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FeOt mn/�� ��/�� ��/�� ��/�� n�/�� �l/�� �n/�� �m/�� ��/�� ��/�� ��/��
MnO ��/k ��/k ml/k ��/k ��/k �n/k ��/k ��/k �l/k �m/k ��/k
MgO ��/�� kl/�� kn/�� n�/�� n�/�� ��/�� ll/�� k�/�� �l/�� �k/�� ml/�k
CaO ��/�� ��/�� nn/�� kl/�� �k/�� ��/�� ��/�� ��/�� �k/�� kn/�� m�/��
Na2O �m/k ��/k ��/k ��/k �n/k �n/k ��/k ��/k ��/k ��/k k�/�
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Fe+3 nk/k �n/k nl/k �k/k �k/k �n/k nm/k �l/k ��/k ��/k ��/k
Cr+3 kk/k kk/k kk/k kk/k kk/k kk/k kk/k kk/k kk/k kk/k kl/k
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Mg ml/� lk/� ��/� m�/� �l/� ll/� m�/� lk/� m�/� lm/� �n/�
Ca nm/� n�/� nl/� nm/� nl/� n�/� nl/� n�/� n�/� nl/� nk/�
Na �l/k �m/k �l/k ��/k �m/k ��/k �m/k ��/k ��/k ��/k ��/k
K kk/k kk/k kk/k kk/k kk/k kk/k kk/k kk/k kk/k kk/k kk/k

Total uu/dg kk/�l kk/�l kk/�l kk/�l kk/�l kk/�l kk/�l kk/�l kk/�l kk/�l
Mg# ��/k ��/k �n/k ��/k �l/k �k/k ��/k �k/k �k/k �k/k ��/k
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&�, ��&��3� *'/+% 5'B�1'*�5-/ �@2���K '�� "#( 4"/+�<2
P�,2���B�'#�&/= #��&�)?$(i(& ��	 � Q�	 *��, #�&�0

���	�P�, /2/D�1! 2#1��	Al -Ti )+�,��+(&� �� �5 #(�,
| |	 �&��3��"��#1,2B'*�5-/ �@.K �& #%� "��;+7& �@]fu[.

1	 �#!'4�B �� O'/*�5- �@2E17 �@2�%�+��&vf/iu �0
dd/tus+	 '/5/0 - �7&'.K C�@�&Wo51.2 Fs12.47 En36.51 

�0 45/	 ��Wo48.15 Fs21.71 En30.14 (�> ��'�s0''	 /�#15.

6+1@#1, "�� �&��3�2B'*�5-/< �&/= - �@'/2B'*�5-/�@2E17 �@2-/,�< �� ='���"/+�< �� 2���B�'#]e�[.

<��=8�+� �4X0 x�� ����5 I�&�/B 4� 5'B�1'E17 �� *�5-/�@2-/,�< ��+�%� �0 �)�B /, a�67�Z	��2i�5& '- .Hg0�5 '.�.(
rim core middle core middle rim middle rim rim core middle

SiO2 nl/ln �k/l� ��/l� lm/l� �m/l� ��/l� ��/l� ��/l� ln/lk ��/ll k�/ll
TiO2 �m/m n�/� ��/� mm/m �n/l kl/� ��/m ��/l mn/� l�/m n�/m
Al2O3 �m/n lm/n ��/� ��/n k�/�� k�/�� ��/� ��/�k kl/�� ��/� mk/�
FeO �n/�� �l/n kl/�k ��/� �n/n ��/n �n/�k �n/n l�/n ��/� �m/�
MnO mm/k ��/k �m/k ��/k kn/k ��/k ��/k ��/k ��/k ��/k �m/k
MgO kl/� �n/�� �m/�k �m/�k ��/�k �n/� ��/�k m�/�k mk/�k �l/�� �n/��
CaO k�/�k ��/�k l�/�� �n/�� ��/�� n�/�� ml/�� ��/�� �k/�k �m/�m ��/�m
Na2O m�/� ��/k �n/k ��/k ��/k l�/k �m/k ��/k ��/k l�/k ll/k
K2O km/k k�/k kk/k k�/k kk/k kk/k kk/k k�/k kk/k kk/k kk/k
Total �k/�� ��/�kk ��/�� �m/�� n�/�� m�/�� kn/�kk ��/�� ��/�� l�/�� ��/��

Si ��/� nm/� n�/� n�/� ��/� ��/� n�/� ��/� ��/� ��/� ��/�
Ti k�/k k�/k k�/k k�/k �l/k �l/k k�/k �m/k ��/k �k/k �k/k
Al ml/k mm/k m�/k ml/k l�/k l�/k m�/k l�/k �m/k m�/k l�/k

Fe3+ k�/k k�/k kn/k k�k/k �k/k k�/k kn/k k�/k ��/k �m/k ��/k
Fe2+ mm/k ��/k ��/k �k/k �m/k �n/k ��/k ��/k k�/k k�k/ k�k/
Mn k�/k kk/k k�/k k�/k kk/k k�/k k�/k kk/k kk/k kk/k kk/k
Mg ��/k ��/k ��/k �k/k ��/k ��/k �n/k ��/k ��/k ��/k ��/k
Ca ��/k �m/k ��/k ��/k �m/k ��/k �k/k ��/k �m/k �m/k �m/k
Na du/u kl/k kl/k kl/k kl/k kl/k k�/k kl/k kl/k km/k km/k

Total g l l l l l l l l l l
CaTs ��/� �l/� �k/� n�/� �n/�� �k/�� m�/� ��/�k ��/�l l�/�� ��/��
Wo kk/ll ��/ln ��/l� �n/l� ��/l� �l/ln mk/ln ��/l� l�/l� �m/ll �m/l�
En �l/�n ��/ml �k/�� ��/mk n�/�� nm/�� ��/�� ��/�� ��/�� ��/m� k�/m�
Fs �l/�� ��/�� l�/�� m�/�l ��/�� kl/�m m�/�n �k/�� ��/�� kl/�k �l/�k
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0��
 � A2
�
��� ��.���� 	
� � �	���	����� ����� 

�-�', �'�&��, �� /+%'���&��, - �@ �@2 ='���"#( I�&4< 2
]r���deheg[�� ��10 -��@-/,�< �� w�R ���	 Y2 ='���

�7& "#( I�&4<]ev[.& �&�*- �, �9�0 �, -��<H����� -
& ��F> .��,���5 *�E17 �� �@2�-�� �& �� ��*G@-HB 
7�/, /, "-y!�-�<H��@2	'B�$7-/$���� ��&q<2��5 �/,

- L�7&�<H��@2('3'���, �=� �, '/+%2��/< a��D .&�*
��5�E17 �� �@2-/,�< ��1%0 '+�7�/, ���	 �&�&� 25/0 'C
��5�7�1(�(Si, IVAl)6.02(Ti, VIAl, Fe+3, Fe+2,

Mn, Mg)5.99 (Na, Ca)1.97O22�7& .&�5/0 *'�,�%	 C
���K'�@423 ! N,�1	 �� "#( /%+1	 ���5 �& ��-� '�7& �

]e�f�r�dvhdr[.�9 �, �9�0 �,�<�&/= "�)'/2���K '�@42��5 �
7�/, ���	��&��3� "�� #1,2��5 ��@2"-/< ��7'/��*��/"-/<

�-�'�)?$( �&��3�g(-�'4	'.&4Mg/(Mg + Fe+2)
)vd/u�0if/u(]e[& ��*��5�3^& �,'.�1�-� '�&q)	�� �2#(.

�-�'�-& a��D �, �'- ��#60 �& ��0�7/5 ?'E17 �� ��@
	 ?D�>�/_� �, ��(]r�ev[.]dr[�-� �� 60 �'a��D �, �

�-&'5/0 �, U�,/	 �'�3<�	 C2�-& '3� - �7& ��7- �, #�&�0'� 
�@�	�2/< �\�3j	�� �<#�4��5& '- .H�&/( ��� }'4�$�

� 60 \�3j	��9�0 �'��( �.���	�P�, /2Na + IVSi���	 -�/
O5Ca + IVAl- �& �<H��@2�-� '��@��\�zZ	 �5 #1+�@ 
#60�0�7/5 ?'0��D �� �#1+�@ �@-/,�< �� ���-� �5 '��@2
&�&�2���	 �O5 /Na + IVSi���	 -�P�, /2Ca + IVAl 
�3���-� /)��'��@2�-& '�#�&]fd[.?$( �� �$��1{v)�&S(
��	 "#��-� ���( '��@27�/, ���	 �E17 �� �@2-/,�< ��

1%0'+���	 �� �"/+�< �, ��2/+�5�R 2"#1@� .�%� �5 2
5/0'��5 C'����-� 'E17 �� ��@2�:K �&�&� ��7& *2���	 �/

/+35Na + IVSi���	 -�/0P�, /Ca + IVAl�7& .&�*
	 � Q�	��-& "�)+7�R /)��%� #�&�0'& ��� *�-'�#(�, �@ .

�! �,'"#2]r�fd[�-� '	 ���, #�&�0 a��D���5 Y�
E17 �� C��T �@2��7 �& V�6(& /' '���( �+�/< /_� �� W

�-���5 �, .&-&/� �@�6( � ! �, N=&- �� ��@2�� �#5 
�,'��2	 �&�	 �& ���� #�&�0���( �+�/< "#.

1�;.	����� ������� 	������� 	���� 
�@-/,�<21%0'+��-� '�7�/, ���	 �&��&�&� �2��5 ��@2

 5'B�1' ;� �*�5-/'����K �*'JyB - O�#1+�@ �y5� .
 5'B�1'*�5-/ �@2���B�'#2&�E17 *�@�3<�	 w�R ��@2
��,2b�0�c7# � '#1{ - �7& �&�'- *�<H��@��+>���
 5'B�1'*�5-/ �@2�@�3<�	 2��, 2h ='����'� 4�3� "#���( .
 5'�1B'*�5-/ �@2& �, U�,/	 �E17 *1T �@�<#( �?,�= 

�9�0��&Al2O3-TiO2�0 -�<#( �7 �& ' '.�%� &� W
	�#1@�)\-#9e.(7�/,��@2��5 S +�	 ��@2�, "&/3@ 

�-�', ��'�B 4�J&��B ��9- /)����-� �&#' 5 - �'B�1'1T *�5-/�
�&Al �7& ]�hde[.0��D ����@��� �5 2��, "&/3@ /)��5 ��

�-�'	 ��s0 #1�&�0''5/0 a&/'6��&-&/� �- #1(�, �+(&� 
3@'& �, �%�5/0 *'��5 C'���#1(�6� "&/3@ .�� 60 #�-� �, "&/3@

 5 ��'B�1'*�5-/( ?	�$0 ��@'3'���1T �37 �, ��& .#( 
Al -Ti)?$(r(B'	 G��-� .�&��3@��, ���	 -� /@ �� '��

)3%{'�@�� , - �7& /���� �5 �, ��+�&"#	K ��9- �& #�& Al -
Ti1T �#�/0 .

6+1B�@#�-�2 5 �� "#( "#@�%	 'B�1'*�5-/( ?	�$0 "#1@#��%� �5 �@'3'��� 5'B�1'*�5-/1T �37 �, �@��& .#( Al -Ti �, "&/3@ 
& �� �� 60 #�-����5 *��7�@.



�-�-�2��j�	 �2,/= ���.&/�& �7�1( ���5 - �7�1(�� , � X	 � ��l

?$( ���s0''/z1! a&/Al �, �6�� Ti �� 
 5'B�1'*�5-/�z0 �, �@�%5 /'�7& "#( "#]fe[.	'.&4

Ti/Al 5 �� 'B�1'*�5-/�@2�@�3<�	 2 ='����, U�60�& �� 
& �� ��%� �&#�	�	 �@�3<�	 *��Z� �, �#(�,2& �5 ��, �&#�	 *

&4�&�	 G'	 G@�5 ��%� .&4��#,�]ff�fg[.�6���@2P�, 2
v/u< Ti/Al <ev/u3<�	 �� 60 "#1@#��%��@��%� �� �2
�B'�	 *�& �#(�,���> �� *��6�� �5 �7& �@2,'*ev/uh

dev/u	�, #�&�0'�@��%� �� �� 60 /)��2�B [�+6�� '�#(�, *
]fe[.�&#�	 �, �9�0 �,Ti/Al 5 'B�1'*�5-/�@27�/, ���	 �

�-#> �5et/uhd�/u	�	 �#(�,�& �5 �(&� ����& .&�0�*
 5'B�1'*�5-/@��%� �� �@�2�B [�+6�� '��3<�	 �& *2 ='���

"#( �� 6+	#�&.
& �5 �X�K �&�E17 *#( �@�7 �& V�6(& �Z0 [&#' 'W
�B �&#�	 �#1+�@'�7 *' '	 ��3<�	 �� ��9�	 W��� #�&�0'?

1(-��	 /, '�B .&4'�*Si 5 �� 'B�1'*�5-/ #(�, �@]r�dd �
fv[.	'� 5 ~�	/{ .&4'O 5 �&�'B�1'*�5-/ �@2"#( I�&4< 

��5 �, "&/3@��-� 'E17 �� ��@2 ='���+�&��, �,'*d/v�0
d�s+	 '�7& /]r�fi[.	'� 5 ~�	/{ .&4'O�&�
 5'B�1'*�5-/ �@2�@-/,�< 21%0 '+�7�/, ���	 ��', 4'*

fe/v�0iu/dgs+	 '�7& /)\-#9e.(]fr[�5 �7& #�+j	 
&�+Z	2�B'�*Sij0 ?	�! �3<�	 ''"#115 *&2&/, 2\yZ�& 

� 5 ~�	/{ �49'O 5 �� �&�'B�1'*�5-/�7�@.

���	����� ��%
��� �����C ��=����� 	
� � �	���	�����
 ����� 

�-� �&#R� �#( "��(& �$��1{'"��0 �� �2-/,�< �� ='�����
E17 �@2-/,�< ��1%0 '+��@-/,�<�� - �7& 2�&/0 '+�(�> '�-

2� "��0 �3� "#���( .���K'4�@2XRFE17 �@21%0 '+�-
�&/0'+�\-#9 �� �@2f-g�3� �"#( "�&� G#�& .	')��'*

	'�5& .&4'#Al2O3E17 �@21%0 '+�ed/drE17 -�@2
�&/0'+�ir/dg�7& #D�� .1�3@'	 *')��'	 *'.&4TiO2-

CaO0/0 �, 'E17 �� C�@21%0 '+��&/0 -'+�ru/e�uu/e-
ri/du�dv/dd#D�� �7&.

]r[�@��+5�� �5 �7& #�+j	 2�-� �� 60 �, U�,/	 O�	 '�
�@�3<�	 ��27 �& V�6(& �Z0 ' '	 W�	 #�&�0'P�, .&42Al �

���	��, //+35 �6��Ca� -'&�+Z	 42�B'�7 *' '.K W�@
�-� �5 �{/< - #(�,'��1T ��� Y��&Ti�- ��7& �	'.&4Ti 
3� �3<�	 �� ��9�	��� #�&�0' �R� /, �-� �&#'#(�, �.&��� *

��>��5 �7& ]dt�fd[	 �5 #�#�+j	 '.&4TiO2P�, 2v/e
��- #D���3�	 ?	�! ��3<�	 �� ��-� �� 60 �� '�7& �.

	 "#@�%	 �$��1{�	 ��('.&4Ti7��Z	 ��^ �, ���
E17 �@���-� �� 60 �5 '.K �� ���7& /0P�, "�&� �� �@
&/,�1,�	 *����	 �5 �;< .&�0�/P�,2Ti�'	 4���+5�� #�&�0
3�	��-� �� 60 �� '#(�, �.

B �$��1{'& �& G� 5 #( �+;< *'B�1'*�5-/ �@2�� 6+	 
E17 �� "#( �@21%0 '+��'&�&� 42���	 �P�, /2Al �Ti -

���	��B /'�7 *' 'W#�& .�, a��D /@ ��	 /_���5 #7�
5/0'"#115 \/+15 ?	�! �3<�	 C25/0 O�	 'C
 5'1B�'*�5-/ �@2��5 �, "&/3@ "#( �� 6+	 ��-� '#(�, �.
 5'B�1'*�5-/ �� �@'7 �& /' '	 }�� - #1+�@ W��� #1�&�0

"��0 �@����3� �&�&� �5 #1,�2 ;� '5/0 �� ��X1�, *'��R C
#1(�,]r[.

6+1Ds0 ''/z1! a&/Al �, �6�� Ti 5 �� 'B�1'*�5-/ �@]fd[.
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<��=9�+��4X0 x��XRFE17 �@2-/,�< ��+�%� �0 �.
SiO2 ��/l� ��/l� n�/ll �m/m� l/ll kl/ln ��/ll l�/ll ��/ln ��/l� nl/l� 
TiO2 ��/� mn/� �m/� ��/m �l/m l/� �/� �n/� m/� ��/� l�/�
Al2O3 l�/�� ��/�� n�/�l �n/�l �/�� �/�� n�/�� �n/�� kl/�� ��/�n m�/�� 
Fe2O3 l/� m�/� l�/� �m/� m�/n kn/n lm/� ��/� ��/� �m/� l�/�
MnO dv/u ��/k ��/k ��/k ��/k ��/k �l/k �l/k ��/k ��/k ��/k
MgO �m/� ��/m �m/�k m�/� l�/l ��/� �/� ln/l �m/� �/m �l/m
CaO ��/� �l/� kl/�� k�/�l ��/�� ��/� ��/�� �/�� ��/� �m/� l�/�
Na2O k�/� ��/n �l/l l�/n ll/� n�/� �n/� �m/n n/� �/n �n/�
K2O mn/� ��/� ��/� ��/� ��/� ��/� n�/� l�/� k�/� ��/� �m/�
P2O5 n�/� mn/� ��/k �/m ��/� �m/� kn/� ��/� �/� ��/� ��/�
Total ti/tt �l/�� ��/�� �l/�� �l/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� 
Ba ���� ��l� ���� ��mm �l�� �lm� ���k ��m� �l�l ��n� ���n 
Co �l mm �� ml m� �� m� mk �l �� �� 
Cr � m l�� �n �� m �n �� k � k
Hf l � l k � � m m � l �
Nb �mm ��� �� ��� �m� �ln �km ��l �lm �l� �ml 
Nd �� nm l� ��k ��� �m �� �k� �� �k �m 
Ni n � ��� �n mk � m� �� n �� �m 
Rb �� �m � �� �n m� �m �n m� �� �� 
Sr �l�� �mm� ��m� �l�n ���� ���� ���� ���� ��m� �n� �k�� 
Th � �k � n � � n � � �k �
V ��k �n� ��k m�l m�� ��� ��� m�� ��� �ml ��� 
Y �� �� �m �� �� �l �m �� �l �� �m 
Zr �k� ��� ��m �ln ��� �l� �mk ��l ��n �m� ��� 

<��= >�+��x4X0 ��XRFE17 �@2-/,�< ���&/0 '+�.
SiO2 m�/ll n�/ll n�/ll ��/ll ��/ll ��/ll �l/ll l�/ll k�/l� l�/l� l�/ll
TiO2 kl/� k�/� ��/� ��/� kk/� ��/� �k/� �l/� �k/� �l/� k�/�
Al2O3 ��/�l ��/�l m�/�l n�/�l m�/�l m�/�� k�/�� �l/�l nk/�l ��/�� k�/�l
Fe2O3 lk/� n�/� m�/� ��/� mm/� ��/� k�/� �l/� lk/�k ��/� �n/�
MnO �n/k �n/k �n/k ��/k �n/k ��/k �n/k �n/k �n/k �n/k �n/k
MgO l�/�� �k/�k n�/�k �m/�k ��/�k �m/� nl/� ��/�� m�/�k �k/� ��/��
CaO k�/�� �n/�� k�/�� �m/�� kl/�� l�/�� mk/�� mm/�� ��/�k �m/�� k�/��
Na2O ��/l �k/� k�/� k�/� �n/� m�/� ��/� m�/� �m/l km/� ��/l
K2O l�/� mm/� ��/� �l/� mn/� m�/� mk/� �m/� ml/� l�/� lk/�
P2O5 ��/k ��/k �n/k �k/k �m/k �m/k �l/k �k/k n�/k kl/� ��/k
Total tf/tt ��/�� �n/�� ��/�� �l/�� ��/�� ��/�� �n/�� ��/�� ��/�� ��/��
Ba �m� ��m ��� ��l� ��lm �k�� �knn �k�� ���� ��nn �k��
Co �l �m �k �k l� �k �k �� �� l� ��
Cr �k� �nk ��� l�l lkn llk lm� �mm l�� m�� ll�
Hf l m m l l l l l l l l
Nb n� n� �� �k �l �� nn nn �k �kk �k
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