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K2O) × 100) F.� 0iP�2 �B��=�
��I ���1%(� (PIA= 
Al2O3- K2O)/ (Al2O3-K2O) + CaO+ Na2O× 100) �� 

>.2� ;�B ����1�%&3�� �13& 3�.

����� ���� 
�1$ %&x�
�!� XRD���= �>.2 /3���1 ;�B �� ��?'� ;�B
��� � ;�BFC�$�= >��2 ��$0$%	 e.C%C �& �1�%& ���� ;�B�� .
�
0$�/32�%( � .� �C �$����= 0 ��J137	 ��E�0 ;�B ;$)��.7
$

�
0�8�� 0 �
%7= (3'!�B)>82j.(;�B3.�=$ e.=%C
7R$>.2 �)%	 %R�') 0 �e.=%C �& /32 ��"'�& ��?'� ;�B

/��E �!1�I �1$ /32 /��0� �C�<8') ;�B�$�� � �� �
Q�& ;$
)>82y.(�(32 ��C �$�� � x�1$%& ,�'M %R�') �(32

>.2 �� �7R$ -.5��.� �& �<�� �B)>82w(�Ba �P2O5�
Na2O�Th 0Nb 0 �(32 ��C K2O�Ni �Co 0CaO �'M 
� �(32�� #�43'B� .>82 �& �:�C �&w�(32 ��C �TiO2�
Fe2O3�SiO20Al2O30 3
32 �(��$�B 63) �$ �2�� 

V�1� /��&0� > T 63) -.'S B �1�B]w,t.[��C �(32
SiO2>.2 -.
�I ��7& /3'B� #�4� �1$ ��?'� ;�B]w,t.[

�(32 ��CNa2O;%&$%C ;�B3'
�%	 �� H= ;�$3
�I >.�� �& 
<1 �= /��&#� -!	� -.& �$ e�1$ /32 �B .-.5��.�CaO �� 

��� � �<
%�C �Bp�$3�� %&$%& CaO/��E �!1�I �� �1$ �
Q�& ;$
��� � �� �C�'&%= #� .1 %5��4� �= �)�& �= ;��] �& �1�B

 %
���� bB�=SiO20Al2O3��� � �� �1$ /32 �B .

�=�N/��A'1 �1�� ;3'&�	 �
�!� x�1$ %& �B G�]�+.[��� �3��$� �$%E ��=�� � .� 0 ��=�� /%!�( �� �5'1 �1�� ;�B.
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���:%
�G.� ��
3�C �/3��0%	 �;%.N� �/�$��L	�T ���&#�.��� �)�$� �x3�� #$%
$ �1�'2 ���= 0 �1�'2��7& �7"� �@l

 O�+!F>.2 �7R$ ;�B3.�=$ �
F"C �
�!� ��?'� ;�B)e�T%&(wt % .
SiO2 Al2O3 Fe2O3 CaO Na2O K2O MgO Tio2 MnO P2O5 ��� � /�� 2

+�/�� ��/y �l/� j+/++ �y/� lj/� ��/� @+�/l �ly/l �/l �
j@/�j y@/�l �j/@ j@/�@ ��/l �l/+ �@/+ jj�/l lj�/l �lj/l +
��/�� +l/� ��/� y�/�y ll/� ��/� ��/+ @�+/l l�y/l l��/l �
��/@� +�/� ��/� ��/�j lj/� �l/� +l/+ @j@/l l�l/l �l�/l �
y@/�� ��/� �j/� y�/�j ��/l ��/� ��/+ @y+/l ly�/l l��/l @
j�/�� ��/� yy/� l�/�@ ��/l ��/� �j/+ @�l/l l�y/l �l�/l j
j�/�� ��/� �+/@ ly/�@ �y/l y�/� j�/+ @�y/l ly�/l �lj/l y
@�/�� @�/� y�/� �+/�j �@/l ��/� �@/� @��/l ly�/l ly@/l �
��/@l �@/�� ��/j yl/�� �+/l +�/+ ��/+ @�@/l l��/l �ly/l �
�j/�� +�/y +�/� ��/+l �y/l ��/� +�/� ���/l �ly/l l��/l �l
@@/�� +@/�+ �+/j �@/�� @�/l ��/� j@/+ y��/l l+�/l l�l/l ��
l�/�� �y/� jy/� l�/�j ��/l ��/� ��/� @��/l lj�/l l��/l �+
@l/@� @@/� y@/+ �@/�y ��/l �+/� ��/l �j�/l l@@/l lyl/l ��
j@/�l �@/� y@/� �+/�+ @�/l +�/� �@/� @��/l l@�/l l�y/l ��
�l/�� ��/� �j/� y�/�y y+/l @+/� �+/� jll/l ly�/l l��/l �@
j�/�y l@/� �y/� y�/�j �j/� @�/� �j/+ @��/l l��/l ���/l �j
+�/@+ ��/� yl/@ +�/�� �l/l �y/� +j/+ @��/l lj�/l �lj/l �y
j�/�y �y/� ��/@ ��/�j y�/l y@/� @+/+ @��/l l��/l ���/l ��
ll/�� +y/y jj/� �+/�� l@/� ��/� j�/� y��/l �l�/l l�y/l ��
@�/�j �y/� @@/� �l/�� �@/l j@/� �l/+ @�j/l l��/l ��+/l +l
��/@� ��/� +�/@ y�/�� �l/l �@/� �j/+ jl�/l lyy/l ��l/l +�
�@/j� ��/�j �@/� l@/@ @@/� ��/� y+/+ l@�/l l��/l l�j/l ++
@j/@l +l/�+ �l/� ��/�� �l/l ��/+ l�/+ j@�/l l@@/l ��y/l +�
j@/�� ll/� y�/� ll/+� �y/l ��/� �j/� @�l/l l�@/l �l�/l +�
�y/@@ y�/y ��/� ��/�@ y�/l ��/� y@/� ���/l lj�/l l��/l +@
��/�� �+/y �y/� l�/�� j�/l �y/� y�/� @��/l l�y/l l�j/l +j
�y/@� j�/� �+/@ j�/�+ �y/l ��/� @�/+ j�j/l l��/l �l+/l +y
�@/�+ �@/j ��/@ ��/+@ jy/l ��/l l�/� �+�/l l��/l lj�/l +�
�@/@l �l/�+ �l/� y�/�l ��/l @y/+ ��/+ j��/l l�y/l �+l/l +�
�@/@� @+/�+ ��/� y@/� ��/l j�/+ ��/� j@l/l l�y/l ���/l �l
�@/���� �y/+�+ @y/��� ��/��� �j/++ @�/@l �j/j+ ++�/�j l�y/+ �@+/+ f� "�

O�+!G
F"C �
�!�>.2 �)%	 %R�') ���?'� ;�B.
��� � /�� 2 so3 L.O.l cl Ba Sr Cu Zn Pb Ni Cr 

% % ppm ppm ppm ppm ppm ppm ppm ppm 
� mmn/m r/oq �+� �� ��y �+ @+ �@ �j �l
+ mmr/m �y/�� jj �y �yj �l y� �j yy @y
� mmp/m @�/�� ��y j� ��� �@ j@ �+ @+ �
� mon/m nn/op �@� �j+ ��@ �� j� +@ �y +�
@ mmp/m �@/�@ +@j yy +�j +� j@ +l @� ++
j p��/m ��/�� �j@ �+ +j� +j y� +y @l ++
y mmp/m nq/op ��� �l� +�� +� y� �y @� +�
� sn/m +�/�� ��j �+ +y� +y ��� +@ �� y�
� mmp/m y/�� +l� �� �@� +� �y �@ j� ��
�l mmp/m �y/+l ��@ �� ��+ �j @@ � �� ��
�� mmp/m +�/�+ ��� yl ��y �� �y �@ �� y�
�+ mmp/m @+/�j j� �� �j� +� @� �� j� +y
�� mmq/m ��/�� jy �l� +yj �� �j �� �� ��
�� mmr/m l�/�� �l+ �� �@� +l �� �� @� ��
�@ mmw/m +y/�j j� �l +�� �j jj �� @j ��
�j mmq/m @�/�@ �@� jy ��@ +� yl +� @j ��
�y rmn/m ��/�� +l� �+ �+� +@ �j �� j� �+
�� mmp/m �j/�� �j+ @� ��� ++ y� �j j� +�
�� ptp/m @�/�@ +yl �l� �@� ++ �� y �y �+
+l mmp/m y+/�@ +�� j� �ly +� j@ �+ @j +y
+� mmn/m @@/�� j�� �l �lj +� yy �y j+ �@
++ oos/m j�/� +�� �l@ �+� +� yj +� @� +j
+� mmp/m ��/�� �+� �l@ ��j +� yj ++ @@ ��
+� mmp/m ��/�� ��� �@ ��� ++ @� �� @� �+
+@ pn�/m jy/�� �j yj ��� �j @� �+ @� +�
+j mmp/m ��/�@ ��l �+� ��j +l @y �y @� �j
+y mm�/m �/�� �l@ �� +y� +@ yy �y j+ �@
+� mmp/m ��/�y yl @� jj� �y +y �y �� ��
+� mmp/m y�/�� +�@ ��� ��@ �@ y� +� @y �+

�l mmr/m @�/�+ ��j �+� �l� �@ yy �� j+ �l
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37: +�/�� 2 �+#�!�&�C �����A'1 ���= �;��5�-.�� 0 �1�'2>.2 � .2 ;�B. . .�@�

�=�P;�5�$XRD>.2 ���= 0 ��J137	 �FC�$�= �7R$ ;�B��	 /3'B� #�4� �= �1�%& ���� ��?'� ;�B�1$ �
%7= 0 �.7
$ �)%	 ;�B.

�=�Q�') 3.�=$ �(32 �'M 0 �(32 ��C �$�� � �7R$ %R)W�$ (�)%	 0)V(�& �<��-.5��.� >.2.

;�$3
�IAl2O3�]� 0 �(��$�B �
$F�0��1Q�& .-
$%&�'&
�� �& ��
��� ;$%& �7��) #$�') �& #� �$ #$�C 3.�=$ %5
�

�%= /��h!1$ �7R$ %R�') .�7R$ %R�') z$%..[C �& �<��
Al2O3����� � ���� ;�B�1�%& >82 �� �/�$� #�4� /32
�1$ .K2O, TiO2, Fe2O3�SiO20MgO �& Al2O3a�<?�$ 

0 �<��Na2O�& Al2O33'B� �� #�4� �h'� a�<?�$ .b
$F	$
SiO2b
$F	$ �& Al2O3�2�� 0 FC�$�= H= ��:0 �$��<� ��7& 

�1Q�& �<.=%C .���TNa2O;�B��=�
��I ���T �7) �& 
H
31 A'1 �� �$�/�5!1�P�1$ ]n�t[.;0%.I �B3.�=$ %!4.& 
3�0� �$Al2O3���= ��$0$%	 0 F=% C /3'B� #�4� �1� ;�B

 �= �1$ �.7
$ #�g�
�!� �& XRD�1$ /32 3.
�C F.� .�&
H.�!�� ��<C�$ �& �:�CTiO2�& Al2O3�/�5!1�P �� 6�.��!.C 

��� ��� $� �B���= ���T �& #$�C���= �
F"C �
 �1� ;�B ;�B
A'1 �� ��:�� G.	���$� �<�� K1$03T -
�U� ;�B 

]t�op[.-.& �<�� �5!�< BTiO20Al2O3�$ #�4� 
�B$% BTiO2z�8.7.1�7.	 �& �
�B#�g �.7
$��$� .�$�� �

K2O/Na2O�& �<�� SiO2/Al2O3>.2 ;$%& ���?'� ;�B

#�4� �� ���� ;%.(�$%E /3'B�/%!�(>.2 e.=%C ;�B $3.I
�!�
� �1$ )>82�.(���= ;�B>.2 -
$ �� �1� Z%!'= �B

 �7R$ %R�') e.=%C /3''=3'!�B� b
$F	$ �& �= �$3�{.7.1 �
�� ��"
$ ���� �� �(32 �.E���2 .

������%��& 
A'1 �
�. .2 e.=%C #$%54B0}I �$ ;��.�& �&�1� ;�B

 �.T�� �& ��<C�$ �� $� ;�$0� ��.7.1/�5!1�P/�%= %.�hC 3�$ 
]��,��[.C ;$%&G.8hV�1� B�
� �= /�5!1�P ���� �.�0$ 

A'1 �
 K1$0 3T �G.	�� -
�U� ;�BG.�7	V�1� �
 0;�B
;$�$�FC�$�= �$ 3'!�B �$�� � G.8hC �9&�C /3''=�:%�]os[

32 /��h!1$.�&$�C8.8hC��& �$�� � -
$ �� /��h!1$ ����
�1$ %
� z��R:

func 1 = (−1.773 × TiO2% )+ (0.607 × Al2O3%) +
(0.76 × Fe2O3T%) + (−1.5 × MgO%) + (0.616 × 
CaO%) + (0.509 × Na2O% )+ (−1.22 × K2O%) + 
(−9.09). )o(
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���:%
�G.� ��
3�C �/3��0%	 �;%.N� �/�$��L	�T ���&#�.��� �)�$� �x3�� #$%
$ �1�'2 ���= 0 �1�'2��7& �7"� �@+

func = (0.445×TiO2% ) + (0.07×Al2O3%) + 
(−0.25×Fe2O3T%) + (−1.142×MgO%) + 
(0.432×Na2O%  ) + (1.426×K2O%) + (−6.861). )r(

��� � ;�B3.�=$ /�$� H1� �& ���� ;�B��1�%& ��� � %!4.& �~B
 ��/%!�( ;3T �C 0 K1$03T -
�U� G.�~7	 �~� �$%~E 3~�%.(

)>82�lW�$.(%5
� ;�1 �$�0 6�.'.���� %N') 0� �= �"�� �$
 �%Y!��� %R�') %5
� �& �<�� 6�.��!.C %C 3'!�~B �$ -
$%&�~'& �

� 0� �$�� � /%.[!TiO2-Al2O3;$%& 0� �=��4� #$F.� -..9C
/�5!1�P �~� /��h!~1$ �~�$��& �~
 �.�$%( >.84C ��~2 .�$��~ �
Al2O3�& �<�� TiO2A'~1 e~.=%C -.~.9C ;$%& /�5!~1�P 

]+l[�!�$��~~& %~~! = 0 �!
��~~
���$%( e~~.=%C /3~~'B� #�4~~� 
�~~~1$)>8~~~2�lV.(�$��~~~ � -.~~~'S B �
�~~~C �~~~1 

Al2O3–(CaO+Na2O+K2O)–(FeO+MgO) ;%~~~~.(�$%E 
��� � �~� #�4� $� �.!8 1$ 0 �.7
$ �1� ���= �8
�F� �� �B-
3B�)>82�l�(.0� -
$ �$�A'1 G
 �7= ��] �& /�5!~1�P 

>.2 ;$%& K1$0 3T -
�U� �~� ���'4.I ��?'� ;�B ��~2]�[.
�� �
�~C �~1 �$�� � (MgO+TiO2+FeO),(K2O+Na2O),

(SiO2/20)���� � 
 �& �7.2 ;�B �~C �
�3~�� �$ �~?P 3�0� G
�.1$��$%E 3��$� A'1 G
 %5��.& �= /�5!1�P K~1$03T �~C 0

�1$ G
��& ;3T)>82�lz(.

�=�R�& �<�� �7R$ ;�B3.�=$ z$%..[C �(3'=$%I ;�B�$�� � Al2O3>.2 �� ��?'� ;�B.

�=�S�$�� � K2O/ Na2O�& �<�� SiO2/ Al2O3>.2 ;$%& ��?'� ;�B]��[.
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37: +�/�� 2 �+#�!�&�C �����A'1 ���= �;��5�-.�� 0 �1�'2>.2 � .2 ;�B. . .�@�

�=�FTW�$ (�7R$ %R�') ;�B3.�=$ �$ /��h!1$ �& >.2 /�5!1�P%& /3''= i�4� �9&�C �$�� �]��[.V(�$�� �TiO2�& �<�� Al2O3

]os[.�(�
�C �1 �$�� �Al2O3 ,(CaO+Na2O+K2O), (FeO+MgO) ]rm[.z(�
�C �1 �$�� �(SiO2/20), (K2O+Na2O) 

(MgO+TiO2+FeO) ]rm[.

#�� )�7�� �U�����%��& 
*0� �$ �8
A'1 �� �
�. .2 �:�� -..9C ;�B �.T�� ;�B

/�5!1�P �$ /��h!1$ iP�2 �
�. .2 �(��$�B (CIA) �1$ 
]rr�ro[.��$3� CIA>.2 �� ���� ;�B�1�%& �(3'=$%I 

��$3'g� � #�4� -.5��.� ;$�$� 0 3B� @/y��1$ 3R�� .-
$
iP�2 �^T �$ �&�C��& #34�#�.C�= �$3
�I�� ;�B)3'���

H.�7= 0 H
31 �H.1�!I (�$3
�I ;$F:$ �& �<��)H.��!.C 3'���
H.'.���� 0(]+��+�[0�C W.9X �
�. .2 �(��$�B /3'B3��4� 

�.T�� �� K1�!�/�5!1�P�1$ .�& F.� /3�� �1� �& %
����
A'1 z$3B�4� A'1 �1�� ;��5� �<.=%C ��7& �= ��?'� ;�B
0 3��$3� �
Q�& ;�BFC�$�= >��2 ��7<�& ��J137	 0 ��=�
��I �& 
3'!�B H.1�!I��$� ��$�� B .��� � �(��$�B 3�0� ;�B ����

%& �1�%& �
�C �1 �$�� � C- N- K ]+@[�$ �?P 3�0� G
 �&
A-CN �1$ �!	�
 *%!�( �.7
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