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�3 ��$: �3 # (�$3 ���� �>&� �P r5� r5�� �"�
� ( �# �$�

�b&P r&5*P @�A)�[@�A (�3 ,k�$
Sk' r��� @�"�5P
)�-' ;&B4BX&(�� "� C�! �� �B
�$;$; �
YlP ��" �� #  A�

 �3 �&�-� �3 r
 0P �� �" 4B�A �# &'" # �
�-� .�m� ,"
(�B�7 �� �A,k�$
Sk' �0&��P@�"�M �&0�T �P +
, �T 

��  ��&7 .( � �B
�$;$; @,�3 @�A,k�$
Sk' 8$E � �"
"�3�43
�B>� h�3 +@(�B�7 �� ( � �B
�$;$; 8T ," @

�� �"�M +
, �T R&��P ( � �B
�$;$; " 
 � h�3 #  ��&7 
s*P "� �&0�T&r�� 4A�)r5��.(

78�?���� ," �'$5;#�5&� 2`�� r&5*P @�A ( 4A�@<4; .,k�$
Sk')Pl ( �
YlP ���T @"�"�@C$0&9�T # �B
�$;$; @�A)Amp ( �=3 ��$=:
r5� �>&� # �"� r5� �B
�-� �
YlP �3 �"� 8 �)Chl ( +��#�&'$4&-� #�A)Cpx(p,�� 2`�� @[�3 ��.�' 
� 8" &� @�4�/��=-&� �=B� �=�" :�$=�
@��. PPL �I:21��B� ( &0`M �$� XPL 
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�5� �@��5A� 8�
�#"� ��4J#�3 8�&��0� �I$54AT (�",� ���O # �;�4��$-3 �-l� 8"�
" �;�4 ���

7"�@$�P
���� ," ��#�B5�" ��,"��'Y
� �r&5*P @�A ( 4A�@;��3 ��$� <4; �.h�3 (�&P h�3 # �B&0�T R&��P ,k�$
Sk' +�#� @�A
�4W R&��P �&P�$�T ," �P)+
, �T (�� 8�*�  4A�.

�����	
 
���� +
"�>&� r5��3 �P �"� r5�# (�$3 �3 �A�7@�A,kO$
Sk' 

I�; �P X&B&	" �	�3 X&B&	"�
� ( ��$�.

 �
#���� 
� (," ==�" ��=D� ," ���==� +=
" =&�$==-3 8�@�==3 # (�$=3 �==P r5=�

�>&� r5��;�"� .�� �B=;� #� 8T �v�. 21���F�d #]\را

 �� 8�*�  4A� ��"� �� �B;� X
 ��$1 21��� ##  �)��  4E 
($�M @")�
�>7�� (#Y0; )@�&K�P (�� 8�*�  =4A� .�=3 �=
YlP

 �
�-�)�.�/� @�A�$-3 (#���O � � O =
 =� ( � �$=� .�=m� ,"
  4-0��$A$
Y&4� ��
Y)4&B�A$
Y&4� ��&��" ," ��
�&>&� R&��P

s*P �$4&B�" #&( � r �".

� � ���� 
�3 ���� +
"� ��$:&� �$-3 Y
� �P �$-3 8�
 � (��3 # �$� r5�

�>&� �P r5��;" �"� .+
" �3 �J$P �3 ��0��W ���
YlP +9;" �3 
( �)�3 # �$-3 Y
� (," �" ��D� ," �O �;" r5�(( � �1�!"

� ( �"$K �&4>-
" ��;"��$� .���� �3 �&4>-
" �A@�
YlP
+9;" ( � ��$�$� �+" �B	�
 r5��&&bP ;�.

�����	
 ���� ��	� 
h�$� @�A,@��
 �`3"� �K�4� �� @�
�&>&=� R=&��P +&=3 

+��#�&'$4&-� <4=; �&A�� �3 +
�QT @�A 8T 8�=3Y&� @�=A �=A
 �;" �B	�7 ��$:]\[.N�=3$� # #�&�$�]^��[ =��"� 8�*=�

 @"$BD� ��Ti #Al+��#�&'$4&-� �3 ?�1 X
 ," �A��/	 =&�
8T ," �� j&-&; ( � �$-0B� � �"�B�3"#
� ?�1 ," # (�$3 �3 �)

 �=�$P @�=A�>7�� �"$=�" �� R&P�P �3 �� �:�4. +
" �0�� ��=B
"
�� h
"Y	" +��5�T�' # +��5�T ��"� �)B�3 � 3�
.

�B�
~�
=�#�Bs�" �#�=OY�+�=�#�&'$4&-� ," (�$=P @�=A@
��$� @Q$9�;��3�C# J �� F( � �
"�"  =�" .�"�$=>� ��Q-J 

��$>� ;��3 ��$� @�A�(�B�=7 �� @+�=�#�&' �=A V&�=-� @�
+==AT�V
Y==&4� �"� )(Quad�==� �"�==M  ==��&7 )r5==�\.(�==&-�

+��#�&' =;��3 ��$� @�A����=
S#" 8" =&�  &�='$
� #]g[
�
$�P ��  �$=�)5=� r�(.8�=4E �=O C# =J �� F( A�*=�
�� +��#�&'$4&-� �
��B�" @�t." R&��P �$� (�$=P +=
" ," �=A

 �==3 �==3"�3En40.95-44.13 Wo43.97-45.69 Fs10.92-
14.25�;" .
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 -J ���(��>� �����3�6�� �� +��#�&'$4&-� ���� �>&� <4; (�� �5>�  047 �
#�3�7 @�A. . .���

�� ,A�`�� Y&���T ~
�B� �0;�D� # +��#�&'$4&-� @"@8T @��BK�; C$��	 .
Label D1- Cpx1-1 D1- Cpx1-2 D1-Cpx1-5 D1-Cpx1-6 D2-Cpx-1 D2-Cpx-2 D2- Cpx-3 
SiO2 g^/]H  x{/��  {�/��  ��/��  �x/��  x�/��  ��/��  
TiO2 �x/� FG/F ��/� ��/� ��/� ��/� �{/�
Al2O3 \d/G �6/x ��/6 {�/6 ��/� ��/� ��/6
Cr2O3 ]�/H x�/� 6�/� 6x/� �x/� x�/� ��/�
FeO H^/� �6/� x�/� x�/� ��/� ��/� ��/�
MnO �x/� ��/� �x/� �x/� ��/� �{/� �{/�
MgO {�/�x  x6/�x  x�/�x  x6/�x  ��/��  ��/��  ��/�x  
CaO ��/��  x�/��  x�/��  ��/��  ��/��  x�/��  x�/��  
Na2O 6�/� x6/� x6/� x�/� 66/� x�/� d�/H
K2O HH/H HH/H HH/H HH/H HH/H ��/� HH/H
P2O5 gG/H HH/H F^/H HH/H ��/� ��/� ��/�
NiO Hd/H ��/� HG/H ��/� ��/� ��/� Hd/H

F HH/H G�/H ��/� 6�/� �{/� ��/� ��/�
Total gF/FHH  6�/���  ���/��  �6/���  ��/��  6�/���  ��/��  

�@�40� �3 ��0;�D\�� 8Z&��" VP"  ��3  
Si �{�/� �x{/� ���/� �{�/� ���/� �{�/� ���/�
Ti H�\/H �6�/� �6�/� �6�/� ���/� ���/� HdH/H
Al F]�/H ���/� F]d/H �{�/� ���/� ���/� �{�/�
Cr ���/� ��x/� ���/� ��H/� ���/� ���/� HHH/H

Fe3+ HHH/H ���/� �{6/� ���/� F�H/H ���/� ���/�
Fe2+ ���/� ���/� �{�/� �{�/� ���/� HHH/H �{�/�
Mn ��x/� ��x/� ��x/� HHH/H ���/� ���/� ���/�
Mg ^HH/H ���/� ��{/� ���/� �x�/� ���/� ���/�
Ca �x{/� �x�/� ��6/� �x�/� �6�/� �6�/� ^]H/H
Na ���/� �6�/� �6�/� HGH/H ���/� HGH/H HGH/H
K HHH/H HHH/H HHH/H HHH/H HHH/H HHH/H HHH/H
P ���/� HHH/H ��{/� HHH/H ���/� HHH/H HHH/H
Ni ���/� ���/� ���/� HHH/H HHH/H HHH/H HHH/H
F HHH/H HG�/H ���/� ���/� �6�/� HgH/H ���/�

Sum ���/6 ���/x ���/x ���/6 ���/6 ���/6 ���/x
Name  &�'$
�  &�'$
�  &�'$
�  &�'$
� "�
S#  �
S#"  &�'$
� 

Al(IV) FGG/H F]d/H ���/� �6�/� ���/� ��6/� ���/�
Al(VI) H�d/H H�d/H ���/� ���/� HH�/H HHH/H �6�/�

Mg/(Fe2++Mg) ���/� ��{/� ���/� �6�/� ���/� ���/� ���/�
Q �{�/� ���/� ���/� {��/� ��x/� {x/� ���/�
J ���/� �{�/� H\�/H �{�/� �x�/� ���/� �{�/�

Q+J ���/� �{�/� ���/� ���/� ���/� {��/� ��{/�
J/(J+Q) ���/� HG]/H �66/� �6x/� ��{/� �6x/� HG\/H
MolWo 6�/x�  ��/x�  �x/x�  ��/x�  ��/x6  ��/xx  ��/x�  
MolEn ��/x�  �x/x�  �6/x�  ��/x�  ��/xx  �6/xx  x�/x�  
MolFs ��/��  ��/��  �6/��  x6/��  �x/��  ��/��  ��/�6  
group quad-Px quad-Px quad-Px quad-Px quad-Px quad-Px quad-Px 
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�5� �@��5A� 8�
�#"� ��4J#�3 8�&��0� �I$54AT (�",� ���O # �;�4��$-3 �-l� 8"�
" �;�4 �{�

 �� , 5�%�%A
Label D2-Cpx-4 D3-Cpx-1 D3-Cpx-2 D3-Cpx-3 D3-Cpx-4 D3-Cpx-5 
SiO2 \^/]H 6�/�� x�/�� 6{/�� �{/�� ��/��
TiO2 �6/� ��/� ��/� ��/� H\/F ��/�
Al2O3 ��/6 ��/� �{/6 �{/6 ��/6 {{/�
Cr2O3 Hd/H �{/� ��/� 6x/� �{/� 6{/�
FeO gF/� gG/� gd/� \g/� ��/� G�/�
MnO F�/H ��/� ��/� ��/� �{/� ��/�
MgO �d/Fd  ��/�6  6x/�x  ��/�x  x�/�x  �x/�6  
CaO ]]/�F  ��/��  {�/��  6{/��  x�/��  ��/��  
Na2O x�/� �{/� xx/� x6/� xx/� ��/�
K2O HH/H ��/� ��/� ��/� HH/H HH/H
P2O5 ��/� ��/� x�/� Hd/H ��/� �6/�
NiO HH/H �6/� HH/H ��/� ��/� ��/�

F �{/� ��/� HH/H ��/� ��/� �{/�
Total {�/��  66/���  {�/��  ��/��  �x/��  6x/��  

@�40� �3 ��0;�D�\�� 8Z&��" VP"  ��3  
Si ���/� ���/� ���/� ���/� �x�/� �x�/�
Ti �6x/� ��x/� �66/� �6G/� ���/� ��6/�
Al �6�/� ���/� �6x/� �{�/� �{x/� ��6/�
Cr ���/� ���/� ���/� ���/� ��{/� ���/�

Fe3+ ���/� ���/� �6x/� �6{/� �{�/� �x�/�
Fe2+ F]F/H ��{/� ��6/� ���/� �{6/� ���/�
Mn ���/� HH\/H ���/� ���/� ���/� HH\/H
Mg ���/� �{�/� ���/� ���/� ��{/� ��{/�
Ca ��{/� ��x/� ^\F/H �x6/� ���/� �6x/�
Na �6�/� H]d/H �6�/� �6�/� �6�/� H]g/H
K HHH/H HHH/H HHH/H HHH/H HHH/H HHH/H
P HH\/H HHG/H ��x/� ���/� HH�/H HHd/H
Ni HHH/H ���/� HHH/H ���/� ���/� ���/�
F ���/� �6x/� HHH/H �6F/� �6x/� HH�/H

Sum ���/x ���/x ���/x ���/x ggg/G ���/x
Name  &�'$
�  &�'$
�  &�'$
�  &�'$
�  &�'$
�  &�'$
� 
Al(IV) ���/� ���/� ���/� �x�/� ��6/� ���/�
Al(VI) ���/� HH�/H ���/� ��6/� ���/� ���/�

Mg/(Fe2++Mg) �6�/� �{�/� ���/� ��{/� ���/� ���/�
Q ��x/� �6�/� ���/� ���/� ���/� ���/�
J H�H/H ���/� �{6/� �{�/� �{6/� ���/�

Q+J ^\d/F �x6/� gGG/F ���/� ���/� �x�/�
J/(J+Q) HG^/H ���/� HGG/H HGd/H HG\/H �{�/�
MolWo ��/x�  {�/x�  �6/x�  ��/x�  6�/x�  xx/xx  
MolEn ]\/dF  ��/x�  {�/x�  ��/x�  x�/x�  6�/x�  
MolFs �6/�6  6{/�6  ��/�6  ��/��  �6/��  ��/�x  
group quad-Px quad-Px quad-Px quad-Px quad-Px quad-Px 
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 -J ���(��>� �����3�6�� �� +��#�&'$4&-� ���� �>&� <4; (�� �5>�  047 �
#�3�7 @�A. . .�{�

7"�B+��#�&'$4&-� ��$� @�A;��3��"�$>��� Q-J ��(�B�7@+��#�&'$4&-� V&�-� @�A�V
Y&4� �+AT �� �"�M �"�  ��&7 ]g[.

7"�C�; �"�$>� �� �
�PEn-Wo-Fs�+��#�&'$4&-� ��$� @�A;��3�(�B�7 �� @" #  &�'$
� �"�M �
S#�� ��&7 ]g[.

�"�&&bP 8"Y&�Al2O3," \\/F�PFG/d# (�$=3 ��,#  :�� 
�"�&&bPCaO V� ��&�3 Y&� �;" ," #^�/�H �P �H/�F  =:�� 

�;" ��,# .�" ��#Mg 3 Y&� ��# =! �� U=;$B� �$=1^^/H
�;" .8"Y&� AlIV ,"H]]/H�=P F]d/HC$=��	  =!"# �� V=P" 

)a.p.f.u ( #AlVI ," Y&�HH�/H�PHGd/Ha.p.f.u .�;" �&bB�.

�"�=&&bP �"�$=>� N�=;"�3Ti + Na + Cr �=3"�3 �� Al ]FH[

+��#�&'$4&-� ���>P  ��"� +
�QT �&A�� �A)r5�^.(
2
,$P �"�$>� ��Al #Si +��#�&' �� ��$=� @�A#�3�7 @�A

;��3�UK @[�3 �� �E (�)
�J ��0�"��J#����=� �"�M  =��&7
)r5�g.(+��#�&'$4&-� +
" �&/M$� +
"�3�43 �A@E��J#���
�3 �3 r��� �$1Si3 #��*�3 �$1 �=3 Al(AlIV)�=� �=' # �$=�
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�5� �@��5A� 8�
�#"� ��4J#�3 8�&��0� �I$54AT (�",� ���O # �;�4��$-3 �-l� 8"�
" �;�4 �{�

�>� 8$&P�� �3  �"$P r�� �B&	�� �; @�AFe+3 �Ti #Cr C�b�" 
�$� .Al ��BK�=; ��"# Y=&� �=B&	�� �; �:�4. �3 ("�>A �	�v" 

===�J# �*===A��===�  �$===� .8"Y===&� +
"�3�===43Fe3+�� 
+��#�&'$4&-� �7 ," �/3�P �A
7 =�Y�8"Y=&� # 8Z&�=�" Al �� 
E �===&/M$�===��J#���===�J# �*===A #��===;" �"�$===>� �

AlVI + 2Ti + Cr �3 �0�� Na + AlIV R=-`� +=
" @�=
$7 

�;"]F��FF[.�=�$>� @�=&7�"�M U=K @[�=3 �� �=AFe3+ = 0

�7 8�$3 [�3  
$�
7 �Y��;" 8Z&��" )r5�FH(�=J$P �=3 #
�3�-:�	 @��$>� UK �3 �AFe3+ = 0�7 
7 �Y��$=-0P U&=D� 

�;[�3 �B0��]FG[.�"�=&&bP �"�$=>� �=3 �=J$P �3Ti - AlIV �
+��#�&'$4&-� �� V&��B&P +&
�' 8"Y&� ���� �$J# �)��&3 �A @�A

V&��B&P �"�)�&4>-
" # +9;" (�;" <4; ��)r5�FF.(

7"�D+��#�&'$4&-� ���>P �� �A �"�&&bP �"�$>�Ti + Na + Cr �3 �0�� Al�� 8�*� +
�QT �&A��  4A� ]FH[.

7"�E2
,$P �"�$>� �� Al#Si ��$>� @�A+��#�&'$4&-� @�A ��$��;��3 (�)
�J ��0�" UK @[�3 �� ��J#��E�� �"�M  ��&7 ]F�[.
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 -J ���(��>� �����3�6�� �� +��#�&'$4&-� ���� �>&� <4; (�� �5>�  047 �
#�3�7 @�A. . .�{6

7"�AF"�$>� �� �AlVI + 2Ti + Cr ;<= >?@A Na + AlIV �M��$>� @�&7�"� UK @[�3 �� �AFe3+ = 08�$3 [�3  
$� �7 �Y
�7 �=;" 8Z&��" 
]F�[.

7"�AA�"�&&bP�"�$>� ��Ti - AlIV+��#�&'$4&-� �� V&��B&P +&
�' 8"Y&� ����� �$J# �)��&3 �A V&��B&P @�A �;" <4; �� �"� ]FG[.

�� V&4&�$=�T 2
,$P �"�$>� N�;"�3 E �=&/M$� =�J#����#
�J# �*A�)AlVI �3 �0�� AlIV (  %�=)4A �=>7�� IT 8"Y&�

 ," �B>� # �&bB� �$-0PFH%�$=-0P U&=D� �3 V��! ��*	 # (�$3
 ," �B>�] ���*	 V� U&D� X
 �)��*� # �;" ��3$-&� )r5=� 

F� #FG(]F]�Fd[.

�"�$>� ��Ca �3 �0�� Cr + Ti ]Fd [+
" 
+��#�&'$4&-� �*� "� �**� U&D� �A�� 8 4A)r5�Fd(�

���! �� �"�$>� ��Ca + Na �3 �0�� Ti �"�$>� #TiO2

�3 �0�� Al2O3�Bw&�$P �&A�� –-M&��
]F�[8�*� "� 
��  A�)r5�F]#F\(.VA�"�$>� �� +&4E �;�
�P 
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