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SiO2 �F/�� �y/d� yG/dG �d/d� y�/�y y�/�y ��/d� �G/�� ��/�y ��/d� ��/d� dF
Al2O3 �F/FF �d/�y �F/�� Fd/F� ��/F� FF/F� �/FG yy/F� ��/Fd ��/F� F/F� F�/FF
FeO F�/� Gy/� �/� ��/� ��/� F�/� F�/� F/� �d/� GG/� F�/� y�/�
CaO ��/� ��/� ��/� � �y/d ��/d �G/� d�/d ��/y �/� ��/d ��/F
MgO ��/� � ��/� � �G/� � �F/� ��/� � � � G�/�
Na2O y�/� �F/d yy/� �y/y F/y ��/� �F/y �y/� ��/d ��/� �G/d ��/�
K2O d�/� ��/y ��/y dG/G ��/� ��/� ��/� �F/� G�/� �d/� d/� ��/�
V2O3 � ��/� �F/� � � � � �G/� � ��/� ��/� y�/�
Cr2O3 � � � � � � � � �G/� � ��/� �d/�
MnO ��/� � � �G/� ��/� � �F/� � � � � �
P2O5 � � � �y/� ��/� � �F/� � � � � �/�
NiO � � � ��/� �d/� � GF/� � � � G�/� �y/�
TiO2 � FG/� �d/� ��/� �G/� � � �F/� �F/� ��/� �G/� FG/�
SO2 � � � � �G/� � � � � � �G/� �/�
\5#&� ��/�y ��/�y �� ��/�� FG/��� ��/�� F�/�� �d/�� yF/��� �y/��� �G/��� ��/��

Si y�y/�� y��/�� ��G/�� ��G/�� ���/�� ��y/�� �F�/�� d�G/�� G�d/�� ���/�� ���/�� F�y/��
Ti � �GF/� ��y/� ���/� ���/� � � ��G/� ��G/� ���/� ���/� �G�/�
Al y�G/� �GG/� F/� ��G/� Gy�/� G�G/� ��y/� F�F/� d�G/� ���/� G�G/� ��G/�

Fe2+ �G�/� ���/� ���/� ���/� �dF/� �Gd/� �Gd/� �G/� �F�/� ���/� �Gd/� �G�/�
Ca ���/� �y�/� ���/� ��G/� Fd�/� G�F/� �d�/� F��/� dFG/� G��/� GGG/� �/�
Na �yd/G ��F/F ��F/F ���/G y�F/F �y� ��d/F d�F/F G��/F ���/F FFd/F FF�/G
K ��F/� ��y/F ��y/� yGF/� ��y/� ���/� �dG/� �F/� �y�/� �F�/� �G�/� ���/�
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Ab ��/�G �d/�� d/�� ��/�� �F/d� d�/d� �/�� F�/d� ��/�� F�/dF FG/d� ��/y�
Or ��/G y�/�� �/�d Gy/F� ��/F �d/F ��/G ��/F �y/F F�/G �/G ��/F
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14-9 
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Px
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SiO2 G�/GF ��/G�  F�/Gy  ��/Gy  F/G�  �/�F  �F/��  ��/�F  y�/�F ��/�F  yy/�� dy/��  

TiO2 �G/F ��/F ��/F ��/F F�/F �/F dd/F �F/� ��/� F�/� G/� G�/�

Al2O3 F�/� F�/��  �d/� G�/��  ��/��  G�/��  �y/��  ��/� ��/� ��/� G�/� y�/�

Cr2O3 � � ��/� � � ��/� �d/� � � � � �

Fe2O3 F�G/F� �GG/d � ���/d G�F/d dG�/G G��/F �dF/� G�F/� � Gd/� ��G/�

FeO � G��/d �d/�F  ��F/� �G�/d �/� d��/� Fd�/G d�G/d �G/d � F�F/G

MnO ��/� �y/� �G/� F/� �y/� ��/� ��/� ��/� ��/� ��/� ��/� G�/�

MgO y�/�G Gy/��  ��/��  ��/�G  d�/�G  ��/��  G�/�G  ��/��  �y/�� G�/��  y/��  dG/��  

CaO ��/� G�/��  dy/��  �y/��  y�/��  G/��  ��/��  ��/F�  �y/F� ��/��  y�/F� F�/F�  

Na2O ��/F G�/G �/F ��/G �G/G �y/G F�/G y�/� yy/� yF/� �F/� d�/�

K2O �/� ��/� ��/� d�/� �F/� �/� dd/� ��/� ��/� ��/� ��/� �d/�

V2O3 Fd/� FG/� FF/� F�/� FG/� F�/� FF/� �G/� ��/� �F/� � �F/�

P2O5 � ��/� �F/� �F/� �d/� �d/� �G/� � � � � �d/�

NiO � �d/� � � � �F/� � FF/� ��/� � �d/� �

SO2 � � � � � � � � � �d/� �F/� �

\5#&� ��G/�F F��/��  y�/y�  ��d/��  F�d/��  ���/��  �GG/��  ���/��  �G�/�y yy/��  ��/�y d��/��  

Si �d�/� �yG/� Gdd/d �GF/� ���/� ���/d F��/d �dF/� �yd/� �yd/� �GG/� ��/�

Ti G��/� F��/� G��/� G��/� F��/� F��/� G��/� ��F/� ��G/� ��y/� ���/� ���/�

AlIV ���/� ��G/� dG�/� ���/F �FG/F y��/� ���/� �Gy/� ���/� ���/� ���/� ��/�

AlVI � � F��/� � �G�/� ���/� �F�/� ��F/� �Fy/� ��G/� � �

Cr � � ���/� � � ��y/� ���/� � � � � �

Fe3+ �Fy/F �F�/� � d��/� �F�/� G��/� Fdd/� ���/� �Gy/� � F��/� �G/�

Fe2+ � ���/� d�G/� ���/� y��/� �d�/� FGF/� ��F/� F��/� F�y/� � ��d/�

Mn �d�/� �FG/� ��y/� �Fd/� �FG/� ���/� ��y/� ��y/� ���/� ���/� �Gy/� ��d/�

Mg F��/G F�/G �FF/F �dd/G ���/G F��/G ��F/G yG�/� ���/� yd�/� y��/� y�d/�

Ca dd�/� yF�/� ���/� ���/� ���/� �d�/� yFG/� y�/� y��/� �FF/� y�/� y�F/�

Na y�y/� ��y/� y��/� �G�/� ���/� ���/� �d�/� �d�/� �d�/� �d/� ���/� ��d/�

K ��G/� ���/� ���/� �F�/� ��/� �G/� �Fy/� ��F/� ��F/� ��y/� ���/� ��G/�

\5#&� d�G/�� ��d/��  y�y/��  �d�/��  �d�/��  �d�/��  ���/��  �G�/� ��/� ���/G ��G/� ��/�

[M% sl�*(N�"�+$� �
�$#$% Z$"+, k
�#� �*�5#� �� ��Q-J  4(N�"�+$� I�J
�6 ��L�� �*�5#� �� ��Wo-En-Fs ]iv[.
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[M% tN�"�+$�5'$L" Z$"+, ;* I��1A(* �8 �
�#H�� )+( \5� N$$Q, ]s[l�* C�(*+8 (�*�5#�AL2O3�8 �D��SiO24 �(�*�5#� AL2O3

�8 �D��TiO2.

N$$Q,I�J
�6 �;�A:�( N$ Y'(��:N�"�+$�5'$L" Z$"+,
�8 �A�8*� I;*<H �#$%02 0�8/$� )*�(�� .ZD( �H�
� N
*

�� ���" N
* �
�$#$% Z$"+, ;* 0*5A8 �" �5%I�
� �8 \*5�*
�5L8 �%�� 02�� �#H�� \5� N$$Q, )*+8I�J
�6 N$�;�A:�( 

�+" I��1A(* 0�8/$� I;*<H.
�*<�� Al2O3;*�,y� �,�,�� �CaO ;*��,GG �,F�,�� 

�� +$$a, ��;� <e��<'" .��*<� Ti �Al N�"�+$�5'$L" �8 ��
I<% �5LDA� 02 ;* �" �8*�� �� }$L$( �$��Q	 �D�� �8 � <�*

 05H��5H )���#H�� �� Z$,+, �8 � ��*� �JA�8 ��+�'E N
*
�5,O$� �
�$L= ��A35	�
�$L= �� k
*/	*<8�
 ]����y[.)*+8

 N$$Q,
�6I�J N$�;�A:�( �*�5#� ;* �Ca �8 �D�� Ti ]F�[
<% I��1A(* .C�(*+8�*�5#� N
*���5#� �8 )���*<�� Ti b�8 ��

I+A�H {$B� �8 z58+� � �
*/�5"+$@ �*+= n+A�H )���<��*� 
��5#� �" �,�5e �� �8 )���*<�� Ca b�8 �8 z58+� �#�= ��
�� V=*� �
*/�5"<�5% .C�(* +8I�J
�6 ��5#���)�(�+8 ��5�

 �*�5#� N
* ��)[M%�(I�JA(�: �Y'({$B� �� �
*/�5" )��
�(* .

�H<�/
+H �� Y'( )���#H�� �� 0�$�"*:�H<�/
+H 0�$�"*+�* 
I�
� )��� +$$a, �� )*4�T ��*� 4*�� Z$"+, �]oi[[��E �

�(* �
�#H�� )��<'
2+	 9+A'" �� )+��� ]oo!ov[.)*+8
 �(�+8*<����H<�/
+H �$��* )�#H�� �� 0�$�"*C�(*+8 

\5#&� �*�5#� ;* N�"�+$�5'$L" �#$%AlVI+2Ti+Cr �D��
�8 Na+AlIV I��1A(* ���5% ]op.[C�(* N
* +8�Fe+3 ��

I�J
�6 �����6� �A$	+f �( +e�'E N$���605S Cr, Ti, 

AlIV Z$,+, N
* �8 �5% �� N�"�+$� Z$"+, �����*�*+	Fe+3 
� ��N�"�+$ �*<�� �8 ��AlIV ��*� �JA�8 .�S +� �&$A� ��

 ��*� )+A�$8 K5$'$�5�2 I�J
�6��6���S �5%����� 0�M�*
�( +e�'EK5$'$�5�2 /6 �8 +J
� �A$	+f05S �Fe+3��8I�J
�6 

��6� ��� �� +A�$8�5%.�*�5#� �� N
*+8�'8�I�+8 K�� +H*
��5#� {: )b�8 ��Fe+3=0 H �*+=$+<�� �N�"�+$ �� ��

�H<�/
+H 0�$�"*b�8 I<% �5LDA� V=*� {: N$
�� �� +H* � <�*
<'%�8�I<'�� 0��� )�H<�/
+H 0�$�"* N$
���(* .+8 0�/	*
N
*���5#� �Le�	 �S +� <%�8 +A�$8 {: N
* ;* ���H<�/
+H 

�(* I�58 +A�$8 [$M�, {$B� �� 0�$�"* ]om[.N
* +8
�" �&�2 ;* �C�(* "�+$�N�{: )b�8 �� �(�+8 ��5� )��

Fe+3=0 �*+=���<�+$H�H<�/
+H [$M�, {$B� �� 0�$�"*
Y'( �� �(b�8)[M%iql�*.(

I<�;�( )�#H�� 42 �*<��Y'( )��:�� K5$'$�5�2 V
;5,I�J
�6 -
)����6���S ������6� �D(�'� ��$Q� N�"�+$�5'$L"

 )*+8���2+8 Y'( [$M�, {$B� ���	�T2 )���(* N
 ]os[.
0�/	* ���	 +8����*�5#� N
* ;* 0*5,)*+8 42 �*<�� N$$Q,

�5#� I��1A(* /$� �#H�� .0�'S �� �"[M%iq4�� I<
� -
��5% �*<��AlVI ���#� ��5#� )��;* �(�+8 ��5� Y'( )��
��`'� ;* +A#"i/q<e�� �� ���" N
* �5LD, +J���� �" �(*

�85L$" U'� ;* +A#" ���	 ��(* .��*<� /$� �#H�� �� �565� 42
 ;* +A#"%iq�(* ]os[.0�/	**�5#� +8����" �5	� �)��

 )�*<8205S I<''" 0�$8 �$,5$8 � 95D$1�2 �#H�� 0�58 �*<82 )
��`'� ���(*.V
;5, �*�5#� �
�� +8 N$'^#�Al )AlVI �D��
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�Gd �"+�% �#
+" �0�
�*+� ��A(5� ���<= �0*�*56 �6*5: ���" � �(�'%�5L8 �L&�0*+
* �(�'% 

�8 AlIV(N�"�+$�5'$L" k
*<$� K�J'� ��*<�� ;* +A#" 42iq
I�58 ��85L$" U'� ;* +A#" �5LD, K�J'� ���	 � <e���"0���

�(* ���	 -" �`$B� I<'��.�*�5#� �
��+8V6+� ]ot[�)���

N�"�+$�5'$L" �5LD, �� ��I+A�H rqq �,iiqq �A��( �6��
 �(* �*+H)[M%iil�*.(

[M% rN�"�+$�5'$L" �
�$#$% Z$"+, ;* I��1A(*)*+8 �J
�6 N$$Q,02 �A:�( N$�; I]oq.[

[M% iql�*(���2+8 N�"�+$� ;* I��1A(* �8 �#H�� 0�$�"* �H<�/
+H��]op[.4(V
;5,Al I�J
�6 �� �� ��6� ��� � ��6���S )��
N�"�+$�5'$L"�#H�� 42 �*<�� � ���	 Z(�', �8 �� ]os[.

[M% iil�*(N�"�+$� �5LD, )��� ��+8�#$(+, �*�5#� ]ot[��85L$" U'� ���	 )*+8.4(N�"�+$� �5LD, ���	 �L" ���2+8��]or[.�(�+8 )*+8
N�"�+$� [$M�, )���|:�% ;* �� )��XPT �YPT )[M% iol�* (<% I��1A(* ]ui[.
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�&'(���	��� N$�; N�"�+$�5'$L" �#$% ;* I��1A(* �8��:N$$Q,
 �� �#H�� ��#&�* �M$��'
�5�+, {
*+%Y'('%�(� Y'( )��

 N
�T2 )+�*�� ��#% �8 -����� .�5LD, ���	 � ��� N$$Q, �8
���"�� �� *� �
�#H�� 0/�� �#E 0*5,���2+8 �5#� .�(�+8-
)�� K�&�*I<% ]F�[�� 0��� �� K5$'$�5�2 V
;5, �" <��

I�J
�6)�� �����6� ���6���S N�"�+$�5'$L" ���	 �8 ��
 ��*<�� {$B� �� �565� 42��*� �JA�8 �5LD, .�8)�5c �"

�S +��*<�� AlVI N�"�+$�5'$L" �� �565�<%�8 +A�$8 ���
�(* I<% [$M�, )+,b�8 ���	 �� ���" N
* .N
*+�* C�(*

�*�5#� I<% �W*�*V6+� �� ]G�[�(* .C�(* +8 �*�5#� N
*
 �*<��AlIV �8 �D�� AlVI �� 0��� � �(* I<% -$~', <��

�"�+$�5'$L" �"N)���(�+8 ��5� I�+A�H l$c �� ;* )*
I<% �5LDA� -" �, {(5A� ���	 �" <�* �89�#A.* ��$�8 +J��$8

 ���2 �5LD,�cN$'^#� � l=5,�c�(* �5Qe )[M%��4(.
�b�* �" �(* N
* �&'(��� �� n�� N
* -�� )+,+8 �5�.

 \*5�* )*+8 �K�� � ��$� ��*/�* N�"�+$� �� 0��/#�

N�"�+$��)�Mg-Ca-Fe � �*�Fe-Mg I��1A(* [8�= �*�
�(* .N�"�+$� [$M�, )��� n�� N
* �Dc��<. ������ �,
�F�� �� �(� �8 �*+H �A��( �6��<
2.)��� ���� N
* �AD�*

 N�"�+$� �5L8 �5LD,;* R��1A� �Y'( [" �5LD, )���I�58 �
<e�� ;* )+A#" �*<�� � b�8 ���	 � ��� �� N�"�+$� �5LD, 42

I<% ;�@2 �
�#H���(* .}_(��
+1, �c��
�#H�� 42 <e��
�(* �A	�
 k
*/	* .C�(*+8 �*�5#� V6+� ]G�[;* I��1A(* �8 �

+
����XPT �YPT�8 �65, �8 [M%�F4��*<�� �5LD, ���	
N�"�+$�5'$L" �� ��I+A�H ��!d��85L$" �8 7
�/� �y!d

��85L$"�� ���2+8�5%.
95D$1�2��:U
�A��
/&, �`��95D$1�2 )*Y'( �� �565� )�� ��

 ��9�<6 F�(* I<% I���2 .I�� ;*)<'8 V6+� ]GF[)*+8
K��02 )�*�HR<% I��1A(* �� .8N
* C�(* +I��)<'8�#� �

95D$1�2 �*+= �$"��+^, I+A�H �� I<% �
/&, )��<��*� )[M%
�G.(

[M% �Fl�*(�+$� �5LD, )��� N$$Q,N�" g��4(N�"�+$� �5LD, ���	 N$$Q,�*�5#� ;* I��1A(* �8 ��V6+� )�� ]G�[.
XpT= 0.446SiO2+0.187TiO2-0.404Al2O3+0.346FeO(tot)-0.052MnO+0.309MgO+0.431CaO-0.446Na2O
YpT= -0.369SiO2+0.535TiO2-0.317Al2O3+0.323FeO(tot)+0.235MnO-0.516MgO-0.167CaO-0.153Na2O

[M% iu95D$1�2 �
�$#$% Z$"+, �� �565� )����5#���I�� �� )<'8V6+� ]uo[.
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* �(�'% 

�$,5$8��:U
�A��
/&, �`���$,5$8 )* )����5#� �� ��9�<6 G
�(* I<% I���2 .�� �$,5$8 �
�$#$% Z$"+, ;* I��1A(* �8 0*5,

 �*� |$��, *� �#H�� \5�]GG[N$$Q, *� 02 �$��� ��+"
]G�[��<.*� �I�� *� ��`'� �J'( )[$LB, � )<'8 )�� Y'(

�(�'% �W*�*�5#� .��5$,�" +
���� �
�� +8Al �Fe/Fe+Mg �
� �$�5H5L	 ��$L$	��<$( ��$�2 I�+H ���S �8 ���M$�

�� -$��, �$�5A�
*<�5% ]G�[�
��A�* )��E* 0�$� �� �"
I�+H N
* ��5$,�" 9��D, ��Si-Al �Fe-Mg �D�� � U
*�

Fe/Fe+Mg=0.33 �A$�5H5L	 ;* �A$,5$8 )���M$� I<''" *<6
�(* .I�� �
�� +8)<'8 V6+� ]G�[��$(*� )���M$� �� ��

I+A�H 7
�/� � �$L$	��<$( � �$�2 Z`= 0�$� �� � �$,5$8
I<% �
�#��6 �$�2 Z`= �8 <�*)[M%��l�*(.���2 ;* ���H

 �$�5H5L	 \5�<'A�� �$,5$8 ���(+H� �8 z58+� �"���(.
C�(*+8 I�� �*�5#�)<'8 V6+� ]Gd[�$,5$8 ��(�+8 ��5� )��

#���$,5$8 \5� ;* <'A�� -
/$'� ;* �'@ )��)[M%��4.(
�$,5$8 �$Q>� �(�+8 �
�, �( �*�5#� �� ��TiO2-FeO-

MgO ]G�[Y'( )*+8 ��5� )���(�+8 �� 0��� �"
�$,5$8 � �$��* �
�#H�� \5� ;* ���;�8 <% 9��QA� <'A�� I

)[M%��.(��[M%�d)���*�5#� �V6+� ]Gy[N$$Q, )*+8
I<% I�*� 0��� �$,5$8 Z$"+, �
�� +8 �
�#H�� )+(<�* .+8N
*

� C�(* +
���� ;* I��1A(* �8�(<$�"*Al2O3-FeO-MgO�
�$,5$8I�� I�+H �( �� ����� )<'8Y'( [��% �" <�5% )��
�
�$L= �+$@�
*/�5" )A(�*+H ��$\5� )��5:+8 )�� S)P(�
�$�*+H �
*/�5" )���
�$L= �M�2 \5� ;*I�8 �A�8*� �
k�*��+	)C(<'A�� .��[M%�d��#� ��5#� ��5� )��

 �'�� �� �(�+8C�� )�6 )��<$
5A$�*+H �+#L= �8 � <�+$H
�
�$L= �M�2 �A�8*� ���*��+	<'A��.�$,5$8 �H<'"*+�����
�� ���*�5#�<�*5, <%�8 [$�� �� �8 :-" �8 �(* NM#� �M'
* 9�*

<'" +$$a, �$,5$8 Z$"+, 42 ���8 ���	 0<% ��
; ��K��
 �M'
*�c�#H�� 0<�2 b�8�*<�� Fe2+�8Fe3+
 +$$a,<8� .
Fe2+�8Fe3+<% [
<D,I�Mg �� k'"*� ��*�� � �5% +&'
�8 �$,5$8�D�� �8 �
�� R��1A� )������+H ]G�[.

69�< G�`�� �
/&, U
�A� )*�$,5$8 ;* )�*<Q, )�� �� �565���5#� ��)�
��+8 )��A:�( 95�+	FF�(* I<�2 �(� �8 0�$�"*(.
95-36 95-38 95-39 95-43 95-44 95-45 95-49 95-50 

SiO2 �/GG  �G/G�  �F/G�  ��/G�  yd/G�  Gy/Gd  ��/G�  d/Gd  

Al2O3 ��/��  d�/�G  �G/�G  F�/��  �F/��  F�/��  �/��  �y/�G  

FeO y�/�F  dd/� ��/� ��/�y  ��/�y  ��/�y  dy/��  �F/��  

CaO Fd/� ��/� ��/� �y/� �/� ��/� � �d/�
MgO �d/��  �G/FF  �F/F�  ��/�F  y�/�F  ��/�G  dd/�F  yd/�F  

Na2O �G/� ��/� ��/� G�/� �y/� Gy/� �F/� ��/�
K2O d�/y d�/��  �/� ��/� G�/� F�/� ��/� ��/�
V2O3 FF/� G/� F�/� F�/� F�/� F�/� ��/� F�/�
Cr2O3 � � � � � � � �
MnO G�/� ��/� ��/� F�/� F�/� F�/� FF/� F�/�
P2O5 � � �F/� �G/� �G/� �F/� �F/� ��/�
NiO � � � � G/� FG/� GG/� ��/�
TiO2 G�/G �F/� dG/� ��/� �/� � ��/� �/�
SO2 �F/� �y/� �y/� ��/� ��/� �F/� �G/� �G/�
\5#&� �y/��  ��/��  F�/��  F�/��  �d/�d  �F/�d  ��/��  ��/��  

Si �d�/� �dy/� ���/� ��d/� ��G/� ���/� ���/� y��/�
AlIV �F�/G GGy/F Fy�/F ���/F �F�/F ���/F �F�/F ���/F
AlVI � � � �G�/� ��G/� �Gy/� ���/� ���/�
Ti Gd�/� �Gd/� ���/� ���/� ���/� ���/� �y/� ���/�

Fe2+ ���/� �d�/� yy�/� G��/F G�/F GF�/F F��/F ���/�
Mn ��F/� ���/� �F�/� �G�/� �GF/� �G�/� �F�/� �G�/�
Mg ���/� y�d/� d�G/� yd�/F �FF/F ��F/F ��/F ��/G
Ca ���/� ��F/� �FF/� ��G/� ��d/� �FG/� � ��/�
Na F�F/� ��F/� ��y/� ���/� ��F/� ���/� �Fd/� ���/�
K dF/� �d�/� ydd/� y��/� yF�/� �yd/� ���/� ���/�
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