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Na Y9/Y Yk/Y Y9/Y Yk/Y YZ/Y Y9/Y Y9/Y Y9/Y Y9/Y Y9/Y Y9/Y Yk/Y Yk/Y Y\/Y
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XPT nY/nY [�/nY [n/nY YZ/n� }}/nY Yk/n� [s/nY s�/nY [9/nY }�/n� k\/nY [Z/nY [9/nY s�/ks 
YPT [k/9Z� 9�/9[� �}/9[� [\/9s� 9Y/kY� Y�/kY� Y\/9\� Y}/9\� }9/9[� k9/kY� }}/9[� \Y/9s� �s/9s� Yk/9\�

��)�2�5� �U�� ��IOF r� �C0� :D0E� #�0F �� B0Q!E�8 ���C :- .40!F�C �-*?F �Q'�a� :�(Q� %7 �>9k
'- #*) /�O�- 4c!�C- TF- .Core : IC%�
 $Rim :�!)�X.
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#�6��] %�&� %�&� �3B %�&� %�&�
SiO2 n�/}Y ��/v� x�/x� ��/x� ��/x�
TiO2 �v/� ��/� ��/� ��/� ��/�
Al2O3 ��/v ��/v ��/� ��/� ��/�
FeO ��/�� ��/�� ��/� ��/� ��/�
MnO v�/� v�/� ��/� �v/� ��/�
MgO ��/�x �v/�v ��/�� ��/�� ��/��
CaO v�/�� ��/�� v�/�� ��/�� v�/��
Na2O vx/� ��/� ��/� �v/� ��/�
K2O v�/� x�/� ��/� ��/� ��/�

Cr2O3 ��/� ��/� ��/� ��/� ��/�
C�	
� ��/�� ��/�� xx/�� v�/�� �x/��

�> 40!F�C
Si �x/� ��/� v�/� v�/� x�/�

AlIV �x/� �x/� x�/� x�/� v�/�
AlVI ��/� ��/� ��/� ��/� �x/�
Ti ��/� ��/� ��/� ��/� ��/�
Cr ��/� ��/� ��/� ��/� ��/�

Fe3+ ��/� v�/� ��/� ��/� ��/�
Fe2+ ��/� ��/� ��/� ��/� �v/�
Mn ��/� �x/� ��/� ��/� ��/�
Mg ��/� �v/� ��/v ��/v ��/�
Ca ��/� ��/� �v/� ��/� ��/�
Na ��/� ��/� ��/� x�/� v�/�
K ��/� ��/� ��/� �x/� �x/�

OH* ��/� ��/� ��/� ��/� ��/�
C�	
� x�/�� x�/�� v�/�� v�/�� v�/��

�>%5�-��.
Mg/(Mg+Fe2+) ��/� ��/� ��/� ��/� ��/�

Fe/Fe+Mg ��/� �v/� ��/� ��/� ��/�
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*1]��#��A) ��I!��. �������� ����C �A!) � !�" #�6��] $ �,(� ��O('��,� #�0F �53�' . . .�x�

��)�D�U�� ��IOF r��5� �C0� :D0E� #�0F �� 
!F0!7 ���C :- .40!F�C �-*?F �Q'�a� :�(Q� %7 �>99
'- #*) /�O�- 4c!�C- TF- .Core : IhC%�
 $Rim :�!)�X.

��0A� GAF 30 GAF 34 
Bt Bt 1 Bt 2 Bt 3 Bt 1 Bt 2 Bt 3 

Location �%�& %�&� %�&� %�&� %�&� %�&� %�&�
SiO2 }Z/ks v�/�� ��/�� v�/�� ��/�� ��/�� ��/��
TiO2 v�/x ��/v ��/v ��/x ��/x ��/x ��/x
Al2O3 ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/��
FeO ��/� ��/� ��/� ��/� ��/� ��/� ��/�
MnO ��/� ��/� ��/� ��/� �v/� ��/� �x/�
MgO xx/�� v�/�� ��/�� ��/�� �x/�� �x/�� ��/��
CaO �v/� ��/� ��/� ��/� ��/� ��/� ��/�
Na2O ��/� v�/� ��/� ��/� v�/� vx/� v�/�
K2O �x/� ��/� ��/�� �x/� ��/� ��/� ��/�

Cr2O3 ��/� ��/� ��/� ��/� ��/� ��/� ��/�
Li2O* ��/� ��/� ��/� ��/� ��/� ��/� ��/�
H2O* ��/v �v/v ��/v �v/v �v/v ��/v �x/v
C�	
� ��/��� ��/�� ��/��� �x/�� �v/��� ��/��� ��/���

�> 40!F�C
Si ��/x ��/x ��/x ��/x ��/x ��/x �v/x

Al IV ��/� ��/� ��/� ��/� ��/� ��/� �x/�
Al VI ��/� ��/� ��/� ��/� ��/� ��/� ��/�
Ti x�/� x�/� x�/� x�/� x�/� x�/� xx/�
Cr ��/� ��/� ��/� ��/� ��/� ��/� ��/�
Fe ��/� ��/� ��/� ��/� ��/� ��/� �x/�
Mn ��/� ��/� ��/� ��/� ��/� ��/� ��/�
Mg ��/v ��/v �v/v �v/v ��/v ��/v ��/v
Li* ��/� ��/� ��/� ��/� ��/� ��/� ��/�
Ca ��/� ��/� ��/� ��/� ��/� ��/� ��/�
Na ��/� ��/� ��/� ��/� ��/� ��/� ��/�
K ��/� ��/� �v/� ��/� ��/� ��/� ��/�

OH* ��/v ��/v ��/v ��/v ��/v ��/v ��/v
C�	
� x�/�� �x/�� ��/�� ��/�� ��/�� x�/�� x�/��

�>%5�-��.
FeO* (FeOtot) ��/� ��/� ��/� ��/� ��/� ��/� ��/�
Mg/Mg+Fe ��/� ��/� ��/� ��/� ��/� ��/� ��/�

��)�E�U�� ��IOF r��5� �C0� :D0E� #�0F �� "RC0�;R. ���C :- .40!F�C �-*?F �Q'�a� :�(Q� %7 �>\
'- #*) /�O�- 4c!�C- TF- .Core : IC%�
 $Rim :�!)�X.

��0A� GAF 30 GAF 34 
Plg Plg 1 Plg 2 Plg 1 

Location �3B �3B %�&� �3B %�&� %�&� %�&� %�&� �3B %�&� %�&� %�&�
SiO2 kY/Z� x�/x� ��/x� �v/�x �x/x� ��/x� ��/x� x�/xx ��/�� ��/xx �v/xx ��/x�
TiO2 ��/� �x/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�
Al2O3 �x/�v �v/�� ��/�� �v/�� v�/�� ��/�� ��/�� ��/�� ��/�v �v/�� ��/�� ��/��
FeO ��/� ��/� ��/� �v/� ��/� �x/� �x/� ��/� ��/� ��/� ��/� �v/�
MnO ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�
MgO ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�
CaO ��/x �x/� x�/� ��/� xv/� ��/� �x/� v�/�� v�/x ��/�� ��/�� �v/��
Na2O ��/� v�/� ��/� �v/� ��/� ��/x ��/� �x/x x�/� ��/� ��/x �v/v
K2O v�/� ��/� �x/� ��/� ��/� ��/� ��/� ��/� v�/� ��/� ��/� ��/�
C�	
� x�/��� ��/��� ��/��� ��/��� ��/��� ��/��� ��/��� ��/��� ��/��� ��/��� ��/��� �v/��

�> 40!F�C
Si ��/� x�/� xx/� ��/� xv/� x�/� x�/� x�/� �v/� x�/� x�/� vv/�
Al ��/� v�/� vv/� ��/� vx/� v�/� v�/� v�/� �x/� v�/� v�/� xv/�
Ti ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�
Fe ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�
Mn ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�
Mg ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�
Ca ��/� vv/� v�/� �v/� v�/� v�/� vv/� x�/� ��/� v�/� v�/� x�/�
Na ��/� x�/� xx/� ��/� x�/� x�/� xx/� v�/� ��/� x�/� x�/� v�/�
K ��/� ��/� ��/� �v/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

C�	
� ��/x ��/x ��/x ��/x ��/x ��/x ��/x ��/x ��/x ��/x ��/x ��/x
�>%5�-��.

Or �v/� ��/� ��/� ��/v ��/� �x/� ��/� ��/� ��/� ��/� v�/� ��/�
Ab ��/�� ��/xx �x/x� ��/�� ��/x� x�/x� v�/xv ��/v� ��/�� ��/x� ��/x� ��/v�
An xx/�� ��/v� ��/vv x�/�� ��/vx ��/v� ��/v� ��/v� ��/�x ��/v� ��/v� ��/x�
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l� ��O13 :*AX- �4-%��C ��K���C �K� �Q'�A�w4-%�- �'�() ���C $ �'�()�017 �1O� �xv

الف ب

B

Cp

Qt
Bt

Or

پ

Qtz

Or

Pl
Opa

Am

ث ج

ت

Z

Qt

Opa

Pl
Pl

Plg

Cp

B

Cp

B

Or

Qt A

O
Plg

Or
Plg

A B

mm1

mm1

mm1

mm1

mm1

mm1

�����%F
����%"�'�� ��%F
:S('  �- �>�5h'� ��0A� �� �h7 
�F�0@ �7 M��� :%5�C�3 $ #%!F �F  )$� :%5�C�3 S��#�07 

0F�- �"RC0�;R. :�>�017 $RC48 �� 
!F0!7 $ "�>���'�() M7�=
*(5�> .0F�- $ "RC ���C "- "RC0�;R. 1h@- :�h> �0� ��$I 
h! �h>
*(5�> S('  �- $�>H1^- 
��7 ��-�:-4�,���*(>� .�h3%7

 "-���C :�> 0hF�- ���hC �h7 "RC :�h> �h'� 4�h'%&� *h)#*h�- .
TOX �7 �>"RC0�;R.kY�F}Y�7 �*@�� � �F M+)�A!M+)��-�

 MhhC�� �hh7*(5�hh> �5���*hh(~ $%5,hh!7 �hh7 ���hh'%&� %hhL- ��
 #*) M�*QF 
!��%'*�- .�-��0A�  ���hC :-�-� �h> �h2%� :�h>

 7  �C$%!.0(!1C�"- %5AC TOX }h7 
h!F0!7 $ *h@�� �ThOX 
"- %5ACk*@�� *(5�>)M+)ki�-.(
!F0!7 �h> Hh1^- �h7 -

M+h) �F M+)#0h�= �6��*h(~ :-�-� ��-� :-$�h5�] bh� �� 

*(5�h> �hC �h�0A� �h3%7 �� �h7 �h> 
h�%1C M�*hQF #*h) *hh�- .
E�8B0Q! �>TOX �75AC "- %}7 �*@�� �M+)�hA!� �F M+h)�-� 

��L8 �>�& �C *(5�> ��'%&� �h7 �q$*h!.- $ 
h�%1C -�4�,h�
��*(>� .��0A� "- �3%7 �0h� :�h>�$I �h7 �5!kY�hF }Y*h@�� 

�AOX0F�-"RC �:-�-��}�AOX *@�� IF�-0C M+h) �O!13 
*(5�> H!C%F %6��,� �C �0�IF�-0C�$I5!�
'- �h�0A�  �- g�h>
 :-�-� *(5�hh> 
hh!F0!7 �hh2%� ���hhC �C*hh�-)M+hh)kz.(��

��0A�  �- yw��� �6(' :�>�4$I�- %7 �0�X -IhO� :�h>�017 :
T> �IF�-0C*)� :M+) ��%C�� IF�-0C ���'*1� ���h!1= 
h��7

 
h'- #�%hC ��hO�- I!� :%!�0�-%&)M+h)k�.(��  !h(WA>
��0A� 
)�� :�>"RC0F�- ��Q��!�
!F�.8 "- ���>�� #*�� �0).

;6�D�C0� :D0E� #�0F "- �.0+'$%+!� %�$�<F :i�- (
��7��-�:-����0A� �>�0� :�$I #-%A> �7 �5!��C�$ "RC0h�;R. �"RC0F�- :�> ��hC�:�h>
 �2%�1C
!F0!7 $ B0Q!E�8 � �C$%!.0(!(XPL) z g(�� �V0�-%& 
��7��0A� �>0�IF�-0C :��$I #-%A> �7 �5! ��hC��hO!13 IF�-0hC �"RC0hF�- :�h>

 
!F0!7 $ M+)(XPL) � g(��0A� �� :%!�0�-%& 
��7 �0�IF�-0C :�>�$I �5!(XPL)q g(���C IF�-0C $ �O!13 
��7 �7 ��C��� 
!F0!7 ��0A� �h> :
�5��0��0�-%&(XPL) � g(�� �V0�-%& 
��7 �h�0A� �h> ��hC #-%hA> �h7 �5��0h��0�-%& :�$ "RC0hF�- $ IF�-0hC �"RC0h�;R. :�h> ��hC��h2%� :�h>
 �C$%!.0(!1C 
!F0!7 $(XPL) � g(���C �2%� :�> $ B0Q!E�8 �
!F0!7 ���C #-%A> �7 #%!F :�>��Q��!� "- ���> ���C  C%�" �� "RC0h�;R. �017 ��

��0A� �5��0��0�-%& :�>(PPL).
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*1]��#��A) ��I!��. �������� ����C �A!) � !�" #�6��] $ �,(� ��O('��,� #�0F �53�' . . .�xx

F
�'&G�F�������'&G :S('  �- A� �� �> h7 �5h'� ��0�Sh�� 
:%5�C�3 $ IQ' �7 M��A5� :%5�C�3 �F �F�0@ �7 M��� *!E'

 �� 
h!F0!7 $ IF�-0hC ����'*1� :�>�017 $ #�07 #%!F48�h> Mh7�= 
*(5�> ���'�() .��0A� ��.0+'$%+!� yw��� �� $ �5!�-%& :�>

 :-�-� �5��0hh��0�-%&���hhC :�hh> �1hh@- 0hhF�- �IF�-0hhC "RC $
"RC0�;R. $ *(5�> H1^- 
��7 ��-�:-�h� 4�,h� *h(>� .���hC 
IF�-0C ��-$-%� �7 9Y�FkY�7 ��AOX *@�� q�0@ �h7 �M+h)

 �]0� �)0��3 �7 �>�& $ J�E) �h�0A� �h3%7 �� �hC #�07 �h>
 �O!13 
��7 :-�-�
'- .0F�-RC�>"H1^- �h7 �hA!� �hF M+h)-

M+)�-� �7 ��Q����C MC�� �� #*�� *�0) .�h7 
!F0!7 �2%� ���C
 "- %5AC TOX}��0A�  �- �� *@�� �� #*>�,� �> �0))M+h)

kq.(��0A� ���C "- �5��0��0�-%& :�> �"RC0h�;R. �1h@- :�h>
 �1hh@- 
hh��7 �hh7 "RC0hhF�- $ IF�-0hhC�hh�-�:-#*hh) M!+,hhF*hh�-.

M+) �>"RC0�;R.�-� �hA!� �hF M+h) MhC�� �h7 ��-� �5���*h(~
*(5�> ���h'%&� %hL- �� $>�h& ��h�%' �h7 
��0h'0' $ 
!

 #*) M�*QF*�-)M+)k�.("-���C S('  �- �2%� :�> �> �hC
 "- %5AC b� %>}��0A� �AOX *@�� ��<h53- �0h3 �7 -� �>

hh��*hh(>��hh� � �hhC$%!.0(!1C �hh7 4-0hhF$ B0hhQ!E�8 �
hh!F0!7 
���C #%!F :�> �%C #��)- .:�h>�017 q�0h@ �h7  �hC$%!.0(!1C
�7 � �F M+)�A!M+)��-� �7-%� �h�-$ "- %h5AC }�hAOX *h@�� 
#�07 ��0A� �3%7 �� �C �>��%L- ��'%&� �B0hQ!E�8 �h7 *hQF M�


'- #*).
!F0!7 $ B0Q!E�8 I!� �h1C �h�-$-%� �7 "- %h5AC�Y
�*@���7q�0@ �A!� M+)�-� #*h�� �h� *�0h) .�h�0A� �� :�h>
�T��' ;R. :�>�017 "RC0� :-�-� ��Q��!� *(5�h>  C%h�" "- ���> 

)M+)k�.(

���&H � IJH 

�
�� �	
� 

���!A!hh) Hhh!C%F�hh�0A� �hh> #*hh) �hh'�%7 :]�Y[�-�0hhA� �� 
P0AO�Na2O$K2O�7 
Q�� SiO2]��[#%5�h& �� %5,!7 

�0��$I �0� IF�-0C $ 
!�$I $ 
h!�-%& #%5�h& �� %h5AC �h7 $ 
!
 �-%= 
��0��0�-%&���h� %h�-  h�- �hC *h�%!& *h(�-%� �h7 *h�-0F

 d�-*] � d�-I�- $*��-��&"�h' #�0hF IhC%� 
A' �7 e!1!' 
*)�7)M+)ni�-.(�-�0A� ����O(�7 
!Q�8 �
h!F�0�8 �"0hF�- 

]�9[��hh�0A� :�hh> ��0hh� ��5��0hh��0�-%& Hhh!C%F Ihh!� �hh'�%7
�0�IF�-0C�$I �� 4�,� �5!�-%& $ �5! �C *(>���-0�A> :��!�7 
���C �7 ��-� B-�0� �'�())M+)nz.(:%h' ���h'�() :-%7
&�� ��0A� ���A :�> ��0� �h�"$ *h@�� �-�0hA� "- �'�%7SiO2

�7 
Q�� %����� P0AO� Na2O$K2O]�k[#��E5'- *h) .��
�h�0A� %5,!7 ��-�0A�  �- :�h> ��0h� #%5�h& �� �h'�%7 �hA!�

���!1= "%� �� %5AC ��!�7 $���!1= �A!� �7���!1= �h5�%& :�] -
*�-)M+)n�(�� �C Mh!�� �h7 *�-0F ��h��%&� ���h!1= ::�h> 

��0A� �KI] *)�7 #�-� �� �> .P0AO� ��1�� �-�0A� ��Fe2O3$
FeO �MgO %���hh�� P0hhAO� $Na2O$K2O]�k[��hhA> 
��0A� �>��0� :�'�%7 #%5�& �� ���!1= �+>8 :�] ��*h�%!&

)M+hh)nq.(/0hh!(!�0�8 "- P�Qhh)- �3�hh) ���hh'�() :-%hh7
(ASI) �"-�hh�"$ *hh@�� �-�0hhA�SiO2%7 �� �V0hh� 
Q�hh� %hh7-

Al2O3/CaO+Na2O+K2O(A/CNK)]�n[#��E5h'- *h) .
%5,hh!7 ��-�0hhA�  hh�- ���hh�0A� �hh> :��0hh� #%5�hh& �� �hh'�%7

 :�]  !�0�8�5� #%5�& �� %5AC �-*?F �7 $  !�0�8%. �h5�%& *h�- 
)M+hhhhhhhh)}ihhhhhhhh�- .( �-�0hhhhhhhhA� ��  !hhhhhhhh(WA>

Al2O3/CaO+Na2O+K2O(A/CNK) �hhhhhh7 
Q�hhhhhh� 
Al2O3/Na2O+K2O(A/NK)]�}[�%5,h!7 I!� �h�0A� �h> :

#%5�h& �� %h5AC �-*h?F �7 $  !�0�8%. #%5�& �� �'�%7 ��0�
 :�]  !�0�8�5� �h5�%& *h�-)M+h)}z.( 5�%h& �-%h= %5,h!7 

��0A� �� �>#%5�& ��  !�0�8%. 40~ �1�V� �7 *�-0F:����%&� �
z$D $ B0Q!E�8 �,�7�01QF B0Q!E�8 $ 
!F0!7 e��O5��� �,�7

 *!�0F :-%7 /0h!(!�0�8 4*h) ���l- $  �C$%!. #*h�8%7  h�- "- 

h!�-%&  h�-  !�0�8�h5� yQ(� �7 *(�-%� *h)�7 �h>]�Z[.
h�] 

�hh�"$ *h@�� :�h>�-�0A� "- �>*hh!K05!�-%& P-0h�- bh!+EFK2O

�7 
Q�� ��"$ *@�� Na2O]�n[��"$ *@�� $SiO2
Q�h�
�7 Y]�[[�-�0A� �� �C *) #��E5'- �
�����0A� %5,!7 �>��

P0� :�>*!K05!�-%& #%5�&I�-%h= h��*h�%!&)M+h)}�.(��
��0A� �A> I!� /$� �-�0A� P0h� :�>*h!K05!�-%& #%5�h& �� �h>I

�� �-%= *�%!&)M+)}q.( �-%�- ���C �0�X �7 B0Q!E�8 :�>
 S('  �- ��  �C$%!.0(!1C $48 �>-%A> $ �> S(' �7 �> :�h>

 ��$%7�&��-� ��-0�A> ]�\[.
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;6�Ez $ i�- (��0A� �Q!C%F #�6��] �-�0A� �� �C0� :D0E� #�0F :�>Na2O+K2O�7 
Q�� SiO2]��[.#%5�&"- *(F��Q2 �> :���
h!�-%& 9�
�
��0��0�-%&k��
��0�� n����$%7�& 
��0�� }��$%7�& Z���5!F$*�%. :$%7�& [��$%7�& $I�0� \��
h��0�� $I�0h� s��0� �$I �
h!�Y�hCIF�-0

�0��$I �
!����
!(!' �9��$%7�& *!K0� �k��
h��0�� $I�0h� *h!K0� �n��
!(!h' $I�0h� *h!K0� �}��
!(!h' *h!K0� �Z��
!�$*h!K0� �[�
$ 
!�$IF�-0C�\�
�$�F /
!F�$-/
!��5�- (�� $#�� �-�0A� 
!Q�8 :*(7�
!F�0�8 �"0F�- ��O(�7 ]�9[gq $ �(��0A� ���A&�� :%' ���'�() :�h>

 �-�0A� �� �C0� :D0E� #�0FNa2O+K2O�7 
Q�� SiO2$���-�0A� Fe2O3+FeO �MgO �Na2O+K2O]�k[.���A> yh7%� �h>�-�0A� %6��,h� 
�0� #$%&�$I
!��0� IF�-0C�$I
!�-%& #$%& %6��,� N1�� $ 
!�
��0��0�-%&
'-.

;6�Kz $ i�- (/0!(!�0�8 "- P�Q)- �3�) ���'�()(ASI)-%7 ��0A� :�-�0hA� �� �hC0� :D0hE� #�0F :�>SiO2�h7 
Q�h� A/CNK ]�n[�$
�-�0A�A/CNK �7 
Q�� A/NK ]�}[gq $ �(��0A� :-%7 *!K05!�-%& P0� ���'�() �� �hC0� :D0hE� #�0F :�> �-�0hA�K2O�h7 
Q�h� Na2O

]�n[$�-�0A� SiO2�7 
Q�� Y]�[[.

 [
 D

O
I:

 1
0.

29
25

2/
ijc

m
.2

7.
3.

64
9 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
cm

.ir
 o

n 
20

25
-0

5-
28

 ]
 

                             8 / 18

http://dx.doi.org/10.29252/ijcm.27.3.649
http://ijcm.ir/article-1-1333-en.html


*1]��#��A) ��I!��. �������� ����C �A!) � !�" #�6��] $ �,(� ��O('��,� #�0F �53�' . . .�x�

&L��M ��5�'��	� ���&H���� ����� ���G���� 
%@�(2 :�>�-�0A� ���� �C�3 
��*h(C �h7 
Q�h� #*) ��O(�7 

]�s[�h!�$- �5h)0& �h7 
Q�h� #*h) ��O(�7 ��&"�'�� %@�(2 $
]9Y[
��*(C �]9�[ �%�" �5'0. $]99[��0A� :-%7 #�0F :�>

 T'� �C0� :D0E�)*)M+):�> Zq �F i�- .( M+h) �-�0hA�Z
$ �U�h� �
h3-0(+� :*�$� %6��,� i�- :0h6�- �h1C �0hw �h7

d�-*] y�"0F �� �5��!�  !6(h' ���� �C�3 %@�(2 (HREEs) 

'- �C ���X �� �bQh' ���h� �C�3 %@�(2 (LREEs) �h(^ -

$ �&*)d�-*] �65��� -� �� 4�,�*(>� .�(^  �- �� �&*)-
4�,� *�-0F 
Q�h� 4�0h7 V�h7 #*(>�CO2/H2O�� #�65h'�3 �

$D TC q�]�� ��A&�� *!�0F %5,!7 |A2z�5h)0& yQ(� �,�7-
�$*X �� :-}/9�]�� �*@�� d�-*] �h7 �hA&�� d�V8 $ ���" 

�5'0. �-0� �1!'$ :-]9k�9n[�� #�65'�3 %@�(2 "- �(^ �5Q�� 
���!1= �7 �5�7-$ *)�7 d�-�$%� |w�(� ]9}[.M+):�> Z$ z

I!� �4$I�- %7 d�-*] �(^ $%@�(2 �&*)LREE �h7 
Q�� 
HREE %6��,� ��O(>��:�40h~ :%h@�(2 �E(� Nb �P$Ti 
*(5�> .:��O(>�� �E(� Nb $Ti �� H!F%F �7 �h7 p07%� *�-0F

 �5'0. �-0� �7 d�V8 ���h!��C :�>"�� �01QF �� $ :- �h�� �� V�h7 
*hh)�7  Ehh'- $ Mhh!F$� �
hh!(A1�- 40hh~ �hhA&�� �0hh1QF :-*hh57-

]9Z�9[[.:��O(>�� �E(� P���hC �0h1QF $ d�-*h] �7 p07%� 

!F�.8 
'- ]9\[. !(WA> M+) �-�0A� I!� $ �>�-�0A�  �- �� 

Z�(^ �q :%@�(2 "- �&*) �7*)q40h~ ��&"�h'�� U�Th �
K$Rb�� #*�� �� �C �0) *�-0F �hO!5� 
�%,h!. $ d�-*h]

 d�-I�- 48 �-*�� z-�� �� �>*)�7 �(^  �- "- ��%w "- $�&*)
 �5h'0. d�V8 4-0(2 �7 �h� ��h� :- �0h)]9s�kY[.:��hO(>�� 

*h(��� %6�� %@�(2Eu �Ba $Sr p0h7%� �>���h'*1� �0h1QF �h7 
���0) .

;6�N��-$-%� :�>�-�0A���0A� �>�C0� :D0E� #�0F ::-%7 i�- (%@�(2���� �C�3 
��*h(C �h7 
Q�h� #*) ��O(�7 ]�s[z �(��&"�h'�� %h@�(2
 �!�$- �5)0& �7 
Q�� #*) ��O(�7]9Y[� �(��&"�'�� %@�(2 
��*(C �7 
Q�� #*) ��O(�7 ]9�[$q(�h7 
Q�h� #*h) ��hO(�7 ��&"�h'�� %@�(2

  �%�" �5'0.]99[.���,� M+) �7�,� �>n*(5�>.
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l� ��O13 :*AX- �4-%��C ��K���C �K� �Q'�A�w4-%�- �'�() ���C $ �'�()�017 �1O� �x�

 M+) �-�0A�Z`h3 q-"-0� �7 �U3 :*�$� �1C �0w �7 q�
%@�(2 "- #$%& $� %> :-%7 -� ���� �C�3 4�,h� ��&"�'�� $�h�-

*>� �� $B�A5X- %6��,� *�-0FM+):%!& "- �hC0� :D0E� #�0F 
*)�7  �%�" �5'0. yQ(� .%6�� J%w "-�:V�h7 �� 4*,h� yh=-$ 

`3�����hC �0�X  h�- ��  �hC$%!.0(!1C $ B0hQ!E�8 :�h>
S(' 48 �>-%A> $ �> S(' �7 �> ��$%7�& :�>��Mh!3� *h�-0F
 4�07�65�!�8 �5)0& �-0� "- :�-*�� �� I!� -� :- M!+,F  h�-
S(' 4�,� �> *>� .S(' 
!>�� �h(^ �7 :D0E� :�> "- �&*h)

LREE/HREEs �U�Th �K$Rb $��%!&*hhh) %hhh@�(2 "- �
Eu �Sr �Nb $Ti %6��,� #�65'�3�5'0. S(h' :- #�0hF :�h>

 
'- �C0� :D0E�.:��O(>�� � !(WA> %h@�(2 �E(� Ta $Nb 
�� �>�-�0A�  �- �� S(h' �65�h7-$ %6��,h� *h�-0F ��0h� :�h>

�'�%7 ha� �h7 `!�h7 �5�h7-$ *h)�7 Ih!� d�-�$%h� ]k��kk[.
:��O(>�� �E(� Nb $Sr  !(WA> �:��O(>�� 
hQ�� La �Th 

$Rb #c�$ :�>*!K05!�-%& ���!1= �+>8 #��= ���,E,F8 m0= :-

'-]kn[.

��������
�� ������ ������ 
 !hh�" #�hh6��] �hh'�%7 :-%hh7 "- �hhC0� :D0hhE� #�0hhF �53�hh'

 �0& ���'�() :�>�-�0A� 40&�#��E5'- *) .*@�� :�>�-�0A� ��
 ��"$SiO2�7 
Q�� FeOT/FeOT+MgO $MgO �7 
Q�� 
FeOT]�}[�hhhhh�0A� �:�hhhhh> ��0hhhhh� #�� �� �hhhhh'�%7

IAG+CAG+CCG)��-I>0C :�>*!K05!�-%& (:�]�5�%& *�- 
�7 �C ���!1= �+>8 $ 4�07 �0Q� ���C B0hQ!E�8 $  �C$%!. :�>
���!1= ��0A� �� ��0� :�>'�%7���-0�A> ��-� ]k}[)M+h)-
:�> [z $ i�- .(�����-I>0hC :�>*h!K05!�-%& P-0h�- ���'�() 

m�'-%7 �-�0A� Y�7 
Q�� Nb ]k�[��0A� ��h'�%7 ��0� :�>
 #%5�hhh& ��VAG+Syn-COLG):�>*hhh!K05!�-%& 4�hhhAC

 ��03%7 �7 4��IA> $ ���,E,F8 (�h5�%& :�] *h�-)M+h)[�.(
"- ���,hE,F8 4�AC :�>*!K05!�-%& d�-*] �0j(� �7  !(WA>

 :�>*!K05!�-%& �-�0A� "- ���03%7 �7 4��IA>Yb+Ta �h7 
Q�� 
Rb ]k�[*) #��E5'- .�H!F%F  �- �7 ��0A� �h'�%7 ��0h� :�>

 #%5�hh& ��VAG):�>*hh!K05!�-%&���,hhE,F8 4�hhAC (:�hh]
�5�%& *�-)M+)[q.(

;6�O !�" #�6��]'�C0� :D0E� #�0F �53� ��  !�" #�6��] ���'�() :�>�-�0A� �>*!K05!�-%& �53�' z $ i�- (FeOT/(FeOT+MgO) 
Q�� 
�7SiO2$FeOT�7 
Q��MgO  g�h'0= %h�-I] :�>*h!K05!�-%&Nb �h7 
Q�h� Y$Rb �h7 
Q�h� Yb+Ta #��h= 4�hAC :�>*h!K05!�-%& gg:-

 !K05!�-%& g:- #��= ��03%7 :�>*!K05!�-%& g:- #��h= �h�-" �+,h3 P0h� "- :�>*h!K05!�-%& g
h��C �h7 �5�h7-$ :�>*h!K05!�-%& g��-I>0C��h. :�>*
��03%7 �7 4��IA> :�>*!K05!�-%& g�'0��!=- �5,. :�>*!K05!�-%& g:- �aE@ 4$�� :�>*!K05!�-%& g���,E,F8 4�AC :�>*!K05!�-%&.
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�(^ �7 �C %@�(2 �&*)Rb �K�Th $U�(2 �&*) ��F $%@
Ti �Nb $Ta ��-0hh�A> ��-� ]k�[.�hh'�%7 :-%hh7#�65hh'�3 

*h@�� :�h>�-�0A� "- �hC0� :D0E� #�0F #*(>� M!+,F :�A&��
 �hh�"$Al2O3/TiO2�hh7 
Q�hh� �hh�"$ *hh@�� CaO/Na2O$
Rb/Sr �7 
Q�� Rb/Ba ]kZ[#��E5'- )*)M+):�> \ih�- 
z $.(��M+)\#�65'�3 �i�- :D0E� #�0F :�A&�� - #*h�8%7 "

�65�!�8 �7 �5�-"�7 $ �5!1. #*(>� M!+,F $� �$*X 9Y�hF }Y
�� �C ���X �� #�07 
�-"�7 *@�� M+)\#*��-�%7 �� #I!�8 �z 

�$*X sY
�-"�7 *@�� 
'- .�-�0A� $�  �- P0AO� "-��4-0hF
 �hC0� :D0hE� #�0hF #*h(>� M!+,hF :�hA&�� �C 
�%& �O!5�

 "- #*�8%7 z$D �-0h� "- �hQ!C%F �,h�7&�5h)0 -$ :�5h'0. -:

'-. �- %�-���C �0�X �7 ��  �hC$%!.0(!1C $ B0hQ!E�8 :�>

 S(hhh'  hhh�- 48 �hhh>-%A> $ �hhh> S(hhh' �hhh7 �hhh> :�hhh> 

��$%7�&��-� ��-0�A> ]�\[.

�	
� ���� 
�0j(� �7#�� `!ha� $ ��,h� ���� ����A&�� :%'  !!?F �:*(7

 �53�'  !�" �hU�� ��IOF r��5� "- �C0� :D0E� #�0F :-%h@�(2 
���C �1@- "RC0h�;R. $ 
!F0!7 �B0Q!E�8 � �C$%!.0(!1C :�>
#��E5'- *) )M+):�> s�F�n.(S(' �� ��0h� :�h> ��h'�%7 

�h7  �hhC$%!.0(!1C ���hC�-*hh�� �hh� #*h�� �hh]0F Mh7�= �0hh).
 �C$%!. 40!F�hC :%!&�-%= �7 �]0F �7 -� �> #�h6��] �� �h> :�h>

M1 $M2 48 ��0A2 B0�%� �� �>(M1M2T2O6) #$%& �7 -
�hhhE15�� :�hh>#�� �hhh� :*hh(7 *hh((C .���!A!hhh) Hhhh!C%F
 �C$%!.0(!1C �h�1�� �-�0hA� �� �hC0� :D0E� #�0F :�>Wo-

En-Fs ]k[[�� #%5�&�� �-%= *!�.0�� *�%!&)M+)si�-.(

;6�P#�6��]��0A� �>:�>�-�0A� �� �C0� :D0E� #�0F :S('��-" ]kZ[:i�- (Al2O3/TiO2h� �h7 
Q� CaO/Na2Oz $(Rb/Sr �h7 
Q�h� 
Rb/Ba.

;6�Qi�- ( �C$%!.0(!1C �Q!C%F #�6��] ��0A� :�> �0�IF�-0C :�>�$I �h�1�� �-�0hA� �� �hC0� :D0hE� #�0F �5!Wo-En-Fs ]k[[.#%5�h& �h>
 "- *(F��Q2 :���*!�.0�� 9��
�;%Q�*> k��
�;$- n�!.(!�I �
!(}�0h(!1C $ 
!F�5�h�-Z�1C0h(! $%h� 
!1!h' .� $ z(���hA&�� :%h'  !h!?F

 �hhC$%!.0(!1C�-�0hhA� �� �hh> Al2O3�hh7 
Q�hh�SiO2]k\[� $(�-�0hhA�Al2O3�hh7 
Q�hh�TiO2]ks[gq(`!hha�  !hh!?F !hh�"�53�hh' 
 �C$%!.0(!1C �-�0A� �� �>Ca �7 
Q��Ti+Cr ]nY[.
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l� ��O13 :*AX- �4-%��C ��K���C �K� �Q'�A�w4-%�- �'�() ���C $ �'�()�017 �1O� ���

  �hC$%!.0(!1C H!C%F `!ha� $ ���!A!h) Hh!C%F �h7 �h>
 *& M!+,F#"- �
h'- �5�7-$ 4�7I!� :�> ��hO!5� �� ���hC  h�- 

#�%5�& �%7��C  !�" `!a� �!�,F :-%7 :- M!+,hF �53�h'
S(' ��-� �> . �C$%!.0(!1C ���A&�� :%' :�h> #�%h7 /�h� �� 

:�>�-�0A�s��"$ *@��Al2O3�7 
Q�� SiO2]k\[)M+h)
sz($Al2O3�h7 
Q�� TiO2]ks[)M+h)s�(��,h� 
)*.�'-%7 �-�0A� m
��� �C #%5�& :�> ���!1= �A!� ����h!1= 

%. $���!1= -� b!+EF ��  �C$%!.0(!1C  �- �*(C �� �h> #%5�h& 
���!1= �A!� y=-$ *(5�> �hC /$� �-�0hA� �� $#*h((C bh!+EF

#%5�& :%' :�> :�>���!1= $ �5!f�0F ����!1= �+>8 �
h'- �� 
#%5�& :%' ���!1= �+>8 �� y=-$ *�0) .`!a�"�53�h'  !� 

���C  �- �-�0A� �� �>Ca �7 
Q��Ti+Cr)M+)sq(]nY[
���,E,F8 4�AC "- -� �5!f�0F $ z�0� #%5�& �Cb!+EF �h� -

���,E,F8 4�AC �*(C��-%C #��h= B�?� *h)  !h!?F :- .
h!>��
 ���!1= �A!� ����h!1= �h+>8 _*h�- �-*h�� �Ti)YY/Y(�h(^ $-

%hhhh@�(2 "- �&*hhhh)Ca)s\/Y�\[/Y($Si)YY/9�s[/�(��
 �C$%!.0(!1C ���!A!) H!C%F �&c�$ "- �'�%7 ��0� :�> :�>

 �hhC$%!.S(hh' �� �0hh]0� :�hh>4�hhAC �hh5!�-%& :�hh> :�hh>
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!F0!7 �E!h@0F �-�0A� �� �> 
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Q�h� Ti ]}k[
)M+)�kq("- d!7 \YY �-%6!5��h' �]�� 
h'- �h'�%7 �h>

 �� 4�,� 
!F0!7 :�-*��. $%A1= �C *(>� /0h!(!�0�8 "- �(^ :�>
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Q�� Fe/Fe+Mg ]nZ[.
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�0��$I 
h!��0�IF�-0C �$I 
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�7 �5!+�%!�*��-� �0�X 48 �� �2%� 
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��0��0�-%& *�%!&.

k(S(' �/0!(!�0�8 P�Q)- �3�) #�&*�� "- #*h) �h'�%7 :�>
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