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MgO ��/�d  ��/�d  b�/�d  ��/�i  d�/�i  ��/��  ��/�d  i3/�d  s3/�d  b3/��  �d/��  b�/��  di/��  i�/�i  

CaO �b/3�  3�/3�  ��/��  3i/��  ��/3�  bs/��  s/�s  ss/��  ss/33  is/3�  3b/3�  i�/3�  �i/3�  �i/3�  

Na2O ��/� ��/� 3�/� 3s/� 3�/� 3�/� b3/� 3/� ��/� ��/� �i/� 3�/� �i/� 3d/�
K2O � � � � � � �3/� � � � � � � �
TiO2 3�/� bd/� b3/� bi/� d/� �d/� �b/� b�/� �3/� �3/� �3/� ��/� ��/� dd/�

+!�>. �(;O� 
�: 8��(!E�>  

s�/��  b�/���  3i/��  3b/��  ��/��  �b/���  ��/��  ��/�s  s�/�s  �b/�s  �3/�s  �3/�s  bs/��  �s 

Si ���/� ��b/� �ii/� ss�/� s��/� �dd/� �ib/� �b�/� �3�/� �i�/� ���/� �3�/� ���/� ���/�
Al(IV) ��b/� ���/� �d�/� ��i/� ��i/� �id/� �d�/� ���/� ���/� �dd/� �bb/� ���/� �sb/� ��b/�
Al (VI) ��3/� �ib/� �3�/� ���/� �b/� �ii/� �3d/� �ib/� b�/� ���/� �b3/� �3�/� �3�/� �is/�

Cr � � � ��3/� � � � ��i/� � ��/� ��s/� �
Ti ���/� ����/� ���/� �3/� ��s/� ��/� ���/� ���/� ��b/� ��3/� ��b/� ��/� ��i/� ���/�

Fe(+2) 33�/� 3ib/� b�d/� b�s/� b�b/� 3�b/� �bi/� �s3/� ��/� ��i/� ���/� bbb/� 3�/� 33�/�
Mn ���/� ��d/� ��b/� ��b/� ��/� ��/� ��i/� ���/� ���/� � � ��i/� ��d/� ���/�
Mg s�/� s�i/� s�i/� s�3/� s��/� ss/� �b�/� ���/� ���/� ��i/� ��3/� si�/� sb/� s�s/�
Ca sbs/� si3/� ���/� ���/� ���/� s�/� ��d/� sd�/� sdb/� sis/� s�s/� ���/� s3�/� s��/�
Na ��b/� ��i/� ���/� �3/� �3i/� ��d/� ���/� ���/� ��/� ���/� ��/� �3/� ���/� ���/�
K � � � � � � � � � � � � � �

K> 8�: /(!E�> ��b/i ���/i ��b/i �b�/i �3�/i �i3/i ��3/i ��s/i �3/i �33/i ��b/b �3�/i ��s/i ��d/i
�!�(6�L$ i�/ib  �/ib  �3/b�  s/bs  �b/b�  �d/i�  s3/id  �/ib  ��/i3  ��/i3  id �/b�  ��/i�  ds/id  

�!E�6��. sb/ii  3�/ii  �b/ii  �d/id  �s/ii  �/ii  i/i�  d3/i�  ��/i�  ��/is  bb/d�  bs/i�  ib/i3  i�/i3  

�!)!�$%	 ��/�3  ��/�3  �d/��  �d/��  i�/��  bi/�i  �d/� �d/� d/��  b/s �/i d�/33  d�/�d  �3/��  
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+)N3�#��;� �b5!
�= ��b�sI�� #".+& �
." #�.� %7 �!,E �7 �-��7 8�: �:���> 8$ �����. . .��b

3��9`�.��.�(;� Q-J �>$%!=(�!)> /B X��.%7 �> �#%6�& �� �:Quad�� �.%F +�%!&]�d[.P��.�(;� Wo-En-Fs #+�:� /�-� �> 
 �>$%!=(�!)> 8.%7 +!�=(
� $ �
@$. D!>%E ���:]�d[.

���>  !7 ". I�� �� �(N(� 8�: �: �>$%!=(�!)> ���> �
�� �+:� 8�N �(< �� .� �;&�� �� �(N(� %1��* �;: +�.(E

�� /B D!>%E  
.%7��7  
. �> +��7 �
�;&�� �(� #+�
�;� +�.(E
�� ���� /B ". ���>�(� .�.�(;� �X��.  
. %7Al2O3�9�� 

�7TiO2]��[�� /�-�  �>$%!=(�!)> �> +:� #%6�& �� �:
�,:B �hF.$ �
�!)F#+� +�.)K,�i`�..(�
�:�.�(;� �);N ".

 D!>%E ". �;&�� �6<��  !�" G!H� z!�-E 8.%7 �>
�� #��06�.  �>$%!=(�!)> �� ��(� �.�(;� �7 /.(EF1-F2 

]��[�%> #���. . �>$%!=(�!)> �.�(;�  
. ��."�7 8�: 8�:
�H01 /$�� �
�!)F 8.(WPA) .+N �;&�� �.(�. %
�� ". .� 

�� +�> .N/$�� 8�;&�� R
.+�H01 �6!\�(E 8.(WPT) ". 
���-0-EB X(F 8�;&��(VAB)�� g�(1 �7(< �7 5!� Y�%!&

�Jc?� K7�F ��(W;: ��$ ��."�7  !7 8. X(��!F. `> 8�:
(OFB)�WPT $OFB �VAB#+
� ���(� .���%7 x
�6�
��(;� �� /�-� �:  �>$%!=(�!)> �> +:� #%6�& �� �: 

��."�7 F 8�:/$�� �
�!)�H01 8.�� �.%F +�%!&)K,�iP.(
F1$F2 �
�= %7 �
5OE�a�� g�(1 �7  �>$%!=(�!)> ���> 8.
 %
"�� �9��H�+�(�:

F1 = ��3/�� SiO2 �s��/�� TiO2 ��3�/�+ Al2O3

���3/�� FeO* ��3�/�� MnO ��s�/�+ MgO 

��3s/�� CaO �i��/�� Na2O

F2 = �i��/�� SiO2 �s�s/�� TiO2 �3�3/�� Al2O3

��i�/�� FeO* �ibd/�� MnO ��3�/�– MgO + 

��sd/� CaO  ����/�+ Na2O

A(9!0�B #+�"�� �)1. %1��*  !!^E �(J�� �7 ���>  
. ��: �7 �:
�a�� %2�".�%=5
� 8.�.� �> +�+� �.%F ���%7 8.SiO2

)d/i���i/i3��"$ +1�� ($MgO)s�/�i ���/�d +1�� 
��"$ (+�6�:)A$+N3.(A(9!0�B  
. �.�(;� �7 �N(E �7 �:
#�� hN%� 8+�7]�s[A(9!0�B #$%& �� �.%F �;!�)> 8�:
�� +�%!&)K,�d`�.(D!>%E $�
52�!6��:(
5!�� )K,�d
P(�� /�-� +�:�.

3��:`�. ��.�(;� Al2O3�7 �9�� TiO2 �>$%!=(�!)> /B X��.%7 �> �,:B #%6�& �� �:��� �.%F �
�!)F +�%!&]��[P $��.�(;� F1-F2 
 �>$%!=(�!)> D!>%E ". #��06�. �7 �> ��."�7 �6<��  !�" G!H� �: �H01 /$�� �
�!)F 8�: 8.(WPA)�� /�-� +:�]��[.
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#%�� ��Z�u����>�� �/�!Z /.%
. ����� ���> $ ������()7 �)O� ��i

 7�	8/�a�� v".�%=5
� v$� �7 �
5OE x
�6� ���> 8. X��. %7 A(9!0�B 3bI�� ��(;� /_!�>. (77BIR.129) ]�i[.
�a�� 37 29 31 30 

SiO2 ��/i� �i/i3  �i/i3  d/i�  

Al2O3 �s/�b 3�/�b  s/�3  ��/�3  

FeO �d/� �i/� �b/s ��/�

MnO �b/� � �i/� �

MgO s�/�i ��/�d  dd/�d  b/�d  

CaO 3�/�3 db/��  ��/��  ��/��  

Na2O 3�/3 ��/3 �b/3 ��/3

K2O d�/� d3/� db/� is/�

�(;O���(!E�> sb/�i �i/�d  ��/�b  �b/�b  

Si �ss/� �b/� �bd/� ���/�

Al(IV) ���b/� s�/� s�d/� s�bd/�

Site T s s s s

Al(VI) bb��/� bds/� bb��/� b��3/�

Ti ����/� ����/� ��i/� ����/�

Fe(+3) �ibs/� �3i/� s3�/� s33s/�

Mg 3bi/b b���/b i�b�/b b��/b

Fe(+2) d�bd/� ���/� 3ddi/� 3s�/�

Mn ��ds/� � ��d/� �

C#�2
�N ���d/i ���b/i ��s�/i ��/d

Ca ��di/� ���/� s3i�/� sb�s/�

Na �sid/� 33�/� ��db/� ���3/�

B#�2
�N ���s/� 3 3 3

Na dbsi/� b��/� i3�/� ii��/�

K ��i�/� ��d/� ����/� �s��/�

A#�2
�N �bb/� i�i/� d3b/� db�d/�

Mg/Mg+Fe(+2) sd3b/� �d�/� �b/� ��b�/�

3��;`�. �M!��E �.�(;� A(9!0�B 8�.�2��� $ �)> 8+�7 �:]�s[P $�A(9!0�B /B X��.%7 �> P �.�(;� ". $ �;!�)> #%6�& �� �(N(� 8�:
 +�6�: �
52�!6��:(
5!�� �(�]�s[.
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+)N3�#��;� �b5!
�= ��b�sI�� #".+& �
." #�.� %7 �!,E �7 �-��7 8�: �:���> 8$ �����. . .��d

3� ��� �!�� 
I�� �
�!;!� �
5OE x
�6� X��. %7 K>)A$+Nb(#$%& ��

I�� �7 �(7%� 7 4!)* ��a�� 8�: 4
 $ �
"+�B �(� ". %6-!
 #$%& $ �!�.� ��(;�3I�� ". �!��;!)� $ %OQ�7 ��a�� 8�:

 ��(;� 4
 $ ��."�7 �(� �
"+�B�>.%E +�6�: .%1��* %
����
 #$%& �)1.�". +�E��9* SiO2��/�3���/��%�Mg# 

b�/id �s�/d�%�TiO2��/��s�/�%$P2O53�/��b3/�%
$�.+�� �*%	 %1��*Y:ppm3� ��d$Zr :ppm��� ��b� 

��. . !��;: #$%& 8.%7 3I�� ��(;� #".+& 8�: �-��7 
SiO23�/i���b/dd%�Mg#:bb�b�/ii%�TiO2:di/��
b�/b%�$P2O5:i�/���s/�%$Y:ppm�/�s ��/d� $Zr:

ppmid���d���. .�N(E K7�F �.+��L.O.I.I��  
. �:
$ �
�� `> ����%&� %S. �����> �(}c K!�� �7 +���� �.+7B 8�:

 A(9!0�B��.)A$+Nb.(j%H6�%!Q $ ��&"���� %��* Zr 
8�:�.�(;� �� �
�;&�� 8�:+�
.%	 z!�-E 8.%7 �9���� ��!^�

 �
�E$���. ]��[.I�� 8�.�2��� 8.%7  
.%7��7  !!^E $ �:
 ". �
�;&�� 8%�%
���� Nb/Y�7 �9��Zr/Ti  ]3�[#��06�. 

+�)K,��.(#".+& ���%7 %7 �.$59� �!�(!	. �-��7 8�:
 �.�(;�Na2O+K2O100K2O/�7 �9�� Na2O+K2O]3�[

�� /�-� +:� �>I�� #$%& 8�:�%6-!7 v(�6��
+� �;
#+� +�.)K,��.(��O��7 P�!;> %1��* �.�(;� �7 #+�N-

MORB)K,�s`�.(]33[#$%& $� %: 8.%7 �$3M�� 
#+���. �>�;> R
.+N �� #_
$ �7 ���� �>�< %1��*

 !2��)(HREE%1��* %J� ". ��. �+��.� �: ��$� I�� 
/(
 ��57 (LILE):(Th, Ba, Sr, Cs, Rb) $Ta ��f� 
R
.+N#+� 8%6-!7 +�.��Q $�� /�-� �&+� +�:� .

��(;� K> I�� D!>%E #$%& 8�:��(N$ K!�� �7 
%1��* 8.%7 ����%&� LILE �U$Ta=/�-� �&+�>.%

�� �>�< %1��* #_
$ �7 P�!;> %1��* �.+�� %J� ". ��. �+�:�
+��.� M: �7 8%6-!7 �
�!;!� �26�9;:  !2�� ���� .��

#$%& �7 ��
������(;� �#$%& 8�:3�
�!;!� �&+�>.%= 
%1��* %J� ". 8%6;>LILE+��.� .%1��* ��.$.%	 8�:(2�. 

�� �9�� 8��O�:�� ��&"����Th�U�La �Ce $
8��O�:�� �� �0�� 8�:Ta �Nb $Ti�� /�-� +�:� .�.�(;�

��O��7 P�!;> %1��* �
�+�> #+�)K,�sP(]3b[ 
. ". 
I�� 49� ���� �>�< %��* ". M
?� �9!� �7 ��:(LREE) �7 
�;�HREE+��.� R:�> .#$%& 8.%7 �:(2�.  
.�$3�7 �

��Q D!E%E �9E%� ". �&+�d����$b����3� �
�+�> %7.%7 
��E $�9E%� ". �&+�s��d$���b�8.%7 �
�+�> %7.%7 

LREE $HREE+��.� .�.�(;�Zr-Ti/100- Y*3]3i[�7 �
��."�7 8%S�� ��!�7 �(U �H01 /$�� 8�: �.(�. %
�� $ 8.

��."�7 �� 4!,0E M: ". .� �: +�> .M:�!\�(E #%6�&  !�f 
%
.5N ��."�7 $ ��(F :B 8�:�,�#+� .+N �
�!)F +�. .��(;� 8�:
#".+& ��."�7 #%6�& �� ���%7 ��(� �U��� �-��7 8�: 8�:
�,:B ��
�!)F)#$%&�(��."�7 $�H01 /$�� 8�: 8.)#$%&3(

#+� hF.$ +�.)K,��.(

�<=�� ���� >�?� 
���%7 X��. %7  !-!= 8�:]3d�b�[ !�" �(�E �7 �N(E �7 
I�� $ �
�!;!�
. �����I��   !�" �.+<�  
+�f �:-

�6<�� #�.� 8$� �.$59� ��(��!F. �u(c �� g$�06� �
�;&��
A+� $ ��. I�� K!,-E 8.%7 �0)6�� �6<��  !�" 8�: 8�:

��. #+� ����-!= �.$59� �!�(!	. g$�06� �
�;&�� .�6	�
 8�:
A+� �(9�7 �7 +
+N  !�" 8�:�� 4;> �6<�� +�> .�;!�

I�� B ���-0-EB 8�:�,:��
�!)F)#$%&�(�� /�-� �> +�:�
#��F �6�(= �
�!;!� %1��* ". %S�6� g+� �7 ���B $ +�6�: 8.

�� ����-!= I��  
. �> �(� �u(c P(�N #%6�& �� �:
#��F #�%> /.�(	 /.�(E 8. +�. . !�" D!>%E �7 �N(E �7  !�f M:

I�� �
�!;!� �.$59� �!�(!	. �
�!)F ���-0-EB 8�:)#$%&3(
�� ����-!= ��. ��(��!F. �H01 /$�� ���B #�26��< �> �(�
��."�7  
. $���2�: �:  !�" �!��^	 %S. �� �> ��a�� �7 �6<��
�� A.�(& �� #�$5	. X(F 8()N �!c�� �7 �+��� +�(� .�7 ���B

P(�� �7 �^u(� �(U�E $ 8�.$B /�-0-EB 8�: ��-� 8�:
!�(= X(F 8()N ". #+� ���� 8�.$B�{B�� #+ +�(� .
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#%�� ��Z�u����>�� �/�!Z /.%
. ����� ���> $ ������()7 �)O� ���

 7�	89#".+& �
�!;!� �
5OE x
�6� �.$59� �!�(!	. �-��7 8�:)D�c%7 �)1. %1��*wt% D�c%7 P�!;> %1��* $ppm.( 
Tr : ��>.%E �
"+�BBas : ���."�7Dac : ��!�.�AND :�
"+�B 

�2�� +c.$ #$%&1 #$%&2
�!^F(� 4!)* 4!)* 4!)* 4!)* 4!)* %OQ�7 %OQ�7 �7%OQ �!��;!)� �!��;!)� �!��;!)� �!��;!)�
��;�
��(;� PL21 PL25 PL26 PL28 PL31 PL1 PL6 PL9 PL43 PL58 PL65 PL82 
I�� And. And. Dac. And. And. Bas. Bas. Tr. And. Bas. Bas. Bas. Bas.
SiO2 i�/�d ��/�3 ��/�� b�/�i ��/�i 3�/i� �s/i� �b/dd �3/i� 3s/i� i�/d� d�/id
TiO2 �3/� s�/� ��/� ��/� ��/� b�/b id/b bd/3 ��/� di/� s�/� sb/�
Al2O3 3i/�i s�/�i �b/�b ��/�i ��/�i b3/�b �i/�i �s/�b ��/�d �s/�d s3/�i ��/�d
Fe2O3 dd/� �b/� i�/� ��/� i�/� �i/� ��/� d3/� �b/� ��/� ��/� ��/�
FeO �d/b 33/i ��/b ��/b �i/b �d/�� 3�/�� i�/b sd/� is/� b3/� �3/�
MnO ��/� ��/� ��/� ��/� �s/� ��/� �d/� �d/� �i/� �b/� 3�/� 3i/�
MgO �s/� ��/b ib/� d�/3 ��/� s�/i ��/b �3/� ��/s 3�/s b�/3 ��/3
CaO �d/b �d/b ��/3 bi/b ��/b sb/� i�/� ��/s �d/�� d�/� b�/�i bs/�3
Na2O bd/� ��/� b�/� ds/� ss/s bb/b ��/b ss/�� �d/i i�/b ��/d dd/�
K2O ��/3 i�/� 3�/� �b/� id/� ��/3 �b/� ib/� i�/� �d/� b�/� b�/�
P2O5 b3/� b�/� 3�/� b3/� 3s/� �d/� �d/� �s/� b�/� i�/� d�/� d�/�
LOI d�/� �s/3 ��/� �i/� ��/� bd/b bs/b 3b/3 ��/d 3�/d i�/b ��/�
�(;O� �d/��� ��/��� ��/��� ��/��� ��/��� s�/�� ��/�� �b/��� �d/��� �d/��� �3/�� ��/��
Mg# 3/i� s/d� b/id d/db i/d� ii,b� bb,�� i�,�� ��,s� ��,b� b�,�� i�,��
Zn d �� 3s s �� di i� �b 3� 3s i ��
Cu �� d� is 3� bb 3b bi � �i b3 d� 3b
Sc �d �� �i �� �d bb bd �b 3i 3� 3i 3i
Ga �� �� �d �� 3� 3d 3� 3� 33 3� 3� 33
Ni 3 � � � � 3i 3� � b� b� �� 3b
Co �� 3� �� �� �s b� bs �s i3 b� bs i�
Cr �� �d �� �3 �d d� d� � i� b� 33 3�
V ��3 �3b �bi �3� ��� 3�� 3�s �3� 3dd 3i� b�3 bi�
Ba 3�s ��� �� 3di �� b�s 33� bbd ��� bbb 33� �33
Pb b b i � i b b b b 3 3 3
Rb �/b� �� bd/3 3� b�/� b/bi �i/b3 s�/s ss/� �/bb �3 s�/�
Sr b�� b�b ��� bd� �i� dsd iib b�s d�� ssb �b� i�d
Y �/�� 3� d/�� 3i �/�d i/b� b/b� �/d� d/3� �/�s 33 3/3�
Zr �bs ��d �b� �di ��� 3i� 3db id� ��� ��� �d� ���
Nb ��/b i ��/b i �s/b i/dd �/i� �/s� d/d� �/d� b� b/ii
La s/�i bd b/�b 3s 3/�� s/b3 �/b� s/d� �/bi i/b� b� i/b3
Ce i/bb d� �/b� d� i/3� �/�b i/�i ��s d/�b �/�� �� �/ds
Pr dd/i � ��/i � sd/b ��/� ��/s d/�i ��/� ��/� � ��/�
Nd 3/�� b� �/�d b� d/�� �/3s �/b� �/d� �/3b �/3b 3i i/33
Sm ��/i � b�/i � ��/i 3�/� id/� d/�b 33/d s�/i � s�/i
Eu 3�/� � �d/� � ��/� 3i/3 3�/3 ��/i d�/� i�/� � i�/�
Gd s3/b � ��/b � ��/b �d/� ��/� i/�3 d�/i 3�/i � �i/i
Tb d�b/� � d��/� � i��/� ��/� �3/� �s/� �b�/� ��s/� � ���/�
Dy ��/b � b�/b � �s/3 s�/d ��/d �s/� 3b/i i�/b � �b/b
Ho �is/� � ��b/� � d��/� ��/� �3/� ��/� s��/� �3�/� � s��/�
Er ��/� � ��/� � di/� �3/b �3/3 ��/i b3/3 s�/� � �s/3
Tm 3�3/� � 3��/� � 3bd/� i3�/� b��/� �33/� bb3/� 3�d/� � b�b/�
Yb �d/� � �i/� � db/� �d/3 di/3 ��/b ��/3 �d/� � �i/3
Lu 3d�/� � 3��/� � 3��/� b��/� b��/� d�/� bbd/� 3��/� � b�i/�
Hf ��/b � �s/b � ��/i �i/� d�/d �s/�� �i/d �i/i � i�/i
Ta ��3/� � �33/� � ���/� b3/b is/3 ��/b si/3 ss/3 � d�/3
Th bd/3 � �3/3 � s�/� �i/d i�/i ��/� bs/d s�/b d �i/d
U ���/� � ss/� � �id/� d��/� 3�/� i�/3 i�/� 33/� � �3s/�
Ti ib�� i��� ib�� i��� id�� ��b�� �sb�� �i��� ���� �3�� si�� s���

Ti/V b� i� b3 bs 3� �3 �3 ��i i� b� bb 3�
Ti/Cr 3db b3� 3db bsb b�� 3�b b3� 3bd� 3b� 3d� bs3 bb�
Nb/Y ��/� ��/� �d/� �s/� �i/� i�/� 3�/� i�/� ss/� 3i/3 �d/� �b/�
Zr/Ti �i/� �b/� �b/� �b/� �b/� ��/� ��/� �b/� �3/� �3/� ��/� ��/�

(La/Sm)N �b/3 � ��/� � �s/� �i/3 ��/3 sd/3 33/i ��/i � 3�/i
(Sm/Yb)N ��/3 � i�/3 � �d/3 �3/b 3�/b s�/b ��/3 3d/b � ��/3
(La/Yb)N �s/� � �3/i � 3�/d ��/s ��/s s3/�� bi/�� 3�/�b � i�/��

Na2O+K2O �b/d i�/s ��/s d�/� b�/s d/d �3/d b�/�� �i/i �i/d id/� �3/�
100K2O 3d� 3�� �i� 3� ��b 3�� ��b ib i� ��d �b� b�
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