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Cr ���/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�
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Ti ��/� ��/� ��/� ��/� ���/� ���/� ��/� ��/� ��/� ��/� ��/� ��/�
Al ���/� ���/� ���/� ���/� �tt/� �te/� �t�/� �f�/� �ft/� ��e/� �f�/� �f�/�
Cr ���/� ��g/� ���/� ��/� ��f/� ���/� ���/� �ge/� ��r/� ��r/� ��g/� ��f/�

Fe3+ ��f/� �te/� ���/� ��t/� �rt/� �rt/� �rf/� �rf/� �r/� �r�/� �r/� ��/�
Fe2+ �gg/� ��r/� �t�/� �e�/� �tg/� ��f/� ��r/� ���/� ���/� ��e/� ��t/� �ef/�
Mn ���/� ��r/� ��r/� ��r/� ��g/� ��r/� ��g/� ��g/� ��r/� ��r/� ��r/� ��r/�
Mg �te/� t�f/� ��/� �re/� ��t/� ��e/� �et/� �gg/� t��/� t�f/� ��e/� ���/�
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K ��/� ���/� ���/� ��/� ��/� ��/� ��/� � ���/� ��/� ���/� ���/�

Mg� �f/� �e/� �t/� ��/� ��/� �e/� �e/� ��/� �g/� �r/� �g/� ��/�
Cr� �r/� ��/� �e/� �e/� ��/� �g/� ��/� ��/� ��/� ��/� ��/� �f/�
Fe# ��/� �e/� �r/� �g/� �g/� �e/� �e/� ��/� ��/� �t/� ��/� �f/�
Aliv ���/� ���/� ���/� ���/� �tt/� �te/� �t�/� �f�/� ��e/� �f/� ��t/� �r�/�
Alvi ��t/� ���/� ��f/� ��/� ��/� ��/� ��/� ��/� ���/� ��e/� ��g/� �r�/�
Q f��/� f��/� f�g/� f�f/� �e�/� ���/� grg/� r�e/� ��/� ��r/� ��/� �gt/�

Wo �g/e ��/e �t/r f�/g �g/� ��/� tg/� ��/� f/r t�/e e�/r rr/g
En gt/f� ��/ft ��/f� ��/f� gr/�� g�/�� �f/�� g�/�� et/ft fg/ft ��/ft r/ff
Fs t�/e ��/f ��/f ��/f �g/r ��/t ��/� tf/� tr/f e/� rr/f �t/f

Hz :��
d�53'��"Du  :��&�#� Wo  :�&�5L+�# �En : � �&F�L��/Fs:��&<+#0	)Mg/(Mg+Fe2+=Mg # �)Fe/(Fe2++Mg=Fe# Cr#=Cr/(Cr + Al) �Q =
Ca + Mg + Fe2+.
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z{� ��)<> -?;@/ ��5 �/0� ��&���+ �=�/'K/0
/ �+�*9 ���7 # �+�*9�5<3 �<)� -?B&� ����/ �����
��+ 

%�7#0& 5*&<7:�&F#?
0  %�7#0& 5*&<7 \&70F�L95Q -�" -/
 :#?Y ��g�+/ 6?9 �Z/�/ .K�*R �/�5;� '/ �7Wo�En #Fs 

]�e[%�7#0& 5*&<7 ��+/ ��!�70F -/�/� �" ?&� 5
� \&
 �
d#/ �FL�"?*)aP9gE.(���7 %
/ ����/?��Mg# 

'/zz/��Fyy/��+/ 0&�L� .�/?�� %&O��&�Al2O3

�
d�53'��" �� %�7#0& 5*&<7 wt% tt/��&�#'0� �� �wt%  
ff/e�&��# �� #�"wt%�t/e�+/ .u5� %&&IF -�L+/� ��

%�7#0& �/�5;� '/ �" Q=Ca+Mg+Fe2+�3 �B��J=2Na 
?9 6��wL+/ ]�t[:#?Y �� 0L�/��  #� %
/ �B+�1� M
�L� #g

�+/ 6?
�0Q �Z/�/ .|&��F %
/ T�+/ 03 �
C)F M
�L� �0J �-?*3
%�7#0& 5*&<7�/�5;� �� �" Q-J �� K�!� ?"� �7�;" 

%�7#0& 5*&<7%�7#0&  60L�Q �� �"|&�<7 -�" (# %"4
|
C&*��/� )Quad ( �/0U ?��/�)aP9g�.(:#?Y T�+/ 03g�

]"�7 �3�/?�� Mg# �/?��TiO2�� ]
/C	/ �)
�?F �5b3-
0
���� �7 ���@ �� �?3�
Al2O3#Na2O/� -?*F ]"�7

�� K�!�?*"� .�/?��Na2O�� %�D#0& 5*&<D �&��#�"�3�5J 
03/03 %&O��&� �3wt%��/�'/ 0L!&3 ��&�3 �7 6�53 �/?�� 

Na2O�5Y5� %�D#0& 5*&<D �� �&�#'0��
d�53'��" # �" �")�3
%&O��&� wt% �/�(�+/ .�3 �Y5F �3�O
��;" .
/� -�"

�/?�� �� ]
/C	/ ���b*� -�"#03�Q �3 �L&��# Na2O%
/ ���7 �"
�"#03�Q'mD5
dm  '/ 0&q�F �3 �+/ 6�5B�):#?Y{.(

:#?Yg%�7#0& 5*&<7 ���7 �
C)F M
�L� )Cpx (�&F#?
0  ��95Q -�"�L%&+0"��*12 -/(��#0LP�/ G'/�0 C
� G#� �3 ��34�5�.
,*+ Du Hz Hz Hz Hz Hz Hz Lz Lz Lz Wh Wh Wh Wh 
��5;� PR-�f PR-�g PR-�g PR-�g PR-�� PR-�� PR-�� HZ-�g HZ-�g HZ-�g PR�-� PR�-� PR�-� PR�-�

SiO2 e/eg g�/eg tf/eg �f/er fg/r� f�/rf ��/rf gf/e� e�/e� �f/eg �f/er ff/er �f/e� �f/eg
TiO2 ��/� �r/� �g/� ��/� ��/� �g/� ��/� ��/� ��/� ��/� ��/� �r/� �e/� �r/�
Al2O3 te/� tt/g �f/g ��/� ��/� �r/� ��/� r�/e ��/t ��/t ��/� e�/� �/�� �g/�
Cr2O3 �t/� ��/� �e/� �e/� �/� ��/� � �t/� ��/� ��/� ��/� ��/� ��/� ��/�
FeO* fr/� rr/� g�/� �f/� �/� e�/� g/g eg/� f�/� ��/� �e/� � �/r g�/g
MnO �/� �t/� �f/� ��/� �f/� �f/� �e/� �e/� �/� �g/� ��/� �g/� �t/� �r/�
MgO �e/�f eg/�t �e/�t r/�t ��/�� ��/�t te/�e rt/�t �f/�e g/�� gg/�� et/�� gt/�f ge/�f
CaO �t/�� ��/�� ��/�g ��/�g ft/�� �/�� t�/�� �e/�g g/�� �r/�� r�/�e tt/�e rt/�g e�/�r
Na2O ��/� ��/� ��/� ��/� ��/� ��/� ��/� r�/� gr/� �e/� �g/� ��/� �f/� ��/�
K2O � ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� �t/� ��/� ��/� �r/� ��/�
NiO ��/� r/� gg/� gg/� ��/� ��/� ��/� �r/� �r/� �e/� ��/� ��/� ��/� �f/�

u5;)� gr/��� g�/��� fe/��� fr/��� e�/��� eg/��� rg/��� fg/��� t/��� f�/�� f/��� �/��� r�/�� gf/��
�
�  03 -��L>�+ :5�0	�K�&�7/ |F/
a.p.f.u 

Si �g/� �rr/� �rr/� �t�/� tte/� ��f/� ���/� frf/� fte/� f�f/� ���/� �f/� fgg/� ���/�
Ti ��/� ���/� ���/� ���/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ���/�
Al ��g/� �e�/� �r/� ���/� �f�/� �fr/� �ft/� �g�/� �t/� �er/� �g/� ���/� re�/� gf�/�
Cr �g/� �ge/� �gg/� �g/� ��e/� ��f/� ��f/� �gt/� �gt/� �gr/� ��/� ��/� ��/� ��/�

Fe3+ � ��/� ��/� ��/� �et/� �t/� �e�/� ��/� ��/� �r�/� ��/� ��/� ��/� ��/�
Fe2+ �ft/� ��r/� ��/� �tg/� ��g/� ��e/� �g�/� ��t/� �f�/� �rt/� �r�/� �rr/� ��t/� ���/�
Mn ��g/� ���/� ���/� ��g/� ���/� ���/� ���/� ���/� ��g/� ���/� ��/� ��/� ���/� ���/�
Mg ���/� f�f/� ��e/� ff�/� r��/� ge�/� gr�/� ff�/� ft�/� ��t/� �g�/� �rr/� �f/� �fe/�
Ca f�f/� fff/� f�g/� ���/� �r�/� �g�/� �g�/� f��/� ftr/� rfg/� �fe/� ���/� e��/� et/�
Na ���/� ��/� ���/� ��/� ���/� ��t/� ���/� �gg/� ��r/� �ft/� ��/� ��/� �f�/� �er/�
K ��/� ��/� ��/� ��/� ��/� ��/� ��/� ���/� ��/� ��g/� ��/� ��/� ��/� ��/�

Mg� ���/� ��r/� ���/� �gr/� �fr/� �f�/� ���/� ��g/� ��f/� �t�/� �e�/� �ee/� fft/� ���/�
Cr� ���/� �f�/� ���/� ���/� �gt/� �e�/� �rt/� �gr/� ���/� ��f/� �g�/� ���/� ���/� ���/�
Fe� ��f/� ��t/� ���/� �tt/� ��t/� ���/� ��f/� ���/� ���/� �gf/� �rf/� �re/� ��r/� ��g/�
Aliv ��/� �et/� �et/� �gg/� �f�/� �fr/� �ft/� �eg/� �ge/� ��g/� ��/� ��/� �t�/� �f�/�
Alvi �rg/� ���/� �fr/� ��r/� ��/� ��/� ��/� ���/� ��r/� �g�/� ��g/� ���/� �fe/� ��f/�
Q ��g/� ft/� f�f/� f��/� ���/� ���/� ���/� �f/� f��/� ��e/� �tr/� �f/� t�g/� trt/�
J ���/� ��/� ���/� ��/� ���/� ���/� ���/� �tt/� �rf/� ���/� ��r/� ��/� ��f/� ��f/�

J/Q+J ���/� ��/� ����/� ��/� �����/� ��e�/� ����/� �gef/� ��t/� ���t/� ���/� ��/� ���/� �t�/�
Wo er/r� �r/r� ee/r� �e/r� ��/gg ��/gg f�/gg ��/rf tf/r� tr/�� t�/r� tf/r� fr/g� gr
En ��/e� �f/rf ��/rf gf/r� ��/tg ee/t� tt/t� t�/r� e�/r� g�/t� �r/r� g�/r� r�/t� fr/e�
Fs r�/r �f/g �g/g g�/g eg/g rf/g re/r ��/r f�/r �t/e ��/g ��/g �e/� �t/t

Hz:��
d�53'��"Du  :��&�#� Lz  :�&�#'0� �Wh :� �&��# Wo  :�&�5L+�# �En : � �&F�L��/Fs:��&<+#0	)Mg/(Mg+Fe2+=Mg # �)Fe/(Fe2++Mg=Fe 

�Cr#=Cr/(Cr + Al) �Q = Ca + Mg + Fe2+�J = 2Na .
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?<Y�y6��;9 ��K�L��' ����� ��� %&�'(,*+ �)*+��!	.&	��/0	 -�" �*12 . . .z{� 

a*&V+/:�b�� �
C)F M
�L�a*&V+/ -/ :#?Y �� �"r6?9 �Z/�/
�+/ .0s� '/�/?�� �B&70F N#07 �?= )Cr#=Cr/(Cr + Al)(

�� 60L�Q ��/��Ff�/��+/ �-�5J �3 �/?�� �7Cr# �3
�� ]
/C	/ �&�#� # �
d53'��" �;+ �3 �&�#'0� '/ M
�?F?3�
 .

%
/���@ �� �+/ �7Mg# 60L�Q-/'/et/��F�r/�a��9 /�
6?9 '/ %&O��&� �5J �3 #�e/��3 �&�#'0� ��t�/���

�� K�!� ]"�7 �&�#� # �
d�53'��"?"� .;� ���/�5 Cr+Fe 
�3 �B�� Al+Mg )aP9gl(��;" /��P94 a*&V+/ N#07 �� �"

-�L+/� `>�:��*
CO
�Y 0O��&3 �7Fe(Cr, Fe3+)2O4)5�=
�&�#07 �
��L�/ (�3MgAl2O4)a*&V+/ �
��L�/ 5�= (��+/

 �/0U?��/� .:�@ %
/ �3�a*&V+/ N#07,*+ �� �" c<L�� -�"
�B�� -/�/� -�"�;7 '/ E#�wL�?*L�" �
��L�/ 5�= #� %
/ .

T�+/03 �/�5;�Mg# �3 �B�� a3��� ��Cr# ]�r[-/036�� 
,*+ �� �5Y5� a*&V+/ u5� %&&IF # -?*3 -�"	��5� .&	��/0

�+�03��&�#'0� �� a*&V+/ �� �"60L�Q # �&�#� �� # a*&V+/
�
d53'��" �� �"60L�Q �/0U �&�#075
C&*� ?��/�)aP9g�.(

%&*�;"�|+�/�5;� �� ���7 %
/ �
C)F M
�L� Fe2+#
(Fe2+#= Fe2+

/( Fe2+ + Mg))  �3 �B�� Fe3+#(Fe3+#=
Fe3+

/( Fe3+ + Al)) ]��[�� K�!�?"� �� a*&V+/ �7
�&�#'0� �� �"60L�Q �
d53'��" # �&�#� �� # a*&V+/ �� �"
60L�Q �/0U ���5<  ��/�)aP9g�.(�/�5;� ��Fo %
5&�/

 �3 �B��Cr#a*&V+/]����f[�K#C	/ ��5;� -0&Q�/0U 03 �� �"
�&F#?
0  K/?&�-�" ]�/�#0	 03/ ��b*� )SSZ(��;" �� ���4

�L95Q ]
/�4 K/?&�%
5&�/ -/(a*&V+/)OSMA ( �/0U C&�
�/� %
/ # ?��� K�!�?"� ?�#� �7'/ �9�� 6?9 6?"�!� W#_

 l#0> # �!�36�0L�Q W/^�6�53 �+/)aP9g�.(K�*R �7
�/�5;� '/Cr# �3 �B�� Mg# ]�������e��t[��!�

 �/?�� ��+/Cr# �3 �B�� Mg# T5PI� ��BF�/ .
��/� 
)aP9g�(%
/ #-�
5Q 0�/W#_ �Y�� '/ �=5*L� 0
����-

�!�3�+/ �� �7 /0�4 �<2/ a&�� K/5F�*O;"�� �L95Q K#��
�
��3 W/^� ]*7/# #(,*+]��[�07 K�&3.

#?Y :ra*&V+/ N#07 ���7 �
C)F M
�L� )Cr-Spl (�&F#?
0  ���L95Q -�"%&+0"��*12 -/(��#0LP�/ G'/�0 C
� G#� �3 ��34�5�.
,*+ Du Du Du Lz Lz Lz Hz Hz Hz Hz Hz Hz 
��5;� PR-�f PR-�f PR-�f HZ-�g HZ-�g HZ-�g PR-�e PR-�e PR-�e PR-�e PR-�� PR-��

SiO2 ��/� ��/� ��/� �g/� ��/� �g/� �g/� �r/� gf/� �e/� �e/� ge/�
TiO2 ��/� ��/� ��/� ��/� ��/� ��/� ��/� �t/� �t/� �e/� ��/� �g/�
Al2O3 fe/�g fe/�� �e/�g ��/rf r�/rf ��/rf gf/�� ��/�� �e/�� gf/�� r�/�f er/��
Cr2O3 eg/re �g/re gf/re ft/�� �t/�t �r/�� fe/ee r�/eg ��/t� �t/ef eg/re rr/e�
FeO* eg/�t tg/�t t�/�t �t/�e r�/�e g�/�e ��/�t ee/�r �r/�� �r/�� t�/�� rg/��
MnO ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�
MgO ��/�r ff/�g ��/�g gf/�f �g/�f e�/�f ��/�� fe/�g r�/�� �g/�� �f/�e ��/��
CaO ��/� ��/� ��/� ��/� ��/� ��/� ��/� �f/� ��/� ��/� ��/� ��/�
NiO ��/� ��/� �f/� �t/� ��/� �t/� ��/� �r/� �r/� �r/� ��/� ��/�
Na2O ��/� ��/� ��/� ��/� ��/� ��/� t�/� ��/� ��/� �r/� ��/� ��/�
K2O ��/� ��/� ��/� ��/� ��/� ��/� ge/� g�/� ��/� �f/� ��/� ��/�
P2O5 ��/� ��/� ��/� ��/� ��/� ��/� ��/� �r/� ��/� ��/� ��/� �r/�
u5;)� ��/��� �r/�� �e/�� ��/�� �g/�� fg/�� ��/�f ��/�t e�/��� e�/�� t�/��� �r/��

�
�  03 -��L>�+ :5�0	�K�&�7/ |F/
a.p.f.u 

Si ��/� ��/� ��/� ���/� ��/� ���/� ��f/� �gf/� ���/� ���/� ��g/� �r/�
Ti ��/� ��/� ��/� ��/� ��/� ��/� ��g/� ��r/� ���/� ���/� ��/� ��/�
Al fe/� f�t/� fg�/� egt/� egf/� e�f/� ret/� rtr/� g�/� rg�/� tef/� rr/�
Cr ��/� ��/� ���/� gf�/� gt�/� g��/� e�e/� r/� ege/� e�r/� ���/� ge/�

Fe3+ �e�/� �t�/� �te/� �f�/� �/� ���/� ��g/� �rt/� �r�/� �e�/� ��g/� ��/�
Fe2+ gt/� gtg/� ge�/� �t/� �r�/� �et/� rrr/� ger/� r�r/� rg�/� ��e/� rt/�
Mn ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��t/� ��/�
Mg tr/� tge/� tr/� �r�/� �eg/� �re/� etg/� tfg/� t/� e��/� ��g/� ef/�
Ca ��/� ���/� ���/� ��/� ��/� ��/� ���/� ��/� ��/� ���/� ���/� ��/�
Ni ���/� ��g/� ���/� ��r/� ��e/� ��r/� ���/� ���/� ���/� ���/� ��/� ��/�

Fe2O3 e�/� ��/� fg/� �f/g �r/r e�/r e�/� ft/� �g/� ��/� ff/f �r/r
FeO ��/�r ��/�r �t/�r rf/�� ��/�� g�/�� tt/�e ff/�� g�/�e fg/�e t�/�� �f/�t
Mg# tr/� tr/� tr/� �r/� �e/� �r/� et/� tt/� e�/� e�/� ��/� et/�
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