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U+A] �� ��1���%/ R�!� *A# ����� .���+��	 E��%%F 
 9�7+�:�, $�<+�%/-"%(< 9�7�-(: �� �(D� 9�7A%�<�G1 +

G2 �:�1� �!� +�'7 �� ���@ *�C�,A%�/-
� 3�
G+� )En37-

51Fs10-21Wo32-51 (*���� 9A": A�-#)Z?#O.(

'
.5<�(D� 9�7A%�<� =%<� )��&+ AD�� =�W�: (��-'�7��1���%/ 9�7+�:�, �� $�<+�%/-"%(< *A
\,�: 9� .CA = `�
�%(> �?7@ 9+�:�,A=
�
�%(> 9+�:�,.

��-'� *��'# N26 N26 N31 N31 N31 N61 N61 N63 N63 N63 
_"! ;-� A A CA CA CA CA CA A A A

SiO2 q/mS ��/5� �~/5� 4�/5� ~�/5� �4/5� �2/5� ��/5� ��/5� 2�/5�
TiO2 5~/� 2�/� ��/� 5�/� 2�/� �5/� 5�/� 5~/� ��/� �4/�
Al2O3 ��/� ��/� 5�/� �4/� ��/� ~4/� �4/� 4~/� 22/� �2/�
Cr2O3 ��/� �2/� �2/� ��/� 4�/� ��/� �2/� ��/� � ��/�
NiO �~/� � ��/� � �5/� ��/� � �2/� � �
FeO 44/2 45/�� �~/~ ��/� �~/~ �2/�� ~4/�� ~�/�� ��/�� �5/��
MnO ��/� �2/� ��/� �2/� ��/� 4�/� 42/� 4�/� 4�/� 4�/�
MgO �2/�2 ��/�� ��/�� 52/�5 ��/�� �2/�� ~4/�� �5/�� �2/�� �5/�4
CaO �~/�� �~/�2 2~/�� ��/�� �5/�� �~/�� ��/�� 2�/�� ~�/�� 2�/��

Na2O 4�/� 4�/� ��/� 44/� ��/� ��/� 4�/� 42/� ��/� 4�/�
K2O ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

F ��/� ��/� ��/� �~/� ��/� �2/� ��/� ��/� ��/� ��/�
Cl � ��/� � ��/� � ��/� � ��/� � �

;-'j� ��/��� 4�/��� �~/��� 24/��� 55/��� �2/��� �~/��� 5�/��� 5�/��� ��/���
U-��	(6O) 

Si �4/� ~�/� ��/� �4/� ��/� �4/� �5/� �5/� �5/� �2/�
Ti ��/� ��/� �4/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�
Al ��/� �4/� ��/� ��/� ��/� �~/� �2/� �2/� ��/� �2/�
Cr � ��/� � ��/� ��/� � � � � �
Ni � � � � � � � � � �
Fet ��/� 4�/� ��/� ��/� �2/� 4�/� 4�/� 4�/� 44/� 4�/�
Mn ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�
Mg ~~/� ��/� �~/� ~5/� ��/� ��/� ��/� ��/� ��/� ��/�
Ca ~�/� 2�/� ~2/� ��/� ~2/� ~�/� ~�/� ~�/� ~�/� ~2/�
Na yS/y ��/� �4/� ��/� �4/� �4/� �4/� �4/� �4/� �4/�
K � � � � � � � � � �
F ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�
Cl � � � � � � � � � �

Fe3 �2/� ��/� ��/� �5/� �2/� �5/� ��/� ��/� ��/� ��/�
Fe2 �4/� ��/� ��/� �4/� ��/� ��/� ��/� 4�/� ��/� 4�/�
En �5/� 5�/� ��/� ��/� ��/� 4�/� 4�/� 4�/� 4~/� 4~/�
Wo �5/� 44/� �5/� ��/� �5/� �5/� �5/� �5/� �5/� �5/�
Fs ��/� �2/� ��/� �5/� �4/� �~/� �~/� �~/� ��/� �~/�
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9��{� �() A%! ���
� �!�"# ���< + �!�"#�-(: �(j� ���

6�(=$�<+�%/-"%(< =%<�  6
�'�$�<+�%/ 9A": *�� ���-'� �� ��1���%/ 9�7+�:�, 9�7 �7]Rq.[▲=$�<+�%/-"%(< `�
��%(> 9�7+�:�, �� �7
∆=$�<+�%/-"%(<�
�%(> �?7@ 9�7+�:�, �� �7.

���A�$�<+�%/-"%(< I�%'< �D�") �7)U+A] S(9A�+�
�e��<�� �(D� 9�7A%�<� �: E+�HC� �� ��1� A7� .

$�<+�%/-"%(< 9�7+�:�, 9�7�
�%(> �D�") &� 9��%�: �� 
;�-�� �: 9&��: �Q%<�  �eCL��� ��1� �
�%(> �?7@A"7� .

�D�") \<�' LILE)Sr �Rb +Ba ($�<+�%/-"%(<�� 9�7
 9�7+�:�,G2��-'� &� � K�: 9�7G1 �!�U�W `�@�<

$�<+�%/-"%(< 9�7G1 �Q�� �: G2) &� �D�"HFSE)Sc �
V�Ga �Y�Nb �Ta �Zr �Hf �Th +REE (*A# �"J A��
)Z?#N.(E+�H  9�7+�:�, ;�-�� �� $�<+�%/-"%(< =%<�  

�: �Q�� *A#��j"�: � -Q?") ���-'� 9-0�� �� ��1���%/
 �!� ��
�'� �:-L �: �%�+� �
�A"<)Z?#ml��.(9-0�� ��

 �<�L ���� �D�") ���-'�)REE (�H  \%��{We� Z:�> E+ 9�
$�<+�%/-"%(< $%: 9�7+�:�, 9�7�
�%(> +*A
� �
�%(> �?7@ 

�� �-#)Z?#mI.(9-0�� A�+� �?"
� �-]+ �:REE �� 
$�<+�%/-"%(< 9�7G1)NN/y3Om/y=LaN/YbN(+G2)Os/y3

Oy/y=LaN/YbN(� ��!� �:�1� �Q
�� ��A� �<�L �D�") ����
$�<+�%/-"%(< �� 9�7>�
�%()ppmMN 3ON=ΣREE ( �:

��-'� &� �C1%: = ��� 9�7�
�%(> �?7@ 
)ppmR/SM3N/T=ΣREE (�!� .�+\	��:9��j"7�� �$
�

 �H"�Eu$�<+�%/-"%(< �� 9�7G1�!� �-�1� 
)qq/y3MO/y=Eu/Eu*(;�-�� �?%��W�� `G2 9��j"�:�� Eu 

A���A�)R3TS/y=Eu/Eu*.( 
�Q���/- +\
� 9�7 87Sr/

86Sr*&�A�� 9��: *A# 9�%,
$�<+�%/-"%(<U+A] �� ��1���%/ 9�7+�:�, 9�7O*A# *��+@ 

�!� .9�%, *&�A�� 9��: *��HC!� ��-� E�\%�j  �< �!� �"CH,
�Q�� ��A�� $%%V  �: ���> ��"  67+8/ $
� �� �/- +\
� 9�7
�Q�� �/- +\
� 9�7Sr*&�A�� 9��: ���H!�C� + *�-: 9�%,
�Q�� �/- +\
� 9�7RbA��-Q� =!�"� .����� �
���� �$
��:�":

 ��'< ��A�� [>�+ �� + *�-: �"! E�Y%Y�  �+A: �j"
� �� *A#
�Q�� �V>�+ +��-'� �� �/- +\
� 9�7�'� ��1� �� +�:�, 9�7-

A"7� .*��� $
� &� �U�W $
� �:�� �7�Q�� ��
��� 9��: ��- -
��"�<+�%/-"%(< $%: �/- +\
� 9�7 9�7�',�� &� �C	�, Z?# 9

�-'� *��HC!� E+�HC� ����]S.[U+A] �� �< ��"�O*��+@ 
�Q�� ��!� *A#87Sr/

86Sr$�<+�%/-"%(< �� 9�7G2 
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A(]��*��'# �����: ��4�~ + �
�%(> 9�7�',�� �� $�<+�%/-"%(< =%<�  E+�H  . . .��4

)qyqNs/y3qyqRO/y($�<+�%/-"%(< &� � K�: 9�7G1 
)qyMRS/y3qymNO/y(�!� .��&- �/ �%7�� �0��%: �
���� $
�

��-'� *�0C!�L�?7@ 9�7 3%(> *A# *A7�1� A�+� �: �< �!� �
�
�Q�� 9��:_"! �/- +\
� 9�7 ��1���%/ 9�7+�:�, 9��: Z<

��-'� �< ��� ����� ���-�'7_"! 9�7 9�7+�:�, Z<G2 \%� 
�Q�� 9���� 9�787Sr/

86Sr��-'� &� 9� K�: 9�7G1 A"C�7 
]Ry.[

'
.5;I�%'< �D�") =%<� )=��W�:ppm ( :�, �� $��<+�%/-"%(< ��1����%/ 9��7+�) .CA =`�
��%(> ��?7@ 9+�:��, A = �
��%(> 9+�:��,.
b.d. =t%�1  AW &� �  $%
�/.

��-'� *��'# N26 N26 N26 N63 N63 N63 N31 N31 N31 N61 N61 N61 
_"! ;-� A A A A A A CA CA CA CA CA CA 

Rb �4/� ��/� ��/� ��/� �5/� �5/� ��/� 4�/� 4�/� ~�/� ��/� ��/�
Sr 55/�~ �5/�5 �~/4� ��/�� �2/4~ 5�/45 4�/52 ~2/�� ~�/~� ��/�~ ~�/��� �5/25 

Ba �4/� ��/� �4/� �2/� �2/� ��/� �~/� ��/� 55/� ��/� �5/� ��/�
Sc ��/�52 ��/��� ��/��2 ~�/4�� ��/44� ��/4�� ��/5� ��/�~ �5/~� �5/~� ��/��4 ��/22 

V ��/��� �2/~�� ��/��22 ��/��~ ~4/�4~ ��/�~4 4~/4�~ ��/�~� ��/5�� �5/��� 2�/2�~ 2�/��5
Ga ��/�2 ��/4� ��/�� 25/44 ��/4� �4/42 2�/2 �2/5 2�/�� �5/� 24/�� 2�/�
Y 5�/�2 ��/�� �5/5� ��/44 �4/4� ~�/45 4�/�� �4/�� ~�/�� 4�/�� 5~/�4 4�/�� 

Nb ��/� �4/� 5�/� ��/� ��/� ��/� �2/� �2/� ��/� ��/� ��/� ��/�
Ta ��/� ��/� �5/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�
Zr ��/�� 5�/�� ��/4~ 54/�� �2/�� 4�/�4 �2/�� �2/�� �5/�� �5/�� ��/�4 5�/�2 

Hf 4�/� 5�/� ��/4 2�/� ��/� ~�/� ��/� 2�/� ��/� 2�/� ��/� 4�/�
Pb ��/� �5/� �5/� �5/� �2/� �2/� �4/� �4/� �5/� ��/� �2/� ��/�
Th ��/� ��/� ��/� ��/� ��/� ��/� b.d b.d b.d b.d b.d b.d 
La ��/� 5~/� 42/� ��/� ~�/� ~�/� 5�/� �2/� ~4/� ��/� �~/� ��/�
Ce �2/5 ~�/5 �~/� �5/2 22/2 �~/2 ~�/� 2�/� �4/� �2/4 ��/4 55/�
Pr �4/� �2/� ~�/� �~/� 44/� 4�/� 42/� 44/� 5~/� 5�/� 2�/� �5/�
Nd ��/� �5/~ �~/�4 ��/~ ��/� �4/� 5�/� ��/� �5/� �4/� ~�/� 45/4
Sm ��/� ��/4 ��/5 24/4 �2/4 ��/4 ��/� �~/� �5/� �5/� �~/� �2/�
Eu ~2/� ��/� �~/� �2/� ��/� ��/� 4�/� 4~/� 25/� 5�/� ��/� �~/�
Gd �2/� 5�/� ��/� ��/5 ��/5 ��/5 5�/� 4�/� ��/� ~4/� �5/� 5�/�
Tb ��/� ~�/� 45/� ��/� �5/� ��/� 4�/� ��/� �~/� 44/� 5�/� ��/�
Dy �2/� 4~/5 4�/� ��/5 ��/2 �4/2 ��/� ��/� ��/4 4�/� ��/� ��/�
Ho ~�/� ��/� ��/� ��/� ��/� ��/� ��/� 4~/� 2~/� �5/� ~�/� 4~/�
Er ��/� �~/� 5�/� ��/� ~�/� ��/� ��/� ��/� �~/� �4/� ��/� �4/�
Tm 44/� 4�/� 2�/� ��/� �4/� �5/� ��/� �2/� �~/� ��/� 44/� �2/�
Yb �5/� �4/� 2�/� 2�/� �~/� ��/� ��/� �4/� ~4/� 4�/� �~/� �~/�
Lu 44/� 4�/� 2�/� ��/� �4/� �5/� ��/� �5/� ��/� ��/� 4�/� �2/�

Σ REE �4/4� 5�/4~ ��/24 ��/�� �4/�4 ��/�2 22/�4 4�/�� ��/�� ��/�~ ��/�2 5�/�5 
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9��{� �() A%! ���
� �!�"# ���< + �!�"#�-(: �(j� ���

6�(>��1���%/ *�-  �
�%(> �?7@ + �
�%(> 9�7+�:�, 9��"�<+�%/-"%(< �� I�%'< �D�") =%<�  E+�H  �0��%: �
� +� 9�7���-'� .A"��'7 d�e)
Z?#O�!� .

6�(?@A# (I �%�+� �C#-, �: �Q�� *A# ��j"�: � -Q?") ���-'� (9-0��REE"�: $��<+�%/-"%(< 9���: �
�A�"< ��: �Q��� *A�# ��j �� ��7
*-�/ 9�7+�:�, .[]�� &� �C	�,�: *A# ��j"�: �
����]Rs[A"C�7.
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A(]��*��'# �����: ��4�~ + �
�%(> 9�7�',�� �� $�<+�%/-"%(< =%<�  E+�H  . . .��5

'
.5C�- +\
� =%<�  9�7Sr$�<+�%/-"%(< ��1���%/ 9�7+�:�, 9�7.
��-'� *��'# _"! ;-� 84Sr 86Sr 87Sr 88Sr 87Sr/

86Sr 1σ 84Sr/
86Sr 1σ

N26 A yNRNm/y 524��/� �~�~�/� ��45�/� ��5�~/� �����/� �5255/� ����2/�
N26 A ��4��/� �2���/� �522~/� ����2/� ��5�4/� �����/� �2���/� �����/�
N26 A ���45/� �24��/� �5���/� ��~2�/� ��2��/� ����~/� �5��2/� �����/�
N63 A ��44�/� ����2/� �����/� �����/� ��2�4/� �����/� �����/� ����~/�
N63 A ���55/� �~�45/� ��~5�/� 2�4~�/� ��2�2/� �����/� �5���/� ���5�/�
N63 A ��4~�/� �244�/� �~���/� 5����/� ��5�~/� ����~/� �2���/� ���42/�
N31 CA �����/� 4~~��/� 42���/� 4~���/4 ���4�/� ����5/� �525�/� �����/�
N31 CA ����~/� 4���4/� 4�5��/� 2�~4�/� ����~/� ����2/� �55��/� �����/�
N31 CA ����4/� �4��4/� ��25�/� �25�~/� ���44/� ����5/� ��2�4/� ���~4/�
N61 CA ��~�5/� 4�24~/� 4����/� ~42�/� ����4/� �����/� �5��4/� ����4/�
N61 CA ��5��/� ��~�4/� �~�5�/� �4��5/� �����/� �����/� �24��/� �����/�
N61 CA ����4/� ��4��/� �25�2/� 2��5�/4 ����2/� ����5/. �52��/� ���2/�

DE  
���!��:9�7 *A# .�j�� �-���%/ =%<�  r�Q �� 

�� �',�� ;-� �%bc  �: ����� 9�',�� �%7�� + $�<+�%/-"%(<
 *A# A%<c  �(D� 9�7A%�<�]S�O�q[p�!� $%'7 �: +

���-'�H(C�� 9�7��� t%�1  9��: n%Y� + �7�',�� ;�- 9�7
$%�&�CL�! �!� *A# ����� l(C�� ]S�O.[��

$�<+�%/-"%(< E+�H  ��1���%/ *�-  9�7+�:�, ;�-�� 9�7
 �(D� 9�7A%�<� =%<�  �� ���A"�*A
��'� �-#)U+A] R+

Z?#O.(�-Q� ��(D� 9�7A%�<� =%<�  �� E+�H  
$�<+�%/-"%(< *�0��� ��1���%/ *�-  9�7���� �!� $?'�

 �%�+� 9�',�� =%<�  �%7�� E+�H A"< �� �� ��� �67+8/9�7 
�%L��-���%/*�0
�] 9�7�',�� �-]+ ��!-> + 9��-L�: 9�7

d7 + l(C��*A��!� E�Qb� �: �� wf�"� $
� �� $!�!� 
]RT�Sy[$�<+�%/-"%(< +9�7�',�� &� *A# �-(QC� 9�7

�7A%�<� �{� &� =(J� �W�-� $
� l(C�� 9���� �(D� 9
�]-  Z:�> �#-�'7A"C�7]SR.[�: \%� ��1���%/ *�-  ���$


9�7�',�� �� �(D� 9�7A%�<� =%<�  �()�
�%(> +�?7@
�
�%(>��Q
��  �:�1� �!�.

$�<+�%/-"%(< ��0
� 9-! �� 9�7+�:�, 9�7G1 +G2 
�e��< =%<�  I�%'< �D�") &� � +�HC� &��-L �� ��1�A"7� .

/-"%(<$�<+�% 9�7+�:�, �� �7�
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