Zp/[ ��p/[
Mn [[�/[ [[�/[ [�[/[ [�[/[ [[�/[ [�[/[ [�[/[ [[�/[ [�[/[ [��/[
Mg ��I/[ ��Z/[ ���/[ ��I/[ ���/[ �p�/[ ���/[ ��p/[ ���/[ ����/[
Ca ��I/[ �[�/[ ��I/[ ���/[ ���/[ �I�/[ �[I/[ ���/[ ��Z/[ ��I/[
Na [�[/[ [pZ/[ [��/[ [p�/[ [p�/[ [pZ/[ [p�/[ [p�/[ [p�/[ [p�/[
K [[�/[ [[I/[ [[�/[ [[�/[ [[�/[ [[I/[ [[�/[ [[�/[ [[I/[ [[�/[
Cr [�[/[ [��/[ [��/[ [[�/[ [[�/[ [[�/[ [�[/[ [[�/[ [�[/[ [[�/[
Wo [[/I[  [[/I[  [[/I[  [[/I[  [[/I[  [[/I[  [[/I[  [[/I[  [[/I[  [[/I[  
En ��/�[  ��/p�  �Z/pZ  �[/pZ  ��/p�  Z�/p�  �[/p�  Z�/pZ  ��/p�  �[/p�  

Fs ��/� ��/��  [�/�p  p[/�p  Z[/��  p�/��  Z[/��  p�/�p  �p/��  �Z/��  
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��,P ��/W� J�U�/�;�)0 �1�
�/&� �1/&
/ ����  ���8 % ���� �)*7 �*@� ���

D�0- (�%�% 5$�/� ��%&;-�/%�82
� �
2@L :�3)&7S�G ��#% ,V�� (9
/� �� !�8%&"0 ����8 :/&7&"	%&B�C :��3:��0)> ���O�� .
�O�� $��? LaM1 LM2 LM3 LM4 LM5 

SiO2 ��/I� ��/I� �Z/�� ��/Ip �p/I[
TiO2 I�/[ ��/[ p�/[ I�/[ �Z/[
Al2O3 ��/p ��/� Ip/p Z�/� ��/�
FeO [p/I [Z/Z Z�/Z �p/I �Z/I
MnO ��/[ ��/[ ��/[ �Z/[ �I/[
MgO ZZ/�I [�/�Z [�/�� ��/�� Z�/�Z
CaO �p/�[ ��/�� [p/�� p�/�[ �[/��
Na2O ��/� �p/[ �p/[ p�/� p[/�
K2O �[/[ [�/[ ��/[ [�/[ �p/[

Cr2O3 pZ/[ ��/[ ��/[ ��/[ Zp/[
g)?@� ��/�� ��/�� Z�/�[[ �[/�� �p/��
Wo [[/I[ [[/I[ [[/I[ [[/I[ [[/I[
En ��/�� ��/�� I[/�[ �I/�� ��/��
Fs ��/� �[/� I[/� I�/� ��/�
Si ��/� ��/� �Z/� �[/� �p/�
Ti [�/[ [�/[ [�/[ [�/[ [�/[
Al ��/[ pp/[ ��/[ p[/[ pZ/[

Al4 ��/[ �Z/[ ��/[ �[/[ ��/[
Al6 �I/[ ��/[ �p/[ �/[ ��/[
Fe3 [[/[ [p/[ [�/[ ��/[ [�/[
Fe2 ��/[ �p/[ �p/[ [I/[ [/[
Mn [�/[ [[/[ [[/[ [[/[ [[/[
Mg �I/� [�/� �I/� �[/� ��/[
Ca ��/[ II/[ ��/[ I[/[ Z�/[
Na [Z/[ [Z/[ [Z/[ [Z/[ [Z/[
K [[/[ [[/[ [[/[ [[/[ [[/[
Cr [�/[ [�/[ [�/[ [�/[ [�/[

g)?@� [[/� [[/� [[/� [[/� [[/�

D�0- G$�/� ��%&;-�/%�82
� �
2@L :�3)���#% ,�V�� ��
�0&7 (9�
/� �� #T8)��
UT0 �����8 :/&�7 ���0)> ����O�� &�"	%&B�C % 9��
#�7 :���3 
:Db #�7�
� ���.� :LP&"	%&B�C ���.� 

Piont Pl1 Pl2 Pl3 Pl4 Pl5 Pl6 Pl7 Pl8 Pl9 
Db Db Db Db Db LP LP LP LP 

SiO2 ��[/�� �I[/I� ��[/I� �I/IZ Z�/I� ��/I� Zp/Ip �p/I� �Z/I�
TiO2 [p[/[ [�[/[ [�Z/[ [��/[ [�[/[ [�[/[ [�[/[ [�[/[ [�/[
Al2O3 [p/pp IZ/p[ pp/�� ��/�I ��/�� ��/�� p�/�� [p/�� �[/��
FeO Z�/[ pp/[ Ip/[ I�/[ [I/[ ��/[ [�/[ ��/[ ��/[
MgO [[/[ [[/[ [[/[ [[/[ [[/[ [[/[ [[/[ [[/[ [[/[
CaO [�/�� Zp/�p Zp/�� ��/� ZI/�� �[/�p �I/�� [p/�� ��/�p
Na2O Zp/� ��/� ��/I �I/Z pZ/I Zp/I I�/Z ��/I [p/Z
K2O [Z/[ �I/[ [�[/[ [pZ/[ �[/[ ��/[ ��/[ p[/[ ��/[
g)?@� �[/�[[ ��/�[[ �Z/�� ��/�� Z�/�[[ �p/�[[ I�/�[[ ZI/�[[ ��/�[[

Si ��/� ��/� ��/� Z�/� ��/� �Z/� �[/� ��/� ��/�
Ti [[�/[ [[�/[ [[�/[ [[�/[ [[�/[ [[�/[ [[�/[ [[/[ [[�/[
Al �,��� �,��Z �,��� [,��� �,��� �,��Z �,��I �,��� �,���

Al4 [,��[ [,��� [,�[� [,pI� [,�I� [,�pp [,[�p [,��� [,�Ip
Al6 �,�p� �,��� �,��I [,I�� �,[I� �,[�p �,[I� �,[I[ �,[ZZ
Fe3 [[/[ [[/[ [[/[ [��/[ [[/[ [[/[ [[/[ [[/[ [[/[
Fe2 [��/[ [�[/[ [�Z/[ [[/[ [[�/[ [[�/[ [[p/[ [[�/[ [[�/[
Mg [[/[ [[/[ [[/[ [[/[ [[/[ [[/[ [[/[ [[/[ [[/[
Ca ZZ/[ Ip/[ �Z/[ p�/[ IZ/[ I[/[ ��/[ I�/[ I[/[
Na ��I/[ pp/[ ��/[ p�/[ p�/[ p�/[ �I/[ �[/[ ��/[
K [[p/[ [[�/[ [[p/[ [[�/[ [[I/[ [��/[ [�[/[ [�I/[ [��/[

g)?@� [[/� [[/� [[/� [[/� [[/� [[/� [[/� [[/� [[/�
Ab I�/[ �Z/[ Z�/[ ��/[ Z[/[ II/[ I�/[ I�/[ I�/[
An �[/[ ��/[ p�/[ I�/[ �[/[ �p/[ ��/[ ��/[ ��/[
Or [p�/[ [[�/[ [[�/[ [��/[ [[I/[ [��/[ [�[/[ [�I/[ [�p/[
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,*>��$��?  �p2"
�0 ��p�� J�� ���&7 !"�# �:��4� �)*6L ��.	 % ��� !""NL % �?"  . . .��I

>9�H$��!�8%&"0 :,�7��0)> ��O�� :�3:Y�/ (!�8%&"0)�"*8 S"8&L �/�)?� �� �3Q�7 �6�� J]��[%<(�/�)?� En-Fs- WO ]��[.
)��)?�:#�7�
� 9
/� :�3 .:&"	%&B�C 9
/� :�3 ��)?� ���.� 

���� (�I! � ��
�C
� 	�� ����� ���� (�
!�� �6J
�
�"����!����� 

!��8%&"0)�"*8 S�"8&L �4;�7 ���� :�?'�� �?"  �7 ��3
/���.!
/ &7�5��/$%&' 1��"� u%��KL 1)'���)' :��3

�� /� ���3�?'�� �&8 �
������  1/)L .�
�"?"  S"8&L
!�8%&"0 ,���� :&V��+ ��/%/&	 $W
% �7 �3Ca, Na, Ti, Al %

Si % �?'�� �"3�� �
����  �� $�4
�>!"�# ��"�7 ���M �;D��
 �"?3/,��/� .5��/ !
/ &7�,�b !""NL �/�)?� �
�?'�� :&�

��/ $,  �G/&\ !�8%&"0 �
�"?"  S"8&L �
�0 &7 .��
�/�)?�:�3 SiO2�7 �6�� Al2O3]�[[%Ca+Na �7 �6�� 

Ti ]I[���)?� �� ���&7 ��)� :�3$&;�' �?"� �L �
�"*P :
�� �/&P �
�"*P ,�&"')c- :�3 Z< % Y�/ .(�/�)?� �� 

Ca+ Na �7 �6�� Ti���)?� &;."7 �� �3�'$&; :�
�"*P �/&P 
�� $,�3� 1�.� �8 ,�&"' &��+ �',  ��= :Ca�����M �� .

���8 �?"  5��/ &7 �3&"	%&B�C �
�?'�� :&� �
����  :/&7
 �/�)?� #/ !�8%&"0SiO2/Al2O3�7 �6�� Mg#,  $��K;�/ .

��)?� ��)� :�3���&7 :�3&"	%&B�C �&;.� Q�7 �� 
�
�"*P ��-3M �
�"*P %	9"	��/& :�> �3,��/�]����p[�8

� )B?3 !
/ $,  �;D��  :�3#&� �
�0 &7 �3 `�)L�72"� 
]��[��/ ��
,7)c- Z~.(

����K�A�� �
�� 
�� 
!�8%&"0)�"*8 ���8 �� ��.	 ��%M&7 :/&7 :�,N;� u�6��m� 

��/ $,  (�@�/]hv �hy[.����&7 #/ Q3%W0 !
/ ��Winprox  
]j_[7 !�8%&"0 �)*6L :��� , ��%M&7 &
# �O7/� 5��/ &:

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 )^(

�8cpx
AlX%cpx

Ena�� #/ ,�L��6+ �O7/� !
/ :
XAl

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

cpx )h(
aEn

cpx = (1-XCa
cpx – XNa

cpx - XK
cpx) * 0.5 (XAl

cpx +
XCr

cpx + XNa
cpx + Xk

cpx ) )j(
�O7/� #/ 2"� !�8%&"0 �)*6L ��.	 �6��m� :/&7 $��K;�/ &
#

, :
P(kbar) = 3205 + 0.384T(K) – 518ln[T(K)] – 
5.62(XMg

Cpx) + 83.2(XNa
Cpx) + 68.2(XCpx

DiHd) +
2.52ln(XCpx

Al VI) – 51.1(XCpx
DiHd)2 +

34.8(XCpx
EnFs)2 )l(

��O7/� !
/ �� �8 
XCpx

DiHd = Ca – CaTs – CaTi –C rCaTs )v(
%

XCpx
EnFs = [(Fetot + Mg) – (Ca – CaTi – CaTs -

CrCaTs)] / 2                                                         )r(
!�8%&"0)�"*8 c"-.L :��� �S"L&L !
/ �7 !"7 �3�pZ �L 

���� !"7 ��.	 !"4��"� % �/&4";��� �>�� �/[�LI7)*"8 ��
,  ��%M&7.
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��,P ��/W� J�U�/�;�)0 �1�
�/&� �1/&
/ ����  ���8 % ���� �)*7 �*@� ��Z

>9�L$�4
�> % �
�?'�� :&� !""NL!"�#�;D����)?� !�8%&"0 �
�"?"  S"8&L #/ $��K;�/ �7 �3 ��Y�/(�/�)?� SiO2�7 �6�� Al2O3]h_[�
<(�/�)?� Ca+Na c7��� �� Ti ]v[%~(�3&"	%&B�C �
�?'�� :&� �
����  �/�)?� ]hl[.

*8 �@����� :/&7 &4
� X%�!�8%&"0)�" X%� �3
:����."02L&8 ]j^[�8 ��/ �
�0 &71)"L�8 ��/%/&	 %� :�3
 �;"	&�Fe+2 �Mg %Ca�)?� ��/�/ /� &
# �O7/�.

T(°C) = {1000/(0.054 + 0.608XCpx - 0.304Ln(1-
2[Ca]Cpx))}-273   )q(

�8 !
/�O7/� ���XCpx&7 �7 ��/ &7/ 
XCpx = [Fe2+ / (Fe2+ + Mg)]Cpx 

X%� !
/ #/ $��K;�/ �7 �!�8%&"0)�"*8 c"-.L :��� �%,G �3
^^vj �/&4";��� �>��,�M ��� �7.
X%��;	� ��8 �7$,  ��/�/ �O7/� &4
� d>/&� �� ]hy�jh[
��/:

104/T(K) = 6.39 + 0.076(H2OLiq) - 5.55(XCaO
Liq 

XSiO2
Liq) - 0.386ln(XMgO

Liq) - 0.046P(kbar) + 2.2 ×
10-4 [P(kbar)]2

u/&""wL ��O7/� !
/ �� �;6�/Jd-DiHd �L �OD Q
/2	/ S>)� 
vh�r_±�� �/&4";��� �>�� �)  .�5��/ !
/ &7 !"4��"� 

!�8%&"0)�"*8 c"-.L :��� �3#�7�
� :/&7 �3^_yr �>��
 �3&"	%&B�C :/&7 % �/&4";���^^^v�/&4";��� �>�� ��/ .��

�?"�&L X%� #/ $,  ��
 }
�;� ,"
�L :/&7 ��/�/)�)� ]jj[
,  $��K;�/ .%/$&�7 �7 &
���� #/ :&"'XPT%YPT )`7/%�)y(

%)^_((��� ��%M&7 :/&7 �/�)?� 9
 �!�8%&"0)�"*8 S"8&L ��
��/ $�)?� ��/�/ ��.	 %.!�8%&"0)�"*8 ��/�)?� !
/ �7 �>)L �7 -

9
/� :�3 :#�7�
� :�3 �
��� $&;�' �� ���&7 ��)�^^v_ �L 
^h__�3&"	%&B�C % �/&4";��� �>�� ��^h__�^j__ �>�� 

�/&4";���$,  c"-.L ,�/)c- qY�/(
XPT = 0.446SiO2 + 0.187TiO2 − 0.404Al2O3 +
0.346FeO(tot) - 0.052MnO + 0.309MgO + 
0.431CaO - 0.446Na2O )y(
YpT = -0.369SiO2 + 0.535TiO2 - 0.317Al2O3 +
0.323FeO(t) + 0.235MnO - 0.516MgO −
0.167CaO - 0.153Na2O )^_(

�*�,�"�]jl[�
�L �� �/�)?� Wo-En-Fs �7�
#�/ :/&�7 /�
!�8%&"0 Q
/,"0 :������/ $�&�8 �����."0 �3 .��
/ �� !

!���8%&"0)�"*8 ��/�)��?� :���3&"	%&B�C 1%�� :���3 ��)�
 �� ���&7$&;�' �
��� ^^__ �L^j__ �/&4";���� �>��

c- �;	&' ,�/)c- q<.(
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,*>��$��?  �p2"
�0 ��p�� J�� ���&7 !"�# �:��4� �)*6L ��.	 % ��� !""NL % �?"  . . .���

>9�M!�8%&"0 :��� !""NL #/ $��K;�/ �7 ��0)> ��O�� :�3Y�/ (X%� d>&�]jj[%<(�/�)?� Wo-En- Fs ]jl[.~(6L ��.	 !""NL �)*
X%� #/ $��K;�/ �7 !�8%&"0d>&� ]jj[%u�!�8%&"0 ���8 �?"  �
�0 &7 �?'�� �� �)>)� <M �/,�� % ��.	 ���&7 ]j{ .[ c-  �7�.� n�T+v

��/.

�A�� �
�� 

X%� #/ ��.	 �6��m� �)k�� �7 d>&�]hv[,  $��K;�/ .��
!
/$&;�' �X%� ��.	 :�3__^ /_�L{_:&4�#�7 ��7)*"8 $, 
 %#/�O7/���/ $,  $��K;�/ &
# :

P(Kbar) = 3205 + 0.38T(K) - 518LnT(K) - 5.62 
((XMg

Cpx) + 83.2(XNa
Cpx) + 68.2(XDiHd

Cpx) +
2.52Ln(XAl(VI)

Cpx - 51.1(XDiHd
Cpx)2 +

34.8(XEnFs
Cpx)2 )^^()

�O7/� !
/ 5��/ &7 ���.	 !�8%&"0 �)*6L l/v�Ll/r��7)*"8 
% �3#�7�
� :/&7l/j�l/v���3&"	%&B�C :/&7 ��7)*"8 .��

��.	 !""NL �/�)?�d>&� ]jj[�)c- q~(!�8%&"0 ��.	 
�� 9
/� �� :#�7�
� :�3$&;�' l�{��7)*"8 ,�M ��� �7.2;*3 
]jv[1�"7 �� ()"�"�)�M d
#)L �8 �&8$�4
�> % ��>%��b :�3

�.3�� ��>% <M �/,�� ��%M&7 :/&7 �6���� ��"N� ,�/)L
J�� c"-.L `"m� ��.	 % �?'�� , �7 !
�RM :�3 .&7!
/

5��/ �!�8%&"0 ��)� :�3&"	%&B�C �� �)>)� :�3���&7 #/ 

��.	 �� ���� :�?'��v�O"m� �� % ��7)*"8 n8�)*6;� <M 
$,  ,�/ )c- qu.(�/,��!"
�0AlVI 8%&"0 �� !���)� :�3
 &k�)A%,> h(��/ �,�/ �)*6L :�3��.	 �7 ��'#�� 2"� ]jr[.

�"����! ���� �% 8�
N6�% 
� OJ
� ���� P�7� ����� 
!�8%&"0 �?"  :�3�&7��8 #/ &4
� �-
 `"m� !""NL �3

J�� �;D�� !"�# �/�)?� �
�0&7 ���3F1-F2 ]hl[�
!�8%&"0)�"*8 ��/#�7 :�3 )� :�3&"	%&B�C % �3 �����&7 �� 

$&;�' ��/#�7 �6"8&L :��/#�7 % ���.K.LM 1�?8 :�3 Y8 :�3
�� :�> 5)��"P/ ,�&"')c- {Y�/.(�
�L%� �/�)?� ��*100

TiO2-AlIV]jq[���)?� /� �
�?'�� 1�?8 �7 �7�.� ,�%� �3
�� 1�.� ,�3�]j{[)c- {<.(


#�
&�0�� B�� (� �A��
�� 

!
&;�/%/&	 �3#T8)
UT09
/� $,�3� c"-.L ! %� ���8 :�3
 ���&7 ��)� :#�7�
�,�;�3 .
�;�}�O�� �
2@L #/ �D&7 :/
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��,P ��/W� J�U�/�;�)0 �1�
�/&� �1/&
/ ����  ���8 % ���� �)*7 �*@� ���

1)"L�8 5��/ &7 �6��m� #/ �0 #T8)
UT0 :�3�)*7 � �� :�3
 :��;D�� A)�&	�A%,> �� 1W"�8/ p��/ $,�M .

��*�� �/�)?� �� $,  �
2@L :�3#T8)
UT0Ab-An-Or ]��[�
��$&;�'8)4"�/ :�#T �� dP/% �
�%�/&7C �!
#,�M ,�) )c- 
�Y�/.(���b-c- �� ���� $,
� <�) �#/ $��K;�/ �7 

�
�L �� �/�)?�Ab-An-Or ���&7 ��)� :�3#T8)
UT0 :/&7

 �7 �%,G �
���I[[ �ZI[�7%� �/&4";��� �>�� �7 �8 n";�3 %�
J�� S"8&L �7 �>)L ��)� ��O�� ���� ���&7 &k� �7 

�� ,�� �8, �7 �)*6L �NP/% :��� #/ &;?8 ��� !
/ .�C�?;G/
 #/ � �� $,  �6��m� :��� 1�)7 !"
�0��)'&'�:�3 �O�� &
# 

�3��B�,*	 S"8&L ��?@�/�\��/ $�)L �)*6L )c- �<.(

>9�QY�/ ��/�)?� F1-F2!"�# $�4;��D �
����  :/&7 ��/#�7 $,�#�� :�?'�� �;D�� 
�0 &7 �3!�8%&"0)�"*8 �?"  �)VAB :��/#�7 :�3
 ]���.K.LM 1�?8OFB:��/#�7 �5)��"P/ Y8 :�3WPT :��/#�7 �mKV 1%�� :�3:/(]hl[%<(��)?� �/�)?� �� �3*100 TiO2-AlIV �8,�%�

�� 1�.� /� �
�?'�� 1�?8 �7 �7�.� ,�3�]jq[
F1 = -0.012SiO2 - 0.0807TiO2 + 0.0026Al2O3 - 0.0012FeO - 0.0026MnO + 0.0087MgO - 0.0128CaO - 0.0419Na2O
F2 = -0.0469SiO2 - 0.0818TiO2 - 0.0212Al2O3 - 0.004FeO - 0.1435MnO - 0.0029MgO + 0.085CaO + 0.0160Na2O

>9�R9
/� �� �3��B�,*	 Y�/ �� ��0)> ��O�� :�3($�� �/�)?� �3��B�,*	 :,�7]^y[%<�L �� �/�)?� �"6�M �
��#T8)L�/ ��"6�M (Ab-Or-

An) ��7)*"8 9
 ��.	 $&;�'�� % �/&4";��� �>�� �
�0 &7 �3��B�,*	 ����NL :��� �7�
#�/ :/&7 ]jy[.
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,*>��$��?  �p2"
�0 ��p�� J�� ���&7 !"�# �:��4� �)*6L ��.	 % ��� !""NL % �?"  . . .���

8
��
-���� �6J
� 
$#/,' S"8&L ��
��� #/ :�3�?'�� S"8&L �7 �3c- #/ �;	&' 

�"�%#&� <%R ����' �
 c�"B�/ :�3 �� �/� R �>�� �7 1/)L <%
�; )' �"3�� % �.�7 �&7 �0 ���&7 ��)� ��O�� $�4;��D :.

��)?� ��/%/&	 &k� #/ ���&7 ��)� :�3La, Sm6"8&L ��7�.� 
:�3�?'�� �7$,�M&7 c- �� �8 ,��/� $,  ��= �; )' #/ �[

Y�/&7�%,G �7 1/)�?3 ,�%� ��LI�/&P �"�%#&� ����' ,V�� 
�� ,�&"' .(C/]�[[��/ ,�;N� �8���0 c�"B�/ !"7 A��;�/ 

�?+ �� �"�%#&� ����' �7 �"�%#&�Z[�L�[% ��/ :&;�)*"8 
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