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1/Y���'��NF�!�C�8�& � k�p3+�4 �D�#8 �<�? �
�+N+F�6� !.�"#+? ���D#6� K�E K�E . . .k��

��& !"$+� �= �<�? #
�D 4" #CN= �C+/+?5#? �<�? �� �61F -
�D�E)CaO : kl/ q ��Na2O:yq/��5MgO : �q/���(

5 a
1D a= b�C%�� K.)C�F ��+�/= ���= �.mL !B 7+�� �=
���= 7+2)&a
1D K�E �+�.
�.� ��.� 5 �+%�B 1<��� �"�] k[

�= �� a
$+<� �+%^& 5�D" �C+/+?5#? �<�? �� �
#/= ��.
��& �61FCaO 5Na2O�<�? �� 7+�� �8 ���D#6� K�E

���= �
$@& 4" a
1D 5 a+�/= �5#_ 5 4P=.
UP? 1<��� �
�E
R./:� SD.& ���D#6� aC�+D�D" K1+D" �8��#6 K�E .

��& ��+/+D �<�? �� 'e
5 �8 a
$+<� 1
1F �61F)q /�p ��&
py/�y �(+�� �8 $+����= r
#�& 71<��� 3
$+<�5#	 K�E

�D" ���D#6� aC�+D �� �+&.+8 5 R.%+`�B.
o"#++�&K2O�� �<�?�D" 4��8 ��+�8 ���D#6� K�E��8K�., 

�= ��+/D �<�? ����& 1
1F �61F)� /����&��/l  �(5
���<�? >+/+	 K�E)kk/�p(>+/
U�B �)� /  �� y/�� (5

�C+/+?5#?)yy/�y (!�)���1E�)72Fk[.(�)�8 bZ�NCL"
 4"K2O'1�B#8 !1F �C
#/� �
 5 4.&�" !1F �C+�
#D 4" 

�+&.+8 ���= 3
" �� '��85� �E �E �+%^& '1F�D".��& �61F
 �� a+D�C? 1
1F�<�?�E���D1/	 ���D#6� 7+�� �8 ��+/+D K

a+D�C?R./:� SD.& �+&.+8 5K�E �81FoK1+D"�D" 
] k[.P2O55� 1�'e
5 K"�N� !�)� "� 1E���N�I �_#8 �� �E

��& �61F)���<�? ��+/+D K�E� /p���&�q��/
U�B 5
��/pp �(�N�I �_#8 �� 5�<} �E �61F)�<�?��+/+D :
��/lp 5�<�? �/
U�B �q(�� !�)� 1E�)72Fk�.(
��& �61FP2O5���= r
#�& 7+�� �8 �&�`�	 K�E)7^�

�+&�?B (�<} 5���= �.Y5 7+�� �8 !B �61F �
.��� K�E
�N�I 3
" �� �&�`�	�D�E .�<} �61FSO3�NE ���<�?-

�8 ���D#6� K�E'e
5 �<�? ��+/+D K�E)yy/kl �yy/ yy (5
�/
U�B)k�� �kk/kk (�� '1
� ���=�.mL 7+�� �8 �= �.F -

o�`�.D 5 �E1+`�.D 7^� �"��#6.6 K�E �E)1<����6 Q<D (
�D".

�.��*C�8� @�� ��� C��� ( LILE) 
#W�<0Rb, Ba, Pb, Sr #W�<0 3
#CN�� �D5� Q<D �F�� 

1<C�E !.
 .Ba 5Rb �� �<�? �/
U�B K�E)Ba:�y/  ��&
kl/ky 5Rb : �l/�p�&l�/��(>+/+	 5Ba :  yp/  � 5Rb 

:q�/�k (�<} �� 5 �61F�<�? ��+/+D K�E)Ba : p�/ q��&
q�/��5Rb : k�/���&� /��(�C+/+?5#? 5)Ba: y/kl�5
Rb : l�/� �(��& �� !�)� �61F 1<E�)72Fko.(

��& �E���D1/	 r
#�& 7+�� �8 #W�<0 3
" �61F��8'e
5
a+D�C? K�E���D1/	 !1F �C�2F ���D#6� �, ���� Q<D �"�

 �D"] l[.�<} �� $=#N& 5 �+%^& 7+�� �8 $+� ���B �61F
���=��.� 5 �+�
#D ��+/
" 1<��� �D� K�E �D" �+�.
�.�

] y� �[.Sr �NE ���<�?��& ���D#6� K�E !�)� �61F
�� 1E�)���<�? �� ��+/+D '#C�6 ��/�y��&� /p��� �
�<�? >+/+	 �k/pk ��� ��<�? �� �/
U�B '#C�6 ��/�y��&
l�/ly��� 5�<�? �C+/+?5#? yy/� �(r
#�& 7+�� �8 �=
?�D" ���D#6� 1<
"#	 �, �E4P=.
UP ] �[.Pb �NE �� 

�<�?8 ���D#6� K�E ��<} ��C+/+?5#? $Y �CF"� 1
1F �61F
 �D")���<�? �� ��+/+D '#C�6 ��/l ���l�/llq �� �
�<�? >+/+	 kk/ �y� �� 5�<�? �� �/
U�B '#C�6 y�/k��y �
��/� �� (�� �=�<�? #++�& !518 b�%
#�& �C+/+?5#? �D"

)q�/��.(�<} ���= 7+�� �8 [#D KZ�8 �61F �� 3��6 K4�D
�D" ��;<� 3
".

M�� ��4�	 '�4& �� �.��* ( HFSE )  
#W�<0Ga, Ta, Nb, Zr Z�8 !"1+� o�1I �8 #W�<0 3
#CN�� 
1<C�E .Zr,Nb 5Ta �� �<�? ��& ��+/+D �61F)Nb : 

y�/k���&k�/p��Zr : �p/�l ��& q/l�5Ta : �p/�l ��&
��/�p �(�� 5�<�? >+/+	 K�E)Nb : �y/l�Zr : qy/ kl 5
Ta : �p/�l(�C+/+?5#? �)Nb :  p/   �Zr : p�/ k  5Ta 
:�p/ l (�/
U�B K1L �& 5)Nb : yq/� �&��/���Zr : 
�q/ k��&pk/lp 5Ta : �p/ l�&�p/ l�(�<} ��61F

�� !�)� 1<E�)72Fk�.(& ]0�8 Z�8 K��� |#:Zr K��� 5
�� !B �+%^& ]0�8 3+
�? �.F] p[.K1+D" S
"#F 3+<{NE

 S
"#F 5 |#:& ]0�8�
�+/I�� !B �+%^& ]0�8 �.F] ���q[
�� 3+
�? �C
1+D"�<�?��& 5 .)C�F ]0�8 ��+/+D �61F

Zr #
�D �� ��� XE�= 5 �C
1+D" X
"$	" 5�<�? ]0�8 �E
�D" '1F !B �+%^& .�<} �61FNb 5Ta�� $+� �8 1�".&

���= SD.& a+��C��& 5 -.+8.+� �+%^& 7+�� 3
" �� �D� K�E
�<�? �E)�C+/+?5#? 5 >+/+	 ��/
U�B (1F�8]� [.Ga �� �<�? 

�<} �/
U�B �61F)� /�� (#
�D �� 5�<�?��& �E !�)� �61F
�� 1E�)���<�? �� ��+/+D '#C�6 ��/ p ��&ky/k��� �
�<�? >+/+	 �y�5���<�? �C+/+?5#? pk/l� �(.Ga �� pH

�D" |#:C� K1+D" ��+�8 ]����k[.�� #f� �8 �.Y5 1D�
���= �� �D� K�E�<�? #s<0 3
" �+%^& 5 $=#N& ]0�8 �/
U�B 
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'�+D �K#6P= �K�.�"#+� �8"#�D �a)z !"#
" �D�<F ���= 5 �D�<F�./8 �/@� k�y

���N* �OG< �.��* 
K�.%0 �O$Y #W�<0 3+8 ������<�? ��;<� ���D#6� K�E

 >+/
"4Cd 5Ag #++�& !518 b�%
#�&E1<C�)��& 5 �61F
�<} �61F�N= �_#8 �� "� �<�? !�)� ���D#6� K�E
�� 1<E� .(Cu �NE �� �<�?�<} ���D#6� K�E !�)� �61F
�� 1E�)���<�? �� ��+/+D '#C�6 ��/�k� ���/��� ��<�? 

>+/+	  k/lk� �� ��<�? �� �/
U�B '#C�6  p/��k���/ k� 
�� 5�<�? �C+/+?5#? p�/ k(.Zn $+� ���<�? �/
U�B K�E

)�y/p���kl/l�(>+/+	 �)qk/� l (�C+/+?5#? 5)kp/�� (5
�E�6 ��+/+D ) y/ k �&  �/ky �(�� !�)� X
"$	" 1E�

)72Fk�.(�<} �� !�)� K5� 5 g� �61F 4" �= 1E�
Q<D 4" ���_ �*%<�'1F 3+��& �C
41�B K�E1�"�� �= 1�".&

 �8 R./:�'�(CD�_ �
 5 �
�N6�� Q<D 4" ��F5#	 M"#," K�E
1F�8 .�<} �� K5� 5 g� KZ�8 �61F�<�?�� �/
U�B �8 1�".&

���= X�� 7+�� 1F�8 !B $=#N& 5 �+%^& �� �D� K�E]�l[.
���= �.Y5 �+D.2��= 5 �+�5.= ��
#+?.2��= !.z �
�E

!�)� �D" ��;<� 3
" �� g� KZ�8 #
���� '1<E� .Co 5Ni 
�NE ���<�?D#6� K�E��& ��� �� !�)� �61F !"$+� �= 1<E�

��& �� �61F�<�? #C)+8 �NE 4" ��+/+D )Co : �q/� ��&
pl/�� �5Ni : p�/ky��&py/ ��(�� 5�<�? 4" �C+/+?5#? 

�D" #CN= �NE)Co : �y/p�5Ni : pp/ � �.(72+� 5 ���%=
���= �� !�8$+� Q<D �� �1��"� �.mL >+	�� K�E5� 3
" 4" 

��& Fr
#�& 5 K1+D" K.)C�F 7+�� �8 72+� 5 ���%= �61
���=�D" ���D#6� �, >+	�� K�E .V�� �<�? ��+/+D K�E

)�l/�k ��&�l/�� �(>+/+	 �)q�/k��(5�E�6 �/
U�B
)��/yl��& y/y(�� 5 XE�=�<�? �C+/+?5#? )��/�(X
"$	"

�� !�)� -#Y 1E� .��& R./:� �#2/N0 7+�� �8 !B �61F�EK
�� !�D#6��<�?�<} 5 ��+/+D 5 �+%^& 7+�� �8 !B �61F

���= SD.& !B $=#N&�D" �C	#6 o�.W 4�&��B !.{NE �
�E.

�.��*���� �,�P (REE) 
#W�<0 |#:& !"$+����� �=�_ �`/C�� K�E#C�"��? u�D"#8 

7^�pH�X
��=" 7+���C?–XE�= (Eh)� ��"1�g2/�N= -
�%�� 5 u#CD� �� K�E8 [B Q<D �(W/R)�� #++�& 1<=�

�8 S
"#F �� �= K�.,pH�%�� 5 3+
�? W/R�� 5 Z�8 
g2/�N= K�E1��(+� �.mL 7^� 4�DF-�CO3

-�SO4
-2 �PO4

-3 
5Cl-���� �=#L �8 1<
B]����y[.3
" #8 �.s& �CF\6 ��

 #W�<0 �= �.8���� �=�_ 1<C�+� |#:C� ���D#6� S+:��� 
]��[.��"XE5e?K�E_"�� #W�<0 3
" �= �"� !�)� #+�<�? -

"� o5�`C� K��C	� ���D#6� K�E1�� 5#�" �� R�+D�EK
� X
"$	" ����D#6����� �
.)8B �C
1+D" X
"$	" 51�.F .

#W�<0 K�"1
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�D��� 5 ��)	 .���= �.mL -10 �
 �.mL #W�<0 K"�"� K�E

���� �=�_ SD.& pH��61�$
#6�f/} 5 !e+�=" K�ESO4
-2 �

PO4
-3 5F-�� R#C<= �.F ]�p[.#W�<0 �D�#8���� �=�_ �� 

��;<�>+/
"4!�)� XE�= '1<E��NE #W�<0 REE �� �<�? 
�D" ��+/+D)72Fl~�".(��& 3
#C)+8 HI"5 �� �61F

 #W�<0���� �=�_ 3
" �� �<�?�� '1
� 3
" �= �.F#�" �/0 �8 
pH�? 3+
R�+D�EKZ�8 �%�� �W/R!.
 KZ�8 �+��*	 �

���= �.mL -10 5 o�`�.D #W�<0 '1<<= �+%^& K�EREE 
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�� 1<E�)2F7l[(3
" �="�#g2/�N= 7+2)& 7+�� �8 -
#W�<0 �"1
�? K�EHREEg2/�N= K�E1<(+� �8 �5#_ 5 4�D

 3
" 4" ���B�<�?�D" .�� �<�?�/
U�B ��%�� S+:� �C
1+D" 
�8�<�?�D" #CN= ��+/+D .#W�<0 ��
������� �=�_ �� �<�? 

Q<D �� ���B #
���� �8 �/
U�B ���D#6� 3
#CN= �8 �
�E
�!�) �<} '1<E� �O$Y �61F#C)+8#W�<0 ���� �=�_ �� �<�? 

Q<D �8 �%�� �/
U�B �D" a��D b�C%�� K�E)72Fl�.(3
"
#�"��K1+D" b�C%�� S
"#F 7+�� �8 1�".&)!"1<z!�.%� 3+
�? 

pH�8 �%�� R�+D �<�?��+/+D (SD.& #W�<0 3
" �+%^& 5
���= �� �+<+�.O�= 1<��� �D� K�E�<�?B1F�8 �/
U� .��
���
#W�<0 ���� �=�_ �� �<�?Q<D �8 �%�� �C+/+?5#? K�E

���)`)&B!�)� ��& '1<E� �61F#C)+8 #W�<0 HREE �%�� 
�<} 5 !�8$+� Q<D �8 #W�<0 |1�" �61FLREE �D" )72F

lo.(��& �61FHREE ��g2/�N= K�"1
�? �/0 �8 1�".&-
K1
#/= K�E]��[�<} 5�O$Y �61FLREE [\Y #,��8 

���= SD.& �:;D���= �o51+?" ��
#/= 7^� �
�E �D� K�E
 1F�8 3EB K�E1+�=" 5]kq[.72F�o"#++�& #W�<0 �=�_
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'�+D �K#6P= �K�.�"#+� �8"#�D �a)z !"#
" �D�<F ���= 5 �D�<F�./8 �/@� k�p

SP�� ������� ����
��(CIA) 
���D#6� �
�+N+F c_�F!�)� �= �� ���D#6� o1F '1<E�

�<�?�D" !�D#6� K�E .SD.&�;8"��� �%D�:� #
4 �.F
]k [:

CIA = [ Al2O3 / Al2O3+ CaO + Na2O + K2O ] ×
100 ]k [

�"1��CIA K"#8 �<�? �� ��+/+D '#C�6 y�/�y�qk/�� 
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�<�? �� �/
U�B '#C�6   /����q/�p)�83+(��+� �.,
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" �� ���D#6� �1F !�+8 $+� #C)+? �= !�<z
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��.N� �� 3
"#8�<8 d�D" 1W�� >
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 #
���� 5 �"$�5��Ba+ SrR./:� �8 �.8#� 3+
�? �"$�5#8 K�E

�D" .�"�.N� �D�#8 (Ce+ Y+La) – (Ba+Sr) ��;<� 3
" ��
�� !�)� R./:� �= 1E� 7+2)& �� '1N0 �., �8 �"$�5�� K�E

�<�?�CF"� ���_� ���D#6� K�E 1�")72F�(

D5�V�<�? �� ���D#6� �
�+N+F c_�F 3+(��+� >+/
"4 ��;<� ���D#6� K�E.
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