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Ba �\\ O�\ O�� O]O ]\� �P� ]�\ O]O O�� 
La �/hP  ]/��  �/�P  O/��  h/�P  h�/h�  �� �P 
Ce ]/��  O/hO  h/\�  �/\�  �/\h  P �O �O 
Pr �O/O �]/\ ��/\ ]P/] \�/]
Nd O/��  \/��  ]/��  �/�P  P/��  �] �� 
Sm ��/\ ��/h OP/h �\/\ O�/\
Eu \�/� �h/� ��/� �\/� \]/�
Gd \�/\ �h/h \�/h ��/h \�/\
Tb ]��/P ]PO/P \O�/P ]�]/P ���/P
Dy h]/h Ph/h O]/� �O/� �O/h
Ho O�\/P �]�/P ]�\/P ���/P O�P/P
Er ��/� O�/� ]O/� OP/� ��/�
Tm hPh/P �O�/P �\h/P ���/P h�\/P
Yb ��/� �h/� ]�/� O�/� ��/�
Lu hP�/P ���/P �\]/P �O�/P hh\/P
Hf \�/� hP/� \�/� ��/� ��/� �O/h
Ta �PO/P \]h/P ]]P/P ]]�/P h��/P �O/P
W OP\/P ]]O/P O�h/P ]�/� �\�/P �
Tl h��/P h]P/P h��/P �\\/P �OO/P
Pb �/��  h/�P  �/�h  �/�h  �/��  �
Th h/�P  �h/� �]/� h]/� \�/] �O/��  
U PO/� ��/� ��/� �P/� h�/� O]/P

Nb/U ��O/] �h\/h O��/h \]O/h ��\/h
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�! A'M �H��d�I 6@ �;*8x� �0�,1�'(. �(C�2�$
� �0�,1 ���: # \O�

F�=���G 
�T�� � /�� �Ce/YbH,0 �� ��6,� 78) 9: ;<'=� ;�> ;

�0�$. ��'�\P/�]��'8� �/?�.�# !� �:�N # �0� [
 �. �>
 "*1 �,J �
�8%�� 2�8:]�s[0� �.��'8� ;$ % ��$D �� �>

�1'% ;A���'8� ;AFM)Sn1s(]�u[�*) 2�'. � 
�K #
9
L ,�)i#*-�(!� �:�N7
$=3/?	�
�SN�$� �� �8%�� �
� 

�0� �'(T3 � �#�]��[.
H,0 �
� �:�@ ���� $Q�,) "*1 ��C,�. ;�>���'8� �: �>

 �
�*,: �. �T��)Sn1�(A� 8: $Q�,) �3'Tn,) ���'8� #
�?1'% �. �T�� �: � �#� ;]��[�0� "*1 ��C,�.)Sn1O(�

2U �%*1 �,J [T0 �:�@ ���� $Q�,) !� �>)LREE ( #

2'
 ��L. S 	'? � $Q�,))LILE(��3 # ����� $Q�,) !� �%*1
 � /,0 �:�@)HREE (�. #X*1 �. $Q�,) �=,� ;��C,>

 ^�. 2�* �)HFSE(]�~[�%E
# !� �: �
� 8 1'`R ;�>
��n>U ;�>�8%�q�� 2��� �� �0� 4���#$	 7j�,� �
� (D -

*>� .�� �>'/�� �
��?0'K [
 !� �8%�� "�/?0�@ $/�� . *��'3 ;
"'% # "*1 "*���#$	 �0'�� D��?1'% ;;�"L 3��'0�?� �2U ;#� 

��'� �. �8%�� 4
^U # 9�> L � # ��
�*- �'(T3 *,
�$	 S8x3
�?0'K�D�. # ;��� $Q�,) 2*��� $Q�,) # � /,0 �:�@ ��

*1�. "*1 �1�� �"�/?0�@ H,0 �� ^�. 2�* � X*1�.]�P�
�� ��h��\[.

@;�HH,0 >0�$. ��'� ;�����'8� ;#� AFM ]��[.

1
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100

200

La Ce Pr NdSm Eu Gd Tb DyHo Er TmYb Lu
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m
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@;�IH,0 �� �:�@ $Q�,) ���'8� 0�$. ��'� ;�>��
�*,: �. �T�� �: ]�P[*�� "*1 ��C,�. .�0 �:��@ ����� $�Q�,) !� �%*�1 ��,J [T
)LREE (�3 #�/,0 �:�@ ���� $Q�,) !� �%*1  �)HREE (� 2��� ���*,>� .
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*(-��"��81 �bL 
�K ��b�~ 0��C,09 ���#� �:$
! _H,0 �A$0 # �?1�/�. . .\OO

@;�J0�$. ��'� ;��/,0 �� A� 8: $Q�,) ���'8��� �#� �?1'% �. �T�� �: ]�P[*�� "*1 ��C,�. .��L�. S� 	'? � $�Q�,) !� �%*�1 ��,J
2'
)LILE(. # ����C,> ;^�. 2�* � X*1 �. $Q�,) !� �=,� )HFSE (� 2��� ���*,>� .

�.$ _� ^�. 2�* � X*1 �. $Q�,) �=,� ;��C,>Nb,P  #
Ti�%E
# !� �: � x� �@�1 ;�> �
� �� �0� ���8: ;�>

��'8��� "*
� �>�� # �'1 �F?@� # �/?�JU !� �1�� *��'3
�?0'K ��'� �. �8%��# �'YQ � N �� ;� �� 2U �,
L/
�-
*1�. 4���#$	 7j�,� .,d $>�� "*
*K �
� *!� �1�� *��'3

 2�'. ��3"*,,: 9� 3��'0�?� i� 0"'% �?1'% ;�
� !� ;�
 $Q�,) �
� ;#�N !�*% $
� ;�>!�	 �'�N $�� �� �$Q�,))$ _�

 # �=0� ���� 2�? 3 �?
!�%��K i'T =�U �� ,8(
� �S 3#� �����%
� 3�KU (H,0 ���?0'K �?
R'(:� ;�> "*���#$	 �0'�� D� ;

"*1"'% �
 #�?1'% ;"*�� A#< ;� *1�. "�/?0�@ "�/
�- ;
*���%!�0 ��*
*1 �>!�	 �
� �� "*1��
 $Q�,) �$
!]�]qhP[.

@$.�!�2�$/�>#EKi� 0 ��3 S��) �� $(: !� �,J �%*1
2�8: ;�>�8%���,J # ^�. 2�* � X*1 �. $Q�,) !� �> �%*1

2U�� 2'
 ��L. S 	'? � $Q�,) !� �> *,���]b�[.��
� $. "#F)
"*8) 4�� L � AU �� $Q�,) �
� � �FN m
!'3 �/�'/d �� ;�

2U2�8: ;�>�8%�� �� �>���� �> .S 	'? � $Q�,) �: �C�U !�
 �� y$x?� $Q�,) �(8- !� 2'
 ��L.0 i�*��)Fluid 

mobile elements(�. �?N�� �. ��( 0# ;9� 3��'0�?� i� 0
"*,,:0'K !� "*1 ��!U �?�� �?�1 �"*1 "*���#$	 �0'�� D� ;-

�?1'% �. # *�'12�8: ;�>�8%�� �8�d$0 Sx� ;S8N �>
��*�'1 .�� �: ;$Q�,) S.��� ��i� 0y$x?� $ J *��

)Fluid immobile elements ( *���*� �:���� *,
�$	 �
� ��
]b�[.���	 �� A� 8: $Q�,) !� �,J � , ?��K$0 [
 $%��/�

i�n0�K �/ % ��L. S 	'? � $Q�,) ��'1 �
��L.U e'�?0� 
*,��� ��'
Ba, Cs, Rb, K �. �� �� �0� !� �.��?�� �'j-
��# *>�Nb�� �D�. "��'�� �0� 2U �:�@ ���� $Q�,) #-

*���]bb �ba[.$Q�,) �.��� �
�$1 �� Ce, Pb, U y$x?� 
$Q�,) ��#Ti  #Zry$x?��� *��]�a[.

��'8� �%*1 �,J� �> [T0 �:�@ ���� $Q�,) !)LREE(�
��3 #2U �%*1 � /,0 �:�@ ���� $Q�,) !� �>)HREE(^�. �

�T�� 2�'.LREE/HREE��*�� #Sr )� /�� � �.~/u~t 
&� �K �K(�T�� �Sr/Y)� /�� � �.�a/b� (�T�� #La/Yb 

)� /�� � �.b�/��(��*�� 2�'. � 
�K �Y)� /�� � �.�s/�u 
&� �K �K(��=,� ����'�U �'T� #Eu �� 2��� ��
� �: *,>�

H,0� :��U �. ;��
! �>�T1 �> �>]bs �bu�b�������[.
*����)i#*-b(� :��U "#$% �� #c ( 0$K ;�>]��[)i#*-

a(�� ��$D *�$ %)Sn1�.(��*����'8� �
� �� 9
L ,� � 
�K �>
 �0� )i#*-�(&'T�#$. �'-# �: �'T =�U ;�> �
� �� �?
H,0 �>]b�[�� �$/�� . *��'3 SN�$� �� *,(T��'> 4
�*-
� �#��'(T3 ;*1�. �8%�� �� 9
L ,� 4>�: #.

�,J !� �%*1Sr��3 #!� �%*1Y�T�� 4
�L	� #Sr/Y 
"$?�% �� # 7 8) A#< �. $?� .��*
�K�� ;!F:'
RFK 2*1 

�. �: "*1 $ TY3 ;!�0��!U �)Sr  !F:'
RFK !� ���� ��'1
���N �: �0� ��*
�K ����% ���N �
� �� �:Y;$W,) 2U �� 

�� A'�x� ��%!�0�'1 ]��[.
2#! �� ��	 �? :��U ;�>�8%�� ��Q'W�� # �����#$	 ;�>

�
�-�Y6D �: *1�. 2�'- "*1 "*���#$	 ;)2#! 4���#$	 ;�>
�?0'K 4���#$	 �
 2�'-2�'- �0'�� D� ;(�� �	�
'1�*

]bs �bu[.H,0 �>�T1� :��U �. �0�$. ��'� ;�>�� �> *��'3
"*
��n
��. 2�'- �0'�� D� �?0'K 4���#$	 ;�#�@ �0'�� D� ;
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�
�! A'M �H��d�I 6@ �;*8x� �0�,1�'(. �(C�2�$
� �0�,1 ���: # \O�

 C�&%D��
���;# � /�� � �%E
��'8� �
� 8 1'`R ;�>� :��U �. B� ��6,� ;�>�>]������bsqb�[.
� /�� �> ��'8� �;B� ��6,� � /�� :��U � ��>

SiO2 = �!# *Q���t�/s~  SiO2 �!# *Q���]�>
Al 2O3 = �!# *Q�����/��  Al 2O3 �!# *Q�� ��]>

Na2O = �!# *Q����h/h <]/h Na2O �!# *Q���]/O≤
K2O/ Na2O = O�/P K2O/ Na2O = \�/P~

Mg  # = h]/P Mg  # = ]�/P
Sr =  K�K�&��/��P  Sr K�K�&�\PP>
Y = K�K�&�O]/��  Y K�K�&���≤

Sr/Y  = �\/h�  Sr/Y > �P 

Yb = K�K�&��h/� Yb K�K�&��/�<
La/Yb = h�/��  La/Yb ��>

Eu =,�� . �'T����C,> ; Eu =,�� �'T�.���C,> ;
LREE L:$83;@ (�^�. LREE @ L:$83 (�^�. 
HREE @ L:$83  (��K 
� HREE @ L:$83  (��K 
�

C�&%E���
��;� /�� # �
%E��>;1'`R  8 ��
��'8� �>;��'� 0�$.�:��U �.  ��>;0$K  ( 0 9: # c ( c]�O[.
��'� ;�> ��'8� � /�� ��0�$.  c ( 0 9: ;�> � :��U c ( 0 $K ;�> � :��U 
SiO2 = �t/ut  SiO2 < %uP SiO2 > %ut
MgO  = �]/� MgO  = ~–a %Wt MgO  = ( %a–s/t )

CaO +Na2O = a~/~ CaO +Na2O > �t Wt % CaO +Na2O < ��Wt % 

Sr  = ��/u~t  Sr  > �tttppm Sr  < ��tt ppm 

TiO2 = s~/t TiO2 > %b TiO2 < %�/P
Cr / Ni  = ~�/� Cr / Ni  = s/�q� Cr / Ni  = s/a–s/t

@A�K��'8� � A � o�� ;�>���'8� �� �0�$. ��'� ;�>��X"$?�% �� �� :��U ;��� ��$�D c ( 0 $K ;�> *��$ %) ."$?��% ;$?��:�@ ;
� :��U �. �?�.�#"$?�% # c ( 0 9: ;�>� :��U �. �?�.�# * =0 ;�>c ( 0 $K ;�>]�O[�0� (.
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0 ;�$.��0� &!^ �A$0 9 ���#� �:$
! e#� �. �C,0 ��*�� 

�'1 �1��$. �0�$. ��'� H,0 !� �	�:)�. �?�. &!^ ��*��
�� $  k3 H,0 I :$3*,:(���� �"��=?0� e#� �. �:$
! ;�>

2'/.U !��*- � /,0 ;�> �� &!^ ;�>*,
U$	 c50 # *�'1
0 ;�$.��� X�'Q �C,0 �$ %]b~�at[.0�[
 �C,0

�
�'
� !� ��'8� �0�$. ��'� ;$ 	�'K ;�>)���'8"��81 ;;�
i#*- ���(�M$
! e#� �. # 2�'
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2U !� $
'W3 �>CL)c���, �'� *3�: (*1 � �3 .��*Y3�t���� 
i�0 ��'�$D �C,0 ���� $> ;�$. SQ�N �C ?� �: *,?	$% ��

 $
'W3 ;#�CL)Sn1~(�0� "*1 "��#U .!� SQ�N }
�?�
i�0 �C,0�t"*1 "��� 4
�8� �
��'n,: ���'8� ;#� ����� *��

)Sn1�t.(H,0 ��0�$. �
� !� SQ�N }
�?� ��0�$. ;�>
 �0 ;���� "*1��
O/.±�/h� i�0 2' ( � )i#*-](�'.$� #

�. �#� �0� �?�.�# �0'`� $@ .�C ?� �. �-'3 �.0 ;���C,0
��"�'3 2�.L � E�F� � �' 	� ;$ /
�- �0 2�'3 ��'� ;�>

����� �0'`� $@�#� !� 4 K ��� �0�$..

@;�O$
'W3CL)c���, �'� *3�:]2��@�� ( [!�]O! ���� 
��*Y3 # "*1 "��� ��$D �'W�� I��D �� �: �:$�P���� ;0 ��'� ���$�D �C,0 
�0� �?	$% .�0� "*1 �?1'� 2U ;#� ���� $> ;�$. SQ�N �C ?�.

@;�3P;�$. �
��'n,: ���'8� �P���� �:$
! e#� �. �: �:$
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�
�! A'M �H��d�I 6@ �;*8x� �0�,1�'(. �(C�2�$
� �0�,1 ���: # \�P

 C�&%HC,0 i�0 !� SQ�N }
�?���P��'8� !� �6�� ;0�$. ��'� �.
"*1 L ���U �6�� Th/U 207Pb/206Pb ± 1σ 206Pb/238U ± 1σ 207Pb/235U ± 1σ error corr. 206Pb/238U age (Ma ± 1σ)

t� ���/� tt�t�/tt�sa�/t ttt��/ttts�~/t tt�tb/ttut��/t �bb/t t/�t/b� 

t� ~t�/t t��ua/tt�tub/t ttt��/tttu��/t t���a/ttutab/t ���/t t/�t/at 

tb sb~/t ttu�u/ttaut~/t ttt��/tttss�/t ttssu/ttbsts/t �at/t t/�t/bs 

ta ��s/t tt��b/ttu�ua/t ttu�a/tttt��/t tt�~t/tts�~�/t �~�/t t/�t/b~ 

ts ��a/� t�t��/ttss��/t ttt��/tttu�a/t �t�t/tta�as/t �s�/t t/�t/at 

tu ua�/t t��t~/tta�~~/t ttt��/tttu�~/t t�tu~/ttat~a/t �bt/t t/�t/at 

t� t�t/� tt~�a/tt���a/t ttt��/tttub�/t t�tbu/ttu�~�/t �~~/t t/�t/a� 

t� �~�/t tt�~t/ttaauu/t ttt�b/tttut~/t tt���/ttb�b~/t bs�/t t/��/b~ 

t~ �st/� ttb��/tta~s�/t ttt�a/ttts~~/t ttbat/ttat~�/t ���/t t/~s/b� 

�t ��u/� tt���/tts~bu/t ttt��/tttut�/t tt�b�/tta~�~/t �t�/t t/�t/b~ 

�� u�u/t tta�b/ttsutb/t ttt�u/tttu�s/t tts��/tta�a~/t �b~/t t/�t/at 

�� ~s�/t tt�a�/ttu��~/t ttt��/ttts~s/t tt�a�/ttstu�/t �ts/t t/�t/b� 

�b ��t/t t��b�/tta���/t ttt��/ttts~a/t t�tsb/ttb�u�/t �bu/t t/�t/b� 

�a �t~/t ttsbt/tta��~/t ttt��/tttu��/t ttss�/tta�tb/t ��b/t t/�t/at 

�s ���/t tt�ua/ttuatb/t ttt�t/tttubu/t tt~�b/ttsu��/t �~b/t t/�t/a� 

�u ���/� ttu�b/tt�u~a/t ttt�~/tttu��/t tt�ut/ttus��/t �us/t t/�t/at 

�� �ub/t ttbb�/ttaus�/t ttt�s/ttts~�/t ttbu�/ttb�a�/t �uu/t t/�a/b� 

�� u�u/t tt�u�/ttaa�u/t ttt�~/ttttu�~/t tt�su/ttb�~�/t �b�/t t/�t/at 

�~ ~~t/t ttu��/tta�~�/t ttt��/tttu�~/t ttu~s/tta��a/t ��s/t t/�t/at 

�t �tt/t tta��/ttuatu/t ttt�s/ttts~s/t ttas�/tts�s�/t �~t/t t/��/b� 
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RFK ;�> �� 4�. ;LM$�

 # "*1 2�0$%��."*1 �
L/
�- 9 �(M X�,.$M *�� .i'T =�U �>
���0$%� # "*1 S
*T3 �>U * �:� # � 3' . �. ;��*�� 

 0�?K[�� 2��� �� �= YZ *,>�.H,0 ;�8%����'� ;�> 
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