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�O ��Al ��-��O Si 
�� �. ! �(&�
. �.+�� C
.?	. !�Al C7�;B �;5  �;1
�O �;
. �� 

�.+�� Si �(5 +7.(=  ."G7 ."
��;��Al2O3�;5 SiO2!Mg �;5 
Fe �
")B �� �!�.! �10�;<G7 6.�.� �7 /�;�� ��;<8�. �;
. �+;%

 "F�%*  +& ��
 ! Q��"� �%�-��O "1���5 Fe-Mg ��0=�;$ �� 

l�B"8 "���8 ?�� ! ��.� ��.(�G7 ��� C
.?	. �5 �B �$. �
")B
 2%$ 4B.� �
")B l�B"8 6!� �� /�-� +;7�)]�L[�4,;& N

S ! v�. .( �.+��Al 4B/U [U  +
. �.+�� �5 j
�?�(a.p.f.u) 
��$. .���R5.� �%�-��O �5 �;
. �� �;0	"# E�(;F �;G8. 6�7

�
")B �.+�� �7Al(IV) �;5 ��� C
.?	. �5 E�(;F C
.?;	. yX%;�
�� �. ! +5�
 �
. �R5.� !�T-Al(IV) 4�,-;8 6�;�� ���\8 6."5 

)�()<8 (�
")B �;$.  +;& ���%-;�D �7 .�.+;�� C
.?;	.Al(IV) 

�<�;� ! �;�� C
.?	. �. "��0� �
")B(Fe/Fe+Mg) �� +;3.!
 �$. /U ��(�"	]�N[.�;5 �;
")B �9%;$��� �. 4;F�3 w
�0�

z!� [!+O �� v)0�� 6�7� +& �V.�. +�. .��;5Al(IV) !�;�� 
�5 ��.� �(O! �<Y� ��<8�. j
 �B 6�(_Al(IV) �5 j;
 /.(;%*

����w%$��� �5 ��B �� �0	"# �
";0�5 �. �;,
 [(�"	 �
. ! �(&
z!� ;$. �
")B 6��� ���\8 6."5 �7 �)]��[[!+;O �.(]��[
�R5.� � ��5 6.���;O�� l�;3"5 �0��;$ 6! �.";#AlIV /�;�5 

 �"B +�.)[!+O�(�;R5.� �.  ��A0$. �5 �B6T- Al(IV) �.�(;G� !

 +& �|F.]��[)4,&NM~(�;
")B �(;)<8 6��� ��(;� 6�;7
  "0�# �� �$�"5 6��LM��N �;O�� �0��;$ 6�.";# /�-;� .�

��+7� ."5�%5 4,&)NM�E]�^[(�. �BAl(VI) + 2Ti + Cr-2 

(a.p.f.u) ";;5."5 �� Al(IV) -2(a.p.f.u) ��;;$.  +;;&  ��A0;;$. 
�
")B  "0�# ��  +& ?����U 6�7 �.";> P;$(0� �8 ��
�D ��-	 6

��+�"�#.
>�	0�� : +;& '�;9�. 6�;7?����U k�$. "5)[!+;O�(�.+;�� �

/(�8�B P$(0�Si ���;B �;
. L6.�. �;5 ���;$. /x��;B. !

/(�8�B 6�7Al(IV) !Al(VI) ?;�� �;5 ";5."5 l;�8"8 �;5�!Nb/�
+%0�7 .6�7�,�� H(� �5 /�"5 �D 6."5 �.�(;G� �. ��(;O(� +�A$

�$ P$(8  +& �V.�. �
�8]��[+&  ��A0$. )4,&�Mv�..(�;
.
�
(,�� ���& �� �7 �5 ��(#"#� 6�7 ! +%0�;7 �;��!. E�(F

 /U �. ��(G� j
 .  �(5 �
(��� �7�$."5�;%5 4,;& )�M�S]��[(�
y�$�0D lR> �G$ �5 �7�,�� H(;� �. e>.! �� ! +��.� C
."# �.�

 +%0�7 �
(,�� .���(#.��D �Y)Y� �.�(G�M�
(,��M���!�|$

]��[H(;;� ��;;�\8 6.";;5  ��A0;;$. ��(;;� 6�;;7�.�(G� ";;1
� �. 
�$. �$�"5 ��(� 6�7�,��)4,&�M~.(l;�B"8 �.�(G� �
. ��

 �5 �7�,�� .� �;
x%	 �G;$ �5 �)
�G8 �B �$. �
(,�� E�(F
 �� /�-�+%7� ."5 �%
?1
�O �(K� 4,& 6!�)�ME(�
��� (I*

 �
(,�� �� .� �
x%	 �;� {�-� +;%B]��[)";7 6�;�� �;�
�� "0GB ?�� �
x%	 6.(0K� ��(& "0-�5 ��(#"#��(&.(

7�+�<�
")B 6��� ��1���� ���& �� �(O(� 6�7�$�"5 ��(� 6�7z!� �5 v)0�� 6�7.

T(ºC) ����\� z!� 

��/��� T(ºC)=AlIV+8.26.10-2 
/ 4.71.10-3 Cathelineau & Nieva(1985)[18] 

��/�^� T(ºC)= -61.92+321.98(AlIV)Cathelineau(1988) [19] 

Nb/��L T=106 [AlIV + 0.7(Fe/Fe+Mg)]+18 MacLean & Kranidiotis(1987) [25] 

�^/��� T= 319[AlIV +0.1(Fe/Fe+Mg)] - 69 Jowett(1991) [26] 

^�/�N� T=321.98[AlIV+1.33(0.3-Fe/Fe+Mg)] -61.92 Xie(1997) [27] 
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O+)�� ��G& ���/�0�5�8 ���� 2%$ �G�&(VW ! �$�%& 2%$S(%O ��(#"#� 6�7S"J. . .�^�

50BB�CS ! v;;�. :";;F�%* E.";;��`8Mg �Fe�Al!Si���!+;;�D� �� ~ ���0;;$U 6�;;7 :�;;
")B �(;;)<8 6�;;��2%;;$ 6�;;7 /(;;#"#� 6�;;7 
��3�� "5 ��R%� 6. �.�(G� k�$.Al(IV)-T ]��[E:�
")B �
��G�& l�B"8 �.�(G� 6!� �7Al(VI)+2Ti+Cr-2�� "5."5Al(IV)-2 P;5� P= ��
/�-� +%7�6�� Q��"� �%�-��O ��R%��$. ��(#"#� v)0�� 6�7]�^[.

50�Dv�. :�.�(;G� �� �$�"5 ��(� 6�7�,�� �
��G�& l�B"8 ��\>(�]��[S:(;G� �� �;$�"5 ��(;� 6�;7�,�� �;�\>(� �.�]��[~:l;�B"8
 �;;��(#.��D �;;Y)Y� �.�(;;G� �� �;;$�"5 ��(;;� 6�;;7�,��M�
!(,�;;�M���!�|;;$]��[E �:�
!(,�;;� �
��G�;;& l;;�B"8";;5 �;;7 �.�(;;G� 6!�

Si(Per11oxygens) ��"5."5Fe+Mg ]��[.

53 ��� ���� 
 �.� k�;;$."5 �
��G�;;& 6�;;7]�[/.?;;�� �SiO22%;;$ 6�;;7

 ��R%� ��(#"#�6��5 ���0$U �/N� –�/b� "�`0� ���! +F�� 
�$. ./.?��MgO  "0�# �� 6��/�–b�/��+;F�� Fe2O3

 "0�# ��6�N/�–��/L��5 '(�%��(�U +��B. ! +F�� �/�^ 
–N/�� �$. "��`8 �� +F�� .��(G� 6.(;0K� �. @�)�$"D 6�7

Al �Fe �Mg !Ti +��.��(="5 6"0GB .�5��G7 ���B �4��� 6�7
 ��(#"#� {=�&2%$ ��&"$ ! �
?�%�!"	 l)J. �B �$� 6�7

 +%0�;7 '(;�%��(�U �.)! ���!��0;;$. ��;
"
�"B ��;���# +;;%���
E�,�)�$(%��(�U�7(/U ��  +& �()<0� "0GB �7 +;�. .�;�(G� 6�;7

 �"O!"5 ! ���0$U ��(#"#� 6";0GB /.?�� �. ���(1��. �5 �<��
 "F�%* �. Fe!Mg ���;B y;B �(I;3 �;5 �;B +��.��(="5 �;7 6

��R%� �� ����# ! �
"
�"B ���8(�5 +%��� �
?�%�!"	6���0$U 
��.� ��.(�G7 �"O!"5 !.

"5�%5 �.�(G�]��[)4,&�Mv�.(2%$ ��R%� /(#"#� 6�7-
2%;$  !";# �� �$�"5 ��(� 66�;7 �;0�)D �.";> �;� ! +;�"�#

 �G0
��;;;1� E.";;;��`8 6�;;;%<�"5Na2O/K2O!Fe2O3/K2O
�G0
��1� E."��`8 �5 �<��SiO2/Al2O3]����^[�8 ! 4�& �

�(;;B�U ! Q(;;
"# 6�!+;;3��5(;;$� 2%;;$ /.(;;%* �;;5 �;;��!.6
�� �0	"# "X� ��  +& /(#"#� �(;&)4,;&�M~ �S .( �.�(;G�

×300 Zr-15×Al2O3 -TiO2]��[.� 2%$ �$�� ! 4�& ��;5
 /.(%* ���� 2%$ �<&��)D�0��7�� /�-� +7�)4,&�ME.(

�
�8!� �.�(G�MgO/CaO �<�;� �;5 P2O5/TiO2]��[
S($�  �10$�= ���\8 6."5���!. 2%$ 6�;�R%� ��(#"#� 6�7

 �$.  +&  ��A0$.)4,&�^Mv�.(2%$ �/U k�$. "5 �B 6�;7
 +;��.� �;
�TU  �10$�= �$�"5 ��(� .";5 �;
�D 6e;5.(8 �.�(;G�

 ����-8]��[2%$  �10$�= �����0;$U i_�;%� �5(;$� 6�;7
 +3 �
�TU ��"O!"5 ! ���(1��.  �(;5 P$.! +;�.)4,;&�^MS.(�.

"1
� �"_ 6�7�.�(G� k�$."5 ]��[�;
. +;�(� �;
�TU 2%;$ 
S($� �;$.  �(5 6+�$. �8 P$.!+3 H(� �. �7)4,;&�^M! ~

E.(�
�D "5 �B �
�7�.�(G� �.  ��A0$. �56"�;%* !� �;� Q"K0�
Zr !Ti  +& �3."_ +�.]�b��L[�;
�TU 2%;$ +& {�-� �

;;�U +;;3 �� �;;<�B"8 �);;F. �;;$. �0;;&.� ��;;$.�(
� �;;8 �
�+
)4,&�^Mh ! �.(2%$ ��%� ��R%� �� �
�76�;$�"5 ��(� 

+��.+� /(G%=���!��C�5 �;�.!."	 �;5 �;�R%� �;
. �5(;%O 
�� �	�
+�(&.
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��<$�G�_ �u$�+�! 6+G3.�9)= /."
. �$�%& ���B ! �$�%&�()5 �)9� �^�

50�Ev�. :2%$ v)0�� '��>. C
�G� 6�7�.�(G� �� �7ACF !A′FK 2%$ ]H(;� �. �";O!"5 ! ���(;1��. ����0$U /(#"#� 6�7 �;0�)D +%0�;7 
S: �� 6+%5]��[~ !: �� 6+%5]�^[/U k�$. "5 �B 2%$ �7 ���!.C�D ��R%� �� ��(#"#� �. 6�;8 ! 4�;& H(;� �. �"O!"5 ! ���(1��. ����0$U 

� �(;
"# 6�!+3 :�;)Y�×300 Zr-15×Al2O3-TiO2]��[�;$�� 6�!+;3 �;8 ! 4�;& ���;� 2%;$ .� 2%;$ �;�)D�0� �;� /�-;� �;7 +;7�.

50�6Fv�. :�.�(G� �
.+O 2%$  �10$�=�5($� ! �
�TU ]��[�G7 ��6��(G� �� �7 "0�#6�
�TU�� �."> +�"�#S:��(G� ��R%� 6�76
�.�(G� �� �"O!"5 ! ���(1��. ����0$U e5.(8 ����-8]��[� "0�# �� 62%$ �� �."> P$.!+3 �
�TU 6�7+�"�# .

DF1=30.638TiO2/Al2O3 - 12.541Fe2O3(t)/Al2O3 + 7.329MgO/Al2O3 + 12.031Na2O/Al2O3 + 35.402K2O/Al2O3 - 6.382 
 DF2=56.5TiO2/Al2O3 - 10.879Fe2O3 (t) /Al2O3 + 30.875MgO/Al2O3 - 5.404Na2O/Al2O3 + 11.112K2O/Al2O3 - 3.89 

~:�.�(G� �
.]��[/�-�  +%7�6S($� 6."5 P$.!+3 ! ���)�$  �10$�= 6�7E �$. ��R%� ���� :�.�(G�TiO2�5 �<�� Ni ]��[�;�(G� �-
��R%� ! �$�"5 ��(� 6�7�� /�-� .� P$.!+3 �8 6+�$.  �10$�= �"O!"5 ! ���(1��. 6� +%7� :�.�(G�Zr-Ti]�b[��(G� ��7�� "0�#�
�+�U 

e>.! & +h +�. :�.�(G� k�$."5 ]�L[S($� ��)D�0� ���� 6�7��R%� 6�76/�-;� .� �0�;$.�(
� �;8 �
�+�U  �10$�= �"O!"5 ! ���(1��. ����0$U 
�� +7�)4,& +%��� yV|*�.(
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O+)�� ��G& ���/�0�5�8 ���� 2%$ �G�&(VW ! �$�%& 2%$S(%O ��(#"#� 6�7S"J. . .�^�

6�;7�.�(G� �. � �10$�= 2%$ �#��.(7 +F�� ���\8 6."5
 �;;;Y)Y�(ACNK) ]�N���[!(PIA) ]����^[�;;;� /.(;;;8
  ��A0$.�"B .�.�(G� k�$."5(ACNK) �;�(G� ��;�R%� 6�;7 6

���$"#� �. ���0$U �;
�TU  �10;$�= 2%;$ �. }�;5 E�;O�� �;5 
 +& 4F�3 +�.)4,&��Mv�..(

C7�;B �;5 "9%� ���$"#� �O�� C
.?	.Na �K�Ca�Mg 
)Na2O�K2O�CaO �MgO (�%J !�. �#+;&Al)Al2O3(

���(& .���;$"#� �
��G�;& {=�& �. ��.(� �
. �$�"5 6."5
 �
Chemical Index Alteration (CIA) �;�  ��A0;$. �(;& .

"0�.��D �
. �<$�K� �.  ��A0$. �5 ";
� [(;�"	 �;� '�;9�. �";�# 
]��[:

CIA = Al2O3 / ( Al2O3+ CaO + Na2O +K2O) ×100 
�;�R%� 6."5 ���$"#� �
��G�& {=�& �.�(G� �
. �� ��(;� 6

�. C�;;5 �;;$�"5N^���;;$"#� {=�;;& ! �;;$.  �(;;5 +;;F�� 
TU 2%$ �� y�$�0D �0	"# "X� �� /!+5 �7��u$+)	 �
�(PIA) 

�. C�5�^�$. +F�� .�|B(;
W|D H(;� �;Y)Y� �.�(G� �
. ��
 S($� ���� �
�TU 2%$ �� �(O(� �;
�!�."5} �;8 �
�+�U .� �7

 �� /�-� +7�)4,&��MS(2%;$ l;�B"8 /�(;5 "�`0� �5 �B
 �
�TU  �10$�=  �10$�= �5)l;��J �(;_ �;5 ! 6��;5 �;8 6+�$.

P$.!+3 (��.� ��.(�G7.
��' >�GH	� �I.
B� J:]��[";F�%* Co, Sc, Y, Nb, Zr, 

Th, La !Ti �;5 .� ";F�%* �
"8+;�A� /.(;%* �
�;$�%& 6.";5 
P�K� �0=�$ ���� v)0�� 6�7 ��A0$. �"B �$.  . ��A0$. �5

 ���$"#� "5."5 �� '!��� "F�%* �.]! y���;0�8 ! y�%��(�U 4�<> �. 
�.�(G� 6�7]�����[������� P�K� �5 /.(8 ;8 �0=�;$ 4�,-

 �D �5($� 2%$�"5 ."5�%5 4,&���.�(;G� �. �0$� �
. �;5 �;7-
 �"0�# E�(F6.4�,-;8 �0=�;$ ��;�� P�;K� ���\8 6."5 

�0	� ��B �5 S($� +�.]��[.
���� P�K� ���\8 �� ! �;
�TU �. y;*. �1%;$ ";7 �0=�$

 �y
+;$ +;%��� Q";K0� ! �);F. ";F�%* �;�.!."	 �;B /(#"#�
 A0$. ��(� y��)B ! y�$�0D �� �.">  ��"�#����03. �5 �0�
�5 �+

 4G*"B�.4���/U/U /�(;5 Q";K0� ! ���$"#� 6�7+%
U"	 -
�$�7 .�(;O(� 6�;7�.�(G� k�;$."5)4,;&��(�;�(G� �6�;7

�
?98 �;�R%� �.  +;&  "0�;# �� ���0;$U 6! �;$(> ";
.?O 6
��&�3 ��> [�\	 6�� �."> 6.+�"�#.

4,& ����Mv�.��(G� �B�= ���� "F�%* ��.!."	 �<�;� �;7
 ��9%�5 �
�+%B �5]��[�;B �;$.  +;& "5�;%5/U��0=.(;%,
 

�%J �. j<$ �B�= ���� "F�%* �#+&La�8 Sm  �;5 ��
��� �� 
��1%$ �B�= ���� "F�%*(HREE) �� y-� �5 ��(=.6(;1�.

�-
.+O ��1%$ �B�= ���� "F�%* )HREEs ( "F�%* �5 �<��
 �B�= ���� j<$)LREEs(��(G� �
. 6."5 "1��;�5 �}�;G03. �;7

 2%$ �
.  �10$�= C�� �� �B�;= ���;� "F�%* 6(1�. ! �$�7
��)D�0�6�7 2%;$ �B�;= ���� "F�%* �5�-� �$�"5 ��(� 6�;7

��&�3 �
�TU ��> [�\	 6�$. 6..
�& �� 4)��MS(";F�%* E."��`8 �;�.!."	 �;5 �<�;� �;�

/U  +& 6��* �
�+%� �� �7 +�.]�b[ +&  �.� /�-� �;$. .��
�.�(;;G� �;;
. �;;5 �%;;&!� �;;56��;;9%7 ";;F�%* �;;A%� 

Nb,Ba,Sr,Ta,Ti !P�� �#x
! �. �$(> i_�%� �$.� +;
�
�� �(&.

�5 �(O!�A%� 6��9%7 P,Ti,Nb  ";F�%* E."��`8 +�!� ��
 ��(G� S��GB�7���4,& "1��-� +�.(82%$ 6"�# i_�;%� �� �7

 +&�5 C�.�!"	 ]�L[.�5�A%� 6��9%7Eu �;$. �;
. �. �B�;3 
E�u$+)	 �
 �B �>�5 �� y�� ��	 j
 �7 +��� �(;5  +-;� S!T 6�

+%
U"	 �� �
�-
.+O +& "�#�� +�.]�N[.
4�;& �;
. �� ";1
� �"_ �.(Rb,Th)LILEs !LREEs 

)La,Ce,Nd(�5 �<�� HFSE )Nb,Ta,Hf,Zr,Sm,Y,Yb(
�%J �#+& �� /�-� ��-� �B +%7�P�K� "1 �;5 ��;<8�. �� 6�;7

 +%0�7 C�.�!"	]��������[.6��9%��5 �;A%� Nb-Ta ?;��
 �$. C�.�!"	 i_�%� �. �B�3]�L[.

S��GB "F�%* �<�� �.Zr/Y �� ?�� {��-;8 6.";5 /.(8
��;;�� P�;;K� �";;B  ��A0;;$. �0=�;;$]b^.[�<�;;� �;;���%� 

�Zr/Y< ��;��  �1
�O �+&�5 /�;GB ��0=�;$ ���-;A-8U 6�;7
��>."#. ! �$(��Zr/Y > /�;GB +;&�5  ��;> ���-;A-8U 6�;7 6.
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