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#$����%& �'$( 
�&�8$5$) ���! Q
 #$����%&+-�-� �5! Y%�2	 �4 �%4 2_*@

(X) (Y) (Z6) T6O18 (BO3)3V3 W�)-]>`.[�1	�
 +�� 
#$����%& �
�$'$( �
,=&�"� �� �%I%� +��,&�-%! +�� .

#1�C*& � :5; #$���%&��4,$� �4 �-��R*) ��6*� �1$5��1� +��
 Y�/I �� 7%8��(��)- 7/( 7���\ .+-24 S%� p$��&

#$����%&�U�� �� �U$!2& �)�24 � �� +��Fe �Ti �Al �Mg �
Na �Ca 7��g1)- �
�&�� +���-�%'� <-(/)L8(�.(�
�� 24 

�-�%'�)X-site vacancy/X-site vacancy+Na 
Fe/Fe+Mg] (>^[)L8(�{�-(��'� #$����%& +���%I%� 

R*) ���
�-�� 721�" �� �1$5��1� +�� .,!2'& �4 �$1$0%	
�"� � �
�-�� ��6*� �� 21�$4#$����%& +�� 7�%& �� �%I%� �-�

 �� �1$�-2"721�" �-2; Y�%(/��-� .��)-24 �-�%'� 

Na/(Na+Ca) �4 �U�� Fe/(Fe+Mg)  .)L8(�J] (>�[�
��%'� �'�R*) #$����%& +���1$5��1� +���8
 ,I �4��� �!

721�" �� ���-� �-2; �$��%(721�" #$����%& � �
�-�� +��
 �� �1$�-2" 7�%&721�" :;-� �$��%(1��/*.+2*� � 3�%&���

]>i[#$����%&24 -� �� 2
���� ��)-Ca �Na+(K) �
 �%I� �
�%U� �� ���B +�~	 �%I�7�C
�I X(X-site vacancy) �4 �

#$����%& 7�2" �)$�5! +���'�! �@-%�- � �
�$5; �7�C
�I X
3\j$��& ��)- ���B �� 7�2!/�- .�4 �I%& �4)L8(�y(2� �

R*) �� �)�24 ��%� #$����%& ��%'� S%� �� 3�4,$� +��
��1� �1$�-2" � �1$5<-S%��
�$5; <- S�U(- �Al s�	 � �/*1��

#$����%& <- ��%'� Q
 �� ��+�=$�& �4 7�2" X�-2; ���B��-� 
#
- �!2�- 2
���� 3�%4 #$
�� �4 q%42�Na �K�� �%I%�
 7�C
�IX�-/�� �4 ��
��� ��Ca �)-]>i.[

Y�/I�#$����%& K$!2& <- �
,=& ]
�1�2� +���"� �4 q%4,&�-%! +��.3%'*B� #$����%&R*) �� �1	�
 ,�
� v�� �4 7%8��( ��6*� �1$5��1� +��
���218�- v<-�2� .H2O�B2O3�Li2O2_*@ v�� �4 �=*))/V�� K�? 24 (7/( �U)�G�/�-.

�6�� 1 2 3 4 5 6 7 8 9 10 11 12 13 14

SiO2 �/b� X>/be ei/bi ii/b� >b/b^ b�/b� X�/be >`/be ��/be `b/b� �>/b� >>/b� �i/bi b�/b�
TiO2 ii/X �e/X ^�/X ib/X �>/X ��/X �^/X ei/X �e/X ^i/X `>/X `^/X ��/X >e/X
Al2O3 Xb/b` ie/�� >�/b^ �i/bb >�/�e >�/�e i�/b` e�/bX �`/�� >`/bb �e/�� �`/b> X>/b> X^/�e
FeO bb/b >e/� Xe/� >i/` >�/� ��/e ��/` ��/` Xi/� >e/i �`/� >�/^ �e/� ei/�
MnO �^/X >�/X X^/X �>/X >�/X X>/X Xe/X X�/X >b/X >�/X X�/X X>/X >>/X �>/X
MgO �i/i ^�/i i`/� X^/e b`/� `^/� �`/� �b/e �e/i `e/i X�/e ``/i �^/i �^/i
CaO X�/> bi/> X�/� e�/X X>/X X�/> X�/X X`/X �i/X X�/X X`/> X�/X be/> >�/>
Na2O ��/> ��/> `b/> ��/> >�/� >b/> >e/> ``/> ^i/> ei/X e�/X >e/> `�/X >�/�
K2O X�/X X>/X X�/X X�/X X`/X X�/X X^/X X>/X X^/X X`/X X>/X X�/X Xb/X Xi/X

F ^i/X �>/X i^/X ��/X Xe/X ii/X �>/X b�/X �e/X >^/X be/X �`/X `�/X ib/X
H2O ei/� e`/b �`/� `�/b �b/b �>/b ``/b �i/b ^^/b ��/b �i/b b�/b `^/b `�/b
B2O3 X�/>X >�/>X ^X/>X ��/>X �^/� eb/� b^/>X >^/>X ��/>X X`/>X b�/>X bb/>X >^/>X ii/�
Li2O �e/X ee/X ��/X ei/X i�/X i`/X ie/X e^/X �X/X ��/X i�/X �`/X ^�/X ie/X
O=F �`/X X�/X b�/X Xb/X Xb/X b�/X X�/X >b/X Xe/X `>/X ��/X >>/X >e/X >`/X
S%'=� i/>XX b/>XX e/>XX �/>XX ib/�e e/>XX ^/>XX `�/�� i/>XX `/>XX �/>XX >/>XX b/>XX �/>XX

�
�� 24 +��1B�) Y%�2	b>3%$�\(O, OH, F) 
Si4+ X>/� �^/� X�/� XX/� X^/� >�/� >`/� ��/� b�/� X^/� be/� bX/� >e/� >e/�
Al3+ X>/X >i/X X�/X �>/X ��/X �>/X >^/X >^/X >e/X Xb/X >>/X >`/X �i/X Xb/X

7�C
�I S%'=�T- X�/� `�/� X`/� �>/� b`/� bi/� ��/� `>/� ^X/� Xe/� `�/� ``/� `^/� �>/�
B3+ XX/b XX/b XX/b XX/b XX/b XX/b XX/b XX/b XX/b XX/b XX/b XX/b XX/b XX/b
Al3+ XX/� `e/^ XX/� XX/� `X/^ bb/^ XX/� ��/^ ``/^ XX/� bi/^ ie/^ ��/^ bb/^

7�C
�I S%'=�Z- XX/� XX/� XX/� XX/� XX/� XX/� XX/� XX/� XX/� XX/� XX/� XX/� XX/� XX/�
Al3+ �X/X XX/X ��/X >`/X XX/X XX/X ��/X XX/X XX/X >`/X XX/X XX/X XX/X XX/X
Ti4+ X�/X Xb/X X^/X Xe/X >>/X Xe/X X�/X >X/X >>/X X�/X X`/X X^/X >>/X X�/X
Mg2+ eb/> �b/> ^>/> e^/> �i/> ^�/> ^e/> �i/> >>/> i^/> �>/> `e/> `i/> Xi/>
Mn2+ Xb/X X>/X XX/X X�/X X>/X XX/X X>/X XX/X X>/X X>/X XX/X XX/X X>/X X�/X
Fe2+ `b/X eX/X ��/X ^`/X �^/> >�/> ^`/X ^^/X ie/X �`/X eX/X ��/X e>/X bb/>
Li+* `X/X �X/X ee/X bb/X XX/X >�/X ^�/X ��/X ��/X X�/X ��/X eX/X ^i/X ^`/X

7�C
�I S%'=�Y- XX/b XX/b XX/b XX/b XX/b XX/b XX/b XX/b XX/b XX/b XX/b XX/b XX/b XX/b
Ca2+ Xi/X X�/X Xb/X X`/X XX/X Xi/X X>/X XX/X X>/X XX/X Xi/X X>/X Xb/X �X/X
Na+ ^�/X e�/X i>/X �e/X XX/> ��/X �`/X ib/X i�/X ^i/X ^�/X �`/X ``/X ��/X
K+ XX/X XX/X X>/X X>/X XX/X X>/X X>/X XX/X X>/X XX/X XX/X X>/X XX/X X>/X

7�C
�I S%'=�X- ��/X �>/X i^/X ib/X XX/> i`/X ��/X ib/X ie/X ^i/X �b/X ��/X `i/X �/>
OH- XX/` XX/` XX/` XX/` XX/` XX/` XX/` XX/` XX/` XX/` XX/` XX/` XX/` XX/`
F- bX/X >>/X b�/X X`/X `X/X `X/X >X/X >�/X >�/X >X/X X�/X �b/X �>/X >^/X



b^� �!2�( �'
2! ��2	 �'$�-24- ����$) �')�;3-2
- �)�*( ���! � �)�*(�%54 �5=� 

L8(��"� �$E;%� ��
���,&�-%! +�� .�1$�-2" 7�%& �� �%I%� #$����%&)72
-�,�2; +��R��] (>X[�"� �4R*) �� �%I%� +�� �1$5��1� +��
)72
-��4\ +��R�� ({�- ��� (�-�%'�X-site vacancy/X-site vacancy+Na �4 �U��Fe/Fe+Mg ]>^[J �(�-�%'�Na/(Na+Ca)  �4 �U�� 
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#
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 +2$B�&�$)Y+�� 7/( �*P j
,$*� <- �4��2" � /�- �=$1� ��

-� +21�$4 �"�%�\ �4Y�'1?- ��$�4 +��/?-� �4 q�U&�- ��
�4 �%B 3�4,$� ��%"2"�Y�$) 21�$4 Z�� L$�� .�1(-� �R*) -

/�- .�-�%'�Mg �4 �U��Fe/(Fe+Mg)  )L8(iy(+-24
�*P Z
�'�#$����%& �"/( #�\ � j
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�� #
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21�$4 +-�-��-/�� Mg �-/�� #
21'! �Fe/(Fe+Mg) 

/*1��]>�.[

L8(i�
�&�� +���-�%'� #$����%& S-%�- K$!2& +-24 2V�*@�R*) �� 7/( �)�24 +�7%8��( ��6*� �1$�-2" 7�%& � �1$5��1� +�� :{�- (�-�%'�
(Fe+Mg+Ti)  �4 �U��Al ]>^[J �(�-�%'�Mg/(Fe+Mg) �4 �U��Ca/(Ca+Na) ]>e[�W(Mg �4 �U��Fe/(Fe+MG) ]>�.[
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Z*!-� �)�24 �%w*� �4#$����%& K$!2& �*$���I +�� ��
 {51�� +���-�%'� <-)(L8e(/( 7��g1)- .�-�%'� ��Mg 

�4 �U�� Fe]�X[sB +�� �
�-�� � Y�%( K$!2& �
Fe+Mg) = 3(∑��%'� �'� � ��-� �-2; sB #
- 2
< +��

 +-�-�(Fe+Mg)<3∑�*$���I F�%V �4 � /*1��Al ��
7�C
�IY�� �� �H 2� ��)-/$� �-�%'� #
- <- �8��*H �/*
\
 �-/��(Fe+Mg)∑� �/(�4 21'! �*$���I 3-,$Al 7�C
�I ��

Y�� 21�$4 �%()7�C
�IY�)- ���B ���\ .( sB +T�4 ��
Y�%(.�4 Y�%�
2	 �
 �
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 Y%�2	FeAl-1 /��-� �%I� �
��- �.7�C
�I �� p�� #
-Y-�
���g��� �$��E	 �4 3-%& �$0�U�- �*$���I +Al(Fe,Mg)-

22+Li '� �$I%& �*
,C
�I �*$���I #
- �285'@ �*E
 a�%
 <- +2
����Fe �Mg 7�C
�I ��Y�4Li �Al ���%( .

�-�%'� #
- ��)-24)L8(e{�-(��%'� <- +�-/E& ��"� +��-
,&�-%! +�� .R*) #$����%& +-�-� 7%8��( ��6*� �1$5��1� +��

Al 7�C
�I �� 21'!Y3�/4 �Al 7�C
�I ��Z�� �! /*1��
1�" �-/�� �*E
 �4 �
�-�� 72Mg <- Z$4Fe /��-� �-2; .<-

�"� �2C
� +%)#$����%& +�� �1$�-2" 7�%& �� �%I%� �-�
 +-�-� 7%8��(Al 7�C
�I �� 21'!Z3�/4 �Al 7�C
�I ��Y

/*1�� .�*$���I <- 2C���� 2�- #
-Fe3++�I �4 Al 2
���� �
+T�4Fe �4 �U��Mg �)- �$��%( K$!2& �.24 �L4��� ��

 L8( �-�%'� �
��eJ]�>[#$����%& S%� �� 2� ��� �%I%�
�"�,&�-%! +�� .R*) ���4,$� �4 #$����%& � �1$5��1� +��

 2
���� +-�-� 7%8��( �1$�-2"Ca #$
��)<- 21'! K5P-0.1
apfu ( #
- ��1B�) �� �
��- ,$H�� 2
���� 2C���� �! /*1��

�)- ���! ."�21�" #$*['� 21�$4 �Na #$����%& �� +��
3��� 7/(��
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