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m $ ��/�I> �5 #-%7E ��(����B TB�� (T+8 $ f��4 ��
%B 2	��/ �5 �-� .���Q �� %
$�y/ ��!B)XPL.( 

$���@�A :;-$-%	 6 (�F�> 3�E� !5��
%B 2	 �
%/{24 �� �E -
�4- �4�%5 �� � 3�E .���BE�5 6 (�F�> 3� $ �-� T+8 m� D

T+8 �7���� #*
� l)��� �� ��(����B TB�� �5 f��4 �-� *� 8
)T+8q�.(�� 6 (�F�> .
� 3�E� !5 �m$*�I- �5 ��- � �K%5

�
.</ #%�/ ���B $ �
%!B #*8 *�-.
B����C:{24 �
- �� ��/ �5 �5 �E T+8 m� D�7�� $ �-�T+8-

�� #*
� �-���-$-%	 $ � 86 (�F�> �- %?7B ;> �4- )T+8q
m.(

+>�����:�7�� �?�/%I �GB /�- T+8�!�K �-*�� �5 $ #� 5 �-�
�� #*
� fB � 8.

���B��/�I> $ ./�- B ��F4- T��8 �"%	 3�E.
�5 �F4- # & m� D �� #*
� fB �!�K �-*�� �5 $ 3- � 8 .

�&� ��?8�(�- T+8 �5 ./�- B $ ��8�Q �5 �<�!K $ 3- �,2B-
�� #*
� � 8 .���B �
-VT�+,/ -� #*8��
 {24 *D�� 

�� *E�.�� #*
� fB �-*�� �5 $ ��� 4 T+8 �5 ��/�I>� 8 .
C
-� �
- �	�5�4- L4 ?� �/ .
� #%�7K �5 C
%�	� I �E .�?(�-

�_ I �	�5{24 �- �K%5 �� .�� C�?�!B #*
� �" 7<� �
- 3�E

��� 8.���B �" 7<� ;�4%&� 3�E T��8 �024 #$%& �
-
�4- ���
%4 $ m$*�I- ��
%!B.

�
��C 	 D.C 
+>��
7>  ���� 

M�4-%5 �E�GB 
HGI 3��?K�4 6 �%	V$ ; �/�B Z;\��B- 
�� ;> �8�-�%I.
� �
�?� $ �(4�`�6$*U ^#*8 �_-�- *�- .

#�� �-� 7� M�4-%5�� 7� ��E�GB 
HGI 3*25 �- �GB 
HGI 3�E
�
�*�> P � O-�4- �GB 0��)T+8Y] (^Z.[

$���@�A ���� 
�� 7� �� 6 (�F�> .����> �
�?� �� �%'� 3�E6$*U �#*�> 

�4- .; �/�B M�4-%5 ���B �
- 3�E���(4�`� ;\��B- f/- 
�4- #*8 .��() M�4- %5 3*25]i�[�
��7�8 N�B%/

6 (�F�>*8 �
.</ 3�E6 (�F�> P- �- �5 #��5�1� C��!B 3�E
��-� )T+8���-.(�-� 7� M�4- %5 SiT5��� �� Mg/(Mg + 

Fe2+)6 (�F�> N�B%/ �� *2!(�� E 
.20� �E *8�5)T+8V9.(

$	�E :9$%I$%+�� �
�?� C
-� 3�E�GB 
HGI �%'� Dk1c.
Sample Pl1-1 Pl1-2 Pl1-3 Pl1-4 Pl1-5 1 2 3 4 5 
SiO2 VZ/oq V[/Yp V[/�o VZ/Y[ Vo/[Z ��/qq �Y/Zo �V/[Y �V/VV �Y/Z� 

TiO2 W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WV W/WW W/WW 

Al2O3 pV/^W p�/oV p�/YV p�/pY pV/�q ^o/Zp pW/VY p^/pZ ^o/VV p^/[p 

Cr2O3 W/WW W/WW W/WW W/WW W/WW 

FeO W/pV W/pY W/pV W/pq W/pp W/WW W/WY W/Wq W/W^ W/^q 

MnO W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/W^ 

MgO W/WW W/WW W/WW W/WW W/WW W/Wp W/WW W/WW W/W^ W/WY 

CaO [/Wp Z/qW [/[Y [/[^ �/[W q/oW q/Z^ q/[� p/VW p/qY 

Na2O �/oo �/Yo �/[[ �/[o [/pW o/q� Z/Vq Z/[W ^W/VV Z/WZ 

K2O W/Vp W/qo W/YY W/Yq W/V^ W/^p W/^Z W/pW W/^Z W/o^ 

Total oo/WV ^WW/WZ oo/�q ^WW/^W ^WW/pZ oo/VV oZ/WW oo/[� oZ/qV oZ/Wo 

Formula Z(O)  

Si p/�� p/VZ p/�W p/�p p/�� p/oq p/o^ p/Zo p/oq p/oW 

Ti W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW 

Al ^/qY ^/Yq ^/Y^ ^/qo ^/qV ^/Wq ^/WZ ^/^W ^/Wq ^/^Y 

Cr W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW 
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#�-� ���Q �T��" �*
u� ����7B ;-%
- �4�28 ���B $ �4�28� !5 �!<� i�t

Fe++ W/W^ W/W^ W/W^ W/W^ W/W^ W/WW W/WW W/WW W/WW W/WW 

Mn W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW 

Mg W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW 

Ca W/qY W/YW W/q[ W/q[ W/qp W/^Z W/^Z W/^Z W/^p W/^^ 

Na W/�^ W/V[ W/Vo W/Vo W/�p W/ZW W/[Y W/[Y W/op W/[W 

K W/Wq W/Wp W/Wq W/Wp W/Wq W/W^ W/W^ W/W^ W/W^ W/WV 

Total Y/oo V/WW V/W^ V/WW Y/oo Y/o� Y/oq Y/oq V/W^ Y/o^ 

Ab �p/q[ V[/p� Vo/[q Vo/oW �Y/^W ZW/[q [o/qp [o/[V Z[/VV Z^/Wq 

Or q/Wp p/pZ p/V� p/VW p/o[ W/�Z ^/^W ^/p^ W/oZ �/WW 

An qY/�^ YW/Y� q[/[p q[/�W qp/oq ^Z/Vo ^o/VZ ^o/WV ^^/Y[ ^p/o[ 

04�F 
HGI 3*25 f���/ C
-� �GBDK1c �
��7�8 N�B%/ M�4-%5 ]it.[

$	�E ;C
-� 6 (�F�> �%'� 9$%I$%+�� .����> �
�?� DK1c.
Sample 1 2 3 4 5 6 7 8 9 AMP3-2 AMP3-3 AMP3-4 
SiO2 YV/[� Y�/WY Y�/[p Y�/Vo Y�/[o Y�/Y^ YV/Zq Y�/�q Y[/[[ YV/ZY YY/o^ Y[/YW
TiO2 ^/� ^/�V ^/Vo ^/[ ^/�p ^/pp ^/pY ^/^^ W/�� ^/[W ^/�[ ^/Vp
Al2O3 Z/�q Z/[[ Z/qV Z/Vq Z/o Z/ZY Z/o Z/Z[ Z/^Y Z/oV o/WZ [/Yo
FeO ^q/[Z ^q/o[ ^p/�p ^p/�Z ^p/�V ^q/[o ^q/�[ ^p/�Y ^p/�o ^p/[o ^p/o� ^p/^�
MnO W/^p W/^q W/^ W/WZ W/^q W/^� W/^V W/q[ W/qZ W/YW W/qZ W/Yp
MgO ^q/[V ^q/Y^ ^Y/^^ ^q/o� ^q/o ^q/qZ ^p/�V ^V/qZ ^�/^ ^Y/[Z ^Y/[W ^V/[^
CaO ^p/[ ^p/�p ^p/oY ^p/�V ^p/Z ^q/pp ^p/o� ^^/�o ^^/VZ ^W/oq ^W/Zq ^W/oW
Na2O ^/[^ ^/[� ^/Z^ ^/o^ ^/o[ ^/Z^ ^/ZZ ^/Y ^/pZ ^/Y� ^/V[ ^/po
K2O W/Wo W/W[ W/W� W/WY W/WZ W/^ W/W� W/VY W/Yp W/VZ W/�W W/YY
Cr2O3 W W W W W W W W W W/WW W/WW W/WW
Total oZ/^Y oZ/Yp oZ/q oZ/^Y oZ/ZY oZ/oq o[/qY oZ/�q oo/Wp o[/YY o�/[W o[/qY

Formula pq(O)
Si �/�[ �/[W �/[o �/[[ �/[[ �/[V �/ZW �/�^ �/�o �/V[ �/Yo �/[V
Ti W/^Z W/^Z W/^[ W/^o W/^Z W/^q W/^Y W/^p W/W[ W/^Z W/^Z W/^�
Al ^/YZ ^/VW ^/Yq ^/Y� ^/Vp ^/Vp ^/V� ^/YZ ^/qY ^/V^ ^/VV ^/p�
Fe ^/�Z ^/[W ^/Vq ^/VY ^/Vq ^/�Z ^/[W ^/VW ^/Yo ^/Vq ^/V[ ^/YV
Mn W/W^ W/Wp W/W^ W/W^ W/Wp W/Wp W/Wp W/WY W/WV W/WV W/WV W/WV
Mg p/oZ p/o^ q/W� q/Wq q/WW p/oW p/ZW q/pV q/q� q/^� q/^[ q/qq
Ca ^/oZ ^/o[ p/Wp ^/o[ ^/oZ p/W� p/W� ^/[[ ^/[Y ^/�Z ^/�Z ^/��
Na W/YZ W/VW W/V^ W/VY W/VV W/V^ W/VY W/qZ W/qV W/Y^ W/YY W/q�
K W/Wp W/W^ W/W^ W/W^ W/W^ W/Wp W/W^ W/^W W/WZ W/^^ W/^^ W/WZ
Cr W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW
Sum ^V/YZ ^V/YZ ^V/VY ^V/Vp ^V/VV ^V/Vo ^V/�^ ^V/p� ^V/^� ^V/^o ^V/pq ^V/^W

T
Si �/�[ �/[W �/[o �/[[ �/[[ �/[V �/ZW �/�^ �/�o �/V[ �/Yo �/[V
Al(IV) ^/qq ^/qW ^/p^ ^/pq ^/pq ^/pV ^/pW ^/qo ^/q^ ^/Yq ^/V^ ^/pV
Fe3+ W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW
Ti W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW
Sum Z/WW Z/WW Z/WW Z/WW Z/WW Z/WW Z/WW Z/WW Z/WW Z/WW Z/WW Z/WW

C
Al(VI) W/^V W/pW W/pp W/pY W/pZ W/p[ W/qV W/Wo W/WY W/WZ W/WY W/WW

Ti W/^Z W/^Z W/^[ W/^o W/^Z W/^q W/^Y W/^p W/W[ W/^Z W/^Z W/^�
Fe3+ W/q[ W/qW W/Wo W/^q W/W[ W/W� W/WW ^/Wq ^/pq ^/^p ^/pW ^/^�
Cr W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW
Mg p/oZ p/o^ q/W� q/Wq q/WW p/oW p/ZW q/pV q/q� q/^� q/^[ q/qq
Fe2+ ^/qW ^/qo ^/YV ^/Y^ ^/Y� ^/�^ ^/[W W/Y[ W/pV W/Y^ W/q� W/po
Mn W/W^ W/Wp W/W^ W/W^ W/Wp W/Wp W/Wp W/WY W/WV W/WV W/WV W/WV
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*!U��#��78 �i���5 �i������B �7�8 $ �4�28C
-� ���B;*(�� � �����B �?
� 
�./�- B 3�E Ob�. . .i��

Ca W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW
Sum V/WW V/WW V/WW V/WW V/WW V/WW V/WW V/WW V/WW V/WW V/WW V/WW

B
Ca ^/oZ ^/o[ p/WW ^/o[ ^/oZ p/WW p/WW ^/[[ ^/[Y ^/�Z ^/�Z ^/��

Na W/Wp W/Wq W/WW W/Wq W/Wp W/WW W/WW W/pq W/p� W/qp W/qp W/qY
Sum p/WW p/WW p/WW p/WW p/WW p/WW p/WW p/WW p/WW p/WW p/WW p/WW

A
Ca W/WW W/WW W/Wp W/WW W/WW W/W� W/W� W/WW W/WW W/WW W/WW W/WW
Na W/Y� W/Y� W/V^ W/V^ W/VY W/V^ W/VY W/^� W/Wo W/WZ W/^p W/Wp
K W/Wp W/W^ W/W^ W/W^ W/W^ W/Wp W/W^ W/^W W/WZ W/^^ W/^^ W/WZ
Sum W/YZ W/YZ W/VY W/Vp W/VV W/Vo W/�^ W/p� W/^� W/^o W/pq W/^W
Fe3+ W/q[ W/qW W/Wo W/^q W/W[ W/W� W/WW ^/Wq ^/pq ^/^p ^/pW ^/^�
Fe2+ ^/qW ^/qo ^/YV ^/Y^ ^/Y� ^/�^ ^/[W W/Y[ W/pV W/Y^ W/q� W/po

04�G��- (6 (�F�>C
-� 3�EDK1c 6 (�F�> $%7!@ �� �� �-%@ C��!B 3�E 9 $ *J�%�& (6 J(�F�> �J�'@ � CJ
-� DK1c �-� J7� �� Si �� 
�� �/�B �(�� T5���Mg/ (Mg+Fe2+)]^Z.[

B����C 

��/ �5 �- �%'� 3�E.����> �
�?� C
-� 3�EDK1c �� 6$*U q
#*8 #��$>*�- .5 �� �/�B %
���� M�4-%^^�(4�`� ;\��B- f/- 

8*%5�25 $ ��E�+�� �!B 6 �%	 )I M2-3 1-0 T4 O10 A2(
��,� ���> 3��?K�4 6 �%	8�4- #* .��/ �5 N�B%/ 3�E

 �4�%5 �� ���2e �- �+T+8���-�4-*�I ���/ �5 $%7!@ ��
)���>O��!�	$�*�4 (�?	%& �-%@*�-.f?��4 �� ��/ �5 ���B -

����'	 $ ��,	 ���� m-%��w/ �5 ��� &%&� $ �
�7&�� 3�E
#*���4 ; e �
�ESiO2, O2, H2O$FhG��B �4- M��Q 

]pW.[�25%53�E�-� 7� 10*TiO2T5��� �� Si $Mg-

(AlVI+Fe3++Ti)-(Fe2++Mn) ��/ �5 �� � 3�E4�%5���
#�$*`�3��/ �5 f
.�2� 3�E-��� �-%@ �*�%�& )T+8�$ 9

�.(4�%5���/ �5 �-� 7� �� �4�%5 �� � 3�E
(FeO*+MnO)-10*TiO2-MgO ]pp[�� ;�,� *E�)T+8

�m(�� � ��/ �5 �B a4�%5���#%?�&3��/ �5 3�E $ ���$- 
��/ �5�� �-%@ �?	�
 #��5$� 6��'/ ���$- 3�E*�%�& .%5�25 ]p^[�
�-*��Ti��/ �5 �5 �?�5-$ �E ��%&�5 $ #� 5XFeO* =

[(FeO*+MnO)/(FeO*+MnO+MgO)] ;�5.�� {24 
�� %��w/*2B .�-*�� h] 7'�Ti��/ �5 �� �5 ��
.7E 3�E

 �- P�(8- 3*��B- 3�E��	Ti�� ;�,� R
-.	- *E�]pp[.
�-*��AlVI��/ �5 �� 3-%5 f�� 3�E���'� �- �+
 ;- 2" �5 �E

�&\
$ �4�%5;> 3�E�4�E .��2�7EAlVI %FD �/ ��
�I 
)AlVI<1 (�&\
$ �- �4- �
�7&�� ��/ �5 3�E]p^[�� �B

��/ �5 �� � �4�%5 �� � 3�E)W^q/W(�� �*D*2B .�5
#*��"3]pW[�2: *�$� 
.�2� $ �E> �- �&*8 ��/ �5 �� f

�5 �0?�5%&
&*�.��
- �5 ��-� �7&�� � !(/ 6 ) �� ;\��B- 
L
-%8 �� $ #*8 �2: f
.�2� �- R
��B- L
-%8 �� �B T���

�� �2: �E> �- ��Q-*� 8 .C
-� �
-%5�25 �?
� 
�./�- B 3�E
��B- L
-%8 �� ; 0� 4 b� ;*'�
R#*8 T�+,/ *�-.

�-�g%;H ��E 3- ?`� ��/ �5 ��EC
-� �; 0� 4 3�E
*��-� %!B �5 �(�� 3%?,�5 � _ !	 .��0���� �-*�� �B 3� ) �5

{24 �� � _ !	 �$*Q �- �
$%5�& �/ �?��-%& 3�EZ/W�/pZ/W
�$*Q �- %!B ��0���� �-*�� $ ���$ *D��Wq/W�/pq/W*D�� 

�4- %�w?� ���$ .��/ �5 �� � U � � _ !	 �-*��C
-� 3�E
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*!U��#��78 �i���5 �i������B �7�8 $ �4�28C
-� ���B;*(�� � �����B �?
� 
�./�- B 3�E Ob�. . .i��

��12�)pp/W/��^/W(%!B $)^^/W�/^q/W(�4- .*2e %E
 �5 %!B $ � _ !	 l
� /-*U
R�7&�� ��� -� �,
-.	- *�$� #�-*& 

/�+�!�4��� ;�,� *E� ]pq[��	 C
 �B %K> TQ-%� �� ��- 
�4- T�+,/ 6�Q �� �5>�;> l
� / $ �5> ��	 ��5 �E#�-*&3

4�!�/�+��� � _ !	 �B 3� ) �5 �4- m$�F?� �-*&#3
/�+�!�4��� �2: �5> ��	 �� %!B $*� 8]pY[.h] 7'� 

6 !`� �� $ *2?�E �2: %!B �- ]�5 3��� �� �
�7&�� 3�E
��
�I 3����1�� �- %/3�� %/%��	 %!B �- ��-%`5 *� 8]pV[.

%5�25 ��2�7E �E> �%) TD-O� _ !	 ]p��p[[��� �E> R
-.	-
6 !`� ;-.�� RE�B �5 �
�7&�� 3�E�4- #-%7E � _ !	 .
�4�%5���B 3�E �E> 3�E*��B- �-*�� R
-.	- �- �B�Q �4�28

)��?20� (�4- $%5�& �/ ���-%& �-.

$	�E?3�E.����> �
�?� �8�-�%I.
� C
-� ��/ �5 ���B �%'� DK1c 
Sample AB1 AB2 AB3 AB4 AB5 AB6 AB7 AB8 AB9 
SiO2 q[/�q q[/[Z q[/o� q[/V� q[/q[ q�/ZZ q�/Yo q�/^Y q�/�V 

TiO2 Y/Wp Y/qV Y/qY Y/q[ Y/p� Y/qp Y/pp q/V[ Y/pp 

Al2O3 ^Y/pZ ^Y/^[ ^Y/q^ ^Y/pW ^Y/qW ^Y/^q ^Y/^p ^Y/VV ^Y/^[ 

Cr2O3 W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW 

FeO ^q/[Y ^q/[Y ^q/Vp ^q/�� ^q/ZV ^q/YZ ^q/VW ^Y/^o ^q/�p 

MnO W/^^ W/^� W/^q W/^Y W/^V W/^q W/^V W/^o W/^Z 

MgO ^�/oY ^�/pY ^�/�^ ^�/V� ^�/YW ^V/V^ ^V/�W ^�/qW ^V/�Z 

CaO W/W[ W/Wo W/^^ W/Wq W/WY W/W^ W/Wp W/WV W/W^ 

Na2O W/qZ W/YV W/YZ W/Yp W/YW W/V� W/VZ W/VV W/Vp 

K2O [/[[ Z/pp Z/q� Z/^� [/Zq Z/qW Z/^Y �/�V Z/^^ 

BaO W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW 

F W/pp W/�^ W/Yq W/qZ W/q^ W/q[ W/q� W/qo W/pq 

Cl W/^p W/^q W/^q W/^q W/^q W/^p W/^p W/^^ W/^p 

O=F,Cl W/^p W/po W/p^ W/^o W/^� W/^Z W/^Z W/^o W/^p 

Total oV/^� oV/�V o�/^[ oV/Yp oY/ZZ oq/�V oq/^^ op/VW oq/qo 

Formula ^^(O)  

Si p/[[ p/[Z p/[Z p/[[ p/[[ p/[Z p/[� p/[Y p/[� 

Ti W/pp W/pY W/pY W/pY W/pY W/pY W/pY W/pW W/pY 

Al ^/pY ^/pq ^/pq ^/pq ^/pV ^/pV ^/p� ^/qW ^/p� 

Cr W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW 

Fe3+ W/WZ W/WZ W/WZ W/WZ W/Wo W/WZ W/Wo W/Wo W/Wo 

Fe2+ W/[� W/[� W/[Y W/[� W/[[ W/[� W/[[ W/Z^ W/[[ 

Mn W/W^ W/W^ W/W^ W/W^ W/W^ W/W^ W/W^ W/W^ W/W^ 

Mg ^/Z� ^/[Z ^/Z^ ^/Zp ^/Z^ ^/[Y ^/[� ^/ZY ^/[� 

Ca W/W^ W/W^ W/W^ W/WW W/WW W/WW W/WW W/WW W/WW 

Na W/WV W/W� W/W[ W/W� W/W� W/WZ W/WZ W/WZ W/WZ 

K W/[q W/[[ W/[Z W/[[ W/[Y W/ZW W/[o W/�Y W/[Z 

Ba W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW W/WW 

Total  [/[Y [/[Y [/[V [/[Y [/[q [/[V [/[� [/[p [/[V 
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#�-� ���Q �T��" �*
u� ����7B ;-%
- �4�28 ���B $ �4�28� !5 �!<� i��

04�H��- (��/ �5 N�B%/ C
-� 3�EDK1c �-� J7� �� Al TJ5��� �� Fe/(Fe+Mg)]pZ.[9$�(�J�/ �5 NJ�B%/ CJ
-� 3�JEDK1c �� 
3�E�-� 7�10*TiO2T5��� �� Si$Mg-(AlVI+Fe3++Ti)-(Fe2++Mn) ]po[m $(��/ �5 N�B%/ 3�E C
-�DK1c �-� 7� ��(FeO*+MnO)-

10*TiO2-MgO ]p^.[
�I� J�.� )��+�)�K�
�B����C 	 $���@�A +� *��@�
� �C 

$���@�A 
6 (�F�> �R�-�$%	 �5 �?�5-$ 3�ENa2O$TiO2��
�I 3%/

�`FD ;��� P- �- �5 �(�� 3-(I-Amph) �-� 7� M�4-%5 *��-� 
��() �
�7&�� � ?+/ 3*25]qW[6 (�F�> �� ��12� 3�E

#%?�&36 (�F�> %I 4 L�`� �5 �?�5-$ 3�E �,B-*5�4- 
(S-Amph)�� �-%@ *�%�&)T+8 [.($ ��E�� ���'/ 3-%5

C
-� �_�7&�� �8%4 N�B%/ �- #��F?4- �5 ��12� 3�E
#%�w?� $� 3�E�-� 7� �- �6 (�F�> �_��7�8MgO, 

Na2O/K2O, K2O$Na2O%5-%5 �� TiO2]q^[#��F?4-
�4- #*8.%5�� 7� ��E�-� 7� �
- M�4- �� �'��1� �� � 3�E

$%7!@�(8!@���
O!@���
�?	%& �-%@ *�- )T+8t(�%0
� �%) �- 
�-*��AlIV = 1.5 �
�7&�� � ?+/ L�`� R
-*U �%� ;- 2" �5 

6 (�F�>�4- #*8 �?	%& %g� �� �E .�� & �5 �- %/]�5 ��@�- �B 3-
V/^6 (�F�> �5 �?�5-$ �
�E�� �B *�- �$*Q �� 3�E��,	 ^W

L�`� �� $ ��5 !�B���� 3�E�� T+8 �4 @ %_-.U �?K�4 -
��
�I ��@�- $ *�%�& �- %/V/^6 (�F�> �%'� �� �B *2?�E �
�E

��8�Q#��@ 6�'	 3�E#*8 T�+,/ 3- *�-]qpOqY[.�
- %5
 �-*�� �5 �U / �5 M�4- AlIV)6$*Up(6 (�F�> ���7/ 3�E

C
-��4�%5 �� � 3�E �- %?7B %
���� V/^$%7!@ �� $ �?8-� 
��8�Q#��@ 6�'	 3�� �-%@ R�-�$%	 �5 �?�5-$ 3-*�%�&.
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*!U��#��78 �i���5 �i������B �7�8 $ �4�28C
-� ���B;*(�� � �����B �?
� 
�./�- B 3�E Ob�. . .i��

04�L��() �-� 7� 6 (�F�> �
�7&�� � ?+/ 3*25 3�EDK1c]qW.[

04�M6 (�F�> �_��7�8 N�B%/ �- #��F?4- �5 �?
� 
�./�- B C
-� ��E�� �E]q^.[
B����C 
��/ �5E�7&�� ��7<�- �
��� $ ����� TQ-%� �� �
�7&�� 3�

 �GB 
HGI $ *2!(�� E �5 ;��.7E)L4-$ *Q N�B%/ �5 (� !(?�
�� *� 8]qV.[��/ �5 N�B%/ {24 �� �E N�B%/ l5�/ �E

 �*� � 3�7&��%&
&*�.�3��� �;\��B- #�-*& #�0?4�K $
�4�7&�� .�-� 7� ��FeO*OAl2O3�Al2O3-MgO�FeO*O

MgO �Mg-Al�FeO*OAl2O3OMgO)T+8o(��/ �5 3�E
 �� �4�%5 �� �#%?�&3�?8��E3�
-.E B +E>�O!@���
(C) 

�?	%& �-%@*�- .3�E*�$�+E>�O!@���
�
-.E B %5�253�E�-� 7� 
]q�) [T+8o(�&\
$ �
- a�4- m�(�- T5�@ ���> 3-%5 �

��2�7E�54$��!3�-� 7�Altot-Mg)T+8o�] (q[[.��
�4- *�_�/ T5�@ .��/ �5 �
��7�8 N�B%/ �5 �U / �5 �� � 3�E

�� �4�%5 L�`� C
 �� ���> ;�5.�� {24 �B �F& ;- /
����?K�4��5�,� #� / 3�E+E>�O!@���
T�+,/ �
-.E B 
8�4- #* .

��� )��+��
�� �N�
��O� ��
��
������� ���)DK1c(
$���@�A �N�
��O� 

f�� *2!(�� EC
-� �� �
.�2�$%	 ��	 �
%/ �
� 
�./�- B 3�E 

�4- �4�%5 �� � .�
�I%5�4�%5 �
- 3N�B%/ �B *8 � !'� �E
m-%��w/ �5 �(�� m*8 �5 *2!(�� E M��Q ��� $ ��,	 L
-%8 

�4- .�2��� ���'� �?	%& %g� �� �5 �� �3*25�(4�`� 6 �%	 3
M�4- %5 6 (�F�>i�3�2j?4- �5 ; �/�B CNK $��;\��B- .

%
���� M�4- %5 6 (�F�> �<24��,	 �� Al(total)  �$� ���e �-
 �4- #*8 #��F?4- %
�)6$*U v(]�tOvi[.�- TD�Q �
�?� 

�(4�`� �� ��,	 36$*U v#*8 �DGK m� D �5 �� 3-
6$*U ��4- #*8 �_-�- .%?�-��I M�4-%5Altot %5-%5 �� 

Fetot/(Fetot+Mg) ]Yp[�6 (�F�> C
-� �� � U � 3�E
DK1c ��5 ��,	 �� ; 0� 4 ;*'� ���/vT�+,/ ��5 !�B 

#*8 *�-)T+8i���-(.��� �- #��F?4- �5 ��2�7E O�<24��,	
 ���B �� � U � f���?�/ $ � �2�� �> 3�E*��B- M�4-%5

 �5 C
�.� � !(/ 3��� �6 (�F�>t���U�� �?��4 3�� �-%&
 6��'� 3��,	��/v{24 �� 6 (�F�> � !(/ 3-%5 ��5 !�B 3�E

�� �5�
��- ��12� � 8)T+8i�9.(
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#�-� ���Q �T��" �*
u� ����7B ;-%
- �4�28 ���B $ �4�28� !5 �!<� i��

04�Pm $ 9 ���- (4%/f�3�E*��B- FeO* �MgO $Al2O3��/ �5 3�E C
-�DK1c]q�[� $(f�4%/Mg TJ5��� �� Al �J�/ �5 3�JE
 C
-�DK1c ]q[.[

$	�EQ�$�6 (�F�> �� �<24��,	 3-%5 #��F?4- �� � 3�E�E.
�"����� �RK ����� ��O� (�
�.� $���� *��@�
� ���� <	� ��O� 
R2= 0.8 ± 3Kbar -3.92 + 5.03* Al(total) ]qZ[P1 

R2= 0.97 ± 1Kbar -4.76 + 5.64* Al(total)  ]qo[P2 

R2= 0.99 ± 0.5Kbar -3.46 + 4.23* Al(total) ]YW[P3 

R2= 0.99 ± 0.6Kbar -3.01 + 4.76* Al(total) ]Y^[P4 

$	�EG6 �%	 �- #*8 �(4�`� �
�?� �3%?�$��5 m$�F?� 3�E �$� TD�Q �
�?� m$�F?� 3�E 6 J(�F�> �� ;\��JB- �?�J4�& 	 $ 3%?� �%/ 3�JE 
C
-�DK1c.

Sample P1 P2 P3 P4 T1 T2 fO2 
Dk^c q/Vq q/� p/Z^ Y/WY Z[Y/Yp [YZ/^Z -^^/Y[ 

Dk^c q/�Y q/[p p/o Y/^V Z[^/Vp [VW/[Z -^^/Vq 

Dk^c q/pZ q/q^ p/Vo q/Z Zoq/VZ [Yp/W� -^^/W[ 

Dk^c q/Yq q/Yo p/[p q/oV Zo^/qY [YV/Zp -^^/^
Dk^c q/[^ q/Z p/o� Y/p^ oW[/qq [Vp/Yq -^W/[^ 

Dk^c q/[^ q/[o p/oV Y/p^ Zo[/qY [Vp/q^ -^W/oq 

Dk^c q/o^ Y/W^ q/^p Y/Y oWZ/p� [V[/^ -^W/�[ 

Dk^c q/Vq q/� p/Z^ Y/WY [��/op [YZ/p -^Y/p^ 

Dk^c p/ZY p/Zp p/pq q/qo [pW/�V [q^/�q -^V/�� 

Dk^c ^/[� ^/�^ ^/qp p/q[ �[V/qo [WV/Z -^[/p[ 

Dk^c ^/VZ ^/Y ^/^� p/^o �[q/o^ [W^/qZ -^[/qV 

Dk^c ^/Y ^/p^ ^/Wp p/Wq �[Y/^p �o[/^[ -^[/q[ 

Dk^c ^/ZY ^/[ ^/qo p/YY �Zp/�q [W[/[p -^[/Wp 
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*!U��#��78 �i���5 �i������B �7�8 $ �4�28C
-� ���B;*(�� � �����B �?
� 
�./�- B 3�E Ob�. . .i��

Dk^c ^/o� ^/Zq ^/YZ p/VV �[Z/Zp [^W/V -^[/^q 

Dk^c ^/^q W/o W/[o ^/[[ �[p/[q �oW/[ -^[/YV 

Dk^c ^/ZY ^/[ ^/qZ p/YY �ZW/V^ [W[/� -^[/Wo 

Dk^c ^/[^ ^/VV ^/p[ p/qp �[�/V[ [WY/Vq -^[/pY 

Dk^c p/ZY p/Zp p/pq q/qo [p[/�p [q^/�Y -^V/YV 

Dk^c V/o� �/qp Y/ZV �/qY Zq�/�� ZW�/qV -^p/WZ 

Dk^c p/VY p/YZ ^/o[ q/^ �o^/qY [pY/qp -^�/�q 

Dk^c q/�o q/[[ p/oY Y/^o [qY/pY [V^/ZV -^V/^q 

Dk^c q/Z� q/o� q/WZ Y/qV [Vp/Yp [VV/o� -^Y/VZ 

Dk^c p/Y p/qq ^/ZV p/o[ �oW/Yq [p^/WV -^�/�Z 

Dk^c p/p[ p/^Z ^/[Y p/ZV �ZY/^[ [^[/oq -^�/o^ 

04�ST��- (6 (�F�> T�+,/ ��,	 #�$*`�C
-� �� �EDK1c  �- ; 0� 4 ;*'� ��/ ��5 !�B v�4- ��5 !�B ]Y^[9 �(�!I$.
- 3�EAl2O3$
TiO26 (�F�> C
-� 3��� $ ��,	 ���'/ 3-%5 �'5�/ ;- 2" �5 ���$ *D�� �
�I %5 �EDK1c ]Yq.[

U�
� �C $���@�A ��������(Na+K)[A] 

{24 �� 6 (�F�> � !(/ 3��� ���'/ 3-%5 �- �4�%5 �� � 3�E
L4 / #*8 �_-�- �$� ]YY[8 #��F?4- �4�%5 �) �B �* 3�E

6 (�F�> N�B%/ 3$� � K�15-� ��E �&*8%I ;��� �5%</ 3
��12� 3A%
� T+8 �5 �B -� ;> � !(/ 3��� $ 6 (�F�> �� 

��$> �4� �5 ��4-.
T(T1) = 479.8* (Na+K)[A] + 643.5              R2=0.63 

6 (�F�> ���B �$� �<24��� ;�2�7)- �*" �-*��–�GB 
HGI �
�/ �(
%YWOqV�4- �-%0�?��4 �U�� ]Yp.[�4�%5 ��<�- 3�E

 #*8�24��� �5 ]YY[�B �-� ;�,�oV�(4�`� 3�E��� *D��
 �-�� K%5 �� (@ T5�@ �`D �- #*8 �_-�- %?� �%/ L4 / #*8

6 (�F�> � !(/ 3��� �(4�`� 3-%5 ����'� �
- �- $ �4- 3�E
 �� �4�%5�*8 #��F?4- .� m�(4�`� �
- �
�?� �6$*U V�_-�- 
#*8*�- .��2�7E]qY[�� �5 ;��� f��?�� ��(/�- �?	%& %g�

 � !(/ 3��� �(4�`� 3-%5 -� %
� ����'� ���� $ ��,	 m-%��w/
 �- 6 (�F�><24��,	����2,�I 6 (�F�> %B#�*�-:

T(T2) = 25.3* P + 645.9 

{24 3��� �(4�`� 3-%5 �� � 3�E4�%5��3�1K �!" �5 
4�`� %?7B �
�?� �- m�(<24��,	���$� ]Y^[#*8 #��F?4- 

�4- .#-%7E �5 .�� �(4�`� �
- �- TD�Q �
�?�7B��2�5�,��2
� $�0������6$*U V#*8 #��$> *�- .��
��� �-33��� 

{24 #*8 �(4�`� �� � 3�E4�%5��$� ]YY[��
�I 3��� 

�� ;�,� -� 3%/*E�.

N�
�������� �� +� *��@�
� �C B����C 
;�5.�� �- ��/ �5 ���B f�� 3�ETi{24 �� �
�=> 3�E

�� 9 �`�� 8 .��/ �5 ��?K�4 �� %y2" �
- �2
.0
�U
��-� ��� �5 f��?�� ��(/�- .��/ �5 C
-� �� � U � 3�E

DK1c�$*Q 3��� �VW �/ [WW�U�� 3�?��4 ;�,� -� �-%&
�� *2E�)T+8ii��-.(

)��I��A �V���� �W���
�W$���@��
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*!U��#��78 �i���5 �i������B �7�8 $ �4�28C
-� ���B;*(�� � �����B �?
� 
�./�- B 3�E Ob�. . .i��

�" 7<� �B �4- �
�E� ?B�	 �!7U �- ;\��B- �&*�.
%&
���B�� �-%@ %���/ �`/ -� {24 3�E*E� .;\��x- �&*�.
%& 

���$-3�
�7&�� �5 ��E�� �- � ;> #�0?4�K �0?�5 ��-� �x 

� K �'5�/ �- #�0
�U �����4- ;> �?K�4]Y�[3�E�7&�� �5 

�U��3�,
��x- �%/]�5 h] 7'� �5 3�E�%� m�`FD -%07E 

*2E-%7E]Y[[.�!D- ;- 2" �5 ;\��B- �&*�.
%& ���'/ 3-%5-
{24 �� ;H$�*�E �5 #-%7E 3��& ��	 �
%/���B 3-�-� 3�E 3�E

���B �
��7�8 N�B%/ �- #��F?4- ��-*5> 6 (�F�> $ 3*��B- 3�E
 �4- 6 7'�]YZ.[6 (�F�> �E���x3�E �7�� 3-%5 �
�4�28 

L
-%8 .
%&;\��x- �&*� �- *2?�E �7&�� ]Yo[.�$� �- �+
 -
{24 �� ;\��B- �&*�.
%& �5�
��- 3�E �4�%5 �3= F� 3�E

6 (�F�> N�B%/ 3-�-� �_��7�8 %g� �- �B �4- �
�E
AlIV>0.75 $Fetot/(Fetot+Mg)>0.3 *2?�E ]^Z.[3-%5 

04�SS��- (�-*�� #��F?4- �5 3%?� �%/ �
�?�Ti��� �� T5Mg/Mg+Fe C
-� 3-%5 3�EDK1c] .v�[9 �(%5 ;\��B- �?�4�& 	 ���'/ �-� 7�
6 (�F�> N�B%/ �
�I�� 7� ��'@ � $ �E C
-� 3�EDK1c �;> �� ]��.[

�
�I %5 ;\��B- �&*�.
%& ���'/6 (�F�> N�B%/ 3�- ��E

 �-� 7�Fe/(Fe+Mg)-Al(IV) ]VW[�4- #*8 #��F?4- .�+��2e
�� �gQG�8�� 7� �  -� ;\��B- �&*�.
%& ��4�%5 �� � 3�E

�
� 
�./�- B �� 6 (�F�> � !(/ ;��� ���� ;�,� �E*2E� 

)T+8ii9.(#-%7E �F4- $ ./�- B ;��.7E � �Q �7� ��
�
� 
�./�- B �� 6 (�F�>;�,� ���12� 3�E#*2E� ;� 5 ]�5 3

L�`� $ ;\��B- �&*�.
%&�4-%07E 3�E .�(4�`� 3-%53
�15-� �- ;\��B- �&*�.
%& ;-.��]V^[�4- #*8 #��F?4- :

log fO2 = -30930/T + 14.98 + 0.142 (P-1)/T 
C
-� 3-%5 ;\��B- �&*�.
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