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Fe2O3 �l/N ��/� ��/N l�/� ��/� N�/M L�/M N�/� �/� �/� l�/� ��/N M�/M �l/M
MgO �M/M N�/� ��/� l/� ��/� M�/� ��/� �M/� l�/M L�/M �M/� l�/M ��/M ��/M
CaO N ��/� N/N L�/� ��/� �M/l ��/� ��/� �M/N ��/� ��/l MM/N L�/� L�/�
Na2O ��/� M�/� �M/� N/� �/� l�/l ��/N M�/� ��/N ��/l N�/N ��/� �l/� N�/�
K2O ��/M ��/� �l/� l/� M�/� ��/M �M/M l�/� M�/L �l/L MM/L �N/� ��/L ��/L
TiO2 l�/L �l/L l�/L ��/L ��/L l�/L NN/L ��/L N�/L N/L l�/L l�/L �l/L �N/L
P2O5 L�/L ��/L L�/L ��/L �/L ��/L ��/L L�/L �/L L�/L �l/L �/L �M/L �M/L
MnO LN/L �l/L LN/L �l/L �N/L Ll/L LN/L ��/L L�/L LM/L L�/L Ll/L L�/L L�/L
Cr2O3 LL�/L LL�/L LL�/L LLl/L LLN/L LL�/L LL�/L LLN/L LLl/L LLN/L LLN/L LLl/L LL�/L LL�/L
J"3<� ��/�� Nl/�� l�/�� ��/�� M�/�� LN/�� ��/�� M�/�� ��/�� L�/�� �M/�� ��/�� N�/�� ��/��

:��=Q�' (�
�"
� �� -�?/0�("�� ? / .G?"
HG( 6�4�" #a `�4 (�>�/ �"�E���/D�"� �� ��9"�# $*�?'0( 6�4� `�4(/ -�?/0�("�� ? 6�4�" # 
g `/0#�1/D�"� �� .G?"
HG((�
�"
�"�'01 �� ����* 	 p���:( / .G?"
HG( �"�E � `�4 (���? �"�E � `.G?"
HG( ���? �� g/*�(' 6�4 (���F����-

.G?"
HG( 2/�� -�?/0�( 6�4 )�mR��:� $*�Fc> 0
/�O9XPL) .(Qtz: Quartz, Afs: Alkali feldspar, Epi: Epidote, Plg: Plagioclase, 
Cpx: Clinopyroxene, Bi: Biotite)  
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Archive of SID
* fM�$��3, �����# ������3�, / �3�, -��. �����, A�� $�"9 ���?50�, 67"8� . . .M�

���� �
��)
�)7�*�%-> �
� 

�:T�� ]"�0	�Z��' 0# .G?"
HG( 6N/ 2"�9�? �2V��?' p9' 
�F��\� *,.�
�:��,.'�0(D
� �
D<92= 6��:T�� B�?09 /�4

]/*f ��M��' $*�= .�
��� 6��!' [�"9 �4����* 	 J'"�' 

p��Or �Ab /An�� -��^9 �", ]�L[�� �?�'�"3� �r r�
Ab-An-Or$�'� p4 ����* 	 �# �"#0� 6�4p���:( p4 /

��' $*, $��/= .G?"
HG( .�� �4.G?"
HG( �
��3�, B�?09
�
�"
� 0�e:� �
�/�'0#I �9 ���":�# J"� .' �4/0#�1/D�"� / �4

���/D�"� �� / $�"#-
.*�= J"� .' �4 ��')C+,�.(

��%/=�
�:�? 0U��! �
��3�, �
D<9 50�, 67"8� $�"9 ���� �?�T / a��3)B�E 0#ppm.( 
Sample ��Tb ��Tb ��Tb ١٩Tb M�Tb M�Tb M�Tb �MTb ��Tb �NTb ��Tb ��Tb NNTb N�TB

Ba l�L M�� NL� MMl M�� ��N �L� MlL �l� �M� �� M�L MN NN 

Ni ML< ML< ML< ML< ML< ML< ML< ML< ML< ML< ML< ML< ML< ML<

Sc �� �� �� �� �� �L �� ML �M �M �L �� �N �N 

Be � � � M �< �< �< �< � l � �< �< �<

Co �/� l/�� �/�L �/�� l/ML �/� �/� �/�� l/l M l/� �/� �/� l/�

Cs M/L �/� M/L �/� �/� M/L N/� l/L �/L< �/L �/L< �/L �/L< �/L<

Ga N/�� �/�� �/�� �/�� �/�� �/�� �/�� �� �/�� �/�� �/�� N/�� �� M/�� 

Hf � �/M �/M � M �/l �/M �/M �/M � �/M N/M �/� �/�

Nb l/� �/l �/� N/N �/l l/� l/N �/l �/� �/N �/� M/� � l/�

Rb N/�N �/NL N/�� l/lM l/ll l� l/�� lM N/M �/� l/M �/l� M/� �/�

Sn �< �< � �< � � �< � � l �< � � �<

Sr �/M�M �/MM� �/M�L �/M�L �/MM� �/��� �/l�L �/M�N �/M�� �/��� MM� l/MMM �/�l� l/��� 

Ta �/L �/L �/L l/L �/L �/L l/L �/L �/L �/L �/L N/L N/L l/L

Th �/�� �/N N/�� �/l M/l M/�� � �/N �/�L �/�M l/�� �/� � �/N

U �/M �/M �/M �/� l/� �/l l/� M/� �/M �/� �/M �/� �/� l/�

V �Ll ��� �� ��M ��� �M ��l ��l �� N� �� ��� �M� ��M 

W �/� N/L< N/L< �/L N/L< N/L< N/L< N/L< N/L< N/L< N/L< N/L< N/L< N/L<

Zr l/�L� l/�� N/�� �/�� �N �/�Nl �/�� �/�l �/��� �/��� �/�� �/�L �/��l M/��� 

Y N/�� �/ML �/�� MN �/�� �/MN M/�� �/M� �/ML �/�N �/�� �/ML �/M� �/MM 

La �/�N �/�� �/�l �/�� l/�M �/M� �/� �/�� N/�M N/�� �/ML M/�N l/�M �/�� 

Ce �/M� MN �/M� �/M� �/M� �/l� �/�� Ml �/M� M/�L �/�� �/M� �/M� �/MN 

Pr l/� M�/� �l/� N�/� �/M LN/N N�/M �/M M/� �/� ��/� ll/� N�/� l�/�

Nd �/�� �M �/�� �N l/�� M/�� N/�L �/�M �/�M �/�M �/�M N/�M �/�l �/�l 

Sm �M/M LN/� l/M �M/� ��/M �N/� ��/M ��/M �l/� MM/M l�/M �/M M�/� ��/�

Eu �/L ��/L ��/L �M/L �l/L ��/L �M/L ��/L ��/L ��/L �/L ��/L ��/L ��/L

Gd l�/M L�/� l�/M NM/� ��/� �/� �N/M �M/� lM/� �l/M �/M ��/M ��/� �M/�

Tb l�/L N�/L lN/L ��/L NM/L �l/L lM/L N�/L NN/L ��/L l/L N/L �/L �/L

Dy �/M ��/� �N/M M�/l NM/� �/l Ll/� ��/� ��/� N�/M �M/M N�/� L�/l �M/�

Ho N�/L ��/L �/L �l/L ��/L �l/L �M/L ��/L �l/L N�/L ��/L �/L �N/L ��/L

Er �l/� ��/M �l/� N�/M L�/M ��/M ��/� N�/M l�/M �/� �N/� �M/M ��/M N/M

Tm M�/L �N/L M�/L ��/L �M/L ��/L M�/L ��/L ��/L MN/L M�/L �/L ��/L ��/L

Yb ��/� ��/M ��/M Nl/M �l/M ��/M ��/� l�/M l/M �N/� LM/M L�/M M/�M N�/M

Lu ��/L �l/L M�/L ��/L ��/L lN/L M�/L �l/L ��/L M�/L �/L �l/L ll/L ��/L

LOI �/L �/L l/L �/L �/L �/L � �/� M/� �/L � M/� l/� �
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*�"&
0>6�"f ���^� ��4��� 2'0
' ����, ���? / ����,�" # � <� MM

:��?$�� 6*�#�4.G?"
HG( �
��3�, B�?09 Z��' 0# ]�L.[

	@���
A �
� 
���? ��"3! ]"�0	�# -�?/0�( $/01 6�4 g�"U

[(M2)(M1)(Si,Al)2O6]�M2M1T2O6��' �? $�%
�f 
M2 [�"9 Ca)-�?/0�(�� ? 6�4�3(�Na)-�?/0�( 6�4

*��3(�Mn �Fe2+�Mg �$�%
�f M1 [�"9 Al �Cr �Fe3+�
Ti �Fe2+�Mg /$�%
�f T[�"9 Si �Al�� ]�e,' �", .

-
'0#��#���3�, B��09 -��^9 
0:�# ��� / p�	 �� ���� -
' �
��"101� 6�4$V
/ ��34' .' �
�31�� ��' �'��"T0# 6' .]"�0	

A�� �� -�?/0�("�� ? ���? 6��:T�� ��:
�"
�"�'01 6�4

�"
� Z��' 0# ��
��� 6'0# 50�, �:
�"
��"#�1 / �:
�p9' 
/ 2V��?'l�F��\� 2"�9�? *,.�
�:�$*�= ��� �# �
D<9 .' 

]/*f �� ���? -
'�$��/= ��' $*, .$�� 6*�#
-�?/0�("�� ? �'�"3� Z��' 0# ���0# ��"� 6�4Q-J ]��[

�� 2�&�2= �? *4� -�?/0�("�� ? Q
�� �� �4 6�4Ca-Mg-
Fe m>'/ *�:�4)C+,lQ�'.(�'�"3� Z��' 0#En-Wo-Fs�

-�?/0�("�� ? B�?09 �46A�� / �
H/' ���0# ��"� 6�4
 ��9�:��'"�� ?��' ]�M[)C+,la.(

��%/?-�?/0�( ���? �,.'�0(D
� �
D<9 �
�:�.
No OPX� OPXM OPX� OPXl OPXN OPX� OPX� OPX� OPX�

SiO2 �l/N� ��/N� NN/NM ��/N� ��/NM ��/NM LM/NM �N/NM ��/Nl
TiO2 M�/L �L/L ML/L �l/L L�/L L�/L �l/L ��/L M�/L
Al2O3 LM/M �M/� ��/L �M/L l�/L N�/L �N/L �M/L ��/�
Cr2O3 LL/L L�/L LM/L L�/L L�/L LL/L LL/L LL/L LL/L
FeO ��/�L L�/�L �l/� LM/M� N�/M� lM/M� LL/MM ��/M� ��/�
MnO l�/L L/�� ��/L L�/� ��/L ��/L �L/L ��/L L�/L
MgO M�/�� M�/�� �N/�� �l/M� �N/MM ��/MM �l/MM ��/M� l�/��
CaO ��/ML �N/ML ��/M� ��/M ��/L ��/� l�/� ��/L �M/�M
Na2O �N/L ll/L �N/L L�/L LM/L LL/L LN/L L�/L N�/L
K2O LL/L LL/L L�/L LL/L L�/L L�/L LL/L L�/L ML/L
sum ��/�� ��/�� l�/�� M�/�LL ��/�� M�/�� ��/�� ��/�� ��/��
Si ��/� ��/� ��/� ��/� ��/� ��/� �N/� ��/� L�/M
Ti L�/L L�/L L�/L LL/L LL/L LL/L LL/L LL/L L�/L
Al L�/L L�/L Ll/L Ll/L LM/L L�/L L�/L L�/L ��/L
Fe �l/L �M/L ��/L �N/L ��/L ��/L ��/L ��/L M�/L
Mn L�/L L�/L L�/L L�/L L�/L L�/L L�/L L�/L LL/L
Mg �N/L �N/L ��/L MN/� M�/� Ml/� Ml/� MM/� ��/L
Ca �M/L ��/L ��/L L�/L L�/L L�/L L�/L L�/L N�/L
Na LN/L L�/L Ll/L LL/L LL/L LL/L LL/L LL/L Ll/L
K LL/L LL/L LL/L LL/L LL/L LL/L LL/L LL/L L�/L
Cr LL/L LL/L LL/L LL/L LL/L LL/L LL/L LL/L LL/L

sum LM/l L�/l L�/l LN/l L�/l LL/l L�/l LM/l L�/l
Al (IV) Ll/L Ll/L L�/L LM/L LM/L LM/L LN/L L�/L LL/L
Al (VI) LN/L Ll/L L�/L LM/L LL/L LL/L - LM/L LM/L ��/L
Fe 2+ �M/L M�/L M�/L �N/L �N/L �N/L �M/L ��/L M�/L
Fe 3+ L�/L L�/L Ll/L LL/L L�/L LM/L L�/L LL/L LL/L
Mg ��/L ��/L ��/L �M/L ��/L �M/L ��/L M�/L Nl/L
Wo �/lM L/ll �/l� l/l l/� �/M �/M M N/M�
En �/�� �� �/�� �/�L N/�� �M �/�� �/�� NN
Fs �/�� �� �/�� �/�l �/�N M/�N �/�N �/�� �/��
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Archive of SID
* fM�$��3, �����# ������3�, / �3�, -��. �����, A�� $�"9 ���?50�, 67"8� . . .M�

��%/ 5�!�!?�
�:� -�?/0�( ���? a/0(/0+�� D����= .
No OPX�L OPX�� OPX�M OPX�� OPX�l OPX�N OPX�� OPX�� OPX�� 

SiO2 �N/lL  NM/N�  N�/N�  ��/Nl  ��/NN  NN/Nl  �N/N�  �M/Nl  ��/N�  

TiO2 L�/L lN/� M�/� MN/� ��/L �l/L �N/L �L/L M�/L

Al2O3 l�/M�  ��/� ��/� ��/� l�/M M�/� �M/M Ml/M MN/M

Cr2O3 LL/L L�/L Ll/L Ll/L Ll/L L�/L LL/L L�/L L�/L

FeO �L/� M�/l ��/� M�/l lL/� �M/� l�/�M  �l/�L  �l/��  

MnO ��/L ��/L �l/L ��/L L�/L ��/L ��/L �N/L N�/L

MgO LM/L l�/M�  ��/M�  ��/M�  �N/��  ��/��  �l/��  L�/��  �N/��  

CaO N�/M�  M�/�M  lL/�M  L�/��  ll/�M  �M/�M  ��/��  �N/��  ��/��  

Na2O LL/L ��/� ML/� ��/� ��/L �L/L ��/L M�/L M�/L

K2O L�/L l�/L l�/L l�/L M�/L �M/L ��/L ��/L ��/L

sum �l/�LL  l�/��  l�/��  ��/��  ��/�LL  �M/��  ��/��  LM/��  lM/�LL  

Si Nl/� �l/� ��/� ��/� LM/M ��/� LM/M Ll/M L�/M

Ti LL/L Ll/L L�/L L�/L L�/L LM/L LL/L LL/L L�/L

Al M�/� ��/L ��/L ��/L ��/L �l/L �M/L �L/L �L/L

Fe M�/L ��/L �M/L ��/L MN/L Ml/L ��/L �l/L ��/L

Mn L�/L L�/L LL/L L�/L LL/L LL/L LM/L LM/L LM/L

Mg LL/L �N/� ��/� ��/� L�/� L�/� �l/L LL/� �N/L

Ca ��/L l�/L l�/L l�/L l�/L l�/L l�/L l�/L l�/L

Na LL/L L�/L L�/L L�/L Ll/L L�/L LN/L LM/L LM/L

K LL/L LM/L LM/L LM/L LM/L LM/L L�/L L�/L L�/L

Cr LL/L LL/L LL/L LL/L LL/L LL/L LL/L LL/L LL/L

sum L�/l LM/l L�/l LL/l LM/l L�/l L�/l LM/l L�/l

Al (IV) l�/L L�/L L�/L Ll/L LL/L L�/L LL/L LL/L LL/L

Al (VI) �L/L �L/L L�/L ��/L ��/L ��/L �M/L �L/L �L/L

Fe 2+ M�/L �M/L �L/L ��/L MN/L Ml/L ��/L �l/L ��/L

Fe 3+ LL/L LL/L LM/L LL/L LL/L LL/L LL/L LL/L LL/L

Mg - Ll/L ��/L �N/L ��/L ��/L ��/L l�/L N�/L N�/L

Wo �/��  �/M�  �/M�  �/Ml  �/M�  �/M�  �/MN  N/MN  l/MN  

En �/L N/�N  �/�N  l/��  N� M/N�  M/N�  l/Nl  �/NM  

Fs �/ML  �/� L/� �/� l/�l  N/��  M� �/ML  �/M�  

:��BQ�' (-�?/0�( W
'*f �3�� ? ��3�� ? 6�4K�'�"3� �
�( 0# �3
*� / �3
*�Q-J]��[a /(-��?/0�( B�?09 W
�3� 67"�8� 6��4
 �'�"3� �� 50�,En-Fs-Di, Hd]�M.[
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Archive of SID
*�"&
0>6�"f ���^� ��4��� 2'0
' ����, ���? / ����,�" # � <� Ml

���C	@���
A ���� �D��7�&> 
W4/V( �� 2�&� �4 -��?/0�("�� ? �
��3��, B��?09 �? *4�

 �# �:�#'/ �&	 / ��� [
'0, ���' .[
'0�, -
'0#��#P-T ��31�� 
-��?/0�("�� ? B��?09 �� �3�� W�� ��'� ��4 .����0# 6'0�#

 -�?/0�( C�+&9 6��� �T�, .' �4 6�4XPT /YPT)C+,
NQ�'($*, �F��\� 0
. [#'/� Z��' 0# �? *��']��[$��8:��'

*
�01.
XPT = 0.446 SiO2 + 0.187 TiO2 − 0.404 Al2O3 +. 
0.346 FeO(tot) − 0.052 MnO + 0.309 MgO +. 
0.431 CaO − 0.446 Na2O )y(
YPT = −0.369 SiO2 + 0.535 TiO2 − 0.317 Al2O3 +

0.323 FeO(tot) + 0.235 MnO − 0.516 MgO.− 0.167
CaO − 0.153 Na2O )|(

��' -
' �<����� o/� -
' p�� �
D� �"�E �? 2��D34 /� 
-�?/0�( J'"�' 6'0# �	0R .' ����� ��'D�' -�?/0�( 6�4

Mg-Ca-Fe / �'� Fe-Mg $��8:�' C#�> �'� ��' .Z��'0# -
' 
o/��-�?/0�( C�+&9 6��� �/*E 50�, $�"9 �� �4��NL 
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Multiple plot of SiO2 vs. Al2O3, MgO, CaO, Na2O, K2O, TiO2, P2O5, FeOt
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Multiple plot of SiO2 vs. Ba, Rb, Sr, Co, U, Th
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