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 0!�!� �-/��G 4! �)1Fo40�/ Fo58%)6��]:f�q[.	Q-	��!"-
0��GKMUC �!%�� ��� �%)6�� �-/��G 9�%K R&� 4!Fo 
9G��R!&�! 4! "6,+	�-/��G � �-/��G 9�%K Q-	��!" .�&/ �!�

GhMUC �*! .�!%��MnO D
&-��! �� .�&/ 0��GKMUC 
4!��/o�/gq/o.�&/ �� �GhMUC 4!g/o�/mf/o%$��

�*! "-k6� .."6�E ]!"--k/Mg#D
&-��! �� .�&/ 0��
GKMUC ��%X 4!fo�/fq"-k6� %$���.�&K �� �C-��X ��

	Q-	��!" .�&/ 0��GhMUC D
!."6�E fo�/r=%$��
�*! .��*!"K YC'f�~�!�!%�� MnO D
&-��! �� .�&/ 0��

GhMUC .�&/ 4! "6�-KGKMUC �*! .

7�%S:���+ �'4!�"� M
� �
Ma/ �
�6���&,� D
&-��! 0�� �K��6�! 0��)��4� %$�� d�X"K .( 
.�&/ GhMUC* GKMUC 

��&,� TM62 TM16 TM134 TM138 TM147 2A58 2A59 2A61 2A62 2A08 2A10 2A18 2A30 

SiO2 �:/�f mg/�f rm/�g �g/�q q�/�� g�/�f o:/�r ��/�f qm/�r oq/�r g=/�� o=/�r g:/�f
TiO2 o:/o o=/o o=/o o=/o o�/o o�/o o:/o o=/o om/o oo/o o=/o or/o oo/o
Al2O3 o o:/o o:/o o:/o o:/o :�/o :g/o =m/o :m/o :�/o =m/: :m/o �m/o
Cr2O3 o:/o o o o o oo/o oo/o oo/o oo/o oo/o oo/o oo/o og/o
FeO or/��  ��/��  o:/go  =f/go  �f/g:  �f/f�  oo/�q  ��/�m  m�/�g  m�/�f  :�/go  ��/�r  �m/�r  

MnO g:/o gq/o rf/o r�/o rq/o gg/o go/o gr/o g�/o f=/o gf/o ff/o gg/o
MgO =r/�:  �m/�o  fm/=f  :f/=f  �q/=�  o=/=q  m�/=r  �f/=�  �m/=q  �r/=r  o:/=�  �r/=f  mf/=f  

CaO o=/o o=/o og/o o:/o o=/o =m/o =:/o go/o ==/o f�/o mr/o �m/o �r/o
R&,a� q/:oo  qr/:oo o=/:o:  gm/:oo  m�/��  o�/��  rf/:oo  o�/:oo  fq/:oo  :r/:oo  :q/��  :�/:oo  gf/��  

Si �m:/o �m�/o �m�/o �qm/o �qm/o oo/: oo/: o=/: o:/: o:/: �q/o o:/: oo/:
Ti oo/o oo/o oo/o oo/o o:/o oo/o oo/o oo/o oo/o oo/o oo/o oo/o oo/o
Al oo/o oo/o oo/o oo/o oo/o o:/o oo/o o:/o o:/o oo/o og/o o:/o o:/o
Cr oo/o oo/o oo/o oo/o oo/o oo/o oo/o oo/o oo/o oo/o oo/o oo/o oo/o

Fe(ii) qff/o qq�/o �:�/o �fm/o o:r/: mg/o mr/o �=/o mo/o mg/o �m/o mq/o mq/o
Mn oo�/o o::/o o:r/o o:f/o o:r/o o:/o o:/o o:/o o:/o o:/o o:/o o:/o o:/o
Mg =q=/: =g=/: oqq/: orq/: oo�/: :g/: :=/: o:/: :f/: :=/: oo/: o�/: o�/:
Ca oo:/o oo:/o oo:/o o oo:/o o:/o o:/o o:/o o:/o o=/o o�/o o:/o o:/o

R&,a� o:�/� o:q/� o=o/� o=:/� o=:/� oo/� ooo/� ��/= ��/= o:/� o�/� oo/� oo/�
�!%`/. O r � q r f g g g g g g g g

Fo gm/r=  :=/r:  f�/f�  �o/f=  gg/g�  =:/fq  :q/fr  o:/f=  fg/fm  m�/fr  =q/fo  ==/ff  :m/ff  

Fa om/�q  �g/�m  rm/gf  �r/gr  qm/g�  =r/g=  �f/g�  g=/gq  �g/go  g�/g=  :q/g�  :=/gg  =m/gg  

Mg# qr/r=  g�/r:  =q/f�  r�/f=  m�/g�  f:/fq  gg/fr  �:/f=  mg/fm  =f/fq  ff/fo  f�/ff  gm/ff  
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YC'f~�! (�!�&,�Al �K �T��Si ]:q[8 ��*! 5� ;CB .�&/ �� 0�&AK L
!%S %��� �9G ��*!"K �+ (]!"-k/ MnO  �K �T��Mg#]:m[

��&,� �9G �
�� "K �+� �%��!� �!"U R�T'! F[ 0J�K �� .�&/ �� "� 0�� (]!"--k/ �!�&,�Ti �K �T��Al ]:q[��T�� 9G �� �+Ti/Al ��
0�� D�+�"-� GKMUC D�+�"-� 4! "6�-K 0�� GhMUC�*!.

��&,� �-/��G 9�%K Q-	��!"	 0��GhMUC 5
M-)� �%B
��&,� �K �T�� 0"6�-K��%��� � %��!� 9G �-/��G 0!�!� 0

�� 9��� !� 0"6�K 0�&AK L
!%S%)�� ..�&/ ��GhMUC �
�hK!�MnO �Mg#.�&/ �� ��� .�&K �&C`�GKMUC �

�*! 5-�6�� �hK!� D
! .�!�&,� ��Al �K �T��Si )YC'f
8(��&,� �.�&/ �� "� 0��GhMUC �GKMUC 0J�K ��

 ��S���I .�?
�S R�T'! F[)Si+Al=2 ( D
! �K �%��!� �!"U
 .�&/ �+ ]��3/GKMUC �K �T��GhMU �!%��Si "6�-K

 �Ti ��!� 0"6,+ .�!�&,� ��*!"K Ti �K �T��Al )YC'f
�(��&,� �� �Q-	��!"	 � Q-	�� 0��GKMUC �!%��Ti �

Al ��&,� 4! "6�-K Q-	�� 0��–.�&/ Q-	��!"	GhMUC 
�*! ..�&/ ��GKMUC*%A	 ."6�E ���\ �/ 4�+&/�&�G 4! ��

 �*! "-k6� �-/�&�G)7�%S=YC' �r~�!.(�T-+"/ ."6�E
 .�&/ 0��4�+&
^��GhMUC �*! �-�&6-K �/ D
4%�G %X �� .

&)-A+ d-+"/()* R!&�! �� D�+�"-� 0��GKMUC ��
D�+�"-�&/�! 0!"K � %-��&
� �/ �
^�! ."6�E �� 9G 0��

&)-A+ ."6�E�-� �/ �-/�6��!�!"U �-�� %��!�)YC'r8.(D
!
 .�&/ �� �+ �*! ���X ��GhMUC D�+�"-�&)-A+ F�	 �

%��!� M-� 0"6,+ 5
M-)� �+ %' .%
�.

0��%-�+!Fe-Ti 
�-),A
!:�
�6� ��*! "K�
Ma/ �h��0!�()* Q-	�� 0�� ��

 .�&/GhMUC d-+"/wt% �m/o–�r/o�6'!� !� �)-,A
!
��!%�� MgO D-
��)"6,+ 4!wt% =/o(���MnO J�K
)��%Xwt% r/:–�=/o(%��!� ..�&/ ��GKMUC��-),A
!

Q-	�� �� �
��6�! &�B � Z��[ d-+"/ ��)��%Xwt% oo/:
–��/o(!���!� ��!%��MgO ��%Xwt% :�m/o–:o=/o

�*! .�� �-),A
!	Q-	��!" 0��GhMUC d-+"/ 0!�!�

 ��%Xwt% �:/o–m=/o.�&K ��!%��MgO ��%Xwt% 
�m/=–m�/o�4!MnO "/"-�	)��%Xwt% ��/o–fm/o(
�*!]:f�q[..�&/ ��GKMUC����+ 0%-�+! Z��[ 0��

d-+"/ 0!�!� ��%X wt% �f/o–�=/o%)6�� �	Q-	��!" -
���+ 0��d-+"/ .%' �
!4 0��%X wt% �:/o–�o/o!�

%��!� .�!%��MgO ���+ ��-�+! Z��[ 0�� .�&/ 0%
GKMUC ��%X wt% gm/o–:�/o��&,� �� �0��

	���+ Q-	��!"�.%' �
!4 ��%X wt% f/=–mq/o�*! )YC'
q.(]�&$ �K �-/�,� 0�!%���*� 9�"K �&S� �-),A
! ��

K ���!� �0�&W .�&/ �� 9G �!%�� �+GhMUC�."6�E �� 
wt%rr/o>o/o.�&/ �� �GKMUC  ."6�E ��wt%om�/o>

o/o�*! .�!%�� TiO2()* �� 0��	���+ Q-	��!" .%' �
!4
.�&/0�� GKMUC �GhMUC d-/"/ �Kgr�/f/fq �g�
�/f�� %$�� �!%�� FeO �����Gd-/"/ �K g:�/gq�gf�/
gr %$���*! .��*!"K YC'q��-),A
! �&A[ �I "�

 "6�-K�%'�K �!%��MgO �!%�� � "6,+MnO 9G"6�-K�*! .
�!%��MgO �� �-),A
! �� �S�� 0!"K 0��-`� %�!&/L
!%S 

()* �?6	�
 �K D
�2G 0��.�?6*�[ �B&,a� Q
 �� 9��C

%'�K�!%�� !"
4 ���� �K �6�K!� 9G �!%�� �MgO ���� 0�,E��

 �*! .%' �&AT6� 9G 4! �+ �*! �6�!4�K]:�[.��GhMUC�
��&,� 0��	0��%-�+! 0!�!� Q-	��!"Fe-Ti �-/��G 9�%K
�!%�� MgO 0"6�-K%��!� ��&,� �K��� �0��	���+ Q-	��!" -

.%' �
!4GKMUC �-/��G �+ %)6��%��!%�.
�-6)?�:.�&/ ��GhMUC �� ��)/ �-6)?�	Q-	��!" ��):�>

=�,aX %$�� (�� .%
� .%�� �	�
 Q-	�� R!&�! �� � �&'
 �*!]:f[.D
!���X �� �*! �� �+GKMUC����+

��� !� �-6)?()* �� 9!&/ Q-	�� 0��)4! "6,+:%$��(���
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%AS=�.��,' ��M-
�� �:goo ()* ��
!"#$ %�!&'���+ �,-' � �*�)'��.�&/ 00�� . . .f=� 

()* 0��	���+ Q-	��!" .%' �
!4):f>g�,aX %$��(� ���
��&,�0�� %-�+! Z��[ ���+Fe-Ti )gf>�o�,aX %$�� (

�"+ .%���� .��&,� �� �-��! �-6)?� 0���&AK 0��	Q-	��!"
GKMUC �GhMUC dA1! �k-/ 0!�!�' Q-C3/ 0�� .%

 �+ %)6�� �-),A
!"6�-K 4!&��K 05�6��%)��� ���E
�k-/ D
! 4! �B&,a� �B&,a� � .�"+ �hU !� 5� 04!&� 0��

�� Y-C�/ !� 0%)��� �CT'%)�� .��!� 4! R&� D
!�� !� �� 9!&/
��&,� �� �+ %-��� �-6)?�&��-6/ 0%-�+! 0��Fe-Ti �T
"�/

Z��[ ��-�K �� .%
�&'�%)YC'g�.(	 "
�*Q-	��!" 0��
GKMUC �k-/��!� �� 0"6,+ .%' Q-C3/ 0�� �-6)?� 0��

%��!� .��&,� D
! ������-6)?���E� 0�� 0"-[�/ 0!"6�-K 4!
��&,� 0��%-�+! Z��[ 0��Fe-Ti %)6�� .

7�%S=���+ �'4!�"� M
� �
Ma/ �
�6��K��6�! D�+�"-� 0��.
.�&/ GhMUC* GKMUC 

��&,� BH14 TM48 TM147 TM65 TM134 241.2.2 241.2.2 0.21116 211.25 211.26 18. 1a1 16.2.1 11.4.1 

���+ Cpx Cpx Cpx Cpx Cpx Opx Opx Opx Opx Opx Cpx Cpx Cpx 

SiO2 q�/gm  �q/gm  :/fo  fq/g�  mm/gm  :g/fg  :g/fg  o�/�r  g/�q  rq/�q  :m/f:  �f/f:  o�/f:  

Al2O3 q�/g =f/f �=/� fr/g f=/g qr/: qr/: �o:/o :�/o :�/o r=/g �:/g fq/g

Cr2O3 og/o oo/o o�/o oo/o o:/o oo=/o o:/o oo/o oo/o oo/o oog/o o�/o o�/o

TiO2 �=/o qf/o ��/o =g/: of/: or/o or/o o=m/o o=�/o o:/o �:/o o�/: og/:

MgO �=/:=  ==/: r�/:=  �m/:=  m/:=  mm/:r  mm/:r  g=/=g  :=/=f  fr/=f  f:r/:=  �:/:=  �f/:=  

FeO mr/:o  rq/:=  rg/::  r�/� �m/:o  �=/=�  �=/=�  :=/�q  �:/��  q�/��  f��/m gr/� =q/:o  

MnO =g/o =�/o �q/o =:/o �/o rm/o rm/o ��/o ��m/o g=/o =:f/o �/o =�/o

CaO r=/=o  :f/=o  rm/:�  rr/=o  mf/:�  r�/= r�/= f�/o =m/o =�/o r=/=:  r=/=o  g/:�  

Na2O q/o f/o rr/o r�/o rg/o =:/o =:/o o=/o og/o o�/o qr�/o mf/o q==/o

K2O o:/o oq/o oo/o oo/o oo/o o�f/o o�f/o o=/o o:/o o:/o oo/o o=/o oo/o

NiO or/o oo/o oo/o oo/o oo/o oo/o oo/o oo/o oo/o oo/o o:�/o og/o oo/o

R&,a� �f/��  :�/��  �r/��  gm/��  o�/��  �=/:oo  �=/:oo  �=/�m  �:/�q  �:/�q  gf/:oo  =m/:oo  �f/:oo  

Si mf�/: mmr/: mm�/: mrr/: mf�/: o��/= o��/= g�f/: g:=/: g�r/: m�r/: �:/: �/:

Al =g:/o :��/o :qg/o =o=/o =o�/o oqq/o oqq/o o:g/o oor/o oor/o =o=/o :m�/o =/o

Cr oo:/o o oo:/o oo/o oo/o oo/o oo/o oo/o oo/o oo/o oo/o oo:/o oo:/o

Ti o=r/o o=:/o o=r/o o�f/o o�/o oo=/o oo=/o oo:/o oo:/o oo/o o=f/o o=�/o o=�/o

Mg r�m/o q:g/o q:/o q=m/o q=r/o ��:/o ��:/o =q=/: gf�/: gf=/: r�:/o rm�/o q:m/o

Fe2+ �gf/o �=q/o �rq/o �o�/o �g�/o qg/o qg/o =:=/o oo/o oo/o =ff/o =�g/o �:�/o

Fe3+ oo/o oo/o oo/o oo/o oo/o oo/o oo/o ::r/: :/: oqq/: o::/o oo/o oo/o

Mn oom/o oo�/o o:=/o ooq/o o:/o o=:/o o=:/o o:�/o o:�/o o:�/o ooq/o oo�/o oo�/o

Ca m��/o m:r/o q�f/o m��/o mo�/o :og/o :og/o o=f/o o:=/o o:=/o mfm/o m==/o qq=/o

Na of=/o o�q/o ogm/o ogr/o ogq/o o:f/o o:f/o oo=/o oo�/o oo=/o off/o or=/o of=/o

K oo/o oog/o oo/o oo/o oo/o oo=/o oo=/o oo:/o oo/o oo:/o oo/o oo:/o oo/o

Ni oo=/o oo/o oo/o oo/o oo/o oo/o oo/o oo/o oo/o oo/o oo/o oo/o oo/o

�!%`/O r r r r r r r r r r r r r

Σcotiion orf/g o:�/g o==/g o=/g o��/g ��:/� ��:/� oo/g oo/g ���/� oo/g oo/g oo/g

*��&,� �S"� 4! �6	"E"K 0��]q[
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YC'r~�! (�!�&,� �� ����\*%A	 �T-+"/ ]!"--k/Ab-An-Or �� �9G ��*!"K �+GKMUC �� � �-/�&�G �/ 4�+&/�&�G 4!GhMUC D
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8 ��*! �-�&6-K �/ (�T-+"/ ]!"--k/ ��A�� �!�&,� �� D�+�"-�Wo-En-Fs ]=o[�� �9G �K �S&/ �K �+GKMUC � D�+�"-�&/�!
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 "6�-KY�� R&� 4! 0�� 0!�!� � @�� � 7�!Xusp 
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���� D
! �-6)?�&��6-/Y�� 0��0�� � 7�! 
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���+ .%' �
!4GKMUC d-/"/ �Kwt% :�/o>o�/o�
wt% ��/q� >o/o%)6�� .]�&$ �K �+ �6-6)?� 0���&AK
��E����+ �?6�C' �� 0! 0�&AK D-K 0��	 �� �
 � "?
� 0��

.%' Y-C�/ �
J�K �&A[ 0!�!� �%�!)Xmag ��%X��(%
%)6�� .��	Q-	��!"���+ 0��.�&/ �� "� .%' �
!4�� �-),A
!

�-6)?� dA1! K��k-/ ]�&$D�+�"-� �� 0M
� 0�� �
 � ��
�!� �&�X !Ma� 0���&AK ]�&eK�%.D
! ���X �� �*! �� �+

��&,�K 5� ��-),A
! Z��[ 0�� �5� � !Ma� 0���&AK ]�&$
�k-/ ]�&eK��� �
�9�	�
 �&AT/ �-6)?� 0���&AK�6%�! .9�)I
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