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Mg2+�Fe2+�?�,�5)- Mn2+��5 �� ;'�5&/
(1�2
�D �5)V
=";�).1�2
�DM2�"/�$ �* <"C&��6Mg2+�Fe2+�Mn2+

V�*"��# 05 1;�D
1�2 M1� )���&!.C�<	5 5 )*
/�$ �("C&��6
)3=�<*Li+�K+�Na+�Ca2+�"�* <�D �* h&*)�
1�2 M2

3�� ;']ny[.1�� ;'*6�5�2��� �6�"(�$�) ��)*��
�
/�$"C&��6�� �&D&��D
1�2 ��6M1�M2� ?�,�5��&! .)*
5
�T�-5 (�&�
&/&# C5��A#� �]ny[�"(�$�) �����E �* 5�

! 1�)="#"��
(�$�)"� 6��Ca-Mg-Fe �5�)Quad(�
(�$�)"� 6��Ca-Na(�$�)"� ��5� 6��Na )
�- � �5�
(�$�)"� ����/";��)$ p.%$ �&F*���D
1�2 ��6M1�M2)�

 C5&'@ �* ��1�2
�D M� �3	)= )m� ���;�&! .�5;./
/�$"C&��6Ca �Mg �Fe �Na ���D
1�2 M#� �� �5�& 

J= 2Na �* �M�� Q= Ca + Mg + Fe2+ p-� ��;�&! .)*
��
�5
�5�&#� (�%$"�&'"(�$�) ��6O'- �� �&D&� ��6

3�50�*��� ;'%*<=1)3�= %$"�&'"(�$�) ��61�)=
7
'.�
%$"�&'"(�$�) ��6�%$"p+'�"<
p+(�H �5�)Quad ( �5)V
��5� ;)^A!bk�5.(5)*6/7"AG �"(�$�) ��6Quad 05

�- �5�&#� �/�
En-Wo-Fs ]ny[;! 1��G3-5 .�
�� )* 5
(
�5�&#����&#� ��6�� ;'%*<=1)3�= �
��&";+P�5
�D �6
�5� ;�5)^A!b8.(5 )*
$)/ �T�-5 ("! N"#"��

%$"�&'"(�$�) ����50�* �� ��6`�&~* ;'%*<= 

En43.13-52.44-Wo41.65-50.71-Fs3.62-10.11 �-5.�)* ��-�w*5��
*"(Al3+�^$Si4+�Ti4+���&%* ��6%$"�&'"(�$�)]n�[�

Al �� �&D&���&#���6<,/
1;! �*"W� 05�5;� � ��&�"0�
5)*6�&M#$ ��05&�Si ���D
�D���E 1�2�)*5)6:����

Al > 2-Si ( �Ti ���D
��� 1�2�D��)5)*6:����Al: Ti 

≥ 6: 1(�&* .5
()�5 �
&=6W��-�-5��G�l� ��6$��)E�

(CaR3+R3+SiO6� �*
1�G�l��CaAlAlSiO6�W��
#$O�) G�l��H$#"3�)NaFe3+Si2O6($)/ ��"N
%$"�&'"(�$�) ��6��50�* ��6;'%*<=�-5.5 )*
�T�-5 (�*

�* �D&/ �5�&#�Si �* �M�� Al ^$]nn[���&#� ��6�� ;'%*<=
B�*6�5)V u�M!5 w4�5� ;�)^A!b�.(5 ��
�5�&#� (�)3�=1

�D���E�*"%$ )2��"�&'"(�$�) ���
��* �$ �-5�05
�D
1�2��6�D���E�CH ��34�- /�$ �� �* ��"C&Si �Al )�

)3�= � �-5 1;!1����D��� C�����$ ;���D
1�2��6
�D���E�%$ ��34�-"�&'"�* ��'/ (�$�)Si �-5 1;! )�

]no[.���"7C5��A#� �]n�[5 )*
(3	)= �5)V �$ ;����* (
%$"�&'"(�$�) �� ��1)3�= �E���E�� C����;�� �$

�#=��6���� 5
��$ (����	"- 05 )"%"�-5 1�&* U.
%$"�&'"(�$�) ��6'� �;@ �*"<
p)Mg# ( 05 )3#$]t%!���

5;D 05
W�#=���
;'3�� ]nz[.5 )*
��&#� �T�-5 (��6��&�
-�)*��*'� �;@"<
#�*"(t\�/�];R��)w-&3� �&F*
tc%d:�;DZ(5;D 05 1;�H)*
W�#=���
;'3��.

./"")- (6�#=���

�* ���3@5 �*"��6$)/ �C5)2����� 05"N!"#"��
�"(�$�) �*
5 �&�Y �%@
(��$��D&/ ^*�V W�* ���05`;� �&%M/ ��
�<� h�M/�5
7$)/ �*"N�#=��6�"C�*< d�-5 5
(NM- )�5

!1;�$ �-5! 05 C5&3*"#���$��"(�$�) ./ ��""()-6
�#=���
���#=��6�&#� 1��G3-5 ���� ]�o�n��nr�n�[.�*
���*��T�* ]�n[)R�'@ �$���� �6C&E Si �Al �Ti ��

��34�- �AM!6%$"�&'"D�� �* (�$�)�%V"��
�#=�� C�&*
23�*���5� �5 05
./ W�� ��� (""(1;''$ 56- �� �!)

;��5� ���#=�� .5 )*
�T�-5 (��T�* ]�n[�� )*
�����
)
Al2O3�* �M��SiO2%$ �� �&D&�"�&'"(�$�) ��� �3-� �-
�#=��6%V)�"��
%V �"��
� �"�#%V"��
���� T�-5 )* �
)

Al2O3^*��� ��TiO23-� �- ���#=��6%V"��
x�&/ �"3��
A�H�+%V"��
05 5�p�AG/"7�)$ .*��* �D&/ 5
����5�&#� (
%$"�&'"(�$�) ��6�F'��;'%*<= /)/ �*"�� N1)3�=��6
�"�#%V"��
A�H ��+%V"��
�D6;��5� )^A!s(�3� �$
q

<,/
��50�* ^$ O'- ���6;'%*<=]n�[�"�/ 5� CH <
";
��;'$ .C5)2����� ;�;�3.� �$�!)- A�H�+%V"��

��;�5&/!���055;D
W���#=63�50�*��5;*H;!�* ]oy�o�.[
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zz� C5)
5 �-�'! ���$ � �-�'!�&%* �%,� 6�;�� ����3�%= 

:�;DZ1�5� 6����50�* UA
5 6&/)� ��$<
� �
<,/ 6���* ;'%*<= C&"/�$ �5;�� 15)#� CH 6��50�- ;R�� � �� ��.
Wt.% P1 P2 P3 P4 P5 P6 P7 P8 P9
SiO2 st/sZ t]/s\ bb/sa cc/s[ s[/sa t[/sa b[/s\ s]/s[ ]\/sZ
TiO2 a�/[ b\/[ \c/[ �Z/[ a[/[ \s/[ sc/[ b[/[ ts/[
Al2O3 [\/a tc/\ [t/\ c]/a t�/\ cb/Z tZ/\ [a/b c[/\
Cr2O3 as/[ \s/[ Zs/[ s\/[ st/[ t\/[ \�/[ �t/[ \c/[
FeO ]t/s t]/s [t/s sc/t \b/b cc/a ta/s tb/t \t/t
MnO Z\/[ Zs/[ Zc/[ \[/[ \\/[ Zs/[ Z\/[ ab/[ [c/[
MgO ba/Zt ab/Zt tt/Zt \Z/Zs bc/Zt bb/Z� Za/Zt c\/Za Z\/Zs
CaO bs/\Z s�/\[ a\/\Z t[/\Z Z\/\Z ]s/Zc sa/\Z ��/\\ ba/\\
Na2O \]/[ ]�/[ �b/[ ba/[ sc/[ �Z/[ st/[ tb/[ at/[
u&#,� bb/cc ts/cc cZ/cc \a/Z[[ tc/cc ss/c] ]b/cc []/Z[[ c\/cc
Mg# [[/tc [[/tc [[/�\ [[/tb [[/�s [[/�� [[/tc [[/t\ [[/ts

C&"/�$ �5;��T�-5 )* 1;! �M-�>� 6��zC�"�$5 p/5
Si c[/Z ca/Z cs/Z ]�/Z ct/Z c�/Z c\/Z ]�/Z cZ/Z
Ti [Z/[ [Z/[ [Z/[ [\/[ [Z/[ [Z/[ [\/[ [Z/[ [\/[

Al(IV) [c/[ [t/[ [b/[ ZZ/[ [b/[ [\/[ [t/[ Z\/[ [�/[
Al(VI) [b/[ [t/[ [s/[ [t/[ []/[ [t/[ [s/[ [s/[ [s/[
Fe+3 [t/[ [t/[ [s/[ [t/[ [[/[ [[/[ [s/[ Z[/[ [b/[
Fe+2 Z\/[ ZZ/[ ZZ/[ Zb/[ Za/[ Z\/[ Za/[ ZZ/[ Zt/[
Cr [Z/[ [Z/[ [[/[ [\/[ [\/[ [\/[ [Z/[ [\/[ [Z/[
Mn [[/[ [[/[ [Z/[ [Z/[ [Z/[ [[/[ [[/[ [Z/[ [[/[
Mg c[/[ ]c/[ cZ/[ ]a/[ c[/[ ct/[ ]]/[ ��/[ ]a/[
Ca ]s/[ ]Z/[ ]a/[ ]s/[ ]a/[ �]/[ ]s/[ c[/[ ]c/[
Na [\/[ [t/[ [s/[ [a/[ [b/[ [s/[ [b/[ [s/[ [a/[

u&#,� [[/b [[/b [Z/b [[/b [\/b cc/a [Z/b [\/b [\/b
%Wo a�/bs sa/bb Z\/bs s]/bt s]/bb [a/b\ t\/bs �Z/s[ \�/b�
%En at/b] \\/bc [t/bc ta/bs ba/b] a]/sZ ss/b� Za/ba ab/bb
%Fs \�/t \t/t ]\/s �c/� cc/t sc/t ]a/t Zt/t ac/]
F1 -�c/[ -]\/[ -]\/[ -]a/[ -]\/[ -][/[ -]b/[ -]a/[ -]s/[
F2 -bZ/\ -b�/\ -b]/\ -bb/\ -s[/\ -b]/\ -bt/\ -b[/\ -ba/\

XPT [t/a] c�/a� ][/a] as/a� \a/a] Z�/a] a]/a] ZZ/a� b[/a]
YPT -c�/\c -\[/a[ -]Z/a[ -[b/\c -Za/aZ -at/aZ -[[/a[ -sc/\] -\s/\c

:�;D ��5�5Z
Wt.% P10 P11 P12 P13 P14 P15 P16 P17 P18
SiO2 aa/sZ ][/s\ ��/sZ [s/sb [c/sZ \a/s\ Z[/s\ ab/sa c\/s\
TiO2 sc/[ ]\/[ tt/[ \\/[ aZ/[ a�/[ \c/[ \s/[ as/[
Al2O3 �s/\ bs/a cb/\ t�/Z s�/a \]/\ \\/\ cc/Z ab/\
Cr2O3 [�/[ bc/[ a\/[ [Z/[ t�/[ Zs/[ ba/[ \t/[ [b/[
FeO bs/t Z\/t cs/s c\/a Zs/t ]a/s sa/s Za/s [\/t
MnO Zt/[ Za/[ [c/[ \s/[ Z[/[ ZZ/[ Zb/[ \Z/[ []/[
MgO s]/Zs a]/Zt a[/Zs t�/Z� tb/Zs t\/Z� �[/Zs ZZ/Z� ][/Zt
CaO [a/\\ t]/Zc sZ/\\ \b/\[ Z�/\Z sb/\[ a\/\Z [t/\Z ts/\[
Na2O �]/[ tZ/[ aa/[ bc/[ ��/[ t[/[ sb/[ ta/[ tc/[
u&#,� �b/cc b]/Z[[ ]�/cc s\/c] b�/cc �a/cc \�/c] c]/cc ]c/cc
Mg# [[/ts [[/t� [[/t� [[/�] [[/tt [[/�[ [[/tc [[/�\ [[/t]

C&"/�$ �5;��T�-5 )* 1;! �M-�>� 6��zC�"�$5 p/5
Si ]]/Z c\/Z cZ/Z cc/Z ]]/Z c[/Z cb/Z cb/Z ca/Z
Ti [\/[ [\/[ [\/[ [Z/[ [Z/[ [Z/[ [Z/[ [Z/[ [Z/[

Al(IV) Z[/[ [s/[ []/[ [[/[ ZZ/[ [c/[ [s/[ [s/[ [t/[
Al(VI) [\/[ [c/[ [s/[ [�/[ [b/[ [Z/[ [s/[ [b/[ [b/[
Fe+3 Za/[ [[/[ [b/[ [[/[ ZZ/[ ZZ/[ [a/[ [s/[ [t/[
Fe+2 [�/[ Zc/[ Zs/[ Z\/[ []/[ [�/[ Zb/[ Z[/[ Z\/[
Cr [[/[ [Z/[ [Z/[ [[/[ [\/[ [[/[ [Z/[ [Z/[ [[/[
Mn [[/[ [[/[ [[/[ [Z/[ [[/[ [[/[ [[/[ [Z/[ [[/[
Mg ]s/[ ]c/[ ]b/[ c�/[ ]t/[ ct/[ ]�/[ ca/[ cZ/[
Ca ]�/[ ��/[ ]c/[ ][/[ ]a/[ ][/[ ]s/[ ]\/[ ]Z/[
Na [t/[ [b/[ [\/[ [a/[ [s/[ [b/[ [b/[ [b/[ [s/[

u&#,� [[/b cc/a [Z/b [[/b [[/b cc/a cc/a [[/b cc/a
%Wo ss/b] ts/bZ a�/b� \�/b\ [Z/b� cb/ba sc/bs aa/bb ]�/ba
%En �]/b� \b/b] ][/bb ab/sZ a\/b] bb/s\ �Z/bt Z[/s[ ts/bc
%Fs t�/a ZZ/Z[ ]\/� ac/t t�/b t\/a �[/� s�/s b]/t
F1 -]b/[ -]a/[ -]b/[ -�c/[ -][/[ -�c/[ -]Z/[ -]Z/[ -]Z/[
F2 -bZ/\ -sa/\ -ba/\ -sZ/\ -ac/\ -ba/\ -bZ/\ -b]/\ -bt/\

XPT []/a] tc/a� at/a] �]/a] Zb/a� b]/a] Z[/a] ]]/a] s]/a]
YPT -\Z/\c -ct/\c -bb/\c -t[/aZ -sa/\c -s[/a[ -�[/\c -c\/a[ -ab/a[
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;%D��1��#! �n<"
�� ��oyy ��� )* ��&#'�� �(�$�)"�&'"%$ ���$ �#"!+� �,'-���	 . . .zz� 

^A!b(�$�)"�&'"%$ �
�"#"! N"$)/ 6����50�* 6��;'%*<= .k�5 (�5�&#�J-Q ]ny[)J= 2Na �Q= Ca + Mg + Fe2+(CH T�-5 )* �$
(�$�)"�&'"%$ ��1)3�= ��Quad ;��5� 6�D .8(�- �5�&#� �
�/En-Wo-Fs ]ny[(�$�)"�&'"%$ �CH �
�� )* �$ 6��Quad ;"��&
� N"$)/+
;��5� �
P�5 .�(�5�&#�Si �* �M��Al ^$]nn[�-5 )* �$(�$�)"�&'"%$ �CH T��;��5� �5)V u�M!5 w4 6B�* ��.

^A!s��50�* �
�#=�� 6)- (""./ 6��(�$�)"�&'"%$ �#"! T�-5 )* ;'%*<= ��:k�5 (�5�&#�AL2O3�* �M��SiO2]�n[�CH T�-5 )* �$
��&#� ���#"� �!)- 8 d;��5� �
�"%V (�5�&#�AL2O3�* �M��TiO2]�n[)* �$ ��&#� �CH �
�� ���A�H 1)3�= ��+;��5� 6�D �
�"%V.

�0 1�23-�4"(34�-�
$)/"N!"#"��
%$"�&'"(�$�) �* �3�*5� $)/"N!"#"��
�

�#=�� 1�23-�46CH �����-5 �5 05
(�����;�5&/ `�@QX5
!0�5 �*�C&�5)"� �0 1�23-�4"(34�-��K5�5 ;��]�n[.��

$)/"N!"#"��
��$��"�(�$�)�5�5)	�)R�'@6C&E Na �
Al �Ti �Cr &* �
1�Si &=
�6���"��0 1�23-�4 �"(34�-�
A�/"^1;'�� CH�-5]�n��o�n��o�[.%$"�&'"(�$�) ��6
O'- ��6;'%*<= �5;�� TiO2��;Y\\/[�/]\/[�0� ;R���
;��5� .C�&* p$�5;�� TiO25 ��
%$ ("�&'"(�$�) ��*")2��
�/��#=�� C�&*6�������H 05TiO2�-5 .���* �*5�&��A* �

C5��A#�]n�[5 �
� (
=���
&=6�"5;
5 W
O'- (����
>�"�0 w"(34�-�� T&V �* �3�*5�
;'�� C��� �1S�/")

("�0!"#"��
�����- W�5��)	�"�"(�#=��6������H�-� .
3� �&m'� �*"�,=")6�5�&#� 05 �)3�*��6TiO2��* �M� 

AlIV*100]on[�TiO2�* �M�� )AlIV×100/2(AlZ

]�n�oo�o�[;! 1��G3-5 .)*T�-5 (
5��&#� ;��� ����M��
5<	5 �*
WTiO2T&V �* �*��� ��6�#=���
�-5)^A!��6t
k�5 8 �(�3� �$
<,/ q
��50�* ^$ O'- ���6� ;'%*<="CH <
�/ 5�
"� ;�;'$]n�[.'�#�")* �(��
��5�&#�F1�* �M�� 

F24)* ���"(�$�) ����1)3�= ��50�* ��6���G�/H T&V��
�5;./6�
�� )21)3�= ��50�* �)3�� ��6���G�/H T&V��
��50�* ��6V5 k$"�5)V T&����5� ;)^A!t�.(5 05
��� (

�"5;
5 W
��50�* (��� 5��>� �* h&*)� C5&/"�0 w"(34�-�
T&V �* �3�*5�	)X 05 � ���5���#��^��$ �&F* C5&/)S5 

>�"��$ w�� ��"5;
5 W
��50�* (����� 5�
�	)= 1; .����
)
F1�F2�� )*
�w*5�� w-&/ 1;! �K5�5�"�M� � �"T)]nr[

;! �M-�>� :
F1 = ˗0.012 × SiO2 ˗ 0.0807 × TiO2 + 0.0026 ×
A1203 ˗ 0.0012 × FeO* ˗ 0.0026 × MnO + 0.0087 
× MgO ˗ 0.0128 × CaO ˗ 0.0419 × Na2O )�(
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zry C5)
5 �-�'! ���$ � �-�'!�&%* �%,� 6�;�� ����3�%= 

F2 = ˗0.0469 × SiO2 ˗ 0.0818 × TiO2 ˗ 0.0212 × 
A1203 ˗ 0.0041 × FeO* ˗ 0.1435 × MnO ˗ 0029 ×
MgO + 0.0085 × CaO + 0.0160 × Na2O )\(

�5�&#� ��TiO2+Cr2O3�* �M�� Al2O3]oz[�"<���&#� ��6
'%*<=;*")3� ��1)3�= >� �* N-�'3�"�0 w"(34�-����
-&V��4)*�05��H ���1)3�= x�&/ �)3��"���65<D
)
-&V��&* �"'"����V5�'3�� ;)^A!t`(�3� T�-5 )* �$
q
<,/
� ^$ O'- �"<��50�* ��6;'%*<= ��� �*"A�H ��+
%V"��
>� ��"w���G�/H T&V���&Y �� 

-&V ����)V;��5� �5 ]n�[.

�&�)/ ^�5&@
��'"A�� �&%M/ �� )Sl�"(�$�) ��6;'%*<= 
_/""`5) ���	)P(��� �)T(�)=
=;�<��$5"C�)* `;! �*
��/
���$)/ � �&%M/"`�M ��$��"(�$�) �������-��6

�#=���
;��5� )S5 .5 05
(0�5 ���
*����)3�5���6�&�)/
��'"A�
:;� 05 ��6�"��.	 *� )�
�$)/"N��6��$"��
�&m'� �*
0�-0�*6��/
��� �#=���
���&# ��6��&�-�)*���)�6
�-5 .5
(-�)* ��5�5 �� ��)3�5����1;!;�5.

^A!t("�0 1�23-�4 (""./ ��50�* �34�- 6��(�$�)"�&'"%$ �#"! T�-5 )* ;'%*<= ��.8 � k�5 (6���5�&#�TiO2�* �M��AlIV*100 ]on[
�TiO2�* �M�� AlZ]oo[����H T�-5 )* �$ ��&#� 6��T&V �* �*��� 6;��� ;'%*<= 6���� C��� �
�#=�� ;'��)� �*"���'� ��T�* C5��A#� �
]�n[�AlZ�5;�� �&�H"'"�&��� �$ �-5��D���E 1�2
�D ��$�%$"�&'"(�$�) �D6��="�)�*5)*)�* �-5 :AlZ = (AlIV*100)/2(� d(�&#� �5
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