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FeO �9h/� i�i/� 9h@/m g@i/m h9g/� h�9/� �gm/h @g@/� ��g/m g9�/h
MnO gh@/g gh@/g g�h/g g9m/g 99h/g g9@/g ggg/g gi�/g g�9/g g�9/g
MgO h�j/im @��/ii ig�/i� ��j/i� jj�/i� j99/ii gmi/im �g9/i9 g@m/ii @@j/i@
CaO 9gh/g 99@/g gj�/g gm�/g g�m/g 99m/g 9mj/g 999/g @�m/g @@m/g
Na2O gg@/g g9@/g gi@/g g9g/g ggg/g gi@/g gi�/g gmi/g gg�/g g9j/g
K2O g9m/g ggg/g gi�/g g9/g g99/g ggg/g ggg/g g@@/g g9�/g g99/g

Cr2O3 �@h/g hh�/g m��/g ��j/g �9g/g @gi/g 99i/g g�9/g i��/g g9h/g
P2O5 g9m/g g9�/g g99/g ggg/g ggm/g gg@/g g9@/g g9�/g g99/g ggj/g
Cl gj�/g 9g9/g g�i/g gmj/g gi�/g g��/g gj�/g 9gh/g 9�/g 9@�/g

X0):� @gm/�� �hm/�i 9j�/�@ ggg/�@ @9i/�i �@�/�i igj/�� 9jj/�m �jj/�m �i9/�i
O=7 
Si g�m/@ gmh/@ gh�/@ gh9/@ g�h/@ gg�/@ ggj/@ j�9/9 9i9/@ 9�i/@
Ti ggg/g ggg/g ggg/g ggg/g ggg/g ggg/g ggg/g ggg/g gg@/g ggg/g
Al ghg/g gih/g gi9/g g@g/g g@h/g @9g/g g��/g ig�/g g�9/g ghj/g

Fe2+all ferrous 9�g/g ig�/g @9h/g @9g/g 9jg/g 9j9/g @�h/g @j@/g @i9/g @�h/g
Mn ggi/g ggi/g gg@/g gg9/g ggm/g ggg/g ggg/g gg@/g ggi/g ggi/g
Mg m�j/@ ��m/@ mm�/@ hgi/@ mh�/@ �hh/@ m�i/@ @�9/@ im�/@ i�h/@
Ca ggh/g ggh/g ggm/g ggi/g gg�/g ggh/g gg�/g ggh/g g9i/g g9@/g
Na ggg/g gg9/g ggi/g gg9/g ggg/g ggi/g gg�/g ggm/g gg9/g gg@/g
K gg9/g ggg/g gg@/g gg9/g gg9/g ggg/g ggg/g gg9/g gg9/g gg9/g
Cr g@�/g g@h/g g@@/g g9j/g g@�/g gg�/g gg�/g gg@/g g9i/g gg9/g
P gg9/g gg9/g ggg/g ggg/g ggg/g ggg/g gg9/g gg9/g ggg/g ggg/g
Cl gg�/g ggj/g gg�/g ggm/g ggi/g gg�/g gg�/g ggj/g g9�/g g99/g

X0):� j9j/� j@9/� j9m/� j@m/� jgg/� �j@/� jhg/� ��h/� �i�/� �ii/�



&;3_�+��)* �_P$
�� ����� !"# �$%�&
'� ���( �)$* � �#�"* +&* �"$,���'# -�� . . .`�` 

��/�/ ?�&39
+��)* 77 78 79 80 81 82 83 84 85 86 
~$�0% Kr-6C5-Ser1 Kr-6C5-Ser2 Kr-6C5-Ser3 Kr-6C5-Ser4 Kr-6C5-Ser5 Kr-6C6-Ser1 Kr-6C6-Ser2 Kr-6C6-Ser3 Kr-6C6-Ser4 Kr-6C6-Ser5
SiO2 �9m/�� �@9/�@ ��m/�i hg9/�i �9m/�i gg�/�g mi/�g g�@/�g �/ij ���/i�
TiO2 ggg/g gg�/g ggg/g g9@/g ggg/g ggg/g ggg/g ggi/g ggg/g ggg/g
Al2O3 ihi/g �hi/g �gj/g 99�/9 i��/g @�i/g @@h/g 9�9/g @��/g 9�m/g
FeO g@m/� i�/� j9m/� mi@/m j@/� h��/m ��@/m �9@/h �m/m g�h/h
MnO 9g�/g ggg/g g�h/g gim/g g@i/g g�j/g 9g�/g g�@/g gij/g g�i/g
MgO j@�/i@ 9m�/im @@�/im g@j/im @�/im hg�/im �g�/i� �ih/i� mm@/i� �m9/i�
CaO 9i�/g 9@h/g g��/g 9@�/g g�j/g g@h/g 9g�/g gmh/g gmj/g gim/g
Na2O g@i/g g9j/g @9/g g@m/g gg�/g gg@/g ggg/g ggg/g @9�/g i9g/g
K2O gg�/g g@�/g gm9/g ggg/g g9@/g ggm/g gg9/g ggg/g g�m/g g�i/g

Cr2O3 ggg/g ggg/g g@h/g gm@/g g�@/g g9h/g gh�/g ggg/g ggg/g ggg/g
P2O5 ggg/g ggm/g ggg/g ggg/g ggg/g g9�/g ggg/g ggj/g ggg/g g@h/g
Cl g�@/g gij/g ig9/g gh�/g gm�/g g@�/g 9@�/g gmi/g 9��/g 99�/g

X0):� hm/�m hgh/�@ ��j/�� mj9/�m jj�/�i �m�/�g �g�/�9 hh�/�9 �m/�g @99/�g
O=7 
Si 9@j/@ gji/@ 9gi/@ g�h/@ 9g@/@ g��/@ gmi/@ gi�/@ gi�/@ g9g/@
Ti ggg/g ggg/g ggg/g ggg/g ggg/g ggg/g ggg/g ggg/g ggg/g ggg/g
Al g@9/g g@�/g g@i/g ghi/g g@@/g g9�/g g9i/g g99/g g9m/g g99/g

Fe2+all ferrous i@m/g 9�j/g 9jj/g @@9/g @gg/g @�i/g @i9/g @jg/g @�h/g @hi/g
Mn gg�/g ggg/g gg@/g gg9/g gg9/g gg�/g ggm/g gg@/g gg@/g ggi/g
Mg i��/@ m�h/@ m�g/@ �jj/@ mmm/@ hih/@ h@j/@ h99/@ hi�/@ h�m/@
Ca gg�/g gg�/g gg�/g ggh/g ggm/g gg9/g ggh/g ggi/g ggi/g gg@/g
Na gg@/g gg@/g g@g/g gg@/g ggg/g ggg/g ggg/g ggg/g g@9/g g9i/g
K ggg/g gg@/g ggi/g ggg/g gg9/g ggg/g ggg/g ggg/g ggi/g ggi/g
Cr ggg/g ggg/g ggg/g gg@/g gg@/g gg9/g ggi/g ggg/g ggg/g ggg/g
P ggg/g ggg/g ggg/g ggg/g ggg/g ggg/g ggg/g ggg/g ggg/g gg9/g
Cl ggi/g ggi/g g@m/g ggm/g ggm/g gg@/g g99/g ggm/g g9@/g g9g/g

X0):� �hm/� �jm/� j@g/� ���/� �j@/� j��/� j�j/� jhg/� j�j/� gg9/m

T>*`p�/ (D$,���'# �#�'1 �/�0)��$%�&
'� �� �030� -����0� ��K"� +&* �"$,���'# -�� �#�'1]��.[ 2(�
�% �# �/�0)�MgO-SiO2-
Al2O3]��[+�� -/'1D$,���'# -&"1!"# �� �030� -�� �#�'1 ��0� �,$%�&
'� -��)�
�0E �,�F :Atg�
��/P$� �:LizT$%�P
'( �:Chry.}(
�/�0)�MgO+FeO/SiO2�A�� �1Al2O3]�`[+�� -/'1D$,���'# -&"1. �#�'1 ��0� -�� (�"$���3Si �Mg �1Al D$,���'# �� ��0� -��
�#�'1.



`�� �A#�)�B ���/&�>��< -�0� ��:;< -&)=/ �-'6"# &"���7 ;:�5/'
/ �#�"* ���( � �#�"*�0;1 �

'e� 7/!"#��#�"* ��/� �03� �$"$,���'# �;S/ X0� �� :
���� +�'E �$"$,���'# -����
� �A* T��* �1 �
��/P$�
D$
�� ��/�/'	 T$%�P
'( 7/ -'% �( +&��'�� �"
P6
�3 7/

D$,���'# �1 D�(�'$�0"$;( � D�(�'$�0%�/ �D
0$��/ ��T>*
�,	'E&�/ ��$"$,���'# �
�06$,�F G�� +�'E �( �� 7/�17�0;A%

�$"$,���'# -���A*,�
� �0301 +&��'�$� ��0E'E� �B �
+&�F &�/]��[.4�#/'1 �/�0)�MgO �1 �A�� SiO2)T>*�
p�/(����( D$,���'# -���#�'1 �� +&*+',�E �$"$,���'# -
-���A*,�
� �/'L �&��/� �� 5��� �( &���(7/ +&�F'1 

�1 D�(�'$�0"$;( � D�(�'$�0%�/ �D
0$��/ +&��'�� �"
P6
�3
D$,���'# &",�� ��]��[.���( D$"[)� D$,���'# -���#�'1 

+&*�
��'1 �/�0)�Cr2O3�1 �A�� Al2O3)T>*�2(',�$1
 ��+',�E -��( �$,�1 � D
0$�/ �>A*;$D�(�'$�0" �/'L&��/� 

�� 5��� �( &�� �(D
/ ���( ��+&�F'1 +&��'�� ��0E'E� 7/
!"#&",�� �,$��� � �,
Y�017��� -��.

T"$Z#/ 
T"$Z#/ 5F �;( V$('% 4�#/'1�$%�&
'� �� �"$,���'# -��

 +&*)?�&3�(7/X0� G�'( G�'( �&H �/&�� � �#/ T"$Z#/
)Cr# ( 8
P$"� �&H �)Mg# ( 7/ V$%'% �1 5F ��`��%u�/`� 
��_/�� �%��/�� �� '$$q% &S�� &"()?�&3�(../'$$q%

'
����Al2O3�Cr2O3V$%'% �1 P$� 7/ ��/�x �%_�/_� �7/
v�/_v �%�u/�� �#/ ��7� &S�� )?�&3�.(

T>*�p�/ (�/�0)�MgO �1 �A�� SiO2]��[D$,���'# 5F 4�#/'1 �(D$,���'# +',�E �� �#�'1 ��0� -��/'L �,�
� �A* -��&��/� �.2(
�/�0)�Cr2O3�1 �A��Al2O3D$,���'# ',�$1 �5F �
�� '1 �(+',�E �� �#�'1 ��0� -���� �/'L D�(�'$�0"$;( �$,�1 � D
0$�/ �>A* -�� -
&�'$E.

?�&3@�K�� �
P:% |
�,� -/)EPMA(�$%�&
'� �� T"$Z#/+&* �"$,���'# -�� .� -��H/ '
���� � -��,<�# ?0�'	 �A#�O�5F ���
� �
�� '1 ��
�V�='1 � 5�$�(/ 8%/a.p.f.u. �#/ +&* �A#�O�.

+��)* 57 58 59 60 61 67 68 69 70 71
~$�0% Kr-6C1-Spl1 Kr-6C1-Spl2 Kr-6C1-Spl3 Kr-6C1-Spl4 Kr-6C1-Spl5 Kr-6C3-Spl1 Kr-6C3-Spl2 Kr-6C3-Spl3 Kr-6C3-Spl4 Kr-6C3-Spl5 
SiO2 g�i/g g�j/g g9/g gm9/g g@�/g gg�/g gii/g 9j�/g g�i/g gm9/g
TiO2 g9m/g g@@/g g@�/g g@i/g ghh/g gih/g g�@/g gi�/g g�j/g g@i/g
Al2O3 �9m/@j @�@/@j �h�/@j hm@/@j @j9/ig �@�/@j ��/@j j@j/@j i9/ig jji/@j
Cr2O3 mhm/ij @h@/�g �m�/ij ��9/ij �i�/i� ��9/�g 9mm/�g 9�h/ij j�m/i� mg�/ij
FeO ��j/9m �@j/9m h�m/9m ���/9m �@/9m �j/9m hhj/9m �i�/9m j@�/9m m�/9m
MnO i/g 9mi/g 9�m/g igi/g @��/g gjm/g 9@9/g @9@/g @mj/g @g�/g
MgO 9�i/9� ggj/9� gh/9� �hm/9i �i�/9i �h�/9i �@j/9i jh�/9i m��/9i �@i/9i

X0):� �9/jj mhh/jj 9��/jj �h@/jj jmh/j� hj9/jj i@j/jj j9�/j� 9��/jj 9�@/jj
O=4 
Si gg@/g gg9/g ggg/g gg@/g gg9/g ggg/g gg9/g ggh/g gg@/g gg@/g
Ti ggg/g ggg/g gg9/g gg9/g gg9/g gg9/g gg9/g gg9/g gg9/g gg9/g
Al g�m/9 g@�/9 gi�/9 g�i/9 gh�/9 g��/9 gm�/9 gmm/9 gh�/9 gmh/9
Cr ji9/g j�j/g jij/g j�9/g j9�/g jmi/g jmg/g j@m/g j@g/g jii/g

Fe3+ g9�/g g9j/g g@@/g g9@/g g9g/g ggg/g ggg/g gg�/g ggh/g gg�/g
Fe2+ ihh/g i�m/g i�g/g i�@/g i�i/g i�h/g ij@/g i�j/g ij@/g i�9/g
Mn gg�/g gg�/g gg�/g gg�/g gg�/g gg@/g ggi/g ggm/g gg�/g ggm/g
Mg h@j/g h@i/g h@h/g h9@/g h9@/g h99/g m9j/g h@@/g hgm/g h9m/g
Mg# hi@/g h@�/g h@�/g h9h/g h9m/g h9i/g hg�/g h@@/g hg�/g h9h/g
Cr# ��9/g ��g/g ��m/g ���/g �h@/g ��h/g ���/g �h�/g �hi/g �hj/g



&;3_�+��)* �_P$
�� ����� !"# �$%�&
'� ���( �)$* � �#�"* +&* �"$,���'# -�� . . .`�u 

�/�0)� 4�#/ '1Fe2+#= Fe2+
/(Fe2+ + Mg)  �1 �A�� 

Fe3+#= Fe3+
/(Fe3+ + Al)  ]�u[�T"$Z#/ ��0� -���#�'1 

��+',�E �/'L �#��0;�&��/� )T>*up�/.(�/�0)� ��Cr3+ +
Fe3+ �1 �A��Al3++ Mg2+T"$Z#/ ��0� -���#�'1 ��
-�,#/� a<�:��� �/'L &�'$E)T>*u2(�� 5��� �( +&"

 �"
P6
�3Fe(Cr, Fe3+)2O4��$��'( �
��,�/ 0�H��1
MgAl2O4�T"$Z#/ �
��,�/ 0�H��#/ .T"$Z#/�030� -�� �� 
�$%�&
'�+&* �"$,���'# -�� �� �/�0)� ��;��Al3+- Cr3+-

Fe3+]�v[���1 ��7/40r�Cr3+�Fe3+'%��� ��14��
Al3+R
�P� '% �� �1�
�3&�0* ����');L (T"$Z#/ G�' ML/� 

&",�� )T>*vp�/.(T"$Z#/ D
/ ��4�#/'1 �/�0)�Cr2O3

�1 �A�� Al2O3�� �');L T"$Z#/-�� ���A�/ �,$�0$	/Al U�1 
&��/� �/'L )T>*v2(��
�� '1 G�'( �&H -���/�0)�)Cr# ( �

8
P$"� �&H)Mg#(��Z�F X0� 7/Al T"$Z#/ � U�1-�� ���A�/
&",�� )T>*��-v.� }.(

T>*up�/ (+�� �/�0)�T"$Z#/ -&"1 ��]�u.[ 2(�/�0)�Cr3+ + Fe3+ �1 �A��Al3++ Mg2+T"$Z#/�#�'1 ��0� -��.

T>*vp�/ (V$('%T"$Z#/ �#�'1 ��0� -�����/�0)� ��;��Al3+- Cr3+- Fe3+ ]�v[2 b(�/�0)�Cr2O3�1 �A��Al2O3. � } b(�/�0)�-�� 
Mg# )8
P$"� �&H (�1 �A��Cr# )G�'( �&H(]�x[.



`�v �A#�)�B ���/&�>��< -�0� ��:;< -&)=/ �-'6"# &"���7 ;:�5/'
/ �#�"* ���( � �#�"*�0;1 �

T"$Z#/ �/�0)� 4�#/'1 D$"[)� �#�'1 ��0� -��Cr2O3

�1 �A��TiO2)T>*xp�/(T"$Z#/ X0� 7/ '1 � ���A�/ -��
 �/�0)� �
��Cr2O3�1 �A��Al2O3�� �');L �$��'( -��Al 

U�1 ML/� &",��)T>*x2.(��'	]_[�� 5�$1 &
�)� �(
�,�� -��G�'( T"$Z#/ '
���� �1 TiO27/ ',)(wt. %�/�7/

�\���!"# -��-�� �,$�0$	/�&",�� ���1 2�^ �B /'
7
 ��
U�1 �,*0ETi ��/� -��$�1 �)E�����0*]��[.D
/ '1

 �/�0)� �
�� '1 � 4�#/TiO2�1 �A��Cr# ]��[�
G�'( T"$Z#/�$%�&
'� �� �030� -�� -��"$,���'# +&* �
��K"�7/ �#�'1 ��0� �$%�&
'�,$�0$	/ �$��� �1 �
���
&",�� )T>*x}.(T"$Z#/ G�'( �#�'1 D$"[)� ��0� -��

 �
�% �# �/�0)� �1 �#�'1Cr-Al-Fe3+]��[�� 5��� �( &��
�$%�&
'� �� X0� 7/ �,$�0$	/ ��$��� -/�/� &",�� -&��)��

)T>*x..(

D$�7 a$O� �,<�# 
+&* �,NE�( �#/ T"$Z#/ G�'( �1 ���/&�� Cr# �D$
�� 

Al2O3� U�1TiO2D$
��T"$Z#/�� 5��� /� �
�� 7/ �( &"��
V$('% �1 &��)�� R
 �,�� ��/7�1�#0��$L/ 5�$� -�� 

(MORB) +&* �0;A,�T"$Z#/ �( ���= �� �&�/ �1 -���/&�� 
Cr# U�1+7/&E 7/ �0;A% '6���� �,$"$�01 -��+�01 �0< �(

'6��$1 D$�7 a$O� ���/��'	 �,<�#&",�� .4�#/ D
/ '1 '1 �
�/�0)� �
��Cr2O3�1 �A��Al2O3T"$Z#/ �� �030� -��
�$%�&
'� +&* �"$,���'# -����K"� ]�_[�� �+',�E �
/�F
�,*0E-/�/'L�,*/� �$%�&
'� �1 /� ��/0< 8� D
',�$1 �-��

 D
0:"�)�1% ��,$�0$	/ �$���-&��)�� � +&* �� (&��/�
)T>*��p�/.(

�$%�&
'� �� T"$Z#/ G�'( �&H -/'1 V#�"� -��$d� ��
��% �3�� D$$d% � +�01 �,*0E MA"� R
 �E&*Cr# ��

�$%�&
'�2�^ �3�� 7/ �10< n<�* z$)H -�� ���1
�$%�&
'� T"$Z#/�#/ �,*0E 7/ +&�F'1 -�� .�/&�� ]
/P	/

Cr# $%�&
'� �� T"$Z#/�5��� ��2�^ �3�� ]
/P	/ +&"��-
�#/ ���1]�[�/�0)� �
�� '1 � 4�#/ D
/ '1 �Cr# �1 �A��

TiO2��0)� �&��/� �/'L +&* ��% ��$�1 +',�E �� ��)T>*��
2.(D$
�� '
����TiO2�"W �T"$Z#/ �E&* �#�'1 ��0� -��

 7/Cr �
Y�017��� �� �030� T"$Z#/ �$A* 40L 0;3 -��
&",�� .�$%�&
'�-�� ]�/��'	/'	 �1 V;W/ T"$Z#/-�� -/�/� 
'
���� �A�� �1 -U�1 Cr# +',�E �� _v �% v� �A�� �1 

�$%�&
'�-�� X0� ?��$1F �� n���&�0* �( D
/ '�/ 5��� 
+&"�� �$)�/ �3�� 2�^���1 U�1 �� �$%�&
'�X0� -�� 

]�/��'	/'	 �� ��
��� �1 �$%�&
'�-�� X0� ?��$1F �#/ ]�[.

T>* x/p�(�/�0)�Cr2O3�1 �A��TiO22 b(�/�0)� Cr2O3�1 �A��Al2O3b}(�/�0)�Cr# �1 �A��TiO2]��[T"$Z#/ �� �030� -��
�$%�&
'� -��. b�#�'1 ��0� +&* �"$,���'# (T"$Z#/ V$('% �
�% �# �/�0)� �� �#�'1 ��0� -��Cr-Al-Fe3+]��[.
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