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4��+$F�+ �Y 	�� 7�8�� �F �/�/� # ���FC �+�/?� !+ H+/(

Nb �9 �'��Zr]og[�$D "��5F�+ .�+�/?� �
+ ��)B3�c(
"$F�%"2� +2A $)
2X
 !+ �F	�D # [�+�#$	 7�84�� 2�+ 7�8

��G�� ���*5*(67�� </;&9 @$���?� "$F�%7H�?D 7�8
�� �+$; [�+�#$	 !+ ���� �
�?%��2�$ % .H�?= 7�8)$
+&A (

� ;+ �= ��/�$_+ ���d5M `
 [�+�#$	 7$
! �9 ��/�� ;+ 
�d5M7�� }�*� $)
� � 
�C &=$?( 7+�+� O/?,� �2�/�

LILE, LREE #HFSE 2�+ ]oc.[4��H�?= �
�a6 7�8 -
�� +� ��/�� ;+ 7�8�+�/?� !+ "��5F�+ �9 H+/(�
�( �� 7�8 

TiO2/100 – La – Hf x 10 4�� !+ H�?= 7�8"��; 7�87+
H�?= #7�8\C�$= +2A ��/Z$9 !+ .4�� �+�/?� �
+ �� 7�8
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20Aji"��?� �oH�F�9�( �jeif �=+$( 7L/�#$FC # �? �/mL�
!2�6J ����6 7�8��G�� �+�. . .xy�

�� ��G��"$F�%H�?= 7"��; 7�8H�?= # 7+ 7�8\C!+
�� �+$; ��/Z$9 2�$ %)B3��.(4�� H�$= +2A 7+$9 7�8

H�?="��; 7�8H�?= !+ 7+ 7�8\C!+ ��/Z$9 !+ �+�/?� �
�( �� 

Zr × 3 – Nb × 50 – Ce/P2O5�� F�+ H+/(�$= "��5 .�9
�
+ �9 �A/(�+�/?���/?� & ���6 7�8"2� ��"$F�%7H�?= 7�8

\C�� �+$; ��/Z$9 !+ 2�$ %)B3�s.(

(��3<4�� �
� ? � �
&R( �
�F� ��G�� 7�8 7��/� ��$9�<#� �9 ICP-MS.
Sample BAM2 BAM3 BAM7 BAM8 BM8 BM11 BM12 BM14 SO7 

SiO2 (%wt) b/gb c/go b/gb b/gb s/gb ge o/gc �/gg c/gb
Al2O3 e/ji c/js g/ji c/js �/js s/j� �/j� i/js j/js
Fe2O3 bi/g sc/g jc/g es/g jo/g oe/c fs/g jg/g o�/c
CaO si/e eb/e oe/b bi/e j�/e c�/e cg/e jj/b ij/b
MgO io/j g�/o co/j cc/j ��/j oe/o oc/o ��/j �i/o
Na2O go/g ei/g �j/b oe/g bj/b io/b eo/b g/g gc/e
K2O se/b cs/b i/g so/g fs/g cg/g ii/g ei/b bi/b
Ti2O ��/f s/f �g/f s/f �s/f ie/f �s/f �/f ��/f
MnO je/f f�/f jj/f j/f fg/f j�/f jb/f jj/f jg/f
P2O5 gg/f gj/f bs/f bi/f bi/f cg/f bo/f be/f b/f
SrO jj/f fs/f jo/f fs/f f�/f fi/f f�/f j/f fc/f
BaO jo/f jj/f jo/f jo/f jj/f jb/f jo/f jo/f jj/f
Lol ��/o fg/b cj/o �/o gj/e g�/o sj/o cs/o ss/b

Total i/ii �/is �/ii i/is is j/is g/is c/ii j/ii
Ba (ppm) jfbf iei isc ibi sif jjgf jfeg iij cfg

Ce g/c� s/ce i/cc e/ci o/cs o/�f e/�o g/cb c/gf
Co js b/jc ji i/jg e/jb g/js �/jj c/jc c/js
Cr >jf jf >jf >jf jf jf >jf >jf of
Cs ��/c s/js gc/g i/ji c/e go/c co/g �c/g eg/j
Cu jes jej �i job jfo j�i jos jjc oee
Dy bo/b fi/b og/b gj/b bo/b ij/b ob/b se/e �e/e
Er b�/o bj/o bi/o ce/o cj/o sc/o g�/o eo/o jj/o
Eu bi/j bj/j ge/j bg/j gb/j ci/j eb/j bg/j oe/j
Ga g/ji o/ji e/of o/ji j/ji b/js j/js o/ji jc
Gd g�/g ej/g bg/g ��/g g�/g oe/c b�/g f�/g g/b
Hf c/b b/b g/b o/g g i/b c/g �/b e/e
Ho sb/f so/f sg/f ss/f si/f ii/f sg/f �b/f cj/f
La c/ec c/eb g/ec e/e� i/ec �/e� b/ei s/eb i/oc
Lu ei/f e�/f ei/f b/f ei/f bb/f ei/f eg/f oe/f
Mo o o o e o e e o >o
Nb s/jc e/jg c/jc c/js e/j� i/jc i/ji e/jc b/jo
Nd g/ef i/os o/ef j/ej g/ef g/eo �/ej b/o� g/oo
Ni c c >g >g >g i >g >g g
Pb og oe ej oo oe ec oc og jj
Pr fi/s �e/� jo/s oj/s ji/s gb/s bi/s e/� i/g
Rb e/cg jfi j�j jfo sf �/ss jgs e/sc jee
Sm cs/g ge/g �o/g c sj/g e�/c jo/c og/g ie/b
Sr see cj� ifc cof goc ci� ggi sjo gge
Ta j/j j j/j o/j j/j j o/j j �/f
Tb �b/f cs/f �j/f �c/f �o/f se/f �b/f cc/f cc/f
Th �j/i go/i j/jf �/jf o/jf s/i e/jj �i/i gi/c
U ej/e fe/e e�/e gj/e ii/e bb/e jj/e se/o fi/o
V jjs jee jfc jf� jjs jbb ie jfi je�
W so �e si c� go ci be ce bb
Y o/oo b/oj b/oo i/oo o/oe s/ob �/oe i/of �/ji

Yb be/o bo/o g/o gi/o cj/o sb/o cb/o og/o fe/o
Zn �� �e �s �c �f s� sc �s si
Zr js� jso jio oj� ofs ofe ooo jsg jej

#Mg oc/f e/f ob/f ob/f oc/f oc/f o/f oc/f ej/f
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�{#$ C �7$��1 ����?= �d��M �/?d� �7$ )���A H+$
+ ����� ���= # ������/09 �0R� xy�

;8�>"�� 4�� 72�9 7�8��*5*(6��9 </;&9 @$T >�?� ;8�?M��1 !+ "��5F�+ �9 �
�?%�� 7$� �  ,( @� ?= $Ta/Yb !+ "��5F�+ 
l/?R�0; �+/� ��
�9 �'�� \ 0 � ]of.[�9 �'�� Ce/Yb]oj.[

;8�@�+�/?� Ta/Yb �9 �'�� Th/Yb]oe[;8�A�+�/?�Zr�9 �'�� Nb  q d� �  ,( �/^�� �9 �! FZ�� ��]og.[

;8�B�
�( �� �+�/?� TiO2/100 – La – Hf × 10 7+$9+2A H�$= ;8�C�
�( �� �+�/?�Zr × 3 – Nb × 50 – Ce/P2O5 +2A 7+$9 
H�?=H�?= !+ ��/�� ;+ 7�8"��; 7�8 7+ #H�?= 7�8\C!+��/Z$9]oc.[�$=H�?= H"��; 7�8+H�?= !+ 7\C 7�8 ��/Z$9 !+ ]oc.[
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20Aji"��?� �oH�F�9�( �jeif �=+$( 7L/�#$FC # �? �/mL�
!2�6J ����6 7�8��G�� �+�. . .xy�

�F�/% �9 "2� ��R��9 @� ?= $M��1 7/)�+7# � �#+ 
MORB�� H�*� !+ �= 28�LILE)2����Th, Ba ( #
LREE �9 �'�� HREE #HFSE"2� ��T # 2�+9 ��R��7-

�5�� 7�8Ti, NbH�*� �F�/C [
O6 $ _�( "2�8� �� 7+
�����6)B3��87i#jf(.+ ��$M��1 �8�+�/?� �
 Cs, U, 

K, Rb, Ba, Th �� H�*� �%2� ��T 2�8� .��3 ��S ��
 2���� 7$M��1Ta, Nb "2�8� H�*� 7�%2� ��(2�F�8 .

�%2� ��TBa, Pb 7�8 ��/?� �� ��R��9 � �#+ �F�/% �9 "2� 
"��; $
! $5�/F � 7$ %�� �� 7+"�)F��Z�� H�*� +� �?%�� 28� 

]o�.[��/?� �8� &��T �U�*� �/- �9 $M��1 !+ �%2�
LILE)VKW�U, Ba ( $M��1 !+ �%2� ��( #HFSE)VKW�

Nb (�� H�*� +�2�8� .��( �
+�%2���T # �8�%2� �9�*� �8
�F�/C ��/� �� "2� "28�*� 7�82�#� �97"��; ��+ 7+ ]os[.

$)
� E$- !+���T ��%!���� $M��1 �%2� K#Rb #9 ��R��7
�5�� Ti , Nb �
+ ��4�� �8 �9 $F* 9�?%�� !+ BM�S 7�8
�F�/C7��%!�� �
$
! ��+ ]oi[.9 ��R��7�5�� Nb 

4�� }Z��"��; 7�8 �� �F�/C �=��*� $)�� 9 # 7+
��+ �
�?%�� 7�82�
6$	]efreo[.�^0T(Eu, Sr, Ba, K, 

Rb, Cs) LILE !+ �,9�( )�/)t���F	� "��� ���S �� ��+ 
1 �^0T �= $M��(Nb, Ti, Zr, Y, Th, La, Ce) HFSE �9

�0 �#74�� �? � "�)F��Z�� >$F�= $^� �� �9 # �/�
 $M��1 �$d( �F	$%LILEH6 &=$?( #�F�/C �� �87"��; �7+

H6 �^0T 7�?%�� �� �8"�)F��Z�F�/C [
O6 $)��*� +
��

]o�.["2�8� B X*( 7�?%��74�� �� ���*5*(6 7�8
#$	 h-���"/% !+ VO/?,� [�+� �F�/% �7+"����87#�?%�� 7�8

�F�/C !+ "2� hF*� �+2967#�#$	 ��/�� ;+ �
�*��2�$ % 
]j.[7O�9 �'��Ba/Th@/�� $ _�( �9 "���+ �87�L �� &

��+� �?%��]eb.[4�� ����G�� 7�87��/� ��$9�& � 

�'��K2O$�(
V�' �'�� # ��+ ��
! # �9�_ Ba/Th �� 
��/?���O�9 �8 .�F�/C 7#� �9/�� [�/C �D ���)�87

�� @#a "2�+�#$	 ��/�� ;+�/��$M��1 Sr, Ba "��� !+�87
@/�� !+ "2� hF*��87�F�/C # �+296 7"2� B�F�� ��/�� ;+ 

�9 �
�8�?%�� #Sr, BaO�9 �/(  2��2��D ]eb.[�'��d� 7+$9 -
7"/% �
+ �� �*�9 @#a H+& � 7;+�+�/?� !+ ��/�� La/Sm 

�9 �'�� La !+ ]eg[�� "��5F�+J �= )B3�jj.(��
��� !+7
"!+2% ~ D$( ~ D$( �9 �8�?%��7�8�
�*@#a !+ �F	$% 

� �#!$�����% �
 B� ��+ 7�8�� ��+��A�� �9 H+/(7@#a 
�F�/% � 8�� # �*�97"�)F��ZH6�$9 �C �8 .��/?� 7�8

 !+ ���$9 ��/�$^� $M��1 ��+#+$	 Sm, La�9�*� ~ D$( ��9
�?%���F�/% !+ "2� hF*� 7�877#� # 2��+� +� "2� ��T 
2�#�H+/�?8 �#2S �9 b�(c����% �*�9 @#a 2M�� 

�� �+$; � �#!$�2�$ % .|�'_+ 7+$9�
�*�F	$% �?%�� 7�8
4�� ��/� 7�8��$9��F�/% !+ 7"2� ��T �7�8�+�/?� !+ 

]ec[Zr/Y �9 �'�� Zr��/?� ���?( �D 2� "��5F�+ �� �8
"$F�%7�F	$% �+$; # "2� ��T �F�/% 2�+ )B3�jo.(

;8�D$M��1 7�8/)�+ 7�82�#� REE��/?� �� 7�8��/� ��$9�;8�<E$M��1 7�8/)�+ 7�82�#�REE��/?� �� 7�8 ��/� ��$9�
�9 �'�� �=MORB ��R��9"2� 2�+]oe[.�F�/% �9 �'�� �=7� �#+ ��R��9"2� 2�+]ee[.
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�{#$ C �7$��1 ����?= �d��M �/?d� �7$ )���A H+$
+ ����� ���= # ������/09 �0R� xy�

{

;8�<<�+�/?�La�9 �'�� La/Sm�'��d� �/^�� �9 7H+& � ;8�<=�+�/?�Zr/Y�9 �'�� Zr +$9 7H�$= &
�?F� �F�/% ��T
"2� �*�9 @#a]eg.[�F�/% !+"2� ��(]ec.[

]e�[�9 � �#!$� B� ��+ � 9 >��F�+ H#! �= ��+ 2�F,�
 � 9 h?1 �� � �#!$� ����%cf�(sf�Z$9 # ��+ 7$F�/0 D 

h?1 �� H#! �
+ �D 2��+� ���F1+ $)
��f�(sf7$F�/0 D 
�F�/%7/	��+� �+$; ���;]es�ei.[�
+ �X�
+ �9 �A/( �9

"2�8� H�*� �+�/?�7�� B� ��+ �/�S .21 # ����% �/�S 
"�)F��Z4�� ��G�� 7�8��+�� �h?1 B;+2S H+/(�
�*-

"2�8� B X*( 7�?%�� 7$ %74�� �
+ $F* 9 ��?1+ !+ +� �8
 !+sf���+� $F�/0 D .��$9��87q�/( "2� .�R�+ ]bf�bj[

��+!�9 7#�"�+� H�*� ��/�� ;+ $
+&A 7�8+2��
 # >/' 5�6 �D 
�� � C/%/0	 H+/�1 �9 2��+/(�?*t+7+$9 7"!+2% 2 �/( 7�8

0; ��
2��D B?1 ]bo.[# >/' 5�6 7#�S :9��� �Z$9 ���$9
"2�8� H�*� � C/%/0	7�$X0?1 ����$%�7!+ ��T "����8#

���9�87C [�8!�	 �
+ @#a !+ ��:;+/� �Z$9 �� #
�?*t$�7>/' 5�6 !+ ��T "2�8� @�(!�97����$%� 7
�(��9$D��+ V�F'�� $
���� � C/%/0	 ��+#+$	 �D ���S �� �

$(O�9H2O/CO2B��1 ������$%��� H�*� +� "2��D 28� 
]be.[Ba#Rb 2���%!�� � C/%/0	 ~ D$( �� ]bb[���S ��

 �DBa, Sr, Rb7��%!�� 7+�+� >/' 5�6 �� �G�/F� F�82�
]bg�bb .[# �
+ !+
%P��8��H+/(+$97�
 # �/�S } �*( 

�� ��8!�	 �
+ �/�S .21"�)F��Z�$D "��5F�+ .�?%�� �� 7�8
 �'�� !+ �
O�9 $
���� 7+�+� � C/%/0	 �9 >��,( >�SRb/Sr #

$F?D $
����Ba/Rb �9 �'���?%�� !+ "2� B X*( 7�8
"�)F��Z' 5�6 � �N?8 �2��+� >/�?%�� 7�8�
�*!+ �F	$% 

Y
"�)F��Z>/' 5�6 !+ 7��
! �� �9 $
���� 7#�S �+�Ba #
7O�9 �'��Ba/Rb F�82�]be.[�/�S } �*( �/^�� �9

 �� � C/%/0	 # >/' 5�6 7�8!�	 �/�S .21 �
"�)F��Z 7�?%�� 

�G���7��/� ��$9��$M��1 �'�� 7�8�+�/?� !+ Rb/Sr 
'���9 �Ba/Rb 2� "��5F�+)BX�je.(Bd� BX� ��

�F�/% 7$ %�+$;7F�/% # � �#+ �7"��; $5�/F � 7+(CLM) #
�'�� |+$  �( $ ��Rb/Sr #Ba/Rb !�	 u2�8� H�*� �D 

�� >/' 5�6 # � C/%/0	��+ "�)F��Z��+ "2� J�� & � �.��
�+�/?�]be[$M��1 �'�� !+Rb/Sr  �9 �'�� Nb/Th��5F�+ "

"2� "28�*� |+$  �( 2�#� �= ��+ "2�7!�	 �/�S 
�� +� � C/%/0	"�)F��Z�� H�*� 28� )B3�jb.($9��9 �
+

�+�/?�Bd� �� ��8"�)F��Z ��/?� ��G�� 7�87��/� ��$9��
�/�S � C/%/0	 !�	 ���(��+� � 
�C �'�� #Ba/Rb #

Nb/Th"2�8� H�*� 7�� >/' 5�6 !�	 �/�S .21 H�3�
Z��+ "�)F�� .2� }�*� �9 �A/( �9 >�S>��,( H7�?%�� 

"2�8� B X*(7��/?� Y
 �9 ��G�� 7�8 7#�S "�)F��Z
� C/%/0	�� ��8$F�+��C �
+ !+ H+/(+$97��*	 } �*( � S 

BX��	$% "$�9 H6 B X*( h?1 �R F� �� # �?%�� 7$ % .
[
��!6�87+$9 "2� .�R�+ 7�  ,( ��A �9$R( "$F�% 

+2
�C�1/?R� 7�� C/%/0	 7#�S 7�8�"2�8� H�*� �7�+2
�C 
�9 Y
�&� 7�8��*	 �� !�	 �
+ef�(eg��?1+ ��,
 ���9/0 D 

if �( jff $F�/0 D ��+]bcrbi.[�9 �A/( �9 2� �F5% �N�6 �
7�?%��"�)F��Z4�� ��?1+ !+ O�?FS+ ��G�� 7�8if–

jff�F�/% Y
 !+ $F�/0 D 7X� �F �#!$� ����% B�F	$%
��+ .7�?%�� B X*(0; ��
A�� $_+ �� ��87@#a � 
�C -

�*�9��D ��+ "�/9 ��G�� �
+ �� [*D 7O�9 $
���� $)�� 9 
��/?� �
+ ��/Z$9 !+ \C .& (�?%�� �, '- �9 l/�/� �
+ �8

��+ ��%!�� VK��D.
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20Aji"��?� �oH�F�9�( �jeif �=+$( 7L/�#$FC # �? �/mL�
!2�6J ����6 7�8��G�� �+�. . .xy�

;8�<>�+�/?� Ba/Rb�9 �'�� Rb/Sr } �*( 7+$9 �/�S ;8�<?�+�/?� Rb/Sr �9 �'�� Nb/ThH�$= }�*� 7+$9 �/�S 
�� � C/%/0	 �
 >/' 5�6"�)F��Z]be.[�� � C/%/0	 �
 >/' 5�6"�)F��Z]be.[

�+�/?� ��jg�'�� Nb/Zr �9 �'�� Nb/Ba �� H�*��-
28� 4�� �= �F�/% !+ ��G�� 7�87"��; $
! 7$5�/F � �9 7+

 "2�6 �/A#2�+]gf] .[gj[�+�/?� !+ "��5F�+ �9jc}�*� �� 2
!+ BM�S 7�?%�� �="����87!+ "2� +2A �;�# 7�"2��#� #$�	 

!+ 7$(O�9 �'�� 7+�+�Cs/Rb 2�+ .2
2�� �F'��� �%2�� ��T
Cs �9 "+$?8 Rb 4�� �� $ _�( B �� �9 ��G�� 7�8 "���� ��87

!+ ��TH2O"2� +2A �;�# !+ 7���+ "2��#�#$	 ]gjrge[.��
2��#� &� � �+�/?� �
+ "���� ��87"2�� +2�A "2��#�#$	 ��;�# !+ 

�� "28�*��/�.H+& � H�/9 O�9Ba/La 7O�9 H+& � �9 Ba �� 
4�� �%2�� ���T B� �� ��9 ���+ �3?� ��G�� 7�8 $�_+ �� 
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