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�� 8��� 	2 ���3 �#�12 /�1, e$V� c�9� S�$P 	2 c*��� +
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L���� r�� 
#�12�4�� 	�$-� 5��T�9 �2 ��91>P��;. B�(�9 X#�"� .��

� ��$E#�1E*� Zb��� 	*�' �2 	�9�9�#�124�� !"#4��C� 
4912 �� �$6$� +W,$�FW� � )�,�1*� ���, _*N� �i�".

� 4���12�3/� 	�0"�1#���, 12 ���1TE
9��,Y�� 	�Y(' ���
G#$'� /�CT#�U;JEOL-JX8600M 5�T. F�T
� �2��/;" 
<] �$%*,
���2�' 8��16 �nA?[ )*�+ B$%D L�2 ��

;. B�(�9 )�9F 4�'�3���� /�C��9� .	2 	T�2 	0�� 1� 	�Y(' 8��+
 +9 	�Y(' 4912 +�*� ��$� 1P�"D � ���, Q$��x�' 	*��zw	�*N�

�$2 1*~T� .4����9;��T#9�("#9� ���, 4912 4����� /;.
���= ��*&
= ��*�$T#�� ��*'��=��� SiO2,����C����+=TiO2,

Al2O3, Fe2O3, MnO, MgO, CaF2�NaCl ;��$2.
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�J ���2	�9� �� 49)RE.@

�
9 (8�*� �	�9� 49�#9 ���2 �� 41*��$� 4��U�i U�i Y*�
�� ���= ���� /;�$. .!"# )�9 X*,1' �� ��/1T�3 ;"%&��$�
�#9 �12�3 .���, X*,1'!"# )�9 X
�J �#�". R��. ��

�#9 U$&*V�= � )�,�1*�$"*%, �+W,$�FW� )RE.@� � 5.(
���, 1C�� +9 �$6$� 4����S�;*�9 ��*��T*' � �*'��= 	2 89$' 

��1, /��.9 ��1%,)RE.@S.(�9�91� ��+W,$�FW� ���, )�1T
!"# )�9 �� �$6$� �%P9 ��;"T�� �?]�']]�-(l ;P��

!"# 9� ���� R��.;�$. .RE. ��+W,$�FW�	-*� �' �9�RE.-
R,�� � ;"T�� �9�����;"H ���, )�9 �� �$6$� 1z9 12 ��

 �T��1# ���#13�9��E.= R2�N/;�� ��*� .U$&*V�= 4��
!"# )�9 �� �$6$� �2 ��<[�'@]��Q$� +9 �-(l ;P
 �*
$"*T,9 � ;"%&��$�;"T�� ���, )�9 �� ;"%&��$� �� �	2 ��
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 Zb��T�XPL(� � 5 a(�#�12 ��$� 4���12�3 �� ;"%&��$� ���, �� �$6$� ��)	>VP /;*&0N � Zb��T� /;*&0N 4���$� �� X*'1' 	249(S a(

���,1%, � �'�;*�9 ���#13� +9 /;�=12 �;, � ��1%, �S�;*�9 	�$��z 4�� �#�12 ��$� 4���12�3;"%&��$� �� /�9� �� �T�)�$� ��XPL) .(Cpx :
 �)�,�1*�$"*%,Hbl : �;"%&��$�Pl : �+W,$�FW�Ep : �S�;*�9Chl : ���1%,Ttn : �*��T*'))V#9.(( 

�-*.���,��
+W,$�FW�:�%P9 ���, )�9!"# �� �$6$� ���, )�1' 4��

 ��$� ���12�3�#�12 �#9 .Ti�# U$�1� ��+W,$�FW� 4��
 /;. 	&#�>� I�#912^T� � 8�*�,9���	�Y(' ���, )�9 �� ��

 U�;6</;. 	d9�9 �#9 .�� /;�� 	, �$. 4��+W,$�FW�
 ��$� 4���12�3 �� �$6$��#�12 ��/1T�3 +W,$C*
9 �' �*&
=

 �91N;��9� )RE.`�
9.(��9;� +9 ��+W,$�FW� �*'�$�=
An1.35 �'An10.65 ��#9 1*~T .	�0"� ���2 �� 49

 ��$� 4��+W,$�FW��#�12 �-� /;�� 8��� 	, �$./;"�� 
�
��\' ;.��b���, �$%&' �#9 +W,$�FW� 4��]?k.[

)�,�1*�:)�,�1*� X*,1' �� ��/1T�3En1.90Fs6.97 Wo28.95 
�' En53.59  Fs25.21 Wo72.88 ��9� �91N)U�;6?.(U$�1�

/;. 	&#�>� 4��Ti�# )�,�1*� 4912 :'9 L. 	��� 12 ��
 U�;6 �� 8$*'�, ���H � 8�*�,9@�#9 /;. 	d9�9 .	2 	6$' �2

	T#� 89��E-� � $'$-��$� 4;"2]?n[)�,�1*� ���$� 4��
�#�12 :*�%, +9 �"J)�2)*C��*�^?/[��+� ;P�� (+9 1*�� �
:�;#)+9 1T-,`@/[��+� ;P�� (;"T�� .)�,�1*� X*,1' ��

� ���*�$T#�� ��%�� �9�$-A�*'�T��9AQ$� +9 �*%*#�1�
 ;*��$���#9 )RE.`5.(�9�$-� ��Ti-Na-AlIV 1T�*2 �

	�$-� �
$� ;P�� 1|� ��$� )�,�1*�$"*%, 4��CaTs�L*2
 +9][�"J � ;��9� ;P�� :*�%, +9 /;.)CaTs ( ;"T��)RE.
`�] (?^.[�9�$-� 	2 	6$' �2Q-J ]?n[�)�,�1*�$"*%, 4��

)�,�1*�$"*%, Q$� +9 �#�12 ��$� 4��Ca-Mg-Fe )Quad (
;"T�� )RE.`S.(1����� 	2 	6$' �2Ti �Cr �Na )	2

1VP X*'1'�[[/[�'@]/[�[ �[</[�'`@/[(��-. �9�$-� ��
 :'9Altot 	2 �&�� :'9 Q$-(� 4��Ti+Cr+Na ��Ti�# ��

)�,�1*� ����, �� /;. �#�12 4��/1T�3 *,1' �&
)�,�1*�$"*%, ZN9� ���-3�� 4��;"T�� )RE.`�] (?q.[
:�Y*"� �;D Mg#=Mg/(Fe+Mg).+9 1T-,^k�� ;P��

)�,�1*�$"*%, ��8��� �#�-3�� +9 �$%2 L�9;6 /;"��]@[�
@<[:�Y*"� �;D �	�$-� �#�12 ��$� 4��))*C��*� �2^<(%

	�$-� )�9 8�$2 ���-3���� ;*��' 9� ��;",.

1 - Ca-tschermaks molecule 
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�;6 U<	0�� 	�Y(' ���T�/� 	�0"� 4���12�3 �� ��+W,$�FW� 498$*'�, 	&#�>� � �1# 	��� 12 ���8�*�,9.
	�$-� 1-8 1-9 2-7 2-8 2-9 2-10 4-6 4-7 4-8 6-5

SiO2(wt.%) kn/n< k^/n< `]/n? @?/n< @k/kn ?</n? qn/n< k</n[ [n/n[ `@/n@
Al2O3 kk/?[ ]^/<q [</?< @`/?< [^/?] nq/?[ k?/?[ <n/?? nn/?< ^]/?[
FeO [[/[ []/[ [[/[ [[/[ [k/[ [[/[ <@/[ [n/[ <`/[ [[/[
CaO <]/[ `?/[ q?/[ ^`/[ @^/[ q`/[ <^/[ ?`/< ?`/< @</[
Na2O ]?/n `n/k ^`/k q[/k k@/] n</^ `@/n k`/k ?`/n ?@/k
K2O [^/[ [k/[ [`/[ [?/[ ]q/? <[/[ [q/[ nq/[ ?`/[ [q/[
$-(�Q [n/<[[ ?k/q^ ?n/<[< `?/<[[ <[/<[< n]/<[? `@/<[[ ]?/<[< n[/<[[ q?/<[[

Si(apfu) ^k/? q?/? ^k/? ^`/? kk/? ^</? ^n/? n^/? n^/? q</?
Al <[/< [k/< <</< <@/< @?/< [^/< [q/< <k/< <]/< <[/<
Fe [[/[ [[/[ [[/[ [[/[ [[/[ [[/[ [</[ [</[ [</[ [[/[
Ca [</[ [@/[ [n/[ [n/[ [@/[ [n/[ [</[ <[/[ <[/[ [?/[
Na ?[/< []/< [^/< <[/< ^q/[ @k/< <^/< []/< <]/< qq/[
K [</[ [</[ [</[ [[/[ `</[ [?/[ [?/[ <?/[ [`/[ [</[
Or [?/< q]/[ k</[ @</[ ^[/@[ []/< ?`/< ^[/q qk/? `[/<
Ab [@/q^ q@/q] <?/q@ q^/q@ q@/kk ^q/q@ ]k/qn `n/^? `</^q <q/qk
An q]/[ <?/@ ?^/k n</] ?n/? [k/] ?</< n?/n k@/n `</?

RE.`�
9 (�9�$-�Ab-Or-An �8= 12 �#�12 ��$� 	�0"� 4���12�3 �� �$6$� 4��+W,$�FW� �*\N$� .5(�*'�TM��9 ���M' 	M# �9�$-�)En(�
�*�$T#��)Wo ( �*%*#�1� �)Fs] (?n[)�,�1*�$"*%,�#�12 ��$� 	�0"� 4���12�3 �� �$6$� 4�� .�(	M# �9�$M-� ���M'Ti-Na-AlIV ]?^[

*�$"*%,)�,�1 �M#�12 ��$M� 	M�0"� 4�M��12�3 �� �$M6$� 4�M�)NaT=NaTi0.5R0.5Si2O6�NATAL=NaTiSiAlO6�TAL=CaTiAl2O6�
Ac=NaFeSi2O6�JD=NaAlSi2O6�UR=NaCrSi2O6�CATS=CaAlSi6 & CaFeAlSiO6(S(/�� �9�$-� )M�,�1*�$"*%, 4;"2 �M�]?n[

�9�$-�Q=Ca+Mg+Fe2+	2 �&��J=2Na� �(�9�$-�Ti+Na+Cr 	2 �&��Al ]?q.[
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:*�9129���3�� �)���= ��9�� 891�9 �#�". ���, � �#�".�$%2 	%(� 

U�;6?	0�� 	�Y(' ���T�)�,�1*�$"*%, 49/� 	�0"� 4���12�3 �� ���1#.
	�$-�(wt.%) SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Q$-(�

1-1 ?[/]] <]/[ nq/[ q?/` <^/[ <</<] k[/?? @q/[ [[/[ @@/qq
1-2 ]^/]] [?/[ n]/[ <n/` <^/[ kk/<] `n/?@ ?n/[ [[/[ <[/<[[
1-3 <n/]k [`/[ <n/[ ^@/` <n/[ <`/<] `?/?` ?n/[ [[/[ ?</<[<
1-4 q`/]] [</[ `?/[ ]`/` ?]/[ ?]/<] n]/?@ ?q/[ [[/[ `]/<[[
1-5 ``/]] <`/[ qn/[ ]k/` ??/[ `n/<] `[/?@ @]/[ [[/[ ]k/<[[
1-6 qk/]` <?/[ q[/[ ]`/` <n/[ ?@/<] ]n/?@ @`/[ [[/[ ^?/qq
2-1 k</]` <]/[ ?q/< k@/` <]/[ nn/<] n]/?? @k/[ [[/[ n</qq
2-2 []/]k [?/[ ]?/[ <^/` ?[/[ @@/<] <n/?` @@/[ [[/[ nq/<[[
2-4 @`/]] <`/[ <q/< ]`/` <`/[ @[/<] k?/?@ @[/[ [[/[ ]n/<[[
3-5 <q/]] ?[/[ ^k/[ [@/] ?</[ <]/<] ?</?@ @n/[ [[/[ ?@/<[[
3-6 <q/]] <n/[ q@/[ `]/` <n/[ @k/<] `@/?@ @n/[ [[/[ [k/<[[
3-7 k`/]] ?[/[ qn/[ ]k/` <k/[ ??/<] kk/?@ @k/[ [[/[ nn/<[[
4-1 @k/]] <^/[ ?@/< ^k/` ?`/[ <]/<] kk/?@ @q/[ [[/[ [n/<[<
4-2 @]/]] <`/[ [@/< ^@/` <k/[ <[/<] q]/?@ @k/[ [[/[ q</<[[
4-3 ][/]] <`/[ nq/[ `q/` ?</[ `^/<] ^?/?@ @k/[ [?/[ ^</<[[
4-4 @]/]] <?/[ n@/[ `]/` <k/[ ]k/<] `[/?@ ?^/[ [[/[ []/<[[
4-5 qn/]` <@/[ ?[/< kn/` <n/[ ??/<] ][/?@ @</[ [?/[ <^/<[[
5-1 `q/]] <[/[ q]/[ nn/` <n/[ @[/<] n@/?@ ?k/[ [</[ nn/<[[
5-2 [^/]] <`/[ [</< ]^/` <^/[ ?@/<] ]@/?@ @n/[ [?/[ <</<[[
5-5 `[/]] <k/[ <^/< ]]/` <^/[ `@/<] q]/?@ @[/[ [?/[ <k/<[<
5-6 ?</]] <]/[ [n/< `k/` <[/[ ]]/<] <@/?` ?q/[ [[/[ qn/<[[
6-1 kn/]] <q/[ qq/[ n@/` ?[/[ [</<] kn/?@ @</[ [[/[ n^/<[[
6-2 @?/]` <q/[ ?</< `q/` <n/[ ]]/<` nq/?@ @]/[ [[/[ [^/qq
6-3 [[/]] <]/[ ?k/< ^`/` <^/[ ^</<` [?/?` @k/[ [[/[ k</<[[
6-4 ^^/]` ?</[ @n/< ^k/` ??/[ ^?/<` <]/?` `[/[ [</[ q</<[[

U�;6@8$*'�, 	&#�>� I�#9 12 ��v8�*�,9 .
	�$-�(apfu) Si Al Ti Mg Fe Ca Na K Al (IV) Al(VI) mg# En Fs Wo

1-1 [@/? <?/[ [[/[ ^@/[ <</[ ^q/[ [@/[ [[/[ [`/[ [^/[ ]?/^^ <]/`` @n/^ `^/`n
1-2 [?/? <</[ [[/[ ^]/[ <[/[ q</[ [?/[ [</[ [`/[ [n/[ kn/^q nq/`` q^/k ?`/`^
1-3 [@/? <[/[ [[/[ ^?/[ <`/[ q]/[ [?/[ [[/[ []/[ []/[ [@/^] k]/`? q[/n ``/`q
1-4 [@/? <?/[ [[/[ ^@/[ <?/[ q?/[ [?/[ [[/[ []/[ [n/[ [q/^n ]n/`@ kn/n nk/`^
1-5 [</? <[/[ [[/[ ^`/[ <</[ q</[ [?/[ [</[ [@/[ [n/[ kk/^^ ?@/`` kq/n [q/`^
1-6 [</? [q/[ [[/[ ^@/[ <</[ q?/[ [?/[ [[/[ [@/[ [n/[ qk/^n n]/`@ k[/n k]/`^
2-1 [[/? [^/[ [[/[ ^k/[ [^/[ ^q/[ [@/[ [</[ [</[ [n/[ <^/q< @</`] n</n q^/`k
2-2 [@/? <</[ [[/[ ^@/[ <?/[ q`/[ [?/[ [</[ [`/[ [n/[ qn/^k k[/`@ qq/k `[/`q
2-4 [[/? <[/[ [[/[ ^?/[ <</[ q?/[ [?/[ [[/[ [@/[ [^/[ k`/^^ ^`/`@ ]?/n k]/`^
3-5 [</? <[/[ [</[ ^?/[ <?/[ q</[ [@/[ [[/[ [@/[ [n/[ `q/^n ]n/`@ `k/^ qn/`n
3-6 [</? <[/[ [[/[ ^@/[ <</[ q</[ [@/[ [[/[ [@/[ [n/[ ]q/^^ <]/`` `]/n `[/`^
3-7 [</? <</[ [</[ ^?/[ <?/[ q?/[ [@/[ [[/[ [`/[ [^/[ k?/^n k]/`@ k[/n n]/`^
4-1 [[/? [q/[ [[/[ ^?/[ <?/[ q?/[ [@/[ [[/[ [?/[ [n/[ [^/^n ?k/`@ <^/^ ]k/`^
4-2 [</? [q/[ [[/[ ^?/[ <@/[ q@/[ [@/[ [[/[ [?/[ [n/[ @`/^k [[/`@ qn/n [?/`q
4-3 [</? [q/[ [[/[ ^@/[ <</[ q?/[ [@/[ [[/[ [@/[ [k/[ ?@/^^ q@/`@ `q/n ]q/`^
4-4 [?/? <[/[ [[/[ ^]/[ <[/[ q</[ [?/[ [</[ [@/[ [n/[ <n/^q ]</`` @q/n [q/`^
4-5 [[/? [q/[ [[/[ ^@/[ <</[ q?/[ [?/[ [[/[ [?/[ [n/[ ?[/^^ n[/`@ ^[/n ][/`^
5-1 [</? <[/[ [[/[ ^?/[ <</[ q?/[ [?/[ [[/[ [@/[ [n/[ ^n/^n ]k/`@ ^q/n ]k/`^
5-2 [</? [q/[ [[/[ ^@/[ <?/[ q?/[ [@/[ [</[ [@/[ [n/[ k`/^n n]/`@ kk/n ]q/`^
5-5 [[/? [^/[ [[/[ ^@/[ <</[ q@/[ [?/[ [[/[ [?/[ [n/[ [n/^^ n</`@ ]?/n nn/`^
5-6 q]/< [n/[ [[/[ ^?/[ [[/[ q</[ [?/[ [q/[ [</[ [k/[ [[/[ ^k/`@ ?@/n q</`^
6-1 [</? <?/[ [</[ ^</[ <?/[ q?/[ [?/[ [[/[ [`/[ [^/[ q[/^k <`/`@ qk/n q[/`^
6-2 [[/? <[/[ [</[ ^[/[ <`/[ q`/[ [?/[ [</[ [?/[ [^/[ @?/^] `n/`? k@/n q[/`q
6-3 [[/? [q/[ [[/[ ^[/[ <@/[ q@/[ [@/[ [[/[ [?/[ [n/[ kn/^] `]/`? [n/^ `^/`q
6-4 qq/< [n/[ [</[ ^[/[ <`/[ q`/[ [@/[ [</[ [</[ [n/[ <</^] @[/`? <`/^ ]k/`q

U$&*V�=:���, 1C�� +9 U$&*V�=!"# �� �$6$� 4�� ��$� 4��
�#�12 �#9 .12 ���= 4��Ti�# U$�1� 	&#�>� ���T�I�#9 

U$&*V�= ��9;��T#9 U$�1�AB2C5
IVT8O22(OH)2]@?[12

	���?@� 8�*�,9<@�� 8$*'�,/�C��6 ��� � ��6���H
 U�;6 �� ��6�`/���= �#9 /;. .�9;�� 	2 	6$' �2BCa 

)/�C��6 �� �$6$� :*�%,Ba^k/<�'q</<(�9;�� �BNa 
)/�C��6 �� �$6$� :�;#Ba[^/[�'<@/[(U$&*V�= �����$� 4

�#�12 �-*�%, Q$� +9;"T�� )RE.]�
9(B�� �9�$-� �� �-
U$&*V�= 4�9y3 ��]@[[�' �*
$"*T,9 /1T�3 �� �
�91N ;"%&��$�$�Y*"�;��9� )RE.]5.(I�#912-��9�$ c*EV'
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;%6��/��-. �u�8�T��+���� !"# �$%&' �("# ���� ��� )*�+ � ���, �-*.4�� . . .�ww

/;"", U$&*V�=��$313� +9 ���-3�� 4�� ]@@[�U$&*V�= 4��
 ��$� 4���12�3 �� �$6$� 	*
�9�#�12 ;"T�� ���-3�� Q$� +9

)RE.]�.(89��E-� � c*
]@?[;�� 	, ;�;�T\�9�Si ��

U$&*V�= +9 1T-, ���-3�� 4��@/n��#9 ;P�� 	E*'�$P ��
U$&*V�= 4��2 o*%*# �2 ����@/n;P�� Gi 1�+ 4��;"�91� +9

/;�= �$6� 	2 ��-(�9 ;�9]@`�@].[

U�;6u	0�� 	�Y(' ���T�U$&*V�= 498$*'�, 	&#�>� � �#�12 ��$� 4���12�3 �� �� I�#9 12 ����8�*�,9.
	�$-� 3-1 3-2 3-3 3-4 5-7 5-8

SiO2 (wt.%) ]q/]` ]`/`k n?/`n ]n/`^ n@/`k nq/`n
TiO2 ?[/[ `q/< ^@/< `q/< ^q/< n@/<
Al2O3 <?/` kk/<[ `]/q ]n/^ ?`/<[ `q/q
FeO `@/k [?/q `@/^ `q/^ qn/^ n</^
MnO <</[ <n/[ <[/[ <?/[ <?/[ ?[/[
MgO ?q/<^ @n/<` ?k/<] kn/<] ^</<` @k/<]
CaO ]n/<? qk/<< <[/<? ?@/<? @n/<? @q/<?
Na2O ]?/[ `</< @</< @[/< ]?/< `]/<
K2O ?]/[ [k/< [[/< n^/[ [</< q[/[
Q$-(� <[/qn k^/qk <q/qn ?`/qn k]/qn [`/q^

Si(apfu) kq/n nn/k ^^/k qq/k nk/k ^k/k
Ti [[/[ [[/[ [[/[ [[/[ [[/[ [[/[
Al k^/[ ^@/< k</< `]/< n]/< k[/<

Al(IV) @</[ ?@/< <?/< [</< ?`/< <`/<
Al(VI) @n/[ k[/[ `q/[ ``/[ ][/[ `k/[

Fe nk/[ <[/< [?/< [?/< [^/< [`/<
Mn [q/[ [^/[ [n/[ [n/[ [@/[ [@/[
Mg <n/? q]/< @?/? q]/? []/@ ??/@
Ca q[/< ^k/< ^n/< ^^/< q?/< q[/<
Na <`/[ `[/[ @n/[ @k/[ `?/[ `[/[
K []/[ ?[/[ <^/[ <`/[ <q/[ <n/[

B: Ca q[/< ^k/< ^n/< ^^/< q?/< q[/<
B: Na <[/[ <`/[ <@/[ <?/[ [^/[ <[/[
mg# ^`/[ n`/[ nk/[ nn/[ n]/[ nk/[
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REMM.]U$MM&*V�= ���*-*MM. XMM*,1'�MM
9 �� �MM#�12 ��$MM� 4�MM� (�9�$MM-� ��BNa+BCa 	MM2 �&MM��BNa ]@?[5 �(�9�$MM-�Si 	MM2 �&MM��
Mg/(Mg+Fe2+)]@?[� �(U$&*V�= ���#�". �9�$-� )��e= +9 ��$313� 4��]@@.[
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:*�9129���3�� �)���= ��9�� 891�9 �#�". ���, � �#�".�$%2 	%(� 

�2��+�9 � 8�*�,9 �3;�Y�13�9;�� �-3�� 5= 
3�� 4��;"�91� 12 8�*�,9 �3;�Y�13 Q$� � �$%&' �
9$' ����-

���,*�2 1z9 /;. �$%&T� 4����� ��9� 4�9;�� 8=G*>� Q$� 	2
)*�+�#9 	T�29� �-3�� �Ti�# .�9�$-� ��AlVI+2Ti+Cr 

	2 �&�� AlIV+Na ]@k[�91N �)T.9�	�$-� ��$� 4���#�12 
Gi )*���Fe+3=0 1C��*2���, �$%&' ��$� )�,�1*� 4��

�#�12 �3;�Y�13 �� �#9 8�*�,9 )*��� .39�9�$-� )�9 �� 1
	�$-�;".�2 	T.9� �91N Gi 4��2 �������1C4��2 �3;�Y�13

�#9 8�*�,9.ZN9� ���	�$-� 	%P�� 	H 1� 	�+9$� Gi +9 ��
Fe+3=0 8�$2 1T-, �� 1T�*2 X*'1' 	2 ;.�2 1T-, �� 1T�*2

 9� )�,�1*�$"*%, ���, �$%&' G*>� �� 8�*�,9 �3;�Y�13
��� 8�� ;��)RE.k�
9.(

Z�+$'AlIV /�C��6 ��4�� ��� �� ��6���H � ��6�
)**\' ��9� �12��, ���� � �-3�� 5= �9;�� .L�9Y�9�9;��AlIV 

)�,�1*� �$%&' G*>� �� 5= �9;�� L��, /;"�� 8��� �#��
]@n.[�9�$-� I�#9 12AlIV	2 �&�� AlVI)�,�1*� �4��

 �� �#�12 ��$�/1T�3 ��� �kbar]5= �9;�� �<[;P�� 
/;. R*E�';�9 )RE.k5.(

�Ti�# )*�+ G*>� � ���-3�� 41# )**\' 
X*,1' 12 /;�+�# 4�-3�� /�CT#�i � ���*-*. X*,1'

)�,�1*�$"*%, ���*-*. ��9� 1z9 ��]@^.[/��VT#9 �2 	(*T� ��
�� )�,�1*� ���, ���*-*. X*,1' +9 � ���-3�� 41# 	2 89$'

/�C��6 )*�+ �12 �� 8�2Y*� 4�-3�� �Ti�#]@q�`[.[�2

�%P9 1P�"D 4��;*�,9 �9�$-� +9 /��VT#9Al2O3	2 �&��
SiO2���, /;�+�# 4�-3�� 8�$2 ���*%N 	-*� ��#�12 ��$� 4��

�� j��� �$.)RE.n�
9.(�9�$-� ��TiO2	2 �&��
Al2O3�)�,�1*�$"*%, �E�= /1T�3 �� �#�12 ��$� 4��

�*%N ;"T�� ZN9� ��)RE.n5.(	�$-� �� �$6$� U$&*V�= 4��
 4���9�$-� �� Y*� ���12�3;"%&��$�TiO2	2 �&��Al2O3�

MgO ;��9� �91N ���*%N 	-*� /1T�3 ��)RE.4��nS � �.(
)*�+ G*>� �#�12 4912/�$' �Ti�# I�#9 12 ���12�3 4��

 4���9�$-� ����= �� �$6$� )�,�1*�$"*%, ���, �l91b 4��*�2
�#9 /;. .89��E-� � 1�1T
]@q[8$*'�, I�#9 12 4�9�$-�

 1P�"DTi+Cr 	2 �&��Ca )�,�1*�$"*%, 	, ;��$-� 	d9�9-
8�*� 	T�� G*>� 4�� +9 9� �T*p
$' � �#$��*N9

)�,�1*�$"*%,�� c*EV' ����V�'= 8�-, G*>� 4��;", .12
)�,�1*�$"*%, I�#9 )�9� �� �#�12 ��$� 4�� 8�-, G*>
/;. R*E�' ����V�'= ;�9)RE.��
9.(�9�$-� �� )*"}-�

F1-F2]`<[� �%P9 1P�"D 4��;*�,9 	-� X*,1' 	��� 12 	,
)*�+ G*>� c*EV' 4912 )�,�1*�$"*%, �D1��
9+�2 �Ti�# -

�#9 /;. �l91b �� :
F1 = -0.012 × SiO2 - 0.0807 × TiO2 + 0.0026 ×
A12O3- 0.0012 × FeO* - 0.0026 × MnO + 0.0087 × 
MgO-0.0128 ×CaO -0.0419 × Na2O 
F2 = -0.0469 ×SiO2 -0.0818 × TiO2 -0.0212 × 
A12O3-0.0041 ×FeO*-0.1435 × MnO-0.0029 × 
MgO+0.0085 × CaO+0.0160 × Na2O
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���)�,�1*�$"*%, X*,1' �� ��6����2 �9;�� 	���12 �#�12 ��$� 4�� 5=]@k.[
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;%6��/��-. �u�8�T��+���� !"# �$%&' �("# ���� ��� )*�+ � ���, �-*.4�� . . .�w�
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