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#(���5 �+T" M�%�:- ��N%LK	) O=+1�* (� �5�*L� >�5  O=+1�* 

 *�^���*#$ �
* �� L3�� �F�%.

B<0C1�Y�� �
<G1 S
�:� ���*#$ �� �+T+� ;�F��N%LK	 ;��:A�% C+�#	 ���d1 " ;* ��56 7�8�9%* ;�F)Ande : ��
 L�6Olig : � O=+(��*Or :
 O=+1�"*(.

��+9� B��� B��� B��� B��� B�.� B�.� B��� B��� B��/ B��/ B��/ B��/ B��/ B��� B��� B�./ B�./ B�./ B�./
�Y�� ��/ ��� ��� �^� ��^ ��� ��� ��� ��� ��� ��� ��/ ��� ��� ��� �^/ �^� �^� �^�
���B Ande Ande Ande Ande Ande Ande Ande Ande Ande Ande Ande Ande Ande Ande Ande Olig Olig Or Or 
SiO2 ��//� ��//� ��//� �///� ^^/�^ �.//� �^//� �///� ^�//� ��//� �^//� ��//� ��//� ��//� �///� �//�� ��/�� ��/�/ .�/��
TiO2 ^�/^ ^^/^ ^�/^ ^^/^ ^�/^ ^^/^ ^^/^ ^^/^ ^�/^ ^^/^ ^^/^ ^�/^ ^�/^ ^^/^ ^�/^ ^^/^ ^^/^ ^�/^ ^�/^
Al2O3 �./�/ ��/�� �./�/ ��/�/ ��/�/ ��/�� ��/�/ �^/�� ��/�� ��/�� ��/�/ �./�� ��/�� ��/�� �^/�� ��/�. �./�. ��/�� .�/��
Cr2O3 ^^/^ ^^/^ ^^/^ ^^/^ ^^/^ ^^/^ ^^/^ ^^/^ ^^/^ ^^/^ ^^/^ ^^/^ ^^/^ ^^/^ ^^/^ ^^/^ ^^/^ ^^/^ ^^/^
FeOtotal ^//^ ^�/^ �./^ ^�/^ ^./^ �^/^ ^�/^ ^�/^ ��/^ ^�/^ ^^/^ ^�/^ ^^/^ ^�/^ ^./^ ^�/^ ^./^ ^^/^ ^^/^
MnO ^^/^ ^^/^ ^^/^ ^^/^ ^^/^ ^./^ ^^/^ ^^/^ ^^/^ ^�/^ ^./^ ^�/^ ^^/^ ^^/^ ^^/^ ^^/^ ^^/^ ^^/^ ^^/^
MgO ^^/^ ^�/^ ^^/^ ^�/^ ^^/^ ^^/^ ^^/^ ^^/^ ^�/^ ^^/^ ^^/^ ^�/^ ^�/^ ^^/^ ^^/^ ^^/^ ^^/^ ^^/^ ^^/^
CaO �^/� ��/� /./� �//� ��/� ��/� ^^/� .�/� �//� ��/� ^�/� ��/� ��/� ��/� ��/� /�// /�// ^�/^ ^�/^
Na2O ��/� ^�/� �//� ��/� ��/� ��/� .^/� ��/� ��/� ��/� �./� ��/� /�/� �^/� ��/� ��/� �^/� ^�/� �//^
K2O ��/^ ��/^ ��/^ ��/^ �./^ ��/^ ^�/^ ^�/^ �./^ ��/^ ��/^ ^�/^ �./^ ��/^ ^//^ .�/^ ^�/^ /�/�� ^�/�/
X+9G� ��/�^^ ��/�� �^/�� ��/�� �./�� ��/�^^ ��/�� ��/�� /^/�^^ ��/�^^ ��/�^^ �//�^^ .�/�^^ �^/�� ��/�^^ /./�� ��/�� �//�� ��/��

Oxygen# � � � � � � � � � � � � � � � � � � �
Si ���/� �^�/� ��^/� ���/� ���/� /��/� ���/� //./� /�^/� �^�/� ���/� //�/� /�^/� /��/� /��/� �/�/� ���/� ^^�/. ^^./.
Ti ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^�/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^�/^ ^^�/^

Al(IV) .��/� .��/� ././� .��/� .��/� �^//� .�//� �.�/� .��/� .��/� .�^/� ��^/� �../� �^�/� �^�/� �.�/� ���/� ^�^/� ^^�/�
Al(VI) ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^

Cr ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^
Fe2+ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^
Fe3+ ^^�/^ ^^�/^ ^^//^ ^^�/^ ^^�/^ ^^�/^ ^^�/^ ^^�/^ ^^�/^ ^^./^ ^^^/^ ^^�/^ ^^^/^ ^^�/^ ^^�/^ ^^�/^ ^^�/^ ^^^/^ ^^^/^
Mn ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^�/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^�/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^
Mg ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^�/^ ^^^/^ ^^^/^ ^^^/^ ^^�/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^
Ca .��/^ .��/^ .��/^ .��/^ .��/^ ��^/^ .��/^ �/./^ ��./^ �^�/^ .��/^ ���/^ ���/^ ���/^ ��^/^ ���/^ ��//^ ^^�/^ ^^�/^
Na ���/^ ��^/^ �.�/^ �^�/^ ��^/^ /��/^ �../^ /�^/^ /��/^ /�//^ ���/^ /�^/^ /�//^ //�/^ /�./^ �^�/^ �/�/^ ^��/^ ^/�/^
K ^^�/^ ^��/^ ^^�/^ ^^�/^ ^^�/^ ^^�/^ ^^//^ ^^//^ ^^�/^ ^^�/^ ^^�/^ ^^//^ ^^�/^ ^^�/^ ^^./^ ^��/^ ^^//^ �/�/^ ���/^

0+�1�B ^^^// ^�^// ^^^// ���/� ���/� ^��// ^��// ^^�// ���/� ^^.// ^^�// ^^�// ^^�// ���/� ���/� ���/� ^��// ���/� ���/�
Ab �^/�� �^//� ^^/�. �^/�^ �^/�� �^//� �^/�� ^^/// �^//� ^^//� /^/�� �^/// �^/// .^//� ^^//� �^/�� �^/�. �^/�^ �^/�
An �^/.� �^/.� �^/.� �^/.� �^/.� .^/�� �^/.� /^/�� �^/�� .^/�^ �^/.� .^/�� �^/�. �^/�. �^/�� �^/�� ^^/�� �^/^ �^/^
Or �^/^ �^/� �^/^ �^/^ �^/^ �^/^ /^/^ /^/^ �^/^ �^/^ �^/^ /^/^ �^/^ �^/^ .^/^ �^/� /^/^ �^/�� �^/�.

X Ab ��/�� �//�^ /�/�. �//�^ .�/�� �///� ��/�� ��/// �^//� ��//� ^^/�� ��/// ^�//� ��//� ��//� ��/�� �^/�. --- --- 
X An ��/.� �//.� �./.� �//.� �./.� ///�� ��/.� ��/�� �^/�� /�/�^ ^^/.� /�/�� ��/�. .�/�. �./�� ��/�� �^/�� --- --- 
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��K�KA�5*#1 �0���+U� 0*#
* �%�&' ���B " �%�&'�+K5 �KG� .��

EF� G

H 8

I J

�K�L���= �
��9�' V�=#1 �%�#5 �� ���56 7�8�9�%* �:��*#$ !�+1 �� �+T+� ;�F :m��*�!�� ���K�� �*�+�9� �F��N�%LK	 ;L�&5]��[.� �q�
!�� ;�F�*�+9� C+Q�2�6 ;L&5 �F]��[.J�C+Q�2�6 ��+$#$� �
 �
�H6 ��F�� �%�#5 �*�+9� �F]��[.���M���1 �*�+9 ���1+�5 !�*+���A ;L&5 ��F

]��[.����1+�5 <
�91 ��K�� �*�+9� ��1+�5 ����"* ;�F �
+��� " �:	�
 C��d1  �5 ;�F]�.[.

B4M�N !:���=  * C+Q�2�6 �
* �� �+T+� W�	�� �K3* ;�F
���*#$ �"L� " �%�F�^�1�/�9G� L3�� 7�\)1 *� E&% 

�� LF� .+Q�2�6 ;�F�+K5 �'����+9� �
* �� C�F#:)�5�5�"�

 !�+5 ���%#$�  *)7\';�F .�"J(���+9� �A#5 �� ��* �F
�:
#K= L&
*#	 �*LA� ���= �= �%* !LF�)� 75�@ 0L' ;�F

 " �
#K= �LB ���B  *!��"*#	;�FC+Q�2�6 �� L&
*#	 �
* �F
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LKT��!��9' ���0�:�5�1�.�� �9�' �#5��= ���B )1 j
*#' ���d1 �� �F���*#$ 7�I . . ..�.

L&:�F)7\'.�.(S
�:��
<G1�Y�� ;*C+Q�2�6 �+T+� ;�F

* ��E&% ��F)C"LT�(#
����Al2O3��5 �//�1�/�� 

� " �� " L3�� �*L�CaO ��5 �/�� �1 �/�� *� �� " L3�� 
�� 0�)� L&F� .���= �
* ;��:A�% C+�#	 �Q%�Z� 4�%* #5 �F

�.  * !��2:%* " 0]��=* M1* !�� �f*�* ;L&5 !L'sT#� �� ]��[
0�)���LF�C+Q�2�6 �9F �= *�*� �+T+� ;�F� ;�*L� 

Ca/(Ca+Na)  * >�5�//^�= L&:�F#(���5��K= ��F�� �9
���= �
* �%�F .!�� 4�%*#5;L&5sT#� ]��[�9F <�� 

C+Q�2�6 C+Q�2�6 X+�  * �%�#5 ��+� ;�F ��K= ;�F�9!�+5 
)7\'�q(L&KQ��+F+
<&(� V�=#1 ;*�*� "L&:�F)7I'�

�.(��*L� Mg#C+Q�2�6 �� � �%�#5 ��+� ;�F �!#:�$ .//^
�1��/^�Q�� ;*�*� " !�+5 Fe3+

/Fe2+��
�- �5 #5*#5^�/^�1
��/^L&:�F .C+Q�2�6 ��+$#$� �
 �
�H6 ��F�� �%�#5 �5 �F

 �*�+9�  * !��2:%*Ca+Na+K �5 �Q�� Si �� 0�)� LF� �=
C+Q�2�6 �9F �+T+� ;�F���*#$ �� X+�  * �%�#5 ��+� ;�F 

C+Q�2�6 ;�F!L�6#51  * �9$�� �+KQL&:�F )7I'�J(.

B<0C7�Y�� �
<G1 S
�:� C+Q�2�6 ;��:A�% C+�#	 ���d1 " ;* ���*#$ �� �+T+� ;�F ���56 7�8�9�%* ;�F)����B ;��U�:A* ���O8 :Mg-Hbl :
L&KQ��+F+
<&(�.(

��+9� B��� B��� B��/ B��/ B��/ B��/ B��� B��� 
�Y�� ��� ��� ��� ��� ��� ��� ��^ ��. 

���B Mg- 
Hbl 

Mg- 
Hbl 

Mg- 
Hbl 

Mg- 
Hbl 

Mg- 
Hbl 

Mg- 
Hbl 

Mg- 
Hbl 

Mg- 
Hbl 

SiO2 ^�/��  �./��  ��/��  �^/��  .�//^  ///��  ��/��  ��/��  

TiO2 ^./� ��/� �^/^ ��/� ��/^ �^/^ ��/^ ��/�
Al2O3 �//� ��/� ��/� /^/� ��// ��/� �//� ^�/�
Cr2O3 ^^/^ ^�/^ ^^/^ ^^/^ ^^/^ ^�/^ ^^/^ ^^/^
FeOtotal ��/��  ///��  �./��  ��/�/  ��/��  ��/��  ��/��  ��/��  

MnO /�/^ ��/^ /�/^ �//^ /�/^ /�/^ /^/^ /�/^
MgO /^/�^  /�/�^  �//��  ^�/��  ^//��  ��/��  .�/�^  /�/�^  

CaO �//��  ��/��  ��/��  �^/��  �./��  ��/��  ^^/��  �^/��  

Na2O ��/^ ��/^ ��/^ ��/^ /�/^ �^/^ ��/^ �./^
K2O /�/^ /�/^ .�/^ .�/^ .�/^ .�/^ ��/^ ��/^
X+9G� �//��  ^//��  ��/��  �./��  ��/��  ��/��  �//��  ��/��  

Oxygen # �. �. �. �. �. �. �. �. 

Si ���/� ���/� ���/� �.�/� ��^/� ��./� ���/� ^.�/�
Ti ���/^ ���/^ ^��/^ �.//^ ^��/^ ^��/^ �^�/^ �.�/^
Al(IV) �^�/� ^^�/� ���/^ ���/^ ��^/^ �^�/^ ^��/� ��./^
Al(VI) .��/^ .///^ ���/^ ���/^ �/�/^ ���/^ �^�/^ ���/^
Cr ^^^/^ ^^�/^ ^^^/^ ^^^/^ ^^^/^ ^^�/^ ^^^/^ ^^^/^
Fe2+ ���/� ���/� /��/� ���/� ���/� ���/� �^�/� ���/�
Fe3+ ���/^ �.^/^ �.�/^ ���/^ ���/^ .��/^ ���/^ ./�/^
Mn ^��/^ ^��/^ ^��/^ ^��/^ ^��/^ ^�^/^ ^�./^ ^��/^
Mg ���/� .^�/� �.�/� ��//� �^�/� /��/� ���/� .../�
Ca ���/� ���/� �^./� ���/� ���/� ���/� ���/� �/�/�
Na ��./^ ���/^ ��//^ �.//^ ���/^ ���/^ ���/^ ���/^
K �^�/^ �^�/^ ^��/^ ^��/^ ^/�/^ ^�^/^ ��//^ ^�^/^
�F 0+�1�B ^�//�/  ���/�/  �/�/�/  ^��/�/  �^^/�/  �/^/�/  ��^/�/  ��//�/  

Mg# �^�/^ /��/^ �.//^ ���/^ �^//^ �^�/^ /��/^ //�/^
Fe# .�./^ �/�/^ .�//^ ./�/^ .�//^ .��/^ �/�/^ ���/^
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��K�KA�5*#1 �0���+U� 0*#
* �%�&' ���B " �%�&'�+K5 �KG� .��

���4�� :���= #(
�  * ��1+�5 ���*#$ �� �+T+� �K3* ;�F ;�F
�*"*#	 ;*�*� " �%�#5 ��+� �
* �� C+Q�2�6 �5 �Q�� ;#:9= �

��+9� �F�%.�"L� ���= �
*�^�9G� L3�� *� E&% 
�� 7�\)1 �:
#K= L&
*#	 �*LA� " LF� ��G
* VT+� 0L'

 ��
#K=�LB ���B��1+�5  * �A#5 �� ����:�1 ";�F
0�%#$� !L''�%* !L)7\';�F .�"J.(S
�:��
<G1 

��1+�5 �' *�#-<
� � " �+T+� ;�F �
* ;��:A�% C+�#	 �Q%�Z
���= #5 �F4�%* ��C"LT �� 0]��=* M1* .�%* !L' �f*�* .

� ;*�*� �%�#5 ��+� ;�F�\�� �9F�*L� Fe2+
/(Fe2++Mg) 

5>�* ../^��1+�5 !"#$#
  �� �
*#5�&5 eL&:�F )75��� ��

��-+$+K	 (�� �*#@ L�#�$)7\'��.(��1+�5 �+T+� ;�F
��*L� Fe2+#��5 ��/^�1��/^*�L���&R uA�' " * �$L'

 M�&��+�6(ASI=Al/Ca+Na+K)06 �� �F!#:�$ ^�/��1
��/��%*0�)� uA�' �
* j%+:� #
���� �= !L&F�!#:�$ 

�%* q*r� �+KQ1 �� M�&��+�6 ����d	]�/[.�*�+9�  * !��2:%*
 ��K��10TiO2-MgO-(FeO*+MnO)�5 1 �+b&�t�I2 

��1+�5 ��F�� �F0�)���LF���1+�5 �= �� �+T+� ;�F
���*#$ 9F ��56 7�8�9%* ;�F�L&:�F �
�H6 " ���"* X+�  * 

)7\'��.(

B<0C?�Y�� �
<G1 S
�:� ��1+�5 ;��:A�% C+�#	 ���d1 " ;* ���*#$ �� �+T+� ;�F ��56 7�8�9%* ;�F )Bt :��1+�5.(
��+9� B��� B��� B��/ B��/ B��/ B��/ B��� B��� 
�Y�� ��. ��� ��/ ��^ ��� ��. ��� ��� 

���B Bt Bt Bt Bt Bt Bt Bt Bt 

SiO2 ��/.�  .//./  �//.�  ^�/.�  .�/.�  �^/.�  ��/.�  ��/.�  

TiO2 ��/� ��/� ��/� �./� �//� /�/� ��/� ^�/.
Al2O3 /�/��  ��/��  ��/��  /�/��  .//��  ��/��  ��/�/  ��/�/  

Cr2O3 ^^/^ ^^/^ ^^/^ ^^/^ ^^/^ ^�/^ ^^/^ ^^/^
FeOtotal ^�/��  �^/��  .�/��  ��/��  ��/��  .�/�^  �^/�^  ��/�^  

MnO ��/^ ��/^ ��/^ �//^ �//^ ��/^ ��/^ �//^
MgO ��/� �^/�^  ��/�^  ^�/��  ��/�^  ��/� ��/�^  ��/�
CaO ^^/^ ^./^ ^�/^ ^�/^ ^�/^ ^�/^ ^�/^ ^�/^
Na2O ^//^ ^//^ ��/^ ^�/^ ^�/^ ^�/^ ^//^ �^/^
K2O �^/� �^/� /�/� .�/� ��/� �//� ��/� ��/�
X+9G� ^//��  ��/��  ��/��  ��/��  ��/�/  ��/��  ��/��  .�/��  

Oxygen# �� �� �� �� �� �� �� �� 

Si �^.// �.�// ��/// /��// ���// /��// �^�// �^�//
Ti .�./^ ��//^ ..�/^ .�^/^ ���/^ ���/^ ..�/^ ./�/^
Al(IV) .��/� /��/� .�./� ���/� ..�/� �^�/� .��/� .��/�
Al(VI) /��/^ /�./^ ���/^ ���/^ /�//^ ���/^ �/�/^ ���/^
Cr ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^�/^ ^^^/^ ^^^/^
Fe2+ ���/� ���/� �.�/� �^�/� /��/� /��/� /��/� ���/�
Fe3+ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^ ^^^/^
Mn ^.//^ ^.�/^ ^��/^ ^.�/^ ^.�/^ ^.�/^ ^.�/^ ^.�/^
Mg �.�/� �/�/� .�//� ���/� �^�/� ���/� .^//� �.�/�
Ca ^^^/^ ^^//^ ^^�/^ ^^./^ ^��/^ ^^�/^ ^^./^ ^^./^
Na ^�//^ ^�//^ ^.�/^ ^��/^ ^��/^ ^��/^ ^��/^ ^��/^
K ��./� �/./� �../� ���/� ���/� ���/� ���/� �.�/�
�F 0+�1�B /��/�/  /�//�/  /.//�/  /��/�/  //�/�/  /.//�/  /��/�/  /��/�/  
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