
)����� �	�
��:��/�/����
��� ���� :��/��/��(

÷

������� ��	
��� ���� ������	��������� �����
� � ���	�����
� ��� �!" :��
�� 
�	�$�%�� &���'�� ����(	�)���*���+, � ���� 

�-. �
!�	)� �)��*" /��01� (	�%*

���  !"#$ �%�& '"()* ��+� ,��& !�-.�/� ��0�)1�2��3������4/#�5 4/#
/ 

�)�23 :+5!�!�1 �%��/#$ " �%
�+
�+�/#$ 6�7!�+5  / �.�8 4��96��8"��/ 6(�:+%��/#$ �0/ �� " 4/#
/ ;#< =�>1 �� �? ��
�� " @�/ 6 #� ���A�"� ;+)9 6#%�+B�?��C)� #D�/ 6��%A�0 34�E
�8�FG �0/ �%	#$ �/#H .!�+56�	�8 6/�/� �%
�+
�+�/#$ ��/� J
�

6/���? �8  K?+
LK& 6�7 " �M0/ ���5+�8 �()BD��+7"J)-� N�?#5 �8 =+D�M�G � +5�/ N�?#5 �8 O�0�%& ��P0(B	 ��
 (�G N�?#5 �8
 ��%)-��0/���? ��/"/#	 "!�+5 �� O�0�%& ��P0(B	 6�76!�+5 �8 �D�� �%
�+
�+�/#$ 6�0/ #%>? �%��/#$ .�D��87Sr/86Sr ���"/ 

��!�+56�%
�+
�+�/#$ ��QQR2/�+5 �� "!�6�%��/#$ ��QQ��/��/(�� "εNd!�+5 �
/ �� �DS� �7�0/ 6�
+$ �?!�-%0�A 
�%1+$ 6/ "T�U��0/ �.�/�"#	 6�7.!�+5 6#�-
�9 �0 6V
�%� 6�)D� #8 �%��/#$ " �%
�+
�+�/#$ �0�8 �E)0 W"�Ar-Ar #8 

�0+:/ 4��  �8 ���5+�8 ���? 6"��%�8/" �0/.���? �>�1 6�)D� #88 6�7 �X? Y)0 �>�1+:L " =+D�M�G ���5+�4�.A� �D1"ZJ9 
���/#$6�7[+� I / "#\��
�>$�� 6#0 J9Z6#0 �]7G3�
��BH ()%�7 .�86��E)76�7 �M)� Nb"Ti 6�7�/�+>� ����E)�8!(1 �

X]1 6�
+$ 6#�$ �
/!�+5.�/�"#	 ^_�)� �� �7�0/ �.6�9 !�+5 6#�$6 6�)D� #8 �%
�+
�+�/#$ ��� ��� 3�� �>�1 6��� ��8 
��� �5 ����9�� 6�%��0 ��8 ��.	 �� " �/#$�R/��5��/���8+B�? �0/.

�,���)�4$ ���:!�+56�%��/#$ " �%
�+
�+�/#$ `a+5"J
/ �/(
�&�� `=�0�E)0 `��� 3�E)0��.	`���? �>�1 `4��9 !�1 .

/�)5� 
�%b��� �8 ��8"��/ 6(�:+%��/#$ ���+5�8 #8 c��8 km2���� �� 

@�/ 6 #� ���A�"� 6+0"� 4/#
/ ;#< =�>1 �� �� "
�
��>7 6�7�+.?)4/+E�� " 4�%�)��/ 6�+�>9 (��/� �J�"#8 .

4/#
/ �� ���+5�8 �
/ �B*/ d�8)4�E
�8�FG 4�%0/ =�>1 
�H#1 (�e0" �8km2���f�0" ���/� 4+>)A� !�+5 �
#56

6(�:+%��/#$��C)��
/  JB	 6Cu-Mo-Au X�].5 /� 
�� (7� ]���.[���+5�8 =�e	 �1/+b ��8"��/ 6(�:+%��/#$ 6�7
!��H 6/��+BD5 " ^
�J5 X*�b�8#i �.
/(9 6�7 �(e%�

  / �M�_ �
�>$�� 6 �8)"#8�$(6(�0/ �5 )���/#$ (6#5#8 �8
�%
�+
�+�/#$ 6�7 �	 3�%��"J�+�J5�/+? ) / d�8�����+5�8 j(

(��/� �J�"#8]�[. /#\�  / �.�8 6��%A�0 ��C)�6 #D�/ 3

�� ;+�U� 4�E
�8�FG (�+1)X]1�k�/(]Q��[.()8#>?
 4/#
/ =�>1 �� �?  #D�/ l�:" +)0 ���.M.5G6�%0/� �H#1 3

�8#<��/� ��8�B�0"6X�$ N-S �1� 3d�8 "� �8 4�%�?�5 
�0/ !(1 O���5 �8#< " �H#1 .�8#< d�84G�8 �? 4/+)m

()8#>? ���.M.5G  #D�/ 3!(���� 4�E
�8�FG ���+1 ]�[X��1 
! /($�%�0/� �5 �%
 (�G 6�7 6��
  �/(e5 " /!�+5 6�7

6(�:+%��/#$�8�1#0 �]7G3�
��BH !�+8)X]1��k�/ a("
#
�AF 6"�b MB%�� / �6#�	�+& 6�7 �4(D��+� �n� K_"

�0/ �7G 6�7�����?!(.� �	�
 �H#1 d�8 �� �? (�/.�8
!(��m66#�-���9 " 6J
Jm ]�[ #D�/ ���.M.5G ()8#>? 3

#
  �8 @#$/  n�%5+o� @+���H/ d�/�"#	 �8 �_�D5�/ 4�E
�8�FG
�UM*6(��/(� 6J?#� 4/#
/ �8 "�B�0"6��B&  / J
#D5 X�$ 

∗�MB5 �=+o�� !()�
+� :�����������#8�>� �:��2Q��R��QQ�]��"#%]�/ ��& �:m_jamshidi@pnu.ac.ir 

" ���8 =�00p��>1 �,+,+0 �J�
�& �Q / �qUM* 2���52��

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
25

-0
7-

12
 ]

 

                             1 / 14

http://ijcm.ir/article-1-165-en.html


�(8 6(�.>9 ��+& ��b 4/#
/ �0�)1 ���? " �0�)1�+B8 �BE� 2��

�+1 �� /(9 ;+)9 �� 4/#
/"4/#
/ ���>1 6�7 #� �>0 �8 
�� ��/�/  ��MH " 4�%�)��/ 4"�� �5(8�
]2.[!�+5 6F+M� 6�7

 �? 4��9 !�1 �%��/#$ " �%
�+
�+�/#$ ���+5�8 6J?#� d�8 ��
 r�J8*�	 �� s�D
#�5 " ��8"��/ �B����/��6#%�+B�? )�B*�	
�
/+7 (6#�	�+& n� 4��e�  /)Cu±Mo ( �M7 �4+-�+0

�B*�	 �� " �>.t6��6#%�+B�? @�/ 6 #� ���A�"� ;+)9
(��/� �J�"#8�"��'#1 =�>1�.��6���  �0�)1

������/��"� ��0 �%	#$ �/#H (�/)X]1��;a(.���e5 
" !�-%0�A!�+5 �0 6F+M� 6�7#$!�1 �%��/#$ " �%
�+
�+�/

 ��8"��/ ���+5�8  / �.�8 �? 4��9%�7 T�U� ���e5 �� �()
��� �%A�0�� ��C)� �
/ ()1�8 �%1/� �>�� d�� ()�/+5 .

8�X�����*�AN0�)� X�].5 �� !�+5 !�1 �%
�+
�+�/#$ 6�7
4��9����? �>�1  / ���? �
/  / � K?+
LK& " =+D�M�G 6�7 �7

 ���e5 ��������? �>�1  / " ��.	 "=+D�M�G " ��5+�8 6�7
6/#8 T�U� ���e5 ��� �%A�0(1 !��M%0/ ��C)� �
/ .��
�E)
/���? �>�1  / X*�b V
�%� X? Y)0 �>�1 V
�%� �8 �7

!(1 ��
���/(�]�3��[.

62�7k�/ (�.��6��� �%A�0 4/#
/ !�+5!�1 6F+M� 6�7�94��� J�#H ��Km �8 �.�� 6"� ����C)�6 #D�/ 6��%A�0 3!�/� 4�.� 4�E
�8�FG 
�0/ !(1  / @�D%H/ �]�[�;(�.��6���  ��C)� !(1 �*KA �0�)16!�+5 �? ��8"��/ 6 / @�D%H/ �0/ !(1 !�/� 4�.� �%��/#$ 6F+M� 

�.��6������/��"� ��0 ]Q[a �(!�+5 ��eH+��C)� 6F+M� 6�7!�+5 �8 �D�� ��8"��/ �6()? 4�A 6F+M� 6�7]�.[

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
25

-0
7-

12
 ]

 

                             2 / 14

http://ijcm.ir/article-1-165-en.html


(B9��!��>1 ���J�
�& ���Q ��� ���  " !�-%0�A �0�#8 3!�+5 �E)0��.	" �%
�+
�+�/#$ 6�7. . .2��

8�	��	
� 
6/#8 �0�#8 !�-%0�A!�+5 !�1 �%��/#$ " �%
�+
�+�/#$ 6�7

!�/� ���e5 V
�%� �4��9a+5"J
/ 6�7�/(
�&�� 6�7 87Sr/86Sr "
143Nd/144Nd !�+5 6#�-
�9 �0 " �	#$ �/#H �0�#8 ��+�-
6F+M� 6�7J�� 4+$�G W"� �8 3�G4+$�8�B�0"6���? 

��0/ !(1 u�.� ��5+�8�0�#8 �0 ���e5 " �&+5"J
/ 6�7
6��D>B? d�%
#8 !�-.�/� ���  ,+Bm !�-.
�� G ���,�E�/ /����? 

�0/ !(1)="(9�"�.(
J����G  /1 /�#& J
����"#%]�/ �6/#8���? �>�1 �0�#8 -

/ ���5+�8 �=+D�M�G �O�0�%& ��P0(B	 � K?+
LK& 6�7 " �M0
���?!�+5 6JB	 6�76J����G  / " �%
�+
�+�/#$ 6F+M� �ICP 
6/#8 X? Y)0 �>�1 ���e5 �!�+5  / ��+>� 66F+M� 

" �%
�+
�+�/#$�!�+5  / ��+>� 6(1 !��M%0/ �%��/#$ 6F+M� (�
)="(9 6�7�"Q.(��"#%]�/ W /�#& J
� d�8 !�-.
�� G �� 

�-.�/� �,+Bm !(].�/� ����  ,+Bmlt 6�+�>9 l
��0�� !Q"
���/#%0/ =(�/ !�-.
�� G �� X? Y)0 �>�1�,�E�/ �	#$.

91� 
:���	������$ �*�� ���
!�+5�0�#8 �� �4��9 !�1 �%��/#$ " �%
�+
�+�/#$ 6F+M� 6�7 -

���? 6/�/� �&+]0"#?�� 6�7K?+
LK& 6�7 �O�0�%& ��P0(B	 � 
 " J5�/+?J�����? �=+D�M�G l�	�� 6�7���? " ��5+�8 6�7

 ����%�5 " 6JB	 �m#	%�7(). /#\� �
/ ��+>m �	�8 ��%	�8 
!�+5 �7��/�6/!�+5 �� ��" !�+8 6 / N��< �	�8 ��%
�+
�+�/#$ 
[+���/�J
�!�+5 �� "6��5#& �%�G ���5#& �	�8 ��%��/#$ 

�0/ .!�+56�%
�+
�+�/#$ 6F+M� �5 6#%�?�A Y�� �8 
s�%D�� 6#%�?�A!#�5 "�	�8 4��� ��/� J
� �5(��+B8 .!�+5 6�7

�
�+
�+�/#$ �8 �D�� �%��/#$ 6F+M� �-�� N
#i 6/�/� �7
�1"����? ��/"/#	 " !�+8 #5���? XS� l�	�� 6�7 =+D�M�G 6�7

4G �� ��5+�8 "�0/ #%>? �7 .
!�+56�0�#8 �� 4��9 !�1 �%
�+
�+�/#$ 6F+M� 

�8 �+vb 6�
+$ �&+]0"#]���	6�7 ��/� 4���J
� �5 �+B8 "
�+vb���? 6�7�1"� K?+
LK& ��/"/#	 �8 2��5��%X]1-

�>�� �5 �/�X]1�/� �
 (�G N�?#5 �8 )2�/�3��/�XAb =(��8
�B& X?�� �l�%%)0 �� "8��/+� �A# ��D����? X?�� �8 ,/+5 "�8

1. British Columbia University 
2. Laboratory of Electron Microscopy and Microanalysis 
3. Inductively Coupled Plasma 
4. Institute of Geological Sciences Faculty of Science Masaryk 
University-Czech Republic  
5. Amdel Australia 

6()8 ��C)� �� !(7�.�+1(�. +5�/ ��/"/#	 �8  / #%>? ��%�
J5�/+?�8 NB</��/"/#	 �8 " X]1��%�5��%!(
� ��(�+1 .��

!��(� 6()86!�+5 �6�� 4��9 !�1 6F+M� #%�$!6
�� �/#H �
�+
�+�/#$��+>�  / �ve8 �� " �#�$8 �7�d7�? X���

���? ��/"/#	 ��  +5�/ " J5�/+? 6�7#%�$!" �
�+
� J5�/+? 6
�
�+
��� !(
��+1 ./"/#	4�
/ �� �
J�)�"#	 ���? �
#5!�+5 

JD0 =+D�M�G  / �0/ x��Dm$ �!���/"/#	 �8��3�%�86�7�+B8 
X]1X]1 �>�� �5 �/�6 +� �/�()��� !�5+? " !(�.? ��+%0 �
 

6"�b NB</ �?X?���y�5 �8 !��0 6����� )X]1�;(N�?#5 �
=+D�M�G �>�1 �� " l��B? [+�  / �7!��=+D�M�G 6()8 6�7
 �� l��B? [+�#%�$!�� �/#H ()BD��+7"J)-� 6#�$�()X]1�

;] (��.[#
���� �� ��5+�8 %>?#=+D�M�G �8 �D�� �8 " �7
 ��/"/#	�3�%�8�H�" x�+*6 /+� z� �8 6�7)X]1�a(�

#8 ��5+�8 ���? �>�1 N�?#5@�0/ !�� 6()8]��[!�� ��6
�� " ��5+�8#%�$!6Meroxene� �/#H �6�
+$ �? �#�$

��5+�8 4�+8 #��	 �0/ ,+�)��+�G  / �7)X]1�k�/(.���? 6�7
Y)0 �
/ �� O�� �m#	 X��1 �7�M0/��5�&G �6#%�?�A 6�7

�8 �5 Y��)�8=�A�/ x�+*(��?#
  �:J9 �/(�� ���? "6�7
 ��%)-� [+�  / 6JB	%�7 X��1 " ()���? s��+>m �
+��{ 6�7

���
#0 ��
#B?�0/ .���? �
��>�1 N�?#5 !�+5 6�76
="(9 �� �%
�+
�+�/#$�!�/� 4�.� �0/ !(1.

!�+56X��1 �&+]0"#]�� �0�#8 �� 4��9 !�1 �%��/#$ 
���?X]1  K?+
LK& 6�7�>�� �5 �/�X]1��/"/#	 �8 �/�Q��5
��%�>��  +5�/ �X]1��/"/#	 �8 " ��5#& �	�8 �8 �/����5Q�%�

�8 J5�/+?]1 / d�8 ��/"/#	 �8 X��%���? �l�	�� 6�7
  / #%>? ��/"/#	 �8 =+D�M�G " ��5+�8��%���? ��m#	 6�7

Y)0 �
/ �� J�� ��%)-� " ����%�5�/� �+vb �7�()X]1�
k�/ .( ��!��(� 6()86��+>� NB</ �� !�+5 �
/ 6�7!#%�$ 6

�� �/#H ���/#$(�#�$.

��	
� &���'�� ��� Nd-Sr��;� �8�	 �� �� �Ar-Ar 
<����� 

����
#a+5"J
/ 87Sr/86Sr "143Nd/144Nd��+>� "�  / 6
!�+5 �-)0 " �%
�+
�+�/#$ 6�7�%��/#$ 6/#8 "���e5 !�-%0�A 

���"/6!�+5u�.� �7�0/ !(1 .�/(�� a+5"J
/ 87Sr/86Sr 
���"/ ��!�+5 �%
�+
�+�/#$ 6��QQR2/�!�+5 �� "�%��/#$ 6

��QQ��/�" ��/(��a+5"J
/ 143Nd/144Nd ���"/ ��!�+5 6
�%
�+
�+�/#$�����Q/�!�+5 �� "�%��/#$ 6�����2/�

�0/ !(1 ���e5 .�/(��εNd!�+5 �
/ ��  / !��M%0/ �8 �7
 �0/ !(1 �D0�U� #
  =+�#	)="(9�:(

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
25

-0
7-

12
 ]

 

                             3 / 14

http://ijcm.ir/article-1-165-en.html


�(8 6(�.>9 ��+& ��b 4/#
/ �0�)1 ���? " �0�)1�+B8 �BE� 2��

62� =k�/ (!�+5  / �&+]0"#]�� #
+|56	�8 �8 4��9 !�1 �%��/#$ ���/�6/���? "=+D�M�G " ��5+�8 �O�0�%& ��P0(B	 � K?+
LK& �J5�/+? 6�7
)�+�XPL(�;(Y)0 �&+]0"#]�� #
+|5!�+5 �
�+
�+�/#$ 6�76�	�8 �8 4��9 !�1 6F+M� ��/�6/���? "��P0(B	 � K?+
LK& �J5�/+? 6�7

 =+D�M�G " O�0�%&)�+�XPL(�a()0 �� ��5+�8 ���? d
�>�Y!�+5 �%
�+
�+�/#$ 6�764��9 !�1 6F+M� )�+�XPL()X]1 �� !��M%0/ O:Km:
:Pl  K?+
LK&�:Qtz J5�/+?�:Kfs  �O�0�%& ��P0(B	 :Am �=+D�M�G:Bt ��5+�8.(

62� >k�/ (!�����? 6()84G �>�1 6�)D� #8 ��5+�8 6�7!�+5 �� �764��9 !�1 �%
�+
�+�/#$ 6F+M� ]��[; �(!�����? 6()8 =+D�M�G 6�7
!�+564��9 !�1 �%
�+
�+�/#$ 6F+M� ]��) [J�#H f8#� ��Km :JD0 !#
/� ��Km " ��5+�8 ���? �8 :�%
�+
�+�/#$ !�+5 �� =+D�M�G ���? �8 

�%�8/"�0/ (.

?�)"7a+5"J
/ J����G V
�%�Sr-Nd��+>� �A-36 !�+5  /6�1 �%
�+
�+�/#$ 6F+M� ��+>� " 4��9 !A-15!�+5  / 64��9 !�1 �%��/#$ 6F+M� 
�0/ !(1 J����G.

�7 ��+>� 87Sr/86Sr 86Sr/88Sr 143Nd/144Nd 145Nd/144Nd 146Nd/144Nd Sr norm 2SE Sm/143Nd Nd norm 2SE 
A-36 ��Q���/� ����/� �����Q/� �QRQ��/� ����/� ��QQR2/� �����R/� ���Q/� ���R��/� ������/�
A-18 ��QQQ2/� ���2/� �����2/� �QRQ��/� ����/� ��QQ��/� �����R/� ����/� ���R��/� �����R/�

εNd = [(143Nd/144 Nd)s / (143Nd/144Nd)CHUR - 1] ×
10000 )!��>1 ����e��(

����e� ��6!��>1 �(143Nd/144 Nd)s�/(�� 143Nd/144 Nd 
!�+5 �&+5"J
/ �0�#8 X*�b6!�+5 " �%
�+
�+�/#$ 6�%��/#$ 

4��9 !�1�0/)�/(�����2�R/�=(143Nd/144Nd)CHUR  
�/(��143Nd/144Nd 4/��]>7 " 4+%B���7  / �
�()? �� ]��[

�0/ !(1 @�D%H/.�/(��εNd!�+5 �� 6�%
�+
�+�/#$ 6F+M� 
�Q�/�+5 �� "!�6�%��/#$ 6F+M� 2��/����e5 1(.�/(��

 �DS�εNd / �?�b !�+5 �
/ 6�>$�� �? �0/ �
/ �� �7
�%0+& �.�8 ;"F �8 ~�D5�/6�0+���H/ "�8T�U� l
 

�.�/�"#	�%�8/" !�+8 �0/]�[.X]1 �� QJ����G V
�%�
!�+5 �&+5"J
/6�76F+M� /#$ �" �%
�+
�+4��9 !�1 �%��/#$ 

/� d
�>�(1 !�(�!�/� �8 V
�%� �
/ �&+5"J
/ 6�7���.M.5G 
����"/–#%A�]��["(�"��� O��5�>$��]�Q[O��5�>$�� "

T0+5 �? 6()? 4�A]��[��
��� (1 �:/�/ !(1�0/ .V
�%� 
!�+5 �&+5"J
/ J����G  / X*�b " �%
�+
�+�/#$ 6�7 !�1 �%��/#$

4��9�!�+5 "4�A 6�7 l
 �� 6()?!#%�$/#H �� �" (�#�$ �8
!�+5 !�-
�9 �8 �9+5�� 4��9 !�1 �8 �D�� 6()? 4�A 6�7 -

()�/+5!�-%0�A?#%.� /� �T�U� �8 ~�D5�/ �� �? 6�7
()1�8 �%1/� ��0/ �.�/�"#	 .!�+5 �
��	/#y9 ��eH+�64�A -

�� 6()?)X]1�a(�0/ !(1 !�/� 4�.� .
!�/� 6�)D� #8 W"#8 �0 ���e5 6�7Ar-Ar��? 6"� �
!�+5 �0 ���5+�864��9 !�1 �%
�+
�+�/#$ QQ/�±��/Q� 

=��e� �)0 �%��/#$ !�+5 " =�0 4+�B��2/�±Q/Q2 4+�B�� 
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(B9��!��>1 ���J�
�& ���Q ��� ���  " !�-%0�A �0�#8 3!�+5 �E)0��.	" �%
�+
�+�/#$ 6�7. . .2��

!�/� 4�.� =�0!�+5 �8 �? (�/ �� �0+:/ 6F+M� 6�7��C)�6
 #D�/34�E
�8�FG)4/��D0�/ (�%�8/"(�/)X]1�) (="(9�.(

!�+5 X? Y)0 �>�1 �0�#8 ���/#$ 6�7 " �
�+
�+
 �4��9 !�1 ���/#$!�+5 J5�/+? ��/"/#	 6F+M� 6�7

�%
�+
�+�/#$4��9 !�1 �%��/#$ " /22/2Q �5 Q�/�� (*�� 
�� "�� #��y5()? 6/�/� ")wt%2�/�3��/�(O�0�%& (��?/�

)wt%��/�32Q/Q(O
(0 (��?/ ")wt% �2/�2 3��/�Q (
,+�)��+�G (��?/ !�+8 "6#
���� ��#%>? ��6�7(��?/ 6/�/

J)-)� )�/�3�2/�(O
J�)� �)��/�3�Q/�(O��B? �)wt% 
R�/Q3��/�(#M�	 �)wt% ��/�3�2/�(O���%�5 ")wt% 
Q�/�3��/�(%�7())="(9�(.#?��7 6�7�/�+>� ����8

(��?/ d
/J	/ SiO26�7(��?/ #
���� Fe2O3, MgO, P2O5

"TiO2�.7�? (�"�Fe2O3, MgO  �? ��
#M5 �+BD5��6�7

!�+5 �
/ �� =+D�M�G " ��5+�8 XS� l�	���7�0.�.7�? (�"�
TiO26�
+$ �$(�J
#$�0/ T�U� �� 4���?/ 6��8 .

6�7(��?/ Al2O3�Na2O�K2O�8 �D�� SiO2�+BD5 (�"�
�>� 4�.� 6��m�� " ()7� (�/+5  / �1�� #�{�5;��#$�7��

(1�8 ��C)� .6+-�/REE��-���� �8 (La/Lu)N!�+5 6/#8 6
�%
�+
�+�/#$ 6F+M�2�/��!�+5 6/#8 "�%��/#$ 6)��/�� 3

��/�� (�0/ .LREE �D�� �8)��/Q(=(La/Sm)N!�+5 �� -
�D�� " �%
�+
�+�/#$ 6)��/R32�/2= ((La/Sm)N!�+5 

u�.� �$(1 �)< 6/�/� �%��/#$LREE  �8 �D��HREE 
#
���� �8)2�/�3��/�((Gd/Lu)N =!�+5 6" �%
�+
�+�/#$

)2R/�((Gd/Lu)N =!�+5 �0/ �%��/#$ 6.�/(��)��/�3��/�
(Eu/Eu* = �+D� �
�
+$ d
/(9 K?+
LK& �7�0/)X]12
="(9 " k�/Q] (����2 .[ 

62�@�/�+>� a+5"J
/ #
���� �D�� �/(
�&�� 6�7���"/ 687Sr/86Sr �8 �D��a+5"J
/ �/(
�&�� 6�7���"/ 6143Nd/144Nd.UDMP �8 ~+8#� �
!�+5/ 4"  �0+�� ��+A#8  / n& �%�?/�G 6�7"����–#%A�]��[�DMV6J?#�  #D�/ 4"  (�"��� O����]�" �8 ~+8#� �]��[�KHK �8 ~+8#� �
!�+56()? 4�A �]��+5+B& 6�7]��[.�DS� �/(��εNd ��+>� �� �/#H " 4��9 !�1 �%��/#$ " �%
�+
�+�/#$ 6�74G 6#�$ �� �7!#%�$ �8 �8�.� 6
!�+5 6F+M� 6�7�8 �%�8/"6�9 �? �0/ �
/ 6�
+$ ��.�/�"#	 !�+5 �
/ 6#�$ �7�8T�U� �.�/�"#	 �7�%�8/" �0/ )�8 !#
/� Y��z#0 ��+>� �8 
!�+56�/#$ 4��9 !�1 �%� f8#� "JD0 !�+5 �8 4��9 !�1 �%
�+
�+�/#$�%�8/" �0/ .(

62� Ak�/ (!�+5 �0 ���e5 4"#?"J
/ �/�+>�68 �0 �4��9 !�1 �%
�+
�+�/#$ 6F+M� �!�+5 6/#8 !(�G �0�6�%
�+
�+�/#$QQ/�±��/Q� 
�0/ =�0 4+�B�� .;(8 �0 �4��9 !�1 �%��/#$ 6F+M� !�+5 �0 ���e5 4"#?"J
/ �/�+>��!�+5 6/#8 !(�G �0��%��/#$ 2/�±Q�/Q2 4+�B�� 

�0/ =�0.
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�(8 6(�.>9 ��+& ��b 4/#
/ �0�)1 ���? " �0�)1�+B8 �BE� 2�Q

�)" ?=�0 J����G V
�%�4+$�G �E)0 3�4+$�G ��+>� A-36 ��+>� " 4��9 !�1 �%
�+
�+�/#$ 6F+M� !�+5  /6A-18 !�1 �%��/#$ 6F+M� !�+5  / 
�0/ !(1 J����G 4��9.

Laser Isotope Ratios 

�� /��*� Power (%) 40Ar/39Ar �� 37Ar/39Ar �� 36Ar/39Ar �� Age 2�

A-36-1 W�� /� ��/2 ��/� ��/� ��/� ���/� ���/� 2�/�� ��/�±

A-36-2 W�� /� ��/� ��/� ��/� ���/� ���/� ����/� ��/�� ��/�±

A-36-3 W�� /� ��/� ��/� ��/� ���/� ���/� ����/� ��/�� ��/�±

A-36-4 W�� /Q ��/Q ��/� �Q/� ���/� ���/� ����/� 2R/�� ��/�±

A-36-5 W�� /Q 2Q/Q ��/� ��/� ���/� ���/� ����/� ��/�� R�/�±

A-36-6 WR� /Q ��/Q ��/� ��/� ���/� ���/� ����/� ��/Q� ��/�±

A-36-7 W�� /� 2R/Q ��/� ��/� ���/� ���/� ����/� �Q/Q� R�/�±

A-36-8 WQ� /� ��/Q ��/� �Q/� ���/� ���/� ����/� ��/Q� R�/�±

A-36-9 W�� /� ��/Q ��/� ��/� ���/� ���/� ����/� R�/Q� R�/�±

A-36-10 W�� /2 ��/Q ��/� �2/� ���/� ���/� ����/� ��/Q� ��/�±

A-36-11 W�� /2 ��/� ��/� ��/� ��Q/� ���/� ���/� R�/�� ��/�±

A-36-12 W�� /2 ��/Q ��/� �R/� ��Q/� ���/� ���/� ��/�� �2/�±

A-36-13 W2� /2 2�/Q ��/� ��/� ��/� ���/� ����/� R2/�� ��/�±

A-18-1 W�� /� Q�/2 �2/� �Q/� ���/� ��2/� ����/� ��/Q� ��/�±

A-18-2 W2� /� ��/� ��/� �R/� ���/� ���/� �����/� ��/Q2 R�/�±

A-18-3 W�� /Q ��/� ��/� ��/� ���/� ���/� �����/� 2R/Q� ��/�±

A-18-4 W2� /Q ��/� ��/� ��/� ��2/� ���/� ����Q/� �2/Q� ��/�±

A-18-5 W�� /� �Q/� ��/� �Q/� ��/� ���/� ����/� QR/�� �R/�±

A-18-6 W�� /� ��/� �2/� RR/� �Q/� ���/� ����/� ��/Q� 2Q/�±

A-18-7 W2� /2 QR/� �2/� �R/� �Q/� ��R/� ����/� 2R/Q� ��/�±

A-18-8 W�� /� 2�/�� ��/� ��/� ��/� ���/� ���/� ��/�� RR/�� ± 

?�)">J����G V
�%���"#%]�/ W /�#& J
����? !�+5 6�764��9 !�1 �%
�+
�+�/#$ ) .�8x�UM* �/(e5 �
�"(U� �Bm��� �C�� ()t J����G V
�%� 
!(1 !��"G ="(9/(�(!()7� 4�.� ="(9 �� ��t TA O:Km �6�0/ ���? J����G �� (��?/ �+vb ,(m .

�7 ��+>� A-15 A-36 A-15 A-36 A-36 A-36 A-36 A-36 
�7 ���? =+D�M�G ��5+�8 O�0�%& ��P0(B	  K?+
LK& ��%)-� ����%�5

�7(��?/ �� " (*��
SiO2 �2/QR �R/Q2 R2/�2 ��/�� ��/2� 2�/�R ���/� ��/�
Al2O3 ��/2 2�/� ��/�Q �Q/�� Q�/�R ��/�2 ��/� ��2/�
BaO ��/� ��R/� 33333 33333 ��/� ��/� 33333 33333
P2O5 ��Q/� ��2/� 33333 33333 ���/� ��/� 33333 33333
K2O ��/� �R/� QQ/� �Q/� �Q/�� �R/� 33333 33333

Na2O ��/� ��/� ��/� �Q/� �R/� �2/2 33333 33333
CaO ��/�� ��/�� ���/� ���/� ��2/� ��/R ���/� ���/�
FeO ��/�Q ��/�2 ��/�� ��/�R ��/� ��/� QR/��Q ��/�2
SrO 33333 33333 33333 33333 �/� ��/� 33333 33333

MgO ��/�� Q�/�� R2/�� �2/�� 33333 33333 33333 �R�/�
Cr2O3 ��/� ���/� ���/� 33333 33333 33333 ���/� ���/�
TiO2 �R/� �R/� 2�/Q 22/Q 33333 33333 ���/� ��/Q�
MnO 2Q/� ��R/� QR/� Q�/� 33333 33333 ��Q/� ��/��
NiO ���/� ��Q/� 33333 333333 33333 33333 ���/� 33333
V2O3 �Q�/� �2�/� �2Q/� ��2/� 33333 33333 Q�Q/� ��/�

Cl �R/� ��/� �R/� ��2/� 33333 33333 33333 33333
ZnO 33333 33333 33333 33333 33333 33333 ���/� ���/�

F ���/� �2�/� ���/� ���/� 33333 33333 33333 33333
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(B9��!��>1 ���J�
�& ���Q ��� ���  " !�-%0�A �0�#8 3!�+5 �E)0��.	" �%
�+
�+�/#$ 6�7. . .2��

?�)"@J����G V
�%�ICP !�+5 X? Y)0 4��9 !�1 �%��/#$ " �%
�+
�+�/#$ 6�7.
�7 ��+>� A-15 A-36 A-19 A-18 A-20 

���	�����
� �B�C� ��� ��� /��*� �����
� �B�C� ��� ��� /��*� 
Major Oxides Wt % 

SiO2 22/2� 22/2Q ��/�� Q�/�� �R/�� 
TiO2 Q�/� Q�/� ��/� ��/� ��/�

Al2O3 �Q/�2 �2/�2 �Q/�� ��/�Q ��/�� 
TFe2O3 �2/Q �2/Q 2�/� �Q/� ��/�

MnO ��/� ��/� �2/� �2/� �2/�
MgO �Q/� Q�/� ��/� ��/� ��/�
CaO �R/Q R�/Q RR/� ��/� RQ/�

Na2O 2Q/Q 2Q/Q � ��/Q ��/�
K2O ��/� ��/� 2�/� ��/� ��/�
P2O5 ��/� ��/� ��/� �2/� ��/�
LOI �R/� �R/� ��/� ��/� �R/�

TOTAL �R/��� RQ/�� ��/��� Q�/��� Q�/��� 
Rare-earth element (ppm) 

La ��/�� ��/�� 2/�Q �/�Q �/�Q 
Nd ��/�2 ��/�� 22/� �R/� Q2/R
Gd Q�/� Q�/� ��/� � ��/�
Yb ��/� ��/� �/� Q�/� ��/�
Ce ��/�� ��/�� �/�� Q/�� �/�� 
Sm �2/� �2/� Q�/� �Q/� QQ/�
Tb �2/� �2/� �Q/� �Q/� �2/�
Er ��/� ��/� �/� Q�/� ��/�
Lu �R/� �R/� �R/� �R/� �R/�
Pr Q�/Q Q�/Q �/� �/� Q�/�
Eu ��/� ��/� �/� Q2/� �/�
Dy �R/� �R/� �Q/� R�/� �2/�
Tm ��/� ��/� �/� ��/� �/�

Trace-element (ppm) 
Ba R�2 R�2 R�2 R�� ��� 
Y ��/�� ��/�� R/� �/� 2/�

Th � 2 �/� �/� �/�
Zn �� �� �� Q� Q2 
V �� �� Q� �� �� 

Cs � � R/� R/� R/�
Co ��/2 ��/2 �/� �/� Q/�
Rb R�/Q� R�/QR Q/�2 R/�R R/�Q 
Zr �� �� � � �
Pb � �� �Q �� �� 
Cu �� �� �� �R �R 
Cr �� �� �� �R �R 
Sc 2 2 � � �
Li ��/2 ��/2 �/�� �� R
Sr 2�� 2�� QR� QRR ��� 

Nb � � � � �/Q
Ni � � � � �
Hf ��/� ��/� Q/� �/� �/�
Be �� �� �� �� �� 

�86��E)7 �M)� Nb "Ti 6�7�/�+>� ����E)�8!(1 �
�� (�/+5!�+5 6/#8 !�1 �%
�+
�+�/#$ " �%��/#$ 6F+M� 6�7

 4��9!()7� 4�.�6X]1!�+5 6#�$ ^_�)� �� 6F+M� 6�7
.�/�"#	�(1�8 ]�R) [X]12;(.

!�� ��Y)0 6()8�� " (*�� 6�)D� #8 �
�FG 6�7�
�7(��?/6Na2O + K2O�8 �D��SiO2�/�+>�  / ]��[

��+>� 6�7�8 �%�8/"!�+5 6F+M� 6�%
�+
�+�/#$ "!�+5 6
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�(8 6(�.>9 ��+& ��b 4/#
/ �0�)1 ���? " �0�)1�+B8 �BE� 2�2

�%��/#$ �� 4��9 !�1 !#%�$ 6�7 �
�+
�+�/#$"#$���/ �/#H 
�� (�#�$)X]1�k�/.(

!�� ��4+�5�? 6�)D� #8 6()8 �/�+>� �� �7R1-R2��8 X���
���? ��/"/#	!�+5 �
/ �� �
J�)�"#	 6�7 #
���� #�{�5 " �7Mg 

,Ca , Fe!�� �� 4+�5�? 6()8 6�7R1-R2��+>� 6�7�8 �%�8/" 
!�+56!#%�$ �� �
�+
�+�/#$��+>� " �����+5 66�7!�+5 6

!#%�$ �� �%��/#$ 6�
�+
�+�/#$�� �/#H (�#�$]��) [X]1�
;(!�� �� ��" ����? 6�)D� #8 6()8 �/�+>� �� ��E)�8 6�7
]��[��+>� �!#%�$ �� 4��9 !�1 �%��/#$ " �%
�+
�+�/#$ 6�7 -

#H ���/#$ " �
�+
�+�/#$ 6�/��(�#�$)X]1�a(.6/#8
d
/(9,+�)��+�G  / [�D1/ �+�/ (�:+%��/#$ [/�7 /x�D0�U�

,+�)��+�G  / [�D1/ N
#i]����R [!�+5 �? (1 !��M%0/ 6�7
�%
�+
�+�/#$ 6F+M��8 4��9 !�1 �%��/#$ "�/(�� 

(A/CNK<1.1)"��!#%�$6[+� I�� �/#H (�#�$)X]1R
k�/(.!�+5 ��
�>$�� 6#0 #\�  / 6F+M� 6�7�%
�+
�+�/#$ "

4��9 !�1 �%��/#$���
�5"� �/�+>�K2O-SiO2]��["
�
�5 �0 �/�+>�FeOt - (Na2O + K2O) - MgO �� #%�$!-

6�]7G 3�
��BH �/#H �%	#$]�Q) [X]1Ra �; ("!�+5 6�7
 6F+M� " �%��/#$ �%
�+
�+�/#$ 4��9 !�1 6�7�/�+>� ��
d
/(9 T�U� ���  �%A�0Rb - (Nb + Yb) �Rb - Y��

#%�$!H ���.M.5G @+H 6�� �/#(�#�$)X]1�; �k�/ (
]��[.

���� D�1� � ���*��� �
� ���;� �B�C� ��� �����
���$ �*�� ���0� 
�  �!" ��� ���	�����
���

!�+5 �
�>$�� 6#0  / !��M%0/ �8 �4��9 !�1 �%
�+
�+�/#$ 6
!�� ��5+�8 ���? �>�1 6�)D� #8 �
�>$�� 6#0 6()8

 �>b#�/(Dm]�[6�7�/�+>� ��FeO-MgO-Al2O3"

Al2O3-MgO !#%�$ �� 6C�]7G "3T�U� �8 �? �
��BH -
�%�8/" �.�/�"#	 6�7�� �/#H �(�/ (�#�$)X]1��; �k�/ .(

62�Ek�/ (!�+5 �?�A ���� #*�)m x/#��y5 �/�+>� �%��/#$ 6�7��E)�8�
�()? �8 �D�� !(1 �7]�2[�;(0�� #*�)m x/#��y5 �/�+>� ��$ �
��E)�8 !(1 �D���%1+$ �86���"/ ]��[!�+5 �>�1+:L x/#��y5 �8�.5 6�
+$ �7�/�+>� �
/ ��? ()%�7 4��9 !�1 �%
�+
�+�/#$ " �%��/#$ 6�7
4�.�!()7�!�+5 �
/ 4�+8 �>$�� O7 6�0�7)!�+5 �8 ~+8#� JD0 Y��!�+5 �8 ~+8#� J�#H Y�� " �%
�+
�+�/#$ 6�7!�1 �%��/#$ 6�7�0/ 4��9(.

62�Fk�/ (Y)0 6�/�-��� �/�+>�6�7(��?/ 6�)D� #8 �
�FG 6�7K2O + Na2O�8 �D�� SiO2 / @�D%H/ �]��[; �(�/�+>�!�� 6()8
Y)04+�5�? 6�)D�#8 �
�FG 6�7 6�7 R1 = 4Si - 11(Na + K) -2(Fe + Ti)�8 �D�� R2 = 6Ca + 2Mg + Al%H/ D / @�]��[a �(�/�+>�

���? 6�)D�#8 6�/�-��� +�5���+� 6�7]��.[��+>� �7�/�+>� �
/ ��!�+5 6�7�� l�]M5 #-
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