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SiO2 64/1 60/7 70/9 66/7 62/2 59/3 60 57/3 59/6 58/4 61/8 63/6 

TiO2 0/34 0/46 0/2 0/43 0/45 0/38 0/42 0/39 0/47 0/48 0/46 0/5 

Al2O3 13/9 16/2 14/55 16/3 16/45 14/95 15/85 14/1 15/25 15/75 17/7 15/6 

Fe2O3] 3/07 2/10 0/93 0/66 1/84 1/97 1/70 1/75 1/23 2/19 1/95 1/93 

Feo 4/03 2/46 1/17 0/95 2/17 2/32 2/37 2/40 1/61 3/17 2/79 2/52 

MnO 0/09 0/32 0/07 0/01 0/19 0/04 0/11 0/04 0/04 0/04 0/13 0/07 

MgO 1/36 0/65 0/65 0/54 1/9 2/13 3/02 2/1 2/49 2/72 1/52 1/9 

CaO 1/14 2/9 2/77 0/45 2/17 4/97 4/83 6/56 5/41 5/21 1/28 4/78 

Na2O 4/41 4/7 4/9 3/36 4/9 4/79 3/66 3/62 4/71 4/59 3/76 3/72 

K2O 2/5 3/48 1/98 2/55 3/08 3/39 2/97 3/34 2/52 1/8 2/51 3/29 

P2O5 0/18 0/21 0/08 0/18 0/26 0/2 0/17 0/22 0/26 0/27 0/26 0/23 

Ba 815 1820 671 1775 1600 1100 1130 1075 853 641 1235 909 

Rb 54/1 110 53/2 68/5 78/5 83/9 87/7 70/5 79/1 67 79/9 99/7 

Sr 609 508 417 269 956 759 606 1050 887 1045 455 781 

Zr 110 116 87 156 130 120 108 102 114 124 146 113 

Nb 7/9 8/2 5/9 12/3 10/1 8/4 7/6 8/5 11/1 9/9 10/2 10/9 

Ni 15 21 9 3/3 9 14 29 12 16 14 23 13 

Co 806 17/9 3/3 3/3 9/3 8/6 11/6 8/6 10/1 12/3 10/7 10/7 

Zn 254 1785 135 16 122 67 65 48 79 66 426 30 

Cr 130 160 400 180 170 180 120 190 130 110 100 150 

La 22/3 37/7 17/9 41/1 40/4 32/7 24/3 30/7 32/8 40/1 35/6 36/2 

Ce 38 58 31/8 74/1 67/9 53/4 40/7 51/8 53/9 64/9 60/3 63/4 

Pr 3/82 6/32 3/31 8/39 7/11 5/45 4/31 5/26 5/56 6/63 6/15 6/68 

Nd 13/3 22/2 11/8 27 24/1 18/5 14/8 18 18/9 22/7 21/5 24/7 

Sm 2/12 3/4 1/9 2/56 3/89 2/95 2/43 2/71 2/92 3/63 3/37 4/02 

Eu 0/7 1/13 0/56 0/58 1/09 0/9 0/7 0/79 0/92 1/08 1/03 1/09 

Gd 2/39 3/71 1/82 2/36 3/42 2/72 2/3 2/46 2/85 3/26 3/13 3/81 

Tb 0/32 0/44 0/21 0/24 0/44 0/34 0/3 0/32 0/36 0/42 0/42 0/48 

Dy 1/77 2/18 0/86 0/94 2/13 1/65 1/53 1/48 1/73 2/02 1/96 2/37 

Ho 0/4 0/43 0/16 0/2 0/44 0/33 0/32 0/3 0/36 0/39 0/43 0/47 

Er 1/25 1/27 0/41 0/8 1/29 1/03 0/99 0/92 1/12 1/18 1/3 1/38 

Tm 0/17 0/16 0/04 0/11 0/16 0/13 0/12 0/12 0/15 0/17 0/17 0/19 

Yb 1/34 1/09 0/36 0/98 1/28 1/06 0/98 0/89 1/06 1/1 1/26 1/31 

Lu 0/22 0/17 0/06 0/17 0/22 0/17 0/16 0/15 0/17 0/19 0/2 0/22 

Y 13/4 10/7 4/3 5/4 11/5 9/4 8/7 8/4 9/5 10/8 11 12/7 

Cs 1/25 3/18 3/78 3 3/24 1/74 3/53 14/6 1/52 4/05 20/4 1/18 

Ta 0/5 0/5 0/5 0/8 0/6 0/5 0/5 0/5 0/6 0/6 0/6 0/8 

Cu 4760 260 42 23 34 727 53 2590 2430 316 1165 39 

Ga 16/2 17/8 17/2 18/4 18/5 16/6 17/2 15/6 16 17/4 19/7 16/9 

Mo 45 25 3 9 2 15 7 40 111 13 26 5 

Pb 56 49 184 19 25 22 16 21 52 20 30 22 

Th 10/4 12/7 7/22 21/1 16/15 12/55 10/95 10/35 10/8 16/3 15/6 17/6 

U 2/4 3/26 1/92 3/48 4/01 2/46 3/11 2/87 3/08 4/1 2/49 3/64 

V 87 119 22 100 112 104 105 96 103 126 119 104 

W 6 42 1 4 2 1 2 1 2 3 5 1 

Hf 2/6 3/1 2/4 4/2 3/5 3/1 2/8 2/7 3 3/2 3/9 3/2 
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!", &�*'.� h�+4'W -"�% .���W ��%-%'	 �4  fW3(�% >�0�w�(
�j �
TB( ��+��3?�W �4 'H$�4 - "��%� ��N����W UW�� "6�� 

!", "�% .��n*"1	 >�0�314 �,�� ��%3� �M'4 ��]�M�% >-�\ -
���W  % �
�0 "+H�0 ��(3�4 - ]3N�<�= � fW3
`fS �T(�%3W >�0

�?3S �	�4 -�� &�$� [�H�1�W "+0� .;+* �
% �� �0
��
'W3+	 T(�%3W >�0)j�(�w"6�� (!��+W �� bV3/^� �0

�� &�$� �.��3M ��1M ��,�\ >%�%� �0�. - "+0� �$+W%- >
"+H�0 .���W 3�4 - ]3N�<�= >�0 ��()b�N
'�(j"6�� (�4 b�N��A

 "��%� �3�\ ��
'W3+	 h�36)�
'1W ����3+�HW% �4 bV3/^� -
!", &�*'.� �0= "��W% -"�%)UZ,�.(

;+* �( >'�	�3S ���-T�3� U��, ��L+� @�/2 �/�� >�0
���W  % - "+H�0 >'�	�3S �
�3
� >�0`fS 
� f83 ��n*"1	 

*�HS�d�- ]3N�<�= - ��(3�4����
''H/8 >T(�%38 U�Z$( 
!", "�% .;+* �
% �0�+��  �4 >'�	�3S �	�4 >%�%�  % >%
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���W "+H�0 ��%� T
� >�0 .�	�4 ')
�  % !", !"0�$� >�0
�� �	�4 �4 &%3( >'* >�0 �?3S - �
% �'8 !��,% [�H�1�W .

��
'W3+	 ;+* �
% �� ��%-%'	 �4 ��n*"1	 >�0 �	�
 �0
�� �-"\ - "�3,�w���
'W3+	 "6� �� U�Z$( %� �0 "+0� .

��HM�* >%�%� 'H$�4 - �!�34 ]%�"�4�* �( ]%�"03
 �0�314 �
%
��L+� ��L+� - "+H�0 >"+4�� &�$� �2�LI >"+4 - "+0�

]�M�% >%�%� bV3/^� ���W  % �
�0 "+H�0 ��(�S= - [�	�� >�0 .
�� !"
� �314 T
� - �314 �,�� h�36 -� �4 �0 fW3(�% �3,".

]�M�% >%�%�  fW3(�% ��
'W3+	 ��%3� �M'4 ��  % �
�0
���W -  fW3
`fS ���(3�4 >�0�314 T
� "+H�0 �"8 >�0

 %� ;+* �+��  ��(3�4 - T(�%3W �4 !%'/0 bV3/^�  fW3(�%

!�%� U�Z$( "�% .;+* �
% �� ��%-%'	 �4 ]3N�<�= !"
� �0
�� �3, .4 �23/B� �
% �� ')
� [�	�� ���W �W �*% ��(3�

�4 �0�. !"0�$� ;+* �+��  �� bV3/^� ��- ��
'W3+	 h�36
�� �3, .;+* �
% �� !�'H�. ���*'.� �0 �4 �*% !�%� �� >% -

�0 fW3(�% - h�+4'W - ���
'* �4 b�N��A �0 fW3
`fS �W >�3g
���W �4 bV3/^� ��+��3?�W - ���
'* ���1
`�= �*� >�0

!", �
TB( "�% .�= �M'4]3N�< �
'1W ���(3�4 ����3+�HW% �4 �0
 �4 b�N��A ��(3�4 �W ���\ �� �*% !", U
"N( �0= "��W% -
�4 �314 ��,�\ �� bV3/^� - !", �
TB( �0= "��W% - �
'1W

�� !"
� �3	- �3, .;+* �
% �� �.� �0 �(�+4'W - >T(�%3W >�0
���W �4 !%'/0 �� �	�
 ��%-%'	 �4 �"8 >�0 "�3,)UZ,5.(

D<�5;+*  % �S3Z*-'Z�� '
-�z( �A%� "B�� ���$<$(= >�0.

D<�;;+*  % �S3Z*-'Z�� '
-�z( �A%� "B�� @�/2 �/�� >�0.
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��\ �&��I3F'* �3F�3S &%'
% �*�+, ���8 - �*�+,�314 �1B� 5w�

	���4F? 
;+* �4 �N�� 9�1�* �%�3/� �� �A%� "B�� ���$<$(= >�0

 �
��1I]�j[!'H�. �� �W%'( ���*%� ����3
� >- �
 "�=
;+* � @�/2 �/�� >�0 �%'I �
 "�= �( �
 "�= �W%'( -'/1I �

�� "�'�.)UZ,����%.(>�0"��W% �
% �#+
% �4 �F3( �4
 �"��%"
�S�� �.� %30 - ���*'.� '4%'4 �� - !�34 �'YH� �
��1I

!��  % &�+�/g% >%'4 %�� "+��� >'6�+2  % !", i�B�% >"+4
 >'H/W �'Y( ��14�I �8 d�+W'
  - d���H�( H*% T�� "��%� !��<

!�'8d
% .�%�3/� �
% '4�+4]��[;+* -'/1I �� ���$<$(= >�0
��*%�3
�/�W%'( - ��*%� ;+* ��
 "�= �� @�/2 �/�� >�0

!'H�.W%'( >��H	'. �%'I �
 "�= "�%)UZ,��a(��
��3/� &%T�� �*�'4 ��3� >�0SiO2 % 'H$�4 j�- "6�� 
&%T��MgO  % 'H/W 5�*% "6�� .&%T��Al2O3 % ���(

j/���� '���( "6�� �-"\ &= ��)���� - "+Wj/�j "6�� 

�*% !", �N*�Y�.
;+* �
% 'H$�4 �0�%�3/� �� h%'���(�
��1I �4 �N�� 

9�1�*)UZ,j���%(�-'/1I ���/���
��1I ]��[-��
�%�3/�FeOT/MgO �4 �N�� SiO2)UZ,j�a(��!'H�.-

�#0= >��� �%'I �
��1I '�. "�]��[.
�
�"+W �4 �N�� !", ��B+�4 �W�M ���� '6�+2 ��%-%'	

]��[UZ, �� ��� !"0�$� �3, .�+A �0�%�3/� �
% �� �.",
  % ��F3( U4�ILREE �4 �N�� HREE)Av:(La/Yb(n) ~ 

22(�<+� >��B+��4 �W"�% -Eu�� �K\f� �3, .UZ, ���
,3. �4 �N�� �W�M ���� - ���� '6�+2 ��%-%'	�H���-% >]��[

!", ��B+��4 "�% .'6�+2 �0�%�3/� �
% ��LILE �4 �N�� 
HFSE -HREE�+A '6�+2 - ��.",Nb, Ta -Ti 
�B+��4�� &�$� �<+� >� "+0�.

��%(a(
D<�G��% (!�� �%�3/� >"+4TASa -(;+* >�%�. i�� �%�3/� �N�� - �2'	 '6�+2 E�*% '4 �0Zr/TiO2��4 �N��� SiO2.���f2

;+* y'^� �1�� ;+* �4 :4'� ��f2 - ���$<$(= >�0 �*% �H�4%- @�/2 �/�� >�0.

D<�H��% (�%�3/�Na2O + K2OQ
%"�F - 9�1��* �4 �N�� 
;+* >�0�
��1I����Z�= �
��1I �#0= .UZ, �4�$� d?f2��*% .

D<II�Ha(�%�3��/�FeOT/MgO ���4 �N���� SiO2�
%"��F -
;+* >�0�#0=��H�o�3(  % �
��1I .UZ, �4�$� d?f2�"�% .
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D<�J!", ��B+�4 �
�"+W �4 �N�� �W �W�M ���� '6�+2 ��%-%'	 h%'���( �%�3/� "�%]��[.UZ, �4�$� d?f2�"�% .

D<�K��3/� �W�M ���� - ���� '6�+2 h%'���( �H,3. �4 �N�� �W �0 �*% !", ��B+�4 ���-% >]��[.UZ, �4�$� d?f2�"�% .

8��B L�3�	
��� 
;+* !�3( - ���$<$(= >�0 �� �*�'4 ��3� @�/2 �/�� >�0

�H,3. - �
�"+W �4 �N�� > �* >��2 �%�3/� >%�%� ���-% >
�+A �K\f� U4�I �.", '6�+2  % >%LREE -LILE �N�� 

�4HREE -HFSE '6�+2  % �<+� >��B+0 �4 -Ti, Ta -
Nb"+H�0 .�._
- �
% �._
- �4 �4�$� �0 �
��/�,3?` >�0

;+* U�Z$( Q�%�-'	 �4 �H�4%- X�Y� �� �W �*% �
�0
!", "�%]5w[&= '4 !-f2 �N��Ba/Nb -Ba/Ta �
% �� 

;+* &= '
���� - �*% V�4 �0 ��4 c�('( �4 �0���(��w -
�www �( 5�ww�� '���( "+W .&3H�	 !"��2 �4]5�['
���� 

V�4  % '(���N�� �� Ba/Nb  % '(V�4 -�jw �N�� �� 
Ba/Ta!"+0� &�$� ��,�\ X�Y� >!��I ]�^	 >�*% >% .>%'4

���  !�)
�F ���^(;+* �HM�* >�0�%�3/� ��
�P= >�0
!", ���+$�S �<1H�� �
��/�,3?` �4 �*% 'H�4 ��- "�%

!�� ��3/� >"+4 �W �3, !��<H*% >'6�+2  % �*�'4 ��3� >�0 
- "�'�)� �%'I �.� %30 - &�*'.� �
3��l >�0"+
='	 '�l�( �Y(

"+,�4 �'Y( dW '6�+2 mfL6% �4 .UZ, �� ����+k�
�� �K\f� �
�S '4 �W �
�0�%�3/� �� ��3, �'Y( dW '6�+2 >

Nb, Hf, Ta -Th!", d�*'( >����'.� - ���*'.� '�l�( �"�%
&= �� >T�k�� ��3/� ��*% !", ��%T. �0 0�A%�"B�� >�

!'H�. �� �)/0X�Y� >���  >�0 Q�%�-'	 �4 �H�4%- �HM�*
�� �%'I "�'�..

E'�S]5�[�4 X�Y� 'H�4 �M�+, �3K+� �4 �H�4%- >�0
�<
�  % Q�%�-'	 �*3���I% &��� >�0)MORB ( X�Y� -

�*3���I% '
%TF)OIB ( h%'���( �%�3/�Nb �4 �N�� Nb/Th 
�*% !�'8 ���+$�S %� .4�+4��3/� ��%�3/� �
% '�*�'4 ��3� >�0

&�$<$(= -'/1I �� �� �%'I Q�%�-'	 �4 �H�4%- >�0 "�'�.)UZ,
�.(�(�3. - ]"��,]55[�W "��'8 ���+$�S %� >�%�3/� T�� 

;+* ��,�\ >�0!��I ]�^	 >&�$<$(=  % %� >% &-�� >�0
�Y<6 �� [�Z<( >% "+8 .;+* �%�3/� �
% '4�+4 'K� ��3� >�0

!'H�. ����,�\ >!��I ]�^	 >�� �%'I >% "�'�.)UZ,�w.(
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D<�M�* >�0�%�3/� X�Y� �
%"F >%'4 �
�( ���  >�0 �HM�*]5�[��3/� >'�. �%'I -!'H�. �� �*�'4 ��3� >�0Q�%�-'	 >.�4�$� d?f2
 UZ,�"�% .

D<�N���  X�Y� Q
%"F% ���$<$(= &�/8 �HM�*  OIB -MORB .�H,3. c�W'( % ���-% >]5j[�H*3S c�W'( �!��I >>%MORB,
OIB, VAG  %]5�[UZ, �4�$� d?f2 �"�%.

D<�-O���  X�Y� �$
%"F��,�\ �HM�*!��I ]�^	 >�Y<6 &-�� ���$<$(= X�Y�  % >% >%]55[UZ, �4�$� d?f2 �"�%.

P/?,�
: 
;+* !�3( - ���$<$(= >�0 �/�� >�0 >%�%� �A%� "B�� @�/2
�._
- &3k �
�0SiO2> %57 �MgO<%3 ��
�S &%T�� �Y-

HREE)Y<13 and Yb<1.4 ( &%T�� -Sr V�4 )Sr>400(�
Ba/La �V�4 Sr/Y>40 -(La/Yb)N> 12�(��N2 �4 - "+H�0 
�._
- ��W%�= >�0 %� �0 �� &�$� "+0�]5�5�[.�
�0�%�3/�

 X*3( T��]5[�\%'g ��W%�= �W �*% !", >�0�/.��  % %� �0
 [�*fW Q�%�-'	 �\%3� �� !", U�Z$( ')
�)>�0�/.��

�H,3. a-P  % U6�\(�� [�Z<( �"+W)UZ,��.(�� ����+k
�� �K\f� UZ, �
% ��3/� �d�+W !'H�. �� �*�'4 ��3� >�0-

��W%�= >!", :I%- �0 "�% .
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%"F >�0�%�3/� �H,3.  % !", @H$� >�0�/.��  % �H�W%�=]5[.UZ, �4�$� d?f2�"�% .

!"��2 �4]5[�H*3S a-P  % �H�W%�= >�0�/.�� �*3���I% >
�� �$
� &%3F - i'. "�'�. .')
� &%')$0-_S �W ���\ ��
��W%�= �8 "��%� !"��2 �� �0 �-�  % "+�%3( &3k >�"^H� >�0

�(�
�/.�� Q
%"F ]5�[��(�%"4= ��(-"
'S a-P]�-5�[�
5(�H*3S  % @H$� [��1	 >�/.�� �4 �H�% �4 >�/.�� �T��=
]�w[-�(�H*3S �$�4 a-P!��I >�)/0 d��{ �+�
�S >%

!",]su�sq["�3, U6�\ T�� .@�I� !�)H*�M ���^( >%'4
;+* �
% �._
- �*% i V �0 &= �
��/�,3?` >�0 �43M �4 �0

 �*�'4 ��3��'�. �%'I .
�4��W%�= �1W �3g �4 �0�d���( U4�I !-'. "�% .

��W%�= 9�1�* 'S >�0)HSA(��W%�= �9�1�* dW >�0
)LSA(��W%�= �!��I >�0 ��W%�= - �*�HS �
 >% �oW�= >�0 .

�
 "�=  % �0-'. �HN�% �._
- !", %"F >�0 �
��/�,3?` >�0
��W%�= �� &�$� %� �0 %�= �N, �4 �W "+0�"+	-'^� ��W .

��W%�= 9�1�* 'S >�0)HSA (�._
- ��Y�  % >�0
 >-�\ �
��/�,3?`)MgO<%3, SiO2> %56 ��
�S &%T�� �

Y)Y<18 ( -Yb)Yb<1.9 ( &%T�� -Sr V�4 )Sr>400(�
Sr/Y>40 -(La/Yb)N> 10��W%�= �4 - !�34 ���+$�S >�0

 X*3( !",]5["��%� ��%3�/0 .��W%�= �
% P 'l%'4 �0 a-
��% �4�H� �$�4 !'H�. �� �0 U�Z$( ����. >�%"
�S >

�� "�3, .
��W%�= �9�1�* dW >�0jw�(�w- "��%� 9�1�* "6�� 

�N��Sr/Y -La/Yb&= �� �*% '(V�4 �0)�4c�('(�ww �( 
5ww -�w�(�w.(�*�'4 �4'B( >�0]�5���[&=  % �W�\ 

�H,3. a-P �W �*%�H�W%�= !", ����'.� >) % �g31��

��(-"
'S +��W%�= (�._
- �4 �4�$� �
�/.�� �
��/�,3?` >�0
��W%�= 9�1�* dW >�0(LSA)�� �3F- �4 "��-= .&= '4 !-f2

��W%�= !-'. -� &��� > ��4 �
��/�,3?` yfHM% 'S >�0
��W%�= - 9�1�* !", ��B+�4 >�0�%�3/� �� 9�1�* dW >�0

��%� �3F- �
�"+W �4 .��W%�= 0>3)�% 9�1�* dW >�REE 
�H	�
 %"F ��W%�= �4 �N�� %� >'( &�$� 9�1�* 'S >�0

�� �N�� �4 �W "0� '(V�4 >�0Sr/Y -La/Yb �4 �N�� 
��W%�= �� �
�*�+, 9�1�* dW �
�0 "�3, .')
� >3*  %
��W%�= >3)�% 9�1�* 'S >�0HREE �4 �N�� %� >'^�� 
��W%�= �� Q
�/� �4 9�1�* dW >�0 �4 ���%�. �W >�3g
 �N��Yb/Lu��W%�= �� �-"\ 9�1�* dW >�0�w�� -
��W%�= �-"\ 9�1�* 'S >�0j�*% !", ��%T. ]�[.

��W%�= !��I >�0 !�'H�. ��g ��*�HS �
 >% 9�1�*  % >%
) % 'H/W�w % Q�4 �( "6�� �j"6�� ("��%� &%T�� -Y-

Yb&= �N�� ��$/0 ��- !�34 ��
�S �0Sr/Y)�j�(�jw (-
La/Yb�/� &�$� %� �
V�4 "+0� .��W%�= �
% &%T�� �0K2O

�N�� - "��%� �
V�4K/Na&= ��  % �0�/w�(��� '���( "+W .
��W%�= !��I �
 �*�HS >�0 '0�� �$�%�-'	 �\%3� �� >%

�/� bV3/^� �Z14 �"�3,X�Y� �� !��I ��3M'4 >�0 �
 - >%
�W'\!��I &-�� �1�. >�0 �� !"
� �0 �3,.��W%�= �
% '4 �0

�H*3S a-P 'l%!��I > % Q�4 @/2 �� >%�w�(�j- ��431�W 
�� �3F- �4 "+
=]�[.
��W%�= �^LI a-P  % - i'. Q�%�-'	 'l%'4 �8 �oW�= >�0

!", U6�\ !"�%�-'	 +
'. "+4'/W �� �"�% !"0�$� &3H�
�� &%T�� - !�34 [��1	 bV3/^� - "�3,Na2O- V�4 K2O
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