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��D(� �8$E =�>3 I(N@ �6�>"  �#>) �!>"  �}>�3 O�1>T
�
 '� �(��� �� �'� �#��8�G�3  ��<��@!% �' =' �#>
� �
1>��' =�>6
��#�1) .��'� �&<�+) ='�'� !<$�3 �<�� !F =�6 2' '!>	 =�6

��'#�'  �' p�3 !DG �, O �K<� =�6Y/Z!<8�<��% #�')*+)b.(

4.=��1, �	�3 �' �%�+A�' �1� �@1+% !+�� !
1w,��� !F ='�8$E ��D(� =�6I(N@.
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��0W ��8�6'!3' 2'!
' �%�() ���F  �%�()�1N3 �N9� ���

 
4.>��'� �3�,��3 �1� �@1+% !+�� !
1w, �(��� �� ��� !F *+) �}�3 =�6��D(� ��,�+�N�% =�8$E =I(N@.�!" �	�3 ��18� �
' �� �5 ='

���� #(
'!		�3 �3 �<P�%�%' �#) *
#., �+�<%0F�,�F �) .Chr = Chromite(.

�#(F'!@ �
 =��$<�' �2�$	' �	�3 :!&��$>� g>G'  �� �	�3 �
'
  �>>%' �>>&(N@ �>>%1@ �>>�� !F  �>>�� � �' �(�3�>>(�3 �>>��C 

��'� �>�� � �>(��� �� '� �>�� !F �#>(F'!@  �!K(� VNW' =�6
 �� 2�$� �#) �<�(�<��@!%#6� .D(� �� �	�3 �
'����E =13�>


 ��18� �� �>�� !F  ��'1
� I(% �!� �' �#) �)'�!3 =�6 =�>6
 �� 2' '!>	 O�1>T �>3 ->��  �>%' �#6�$� *3�G �&(N@ �%1@

 �8$E ��D(� �� �#
� I(N@ ��1>, �3 H
�-� �F �1) ��#>A� =
�3 ��'� O�1T �1>P �1N3 #(E �' �:�8<f' �
 ��� !F �!K(� =�6

��% �, ��
��%' v�1�1,'.
'�	�3 2��� ���� ' =�6 �#>) �>%�!3 =45�>(� �� !>&
� =
��E �8$E  13�
 �	�3 �P!3 �I(N@ ��D(�  � �' �+
 �� ��(, �6-

�>�D(� ��  �>%' �#6�$>>� *>3�G �#>) ��>
 =�#>>
� !>&
� =
�8�#�1) .�	�3 �
'�' #(,��.: �6:

Xy�
c �	�3 2�>3-�� I(>% �>3 �9
�#>, �!� �3 =' :2J �>"/
 
O'!��l, ��'� �1+A� �61.�' �8>% �>3 ��1>, �' �>�� !F =�6

 �%' 2�3-�� I(% .�3 !wr(� �	�3 �
'��D(� ��E =�>%' 13�>
 

)*+)`.(
^y�	�3 !&
� �' �&(N@ �%1@  =�'1� �	�3 ��D(� g
�) =�6 =

��E��D(� �� �F #�' 13�
�8$E =�8� �#6�$� I(N@#�1).
Zy=�1&�' �)1P �	�3 :�>�� !F �� =�>6 ��>E �>3 13�>
 O�1>T 

�!" ��'#�' �� VNW' �F �%' �<�� !F =�6 =�6X�,Y�!><8�N�� 
�(��� �� �,�+�N�% =')�
1��' VNW'y��<��@!% (�<	!" �'!G  #�'

 �1N3 ec18A� �&<�>+) �0F1>
R0@ �>
 �
-� !3 =�6  ->
� =�>6
 ��� !F 2' '!	 ��!F !@ '� �6#�' .�!" �=�1&�' �)1P �	�3 �� �>6 

�3 VNW' ��'� �
 �#) *KG B6 �� O�1T �>3 =�>6 �#6�$>� *+>)
��#�1) .�!" �� �	�3 �
' �� ��� !F =�6 �>
  �
1>��' #>(�'1,

#�!�"!3 �� '� ��F !�@ =!<8F �'#��.
]yH.$� �	�3 :��'� �	�3 �
' �� �>�� !F -
� p�3  BF =�6 

*+)*+) �8�� �, �'� 3 �'����>3 =�}>	 �>NF �>
 �$>�3 �1>5 
��'� �><	�
 #>)�  �>)�� =�>6 �>� !>@ '� �,�+�N�>% =#>((F

)*+)\.(�� '� �	�3 �
' ��� !F �� ��(, 2'1,�8$E =�6 I(N@
�!F �#6�$�.

4.?�
c �	�3 �' �@1+% !F�� !
1w, ��D(� �� ��� !F ='13�
 ��E =.
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#NfX\���8) �X����3XZ\a �%�!3���F =�6�%�() y��� !F !
�Pi �
��8�)1LR . . .���

4.@=�1.: �1� �@1+% !+�� !
1w, ��D(� ��(�<��@!% H.$� �	�3 �' �8$E =�3 ��� !F �1N3 I(N@ �(��� �� =!�	�1@ O�1T �(�<��@!>% =
��'� �'!G) .Chr = Chromite, Ser = Serpentine(.

�<�������� �����A 
����� 67��� 
������ � ������ ! 
�	�3  �6��<P�% p(>, !U' �� �
1��U =�6 p�!>F ��>6  �>6

 *+) !��l, �#
#@ !U' �� �#�J �1f  �3 21"��1" =�6 ��>�� =�6
���� ��  �<P�%�� *T�C �<P�%#�1) .

XyH�<>>%0F�,�F �>>	�3 :�>>	�3 d1>>89� �' �>>	�3 ��>>
1��U =�>>6
 ��D(� �� H�<%0F�,�F ��E =�>� �#6�$� ��' '!	 �3 13�
 �1>) .

�F!C !U' !3  2��� ;15 �� �>�� !F �<P�% ���� =�6 =�>6
��E 3 13�
 �<	!" �1P �3 H�<%0F�,�F �	�#�' .*+>) !>��l, =�>6

 ��� !F = � �F �
�8"�� ��@ �	�3  ��!F !U' �6 ��1, =�6 '� ='
 �%' ��!F H�<%0F�,�F �	�3 �3 *
#.,)*+)Xa.(�>	�3 �>
'

 ��D(� �� �8$E =�>3 I>(N@ �>�'� O�1>T �>3 �#>) �!>P =�>6
 �	�3 �3 �'!86 �3 �F �%' 2' '!	 �&<�+)!&
� =�6 �	�3 #(��� 

�� �#
� #(��� �!" #�1))*+)XX.(
�%�!3 �' �@ �� �>F #>) ��$>� �@1+>% !+�� 4>�G� =�6

��D(� �8$E =�	�3 I(N@ p
'#>f *3�G -�� =!&
� �
1��U =�6
�' #(,��.: �F �%' :

Xy�$$F �	�3 :���F *
#., !>3 �� �,�+�N�>% ��<�>�� =�>6
�#�!�" �
1��' �N8f �' ��� !F =�6�1N3 =���F �3 �>
1��U =�6-

��>r� B>9C p
'->	'  ���>&E p6�>F ���<��@!>% #(��� ='
 ��'� 21�'!�@ �� �1f  �3 '� ��� !F =�6�� J .V.>% !>�' �>
'

 =�>>6�1N3 21>>�'!�@ �� �5��>>.�' �>>��C ��>>9
'  ��$>>	 p6�>>F
 S!>, *�+$, ��6�1N3 �
' 2#) �#�$F x:�3  �#) ��� !F �>6

 v�+)  i1>K�  p$>F �' �>)�� =�6 S!>, �� ��<��@!>%  �>6

 �>>�'� 2#>>) �>>ADG �>>ADG M�9�'!>>%�>>� �>>�� !F =�>>6 �1>>)
)*+)X^.(
^y�<��1N�� �	�3 :2 � ��  ��$	 p
'-	' �3 �)!3  �N�" =�6

 ���F !3 ��'  =�6 !�� �>	�3 �>3 *
#>., H�<>%0F�,�F �>	�3 �6
 ��'� 2J �� �F �#) �<��1N�� 2 � �� ��� !F �)�� =�6 =�>6

 �3 ��!P �)!3 �#) B���, =!,-
� O�ADG #�' .�!>P O�ADG �
'
 �3 �#) ���>F �N�>%   *w><� B>6 �>3 �'!>86 �,�+�N�>% =�>6 
�!h(��� 2�$� '� *+) �)!3 =' #(6�)*+)XZ.(

Zy�)!3 �	�3 :�>
 '� ��-3  HE1F O�ADG *��) �	�3 �
'-
��� !F �' �'� �	�3 �3 �
�6 I(% �' �,�ADG  �N<�� =�6 =�>6

 #�!�"!3 �� B>�3 �>%' �(�<��@!% e��18: �F 2�8�% �3 �F �%' �
*w<� �#) #�' .��� !F O�ADG �
' ��3 ��1, =�6  �#(F'!@ �='

�� �	�
 B6 #(��� �!"#�1) )*+)X].(

������ ��������� 67��� 
������ � ������ ! 
��E 45�(� ��� !F ��#A� !
�Pi �8$>E  13�
 �>3 I>(N@ 

8F �� �<	!" �'!G *��� ��>��  �' -.>% �<��1�	' #(3! �<P�>%
 ��>%' �><�
� B>�3 '� �&(>% =�6#C'  !<$�3 �F ��D(� ;�A	

�>>�18�4>>�G� =�'�!>>3�>>� '� =!>>,#>>�.N5 .V>>NW' �' d1>>89� ��
 ��(�<��@!% ��<�� � ��<�� !F =�6#C'  �
R�13���6 ��6 -��  �6

 ��<�� !F �9
�#, �!� �' I(% �3 �6 �>�18� 2�3-�� =�6 =�'�!>3
#).�86 �� �����F �)'�!3 Q � ��18� =#>) M�>9�' �f!3 =�6 .

���.�' �' �F ��� !F I(���F ��18�  � ��	 �#>) j'!�<%' =�6
 �+, Q � �3 �13 �#) �)'�!3 ��D(� #�#) ���<�' =' .�3*>���

 �� �>>�� !F 21>>8(P� #>>G�	  4>>�8: =�6���>>��F V>>NW' �>>+�J
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��0W ��8�6'!3' 2'!
' �%�() ���F  �%�()�1N3 �N9� ���

 ���6 �1P 21�'!�@ �8� ��9
' �
��8�)1LR =�6 Q � �#>((F =�>6
 ��1, �
' �
1f �@ �� ; '#<� �
��8�)1LR 2'#>(E ��#>A� =�6

 #(<�>�� !U��]Z.[I(�>��F �� �1>f1� !>T�(: O'!>��l, #>� �

 I(%  ��� !F ��E 45�(� 2�3-�� =�6�8$E  13�
 �>F I>(N@
 Q � �3 �>+
' 1>,!@ ���>%�1L1N	 =�6)XRF ( �>8,' ��>f  

)AAS (; #f �� #�#) -����J =�6X'��Z#�#) �L'�' .

4.5B��D(� �� ��� !F H�<%0F�,�F �	�3 �' �3�,��3 �1� �@1+% !+�� !
1w,13�
 ��E =.

4.55��� !F H�<%0F�,�F �	�3 �' �3�,��3 �1� �@1+% !+�� !
1w, ��D(� =�6�8$E =I(N@ 
!	 !U' �� ���� #(
'�	�3 �<P�%��1, =�6�#) *
#., H�<%0F�,�F �
1��U �	�3 �3 ��� ' ='#�'.)Chr = Chromite(

4.58��� !F �$$F �	�3 �' =�1.: �1� �@1+% !+�� !
1w, ��D(� =�6�8$E =I(N@ 
*.�� *+) �3 2#) �(�<��@!% #(
'!	 !U' �� ��� !F �1N3�%' �#�J �� .)Chr = Chromite, Ol = Olivine, Ser = Serpentine(

XPL-100X 

PPL-100X 

PPL-100X 
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#NfX\���8) �X����3XZ\a �%�!3���F =�6�%�() y��� !F !
�Pi �
��8�)1LR . . .���

4.59�<��1N�� �	�3 �' �3�,��3 �1� �@1+% !+�� !
1w, 
�%' �#) ��9
' �N�" 45�(� �� #
#) �"#)�!P !�U�, �r,) .Chr = Chromite(

4.5:!
1w, ��'� �)!3 �	�3 �' �3�,��3 �1� �@1+% !+���
 '� =�6 ��� !F �'�)Chr = Chromite (

C�,D5��� !F I(���F �
��8�) -����J �
�<���E 13�
)���  #T�� V�C !3.(
��&���� ]Z^XSample 

_Y/`^aa/Yaa/`Zaa/\X/X^ SiO2

XZ\/aX`a/aXb/aX^b/aa`a/aTiO2

XY/_baa/_baa/_`aa/Y]a/YAl2O3

XY/YZ _/Y_ b/YZ \/YZ ]/]` Cr2O3

_^/XY baa/XY ]aa/XY ]aa/XY X_TFeO 
Xb`/aXba/aXba/aX_a/a^Xa/aMnO 
\^Y/XY `aa/X] \aa/X] Yaa/X] Y/X\ MgO 
XaY/aa^b/aaY\/aaYZ/a^`a/aCaO 
X^a/aa\b/aXYa/aXYa/aa`]/aNa2O
a`/aab]/aXX^/aXa^/aaYX/aK2O
a^^/aaXY/aa^\/aa^Y/aaX\/aP2O5

_^/Xbb/Xbb/XYZ/X]Z/XAl 
^/X` Z/X\ Z/X` ]/X` YY/X_ Cr 

YY/\``/`\]/`b/`b/XX Mg 
\X`/a\XY/a\X/a\^/a\^/aCr/Cr+Al 

PPL-

PPL-100X 
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��0W ��8�6'!3' 2'!
' �%�() ���F  �%�()�1N3 �N9� ��z

 C�,D8��� !F �
��8�) -����J �
�<��%1@ =�6�&(N@��'1
� I(%  ��E =13�
)���  #T�� V�C !3.(
Cha5(Gabbro)Cha4(Harzborgite)Cha3(Dunite)Cha2(Cr) Cha1(Cr) Sample 

X/ab`/a_/aX/Z^ b/X` Cr2O3

`/_X/XZ/]X]/^Z `/_TFeO 
X\/aaZ/aa^/an.dYb/aNiO 
X\/aaZ/aa^/an.daX/aMnO 
Z/Y`/Za Z/ZY X_/X\ ^/Zb MgO 
_`/X^^]/aX_`/a^^]/aa^\/aCaO 
aY/a^b/aX\/a\/Xa ]/_Cr 
^/ZY/X` ^/^X Y/XX Z/^^ Mg 
XY/aaZ/aa^/an.db/bMn 
a_/a^/aZ/an.d]Y/aNi 
^/XX_/aX^/aX_/aa^/aCa 

aaY/aaaY/aaaY/aa^`/aaab^/aCo 
a_/aa^/aaaa\/aa_/aaa\/aZn 

n.dn.dn.daY/an.dCu 

C�,D9��� !F �
��8�) -����J �
�<���1, =�6 �' -.% I(N@ �8$E =')���  #T�� V�C !3.(
Che8Che7Che6Che5Che4Che3Che2Che1Sample 

_a/_ba/]`a/^aa/\Xa/XX ^a/XZ \a/`Ya/Xa SiO2

XY/aX]/aX]/aXZ/aX]/a^X/a^Y/aXb/aTiO2

^a/\^a/XX aa/X^ ]a/b`a/`ba/_\a/]^a/bAl2O3

]a/X_ \a/Xb Za/X] Za/X] Za/XY ]a/XZ `a/XY ]a/X^ Fe2O3

Ya/]Y ba/]] ]a/]_ Xa/]a Ya/]a ]a/Zb ba/]b ^a/]X Cr2O3

^`/a^_/a^Z/aX`/a^Y/a^`/aZX/aX\/aNiO 
X]/aXY/aX]/aa`/aa\/aX^/aXZ/aX^/aMnO 
ba/X\ Za/X\ \a/^^ _a/^_ \a/^a Ya/^Y `a/^a ba/^Z MgO 
ZY/X\a/a]X/a^\/aXX/^_\/a]_/aYb/^CaO 
X^/aX^/aX_/aX^/aX^/aXZ/aX_/aXY/aNa2O
a\/aX^/aa\/aa_/aa\/aa_/aa`/aab/aV2O5

a_/aab/aaY/aaZ/aa_/aaY/aa_/aa]/aZnO 
aZ/aaZ/aaZ/aa^/aaZ/aaZ/aaZ/aa^/aCo3O4

��� � ������ ��)��� ������ 
��E�F��# 1( 4&�G H��$�
��� ��,%� ����� "��E������ � ������ ! 
�� '� ��� !F =�6�����F ->�R  *�+$>, �
'!) =�(.� !3 2'1,

 �(�E �
 #�1)13 d1� � !"  � �3 2�%)Stratiform ( �>{�J d1�  
����� �
)Podiform ( �!F B���, .��� !F ��>�� d1� =�6 �>3 �

�D%'  =c�3 �.�� =Cr/Fe)�+
R�1��><� 2#>A� I(% (�>
  
=c�>>3 �.�>�Al/Fe)�'#>>"!
� 2#>>A� I(>>%(�>>3 ��>>
��� ��

 �>(�E d1� �<�� !F !
�Pi ��� !F =��w><G' 2�>% #>�!,]]�Y.[
���>�� d1>� �' �' -.>% �<��1�	' #(3!8F ��� !F ��#A� !
�Pi

�>>%' .>>��F �<>>%�  � �>>3 ���>>�� �>>�� !F =�6���>>��F =�6���
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#NfX\���8) �X����3XZ\a �%�!3���F =�6�%�() y��� !F !
�Pi �
��8�)1LR . . .���

d1� ��� !FCr  c�3 Al B��>�, *3�G c�3 #>�']_.[=�6���>��F
 ��� !FCr O'!>��l, �.�� ='�'� c�3 Cr/Cr + Al �' !<$>�3 

_/a#T��  Ti !>T�(: !
��>��  ��1>3 ��
�>@ IPGE)!>T�(:
 ��,0@ � !" (d1� =�6�����F �3 �.�� '� =!,c�3Al 2�$>� c�3 

��#(6� .d1� =�6�����FAl O'!��l, �.�� = �C c�3Cr/Cr 

+ Al ��3 ]/a�,_/a %^YAl2O3>�
c�>3 2�><�, #>T��  
#(<�6 .4.5]b[!
����Al2O3 TiO2��'#>" �3 ��� !F =

�<�3'  ���� �P�) �
'!3�(3 �#�' ���� ��r� �1P =�6 �<P�>%
#(<�>>6 .d1>>� �>>�� !F =�6���>>��F �>>%' �>>+8�Al �' c�>>3 

�f�� �3 �
�8"�� i =�>.f ��
�>@ �$�3 �  *�+$>, �
c�>3 =
���C�� �#()�3 �#) d1� ��� !F !
�Pi �FCr �
�>8"�� �' c�>3 

�f�� �3 �#>) *>T�C �
c�3 �.f =c�3 �$�3 � i =#>�']_.[
O#� ��� !F �3 �6 �� ���K<%' �+�<�R !<@ �P�) 2'1(: �#>)

 �%']`�\[�� �1w,  ��'#" �3 !<$�3 2J V�F!, �1) �>�� ' =
' �<�3 �>%' �1>N., �
��>WJ ��	 ��� !F �F *��� �
' �3 �#)�3 
]XayX^.[�>�� !F ��>r� =�>6 ��>�� =�>6 O �>>K<� �<P�>%

 �' �w�$� �"/
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�� ��,��3#6� .�>� c�3 M !F �3 ��<�� !F ��'#>" �' #>�'1, �>3 =

�f�� )1" �3 ��'#" p(F'  �' �
  � i =c�3 =�>�, e'#
#>) �<
 ���>C �� ��1) *�+$, �#) �' ��
�>@ M !>F �>3 �>�<�� !F �>F

��'#" �f�� �3 =�<)1" �3 p(F'  �' �
  ��
�@ � i =!><8F =

�� *�+$, �#) ��, �1)]XZyX_.[�>�� !F �>�D(� =�>6 =
��>>E�8$>>E  13�>>
 !
��>>�� ��&��>>�� ='�'� V>>�,!, �>>3 I>>(N@

 M !F#��>>>F')Cr2O3(XY/YZ % \Z/]^ %�� �>>>F #(<�>>>6
�!<�" ��� !F =��&<%�P �3 =�6MORB%) ^a�>, Y]] (Xb[

�� �'!G#�!�" .�%�!3 �NT' !T�(: =�6#��F' �
��8�)1LR =�6
 I(���F �� �1f1� �:!	  ��E ��� !F =�6 �8$E  13�
 I(N@

 !
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 Fe2O3!3'!3 ]`/a�>� *�+$>, '� I(���F ���  #T�� #>6�

 !
���� �.�� �3 �#) ��
 ��#A� !
�Pi 2J ��%' !3 �FCr/Cr 

+ Al �' `Z/a�,\Z/a)��&���� �3``/a(�'�1>8� �>3 �>f1, �3  
.�>>� �Cr/Cr + Al �>>3 �.�>>� Mg/Mg + Fe+2]X`[�

�!<�>>" �� �>>%�!3 ��1>>� 45�>>(� �>><�� !F =�6���>>��F =
��� !F �� �'!G M !F �' �(W �{�J d1� =�6#�!�" )*+)XY.(�3

�'�18� �3 �f1,TiO2�>3 �.�� Cr2O3]X\�^a[2J = � �>F
�!<�" �>
!"  �<��1>�	' �#�1>)13 d1>� ��� !F =�6�����F =
H
'�)GD ( �
��8�>)1LR �
�><� B�>%!,  �%' �#) ��$�
��18� �'!>G �' �F�>C �>%�!3 ��1>� =�6 ��#>A� !
�>Pi =!>�"

��>>E �>>�� !F�8$>>E  13�>>
�� I>>(N@�!<�>>" =�6���>>��F =
�%' ��J d1� �<��1�	' ��� !F )*+)X_.(

4.5;��E ��� !F ��#A� !
�Pi �
��8�) =�6-����J �
�<� B�%!, E  13�
�8$ �.�� �'�18� �� I(N@Cr/Cr + Al �3 �.�� Mg/Mg + Fe2+.
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��8�) =�6-����J �
�<� �8$E  13�
 �'�18� �� I(N@Cr2O3�3 �.�� TiO2.

�>�18� ��Cha4); #>f^(�>
R�13���6 �' �>F �>>�D(� =�>6 =
��E �)'�!3 13�
 M !>F �'#>�� ��>%' �#) )Cr ( �>3ppm^baa 
�>>� �� �1>>f1� M !>>F �.�>>� ;��>>A� �.�>>� �>>
' �>>F #>>%�

��, #
!@ �>� 2�$>�  �>%' ���>G1	 = �<)1" =�6 �>F #>6�
�
R�13���6 ��D(� =�6 ��E =��, #>
!@ �>3 13�>
 �<>)1" =�>6

 �%' �<�3'  ���G1	 .�'#��Cr ��18� �� =Cha5); #f^(�>F
 �>3 �>%' �#>) �)'�!3 ��D(� =�6 !3�" �'ppmYaa p6�>F 

��#3�
.
�� �0F1>
R0@ �1>f  M#>: �>
  -�E�� !
���� ��
' !3 � 0:

��, #>>
!@�>>�D(� =�>>6��>>E ==c�>>3 �.�>>� �>>3 �'!>>86 13�>>
 
Cr/Cr +Al2�$>>� �#>>(6� ���>>� =�>>8"�� �>>F �>>%' 2J =

��� !F �>�C�� H
 �' ec�8<C' ��D(� =�6 �' �>�, =Al �$>
� 
�%' �<	!" .��� !F ec1T' �'#�� ='�'� =�6Al 45�>(� �� c�3 

�#>>(3�
 Q!<�>>"��>>r�  �1>>G �$>>@ =�>>	�
 �>><K
� =�>>6 
��#�1)]^X.[��� !F �� �.�� �
' =c�3 �'#�� �
'!3�(3 =�>6

 ��� !F *�+$, M#: ��%�!3 ��1� 45�(� ��>E =�>6 �� '� 13�>

�� *9�� 45�(� ��1&(
'���% .

M!K
��>@ ��<�� !F *�+$, ��F  ��% ��1>� �1>(6 �<>)1" 
�%' �%�!3  xr3 .;#� �>,  �$>�3 �1N., ��� ' =�6 �(�$>�
 ��'#" *P'� �� �1N3 �<>%1�@ �1>5 �3  pP!E ;�C �� ��� ' =

�� *��) '� �<)1" �� �
�8"�� =�6'!9� �� �1f1� �1>)]^^y
^_ .[;#� ��� !F !�P' =�6 �3 '� M!K
��@ =�6 ;1w>r� 2'1>(:

��'#>>" 2�>>�� �$>>(F' >>�� ' =��>>�1, �<>>)1" ��, #>>
!@  �
��#(6�]^byZX.[;#�  �>8"�� �&<���J *��) �
�6/!>�W �>


 ��'#" 2�13 |0<P' *3�G �' !��	  �(W =�6Si ��'#" 2��� �
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�>%' �#>) ���($>�@ -�� ���) ��	  �,�+�N�%]Z^yZ].[�><K"

�� �+
R�1��<� ��� !F ���F �F �1))�' �(WCr ( �>NC!� �� =
M �  *�+$>, p�'� !>	 !>3' �>
 �<�(��13 2 � =�6�8"�� �(A
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 ��'#" *�+$, �' �>(W =Cr �>� '� #>6� ]ZY�Z_.[��'#>" =�>6

 �>>�� ' �<�(��1>3)MgO>10 wt% ( � #>>C �>>3)ppmXYaay
Xaaa Cr~] (Zby]b[��'#" �3 ��
��� �� � ' �<�'��>3 =�>6 �>�

 � #>C �>3 �<>)1" �' �#) 4<$� !&
�)ppmYaay^aa Cr~ (
]]`�]\[�' 2�1>3 �(W �3Cr #>(	 !A� .�>3 �>f1, �>3 �
'!3�>(3

 #T��Cr2O3 MgO -��  c�3 TiO2 Al2O3�1f1� ��
�@ 
��� !F �
��8�) V�F!, �� �>�D(� =�6 ��>E =�>� 13�>
 2'1>,

 �<>)�&� �>(�E �>�AG1� �>3 ���>��F �
' ��� !F �K" 4>�8:
��� !F ���.�� �� �6 �<��1�	' =)��, #
!@ =�6 �#) �+��1<+, (

�� 2�$�  ��'� ��'1�86 d1>� �' ec�>8<C' ���� =�8"�� �F #6�
��'#" �<�s�1, =Mg  c�3 Ti �>%' ��1>3 ��
�@ .�>3 �>	!5 �'

 ��
�@ #T�� �3 �f1,Al2O3��� !F�� �1f1� �>�D(� =�>6 =
�8$E �F �
' ec�8<C' �I(N@ �#(3�
 Q!<�" 45�(� �� -�� ����-
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#NfX\���8) �X����3XZ\a �%�!3���F =�6�%�() y��� !F !
�Pi �
��8�)1LR . . .���

�>�� !F ��
��8�)1LR ��"#
� �' �<�>3'  =�>6 �
!,c�>3 �>3 
p�3 ��
�@  �<)1" =�6 p�3 �
!, �<>%1@ =�>6 �>%1���G' =

!>>T�(: �.�>>� ='�'�Cr/Cr+Al ��>>3 Y/a�>>, _]/a�.�>>�  
Cr/Fe ��3`/X�,`/^>C�� ��%' ����>�� !F �>F ='�'� =�>6
�.�� p�3 �3 �#) ��
 !T�(: !,c�3 =�6 4�8: =�6 �<�>3'  !,-

#�']Z.[O'!>��l, �.�>� �>3 �>f1, �3Cr/Cr + Al ���>��F �� 
�8$>E ��� !F ��>3 I>(N@b^/a�>, b\/aO'!>��l, �.�>�  

Cr/Fe ��3 b/^�,X/Z�� ����$� �
' �F �K" 2'1, |�.,�' =�6
 E ��� !F �+�<�R�8$ p>�3 �>3 I(N@ �<>)1" ��
�>@ =�>6 =
�%' �<�3'  ���G1	.
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��� !F �f�� �3 �
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��, #
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 ��E �<�� !F �8$E  13�
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MgO ^Y/^a %�"/
  �3 �
�8"�� �' ��'1>�86 �#>) ��>
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��� ��>>E �>><�� !F !
�>>Pi �
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��8�)1LR �6�.) �'� �6

�� 2�$� ��1	#, �<�� !F �����F �3#6� .
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�(>>T �� �>>�� !F �!3��>>F �
!<$>>�3
 *3��� �� M ��� V�F!, H
 p�� M !F 2J �� �F �%' M !F !	
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��>>F'��']Y^[=�>>6R���J  
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 �>3 ->�� �<��1>�	' =�>�<	�.86 �8$>E �>�(, 2'1>(: �>>�� !F =
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�>@ �6J �Cr2O3 + Al2O3

> 60wt%]YZ�Y][�8$E  ��13 =�>6�!3��F ='!>3 �8�� =
�3 =R�1��<�Cr2O3>40wt% �>�  �.Cr/Fe ��>3 ^/^�>, ]

�� ���C �3 -��#(
J]Y].[

�>>�� !F �<A(>>T =�>>6�!3��F ��>>E 45�>>(� =�>>6  13�>>
 
�8$E �� �T0P !
� ~!$3 I(N@#�1) :2�>+�' ='!3 M�c |!)

 �3 =R�1��<� g
�(T �� ��� !F �' ���K<%' M !F !	 #��1, �1h(�
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 #>T�� !,c (
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� v!5 �'  �%' �.�� ��
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#)�3]Y].[�� �
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�(T �� ��� !F �!3��F ='!3 ��>
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 �'#��Cr2O3���F �� ��� !F =)]]!,c�3 �
 #T�� (�.�>�  
Cr/Fe �' !<$�3 Y/X#)�3 .��� !F �
'!3�(3 ��E 2��A� =�6 13�


 !F #��F' ='1<r� ��&���� �3 M XY/YZ =c�>3 �.�>�  #T�� 
�6J �3 M !F)��&����\(�� �+
R�1��><� =�>6�!3��F #>(�'1,

#()�3 �<)'� �
��8�) .
��&��>�� �3 �f1, �3Cr2O3)Z\/]^ (�.�>�  Cr/Fe b/^

�,X/Z��
�>@ !
����  Al2O3)�' !><8FX^�>��  #>T�� (��
�8$E ��� !F ��#A� ���� >�� �#) ��
 ��� !F �I(N@ ='!>3 -

�%' ���K<%' *3�G �
��8�)  =R�1��<� =�6�!3��F.
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�^Y�,Za%��� !F ��1� �� �F �%' =�6
��E �3 13�
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�@ *��� =�>6
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� =�>6 ���$>K$,J =�>6
�%' �#) 2�%!"�.
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 �><�� !F =�>6
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R�13���>6  �><�� � �&(>% =�>6

#��'�.��� !F �	�3  ��<P�% �>� '� �#) ��
 45�(� =�6 2'1>,
 �	�3 B�� � !"  � �3 �!>F B��>�, �>
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�>>	�3 �>>	�3 ��>>�� ' =�>>6 �>>�'� �BF'!>><� =�>>6 �� 2�$>>	'  =' 
�>��FI(�>>�D(�  � !>>6 �>�� !F =�>>6*>>3�G �#>>) �>%�!3 =

�%' �#6�$� .�
c �	�3 �2�>3-�� I(% �3 �9
�#, �!� ='�'� ='
 �>	�3 �' =�1&�' �)1P  �&(N@ �%1@ �=�'1� �	�3 g
�>) =�>6
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 �8$>E �>�� !F �����F �� e'!wr(� ��� ' �	�3 I>(N@ �#6�$>�
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' �>6
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 ��E 45�(� �8$E  13�
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�
!>><8�� �I>>(N@
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��E �8$E  13�
 �1>f1� M !F #��F' #T�� !h� �' �E!" I(N@

�3 ��  �%' V%�(�T1, 2J =�(��1�J �1.8F �N:�8� ���1).

ID(�� 
]X[� �(��>>>�.�.� �>>>8�6'!3' �.M�� �M '�J.�B
!>>>F M �1>>>@.~.�
"��#>A� *��>��<@  �<�� !F =�6�����F �
��8�)1LR O�A��D�

I(% ��E ��D(� �<��1�	' ��@  �<��1�	' =�613�
"2�
�@ ��>���
 ��>>�� p
'!>" �#>>)�' �>%�()��F ��&$>>�'� �=��w>><G' �>%�()
�
�@ M1N: �#+$�'� �#�$� �% �!	)XZ`^.(

]^[2'���% M.�� �8�6'!3'.M 2i�� �.�>5  �~ �1>@.�.�"�>%�!3
 �8$E �<�� !F �����F �' -.% I(N@)�!3��>F !3 �/
  �)!&� �3

 2J �<A(T("2�
�@ ���>�� �<>)� #)�' �%�()��F ���� ��>%�()

 ���� p
'!" M1>N: �#+$>�'� �->
!., ��&$�'� �=��w<G' �%�()
�A�.5)XZ`_.(

[3] Stowe C.W., "Evolution of Chromium ore 
fields", NewYork, Van Nostrund Reinhold, (1987), 
340p.
[4] Leblanc M., Nicolas A., "Les chromitites 
ophiolitiques: Chronique de la Recherche  
Minière", (1992), v. 507, p.3−25.
[5] Barnes S.J., Roeder P.L., "The range of spinel 
compositions in terrestrial mafic and ltramafic 
rocks: Journal of Petrology", (2001), v. 42, 
p.2279−2302.
[6] Zhou M.F., Robinson P.T., Bai W.J., 
"Formation of podiform chromitites by melt/rock 
interaction in the upper mantle: mineral deposita",
(1994) V.29, PP. 98-101. 
[7] Kamenetsky V.S., Crawford A.J., Meffre S., 
"Factors controlling chemistry of magmatic spinel: 
An empirical study of associated olivine", Crspinel 
and melt inclusions from primitive rocks: Journal 
of Petrology, (2001), v.42, p.655−671.
[8] Irvine T.N., "Chromian spinel as a 
petrogenetic indicator", Part 1. Theory: Canadian 
Journal of Earth Sciences, (1965), v. 2, p. 
648−672.
[9] Irvine T.N., "Chromian spinel as a 
petrogenetic indicator", Part 2. Petrologic 
applications: Canadian Journal of Earth Sciences, 
(1967), v. 4, p. 71−103.
[10] Dick H.J.B., Bullen T., "Chromian spinel as a 
petrogenetic indicator in abyssal and alpine-type 
peridotites and spatially associated lavas: 
Contributions to Mineralogy and Petrology",
(1984), v. 86, p. 54−76.
[11] Arai S., "Chemistry of chromian spinel in 
volcanic rocks as a potential guide to magma 
chemistry", Mineralogical Magazine, (1992), v. 56, 
p. 173−184.
[12] Barnes S.J., Roeder P.L., "The range of spinel 
compositions in terrestrial mafic and ultramafic 
rocks: Journal of Petrology", (2001),v. 42, p. 
2279−2302.
[13] Leblanc M., Violette J.-F., "Distribution of 
aluminum-rich and chromium-rich chromite pods 
in ophiolite peridotites", Economic Geology, 
(1983), v. 78, p. 293−301.
[14] Zhou M.-F., Robinson P.T., "High-Cr and 
high-Al podiform chromitites, western China",

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
25

-0
6-

08
 ]

 

                            14 / 16

http://ijcm.ir/article-1-476-en.html


#NfX\���8) �X����3XZ\a �%�!3���F =�6�%�() y��� !F !
�Pi �
��8�)1LR . . .���

Relationship to partial melting and melt/rock 
reaction in the upper mantle: International Geology 
Review, (1994), v. 36, p. 678−686.
[15] Proenza J., Gervilla F., Melgarejo J.C.,  
Bodinier J.L., "Al- and Crrich chromitites from the 
Mayari-Baracoa ophiolitic belt (eastern Cuba)",
Consequence of interaction between volatile-rich 
melts and peridotites in suprasubduction mantle: 
ECONOMIC GEOLOGY, (1999), v. 94, p. 
547−566.
[16] Rollinson H., "The geochemistry of mantle 
chromitites from the northern part of the Oman 
ophiolite", Inferred parental melt compositions: 
Contributions to Mineralogy and Petrology, 
(2008), v. 156, p. 273−288.
[17] Allen J.F., Sack R.O., Batiza R., "Cr-rich 
spinels as petrogenetic indicators: MORB-type 
lavas from the Lamount seamount chain", eastern 
Pacific. Am. Mineral. 73, (1988), PP. 741–753. 
[18] Zhou M.F., Bai W.J., "Chromite deposits in 
China and their origin, mineral deposita", v.27, 
(1992) pp.192-198.  
[19] Hatton C. J., VonGruene Waldets G., 
"Chromite from the Swatkop chromite mine 
estimate of the effects of subsulidus 
reequilibation", Economic Geology, (1987), v.80, 
pp.911-924. 
[20] Eales H. V., Reynolds R. G., "The geological 
setting and petrogenesis of the Bushveld chromitite 
layers", in Stow, S. W., Evolution of chromium ore 
field New York, Van Nostrand-Reinold, (1987), 
pp.109-143.  
[21] Hubbard l., James R.S., Easton R.M., Corfu 
F., "Origin of Meta pyroxenites and high Al- 
Chromitites from the Grenvile front tectonic zone 
near Sudbury", Ontario. Geochemical Society of 
America (1998). 
[22] Thayer T.P., "Principal features and origin of 
podiform chromite deposits, and some 
observations on the Guleman-Soridag district",
Turkey: ECONOMIC GEOLOGY, (1964), v. 59, 
p.1497−1524.
[23] Greenbaum D., "The chromitiferous rocks of 
the Troodos Ophiolite Complex, Cyprus",
ECONOMIC GEOLOGY, (1977), v. 72, p. 
1175−1194.
[24] Quick J.E., "The origin and significance of 
large, tabular dunite bodies in the Trinity 
Peridotite, northern California", Contributions to 

Mineralogy and Petrology, (1981), v. 78,         p. 
413−422.
[25] Lago B.L., Rabinowicz M., Nicolas A., 
"Podiform chromite orebodies: A genetic model",
Journal of Petrology, (1982), v. 23, p. 103−125.
[26] Leblanc M., Ceuleneer G., "Chromite 
crystallization in a multicellular magma flow",
Evidence from a chromitite dike in the Oman 
ophiolite: Lithos, (1992), v. 27, p. 231−257.
[27] Kelemen P.B., "Reaction between ultramafic 
rock and fractionating basaltic magma I. Phase 
relations, the origin of calc-alkaline magma series, 
and the formation of discordant dunite", Journal of 
Petrology, (1990), v. 31, p. 51−98.
[28] Arai S., Yurimoto H., "Podiform chromitites 
of the Tari-Misaka ultramafic complex, 
southwestern Japan, as mantle-melt interaction 
products", ECONOMIC GEOLOGY, (1994),     v. 
89, p. 1279−1288.
[29] Zhou M.-F., Robinson P.T., Bai W.-J., 
"Formation of podiform chromitites by melt/rock 
interaction in the upper mantle", Mineralium 
Deposita, (1994), v. 29, p. 98−101.
[30] Zhou M.-F., Robinson P.T., Malpas J., Li Z., 
"Podifrom chromitites in the Luobusa ophiolite 
(southern Tibet): Implications for melt-rock 
interaction and chromite segregation in the upper 
mantle", Journal of Petrology, (1996), v. 37, p. 
3−21.
[31] Arai S., "Origin of podiform chromitites",
Journal of Asian Earth Sciences, (1997), v.15, p. 
303−310.
[32] Paktunc A.D., "Origin of podiform chromite 
deposits by multistage melting, melt segregation 
and magma mixing in the upper mantle", Ore 
Geology Reviews, (1990), v.5 ,p. 211−222.
[33] Ballhaus C., "Origin of podiform chromite 
deposits by magma mingling: Earth and Planetary 
Science Letters", (1998), v. 156, p. 185−193.
[34] Matveev S., Ballhaus C., "Role of water in the 
origin of podiform chromitite deposits", Earth and 
Planetary Science Letters, (2002), v. 203, p. 
235−243.
[35] Roberts S., "Ophiolitic chromitite formation",
A marginal basin phenomenon?: ECONOMIC 
GEOLOGY, (1988), v. 83, p. 1034−1036.
[36] Roberts S., "Influence of the partial melting 
regime on the formation of ophiolitic chromitite",

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
25

-0
6-

08
 ]

 

                            15 / 16

http://ijcm.ir/article-1-476-en.html


��0W ��8�6'!3' 2'!
' �%�() ���F  �%�()�1N3 �N9� ���

Geological Society [London] Special Publication 
60, (1992), p. 203−217.
[37] Kuroda N., Shiraki K., Urano H., "Boninite as 
a possible calc-alkalic primary magma", Bulletin 
Volcanology, (1978), v. 41, p. 563−575.
[38] Jenner G.A., "Geochemistry of high-Mg 
andesites from Cape Vogel, Papua New Guinea",
Chemical Geology, (1981), v. 33, p. 307−332.
[39] Walker D.A., Cameron W.E., "Boninite 
primary magmas", Evidence from the Cape Vogel 
Peninsula, PNG: Contributions to Mineralogy and 
Petrology, (1983), v. 83, p. 150−158.
[40] Cameron W.E., "Petrology and origin of 
primitive lavas from the Troodos ophiolite",
Cyprus: Contributions to Mineralogy and 
Petrology, (1985), v. 89, p. 239−255.
[41] Flower M.F.J., Levine H.M., "Petrogenesis of 
a tholeiite-boninite sequence from Ayios Mamas, 
Troodos ophiolite", Evidence for splitting of a 
volcanic arc?: Contributions to Mineralogy and 
Petrology, (1987), v. 97, p. 509−524.
[42] Pearce J.A., van der Laan S.R., Arculus R.J., 
Murton B.J., Ishii T., Peate D.W., Parkinson I.J., 
Boninite, "harzburgite from leg 125 (Bonin-
Mariana forearc)", A case study of magma genesis 
during the initial stages of subduction: Proceedings 
of the Ocean Drilling Program, Scientific Results, 
(1992a), v. 125, p. 623−659.
[43] Pearce J.A., Thirlwall M.F., Ingram G., 
Murton B.J., Arculus R.J., van der Laan, S.R. 
"Isotopic evidence for the origin of boninites and 
related rocks drilled in the Izu-Bonin (Ogasawara) 
forearc, leg 125", Proceedings of the Ocean 
Drilling Program, Scientific Results, (1992b), v. 
125, p. 237−261.
[44] Taylor R.N., Nesbitt R.W., Vidal P., Harmon 
R.S., Auvray B., Croudace I.W., "Mineralogy, 
chemistry, and genesis of the boninite series 
volcanics, Chichijima, Bonin Islands, Japan",
Journal of Petrology, (1994), v.35, p. 577−617.
[45] Bédard J.H., "Petrogenesis of boninites from 
the Betts Cove ophiolite, Newfoundland, Canada",
Identification of subducted source components: 
Journal of Petrology, (1999), v. 40, p. 1853−1889.

[46] Pe-Piper G., Tsikouras B., Hatzipanagiotou 
K., "Evolution of boninites and island-arc 
tholeiites in the Pindos Ophiolite, Greece",
Geological Magazine, (2004), v. 141, p. 455−469.
[47] Pagé P., "Pétrogenèse de l’ophiolite de 
Thetford Mines, Québec, Canada, avec un accent 
particulier sur les roches du manteau et les 
chromitites: Unpublished Ph.D. thesis, INRS-
ÉTÉ", Québec, PQ, Université du Québec, (2006), 
p. 282
[48] Roeder P.L., Reynolds I., "Crystallization of 
chromite and chromium solubility in basaltic 
melts", Journal of Petrology, (1991), v. 32, p. 
909−934.
[49] Roeder P., Gofton E., Thornber C., "Cotectic 
proportions of olivine and spinel in olivine-
tholeiitic basalt and evaluation of pre-eruptive 
processes", Journal of Petrology, (2006), v. 47, p. 
883−900.

]Ya[v !>>�.S �8>>%�G �.�"�>>�� !F �8�>>)1LRJ =�>>6 �->>��
 ;�P�'  �	�3 �<��1�	' �'!86 #��f =�6"�>89�' p
�86 ��� ' �

����2'!
' �%�())XZb_(� �^Yay^Y^.
[51] Pagé P., Barnes S.J., "Using Trace Elements 
in Chromites to Constrain the Origin of Podiform 
Chromitites in the Thetford Mines Ophiolite",
Québec, Canada., (2009), v. 104, no.7, pp. 997-
1018.
[52] Mikami M.H, "Chromite in Industrial mineral 
and rocks by Lefond", S. J., American Institute of 
Mining, Metallurgical, and Petroleum Engineers, 
Inc, by Port City Press, Baltimore, Maryland, 
(1983). 
[53] Proenza J.A., Ortega-Gutierrez F., Camprubi 
A., Tritlla J., Elias-Herrera M., Reyisalas M., 
"Paleozoic serpentinite-enclosed Chromite from 
Tehrizingo (Acatlan complex, Sothern Mecxico): a 
Petrological and Mineralogical study", J. of South 
American Earth Science 16 (2004), pp. 649-666. 
[54] Harben P. W., Bates R.L., "Geology of the 
Nonmetallics", published by Metal Bullentin Inc. 
708 Third Avenue, New York, NY 10017, USA, 
(1984), pp.9-17. 

 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
25

-0
6-

08
 ]

 

Powered by TCPDF (www.tcpdf.org)

                            16 / 16

http://ijcm.ir/article-1-476-en.html
http://www.tcpdf.org

