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������
-�& ��L0.{R R�e2�/6 �& U�e03&/Ne+ �e� ��e��:� �&�/e63�
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SGS &����F �6�(�6 |.�3#F �6 �I'F/G ICP95A)|.� �6

ICP-AES ( ���� /+�*! �& �=/6 . �&}/� �&�	 �� +& /+�*! 3&/6
)Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K, P, Cr, Ba, Nb, 

Sr, Y, Zn, Zr(�(�6 .3#eF �6 �I'F/G IMS95A)|.� �e6
ICP-MS ( �e�OJG ���e� /e+�*! �'�6 3&/63���':'e1 #�#e1 

)9.#8X(.~�_ �6 ��6/	 ��c B�N'N�G �& UR �D+�_ 5��(� 
�� ��e('�/z �e2 . �e('�/z.� -e0@ �I�� -'')G . �&/� �&�	

#*(�/A �&/4 "��[(2& ���	 M (�	 3�0�&��:�.

+
�:;�(��OJG 5��31':'������:� �03���	2�/6����	 �F ��F& /'�0#3 +& /+�*! ���. #+�� �6 &� ����	 .�!/� /+�*! /�F�= .�
:F'7��6 &� L�6	 �� ' '<�	 <�%� �#0�.

Kh3 D-3/4D-1/1N-16/2N-16/1N-15/2N-14/2N-9/2N-8/4N-5/1N-4/3N-1/1Sample 
�/�� �/�� �/�� 47��/�� ���/�� �/�� �/�� �/�� �/�� �/�� SiO2

��/���/���/���/���/���/���/���/���/���/���/��/�TiO2

�� �/�� �/�� �/�� �/�� �/�� �/�� �/�� �/�� �/�� �/�� �/�� Al2O3

��/��/���/��12�/���/���/���/���/���/���/���/��Fe2O3

��/���/���/���/���/���/���/���/���/���/���/���/�MnO 
��/���/���/���/���/���/���/���/���/���/���/���/�MgO 
��/���/���/���/���/���/���/���/���/���/���/���/�CaO 
�/��/��/���/��/��/��/��/��/���/��/�Na2O

��/���/���/��/���/��/���/���/���/���/���/���/�K2O

��/���/���/���/���/���/���/���/���/���/���/��/�P2O5

��/���/���/���/���/���/���/���/���/���/���/���/�L.O.I 
�/�� �/�� �/�� ��/�� ��/�� �/�� �/�� �/�� �/�� �/�� �/�� �/�� Total 

��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� Ba 
�/�� �/�� �/�� ���/�� �/�� �/�� �/�� �/�� �/�� �/�� �/�� Co 

�/��/���/��/��/��/��/��/��/��/��/�Cs 
�� ����������������������Ga 
������������Hf 

�� ���������������������Nb 
�/�� ���/�� �/��/����/��/�� �/�� �/�� �/�� �/�� Rb 

��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� Sr 
�/��/��/��/��/��/��/��/��/��/��/�1Ta 
�/��/��/��/��/��/��/��/��/���/��/�Th 
��/��/���/���/���/��/���/���/��/���/���/���/�U

��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� V

�/�� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� Zr 
�� �������������������� Cu 

��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� Zn 
�� ����������������������Ni 

�/�� �/�� �/�� �/�� ���/�� �/�� �/�� �/�� �/�� �/�� �/�� La 
�/�� �/�� �/�� �/�� �/�� �/�� �/�� �/�� �/�� ���/�� �/�� Ce 

��/���/���/���/���/���/���/��/���/��/���/���/�Pr 
�� �/�� �/�� �/�� �/�� �/�� �/�� ���/�� �/�� �/�� �/�� Nd 

�/��/��/��/��/��/��/��/��/��/���/�Sm 
��/���/���/���/���/��/���/��/��/���/���/���/�Eu 
��/���/���/���/���/���/���/���/���/���/���/���/�Gd 
��/���/���/���/���/���/���/���/���/���/���/���/�Tb 
��/���/���/���/���/���/���/���/���/��/���/���/�Dy 
��/���/���/���/���/���/���/���/���/��/���/���/�Ho 
�/��/���/���/���/���/���/���/���/���/���/���/�Er 
��/��/���/���/���/���/��/��/���/���/���/���/�Tm 
�/��/��/��/��/��/��/��/��/��/��/��/�Yb 
��/���/��/���/���/���/���/���/���/���/���/���/�Lu 

�/�� �/�� �/�� �/�� �/�� �/�� ���/�� �/�� �/�� �/�� �/�� Y
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�	 "#�� � 4 . 52/6& 3�0#���2 �� D'2 #��1)D$e1 3�e0 lV

�M�&lV. 7lV�.(

��&.� �03(�&��6 �52/6& #���2 �� ��8�	 &�&� �3$	&��e6 �e��6 �
/[_ �"��6 �0 "3<@�e0 �e6 ��eF ��e03���� e�I4 �& �e'/ F De���

� F'"#1 /R OG�&�F . �#�& .6�2� B�)a4 ��8.�)�2�	 >*2 �0
2 .'<�(�(  �03�(�6&. 52/6& #���2 �6 (6�6 B��+'>*2 ���,
 & �����&��6 -F�_ �0���J[�& <&��� �& 3:A�	 �7@ /�� ���2& .
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��F��03���� ���&��6 �� ��03e	 �e�a*	 �6 #e�&�G e' <&��e� /,��
 �� �:A�	 N	 '� P�6@ /�#e1�6 7@ �e6 ���=/6 �� ..&�e�C. �e0

ee2'D�ee03�0#���ee2 �� ��ee8�	 35ee2/6& ee 4 .�&�&� 3�ee��6 
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	'.� <&#3&�#��&� �0#���2 -.��e�(!& �6]v[& �e�&� -e�C. �e0
2'D�03	'./6�A./$����_ �� '�e:A�	 ��3�� "#e1 #e:J*	 
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R&'�F& . B.#'�(�/A �&/4 -0@ ##e�& .�� �e6 e' ?�e[� D"��e1 �e0 �

>*2 �e03(�&��e6 ��.#e_ �eG 3|��(e2� ��e2/A� �"#e1 .
WbR��0�bF�3 F�'<@ C��2�2 �0�(�"#e1 #e�& .<#e1 �/eA
WbR��	� �� �bF�3�	� �& /Gc�6 3��e:J�& . <#e1 De_ �e!�6 

	 <@ <#1 �/A���1)D$1mV7.(&����_ -e���eG �eNG �'/

���A�� L0�F�. �:A�	 ��)+ 9b= �� ��%� ��b(e=& /e�& �� �
�:A�	���	 p� #e0�]Xr[.#0&�e1 <#%e� "#0�%e	 �e ! �e6 

�b(=&�:A�	��	 &� �:A�	 ��)+ 9b= �� ��%� L0�F ��<&�eG
 & D	�!�1�_ ��J'��03���/��*� �� "#1 �/A ���e� -e�& 3�0 

�� ��/A /t� .u�	 �&/G���F -��03!/� �&�>*2 -	 �0�<&�G
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+ \n��	' ��(*,	 ��� �& 'R ��'/e�R�$��F . �'/e�#*(�e0 �.
�& 3�0�� 6'��OJG /�& �� g�I��; -���6 <#1 &��e,�#'/ F �� e� ��

� F'�F& . �'%��8 -0@#'"#1 -#�&)D$1mV�.(
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�
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�
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#1�6 "#1 �./1 .�e0�� 63���e2 ��n . D$e1 e�G�R@ De'�e6 �

& �� uF �&#�	�>*e2 -e	 "#0�%e	 �e0�#��e1)D$e1mV�.(
/ F�. �� F'��eF �& ���e03���� e�>*e2 -e�& �#*(�e0 �e0.

?3'CM�& (/[_"�03"#1 /R �6R& �OG�&�F '� F . B.#'$%G . �'$	&��6 ���6 D��e�&��6 �� �e0)XPL(7 �(��eG�/3<#e1 �/eA . 9beN�& �& 
�'1�_ �0�� 6 3�03WbR ��bF�)XPL(� �(�& �� 6'��1�_ �& �F -'/ F ��(�#1	� �� . "'�*&3�0�� 6 �& 3��WbR Oe���&� �&/e4 �bF�)XPL(B �(

A�&/4'/3WbR �� 6 D	�F ��bF�)Plg ( ��F ��� F'R�*'-�eF./)Cpx ( $%eG .'�& �e��6 D'(e'	 �� C'�e0./6�A./$)��e�XPL(� �(-(�/eA �&/e4
�0�� 63G�R@ '�)Apa (.�3WbR ��bF�)���XPL.( 

'$D6�,�
�6 /t��&�*$(=�F/G '>*2 H2�*1�1 .':'��e� �e��:� �e03

,*2�� ���_ . ��a*	 '�::!'o)&�����A C(	'�0./6�A./$ �& �
�e0�&��:�3ee1�SW ':'�������ee$�&/e6 3�ee��:� �ee03(�&��ee6 �.

	'./6�A./$���e2& "#e1 "��[(2& .�&��e:� ��"�� #e*63]XZ[�
���:� �03�2�/6 ���	 ��"/(�A F&/G ���&��6 ���&��6 eF&/G .�
�#�@�(�&��6 ���(�/A �&/4 #�&)D$1Y.(�� �6'<��6 K/N(	�� D

/ee+�*!HFS)I4 �&ee' DTh, Ta, Zr, Hf, Nb ( 9bee= ��
��2/A����A/A� .�-'��R 3�	� �&��e:� �& �Nb/Y �e6 �I�e� 

(Zr/TiO2)*0.0001]Xw[&/63)G''/2 -3�:A�	 ��>*2 -
�03�?@ ����	 -2�/6�#e1 "��[(e2& �� �e� �e��:� <@ �� �e0

"/(�A3��&��6 �03 4'����(�/A �&/4 &#�)D$1r(.
/t� �&]X�[�e	 �(�&��6 3�0�:A�	 ���' 4 �'0�	 ��� #e�&�G

�J'(�3#1�6 u�	 ��F.��2 .� :X(>*e2 �%e�6 7.? uF p/�
"�,(2�= .l(�(1�A �%�6 7.?3"#1 ����/A� e2. �e6'� 3
�0 "��1�<�,6@ ��e0 .-'e*�:0 "#e'�! �e6 3]Xv[�3�e0�:A�	 

�	 ���' 4 #*�&�G /�& �� 6 L*F&. '-7&�	 3/[2�*(2& �(1�A .
#��1 D'$%G 3/[2�('� .���:� 7�':F /+�*! /����	 �03���e	 
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�:2�4�:z�F �1 ���F . �2�*1�� 6 � J	 <&/�& �2�* ���

2�/6��&.&/� �6 �I�� �&��(e1�A �� /+�*! -3�.& e'�]l^[.
���#*F]lX["#1 ��J*�6 #�&)D$e1 �e03ZV. Me�&ZV7(.��

:� -�& �t_b	 D6�4 �[*	 H'1 �0�&�� &3"#0�%	 	��eF ��e1
6'*; /,���A#1 ����:� �03(�&��e6 ����e	 e2�/6��&LREE 

�6 �I��HREE �2& .��e�(!& �e6]ll[�e�&��6 ��e03���e' 4 
�4�. <.�� &3� /+�*! ���A��2�� /+�*! �& '��( e' ��Oe6 D�e� . <

B#1 �6 /+�*!'	*; c�6 <&#�A#1�e	 <�%e� �#e*0�.�e�G-
�e	 -',*e2 �F�e= ���e� /+�*! �& �A#1 e1�� #e�&�G�7.? �& 

%�6��R �8�� �-'�>*2 C"�,(2�= ����A c�e6 �I�� ��&�3
CO2/H2O-�eF./'R�*' F . -��'�& L�&#8 . 7.? P'N	 �� 

9b= ��&#8�L#1�6 �:A�	 ]lm�lY[.�eI�/�G <��e6 3�&�e	
 "#1 ��J*�6 3�0�&��:� �� /+�*! 3�,�&3�e�&��6 �e03�e�a*	 

"#*0� <�%�3"�,(2�= & K/(%	 e� >*e2 -��e IG Le�� . �e0
&#8�%� e+& ��F . ��2 <&�*! �6�$%eG '<@ D�0�e2.��e8. 

6'��J*�3�03[*	 . �I�	 �/+�*! �� K, Sr, Rb, Cs, Ba &�
�	 �&� �I�e� ���e2/A� �n /+�*! -�& <��6 K/}N(	 �6 <&�G .

���(!& �6]lr[�	 ��I�� �& <&�G �e03/e+�*! HFSE/LREE 
6�/,��%� <&�*!"�,(2�= ��&��6 �/F "��[(2& �0 ./����	 �& /e(:F 

Cee�&ee��I�ee� -"#ee*0� <�%ee� �ee03"�,(ee2�= �'/[ee2�(3. �
�I�� �036'�& /(% e�C<@6 �e0 e'�/,� "�,(e2�= /[e2�*(2& 3
��&��6 �0�2)�I�e� �e��:� <&�*! �6Nb/La �e�&��6 �� 3�e0

 6 C� �& L'6 �2�/6 ���	 �& �F�_ . "��"�,(2�= 3/[e2�*(2& 
�e2& .( e6���eJ*03/e+�*! �� �eF �$s�eF �eI�	 Ti .Nb 

�	 "#0�%	 ���%e� ��e1 . �(e2�R �e6 �e:A�	 Le�c@ �#e! �& 3&
 <@ �%�&�./� /'; "�,��8 �e2& ]lZ[.De'I4 �& � 	&�e! <&Oe'	 

�e�&.&/� �/[e2�('� �	��f . �%�6 7.?Ti 7&�e	 �� &� 3�e0
 �e	 9/(*F �'�.& *F#e*]lr[./e+�*!Ti, LREE .Nb ��ea6 

-�/(%'6 /'Q(	 3�0�:A�	 �� &� ��&.&/� �e6 �(�6&. <�(e2 3�e0
�(1�A �(2�=/6 3&�&�e,��8 "�e4�. <.�� 3�e03�e� �e2���'4& 

"��4 #��&� 3&]lw[.-'*�:0]l�[��I� �6���J*03�[*	 Nb, 
Ti .Ta /,��'6 &����%Ce� �& #e��	 3�:A�	 -(�/A �,(e2�="

�6 �'I1"�,(2�= OIB�(��&� #�&)�(1�A33/[2�*(2@ (.

?3'E)4�	'����:� �03���	 �/6�2�&��:� �� 
SiO2�6 �I�� Na2O+k2O]��[.

?3'F)4�	'���:� ��03���	2�/6��&��:� �� 
Nb/Y �6 �I�� (Zr/TiO2)*0.0001 ]��[.
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?3'GM�& (G�I$*! �&��:���6�(1�A �6 �I�� "#1 ��J*3�.& '�]��[&/63���:� �03���	 2�/6�7 �("#e1 ��eJ*�6 �&��e:�
�#*F �6 �I�� ���= ���� /+�*!��]��[���:� �03���	 2�/6�.

���� ���� 
 ����! ��	
�����
�
� ?�� �
���
	
,�
� 
>*2 �� �03��	 '���(�& B&O � �C�)#e*��	Cr .Ni ( /e+�*! .

�6	 B�#4 'c�6 <&#)#*��	Ti, Zr, Y, Th, Nb .REE ( �eNG
&/1���2/A� P���A/A� .��6�eR �e8�� '�-�K/N(	�e� g�(I�e� 

�#*(�0��_ ����F� /+�*!'��('��O6 D�I4 �& <� e'DK2O, 
Rb, Ba .CsK/N(	 B#1 �6 #�&]l�[.&/6�*6��-3&/6)G''-

N	'	� P'-(=�2�. .�A{��03DeN	 "�,(e2�= >*e2 �e03
�?@�-���	 �2�/6 6 �'& �& /(%�-/+�*!#1 "��[(2& ."#'�! �6-
3]lv[�& �ee$� <�ee('G 3c�ee6 /���ee�	 ��eeA{�.��$ee1@ 3�ee0 

��&��6 �03��� OIB �e2& .�&��e:� �� Ti/1000 �e6 �I�e� V
]m^[�ee:0 �3�ee��:� �� �ee0"/(�eeA3�ee�&��6 �ee03���ee' 4 .

��&��6 �03&O8 �4& /'2����)OIB ( &/e4 �e(�/A �#e�&)D$e1w.(
�I��Ti/V �2& ���':'1�SW 3�0/,��%� �& 	 �F �Le�� #�&�G

c@�L�:A�	3(�&��6 ��6�(2�R3"��4 &3en &� �<�%e� ��)e+ 
#0�]l�[.&��� �I�� ->*2 �03(�&��6�6 ��a*	 e'�#e! /,��

c@�<@ L�e2�0 .��e�(!& �e6]mX[��e�	 ��/Zr/Sm .Hf/Sm 
��&��6 �03�. <.�� �4&3G/G �6 'H�& #e*G��I! �Y^–Xw.�/^

–Y/^.���	�& /��I�� -��&��6 �� �0 �e03�e�a*	 G/G �e6 e'�H
lX/mm –mr/lZ .wr/^–mm/^�eee2& �� �eeeF"/(�eeeA3

��&��6 �03�4�. <.�� &3	 �&/4�A'#�/ .�e�&��6 �e03�� �e�a*	 
�0�&��:�3�:G �N	 O'e	� P'-(=�e2�]mlVmY[��"/(�eA3

��&��6 �03�4�. <.�� 3"��4 &36 .�eN	 �� q�%e	 ��en'P
"��4 <.�� ���F &3�(�/A �&/4 #�&)D$13�0 �V�Me�&�V. 7�V

�.(��&��6 �� �03 4'����4�. <.�� &3)OIB (4&'2�����I��
Zr/Y �& /(A�O6 Y�2& ]mr[.&���&��6 �� �I�� -�e03���e	 

�2�/6 6'�& /(%r�2& .�6 �(I�&�#��e�&��6 �eF #e1 �.@�� �e03

���	�2�/6 ��� �&OIB �'#*(� �$ 6 �&"��4 �4�. <.�� ��� &3
#*(�0.�.��� �6 '& D�DeN	 �e$* "�,(e2�= �e�&��6 �e03OIB 

DN	 �6�%	 "�,(e2�= �e�&��6 �e03"��e4 �e4�. <.�� &3��e2& 
&/6�*6�+��= -'<@ B� 	 <�%� &� �0�#*0� .&�N	 -'W� �6 Pe�u
%%F�6 uF�_ �I� /34/1 9�:1�"��4/6& 3$%eG . ��&.#*A 'D

(G�T��R ����'..��& <�e	� �� <&��eG Ue��'-Ve2'�� ��eF -
$%G �6 /J*	'4& D'(G�T��R k���'��&.#*A �& �/I�& <#1 &#8 . U

��2& "#1��&��:0 ��&� ]w[.�&��:� k�2& /6Nb �e6 �I�e� 
Nb/Y ]mZ[>*2 ��03(�&��6 �%�6 7.? �& ��a*	 �6��8�� -

3�R'�-�C"�,(2�= ����A "#	@ ��8. �6 �&� . #�& ��"/(�A3
OIB 	 �&/4 �A'#�/)D$1v.(�:03���:� �03���e	 �e2�/6 

&�&�3c�6 �I�� ���&Nb/Yb 6 �F #*(�0 '<#e1 o(%e	 /,��
�:A�	3$%G '"#*0� D3>*2 �03(�&��6 ��&�:! <O�	 C'o
OIB �#*��	 �*)��1�A \I*	 C�(&3/[2�*(2&3e*; �"#e1 
�2&.

�I��Zr/Nb ��&��6 �� �03��e� OIB �& /e(:F X^�e2& 
]mw[.&�� �I�� -'>*2 �� O�e03(�&��e6 �e2�/6 ���e	 ��e'O

�& /(:FX^�2& .�&��:�)(Ce/Yb)N �6 �I�� (Dy/Yb)N (
 �&]m�[	 <�%��#0� >*2 �F �e03(�&��e6 ����e	 �e2�/6 �& 

%�6 7.?��6�8�� 3�R�'-e�C"�,(e2�= ef/� ��e6 �6�%e	 
��� \I*	OIB $%G '"#1 D#e�&)D$e1X^(.��e�(!& �e6]lr[�

�I��^Z/X>(Dy/Yb)N 6'/,�� �e�&��6 �e0 �e� �e6 "�,(e2�= 
�.�/� ����A'�I�� . �^Z/X(Dy/Yb)N ≤"#e*0� <�%e� 3

��&��6 �0���6"�,(2�= �2& '�.�/� D*'��2&)�e6 �I�� /+�*!
�#ee*F��]lX[�eeJ*�6�"#ee1 #ee�& .( �&#ee�	(Dy/Yb)N �� 
B&��ee6 �ee03 4ee'������ee	�ee2�/66ee' �& /(%mZ/X�ee2& 
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�:2�4�:z�F �1 ���F . �2�*1�� 6 � J	 <&/�& �2�* ���

?3'H)4�	'���:� ��03���	 �2�/6 .� 3�:G �&��:� �N	 O'P
	�'-(=�2�Ti/1000-V ]m^[.

?3'IM�& ()4�	'�e��:� ��e03���e	 �e2�/6 e'	 �� <&#
��&��6�03�4�. <.�� &3�&��:� �� Zr �6 �I�� Zr/Y ]ml[.

?3'J7()4�	'���:� ��03���	 �2�/6.� /6 3�:G �&��:� �N	 O'	� P'-(=�2�]��[��&��6 ./: 4 �� "��4 3�03&
�()4�	'���:� ��03���	 �2�/6"��4 ���� ./: 4 �� �&��:� �� 3&�:G�N	 O'	� P'-=�2�(Zr/Nb �6 �I�� ]��[.

6 �F'�� ����A ��8. /,��"�,(2�= &�>*e2 -�0�e2 .��*s �e$
 6 gbI4'A�&/4 #1 <�'/3���:� ./: 4 �� �0OIB �� �6'D�<��$

 F/G <��6'DN	 H"�,(2�= ��&��6 �e03"��e4 �e4�. <.�� &3�e6 
F/G'DN	 H"�,(2�= OIB)<�(2 �(1�A 3�03/[e2�*(2& 3

��)+ 9�_ �� (�2& .e F ��en �6�.�eA{��e03e1�SW ':'��e� 
��&��6 �03��a*	 $%G �6 '<@ D�& �e0 e� C"�,(e2�= �(e1�A &3

�6 �(�6&. <�(e2 �e03�(e1�A &3/e+�*! �& �eF �e2& ��A��e2 
����6 ���A��2�� LREE *; �0 �"#1 #e�&]mv[)D$e1XX.(

&/63�:� �/�& L3�0c@��(2�R L3"��4 &3���:� /6 �03���e	 
�ee2�/6 �&��ee:� �& (Th/Nb)N �ee6 �I�ee� (La/Nb)N ]l�[

#1 "��[(2& )�(e1�A �e6 �I�e� /+�*! 3�.& e'�]l^[��eJ*�6 
"#1 #�& .( & k�2&/6��:0 ��&��:� -3���:� �& �e0 e� C"�,(e2�= 

�(1�A &3e*; �/[e2�*(2& "#e1 3c@ <.#e6 .e��(e2�R L&3

"#1 o(%	 #�&)D$1Xl.(
/ee+�*!Lu .Ybee1�SW ��ee(�� ':'����6�%ee	 ��� �#ee��&� 

(�'�I�� �J Lu/Yb n��� IG &#8 e��%e�%e�6 7.? ���e6 
	'�8�G D6�4 <&O�QG'':� /�#e*F .�e0�:A�	3�& "#e1 o(%e	 

&�&� �(ee1�A3�eeR �I�ee� '�-Lu/Yb	 �ee6 ee',��'-Xr/^VXY/^
��_ �� �#*(�0�& �F ��(2�R �� �I�� -3"��4 &3�.#_ . c�6 

X�/^VXZ/^�2& ]l�[.	',��'�I�� -Lu/Yb ���:� �� �e03
�&��6(�2�/6 ���	 �Xm/^�2& 	 �& /(:F �F e',��'�(e2�R -3
"��4 &36 . �2&'�e:A�	 <#e1 o(%e	 /,��3&e�>*e2 -�& �e0

"�,(2�= �(1�A &3c@ <.#6 ��(e2�R �6 L3"��e4 &3�e2&.�e6 
���(!& ]Y^�YX[>*e2 ��e03(�&��e6 ���eG �eNG �eF'c@ /e�L
�(2�R&3�(�/A �&/4 &�&� #�&3�I�e� �e0322La/Ta> .r/X

La/Nb> (�0#*.& �&#�	 e� �I�e� -�� �e0 �e�&��6 �e03���e	 
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?3'K)4�	'���:� ��03���	 �2�/6�&��:� �� Nb �I��
�6 Nb/Y ]��[.

?3';L)4�	'���:� ��03���	 �2�/6 �&��:� �� (Ce/Yb)N

�6 �I�� (Dy/Yb)N]��[.

?3';;)4�	'�e��:� ��e03���e	 �e2�/6 &��e:� �� �Zr/Y 
�6 �I�� Nb/Y ]mv[.

?3MM';N)4�	ee'�ee��:� ��ee03���ee	 �ee2�/6 �&��ee:� �� 
(La/Nb)N �6 �I�� (Th/Nb)N ]l�[.

ee2�/6 �G/G �ee6ee' HYZ/X�VlZ/Xm .XX/XV��/^�ee2& �eeF �
ee'6c@ �#ee! /,��ee� L�(ee2�R &3�ee:A�	 �� 3$%eeG '"#ee*0� D3

>*2 �03�2& ��a*	 �(�&��6 .3&/6 �%G '*; q�A#e1�.e��
*; �#!�A#1�"�,(2�= ��&��6 �03 4e'����&��e:� �& ��e�a*	 

Zr �6 �I�� Y]Yl[#1 "��[(2& )"�&� k�e2& /6 �e03]l^[.(
�&��:� ��Zr �e6 �I�e� Y�e��:� Oe'� �e03e2�/6 ���e	 ���

"/(�A3�(1�A 3�(�/A �&/4 "#1 �*; �&#)D$1Xm.(�I�e�
Zr/Y �(1�A ��3�.& '�)PM (YZ/l�2& eF & �e��� �I�e� -
��&��6 �032�/6 ���	 �6'-^X/w–m�/r�2& .e	 &�e��<&�eG

(�'�:A�	 �F ��/A �J3$%G '"#*0� D3>*2 �03�& ��a*	 
�C"�,(2�= �(1�A 3*;�"#1 ���%�e2& �e(�/A .QGe'' B&/

��F�2�*1�"�,(2�= .� 3I4 �& ��A��2�� /+�*! �t ; 'DLa .
Sm ��G '�8�eG D6�4 /����&#e� &/6�e*6 �& �& "��[(e2& �e6 -e�.� -

e	 /�*!�� B�e!bn& <&�eG e���3F/G ���e	 �� e'e1 H':'���
"�,(2�= ��.@ �2� �6 ]Ym[.�&��:� ��(La/Sm)N �e6 �I�� 

(Tb/Yb)N ]YY[�#*F �6 �I�� /+�*! �F ���]Yr[��eJ*�6 
"#1 ���:� �#�& �03���	 �2�/6 �� "/(�A3/R �e���A e�G.#'�

�(�/A �&/4 �&#)D$1XY.(
�ee8�� -'ee')G 3&/ee63�%ee�6 7.? "�,(ee2�= �&��ee:� �& 

La/Yb �6 �I�� Sm/Yb ]YZ[#1 "��[(2& .��&��e:� -e�& ��
>*2 �e6 �'G.#�/R ����A 7.? �*N*	 3.� ��a*	 �(�&��6 3�0
�8��3�%�6 7.? XY�GXZ�e	 �&/e4 #e+�� A'#e�/)D$e1

Xr .( >*e2 7.? DeN	 3&/e6 "#e	@ �e2� �6 o:! ,(e2�="�
���:� �032�/6 ���	 ��& "��[(2& �6 �&��:�]Yw[�X^^ �eG XX^ 

�6 /(	� 'F �(e1�A <�(e2 Ce� 7.? /,��e'6 �eF #	@ �2� &3
:!'��)+ 9�_ �� o�2&)D$1XZ(.
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?3';O)4�	'���:� ��03���	 �2�/6 �&��e:� �� Zr �I�e�
�6 Y]Yl[.

?3MM';P)4�	ee'�ee��:� ��ee03���ee	 �ee2�/6� �� �&��ee:
(La/Sm)N �6 �I�� (Tb/Yb)N ]Ym[.

?3';F)4�	'���:� ��03���	 �2�/6 �&��:� �� La/Yb 
�6 �I�� Sm/Yb ]��[.

?3';G)4�	'���:� ��03���	 �2�/6 �&��:� �� Ce �6 �I�� 
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