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���./:�- 3�4��5 6*!7$7$�$�$1 8�1'�9$:��*!" $;�"� 6� �<�=+� �� '<�$�* �%;* 8�1'�9$:��*!" /��� �'+7*!>  ����? @7 8�1 �<- 8*
 	*!AB C$D��
�´FFG���H���G��	*!AB I!&  �J!2 ��
��KFGK��H´FFGK�/*'<01 L!<5  L$+B �� ���02 '<��*� /$<0+M� .

�,�!- O�,*!- �1'�9$:��*!" �
* P+, 8�1 �!:�" �� �,�+2 ����$H$7$� 8�:	!" �*!J �
�$
� Q�$�QH�*$7$7$�  �
�$
�$�*!"$7$� ��'�* .
��*'�* !R� �* 6*!7$7$�$�$1 8�1'�9$:��*!" �,�!- ��*� 8�� /�)� �1 /S �7 '1��� *� �1 @��<�H �<�*�Q
�  '<�9 !�	�$> � !"  � �- /*$H

�!7 .��"��$M!- 8�1 8�1'�9$:��*!"�* �%;* 8�1'�9$:��*!" �- 6*!7$7$�$�$1�� �'
� �-$M �- '�$ �<- �4�<�  ��<�� �T
�'<H  '�$2
/S /*$B �1 !H)�,$U��> �* V> �H �,$U��> ('+:�1 .�,�!-���7 8�1�� /�)� �
��0�2$9W  �,�+2 P+<, �<
* �<7 '1� X$<� �* �<1I 

�(1SY�B�� !R� �*  '+:�1 �
��%J ���$�S X�42* 8)Z(ASI���$�S!> �07 �H ���$�S�:� '�* .
*�H$<4(+& 8�1�*�$0� �� �1'�9$:��*!" �
!R� �*Sr �*  �+5 ,Ba Rb, Nb  Ti�'2 ��H '�* .�*'�� ��+[01 K2O, MgO  FeO/S �� /*Q��  !:07 �1Na2O, CaO \�<- 

�,* '�$�* !.
� 8�1'�9$:��*!" �* .P+, �
* !;�+& !R� �* �1LILE  LREE �+5 !;�+& �*  �"'2HFSE��H /�)<� �"'<2 �<�-
�"]
  �*  �'+1� ���J �2*$^  \�*� !	 _D�+� `M�2 8�1 �,* C�a	 8* .�*�$0� ��<�� b�<c� d<�(eH 8�<1 � ���<�B �:M�<,Rb 

�- �4��Ta + Yb �Nb �- �4�� Y Rb �<- �4�� SiO2���)<e)HS O$<J b�<c� �<- (I- type) 8�1'<�9$:��*!" f�()<H 8*!<- 
��$H 6*!7$7$�$�$1 @1 '�$�* 8�*� ��*$M�.���� �+�)�> �- �B$H �- �7 �:,$> \�*� !	 �- ���=+� �,�+2 !<
� �<- V�:H$U� �,$���J* 8

�,* �:�-*  8Q7!� /*!
*.

��
����+� ���:'�$�* g6*!7$7$�$�$1 8�1'�9$:��*!" gX$� Ig�0�2$9W g�(1S Y�
��%J g��2�^ ���J 8C�a	 8*.

1"�2" 
�&$0T� !07 �� '�$�* 8'�9$:��*!" 8d<��$H$%> '+-Y��$<"!"�
h'++<<,Y��$<<H �* �<<(
  �<<,* �<<:	!" �*!<<J /�B!�<<, 8�<<1

 �� L$�c� / � �
* 8'�9$:��*!"�$2 .��$<� ��$<H �
* �,�!-
 ���� �* 8����- �B$H �,* �:	!"�*!J /�,�+2]�Y�.[�* k'1

 �"]
  �,�!- \1 ]> �
* P+<, 8�<1 �
��0�<2$9W  �<,�+2
 6*!7$7$�$�$1 8�1'�9$:��*!" �,* ��=+� �
* .8�1'<�9$:��*!"
 \�- �� !:)�- �6*!7$7$�$�$1 �-  8Q7!� 8�1 �"� 6�$; 8�1

 �:��, '+l ����? �- �- Q��  !:� '+l �H !:� ��$H 6�$; 8�<1

P+<<,  �1'<<�9$:��*!" / �� �� �'�)<<7 !<<.
� /$<<"!"� 8�<<1
�'+7*!>'�* .�)�� P+, 8��$<H �,�+2  '<�$�* 8'<�9$:��*!" 8
��aJ$� f(2 �� 6*!7$7$�$�$1 8�1'�9$:��*!" �Y/�)<� m<�* 

�,* �'2 ��*� ./ !�- P+, �
* !�.0)l �"�� !��<� �� *� �1
n+" ��<2�^ ��  /�)<�� /*'<�� �<H �<��� ���<B 8/*'<01 8Y

�� ���:,!�2 �!7 �'1�)� /*$H)f(2�YL.(P+<, �
* �* �<1
 �"]
  !R� ���7 8�1 '<;�� ��<.�� o
!<? ��<,�+2 ��p<,'%	

'��*� 6 �eH '�$�* 8�1'�9$:��*!" !
�, �- �,  �
��%J .

∗�e%H �C$U�� �'+�
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�8�$4; ������S���a��1�p, �$B /*!
* �,�+2 ���7  �,�+2�$%- �%T� �K|

��%�3 4�% 
�<<"]
  �<<,�!- 8*!<<- P+<<, 8�<<1 8�1'<<�9$:��*!" �<<,�+2
 ���=+� 6*!7$7$�$�$1�F� }=�� ���H 8*!- ��$0� L��:�* ~��

 '+:	!" �*!J �,�!- ��$� �)4=J �$(, !(�� �-  '�'2 .8*!-
 �"]
  �,�!- 6*!7$<7$�$�$1 8�1'<�9$:��*!" �
��0�2$9W 8�1

 ���=+��P+, �* ��$0� P+, �,�!- �* V> @��, 8�1 �:M�+2
 �<� /�)<� *� ���<,!"�  �"��*$<1 fJ*'^ �7 L�<�:�* �'<��*�

 /S /�!7 ��$> �* V>  '�'2 � �1 �%&$<- ��.)<�*� ��.)<
���S �

�
QTH 8*!-  ��+�, ��*'<�*  �%<;* !<;�+& �
��0�<2 88!<�"
 ��.)<
���S �- �7�M ���� !;�+& !
����ALS Chemex *��<��7

 '�'2 C�,�* .f��<2 �7�<M ���<�  �<&!	 !;�+& ��%;* !;�+&
 3�&$0T��|� � �* �%<;* !;�+& ���aH 8*!- �7 '��$- !�+& -

:� @�:�� L � 8�1 6*�$- �ICP-MS  !<;�+& ��<�aH 8*!<-  
� � �* �&!	  6*�$- �:� @�:�� L � 8�1ICP-OES ���e:<,*

'2 .�� n
�:�C 'B ��'2 �9*�* '�* .

5.�67
 8���� ��aJ$� h'++, / � �� ��=+� �,�+2Y�)��  /�B!�, P+, 8��$H �,�+2'�$�* 8'�9$:��*!" 8)�)<�� �* !<��AH �<- ��<�� -
�,�+2|�FFFF/��8'�T�  8'�0& �/*'01 �K��.(

5.�698�"� '�$�* ���$H�- �� 6*!7$7$�$�$1 8�1'�9$:��*!" �* 8*)L$+B �0, �- '
�.(
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'%Bv����02 �v����-vs�u P+,!" �0�2$9W  �,�+2 6*!7$7$�$�$1 8�1'�9$:��* . . .�KK

:��-6P+, X*$�* �
��0�2 Q����S n
�:� ��$� 8�1�,�!-)!- L��07!;�+&  ���  ';�� o�^ !- �%;* !;�+& 8�1'��7* o�^ PPM !R� ��
�'2 �:	!"'�*.(

A.S8.G6 A.S7.G4 A.S6.G23 A.S6.G22 A.S6.G21 A.S.G11 Sample 
�/�K�|/|�|/|��/|���|/KSiO2

��/����/��|�/���/FF|�/�|FAl2O3

|�/FF/K�F/�|F/�|F/�FF/��Fe2O3

�F/�K/FK�/K�K/���/���/��CaO 
FK/FF/F�F/F�F/��F/�FF/|�MgO 
F�/��/�|�/���/���/�|�/�|Na2O
|K/FF/K�F/��F/|�F/|�F/�|K2O

F�/FF/F�F/F�F/��F/F�F/F�Cr2O3

��/KF/���/K|F/��F/�K|/|�TiO2

F�/FF/F�F/F�F/F�F/F�F/F|MnO 
�|/FF/FKF/F|F/��F/FKF/��P2O5

F�/FF�/FF/F�F/F�F/F�F/F�SrO 
F�/FF�/F<F/F|< F�/FF/F�F/F�BaO 
FF/F�F/��F/FK�/FF/|FF/�FLoI 
|/��F/�FF|/��F/�FF�/��F/�FFTotal 
�<�<�<�<�<�<Ag 
�/�KF/K�F/��K�/K�K/�FF/�KBa 

||FK/���/�K�/K��/���/�K�Ce 
�/F<�/F<�/F�/F�/F�/FCo 

��FKKF�KF��FK�F��FCr 
��/F�F/F|�/F��/F��/F��/�Cs 
�<�<�<�<�<�<Cu 
�/����/��/����/���/F�F/�Dy 
�/|��F/F�F/���/F��/F��/�Er 

�|/��K/F��/���/��/F�F/�Eu 
�/��K/�|�/��K/���/���/��Ga 
�/K���/K��/�FK/�|/KFF/�|Gd 
�/��/�|/��/��/��/�Hf 
FK/�|�/F�F/|KK/F��/F�|/�Ho 

F/�F|�/|�K/|�|/���/��/�|La 
��/|�K/F��/F��/F�|/F��/FLu 
|<|<|<|<|<|<Mo 
�/��F/���/�F�/��K/|��/|�Nb 
F/�||�/|�|/|��/�||/��/��Nd 

�<�<�<��<�<Ni 

���K�����K�K�FPb 
�/|���/���/��K/K��/���/��Pr 

|/��/��/��/��/�K/|FRb 
|/K���/���/��/���/K�F/��Sm 

���|��Sn 
��F��K�������F��KKSr 

�/K�/��/K�/��/��/�Ta 
�F/��K/F��/�K�/F��/F��/�Tb 

|�/�FF/����/�K�/|��/|��F/�|Th 

�/F<�/F<�/F<�/F<�/F<�/F<Ti 
��/K�|/F�|/F��/FF�/F�F/FTm 
��/���/��|/K��/�K|/|��/|U

K��|�����K��FKV
FF/K|FF/��FF/KFF/|�FF/|�FF/KW

|F�K/��/��K/��/��/�KY
F/|���/F��/���/F��/F��/KYb 

��|�|�|����|Zn 
|��|��|��|��|�F���Zr 

�����;��� 
P+, �
* ��$0� �� �1 ��<"  8!�<2 '�e<, P<�� �<- �:<,� 8

�H�$;)���$, �$�^ f��� �- f<�H � 8�1 (�<� �'<
�  '�$<2
 ��$H ��:M�, 8*�*� '+:�<1 '<�9 !�	�$> ��"  8* .Q
�<0:� �<B 

�'++� P+, �
* 8���*!" �- �1���� �$�^ '�$�* !.
� 8�1 8�<1

 * ��H$�- �$40�  f�H �  �e,* P+<, ��* *!	 �:4�* ��, 8�<1
�e,* �,* !:)�- �*�)f�2|YL �m�* (�.�>$(, !(�� !
 ��H

 P+, �* f(<2 �� �<,�!- ��$� 8�1)f(<2KYL �m<�*  �(
�'2 �9*�*'�* .P+, �%;* �	�-f(2 �0�� �1��*� �*��,* �*�.
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�8�$4; ������S���a��1�p, �$B /*!
* �,�+2 ���7  �,�+2�$%- �%T� �K�

<

5.�=7
 8�e,* 6*!7$7$�$�$1 '�9$:��*!"�*� .5.�=98f�H � 6*!7$7$�$�$1 '�9$:��*!"�*�.

5.�?P+, �* �>$(, !(�� !
 ��H ��$� 8�1�,�!- :m�*Y
- f�H � 8�1�$%- �7 f�H � �- �e,* #*$H '2���� C�M�* 6�$;

 �:	!" �*!J /S'�* .LYd1!" �<- �<7 f�H � 8�1 f<��� �<2�4�* 
d1!" �
* f�H � /* *!	 �1 �<� �'<
� �!<�H P�� �- '�$<2.�Y

�e,*�0��f(2�*��e,* 6*!7$7$�$�$1 '�9$:��*!" �� �*�.
Pl = Plagioclase, Qtz = Quartz, Rt = Rutile, Ttn = 
Titanite, Or = Orthoclase, Ms = Muscovite, Clz = 
Clinozoezite, Ap = Apatite, Zr = zircon. 

 
�����$H$7$� : !(�� }D��� �� ���7 �>$(, P+, �%;* 8�1 ��<,

 �* '+H��4& :o<�7!H �- 8', ��7$
W�>)��7$<.��*Y�
�'<�S ( 
�- 3�$0a� �0�� 8�1�$%- 6�$;f(2f(<2 �<H �*� �*�%)�F≥(�-

�<- ��%7 !<(�� ��<"  ��7$<H� * !:)�- �
��%J ��p,'%	 6�$<;
 �0�� 8�1�$%-f(2�- �H �*� f(2%)�F<(�- QH�*$7 8�1�$%- �-

���<7 ��<- 8��	 �� �7 f(2�<- 8'<2!01 8*�*� �1�<"  �<1
6�p,'%	 �� �	�
 �1 '�$<2%)|�≈.( ���<7 f��<2 �<&!	 8�<1

 �- �7 �e,* �0�� 8�1�$%- f(2f(2f(2 �H �*� �:�%(�9$>  �*�
 �� �'
� ~��� }D��� �� �<- �1�<"  ��$2 C�<M�* �<18f<�H � 

�<- �<7 �,* �*!01 �<� !<R� �* �e<,* 8�<1�$%- '<,� 8�<1�$%-
 �- *!
� '+:�1 8!�M�H ���<7 �:�%(�9$<> 6�$; �� *� !<.
� �<1

��!- '�!�"]�.[�- f�H � �<2$M  ���$<, 8�<1�$%- 6�$<; 8*
 ���7 fM*� �� f(2��<2�^ �� �
 !.
� 8�1 �e<,* 8�<1�$%- 8

�� �'
� '<�* �e<,* �- #�$H '2� �� �1�"  '�$2 .�<- �<�H$�--
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'%Bv����02 �v����-vs�u P+,!" �0�2$9W  �,�+2 6*!7$7$�$�$1 8�1'�9$:��* . . .�K�

�-  6�'� �0�� 8�1�$%- 6�$;2f(��- ��*���� � �<:
!%7  8*
C�M�* 8*�*�  ��,* �'2�,* �7!
�  ��H�>S 8�1.

���<<7 �*�<<� �<<
$��� 8�<<1  �
 $(�<<� ��<<
!%7 �<<- /*$<<H
 �!<<7 ���<<2* �<<
Q9 �$+�%7 . �<<�H$�- ���<<,!"� �* �<<
!%7

 �<<,* �'<<2 f<<;�^ ��7$<<
W�> ���<<,!"� �* �<<
Q9 �$+�%7 .
�- �
 $(�� +1 f(2 / '- 8�1�$%- 6�$; f<;�^  ��$- �,'

6�p,'%	 ���,!"��1�,.
�<
�$
�$�*!"$7$� :���<7 �>$(<<, !(�� }D�<�� �� �%<<;* 8�<1

 �* '+H��4& :o<�7!H �- 8', ��7$
W�>)��7$<.��*Y�
�'<�S ( 
�- �$0a� �0�� 8�1�$%- 6�$;f(2f(<2 �<H �*� �*�%)�F≈(�-

- !:)�- �
��%J ��p,'%	�%7 !<(�� ��<"  ��7$H� * 6�$; �<- ��
 �0�� 8�1�$%- 8'+-!(�>f(2�- �H �*� f(2%)�F<(8�<1�$%- �

�- QH�*$7 f(2%)KF≈.(���7 �<- �e,* f��2 �&!	 8�1 f(<2
 �0�� 8�1�$%-f(2f(<2 �H �*� �<- f<�H � ��*� 8�<1�$%- 6�$<;

 �2$M  ���$, ���<7 fM*� �� 8* ��<2�^ �� �<
 !<.
� 8�<1 8
@7 �*'�� �- ��H$�- ��e,* 8�1�$%- �-  �<0�� 8�1�$%- 6�$;-

f(2�� �'
� �7!
�  ��H�>S ��*� '�$<2 .���<7 �* �<
$��� 8�<1
���!7 ���2* �
Q9 �$+�%7  �
 $(�� ��
!%7 �- /*$H .

�
�$
� Q�$�QH�*$7$7$� :o�7!H �- 8', ��7$
W�>)��7$.��*Y
�
�'�S (�- 3�$0a�  �0�� 8�1�$%- 6�$; f(<2 f(<2 �<H �*� �*�

%)�F≈(��<<- !:)<<�- �
�<<�%J ��p<<,'%	 ��<<"  ��7$<<H� * 6�$<<;
 �0�� 8�1�$%- ��%7 !(��f(2�- �H �*� f(<2%)�F<(8�$<%- �

�- QH�*$7 f(2%)|F≈.(���7 �<- �<7 �e<,* f��2 �&!	 8�1-
�<0�� 8�<1�$%- f(2f(<2 f(<2 �<H �*� �<- f<�H � ��*� 6�$<;

�<<2$M  ���$<<, 8�<<1�$%-�<<- �<<�H$�- �8*�<<-  6�'<<��$<<; 6
�0�� 8�1�$%-f(2��- ��*� �<�� �  �<�H�>S ��'<2 �<:
!%7  8*

 �:	!" f(2 �7!
�'�* .���<7 �* �<� �<
$��� 8�<1 ��<
!%7 /*$<H
�!- #�� *� �
Q9 �$+�%7  �
 $(�� .

�	�- � 8�1
�* '<+H��4& ~��<� }D�<�� �� �'<2 �'1�)�!. :
��=+�8'+-�H!> ��)*
o<%5* �<	�- �#'<& �* �<2�� �<.:���S 

)Exsolution ( '��B ���^ ��
� ���1��p<,'%	 �� '<��B �<08
�7 '+:�1 �
��%J �- /'2 �!, �%&#*�S <- �1��p<,'%	 �6�$<;

',
,�:> �* �+5  @�@�'<
� @<1 �* *'<B �<� '�$<2]�([.�<- 
�'��&8]���[��(�!�� <H '2� f;�^�$�<- QH�*$<7 #6�$<;

 �� �� f(2 ��!7��+W�> �* 8*
', ��7$
@)3�$0a� �*���7$.(
�,*�*<
�<	�- �3��<0:^* ��.:<,�M ��S <
 �:<2*� ��<	�- �<-
	$�*!"�8!�,* �:�-*  �<- �<,* �<(0�  \+<7*  �<%& 8�<1
)��B��+Q�� ()H �'2�- �'2 f.

��@A��A�������� ��� 
�*�$0� �� �7 /�+l)f(2�Ym�*(�<� �'1�)� O�<,*!- ��$<2

��� 8'<<+-]�[6*!7$<<7$�$�$1 8�1'<<�9$:��*!" �!:�<<" �� 8�<<1
�<<����$H  �<<
�$
�$�*!" ��<<
�$
� Q�$�QH�*$7� ��� O�<<,*!--

#�$� 8'+-]�[�!:�" �� �� �*!J ��0T� !H  �����$H 8'�!�"
)f(2�YL.(

� � �* �
�<,�+2  �
��0�<2$9W ��:	� �,�!- C *':� 8�1
 ��$0� �� !;�+& ��4H�* �.�$.l �* ���e:<,* ��<,�!- ��$<� 8�1

 �1 8�1�*�$0�!7�]�F[�,* .@<�� �<1�*�$0� �<
* �!-��<7 �
!<H
 �<- �Q<B �$<%4H !<�R� �
�1'+
S!	 `��)H  ���aH �* '+H��4&

 L � �@�1 ��QB ~!cH 3�:
���  �)�- !<;�+& 8!
�<>]��.[�<-
��
��� '<�$�* 6*!7$7$�$�$1 8�1'�9$:��*!" !7��1 8�1�*�$0� 8

���*!" !7��1 8�1�*�$0� �- #$%a� '�$�* !.
� 8�1 �<
* �<7 '<2
 ���*!" �)
*'B �* '
�4� �1'�9$:��*!" f<;�^ '<�$�* !<.
� 8�1

 �<��*!" �- 6 �e:� �1�.:,�M 3��0:^*  '+2�- �'2 !<.
� 8�<1
��$H '��*� '�$�* 8.f(2 �� �7 /�+l �C '<B  ��<� �'<
� -

';�� ��$2SiO2��$0� �,�!- ��$� 8�1�KY�|�<,* ';�� .
6*!��AHAl2O3�- �4�� SiO2d
 �� /�)� �� Q� '� � '1� .

6*!��AH '� �Fe2O3 MgO f<-�J /*'<+l V�%�, �- �4�� 
���7 ';�� *!
� ���� �B$H �<�$0� �<
* �� �
Q<�+� !	 8�1 �<1

�- ��  ��,* ��
�> ����-'� � d
 �V�%�, \
*Q	* �- �%7 �$D 
�� /�)� �)1�7'+1� .\
*Q	* �-SiO2�� ��B$<H f-�J !��AH 
� f7 �1S �*'����$0 �0� �'1�)� !R� ��$� 8�1 �
*!-�<+- �$<2

�0� 8�1'<�9$:��*!" \
*'<B f<;�^ *� �1'<�9$:��*!" �
* /*$H
�<<	!" !<<R� �� '<<�$�* !<<.
� .�*�$<<0� ��CaO- SiO2'<<;�� �

�- @��%7 ��* *!	 �%& ���<7 �$�<^ '<�* !
��<��  �e<,* 8�<1 
�<<<- �4�<<<� 6*!7$<<<7$�$�$1 8�1'<<<�9$:��*!" �� �<<<�H�>S

�1'�9$:��*!" \
*Q<	* f<-��� ��  �<,* !H��<- �<�=+� !.
� 8
SiO2�� /�)� �)1�7 '� � '1� .6*!��AH '� �TiO2 P2O5

�<� Q� '<� �  ��,* �� Q� V�%�, \
*Q	* �- �4�� Q��P2O5
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�8�$4; ������S���a��1�p, �$B /*!
* �,�+2 ���7  �,�+2�$%- �%T� �K�

5.�B7
8�*�$0� ]�[6*!7$7$�$�$1 8�1'�9$:��*!"  !0%J ���aH ��B .98�*�$0� ]�[, �� 'c� ���aHP+�* ���e:<,* �<- �a��=� ��$� 8�1
#�$�.

5.�C8�1�*�$0� ]�F['�$�* 6*!7$7$�$�$1 8�1'�9$:��*!" V�%�, �- �4�� �%;* 8�1'��7* 6*!��AH �.
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'%Bv����02 �v����-vs�u P+,!" �0�2$9W  �,�+2 6*!7$7$�$�$1 8�1'�9$:��* . . .�K�

�"]
  �- X$� 8�0"�� 8�1I��*� ��*$�01 .6*!<��AH �*�$<0� ��
K2O�- �4�� SiO2��7 /�$- ��
�> �- �B$H �- ��8 �<^ 8�<1

 @�,�:>)��H$�- ���7$H� * (/*Q<��K2O'<��*� �+�
�<> ����<- 
���<7 �<�* *!	 �<- �B$H �- C�^ �
* �- ��   �
 $(�<� 8�<1-

�<0"�� �$<%4H �
�<�:�* f^*!� �� �
��%J ��p,'%	)'<+
S!	 f<��
 /'2 �:
 $(��(�K2O�<� /�)� 8�$a; '� � 8'^ �H '<1� .

��* *!	 ';��Na2O�> o�7!H �- �<- ��  ��*� �.:�- ��7$
W 
\
*Q	* �- �%7 �$DSiO2�� \1�7 '-�
.

�- �4�� �&!	 !;�+& 6*!��AHSiO2f(2 �� ��� �'
� -
'�$2 .�*�$0� �� Sr- SiO26*!��AH '� � �Sr \
*Q	* �- �4�� 

 @��<%7 8�<B �<- 3�$<0a� @��<�*!:,* ��,* �)1�7 V�%�,

 ���<<7 �� @�<,�:>H�>S ���7$<<
W�> 8�<<1 �<<� �
�<<�%J ��p<<,'%	
 �� ��)��B�$2 .��� * \
*Q	*  �"'+7*!>Sr \
*'<B ��5S �� 

�- '<� � \
*Q	* �- ��  �,* ��H$�-  ��7$
W�> ���,!"� �%&
 f�()H  \
*'B �
��%J ��p,'%	Sr /$<
 ��)��B �8�<1Ca  

K�(42 �� ���7 8�<- �<%^!� �<
* �* V<> �T�:� ��  �'2 �1
 k!�<<� �<<%&Sr�P+<<, �� Q<<��  �<<0"�� �� /S �*'<<� 8�<<1

 �� \1�7�f;�^ '-�
]�|.[!�+&Y\
*Q<	* �- SiO2\1�<7 
��'-�
 .�- 3��$0& !�+& �
* ��4<2 ��"��<,�� !�<+& d<
 6�$;

HREE �� f0& /S �*!01 o%5*  '+7 �<� �	�
 �1 �<
* ��$<2
 ���<7 f�()H �%& �- !�+& �� �e<,*  �7!<
� ��<�H�>S 8�<1

��*�*
*'B 8�� /�)� �)1�7 '� � d
 \'1�]��[.

5.�D8�1'�9$:��*!" V�%�, �- �4�� L��07 !;�+& 6*!��AH 8�1�*�$0� 
'�$�* 6*!7$7$�$�$1]�F[.
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�8�$4; ������S���a��1�p, �$B /*!
* �,�+2 ���7  �,�+2�$%- �%T� �K�

6*!��AH '� �Rb �- �4�� SiO26*!<��AH  8�$a<; 3�<4
!�H �
Nb ��,* �� Q� 3�4
!�H V�%�, �- �4�� Rb  Nb !<;�+& �* 

�-  '���"��,�� @)l k�:M* /�$- *�*� f��� ��$<
 X�a2 �� !�"
 �0� �%;* !;�+& ��)��B �(
!:(�* ��-  O�<,* !<- �<(%- '�$<2
 �<- �
�0"�� �$%4H !M* * �� ��
�> �R%5 �� �'<2 �<+5 6�$<;

/$.-S �<� �'<
� �'��0�J�- 8�1 '�$<2]��.[�<:4�*Nb ��<�� 
��*�* �� Vp,  \1�7 
 \
*Q	* '� � 8�<,* �:	� .!�<+&Hf 

�<�*�* ��  �<� Q� '<� � ��<��  �,* ��"��,�� !�+& d
 Q��
 �� �$a; �7'�* �� �
* �7 '+7 �<- '<�*$H �7!<2 f<��� Hf �� 

'<2�- @���<:�H 8�<B �<- �7!<
�  �e<,* f<�� �<&!	 8�1��	.
!�+&V�� \1�7 V�%�, \
*Q	* �- �4�� !�<+& �<
* �'<-�


�- �01 ��*  ��<1S �+�)��B 6�$; \
*'<B �<D  �'<2 �<�H
 �� h��M !�+& ��$2Zr ���7 ��*  �'���, C *':� 8�1 P+, 8
� !1 ���B� 8*)�� 8!<.
� Q<�l �
 �,��� �B�� �* �$R+� �
S

 �$2 �:2$� '
�- /S #�� 6�$; !1(�0� ��<	 d<
 �� �<�  �$<2

 �- �]
  �� !1�� �7!
� ���7 6�$; 8�1��	 ��  �$2 �)<
*'B 
�,* !:)�- /S ��* *!	 .�-�%7�$DZr�- �4�� SiO28�$a<;

�,*.
��$0� V�%�<, �<- �4�� �
��%J �*$� �*�$0� �� �1]�K[��

�!:�" �0�� 8�
��%J)f(2�Ym�*(�*�$<0� ��  AFM]�K[
�!:�" �� �(1S 8Y�
��%J )f(2�YL(�:	!" �*!J '<�* .8*!<-

 8!, �
*'B �1S 8�1 � �* �*�@
Q�+ �*�$0� �* ��*�]��[���e:<,*
��!7 �*�$<0� �
* �� �7 @
*FeOt

/(FeOt + MgO) �<- �4�<� 
SiO2�,* �'2 @,� .�<�$0� �*�$<0� �<
* O�,*!- ��$<� 8�<1

�!:�" �� !:)�- �,�!-�1S 8�� �*!J �*� '�!�")f(2�.(
�*�$0�A/CNK �<- �4�� A/NK]��[�@��<�H 8*!<- 8'<+-

 O�,* !- �1�0"���B�� !<- �<+- ���*� �!-��<7 ���$�S �* X�42* 8
��$0� �*�$0� �
* �<07 �<H ���$�S�<:� ��aJ$� �� !R���$� 8�1
�� �*!J ���$�S!> '�!�")f(2�.(

5.�Em�* Y���� f7 �*�$0� V�%�, �- �4�� �
��%J 8.LY�*�$0� AFM �!:�" �
*'B 8*!- �(1S 8�1Y�:�U�$<H  �
��%J ]�K[�<�$0� ��� �<1
�!:�"�(1S  �
��%J �0�� 8Y'��*� �*!J �
��%J .

5.�F�*�$0�FeOt
/(FeOt+MgO) �- �4��SiO28!, �
*'B 8*!- �1S 8�1 @
Q�+� �* �*� �*�]��[��$0� ��!:�<" �� �1 �<1S 8�<� �*!<J �*�-

'�!�".
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'%Bv����02 �v����-vs�u P+,!" �0�2$9W  �,�+2 6*!7$7$�$�$1 8�1'�9$:��* . . .�K�

5.� G6*!��AH �*�$0� A/CNK �- �4�� A/NK -�B�� ���aH 8*! �<+��$�S �* X�4<2* 8]��[�<�$0� ��!:�<" �� �<1 �<07 �<H ���$<�S �4<2 8
�:	!" �*!J ���$�S!>'�*.

��%�3 � H#3 
�<<- ��<<�aH �$<<R+�:<<,�M��.8�<<1 ��<<���
�<<0"�� �:M�<<,-

O�,*!- ��=+� 6*!7$7$�$�$1 8�1'�9$:��*!" 6*!��AH �*�$0� 
Na2O�<<- �4�<<� K2O]��[P+<<, ���$<<� 8�<<1 �� �<<,�!-
�!:�" ���*!" 8X$� 8�1I�'<2 }<J*  '<�* )f(<2�FYm<�* (.

X$<� 8�1'<�9$:��*!" \
*'<B 8*!<- !.
� �*�$0�I S�*�$<0� �
ACF]��[��$0� �*�$0� �
* �� �7 �,* �� �<,�!- ��$� 8�1
�!:�" 8���*!" X$� 8�1I�'<2 !
$�H '<�*)f(<2�FYL(.�*

8�<<1�*�$0�Y- Zr  Zr/Al2O3- TiO2/Al2O3]��[8*!<<-
 ���*!" �%;* X$�  � \
*'B �ce; / �� 8�1 ���*!"  8* 8�1
 ��!7 ���e:,* O$J �- �:�-* @
* .��$0� ��1�*�$0� �
* !- �+- 8�1

 ��$� �!:�" �� �,�!- �<� �*!<J �<,* O$J �- �:�-*  �7 8*-
'�!�")f(2��YL �m�* .(

�*�$0� �� �<
�> !<- �'<2 ��T+�- �H$4(+& 8�1 8]���|F[�
���*!" !R� ��$� 8�1)f(2�|(��Q<- f<�	$:�� !;�+& !R� �*

 /$<
(LILE)  '<+��� U�La�Rb �K�Ce   Th �<+5 �"'<2
 �� /�)� *� 8!�.0)l�-  '+1� 6'<2 �<- !;�+& �* �4�� �$D

 ��- /*'��(HFSE)'+��� Hf�Nb Ti ��H'��*� �"'2 .�<
*
 �"]
  �* �"]
  S O$<J 8�1'�9$:��*!" 8�1 _D�<+� ���)<e)H
 �:�-*  \�*� !	 '�*]|�.[��$0� �
* �<+5 �7'<�* ��<+[01 �1-

d4, �7�M ���� !;�+& �� �"'2(LREE) �<�H  �� �"'<2
HREE �� �<e+� 8��T+��-  Eu �<� /�)<� *� '<+1� .�<--

!;�+& �� �e+� 8��T+1 Ti �Nb  Ba /�)� �'+1� ��$H 88�1
 �,* \�*� !	 �- �:�-*  8�$e�]||.[-��<e+� 8��<T+1Nb  

Ta _D�<+� `M�<2  �<,�0"�� '��$H �� �:,$> \�� !.��)� 
���<<J C�<<a	 �<<2*$^  \�*� !<<	 �<<- �:�<<-*  �<<,* 8*]|K.[

5.�6Im�* Y�*�$0� \
*'B���*!" 8�1X$� I S�* (
!.
']��[.LY�*�$0� ACF]��[.
(A = Al2O3 - Na2O - K2O, C = CaO, F = FeO + MgO) .��$0��!:�" �� �18���*!" 8�1 I�� �*!J !�"�'.
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�8�$4; ������S���a��1�p, �$B /*!
* �,�+2 ���7  �,�+2�$%- �%T� ��F

5.�66m�* 8�1�*�$0� .Zr/Al2O3- TiO2- Al2O3L  .Y- Zr���*!" / �� 8�1�ce;���*!" �* 8* ���)<e)HS O$J �- �:�-*  8�1]��[�<7 �
���*!"���*!" ��aJ$� �� �,�!- ��$� 8�1 �*!J O$J �- �- �:�-*  8�1��'�!�".

5.� 6=m�*Y�7�M ���� !;�+& �H$4(+& �*�$0� ���*!"�18�'<2 ��T+�- '�$�* 6*!7$7$�$�$1 O�<,*!- mantle Primitive]��[LY��<T+�- 
O�,*!- �'2REE chondrite ]|F[�,* �'2 @�,!H.

�� 8�<<1�*�$0� O!<<�>]|��|�[��<<�$0� ��*!" 8�<<1:'<<�9$�8��
�!:�"8���)e)HS O$J (VAG) �� �*!J�'�!�" �7 �<"]
 -

8�1 8�1'�9$:��*!" �:�-*  ���<J �<2*$^ �- /�)<� *� C�<a	 8*

�� X$� 8�1'�9$:��*!" �*  '+1�I'+:�1)f(2�K L �m<�* 
�.(
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'%Bv����02 �v����-vs�u P+,!" �0�2$9W  �,�+2 6*!7$7$�$�$1 8�1'�9$:��* . . .���

<

�*�$0� ��]|�[/S �� �7Rb �<- �4�� Sr @�<,!H ��'<2
��$0��!:�" �� �,�!- ��$� 8�1 �
�<> 8��* !<HRb/Sr = 0.1 

��0T� !H  �����$H  !0%J �� �+a
���J 8�1 �<� �*!J 8* '<�!�"
)f(2��(�L � �*  �� ��7$<
W�> �* �<+5 P+<, d<
 �)�-

 ��- ��)	)�:,$> ���:cH 8P>5Kb ( �<� �'<2 f<;�^ '<+�*$H
'+<<2�- ._<<0& �� �:
�$<<
�QH�*$7 P+<<, d<<
 !<<"*|�Y|F

8!:�$%�7)���:cH 8 �:,$> (HL � !���H �c ��!�" �*!J �)�-
 ��*'" �* �)�- �� h��M d�:(H * 8�1 �<��eH  �$2 �* !<��	 8*

 �� �J�- d�:(H * 6�4�7!H'��� .��<�=+� �� ��� �:	� ��- �- !"*
 �* �<+5  QH�*$7 �* !��	 ����- ��*'" �
* �$2 L � ���- � ���eH

 �$<- '<1*$M ��7$
W�> .$�$�$1 8�1'<�9$:��*!" _<
�QH 6*!7$<7
 �%^!�  � �� �,�!- ��$� �,* �'2 #�T�* 8:���� �%^!� ��

���*!" �<,* QH�*$7 �* �+5 �7 '�9 !�	�$> �2 � 8�1)o<�7!H
d�:(H$7 �- d
�Q� /S Q- Pl ( �<%^!� ��  �<��*!" # � 8-

8�1 ��*� 8!<:07 QH�*$<7 �<7 �<2 � �<�*� Q
�)�* /S o<�7!H
 d�:(H$7Q- Pl�� � � �$2 ('<2 _<
�QH �<,* �.��)<	 ���

�+)<<�- 8�<<�� ��<<-$%�7 �<<2 � ��<<<�*!" f�()<<H 8*!<<- #�� 8
'<<�9 !�	�$>)◦C��F (�<<�*� Q<<
� �<<2 � �<<��*!" �* !<<:07 

)C◦�FF (�,* ��$- .�- ��.:,�M P+, ���� 6�$; �
* ��-
��*'<" d
  �'2 L � �)�- �$D f�()<H QH�*$<7 �* �<+5 8

���eH �H'� �* V>  �'2�J�- 8<- � �'<��� �<� L � ���  �$<2
�
* ��*'<" ��- �<,* QH�*$<7 �* !<��	 f<;�^ 8)L � �� �)<�-

�,* �a�4D '� � d
 '� � �
* C��a:���] (�.[
n
�:� ��
��� �* f;�^ �"]
  8���<7 ��
��0�<2$9W 8�<1-

P+,  �,�+2 ���*!" �,�+2 �<- �<�=+� 6*!7$<7$�$�$1 8�<1
�"]
  ���*!" 8�1 X$� 8�1I S]|�[C 'B �� |�'2 �9*�* -

*�� /�)� �7 �'� �<- '<�$�* 6*!7$<7$�$�$1 8�1'<�9$:��*!" '1�
���*!" X$� 8�1I�:�-*  '�*.

5.�6?���� ��aJ$� ���aH 8�1�*�$0� �:M�, ]|��|�[��$0� �7��!:�" �� �,�!- ��$� 8�1���*!" 88�1 ���)e)HS O$J �- �:�-* (VAG)
�*!J���!�"'.
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�8�$4; ������S���a��1�p, �$B /*!
* �,�+2 ���7  �,�+2�$%- �%T� ��|

5.�6B�*�$0� LogRb- LogSr]|�[���*!" \
*'B 8*!- ����*!"$
W�> �* 6*!7$7$�$�$1 8�1�,$���J* 8�1 .��$0� �<�aJ$� �� !R� ��$� 8�1
���J ��0T�*!H  �:����$H�:	!" �*!J 8*'�*.

:��-=�"]
  ���7  �
��0�2$9W 8�1���*!" �,�+2 X$� 8�1I S]|�[/S ��
���  '�$�* 6*!7$7$�$�$1 8�1'�9$:��*!" �- �1 .�1'�9$:��*!" �
*
 X$� �-I'��*� 8!:)�- ��*$�01 .

���7  �
��0�2$9W 6���)� -

�,�+2 
X$� ���*!"IX$� ���*!"S���
 	
�������� J��
�� 

���  ';��SiO2�� Y�K��<�KY�|

K2O/Na2O�<��
�> �>��- F�/FYF��/F

���  ';��CaO ��- ��
�> �F/�–��/K

A/CNK 

�/�<)��$H 8*!- 8�1

�:	�
 _
!eH !H

���$�S!>(

�/�>���$�S!>  �:�Y���$�S!> 

���7 �&$0T��1
���H$�- �'+%4��$1

��:+.� ��e,* 

�����" ��
!
�!7

��+0%
* �����0�%�, 
f�H � ��7!
� ��e,* ���H$�- 

�
�0"��$�$:(H b�c� 

/ � �2*$^ �\�*� !	

���J / � �C�a	 8*

���J #���H �1

)�
*Q1$7(

���J #���H / � �1

)�
*Q1$7(

\�*� !	 / �Y���J �2*$^ 8*

C�a	 

P+, o�7!H�,�+2 �����$H ��
�$
�$�*!" ���*!" 
��
�$
�$�*!"$7$� ������$H$7$�

�
�$
� Q�$�$7$� 
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'%Bv����02 �v����-vs�u P+,!" �0�2$9W  �,�+2 6*!7$7$�$�$1 8�1'�9$:��* . . .��K

J�
��3 
<�- �� !:)<�- �6*!7$<7$�$�$1 8�1'�9$:��*!"\8Q<7!� 8�<1

��$H �� �'1�)� '�$�* 8�<- o<%5*  '�$2 �<"� 6�$<; �<- 8�<1
 �:��, '+l ����? �<-  !<:� '<+l �<H !:� ��$<H 6�$<; 8�<1

 �'<<+7*!> !<<.
� 8�1'<<�9$:��*!" / �� �� �'�)<<7'<<�* .�<<
*
 �,�!- O�,*!- �1'�9$:��*!" P+<, 8�<1 �!:�<" �� �<,�+2 8

*$7$7$�  �<
�$
�$�*!"$7$� ������$H$7$� �*!<J �<
�$
� Q�$�QH�
��'�!�" .��*'�* !R� �* ��*� 8P+, �
* ��1 �� *� �1  � �<- /*$<H

 �!7 @���H Q
� ��*�  '�9 !�	�$> � !" .�,�!- ���7 8�1 �,�+2
 �� /�)� �
��0�2$9W  P+, �
* �7 '+1� X$� �* �1I�(1S  Y

�<<B�� !<<R� �*  '+:�<<1 �
�<<�%J ���$<<�S �* X�4<<2* 8)Z(ASI 
�S�:� �'2 f�()H ���$�S!> �07 �H ���$'�* .�-�� !R� �<7 ',�

 P+, �
* �:,$> \�*� !	 �* �2�� @��H�0"�� �- �1 �<,$���J* 8
�ce; !
� �- V�:H$U� d<
 ��  ��$<- �:�<-*  8Q7!� /*!
* 8

���� b�c� ���J �2*$^ �- �- �:�-*  �:M�, C�<a	 8*(VAG) 
�'2 f�()H'�* .*!7$�$�$1 8�1'�9$:��*!" ��$H 68'�9$:��*!" 8
�"]
  '�$�*��0T� !H 8�1���J 8�1 �<� /�)<� *� 8* �*  '<+1�

L � ��<- ��)<	 �� �:
�$<
�QH�*$7 P+, d
 �)�-)�:<,$> 8
���:cHP>5Kb ( �'2 f�()H'�*.

K-
�" 
]�[�� # ��*� . .�"P+, �,�!-���7 �0�2  �,�+2 �<,�+2

 '�$�* V(%p07)/*'01"()�*� �
!)� ��/*!<�H ��.)�*� #$%& �'(
 �C * ���02 �@)2 '%B)�K�K (�.��YKF.

]|[# ��*!
*.�"�<��1  '�$�* 8'�9$:��*!" ��$H 8W$� !:> �,�!-
 /S ��$"!"�"/�
�> �'2�* �,�+2��7 ���� .���<�� #$%& �'()�*�

 �:)�- '��2 ��.)�*�)�K�| .( 
]K[* /��7!H.�"> �(
W$� !:>  �	*!" !:> �a��=� 8�<1 ��H�0.

 /*'01 '�$�*"�/�
�> ���� '<2�* �<,�+2��7��8W$<� !:> \
*!<" 
��.)�*� /*!�H)�K�� (��|�ce;.

]�[�1�p, X  !<".*.�"�<- '<�$�* d<��$H$%> �<&$0T� 8W$<� !:>
 �1'�9$:��*!" !- �]
  �2!.�"/�
�> ���.)<�*� �8!<:7� �� � ����

 /*!�H @%a� ��-!H)�K�� (K|��ce; .

]�[��
��> k.�"8�1'�9$:��*!" �
��0�2$9W  �	*!" !:> �,�!-
 /S �� @���<<:�H �"'<<+7*!> �<<,�!-  '<<�$�* �<2 �"/�<<
�> ��<<���

 /*!�H ��.)�*� �'2�* �,�+2��7)�K�� (����ce; .
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