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

��� �� � ��	
��
 �����
���� ���� �	�	��� ��	���� ������� � �� 
!"�#�
�$% �����&�# '��( 

)	�*�..����#∗���	#��, ���-. �!��/ ��0%�1 �2�	�3��4�� ��3 

���� �� !�"� ��#$%�&��'(�) *+,- �./!�"� ��#$%�& ���0 1#.�� ��� ���0 .2 ����3334��� 

!�	5&:5�6 ��(7"�8 9�%. :(,(;$0 �� <�=+> ?+�@ <A+B� <#��<�=+> C(D#)+�; ���!E!F8 <�G7 ���G& H�IJ'
"$E;")K>"#
 ��(�+(	" �"+� L�G& �� ��+6$6� #�"#M5;(.�" ��	�
 <+G�N� .�(���	 ����!E!F8 �"+� '
" �� ';+D" )" �
�G6�� 9�%)�#.PQR<+(,(� 

S5> L�; (+(,0 �F # �.& T#$& J�(,0 ';+�)�#.P�S5> L�; <+(,(� (�;" ��&"� ��"�" .U�; '; ?+�@ )" �"+� '
" ���!E!F8 9�%
)�#�V� ��W�"#M5; ��(�+(	" �"+� (L�G& 9+; �I)<�=+> ?+�@ �� (+(,0 �F ';+D" )" J�� $((XF ';+��(,0 .�7 .'
" ���G& H�I

9�%.5�6 # 9�"#8�Y8 9�%.P"# )" Z�;�;" :(,(;$0 ��(7"�8 <�G7 # ��(;"� ���(;"� �7"$F ���(2"$F ���
).�8 ���
).�8 �2"$F 
+(,0 '; �I ��(;"�+
� J';+��(,0 )��F��S5> L�; <+(,(� (���")�I '
+(�" U�; �0 [
 9#� Z�5��\ �7 �;" �.& S(]!FJ���")�I 

'
$
) ';+(� �F ';+D" '; �I)�3�F�RS5> L�; <+(,(� (�;" ��	$6 �"$> .*+5�#$I �+@#U�; )" �
�% �';+D" ���!E!F8 9�%
*+5�#$I���2 9�%)�	 )" �N$I ^_P # �+�` ���(,0 # ��+���,(; ������ ���
��6 9�%��
$2+�	 �
�(G(& L���F *.- ��6��+N ��% �%

���!� )" ���I$\ �	�I #U�; '
" �� �
�G6�� H
a8 �".N� 9�%.���% �% .�5�� �0+F#M
" 9�%87Sr/86SrU�; '
" )" M(� �%bRQ�/R
�FbR4b/R�� .(
cF "� H
a8 '
" # .�$(X�� .��7 .U�;�.�)�; 9�%<A+B� 9�%.5�6 9S(	+�(� $���- # C5; �7�N���� $���- )" 

<+
 d�MI��6.& ��\ �� <�!� �6.& ��F '( �; ���� �7�N $���- )" #.�%� .9��V�% �I�E�� a�I <".(� W.& �I $���- 
)HFSE($(e� Nb, P#Ti�6f
# )" �7 g(h� iN�& 9�%��+G� �� ��;" ���G7 9�%�� �.
� �%.5�6 '
" 9�%.�+& ..%"+&

U�; �� �+@+� �
�(G(&+DA �(%�� )" �7�P �%.5�6 '
" 9�%��7/'��/�8+���> <�G7 H�"�#$	 �� 
�@ ��
 ��
A+,7" K5�� U�; �9"
 ��(�+5(E�8 ����6)�>�# ��+6$6� )" S��P�(>" 9�G6�� �� �;�N Sh� <"+�- �I �"#M5; �.& �.�"�#$	 �;+�(��(7"�8 �&$; �

:(,(;$0 )HSA (S/& �j �
�G6�� H
a8 # kl% 9�%.�
"$	 ��!
".@ �+,5F H�� # �G6�� '
" 9 �.�)�; 9�G6�� 9$(6
�;�%.5�6 .'
$N8 ���(7"�8 9�%�G6�� '
"?"_��>�# �!�I ?#Y )" S��P 9�%.�"�#$	 �;+��(>" 9:(�F+B� m"� # <"+@ �.& �

��&+6 �+6 # �"#M5;�I �2 �;" <8 9#� 9" 9�%.5�6 W�+� ��(7"�8��	�
 �,VF # �.& '
M 
�@ n(G- �G(�.�".

!
�������	�7 :U�;���> <�G7 ��G(&+DA ��;��&<�=+> ��(7"�8 �9".

8.�9. 
���> �
�G6�� <�G7��o�� L�G& 9" )" �"#M5; ��(�+(	" 9

U�;�%Z�5��\ �(%�� �I ���!E!F8 9��7/'��/�8+ '; �I #
p$- �I �7 �;" �.& S(/!F [(D#)+�;�RR �F �4R 

�"#M5; L�G& )" $��+,(7 L+j # <�=+> ?+�@ �F�RR$��+,(2 

��o�� �� # ��&"� ��"�" �+I�!(� �F .�#$	 )"K>"# �+���(I 9�.& 
�;" .<�G7 $ 
� .���G%
" �;�$I ��
�G6�� 9�% M(� <�G7 '
����)#� .�"+F ?#Y �� $(6�� 9�%.�
"$	 q�� �I .(E� 9"

.&�I H�"�#$	 nj��� �� ��&+6 # ��;+0 .�E,��� <"$ !%#f0
��N"�$0 ��o�� '
" �;�$I �I .�"]�J�R[.�.%�!� ��#9

*'E,F �L+B�� �.��
+�J$I�G� :��3�RRb)R�b�(�/(�#$�/�" ��0 �:h-ghasemi@shahroodut.ac.ir 

L�;%k%.V r��G& ���M(
�0 �3shE� )" ��Qb �Ftuv

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
25

-0
7-

06
 ]

 

                             1 / 22

http://ijcm.ir/article-1-505-en.html


�G;�>���F ���") �,���N �<�(>��� �<"$
" �;��& ���7 # �;��&�+,I �,V� �Q�

�6f
#U�; �� ��(2"�8 9�% ��o�� <A+B� �
�G6�� 9�%]3[�
k�(F�G6�� �".N� S,- # �� �;�N �I $�!(I �=$% �@+F *#M�

'(�) �� 
�@ '((�F # ��o�� �� 9�#$w "� <8 �".N� ��N�;
�;" ��$7 .�(7"�8U�; ��%.(;" 9�%J�@#$N g;"#.P 

)�
).�8 J�(;"� J�(�+
� (9Y+E� �
)�
�+
� J�(���+F J
�(GV�#$F J�
�+
�+�"$6 J�(�"$6 (?#Y )" Z�5��\ �7 .���%

 .
.@ �;+> H�"�#$	 nj��� �� <"+@ m"� �;+��(>" $E;+�(�
)<"+@ Z�5��\ )" $F�4S5> L�; <+(,(� (�.& S(/!F.�" .�A"# '
"

 L�; )"�33R'(�) U�%$	 ��"# U�; # �;��& �.& �;��&

�;" .�;�$I� �
�(G(&+DA 9�%U�; n(> <"$
" �� '
�Y8 9�%
L�; ��U�; '
" x�"M6 # �
�;��& �I $V�� $(N" 9�% �� �%

�;" �.& y��� )" �N$I .M(���89�%(G(& ��+G� �
� U�; 9�%
x#� �I H%#f0 '
" S29�%ICP-AES ���� !
��)8

# ���"$	 �+!2 �I$\ ���F$I �� !�"� �G(&+DAICP-MS �� 
�� !
��)8�G(&+DA �+!7 7"����)L#.@�(L�; 9�%M(���8 #

x#� �I �V�;K-Ar S2 U�; ���G(&+DA �� !
��)8
*�V�" ���"$	 �+!2 �I$\ ���F$I �� !�"� �.&�;")L#.@Q.(

:��(;��o�� 9�% ��+G� �,�" $���- �G(&+DA z
��� 9<�/!� .

Sample SiO2 Al2O3 FeO Fe2O3 FeOtotal MgO CaO Na2O K2O TiO2 P2O5 MnO LOI

T 4-2 ��/4R ��/�3 ��/� �b/� �R/� 3�/� ��/b b3/� 4�/� �b/� QQ/R ��/R QR/�

T 8-1 R4/Qb �b/�� QR/b ��/� ��/3 ��/� �3/3 �R/Q 34/R ��/� 44/R �Q/R 4R/R

T 14-5 Q�/4R Q�/�� 4R/� QR/� �3/3 �3/Q 3�/� bR/� b�/� Q3/� 4R/R ��/R 3R/�

FM.3 bR/4R R4/�� �Q/� b�/4 �R/4 4R/b RR/4 �4/� �R/� �4/R �4/R �R/�

FM.29 ��/4� 3R/�b 3Q/4 ��/� b�/4 �R/b ��/Q �b/� �R/� b�/R ��/R RR/�

A 5 �4/�4 �3/�3 ��/� ��/R �3/� QR/� QQ/� ��/4 Q4/� Q�/R ��/R R�/R �R/�

T 5-5 QR/�� ��/�3 Qb/� 43/R 34/� �b/� �Q/� 4Q/� bR/R Q�/R �4/R R�/R �R/�

T 9-2 R�/�� Q�/�� Q�/R ��/R �R/� Q4/R Q4/� R�/4 3�/� ��/R ��/R R�/R bR/R

T 14-4 R�/�4 4R/�� ��/R ��/R 4�/� bQ/R ��/� ��/Q ��/Q 4�/R �4/R R4/R bR/�

T 1-10 ��/�� ��/�� bb/� ��/� �R/4 ��/� RQ/� ��/Q RQ/� �4/R ��/R RQ/R 3R/R

FM.6 RR/�R ��/�� 4�/� ��/� {|/} �R/4 �R/Q QQ/� ��/R �4/R R�/R 4R/�

T 14-1 ��/�� ��/�� �3/� ��/� ��/Q 3Q/� bb/b ��/Q ��/� 43/R ��/R R�/R RR/�

T 6-2 ��/43 ��/�� b4/� �R/� b3/4 4�/� b�/Q ��/Q 4R/� ��/R �R/R R�/R RR/�

T 13-3 Q�/�3 bb/�� ��/� R�/� R�/� �3/R R�/Q Q4/Q �4/� ��/R ��/R RQ/R 4R/�

T 2-2 b�/�Q 4Q/�3 Q4/b �Q/� 3R/Q �b/R 33/� ��/� ��/� ��/R ��/R R�/R QR/R

T 13-8 3�/�3 b3/�� �Q/� ��/R 34/� �3/R b�/� 4R/Q Rb/� ��/R �R/R RQ/R QR/�

T 12-12 3Q/�b ��/�b �3/� 4�/R �R/� 3�/R bR/Q 4R/Q b4/� �b/R �b/R RQ/R �R/�

T 13-4 ��/�� b4/�� �3/� 4�/R 34/� �Q/R ��/� �3/Q 3b/� ��/R �R/R R�/R 3R/�

T 5-13 4�/�4 Rb/�b �b/� �Q/R ��/� ��/� Q3/Q �Q/Q R�/� QQ/R �b/R R4/R 3R/R

FM.35 �R/�� �R/�� 33/R Q�/� ��/� �Q/Q �R/� ��/� �4/R ��/R R�/R RR/�

FM.10 �R/�4 3R/�4 �b/R ��/� �R/R 4R/� QR/Q R�/� ��/R �4/R R�/R �R/R

T 10-1 QQ/�� �R/�� �R/R QR/R R3/� Q�/� 44/Q R�/Q �4/� �Q/R ��/R R4/R �R/�

T 10-5 �R/�� 4�/�b ��/� �b/R R�/� �4/� �b/Q �b/Q 3�/� �Q/R ��/R R4/R 3R/R

T 7-5 Rb/b� ��/�� �Q/Q ��/� ��/R �3/R QQ/R ��/4 �4/� �b/R R�/R RR/R 4R/�

A 8 Q3/bR �3/�3 3b/� 3�/R �3/R R�/R �Q/R 33/4 3�/� Q3/R R�/R RR/R �R/�

FM.17 �R/bR R�/�� 4Q/R R�/� �4/R QQ/� �3/Q bb/� �4/R ��/R R4/R ��/R
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Sample T 4-2 T 8-1 T 14-5 FM.3 FM.29 A 5 T 5-5 T 9-2 T 14-4 

Ba RR/�RQ RR/4R� RR/4b3 RR/�b4 RR/��R RR/��R RR/Q�� RR/��3 RR/Qb�

Be RR/� RR/� RR/� RR/� RR/� RR/� RR/�

Co �R/�� �R/� RR/�� RR/�� RR/�� �R/�� 4R/� bR/Q RR/b

Cs bR/4 �R/R �R/R b�/R bb/R bR/R bR/R 3R/R 4R/R

Ga �R/�4 �R/�� �R/�� �R/�� �R/�4 �R/�� �R/�4

Hf RR/Q 3R/� �R/Q �R/b �R/� �R/Q 3R/� �R/� �R/�

Nb RR/�R �R/� �R/�� RR/�� RR/�� �R/�� RR/�R 3R/� QR/�Q

Rb 3R/�� 4R/Q� �R/4b RR/QR RR/�b 4R/�� 4R/Q� �R/�b QR/��

Sn RR/� RR/� RR/� RR/� RR/� RR/� RR/�

Sr RR/4bR RR/Q�� 4R/Q�� RR/��R RR/�4R 3R/��� �R/4�� �R/4�� �R/��Q

Ta �R/� �R/R QR/� ��/R �b/R �R/� 3R/R 4R/R 4R/�

Th 3R/� 4R/Q �R/3 4R/� �R/� bR/� RR/b bR/Q �R/��

U RR/� �R/� RR/� R/�R 3R/� QR/� bR/�

V RR/�Q� RR/�� RR/3� RR/�4R RR/��4 RR/�3Q RR/Q� RR/�� RR/QQ

W 4R/R 4R/R RR/� 4R/R bR/R 4R/R �R/�

Zr �R/�b� �R/3� �R/��� RR/��b RR/��R bR/��� 4R/33 4R/3� QR/���

Y �R/�� RR/� �R/�� RR/�� RR/�Q bR/�� �R/b �R/�� �R/��

La �R/�� QR/�3 RR/�� RR/�� RR/�� 3R/�Q �R/�3 �R/�� 3R/��

Ce 3R/Q� �R/�Q �R/43 RR/�� RR/44 bR/4Q 4R/�� �R/b3 �R/Q�

Pr �R/4 ��/� �3/� b�/� Q�/� 3R/� R4/4

Nd 4R/�R �R/�� �R/�R RR/�4 RR/�b QR/�� 4R/�� �R/�� 3R/��

Sm R�/Q RR/� 4R/� 4R/4 RR/4 ��/4 3�/� bQ/Q �b/�

Eu �b/� �R/R R�/� ��/� ��/� b�/� �R/R b3/R b�/R

Gd 3�/� ��/� Rb/� 4R/Q RR/Q R4/4 �b/� Q�/Q ��/�

Tb ��/R ��/R 4�/R 4�/R Q�/R b�/R �4/R ��/R ��/R

Dy b�/� �b/� �3/� 3R/� RR/Q ��/Q �3/� ��/� R�/�

Ho b�/R ��/R 44/R ��/R �b/R ��/R QR/R

Er �R/� �3/R 4�/� �R/� �R/� �3/� b�/R �b/� ��/�

Tm �Q/R ��/R ��/R �4/R ��/R �4/R �R/R

Yb RR/� �4/R 4�/� �R/� RR/� Rb/� b�/R �3/� ��/�

Lu ��/R ��/R ��/R �R/R ��/R �3/R �R/R

C/TOT RQ/R RQ/R R�/R R�/R �R/R Rb/R �R/R

S/TOT R�/R< R�/R R�/R R�/R R�/R R�/R R�/R

Mo bR/� �R/R �R/R QR/R �R/� �R/R RR/�

Cu �R/4 �R/Q QR/�3 �R/QQ 4R/�� RR/� �R/�

Pb �R/� �R/R RR/� bR/R QR/R �R/R bR/��

Zn RR/Q� RR/� RR/Q� RR/Q� RR/�� RR/� RR/�3

Ni 3R/b4 3R/R 3R/�� RR/��4 RR/�4R QR/�� bR/b �R/� RR/�

As RR/� 4R/R �R/� �R/R 4R/R �R/� 4R/R

Cd �R/R �R/R �R/R �R/R �R/R �R/R �R/R

Sb �R/R �R/R �R/R �R/R �R/R �R/R �R/R

Bi �R/R �R/R �R/R �R/R �R/R �R/R �R/R

Ag �R/R �R/R �R/R �R/R �R/R �R/R �R/R

Au �R/� 3R/� 4R/� �R/R 4R/R QR/� 4R/R

Hg R�/R R�/R R�/R R�/R R�/R R�/R R�/R

Tl �R/R �R/R �R/R �R/R �R/R �R/R �R/R

Se 4R/R 4R/R 4R/R 4R/R 4R/R 4R/R 4R/R
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Sample T 1-10 FM.6 T 14-1 T 6-2 T 13-3 T 2-2 T 13-8 T 12-12 T 13-4 

Ba RR/Q3� RR/Q�R RR/��3 RR/Q�R RR/QR3 RR/Q�3 RR/��� RR/Q�3 RR/��b�

Be RR/� RR/� RR/� RR/� RR/� RR/� RR/� RR/�

Co �R/� RR/�4 �R/R 3R/�� RR/b QR/R �R/3 4R/3 4R/�3

Cs �R/R 3�/R QR/R �R/� bR/R bR/R bR/R 3R/R �R/R

Ga RR/�� RR/�4 �R/�� �R/�� �R/�Q �R/�Q QR/�� bR/�b

Hf RR/� QR/� 4R/� �R/Q 3R/� �R/Q bR/� 4R/Q QR/Q

Nb RR/b RR/�4 �R/�4 3R/�R �R/�R 3R/�b QR/�Q �R/�� 4R/�R

Rb �R/�3 RR/�� �R/�4 �R/Q� �R/QQ QR/�� QR/�� 3R/QQ 3R/�4

Sn RR/� RR/� RR/� RR/� RR/Q RR/� RR/� RR/�

Sr �R/QQ� RR/QQR �R/�R4 bR/4�� �R/4Rb 4R/��R �R/4�� QR/Q�3 �R/b4�

Ta 4R/R b�/R QR/� �R/� 3R/R �R/� �R/� 4R/� bR/�

Th 3R/Q RR/�� �R/b 4R/3 RR/b 3R/�� �R/�R �R/�� �R/�

U QR/� �R/� �R/� �R/� �R/� �R/� RR/� �R/�

V RR/�3 RR/�4 RR/�b RR/�� RR/Q4 RR/� RR/�� RR/�� RR/�33

W 4R/R RR/� �R/� bR/R bR/� �R/R �R/� �R/R

Zr bR/�R4 RR/��� �R/��� �R/��3 RR/�RQ bR/�QR �R/��� 3R/�bR �R/��Q

Y �R/4 RR/�� �R/4 3R/�Q �R/� �R/�4 �R/�� �R/�Q RR/��

La �R/�� RR/�� �R/�4 �R/�� �R/�3 �R/�4 RR/�� 4R/�b 4R/��

Ce 4R/�� RR/Q3 3R/�� �R/4b �R/�� 4R/Q� �R/QQ 4R/Q3 bR/4�

Pr ��/� �4/� ��/� �Q/� �Q/4 b�/Q QQ/4 b�/�

Nd QR/�� RR/�� �R/b �R/�� 3R/�� QR/�b �R/�� �R/�R �R/�4

Sm �4/� �R/� R�/� ��/� �4/� �R/� b3/� �b/� ��/Q

Eu 4�/R RR/� �3/R R�/� ��/R 4�/R b�/R 34/R �R/�

Gd 4R/� �R/� ��/R �3/� �Q/� ��/� ��/� �b/� ��/Q

Tb �R/R b�/R �Q/R Q3/R �b/R Q�/R QR/R 4R/R b�/R

Dy RQ/� �R/� ��/R b�/� Q�/� b�/� ��/� bR/� �R/Q

Ho �3/R �3/R 4�/R ��/R 4�/R Qb/R 4�/R ��/R

Er 4�/R �R/� ��/R 4�/� b3/R Q4/� ��/� Q�/� ��/�

Tm R�/R ��/R �4/R ��/R �Q/R ��/R ��/R �Q/R

Yb 4�/R Q�/R �b/R 4Q/� bb/R 4Q/� �3/� �b/� �4/�

Lu R�/R ��/R ��/R ��/R ��/R ��/R ��/R ��/R

C/TOT RQ/R R�/R R�/R R�/R RQ/R �R/R R�/R ��/R

S/TOT R�/R R�/R R�/R R�/R R�/R R�/R R�/R R�/R

Mo R�/R �R/R bR/� �R/� �R/R �R/R �R/R �R/�

Cu 4R/� �R/R RR/�� �R/�R �R/� �R/� �R/�� �R/��

Pb 3R/R RR/� �R/Q bR/R �R/� �R/4 �R/Q �R/�

Zn RR/4 RR/Q RR/�� RR/�4 RR/Q� RR/�3 RR/�� RR/�Q

Ni �R/� RR/�Q4 4R/R �R/�3 �R/b 4R/R bR/�� QR/�Q 3R/Q�

As �R/R �R/R �R/�R 4R/R �R/R �R/� 4R/� 3R/�

Cd �R/R �R/R �R/R �R/R �R/R �R/R �R/R �R/R

Sb �R/R �R/R �R/R �R/R �R/R �R/R �R/R �R/R

Bi �R/R �R/R �R/R �R/R �R/R �R/R �R/R �R/R

Ag �R/R �R/R �R/R �R/R �R/R �R/R �R/R �R/R

Au 4R/�Q �R/� 4R/R 3R/� QR/� 4R/R 4R/R 4R/R

Hg R�/R R�/R R�/R R�/R R�/R R�/R R�/R R�/R

Tl R�/R R�/R R�/R R�/R R�/R R�/R R�/R R�/R

Se 4R/R 4R/R 4R/R 4R/R 4R/R 4R/R 4R/R 4R/R
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.,@}v���G& �t�M(
�0 }tv~ U�; '; # �G(&+DA ��;��&+F$0 �V�; . . .�4�

:��( 8.��� <
Sample T 5-13 FM.35 FM.10 T 10-1 T 10-5 T 7-5 A 8 FM.17 

Ba RR/Q3� RR/Q�R RR/Q�R RR/4�3 RR/�b� RR/�4� RR/��b4 RR/Q3R

Be RR/� RR/� RR/� RR/� RR/�

Co �R/� RR/� RR/b 3R/�R �R/� RR/Q 4R/b RR/4

Cs RR/� �b/R b�/R 3R/R QR/R �R/R �R/� �R/R

Ga 3R/�4 �R/�b 4R/�Q RR/�4 �R/�3

Hf 3R/� 3R/4 RR/b QR/� RR/Q �R/� 3R/� 3R/�

Nb �R/� RR/b RR/3 RR/�� QR/�� �R/�Q QR/�� 4R/b

Rb bR/QQ RR/Q� RR/Q� �R/�� bR/4� 3R/�� bR/��b RR/Qb

Sn RR/� RR/� RR/� RR/� RR/�

Sr �R/QbR RR/4RR RR/Q4� RR/b�R �R/�bR �R/Q�3 bR/b43 RR/Q44

Ta �/R 3�/R b�/R �R/� �R/� �R/� �R/4 ��/R

Th �R/4 4R/4 �R/Q 3R/b �R/�� RR/�R bR/�� RR/4

U �R/� �R/� �R/� 4R/� 3R/�

V RR/�� RR/�� RR/�4 RR/�� RR/�Q RR/�R RR/�� RR/�3

W 4R/R �R/R 3R/R 4R/R �R/�

Zr RR/34 RR/��� RR/��� �R/��� RR/�Qb QR/��Q �R/��Q RR/�QR

Y 4R/b 4R/� RR/4 QR/3 �R/3 QR/�� �R/�� RR/�

La 3R/�b RR/�� RR/�b �R/�R �R/�� RR/�� �R/bQ RR/�R

Ce bR/�� RR/�Q RR/�R �R/4� 4R/�4 QR/Q� RR/��� RR/��

Pr �b/� 4Q/4 Q�/� 4�/Q ��/��

Nd 4R/�� 4R/�� �R/�R 4R/�� RR/�� �R/�4 bR/�� RR/��

Sm 34/� �R/� �4/� 3�/� b�/� 4�/� ��/Q RR/�

Eu 4�/R �Q/R 44/R 3�/R �R/R ��/R �R/� bR/R

Gd �3/� �4/� �R/� 4Q/� ��/� 4R/� Q�/� 4R/�

Tb �Q/R Q�/R 4Q/R ��/R �b/R �3/R QQ/R ��/R

Dy �b/� �R/� 3R/R b3/� 4�/� �R/� 4�/� RR/�

Ho �Q/R �Q/R ��/R Qb/R Q4/R

Er ��/R bR/R 4R/R 3�/R 3�/R ��/� �b/� Q�/R

Tm ��/R �Q/R �4/R ��/R ��/R

Yb �Q/R Q�/R �b/R ��/R ��/� �4/� �3/� �4/R

Lu �R/R �Q/R �3/R ��/R ��/R

C/TOT �Q/R Q3/R R3/R R�/R �Q/R

S/TOT R�/R R�/R R�/R R�/R R�/R

Mo �R/R �R/R �R/R �R/R �R/�

Cu �R/� QR/�� 3R/� QR/� RR/Q

Pb �R/R QR/� �R/� bR/R �R/�4

Zn RR/� RR/�� RR/�� RR/� RR/�b

Ni �R/� RR/�Q� RR/�4R �R/b �R/� �R/�R �R/� RR/��R

As 4R/R RR/� RR/4 bR/� bR/�

Cd �R/R �R/R �R/R �R/R �R/R

Sb �R/R �R/R �R/R �R/R �R/R

Bi �R/R �R/R �R/R �R/R �R/R

Ag �R/R �R/R �R/R �R/R �R/R

Au 4R/R QR/� bR/� �R/� �R/�

Hg R�/R R�/R R�/R R�/R R�/R

Tl R�/R �R/R �R/R �R/R �R/R

Se 4R/R 4R/R 4R/R 4R/R 4R/R
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SiO2 > �u %Wt SiO2 = ��/uu  %Wt 

Al2O3 ≥ }� %Wt Al2O3 = }v %Wt 

MgO < t %Wt MgO = ��/} %Wt 

Sr > t|| ppm Sr = �v{ ppm 

�E�� ����+�8 <".�	Eu �E�� ����+�8 <".�	Eu 
Y < }v ppm Y = v/}}  ppm 

Sr/Y > �| Sr/Y = u�/�v  

Yb < v/} ppm Yb = }/}�  ppm 

La/Yb>}u La/Yb = �{/}�  

k7 �".��HFSE (Nb, Ta) Nb = �}/}~  ppm, Ta = �u/} ppm 

k7 �".��Rb/La Rb/La = ~�/}
k7 �".��Ba/La Ba/La = �|/�}  

9a�I �,(N 9�%M7$GFLREE  9a�I �,(N 9�%M7$GFLREE  
'(
�0 �,(N 9�%M7$GF HREE '(
�0 �,(N 9�%M7$GF HREE 
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) ����w )" ��;+ �;" ��o�� '
" �� ]t[.1��h�" �I

 �5� �I <�G7 '
"9�hE� 9��(���	 ����G�& ���!�E!F8 9��%�
��(5j��7/'��/�8+ �P�(&9���> 9"��	�
 .�" .H�"�#$�	 *#".�F
��;+0 +(,0 �F �;+��(>" 9J���#"$	 # ��	�
 ��"�" ';+��(,0 9�% 

<"+@ ��"�+	 ���(7"�8 k�(F�G6�� ��(5j �I �(�&�P9����> "�
$�!(I ��o�� �� 9<�]!� ���#8 �+�@# ��I <��=+> ?+��@ ��

�;" .]�[��+G� '; '((�F # ke�� 9�"�$I ��+G� �I �% x#� ��I
 <+6�8 � k(;��0�<8 '�; '(�I "� ��%Q���F b/�L��; <+�(,(� 

$I8��# ��$2 ���5@ W$@���9�I ���!E!F8 �G; L�G& ��I "�
 �.��;� W�5�".�" .9�@ �(�>+� �I �I+N �I *�>�" '
" '�
" 9$�(6

U�; ��"� ��"+�G% �%��I9�+j U��; �2 �G
.�> 9��%)Q�
��; <+(,(��(Z�;�;" �o�� ?+�@ ���9S�N"� �� ��
 # <�]!� 

�(�+(	"�%�"#M5; 9�"� �"$> ���P �� .� U��; ��2 <"+�@ 9��%
)b/����; <+(,(� �(Z��;�;" �G��> �� 9M�2$� 9��% ���G�& #

��o��9<�]!� <+G�N� .��"� .';�I z�;+F$0 C
 �I �V�;
 k(�;��0 x#�J����+G� 9#� $�I S�2 U���; '�6�8 <A+��B� 9��%

��o�� #f0 '
" �� �7 <�]!� 9�.& *�V�" H% H
".�(0 M�(� .�"
�� .(
cF "� ��o�� '
" �� <"+@ k�(F�G6�� .��7)L#.@Q.(

���+G� �.& ��E6 �/���= 9"�"� ���o�� <A+�B� 9�%.�5�6 9��%
�%�5& �(2"�8 �I �]
�M� 9�% .���% �% .�%�5& '
" S���& ��%

 C(��,	 �F g;"#.P � �; �(7$F)��(�;"�+
� ��F ��
).��8(�
��-+GV� ��
$7+�	 9iN���& ��)�9" ����o�� 9��%)�7+
A�0

 �(F+(I # '�7#$(0+�(,7 �.�,5��+%(�w��- 9�%)�	 �i�!� 9"
)�(�(��+���(F # 'E;" ��(F�08 (��N �G(&+DA #)L#".�@�#
4(��.�+& .�;�$I �(7"�8 M�A#$�0 9#� �,��� 9�% <�!�� ��%

g(h� �� ���8 �7 �"��� S(/!F $
) �,��� 9�%.�+& :

:��(I�5����+G� �� ?�(G2 $���- )" �N$I �
�(G(&+DA 9�%�%9��o�� 9;�$I ��+� �<��@ y��� $ 
� #.
Th/Ta La/Ta Ba/La Ce/Yb 

Andes* JJ�/��  �/��  

Swp* JJ�/��  ��/��  

Andes** JJ�/��  Q/�Q  

Swp** JJ�/��  �/��  

NVZ (a) �/4�/��  J�b
NVZ (b) 4/�R  Q/Q�  �/��  �/�b  

CVZ (a) 4Q/��  �/��  4/�R  

CVZ (a1)�/�4/��  3/��  QR 

SVZ (c) JJ�/��  �/�4  

SVZ (b) JJ4/��  4/�R  

NVZ*** JJ3/��  Q/��  

����o� ��+� ��o�� �/�4 J�/�
)b(

�3 – }} 
)}/�(

t/�� J�/v
( 4/�� )

�/3Q - Q/��  
)�{(

Andes*J��")�I �.�8 ��o�� 9�%Swp*J��")�I $\ ?+�@ 9�%I��*"�8 �+��(>" Andes**J�
).�8 ��o�� 9�%9�.��8 SWp**J�
).��8 9��%
I$\ ?+�@��*"�8 �+��(>" NVZ (a)J��o�� 9����G& .�8 ���!E!F8 CVZ (a1)J��o�� �#�V� 9�9M2$�.�8 ���!E!F8 NVZ***JU�; 9��%

/%8�J,>(��
���G&.�8 ���!E!F8 NVZ (b)��o��9����G�& .�8 ���!E!F8 SVZ (b)J�I+��@ .��8 ���!�E!F8 ���o�� .SVZ (c) J���o�� 
�I+�@ .�8 ���!E!F8]4[.
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.,@}v���G& �t�M(
�0 }tv~ U�; '; # �G(&+DA ��;��&+F$0 �V�; . . .���

:��(J; )" S��P z
��� 'V�; �k(;��0 x#� �I J��+G� S2 U�; '6�8 ��o�� 9�%9<�/!� .

��+G� ���G& U�; T+� ��+G� <)# *$6 K2O %wt 
36Ar exp 10-9

Cm3
40Ar* % 

40Ar gr 
10-9 Cm3

<+(,� ��+G� ';
L�; 

FM.9 �(2"$F RR3�/� ��/� �3Q/� �/�b ��b/� �3/�±R�/R

FM.9 �(2"$F �R�R/R ��/� �QR/� Q/�3 Q44/� ��/�±��/R

FM37 �
).�8 �2"$F RR3�/� 4�R/� bQ�/� �/�3 ���/� 4b/�±��/R

FM35 �(;"� ����/R �3R/� 3�4/R b/4� ��Q/4 �/�R ±�/R

FM29 ��")�I '
+(�" R��b/� b�R/� R��/� �/�4 �QR/�� 4/�3 ±4/R

:��(R��
��� 9�6f
# �(7"�8 �
�(G(&+DA 9�% k7 # :(,(;$0 9�% :(,(;]tt[��+G� '( ��(� �I ��o�� 9�%9�<��=+> ?+��@ �� <�/!�� 
<"$
".

��o�� ��(7"�8 9�% ��+G� '( ��(�
<�=+> ?+�@ LSA HSA 

SiO2 = �Q/�� % SiO2 < �R% SiO2 > �R%

MgO = �Q/� % MgO = 3JQ % 4/R % < MgO < Q%

CaO + Na2O = b�/� % CaO + Na2O>�R% CaO + Na2O < ��%

Sr = �/Q�b ppm 

Sr > �RRRppm 
.
.& �5�� ����+�8 9"�"� #Sr g�	 �7 

�;" �#$6 '
" �I n,��� 

Sr < ��RRppm 
�5�� ����+�8 .>�	 #Sr �5�� ����+�8 �
 

k7 �,(N 
TiO2 = Q/R % TiO2 > �% TiO2 < 3/R %

MgO'�7#$(0 ��
$7+�	 .>�	 # '(
�0 
MgO ��
$7+�	 9#�P �%�6 # a�I 

'�7#$(0+�(,7 
MgO'�7#$(0 ��
$7+�	 .>�	 # '(
�0 

- �5��Cr/Ni$I"$I ��F4/� �5��Cr/Ni $I"$I 4/R�F4/Q
LREE  �I �5�� $F '(
�0 LSA LREE  �I �5�� $Fa�I HSA LREE  �I �5�� $F '(
�0 LSA 

)�(��;+0 ?#Y )" C(	�� ����hF 9.�(7"�8 S(/!F ?#Y )" ��%
����;+0 [��(	�� �"+��� ������hF 9)S/��&��(g
"$��& .����)�(�

 ��;" m"� 9���-$(\ �+�j �I �
��$6]tt�t��tu�t{[.?#Y
���(�+F#$0 �!���I ������N� �� �����F C��(	�� 9���% ��������" 9

��!	 S>".P �� �
A+,7" �I �(�+5(E�8�4��F �47�� # ���I+,(
 �
��� �(jbRR �F 3RR ��� '�/G� �"$ (����; ��@�� �+�& .

]tv[�(7"�8 S(/!F �I ��;+0 ?#Y )" �% �� �����hF ���")�I 9
<�G7 ���> 9�% ��;+0 C
 $I K>"# 9" ��$�7 ����&" k(�w 9.��" .

]t~[�(2"�8 S(]!F �I M(� ��;+0 ?#Y n
$j )" �% # ����hF 9
$���- )" �6.& ��F ��V
" ��(�+�"$6 �� <+�
 d�M�I S(	+�(�-
��$�2 ����&" ��;+0 9�% .��" .*+�5�#$I �+l�P # ����(& 9��%

 ���+G� )" �N$I �� ��
��6 ���o�� ���(2"�8 9�%.�5�6 9��% 9
�� �=$6" �<�=+> ?+�@ ���!� .�"+F )" �G6�� '�	$6 �!
� )" 9"

 ��;+0 $
) KI��� 9")�����hF ���")�I 9 ��;+0 ?#Y Z��� (.�&�I

 �N ��# �+6 �� �; ��&+6 9��>�# �
 9" "� �.��"�#$	 ��;+��(>" 9
�G� �� M(�.�7 .

)�(�(7"�8 ��� �.�
� H�"�#$	 nj��� �� �,\" �% .�+�&]tt�
t���|��}���[.��(7"�8 C
�M� ����G% ��I ��% ?"_�� ��%9

�I$VF C(	��]tt��t���[��(7"�8 ��7 ���(�P '
" #9��%
 ��+I <"+@ �,(N ��; $e� )" <��@)�R�F�4L�; <+(,(� (#

��;+0 C
 H�"�#$	 )" �&�� ��!0 H�"�#$	 �
 *$6 �;+��(>" 9-
m"� ��;+��(>" 9.����% U���; '�
" S(/!��F )" ����(j �� ��%

 ��� g
"$& )" 9�#.h�J��� �
�/P ��!	 .��7 .���;+0 ?#Y 9
�I �.�#�#$	 �;+��(>" ��(7"�8 �� ��;�N <"+��- 9��%��7 ��I ��%

 5&" ?#Y 9#�$I �I$VF �(�+5(E�8 �
"�) ?8 �
 ?8 )" T� .(
cF �%
 �;" �.& .L�N�" �+lP ��#�- �I �!(& )" �
�% ���(7"�8 9��%

 �(�+�
) �� �)".6 <#�� 9�% �+l�P # H�"�#$�	 ��I ���I"# 9�%
�6� �(�+(	" �� ��(7"�8 9�% �� �;�N '
" .%"+& $ 
� )" M(� �%

 .���%]tt[.�(�+(	" �� ��(7"�8 9�%.5�6 �+lP�%�"#M5; 9
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��o�� ?+�@ ��]��[��o�� �� �� �;�N '
" '&#� .%"+& )" 
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)�(�(7"�8 )" �N$I �� �.
� ��+N$I nj��� �� �% .�+�&]�|J
��[<8 ��" �� 
�@ �� �% �.�& �.�
� M(� ��+N$I )" :0 9�% .��"

]�u[.<8 �7 �;" '
"$I �.(�- �� 
�@ �� �% ���+N$I )" :0 9�%
 ��;+0 ?#Y )" �I ����hF 9@#�� �+.�
8 .��;+0 ?#Y ����hF 9
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��(7"�8 M�A#$�0 k% H�"�#$	 nj��� �� ��P ��� ��% ��I .��"+F

 ��;+0 ?#Y ��
 C�(	�� 9��%�G6�� Y+�E� ��
 C�(	�� ����hF 9
.&�I ���I"# �".I8 ���")�I 9�G6�� 9a�I ��!	 9�+,I �!
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��;"$I $e�]tt[�(7"�8 ��%?"_� �>�# 9�% ?#Y )" S��P 9"
�>�# <8 ��(7$F ��7 .����% �.�& �.�"�#$	 �;+��(>" 9�� ��%

�+��6 <���(� )" �+���� L���N����&+6 9���I H���7"# $���" �� # 9"
 �;" ��$7 $((XF ��&+6 �(F#.
$0 .'
" ?"_� �+��� L��N �� 

�+6 <�(� )"��&+6 9�� kl% "� �(F#.
$0 �9" .��7]�{[.��I-
'
" ��#�-?"_� "� <8 ��&+6 �(F#.
$0 <�(� )" �+5- L�N �� 

�� M(� ����$6� ��� ^$��� �#$�� �I M(� �+N # .�7 �+�& .$�6"
 �5��?"_� �>�# L��N �� �.�&�I a��I ��&+6 �(F#.
$0 �I 9"

 *�GF 9����$6�?"_� �G� ^$�� '
"$I���I ��+& ?"_�� H�
a8 
��	�
)�(7"�8 (�� �+�� # .�7 �o�; ��I �
 # ��;+0 <#�� �I

 �� '(�).;� .*��GF �.�&�I '(
�0 �5�� '
" $6" ��# ?"_�� �� 
�� ^$�� 9����$6� H�7"# # �+& ?"_�� �o�; ��I ���(7"�8 

�G�.;� .�(7"�8 iN��& �:(,(;$0 9�% ?"_�� ��>�# 9��% 9"
 U�; �N".6 )" S��P�>�# C(	�� 9�% �.��#�#$	 ��;+��(>" 9

a�I ��!	 ��)�$��6 9����6 9�".
�0 =����N� # ��
A+,7" 9�%
���(�+5(E�8 ������6 (���(7"�8 ���7 �����P �� .�����% k��7 9���%

 �+�6 �(F#.�
$0 �!��I �N".�6 S��P �:(,(; ���&+6 99"
��I H�7"# $�" �� Z�5> �7 .���% ?"_�� ��>�# 9��% �����$6� 9"
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 $((XF �% .
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�J�
).�8 ".@ 9�%
!��5�� �I Sr/Y g;+�� uJU�; L+G�� 9�%BADR)��")�IJ�
).�8 J�(;"� J�(�+
� )(k
M(�� �.- �I

'(D�0 ({J�(;"� /�
).�8 �j��N" 9�%vJ�(7"�8 ��;+0 9�% T+� 9"C)" ��\ LILE �5�� �I Sr/Y g;+�� ~J�5�� Sr/Y 
g;+��}|J��;+0 9���> 9"}}J�+6 9��&+6 9"}�J".@ 
!	 H'(D�0 ��}tJ".@ 
'(D��0 ��!	 H)L+�5(E�8 (}�J".�@ 
H

'(D�0 ��!	)'�7#$(0 (}�Jy��N" }uJ?"_��(�#" 9)" ��\ LILE �5�� �I Sr/Y g;+�� }{J?"_��(�#"9�5�� �I ��(7"�8 
Sr/Y g;+�� }vJ���� $6� 9?#Y # ��&+6 }~J".@ 
a�I ��!	 H)����6 (�|J�.�& �.��"�#$	 ��>�# �}J�)".�69���(7"�8 
�(�#"9)�>�# ?#Y (��J�(�#" ?"_� 9�
).�8 L+G�� 9�%.

C5
;P�(7"�8 S(/!F �/(���
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 �+@# �<8
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