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;�!�5,&���=*T ��#�� �L�?: ��#�� "�&� '&*
& �,�.: ���3 6 �,�.:�� = � h� l�x

��B6#
*C ��o<4U& ��<U �<= &� #��<3& �
& �&#�� �
*4%�= �/
"�&� #�&)�H/fs ���6 #Q�� .( �&��5� ��CaO �<= �8�� MgO �

���5� "��= O�� 3 #��3& '&7�� �
*B2�= +&�&� �4
��� �3�� +�/
)z/f� �<<��6 #<<Q�� (�<<��5� �<<3 ���<<^ �� ��
6*=�<<> +�<</ 

(SZ10-37) ��
�C ��o<4U& ��U �= &� #��3& �
& �&#�� �
*B
"�&� #<<�&)fr/z�<<��6 #<<Q�� .(�<<� *<<N� �<<= ���<<^ �<<3 #<<,�

��36*�C {C 6 O�� 3 �& �.W +�/ �<!�= �-��< 3 +�/�{3�
M
 �<��5� �� *o.! �
& \
&7	&+'&7<�� �<B �4
��<� 6*=�<> )z/f� 

���6 #Q�� (�<,& "#: .�&��<5� �� Al2O3�<= �8�<� MgO �
���5� �&#<�� �
*<453 �4
���6*=�<> 6 �4�B6#<
*C A�8�?�@ +�/

 #� #Q�� ;��� �= &� O�.����@ #��3&+��L�C �<= �{3�<
M{C *<B
 "�&� ��o4U& ��U #�&)��B*B �=HK/r6HP/s�<��6 #Q�� (�� �

�
���6*=�>�3�� �3 ���^ �</6*=�> A�8�?�@ 6 �/&�&� +�
*4%<�= 
#<<� #<<Q�� �4<<:&� ;<<��� �<<= #��<<3& �<<
& �&#<<��+*B2�<<= 

-�� 3 +�/�{3�
M{C�)6��7A�8�?�@ �
�<5>�� +�/ (#.4�</
)��B*B �=zH/fr 6G/fs ���6 #Q�� .( '&7<�� �
*B2�<=FeOt

���<<��5� �4�B6#<<
*C 6 �
6*=�<<> +�<</)�<<�B*B �<<=sK/r6H/�
���6 #Q�� (���<3 ��<E6 ;��� �= �
7<�.�6*	 +�</)6 �
�<��&

��36*�C (#��3& �
& '&7�� �
*453 �3 ���^ �� "#: "#
��=
�
���6*=�>�3�� �<��5� �& �<U*= 6 �/ �
6*=�<>�3�� +�</)�<��5�

SZ10-37 ( �4�<<=&6 �<<,&) .�<<�B*B �<<=GP/G6KI/z#<<Q��
���6 .( �&��5� ��Sc �<= �8�<� MgO �<
& �&#<�� �
*4%<�= �

*o.!)f�/Pf ppm(���5� �� �<
& �<3 "��<= �4
���6*=�> +�/
�� #� ���^ ;��� �= #�&�B+��36*�C *B2�= �<4	*> *N� �� �/

��: .���5� �
& *= "6{! �
*<453 +&�&� �
6*=�<> A�8�?�@ +�/
 *o.! �
& '&7��)�z/zK ppm(4�/ #.);$:H.(� 3 ��` �=
 O
7<<�.� �#<<!100Mg/(Mg+Fe+2)(�<<��5� *4%<<�= +�<</

 ,�*= ���� �
2���3���= �u�Bl�6 "��<= *<��(B �� #<Q�� 
���5� *�3& �&��5� �� �/CaO/Al2O3O
7<�.� �#<! �<= �8�<� 

);$:l(&#<E #<�6� �&
��<36*�C�.� 3 6 �
�<��& \)�<4^ 6
�{3�
M{C (�� +6*�C#..3 #� J&*��(B �= �
& �3 +���3 �
& �/
�<<��5� �� <<,�*= ���<<� +�<</���&� +��>��<<, .�<<��5� +�<</

 ���5� �= �8�� �4�B6#
*C A�8�?�@ 6 �4
���6*=�> &#<E +�/
\
�4	�
 A�8�?�@ *B 7�.� �#! +&�&� ��&�
*<= "6{<! �"��<= +*B2�= O

���5� �& +�&#mB ��
& 53 O
7�.� �#! +&�&� �3 �
6*=�> +�/ *<4
 �&�u���5� *
�, �= �8�� �#�#Q�� &#<E +#<�L6*=�> +�</
\

�4	�
 *B4�/#.);$:l.(=�*4%���5� �<�1.� +#<�L6*=�> +�</
 "��<= ��
�<C '�<4�B #��3& +&�&� ����5� ,)z/I�<B f/I#<Q�� 

���6 (#��<3& +2�<= �&#<�� 6 ��
�<C '�4�B #Q�� �= �E�B �= 6
�O
7�.�=<�*4% �<��5� ���<= ��<Q�U �</ �<= 6 "�&� '�%<� �4�.
��*N� �3 #,�"�&#>+'@ ���� "#<: �<�B �4<:�> -<
 �& �</

�
�%�4	*> #�& .���5� �& �U*= '�<4�B #Q�� +&�&� �
6*=�> +�/
 "��= *B2�=)r/I�BH/I���6 #Q�� (�� 6"*4�> ��.���= �&*T �/

�5�#�*�>);$:�.(

%-�AJ&*��(B +�/�&��5� O
#��$,& *o.! 6 � Q& *Q�.!�= �8����1.� +�/#�L6*=�> +&*= O
7�.� #��3& +����5� , .
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# E��"��5: �x'�4��� ��v�v �5�:�LM6*=�> 7�M6*4C 6#�L�����	& +�/+�/����5� , �&678, �l��

%-??�B�&��<<5� CaO/Al2O3�<<= �8�<<� +&*<<= O
7<<�.� �#<<! 
����5� , �4����	& �!�5h� +�/#�L6*=�> .���%� �</ �<�3*B �� *<��(B 

�8�� ��^ *= 9�	 +�/&#E
\���3 ��<36*�C ��{3�<
M{C +�/ 6
�
���&� '�%� &��#./�.

%-� D�&��5� TiO2�= �8��MgO �<��5� +&*= +#<�L6*=�> +�</
�����	& ����5� , ��1.� +�/ .{!
�4	*> ��3 �= O;$<: #.��5/ "#: 

H#�#: p��4�&.

K(�3�U ���� 6 p��53 *Q�.! J&*��(B:;3 '&7�� � 3 ��` �= 
! +�)�& �� �3�U ���� *Q�.! �3�<U ���<� *<Q�. ��<h.�= "#<: 

���5� ���5B �� �
�#.3 �= �8�� �<3 "��<= ��
�C �
6*=�> +�/
 ��U �
��5�:�LM �>Y
6 �
&���8�� �,& �
2���3 +�/ .+�)�&

 �3�U ���� *Q�.!��h.�= �<
& +&*<= �
�#<.3 �<= �8�<� "#: 
�4:� X., �& �<�B �= �/ -8<, �3�<U ���<� *<Q�.! �� �>#<:

 �<,& �<:6�)La(N)/Yb(N) = 0.2-0.8 �<��5� �� 7<E �<= �+
SZ10-37 �<= *=&*= �&#�� �
& �3 KP/K�<,& .( ��<
& *<= "6{<!

=���h.�+�& �48�� Eu �<��5� �& �U*= +&*= 7�� �
6*=�<> +�</
 �= �3 #: "#
��:�8�& #� +X., �
& �� �{3�
M{C �1=&� �/+

��&� O��4��);$:r��&.(p�<�53 *<Q�.! �&��5� �� ��<h.�= 
�= �8�� "#: N-MORB);$:rp(���5� ��<= �
6*=�> +�/

�.W �� �>#:LILE )Rb, Ba, K, Sr (�
"#����: .�8��

La(N)/Nb(N) X., �
& �� ��= �/s/G�Bf/f�<,& '�%<� �<3 
"#./�+��B �� �>#:Nb �/6*=�> �
& �� �,& .�<��5� 6� ��&-

+SZ10-046SZ10-06  �8�� �=HI/I6Gf/I�<�B �>#<:
 #<��&� *o<.! �<
& �� +*<453 ����= .�<��5� ��+��4
��<��3�� 

�8��La(N)/Yb(N) �= *=&*= Kf/I�<�B �& '�%<� �3 ��= �>#<:
�� ���5� �
&LREE  �= �8�� HREE �</ �<,&);$<:r�.(

= �
& *= "6{!���h.�+�8�� Eu ;��� �= �)., ���5� �
& �� 
�:�8�& �{3�
M{C �,& .#<.q +�)�& �� +*o<.! ��<h.�= "#<:

 �= �8��N-MORB �8�� �La(N)/Nb(N) �
����3�� +&*= �</
 �= *=&*=ff/K�,& "#./� '�%� �3 +��B *o<.! #
#<: �>#:

Nb �,& .�.W �
& *= "6{! �� �>#:LILE �<>Y
6 *<)
� �& -
���5� �
& +�/+�)., �,&);$:rJ.(

�?�@ ��</6*=�> A�<8�?�@ �� �3�<U ���� *Q�.! ��&6&*	 A�<8
 ��36*�C�B�& �4�B�5)C +�/6*=�>6 �/6*=�> ��B�5)C �=�%<� ��&�

 �3�� �=�
���6*=�> ��
�C �/�,& .X., �
& �1,&6 �= �/+�.W -
�&��<5� +6� *<= �Z<,�4� �3�<U ���<� *<Q�.! �& �L7E �>#:

 +�)�& -
 �B�8$.! _�<Q �5<, �<= ��).<, ���<� *<Q�.! �& 
�� '�%� Z,�4� �3�U ���� *Q�.!#./� .&X., �
�= �/ �4:&�

 �8��La(N)/Yb(N) ��= zP/I�<BKz/I��<�B +&�&� �>#<: ��
LREE �= �8�� HREE 4�/ #.);$:r�.(�.W �� �>#<:
HREE)�= �8��LREE ( �<�1.� +�/6*=�> ���5B �� ��8
*�B

 #<� ��&6&*	 �& �:�� �3 #: "#
�+�
*<a 6 ��<36*�C ���<3 
�3*: �4U�, �� *Q�.! �
& ��
� +*
iC����3 �
& �,& .���5�-

,�*= ���� +�/�= +&�&� ���h.�+�<8�� Eu 7<�� 4�</#..��
���5� �
& �8�� �)., +�/La(N)/Nb(N) "*4�<> ��+K/K�<B

s/z'�%<� �<3 �,& *��(B �� "#<./�+�<�B �� #
#<: �>#<:
 *o.!Nb �,& .+*o.! #.q +�)�& �� ��.~5/��h.�= "#<: 

�<= �8��N-MORB �<��5� ���<� +�</ <,�*= ���<.W +&�&� 
�� �>#:LILE)K, Sr, Ba(4�/ #.);$:r�(.

�&��5� �= �E�B �= p��53 *Q�.! +�/��h.�= �<= �8�� "#: 
6 p�����7�&��5� �3�<U *Q�.! +�/ ��<h.�= �<= �8�<� "#<: 

�<<<��5� ��
�#<<<.3 6 �4
���6*=�<<<>�3�� ��4
���6*=�<<<> +�<<</
�
���6*=�> A�8�?�@ +�/ ��B +&�&� �&� � �>#: �LREE �/)�=

�8�<� �4<:&� �<= ��B*BLa(N)/Yb(N) �<= *<=&*= fH/I�zr/I�
fs/I(��B �*o.! �� �>#:Nb 6��7�.W �� �>#:LILE �</

)K, Sr, Ba(4�/#.);$:r�0�.(�
&6
>Y��/�
��5�<:�LM 
+*, �= �=�%� +*, �B �4�.���= +�/ �<,�T *
&7E �4�S��B +�/

��B ��&� ��&��5/ "#: .6*=�>�
��� A�8�?�@ +�/ �8�<� �<= �&�
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;�!�5,&���=*T ��#�� �L�?: ��#�� "�&� '&*
& �,�.: ���3 6 �,�.:�� = � h� l�l

La(N)/Nb(N) �<<= *<<=&*= P/G�<<�B +&�&� �� +*4%<<�= �>#<<:
*o.!Nb �
���6*=�> �= �8�� �/)�8�� �= La(N)/Nb(N) *=&*= 

�=K/z(6��7�
���6*=�>�3�� �/)�8�� �=La(N)/Nb(N) �<= *<=&*= 
f/z(�,& .5U�>#��� *4%�= +2�= �= 6� ���<� *<Q�.! �.[.�
U+&*= �3� A�<8�?�@ �
���6*=�> ���5� �<� �&� ;<��� �<= #<�&�B

 A�8�?�@ ���^)#� ��36*�C�.� 3 "&*5/ �=+*B2�= (�<3 #:�=
 �<8�� +��<h.��= ;
#<mB �!�= �4^Eu "#<: �<��5� �<
& �� 

�,& .�3�U ���� *Q�.! �&��5���h.�= �
�#<.3 �<= �8�� "#: 
���5� +&*= �1,&6 �= �4�B6#
*C A�8�?�@ +�/+�.W �� �>#<:

 �<= 6� p#<[� +�<)�& -
 ��)., �B Z,�4� �3�U ���� *Q�.!
�� '�%� &� 2�=#/� .�8��La(N)/Nb(N) ���5� �
& �� *<=&*= �/

 �=Kz/I6KP/I��B �3 "��= �� +#
#<: �>#:LREE '�%<� 
�� #/�);$:r�.(

�8��La(N)/Nb(N) ���5� �
& +&*= �<= *=&*= �)., +�/s/K
6�/K,&���<��5� �*o<.! �
& �� �
&*=�.= �<,�*= ���<� +�</

��B �� '�%� �>#:#./� .+*o.! #.q �&��5� ����h.�= "#: 
�= �8��N-MORB �.W ��� �>#<:LILE �<� "#<
� ��<:

);$:r�.(
�<�1.� +�</6*=�> �<,�*= *<= "6{!+�<�3*B �����5� <, 

"�&#> -
&� 6 �/ �����	& +�/ ��� +&*<= 7<�� �&678<, +�</ ��<

 "#: �,�*=#�&."�&#> +�</ ���<� �4
�#<�@ �4�&��<= �<B �4�&��<=

��,�*= �� �&��5� �3�<U ���� *Q�.! ��<h.�= �<= �8�<� "#<: 
�
�#.3 �= ��.W *Q�.! �� �>#: ���<� -8<, �3�<U R�%<�

 �<,&);$<:r�.(�8�<� ��<
& *<= "6{<!La(N)/Nb(N) +&*<= 
"�&#> ��<= �,�*= ���� +�/K/K�<BG/fz *<��(B �� �<,& �<3 
'�%�"#./�+��B �<��5� �� *o<.! �<
& +&*<= 2�= �>#: +�</

 �,�*= �����,& .�.W -8<, �3�<U ���<� *<Q�.! �� �>#<:
)��)., �3�U ���� *Q�.! �= �8�� (�<�B �<= "&*5/ �� �>#<:

 #.��� +*Q�.!Nb, Ta 6Ti'�%� "#./�++�/#<^&6 \
&*<> 
��%?%B@�+*, �= ��1.� �$/@ +�/0�
�� T ,&�.

����� #��! ����������� %�-G= H�I! J�!���� KI� 
�$��.q �&��5� �� *Q�.! +�/��h.�= �3�U ���� �<= �8�<� "#: 

�
�#.3);$:r(�
"#�<� ��<: X.<, *<�3& ��
6*=�<> +�</
��1.�+��B +&�&� ����5� , 6 �3�U ���� *Q�.! ;3 �� �>#:

��7��B .! �= �8�� -8, �3�U ���� *Q�.! �� �>#: ���� *Q�
 ��)., �3�U&#�.��B �
& *= "6{! �� �>#:Nb 6Ta �.W 6-

*Q�.! �� �>#:LILE *)
� �&6
>Y��</+�<
& �
��5�<:�LM 
���8�� �
6*=�> +�/4�/#..

%-�L�3�U ���� *Q�.! �&��5� ��h.�= �
�#.3 �= �8�� "#:]f�[p��53 *Q�.! �&��5� 6��<h.�= "#<: �<= �8�<� N-MORB]fr.[+&*<=
��1.� +�/#�L6*=�>+ ,���5��.
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# E��"��5: �x'�4��� ��v�v �5�:�LM6*=�> 7�M6*4C 6#�L�����	& +�/+�/����5� , �&678, �l�k

�
&6
>Y��/+'�%� �
��5�:�LM "#<./�++�</6*=�> \
&*<> 
,�*= �����+*, �= ��S��B �
 6 �4�.���= +�/ ��B ����= +�/-

,�T *
&7E "#:�#.4�/ ."�&#> ;=��� �� <,�*= ���� +�/���
U ���� *Q�.! �& �/6*=�> �= ��
��� *<Q�.! �<= �8�<� -8, �3�

 �.W ��)., �3�U ���� ��B �= 6 "��= "#: 6 ��<�=��� �� �>#<:
 *<Q�.!LILE =�<U �<<=��<<
 <� "#�#��<<: .J��Q�o<<U �<
&

 "�&#> +&*= �
��5�:�LM �����	& +�/ '�%� �&678, +�/ "#<./�+
+*, �= \
&*> $/@ +�/�0 T<���
�<,& .�&��<5� ��Nb/Yb 

�= �8��Nb/La);$:s(=�*4% ���5� "*4�> �� �/+X., -
+�/ �= �4�=&6 d�T 6 "#: }T&6 ���%?%B@ +�/ �< W& \
&*<> 

��S��B �B �4�.���= ��B +�/ �<� '�%� �,�T *
&7E "#: �#<./�
���5� �& ���� 6� 7E �= �
6*=�> +�/)SZ10-6, SZ10-4 ( �<3

 �= \
&*>N-MORB #��&� �/ ."�&#<> ���<5B �<= �8�<� +�</
 ���5� , ��1.� �<S���B �= \
&*> 7�� ��<B �<,�T *<
&7E +�</

+*, $/@ +�/�0 T<���
6 "�&� '�%<� �<= '6� \�&�6*<	 +�</
 #�& �4�=&6 .��B6#<
*C A�8�?�@ �� ��E�� ;.�F,& �
�<��& 6 �</

�
���6*=�> ��1.� +�/+�6*<3 �#! +&�&� ����5� , )Cr#(�<= 
��= ��B*BGH/I�BGG/I6GG/I�<B GK/I���<^ �� �"��<= �<3 

O
7�.� �#!)Mg#('@��= ��B*B �= �/KG/I�<Bfs/I6Kz/I
6KK/I*��(B �� �,& .O�.���<�@ #��<3& 6 '�4�B #��3& '&7��

;.�F,& ��B6#<
*C A�<8�?�@ �� ��E�� +�/ �<= ����5� <, +�</
 �= *=&*= ��B*Bs/f�Bf/K�<
���6*=�> �
���& �� 6 ���6 #Q�� 6

�= *=&*=fz/f�Bf�6 #Q�� ���,& .�� ��<�3*B �
& �= �E�B �=
 O�.���<�@ #��<3& �= �8�� '�4�B #��3& �&��5�]fH[;.�F<,& 
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