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Xh/�E,���7 ��/! )A�� �o� G *$5 �� �9 �7&8 C�B )o,B�.
�
���� @��  [5 )�!�SiO2!Al2O3�+��8 ��&� U�> � �� �o8

 @��o  [5 )o�!� ! �$oB�7 �5�,8�7 �9�8 E,+ �8 �)- H
�4�
 ��)��Fe2O3�o+� �$o
�4	� �5�o,8�7 �9�o8 E,o+ �>+ �8

)G*-X.(� "��d9+� "� [9� �+ ���&>� /-Al2O3-Fe2O3SiO2

]�X[�� ��$� E,���7 �7 )B� 6�/ �9$�� C�B �� �o2 7�5 &+
 �oo , �&N�7 ! �9 , �&N�oo7 � �oo7&8 ��oo
�5? ��oo
�	 "�9�oo0

 )oo���� �9 �oo7&8)G*oo-�goo�� .(�
��oo�� noo+� �. oo,�>B
 "�o [9� �+ ���&>� �� �'A� C�B) �7�-Al2O3-Fe2O3SiO2

]�h[�o� ��$o� oB� .
&oo*5 �o3 �o+��8 ��&o� �9$o�� �o7 )
�
�5? ]
��- K&�9+� �o*
�&3 �o8 ")- C&u ! ]+&9� �
�/

 �o
�5? ]
��o- /� �9$o�� �`0 �3 ]
��o- �o8 ]o+&9� �o
�/
�
�5? \
�); C&u �
�/Fe /� Al �,< !�2�� �0)-Fe U� 

�+� "���)G*-�:.(

81 DG*- /� �J&*+!�* � �
!�^5 "�7 C�B ��+)g��(�C��!M )�2
��5 @�1qu) (:(��+ ����� C�)w(�!)� ���� ! �)@(E,���7 �� C�B
�9 �7&8 ._3��9� ") 2qu �&� �� �
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C�0p7 ��,
)8�( ��>+�u ���
� �+�,- ���7 ! �+�,-�&'8 �'Z� WVV

81EC�B&#��XRDE,���7 �+��8 ��&� U�> � �9 �7&8 C�B.

%
)  (�
4Z5 l
�9�E,���7 �
� > - C�B��&� U�> � �9 �7&8 C�B6�/ �9$�� /� �+��8 K!� �8 &+ICP-AES !ICP-MS 
Zs-01 Zs-02 Zs-03 Zs-04 Zs-05 Zs-06 Zs-07 Zs-08 Zs-09 Zs-10 Zs-11 

SiO2 (wt%) X�/WY W�/WY ��/XV YW/XV ��/WV ��/�Y hh/�� �h/�X ��/�� hX/�Y W�/�Y
Al2O3 WW/XX XX/XW X�/W� ��/WX W�/�� Y�/�� XX/�� ��/�� ��/�� hh/�Y �X/��
Fe2O3 W�/X �h/W �X/h Y�/�V �X/Wh YY/Wh �X/W� �V/XW WX/X� h�/XY �X/X�
CaO �X/V ��/V ��/V ��/V ��/V �Y/V ��/V ��/V �Y/V ��/V �W/V
MgO ��/V �V/V �Y/V �V/V �X/V �Y/V �X/V �Y/V �W/V ��/V ��/V
Na2O ��/V ��/V �W/V �V/V ��/V ��/V �X/V ��/V ��/V ��/V V�/V
K2O W�/� �Y/� ��/� V�/� �V/V ��/V hW/V X�/V X�/V W�/V �h/V
TiO2 ��/W h�/W ��/W X�/W �X/� �h/� WY/� h�/� �X/� h�/� Xh/�
Cr2O3 VW/V V�/V V�/V VW/V Vh/V V�/V V�/V V�/V V�/V V�/V VY/V
SrO V�/V V�/V V�/V V�/V VW/V V�/V V�/V VW/V V�/V V�/V V�/V
BaO VW/V V�/V VW/V V�/V V�/V V�/V VW/V V�/V VW/V V�/V V�/V
MnO VX/V V�/V VY/V V�/V V�/V V�/V VW/V VX/V V�/V V�/V VX/V
P2O5 �W/V ��/V V�/V �X/V ��/V ��/V ��/V �W/V ��/V ��/V ��/V
LOI �h/� ��/Y h�/�V Y�/Y ��/Y �Y/Y WW/�V �V/� �h/� ��/�V Y�/Y
�&>Z� �Y/�� ��/�� Y�/�� �Y/�� �h/�� ��/�� ��/�� ��/�� �Y/�� �Y/�� ��/��
Y (ppm) �V/XW hV/X� �V/XY �V/h� WV/hh XV/h� �V/h� �V/�h WV/�� �V/hY �V/��
Zr W�� X�V Wh� XV� W�V WWh �Yh WV� W�W ��� ��h
La (ppm) �V/Xh �V/WY �V/Wh �V/WX WV/�V �V/�Y XV/�h WV/�� �V/�X �V/�Y �V/�X
Ce XV/hY �V/XY WV/hX �V/�Y �V/�Wh WV/�h� WV/�X� hV/�hh WV/�hX XV/�h� �V/��W
Pr �h/� hh/� ��/h ��/� Y�/�X Vh/�� ��/�W WX/�W V�/�W �h/�� hX/��
Nd �V/WY WV/X� �V/�� XV/XW YV/hX WV/�X WV/h� WV/hV �V/X� �V/XY hV/X�
Sm �W/Y ��/� XW/h YY/Y ��/�V X�/�W ��/�V ��/�V ��/�� ��/�� V�/�X
Eu WX/� ��/� W�/� ��/� VY/W �V/X �Y/W WV/W V�/X �W/X h�/h
Gd VY/� ��/h �W/h �h/� �Y/� �W/�� ��/�V YW/�� ��/�X hV/�� V�/��
Tb ��/V Y�/V �Y/V ��/� Xh/� ��/W h�/� �V/� X�/� Xh/� h�/�
Dy �Y/� �Y/� W�/h V�/Y hh/� V�/� ��/Y ��/� ��/Y W�/� �V/�
Ho �h/V �W/V Vh/� hh/� X�/� �h/� hV/� h�/� �Y/� �X/� ��/�
Er ��/X W�/X V�/W �W/� h Y�/W hX/X WV/X W�/X hX/X �V/X
Tm hX/V X�/V h�/V hW/V ��/V X�/V hh/V h�/V X�/V �V/V �W/V
Yb �Y/W �Y/W W�/W V�/W �V/W WV/h ��/W V�/X ��/X hV/X YW/X
Lu hX/V X�/V XY/V Xh/V hh/V hV/V h�/V h�/V h�/V hh/V hV/V
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81F��&>� "�#
�; �� �+��8 ��&� C�B)g�� ("� [9� �+ ���&>�-Al2O3-Fe2O3SiO2]�X[� �7&8 ��
�5? ��
�	 �M F�+� �8 �7
6�/ � �7&8 �9$�� �� �c�a E,���7 �&� ���D �9 �7&8 � , �&N�7 ! �9 , �&N�7 ! ),9�B &+):(���&>� "� [9� �+-Al2O3-Fe2O3SiO2

]�h[�
�5? @)- /� ��$� �7E,���7 .
&*5 �3 C&u �5 ]+&9� �
�/���� �B.

C$	�? +�>G#REE=����� �� �5�5
+�H�� 8$@� 
�
���REE E,���7 �� �B =!); �� �9 �7&8 C�B�")- �N��� 
�+� .F�+� �8 .
� l
�o9����)o�� REE E,�o��7 �� �oB �� �oB
�9�0"��/�X� �o5 ppm�V/WXY �o+� �o [9� .�. o8 .o
� ��

"�9�0 @��  [5 H2+ ���� �7�T �A�,( )(LREELa-Gd )
)o- 
)ppm��/W�W���/��� (C��8 !. #,o+ ���o� �7�oT �oA�,( 

(HREETb-Lu)g 1c )ppm��/XV���/�V (�+�)=!);�.(
_
/&5 C&#��REE �
�)o,7 �o8 ")o- ��Z,�8 C�B]��[C��o8 

E,���7 �B)G*-Yg��(�,< /� ��$� �0)-LREEsLa-Gd �oB
 !HREEsTb-Lu ���� �
�),7 �8 �2�� �B .�&o#�� .o
� F�o+��8

 �,< ��4 � �0)-LREEsLa-Gd �oB �o8 �2�o� HREsTb-Lu �oB
 �+� �5)
)- �� �8 .E,���7 C��8 �
��o�� ���7 ��Z,�8 �3 �B

 �2�� �B) ��9�? R 7�5 �8 E,o+ ]+&9� "��ou �9o+&J C�oB C�

?�oo8�(UCC) ]��[�oo� ")oo
� ��8�$oo� C�ooB&#�� �&oo- 

)G*-Y:.(

%
)  /�2���8 �
���� ! C�^,( C�B C��Z,BEu !CeE,���7 �� 6�/ � �7&8 C�B&+.
Zs-01 Zs-02 Zs-03 Zs-04 Zs-05 Zs-06 Zs-07 Zs-08 Zs-09 Zs-10 Zs-11 

Eu/Eu* �V/V Y�/V �h/V YW/V ��/V VV/� ��/V �V/V �h/V ��/V VX/�
Ce/Ce* �X/V ��/V Y�/V Y�/V �h/V ��/� V�/� ��/� ��/� �X/� �Y/�
La/Y Vh/� �W/V ��/V �h/V ��/� W�/� �V/� ��/V VX/� ��/� VX/�

REELa-Lu V�/�YY h/��Y ��/�X� ��/��X ��/W�� �V/WXY �h/W�� �X/W�� �Y/WW� ��/WW� ��/WX�
LREELa-Eu ��/��� �V/�XX ��/��� X�/��� Wh/�Y� ��/W�W YV/�Y� Wh/��h Vh/��� ��/��� V�/WV�
HREEGd-Lu WV/�h �V/�W ��/�V ��/�Y W�/WV ��/WX Xh/W� ��/WW �W/Wh �X/W� ��/XV
(La/Yb)N VY/Y h�/� �X/� hW/� YX/�� ��/Y ��/�� ��/�V ��/�V �X/�V �Y/Y

(LREE/HREE)N ��/W XV/W ��/W W�/W W�/h ��/h �X/h ��/X ��/X h�/X ��/X

81 Ig�� �8 ")- ��Z,�8 ���� �7�T �A�,( _
/&5 C&#�� (�
�),7]��[: !("��u �9+&J ]+&9� �
?�8 C�(UCC) ]��) [:(��&>� C��8 C�B
6�/ � �7&8&+.
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)8�( ��>+�u ���
� �+�,- ���7 ! �+�,-�&'8 �'Z� WV�

�+��8 "��� ��$o� �o �� �9 �o7&8 �
�Tj �8 ")- %�Z�� C�B
 �2�o� �
���� �7 �+� C�oB(La/Yb)N!(LREE/HREE)N

E,���7 �� .9o	� ?�o8 �o8 �9 �o7&8 C�BpHG *$o5 ] oS� 
�� \
�4	� )8�
]�Y[.�2�� ��	�3 /�La/Y Ho
 ��&,( �8 4 � 

. �/ �T�- ��)o�� . o 15 C��8 R+�,� �
� > -pH] oS� 
� �7&8 G *$5 �+� ")- �	�1� �B ./� �9$ 8 ! �9>7 �
�����

o+� G *$o5 ] oS� �o8 "��-� R 5�5 �8 �2�� .
� C��8 ! C) 
 E,���7 C��8 �
� 'u ���� �9 �7&8 C�B]��[.@��  [5 "�9�0

 �
����(La/Yb)N�(LREE/HREE)N!La/YE,���7 �� -
6�/ �9$�� C�B =!); �� &+��+� ")- �N��� ..o
� F�+� �8

"����B�2�� �C�B(La/Yb)N!(LREE/HREE)NU�> � �� 
"�9�o0 �� Ro 5�5 �8 �+��8 ��&� �9 �7&8h�/��o5 YX/�� !

W�/W�5�X/h�+� �  [5 �� .�+��8 ��&� U�> � �� �
���� .
�
 �� ��$� ��!4� �
 ! C�&1A C�B)�!� ��!/&��� @�&A �8 )o,B�

)=!);�.(�o� ")o
� �9 �7&8 �
�Tj �� C��( � < ��9	� .
�-
�qo+ )
)o- @���o+&� �8 �&T K�9�0 ! G *$5 �3 �7 �&-

 :M "�d+ - "��>B �, ���
/ C�B"))��]�[.@��o  [5 �o7�Z�M /�
�2�� �8 �9�8�! ")- ��
 C�BpH.o
� /� ��+� G *$5 ] S� 

:M "�do+ �qo+ �)�M ?�8 �3 !� �qo+�! �o8 �o, �/�
/ C�oB
 E,+ =pS�� ��)o�� �o* �� �5�,8�7 �9�8 C�BpH=&o'S� C�oB

�oo5 C��oo8 ]
��oo- ! �oo9	�
 \
�4oo	� �0�/�&ooB =!��oo� ��oo$�
LREE �o+� ")o- nB��o	 �B.�o� �oP� �o8 R o+�5 �o7 )o+�
LREE �	�2>B G *$5 ! �B ��)
�J C�BHREE \
�4o	� R2+ 
�2�� C�oB(La/Yb)N!(LREE/HREE)NE,�o��7 �� �oB

 �+� ")- .:M "�do+ �q+ �	� ��#
� C&+ /� �o, �/�
/ C�oB
 :M \,7�! ���/ \
�4	� R2+ �o8 C) o+� C!�!�o	 C&o; C�B

E,���7 �$�8 C&$9�- R;&� ! �BLREE �o+� ")o- �oB.
:M C) +� ]
��- �� !�!�	 C&; C�B 8 )��&5 �=poS�� �qo+�!

 8 �
 ! H �&B ) +� ! H ,8�7 ) +� G �� ����7 C&$9�- C�B
 E,+ C) d�&+ �9$o�� \o-&J C�B)G o- �oB (�&o- nB��o	 .

�$�8 C&$9�-LREE �2�o� �
��o�� \B�o7 R2+ �B C�oB
(LREE/HREE)NE,���7 �� ��&� C�B ")o- �+��8 �o+� .

� �8 �;&5 �8 ")- �� 8 R��q G *$o5 �o3 �o7 )+� �� �P� �8 
6�/ � �7&8 �9$�� 8 &+ G �� �"�do+ �qo+ )
)o- @���o+&� 

:M C��oo8 %/? ]
��oo- ��oo, �/�
/ C�ooB\
�)oo; LREE /� �ooB
HREE ��&� U�> � �� �B�+��8 ")- nB��	 �!/&��� @�&A �8 

�+� .�2�� @��  [5La/Y \�� �&T �8&� �8 4 � n�� [5 @�� 
pH=&'S� 47�>5 �� "),,7 "�/�&B C�BREE E,�o��7 �� �B-

�� ��*-M �� �9 �7&8 C�B),7 .%�oZ�� @�2o+�S� ")o- ��$o�
�� �2�o� �7 )B�La/Y E,�o��7 �� �� �oB "�9�o0 �h/V�o5 
W�/��+� � [9� )=!);�.(U�o> � �� 4 � �2�� .
� @��  [5

 ��&oooo��oooo+��8 �2�oooo� )oooo,��� C�ooooB(La/Yb)N!
(LREE/HREE)NnP,��o� @�&A �8 �o+� .�#9�o2>B C�oB

 . o8 ]o+&9� �2b�La/Y !(La/Yb)N)�X/V=R(�o2b� !
. 8 C&uLa/Y !(LREE/HREE)N)�X/V=R) (=!);W(
�(&� �8 "),B� ��$� \��n�� E,o+ �� �5�o,8�7 �9�o8 C�oB
 \
�4	�pH=&'S� E,���7 C�B /�+�+�.

%
)  9�&+� J �#9�2>B R
��c �2�� ! �A�,( . 8E,���7 �� C�^,( C�B6�/ �9 �7&8 C�B&+.
Si Al Fe Ti Mn P Zr Eu/Eu* Ce/Ce* La/Y REE LREE HREE (LaYbN (LREE/HREEH)N

Si VV/�
Al YY/V VV/�
Fe ��/V� ��/V VV/�
Ti Y�/V �X/V �W/V� VV/�
Mn WV/V �V/V ��/V� ��/V VV/�
P YY/V� ��/V� �X/V Y�/V� �Y/V� VV/�
Zr YX/V ��/V �V/V� �Y/V ��/V ��/V� VV/�

Eu/Eu* Y�/V� ��/V� �X/V hX/V� ��/V� �Y/V h�/V� VV/�
Ce/Ce* YY/V� �X/V� �X/V Yh/V �Y/V� YY/V Y�/V� �h/V VV/�
La/Y h�/V� h�/V� hY/V hV/V� V�/V �Y/V hX/V� �W/V XV/V VV/�
REE ��/V� �h/V� ��/V YY/V� ��/V� �Y/V Yh/�V ��/V �V/V ��/V VV/�

LREE ��/V� �h/V� ��/V YY/V� �h/V� �Y/V Yh/V� �Y/V �V/V �W/V ��/V VV/�
HREE �W/V� Y�/V� �W/V ��/V� W�/V� ��/V ��/V� Y�/V Y�/V h�/V ��/V �V/V VV/�
(LaYbN ��/V� ��/V� ��/V ��/V� V�/V �W/V �Y/V� W�/V h�/V �X/V �h/V ��/V hW/V VV/�

(LREE/HREEH)N ��/V� YW/V� �Y/V YV/V� VX/V YW/V Y�/V� hV/V ��/V �Y/V Y�/V YY/V h�/V Y�/V VV/�
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J6� K���? 
 C$	�? �� �$����� REE �5 
7 C�B/�	 �&,7�5 ��o84 � ��&o,( �8 C�)19� �
� �� �'oA� C�oB

REE ")- �	�1� "�/�&B �
�Tj �� �B)�� .C�oB/�	 .o
� �'>; /�
 �� �
� ��7 F� �o8 ��&5 @�d�o	 ��oB ! �B) �o7� ��o
&��e C�oB
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