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 ��$%- ��0��A|     ��;I���� ��$;%- B
(+;"�3 O$����(3 �� �8 ��4@�
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 ��'M ������ :� �5(3 /�9     $;
� ?;�� (;��p- ����(M /�9

��  �;� �;M �42  ���;"� $;��4- (;��p- :� /�    �;���(M F;�M(- ��
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 � .
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�, (3

    6;;'��: � �;;�+���(8 �� �4;;H4� #4)�;;�4) /�;;9:�	 ��;;��(+1��

�� �� ���C �-�1�0�&() �� #�4- �  �;
�, /�9D0	 /�9$�E�4& /�9

)BMS( (A�'. /��I�M(- ��9D0	 �%�IK /�9<���C � ��:C (A�'. �

      F;�c� /�;9D0	 � �9$�;�M� ��-�*�0�;& /�;�I�M(- ��M�5 ����

��� /�H .    �
��@�;2 F;�M(- D;�� �  $2 �
�&�'2 /�9:�	 ��4��

 ���C)   (;A�'. �;�:� $;A�� F�7 (3 (    �;
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+,�8 ���� �� D
� /���!+�*2 N(+�) ����(M /�9)Cr ( B�+��,(& �3 ���4� (+"�3 �� �M)Ser ( $2 (,�3�-:�3 �4� �$��.  

  

 9�#:-  � ���C ��%G4� �3  �(@9 �n��@8 � �.(	 /�����8 J�4A �3 ��+���(8  �(@9 /�9:�	 ��4��       /���;&�(3 6;
�, (;3 �;���(8 /�;9�403 �;3 �I�

���(+1�� ��8D
� � �,41&�(1��.  

;�:�� �����<  
#��� +6�  �1����� =����  
#� ������ >��  

  ����(8 #���  

  

�����  

  

S�  �
$�L+', ���            (Fe,Ni,Cu)9S8  

 �
$�L+',  (Fe, Ni )9S8                        

   �
(�,41��8                              CuFeS2  

�?�  ��@!� ��#�A1��  

)BMS(  

  ��  � ����(8 /�9 ���� B�3

 :�� #��� /��'�+��,(&�9 ��12 � �9  
/4��Q  

�
(�,41��8                             CuFeS2  

�
(�,                                       FeS2  

��R��(3           Fe, Ni , Co) S2           (  

��-�(�,                                       FeS  

�
(0��                                        NiS  

�
� �'��                 (Co, Ni, Fe, )3 S4  

�?�  ��@!� ��'��1D � E1�� �F���  
���� B�3B�+��,(&  ��  �����(8 /�9 -

 :�� #��� /�9��12 � �9�9  

  

Q/4��  

  

  

Cu  ���5  

Fe   ���5  

Ni ���5  

<���C    Ni-Fe  

 ��R�����)��'�	:�<  (                 Ni3Fe  

<���C    Cu-Zn  

 <���C  Fe-Cu-Zn  

�#�GH�  
����(M :� �&� #�(3  

����(8 #���  

�����  

�����  

                             ��-�@9 Fe2O3  

��+'!�                                Fe3O4  

�H���;�� �F���  B�+��,(& #���  /4��Q  $��8�   La-Ce :� �@8 ��$�� �3 Gd  

  ����(8 #���  B�+���  B
4����  

�I�$�!�� ���J�H�I  ����(8 /�9 ���� B�3  B����  
B
4����  

B�+��,(&  

  ����(8 #���  �����  �
�4�     (Ru , Os, Ir )S2  

�;�� ��@!�  
3 /�s	 �� �4H4� B�+��,(& #��� B�

��������(8 /�9  
/4��Q  

Fe   �
DH ��$��  $����(3 �� Rh , Ru  

Cu   �
DH ��$��  $����(3�� Ru , Zn  

    $����(3 �� �
(�,Rh , Ru-Ni  

<���C Ni-Fe    $����(3�� Rh , Ru , Pd  

 �8$�� ��$��   $����(3 �� �
(�,41��8Ru  
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9�#:. �, (3 /D0	 /�9$�E�4& �� �4H4� (A�'. ��:� $A���
Dc- 6
�v�� /�9/� .    6;'��: �;3 �;8  $�C �&� �3 �	��� (A�'. ������8 :� �s%3 ��

�� �43(����C ��4��(�, �-�1�0�& �
 �+���(8�42.  

��4@�  ��@2   $2 �+5�'2 :�	  Fe Ni Cu Co S Os Ir Ru Rh 

BPO-3/2 �
(�, ��/{\  ��/�  t  t  ��/�{  t  t  ��/�  ��/�  

BPO-3/4  �
� �'��  \�/��  |/\�  t  ��/�{  �\/��  t  t  t  t  

BPO-2/4  �
� �'��  �\/��  {�/�\  t  ��/{\  ��/�|  t  t  t  t  

BPO-3/6  �
$�L+',41��8  {\/��  |/{|  �/�  t  {\/\�  t  t  t  t  

BPO-2/7 �
� �'��  ��/�{  �/��  ��/�  �/{�  ��/��          

KP-21/1 �
(0��  ��/�  �/�{  {�/�  t  {{/{�  t  t  t  t  

KP-21/2  �
(0��  �{/�  {�/��  \\/�  t  �/\�  t  t  t  t  

KP-21/3  �
(0��  {/�  �/�{  t  t  �\/{�          

BK-11/19 �
(�,41��8  {�/�|  t  |�/{�  t  |�/{\  t  t  t  t  

BK-11/5  �
(�,  ��/\�  t  t  t  ��/�{          

BK-10/1  �
(0��  ��/�  ��/��  t  t  {|/{�          

BK-10/3  �
�4�  ��/��  �/��  t  {/�  ��/��  �/�  \�/\  ��/��    

  
9�#: 8  �:� $A�� ��:C /D0	 /�9:�	 �� �4H4� (A�'. �)���5 (�
Dc- �
�, (3 /D0	 �%�IK /�9<���C ��v�� /�9/�.  

��4@�  ��@2   $2 �+5�'2 :�	  Fe Ni Cu Zn Co S Ce  �La Ru Rh �Pd 

BPO-3/2/2 
 <���CFe-Ni /��7Ru , 

Pd  �Rh 
��/�{  ��/�  t  t  t  {{/�  t  {�/��  �/�  ��{/�  

BPO-2/4/2  ��R�����  �/��  ��/��  ��/�  t  t  t  t  t  t  

BK-9/5  ���5 B9C  ��/|�  t  t  t  t  t  t  {�/�  t  

BK-9/3  ���5 S�  t  t  �/|�  �/�  t  t  t  �\/�  t  

BK-9/4   <���CZn-Cu-Fe ��/��  �\/�  \{/��  \/�\  t  t  t  t  t  

BPO-2/2 ��'�	:�<  �|/��  |\/��  t  t  \{/�  t  t  t  t  

BPO-2/8  ���5 B9C  �/||  t  t  t  ��/�  t  t  t  t  

BPO-2/6  Ni  �@8  �(@9Fe \�/{  ��/|\  ��/�  t  t  �/�  t  t  t  

BK-11/3 ���5 B9C  ��/|�  t  t  t  t  ��/�  t  t  t  

QQ-20/4  Ni  �@8  �(@9Fe  \�/{  ��/|\  ��/�  t  t  �/�  t  t  t  

IN-26/3  <���CZn-Cu  �/�  ��/�  �/�\  \/{�  |�/�  t  t  t  t  

IN-26/4  <���CLa-Ce              �/�{  :Ce    ��/{{  : La  

QQ-19/2 ��-�@9  \�/{|  :Fe   ��/��  :O t  t  t  t  t  
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�, /�9D0	 /�9$�E�4&

$���� �4s7  $2 �&�(3 .   (;+@8 /(;vG /���� �����8 B
� (+"�3

 :�{�     /(;vG �;3 ��;%3� ���C #��� �� J�$� �3 � �$'+�9 #�(1��

��$7 ���� ���� �	�
 #�(1$�42 .    �;�'- ��;����8 B;
� #��� :�

  S;� �
$;�L+', ���8 �& ���) �
$;�L+',41��8(  � �
$;�L+', �

  �;���(8 /�9�403 #��� ��I���� J�4A �3 ��+
(�,41��8 :� �"�3

 $�4;2 ��  $
�.       ��;�-�(�, ��;
(�, >��;2  �(;) B;
� /�;����8

: �� �;;�+
(�,41��8 :� �;;"�3 D;;�� � ��;;
� �;;'�� ��;;
(0�� 6;;'��

 �-�1�0�;;&)B�+��,(;;&( �;;��� B�;;3 /�;;s	 �  � �;;���(8 /�;;9

$���� /�H ���!+�12D
� .  

�
� �'�� ���8)�
��@�2 ^4�(	 �3(Co,Ni,Fe)3S4  (  O$;
$,

�� #�"� �� �I��H$9�. ��;2�7 `�3 �()��()   �� ���;8 B;
� /�

 #�D�� #C �� �8 $��24, �� /��4�S  �Co   ��$;�� � `9�8Ni 

 �Fe �� `
�D	�$3�
 . ��;2�7 `�3 B
�     �I;�� �;3 ?;�� �;3 /�

 �&� ���"- >3�G �05�� `�3 :� (+'2��)>12\t �;��(  �;3 r

  �;���� `�3 :� ��4��(�, `�3 �08 n�-:�3 F
(� �B�& (!
�

      �;����(	 �;
 �;@-� �$;. �;8 �&� #C /�
4) B
� � ��&� (+"�3

   ��4;;��(�, `;;�3 �� B�!';;& /�;;9D0	)#�;;"5�� ( :� (+;;"�3

�&� ����� /��"�3 .�� ��2�7 `�3 D�� ���4� �5(3  ��4;� �/�

�@� >�1"- �� �0��8   ���;8 #4;��(�, ���� �5(3 �� ]�	 � $9�

��  $
� �42)>12\tn .(    � ���;@+7� /�;9:�	 �
�;&�'2 /�(3

  �;'�� ���8 �05�� /�9 `�3 F�8(- �� �4H4� J�(��p- �&�(3

 �4K �3 #C �403 ���u 6�2�7 � DM(� �#C /� ��2�7 `�3 � �
�

� �@8�v�� �&�(3 ��4  $;'+	() ��(;G /� .   �� �4;H4� /�;�-��E-

 ̂ �$;H �� ��"�3 B
� �
��@�2 F�8(-\    $;2  ��� #�;"� $;�� .

��2�7 `�3    (;��	 �;��I8 � �()4;) :� ��"� �4K �3 �403 /�

   /�;9<���C �>;1�� :� ��2(& �
� �'�� /4& �3 #C F�8(- �  $2

�;;��I8 /�;;9D0	–>;;1��–� �()4;;) /(
��;;�� O$;;����(3�� B;;9C 

��'�	:�< b�c��(&) ^4�(	 �3Ni3Fe (�� `�,��� .  ��;
 �3 b:�

  �;;
Dc- :� >;;A�7 �()4;;) �;;@9 �;;
 � �;;"�3 �;;8 �;;&� /��C

��2�7 `�3 �
��@�2   �;���� `;�3 :�  ���� �)�4�C $
�2 �/�

$2�3 .      �;�� ��;&� D;�- B;2�� �  (;�- :�	 �� #��� :(� (9�� �3


Dc- 6
�, (3 �4�4� B
� J�IQ� �8 �&� #C ����7�   �;@8 /�;9

�&� ��42� ����3 /� �v�� .�
45]d[ �� #�"� (K�5   �;8 $;'8

     (;!
� :�;	 �;3 :�;	 �
 :� ��) /����: �3�
�� /���4� B�'u ��

     �;��(+1�� z41;&�(1�� � J�$;G (;, :�& ��12C �(3��8 �3 �+7

���� (
�, #�1�� .  ��4;)()� �3�
�� ��  �!+&� �(!
� B�& �3

    ��$;'u �
�;��4-  $;'
�D	 � i;8 /�9 ���$;� �]d[ .   B�;'u �4;H�

�� �
� �'�� ���8 �� �-�(��p-  B;
� ���&()� �3 ^�@+7� �3 $��4-

    �;M �;'%� B;
� �3 �$2�3 �+�3�� ��'�	:�< �3 #C >
$I- � ���8

      �4;K �;3 �  �4;3 �;2�,�(	 ^�;7 �� ���M B
� �
��@�2 ��+5�&

�&� `
45 �()4) #��� �&� :� ^�7 �� /�$'
�D	.  

@!� �"�JK ��'��1D� ;�>D �F��� �  

  /�;9<���C >��2  �() B
�Ni-Fe �Cu-Zn   � �;�'�	:�< ���;8 �

 ��:C (;;A�'.)���;;5 (Fe  �Cu  �Ni   �;;3  �(;;@9 �;;8 $'+;;�9

  $;2 >�1"- D
� ����3 /�9  :�$�� �� ��+���(8    �;��C 6;@9 �$;��

 �;��� #��� /�s	 �� � �'�+��,(& 6'��: #���   � �;���(8 /�;9

 :������ /�H #C �� �4H4� /�9    �;
4��Q �4;K �;3 �� B
� :� � �$

 $2 >�1"- $��) /�9 >12�tn� ��� .( B
� :� `�, �1��'T@9

       �;
� �;'�� ���;&()� :� �;9<���C � �;����M B;
� (+"�3 �$2 �+E)

 $2 >A�7$��.  

  

 9�#:L  ��2�7 � �
� �'�� ���8 �05�� `�3 �
��@�2 F�8(- ��
����v�� �
��@�2 �
Dc- 6
�, (3 #C /�91�� /� $�4&�() (3 (A�'. b�@- (
����

$A�� F�7(.  

   ��!	A   ��!	B  ��!	C  ��!	D 

  �!��; MN	  �����  �!��; MN	  �����  �!��; MN	  �����  �!��; MN	  �����  

Fe �\/��  �/��  ��/�  ��/{�  ��/�{  �{/��  ��/�  \�/��  

Ni {/�\  ��/��  �/|  �/��  �/��  ��/�\  �{/��  |/\�  

Cu t  �/�  \�/�  �\/�  ��/�  \�/�  t  t  

Co ��/{\  t  �/\{  {�/�  �/{�  ��/��  ��/{|  ��/�{  

S ��/�|  t  {�/\�  ��/\  ��/��  �|/��  �/{\  �\/��  
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O1�                               �  

+,�L   �
��@�2 F�M(- (��p-)�&�'2 ���M ( /4& �3 #��� :� �
 � �'�� ���M ����2�7 ��4� � $'- :(� �3 #C  ��'M/�   >;��M) �;�� (  #�$;3 �  ��4;�

��2�7 >��M /�)n(.  

  

  

  

  

  

  

  

  

  

  
  

  
)O1�          (                                                      )�(  

  

+,�P  (
��y-SEM >*�� :�  ���5)��� ( ��'�	:�< ���M �)n (����(M ���� #��� �!+�*2 �� _G�� B�+��,(& ��.  

  

�H�� �;�� �F��� ���J���I  

(A�'. /��I�8(- :� �5(3   ��4;� /��+���(8 �3  �(@9 �8�5 ����

�� �	�
 �&�(3�� ^��� /�(3 r$�42   /$�;�8� F;�8(- �3 #�4-

La-Ce  �;;RDH (
��;;�� �;;3  �(;;@9Gd  ��$;;7 �� (;;vG �;;3�� 

 �'�+��,(& 6'��: #��� #�(1��  �(;8  ��;2� ����(8 .  /��01;2

�t  �,4*;&�(*�� (
4y- F�-(- �3 n� ���) �;��(+*�� (  N�(;, �

 4-(, �2�!�X �� #�"� �� ��4@� B
� �3 �43(� $;'9� .  :� `�;,

      �;.4@c� /�;�+���(8 �� �8�;5 ���;� (;A�'. �4;H� �B
�  /�;9

    D;�� �G$'E;&� �  ��;3C �n�
��	 ����@H �H�45 YK�'� �+��4�	��

 $2 N��D)�$�]j.[   

 �#�GH� � �I�$�!�� ������H  

 :�$�� �� �-�1�0�& /�����8  D;
� ���;�3 #4)��4) /�9)��  �;-{� 

�� #�(1 (�2�� �-) ��$7�/�   �;-�/�   (;+� �;0�� (   J�4;A �;3

   �;�  $;
� �;���(8 /�9�403 #��� >12 �3 /�9��I���� $�4;2 .

�u()�  >
$I- B�+��,(& �3 #�2(+"�3 �  $2 #�&()� �����8 B
�

 $2�&�  �43 B
4���� ^�@+7� �3 ���C B�+��� F�8(- ��� �$�� .

  �;��� :� �;5(3 #��� �����8 B
� �����(	 �;9   #�;'T�C �;���(8 /

     ��� �;��C }v;& �;3 $;'���  (E7 ���7 �8 �&��3 $;�� .  �;3 b:�

   �;&�(3 �-�1�0�;& /�����8 #C ��'- �c'
�  �� �8 �&� /��C��


����� #C �3 �I�� � $���� /�H ��+���(8 #��� �8 $��  $2  �$;��
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���M �&�(3�+"�� �3  �(@9 n��@M � �.(	 /�����M �&�'2/45 6�7�� ����(M /�9 hol

   #4;'8� �;8 �-�1�0�& /�����8 B
� :� /����3 �8 �&� ��12C �

 $;;2 �'�+��,(;;&�;;��� #�;;�� �$;;�� �  :�� �� � �;;���(8 /�;;9

$���� �4s7 #C /��	�*2 .   � �;�-�@9 �;�'- /$��8� /�����8 :�

$�$2 �
�&�'2 ��+���(8 �3  �(@9 ��+'!� .  �;����M B
� /�� (9

$���� �����  �!+&�5 .����  �;���(M /�9�403 #��� �+�+'!� /�9

$���� /�H .����  � :� #�(;�3 � ��;2�7 �� ��-�@9 /�9 �;��  /�;9

�� �	�
 ����(M    :� �;&� #�(;3 >;A�7 �M �c�C :� ��� �$�42

       (;P� �� �;���� D;�� �;��C  �!+;&�5 �� B;
� :� �$'+�9 ��+���(M

�� �+	()�42 .   �;�-�@9 �4;H� ^�@+7� �M �&� }��4- �3 :���

     $;
� ���;&�(3 B;
� �� �u()� ����� �4H� D�� /4��Q  �!+&�5 �3

$"�.  

@!�Q� �;��  

 /�;;9:�	 :�  �;;
�4� ���;;8 ��;;9D0	 B;;
� O$;;����(3��) ^4;;�(	 �;;3

�
��@�2((Ru,Os,Ir)S2 /��7 �
(�, �Ru  �Rh  �
(�,41��8�

:� �'qRu  <���C �Ni-Fe  O$����(3��Pd , Ru  �Rh   /�;9D0	 �

��:CFe  �Cu  �M$�� (
���� /����Rh  �Ru  $2 �
�&�'2  �$;��

 ;����(3�� /��I�8(- �0@H :� (!
� /�9:�	 �4H� �u()� O$Ag , 

Pd , Pt  �Au   �;��� �;E+'� ��7�� /��+���(8 �� D�� .  �4;H�

    /�;;�+���(M �� B�;;-L,  �(;;) (;;A�'. :� �;;0+�� /�;;�I�M(-

 �^��� /�(3 r�&�  $2 N��D) ���C �+��4�	�Os   :�;	 J�4A �3

 ����@"����)Erlichmanite ( <���C �Os-Ir     ���;M �;3  �(;@9

   -��� �;�7�� �;��4�	� /�;�+���(M :� �
�4�  �;H�)   (+5�;3 n4;'H

��M(- (�&�  $2 N��D)]e[ .  

 ��;;
(�,41��8 ���;;8 �;;& � $;;2 �+5�';;2 /�;;9:�	 #�;;�� :�

     $;2 ��$;
$, �;���� J�4;A �3 �
�4� � ��
$�L+',   �;u()� �$;��

  �;� �;	�
 ��+���(8 �� D�� /4��Q  �!+&�5 �3 �
(�,41��8 �4;2 .

>12 �403 >12 �3 �
�4� ���8  :� (;+@8 (vG �3 �����  #�(;1�� 

 ���� /�H ����(8 �403 #���)>12�t �;�� .(   �� (;!
� /�;9:�	

  �;��� #�;�� /��	�12 � :��    $;2 `;�, �;9   �� �� B;
� :� � $;��

 �43 (Q4� /4��Q /�9$'
�(	 ���C `
�$�, $;�� . >1;2�t  6;"�� �n

4-(,X  )X-Ray map ( (y'.Ru ��4@� �3 �43(�   O$;����(3 ��

 �;� #�"� �� �
�4� ���8 $;9� .   ��;�� D;8(@-   ��4;� ���;8 /��

 (y'. /��3 D8(@- (3 ^�� �&�(3Ru �&� #C ��.  

  

  

  

                      

  

  

  

  

  

+,RR�S   (
4;;y-SEM  /$�;;�M� F;;�M(-La-Ce  �;;���(M #�;;�� /�;;s	 � �!+;;�*2 �� _;;G�� B�+��,(;;& ��)�;;�� ( 4;;-(, �;;2�!� N�(;;, �X   

 #C �3 �43(�)n.(  

  

  

  

  

  

  

  

  

  

  

  

  

  

  
  

  

+,�T   (
4y-SEM � ���M :� ����(M �403 #��� ��I���� J�4A �3 �
�4� ��$012 �@�)��� ( 4-(, �"�� �X ) (y'. _
:4-Ru ( #C �3 �43(�)n.(  
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� �*
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  �;�  ��D;	� >*�� � B9C �4;2 .     `;�3 F;�M(- D;�� /���4;� ��

 /� ��2�7)#�"5�� :�	 (  �;&� #C #�4;3 ��'�	��< (3 ^�� .  (;3
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� 6
�,) #�4- �� ���M B
� �
��@�2 ��+5�& �M �E
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  � �;9D0	 �9�(@9 � /45 6�7�� /��+���(M �� �
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 ���;;&()� :� �;;��C :� �;;"�3 $
�;;2 �#C �;;3  $;;2 ��;;
 /�;;9<���C

$'2�3  $�C �4H� �3 �
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      �;�'�	:�< � �S;� �>;*�� �B;9C �;%�IK /�9<���C � �9D0	

!
� /�����M �3  �(@9   �;
��4�D�9 #4;u /()Ni3S2(  �;�R��(3 �

)Fe,Ni,Co)S2(( �;;�R�(
�� � �)CoFe( �4;;- (+;;"�3 �� � /�;;9

 $2 �'�+��,(& N4�+&� �M �+���(M   �;&�  $;2 N��D) �$��

]����\�{�| .[��$��� ���3 �3 ]k[ �%�IK <���C �Ni-Fe    �4;K �;3

 �4- �� ^4@%�   �*���;'
� ��4;)()� >A�7 �M �'�+��,(& /�9

�7�� �
� :� (+@M /�9��� �� �$'+�9 /����    ��(!�+��;& �;H��

�� �4H� �3$'
C .    :� �;�'�	:�< ���;M /D;0	 /�4+m� �M B
� ��

�� �$H #$2 �'�+��,(& �K  $2 ^�%	 ��4�   (;P� X�;E-� �$�42

���� �4H� .      ]
�(;2 �� B;9C #$;2 ��:C /�(;3 b:� /��;"'M��

�� /�� ~��7�  <��$;�9 �;3 D�� ~��7� ]
�(2 � $'9�   $;2 ��:C #

        i9�(;	 (;
: /��;"'M�� Y3�;v� #$;2 �'�+��,(;& $;'
C(	 �K  

���42]k: [  

6(Mg1.5 Fe0.5) SiO4 + 7H2O → ( 3Mg3Si2O5 (OH)4 ) 

+ Fe3O4+H2                                                        )�(  

3Fe2SiO4+ 2H2O → 2Fe3O4 + 3SiO2 + 2H2       )�(  

(��p- �3 �H4- �3    ���;&() $;�����
� �;'�� ���M ��  ��� /�� J�

     �;%�IK B;9C `
�$;�, � ��;�R�(
�� ��;�'�	:�< �3 �� #C)��:C (  

���	() (P� �� (
: J�4A �3 #�4-: 

Ni3Fe + CoFe + 2Fe + 4S → (Co,Ni,Fe)3S4        ){(  

�
45]d[    ��:C B;9C � �;�'�	:�< �3 �
$'-L+', ���&()� $���

 �+	() (P� �� B�'u ���&�: 

2(NiFe) S + Ni → (Ni3Fe) + Fe + S                   )\(  

���M /���&�(3 �u()�  �� �
��;"'M�� B�'u /�
4) �&�'2

       �'�+��,(;& 6;'��: �;3  �(;@9 /4��;Q #4)�;�4) /�9:�	 `
�$�,

     � `
�$;�, ��;�7� � `
�;�M� ]
�(;2 B��I- ��� ��&��+���(M

 �;&� ��42� �
��"'M�� B�'u /��$
�, . � ^�4;&   �� �;M �;&�&

�� �(v� �c'
�   �()4;) �;3 B9C ��4!u �M �&� #C �42)  /�(;3

�
(�, >�*"- (�@� F�M(-  ;3 � �4;2 �   ��$;
�, �;%�IK J�4;A  

 �;;�$;;���. 6;;�:�  � ��:C B;;9C #$;;��� ��$;;
�, � ���;;&()� B;;
�

     #�$;3 $;
�3 �()4;) �`';M�� ]�m� �� �M �&� #C ���'�	:�<

�42 ��'5 �.(& �3 #a��M� �4s7 . �3�+.��
45 ��]d [  $
�;2

 �M $2�3 B�'u �&�,2 ��7��4$�)      �;)a
� �;3 �;&�� ]�;m�

�&�  �43 (3�(3 #C `
��M� .    U;
 `
�$;�, �]
�(;2 B
� b�H(	

         #C �� �;M �;v�m� ��;&�  �4;3 �;�7� �;� � $�;�M� �;� ]�m�

$'2�3 �+2�� �� /��$
�, �
���4- �%�IK /�9<���C.  

 /�����M :� �
�4�PGE   �;I���� J�4;A �3 �M �&�  $;��H �

     $;2 �
�;;&�'2 /4;5 �;�7�� /�;;�+���(M �;3  �(;@9 . �!�4;;!u

 /�;;����M `
�$;;�,PGE �;;.4@c� �� �;;���� �� �+��4;;�	� /�;;9

   ];&4- �;���(M � B
4���� /�9�403 ��"� �- � �40I- �3 ��I-��

     �;&� �;+	() ��(;G �;&�(3 ��4� �0+�� #�)$'9�a, .  `
�D;	�

;;c
� � B
4;;���� �;;�"� �;;- :� S;;, #a�;;�M� �+�;;&�)4	 :�;;	 ��

 /�����M >�*"- �� i�� >��4. ����(M �40I- :� S, /$�E�4&

PGE �&� ]h .[    $
$;2 �;"9�M �#a�;�M� �+�&�)4	 `
�D	� �3

  �;��L7 ��Ir ) (;;A�'.  $;;'
�@� #�4;;'. �;;3IPGE  >��;;2 �;;M

(A�'.Ir,Os  �Ru $'+�9 (�� �4H43�- �3(c'� �M $
C  �;�"�

 <���C J�4A �3 ���C �m�H(-)^��� #�4'. �3   <�;��COs-Ir (  �;
 �

 $�E�4&)   �;
�4� ^�;�� #�4;'. �3(    �+�;&�)4	 ��$;�� F;�7(3 �

�� �40I- #��: �� �()4)�42 .  B
4;���� �40I- �3 #��D@9 B
�(3�'3

www.SID.ir



Arc
hi

ve
 o

f S
ID

���M �&�(3�+"�� �3  �(@9 n��@M � �.(	 /�����M �&�'2/45 6�7�� ����(M /�9 hoe

 /�����M �#a��M� �+�&�)4	 `
�D	� �PGE �� �40I+�  � $�4;2

 �+;�9 #�4'. �3     �;� >;@. �;���(M �4;0I- /�(;3 /� $;''M]l[. 

�4A �3 �
�4� `
�$�,J   ^�� �;���(M �403 #��� $��H ��I����

    $;m3 �;���(M �4;0I- ��(2 �� �()4) �+�&�)4	 �M �&� #C (3

�&�  �43 ��3 �
�4� >�*"- /�(3 �	�M .    /�;����M i;M �;����(	

PGE     ���;�3 /�;�+P0q /�;
4) D�� /45 6�7�� /��+���(M ��

�&� �*�	�� /�@)�� �� (A�'. B
� B�
�,.  

� /��M�5 /��I�M(- �4s7 ���)REE (  /�;�+���(M �3  �(@9

 $
$, :� ��7�� B
�      /���;&�(3 �� �;M �;&� �;H4- F;��H /�9

    $;2  �(;3 �;, #C �;3 ���(+*����MD
� .     /�;��)a
� �;3 �;H4- �;3

 �
��@�24R<REE�� (P� �3 �  �-�*�0�;& /�����M �M $&�)  �;3

 B;�M�(�,  a
�(     O$;����(3 �� /�;�3��() (�Q�;- (;
: �CO2   ��(;G

�+	(). � $��  �;��7 �3 �  $2 �+�2 ���C 6*I2 �M�5 ���� (A�'

 `
��M�)�-�'3(M /���*0�@M (   $;2 �;�3��() ^40m� ���� $;�� .

  �;.4@c� /�;�3��() /���     �'�+��,(;& #�;�: �� �+��4;�	� /�;9

 � B�
�, #$2pH   �;&� �
�;�0G �- ��'5 ��$7 �� ���C]o[ . ��

 J�'3(M #4
 ����%	 �v
�(2 B�'u)CO3
2- ( � :� � �;&��3  B;


 /4"+�2 /�(3 b:� ]
�(2 ��REE    i9�(;	 �;��C �
�H �3�H �

���42 .4*
D�	 J�(��p- ��4)(9 ��$5�t :� rn��() �� �
��@�2

 (��p- ���� `9�M >�IGpH �3 J�'3(M #4
 ����%	 #$2 iM � �

  �M�;5 ���� (A�'. ��"� �- FI& ����0M ���M `
�$�, >���

2 $9�45 ��+���(M �� D
� /���!+�*2 ��$.  

L) ���;�	  

�+"��   �� �;M $'+;�9 �
�9�����M �0@H :� ���I�� ����(M /�9

      �;� ��$;
$, �;
<�43:��9 � �;���� #4;T@9 /:�3 �(	 /��!'&

   ��;���(M >��;2 ���C �� ����� �0A� /�����M �� B
� :� � �$�42

       �;�-�@9 � �;�+'!� /(
��;�� �;3  �(;@9 B;�M�(�, � �B
4����

$'+�9 . ;���(M :� �3��'- �4H�  B
4;���� � �)  /��4;� �;	�3 ( ��

 #�"	� �	�3 ���!'���M)B
4���� �'��: �� ����(M (   (;"G D;�� �

     � �;���(M #�;�D@9 �4;0I- /�;
4) ��'- �� ���+�+���(M �+����

     b$;�� �;*03 ��;&� �
�;@)�� �40I- B�+��� >7�(� �� B
4����

$'8 �� ���'"�, �� B
4���� �40I- ��(2 #�43 .  :� $;%3 607(� ��

!
�H   �;���� /�;����M #C �3 #��D@9 D�� � �+��4�	� 6.4@c� /(�

     /��;
: /4��;Q /�;����M �)�:�4;9 � ��4)()� ����&()� (Q� ��

      � �;�-�@9 ���;�0M ��;
D�'� ��;
(0M �U;��- �B�+��,(& #4u

�� >�*"- �� B9C /�9$��M��$�9$'9�.  

  �)$
� :� /45 /��+���(M �3  �(@9 n��@M � �.(	 /�9:�	

�3  �!+&�5 �� i���-  �() ��      �!+;&�5 �;���  �(;) r$�4;2

 �
�@)��)����� ( ��-�(�, ��
(�,4*��M ��
$�L+', >��2 � $����

$'+�9 �
�4� � .   /�;H �;���(M /�9�403 #��� �����M B
� 6@9

$���� .����� ���M �
�4�    B;
� �� ��;3 B�+;��� /�(3 �M �&� /�

�'2 /45 6�7�� /��+���(M �3  �(@9 �"9�a, ��8$2 �
�&.  

 $'
�(	 �3 (+"�3 � $���� /4��Q � �3��()  �!+&�5 �b��  �()

�+�3�� $2 �'�+��,(&$�� . ��
(0�� ���'�	:�< ��
� �'�� /�9:�	

/�9<���C ��
(�,4*��M :� �"�3 ��
(�,Ni-Fe ��:C /�9D0	 �Fe 

 �Cu  � ���;� /��M�5 /��I�M(- � . . .      Y;0%-  �(;) B;
� �;3 D;��

$����.  

 �;3 �H4- �3       �;� (;P� �;3  $;2 b�;c�� /���;&�(3   �;M $;&�

�07(� $'u ���&()�      � �;
� �;'�� �;3 �
$;�L+',  $;'
�D	 � /�

 /�9D0	 � /D0	 �%�IK /�9<���C � ��'�	:�< �3 �
� �'�� S�&

     $;2�3 �;����M �;�4) B;
� �;
�:D0	 �� �0A� $'
�(	 ��:C.  >�*;"-

 - �;3 ��+���(M �'�+��,(& 6'��: �� ���� /��M�5 /��I�M(-  �;H4

  n�;�() /4,�*- �3 ^�@+7� �3 �(A�'. B
� �
��@�24R< ��9�� �3

 :� ��2(&CO2   �;&� ��;I-�� �� . �;.4@c� ��   ��+��4;�	� /�;9

   #�;�: �� ���;&()� �
 ��4)()� B�7 �
���4!3C B�'u `
�$�,

      �;&� ^4;@%� ���;�3 #C :� S;, D;�� �  ��;G �� ���C /(�!
�H .

$, �
4��Q � ����� >���� �� �
(�,4*��M�&�  $2 ��$
 . ��-�@9

      #�4;'. �;3 �;���(M :�  $;2 �$;H �&� #�(3 :�	 J�4A �3 D��

�� �+	() (P� �� ����� ���M      #C :� �;"�3 �;M $;'u (;9 ��4;2

      �+;2�� /4��;Q  �!+;&�5 �  �4;3 ���;&()� O����(	 �&� B*@�

$2�3.  

U:���  

]V[ � ��4, �0%����.   (;3  a;
� �2(!� �3 /45 ���4�	� ��<4��+� �

�+2�I�����"E"-C �� /$�E�4& /�9   N�� ^D;G �
�;
��(
: /�9

 $��;;2  �!;;"����B��: b4;;0.  $*;;"��� �/(;;+M� ���;;&� �/4;;5

��+"�3�{�� .  

]g[ � �4, �0%����.���(�3 � �.�   � �4;, �I��;K. �"   �;��M �;&�(3

/:�&���.(, � /��!�    /��;2�� �;3 /45 $'�� ��7�� /��+���(M

www.SID.ir



Arc
hi

ve
 o

f S
ID

�4, �0%���� �0. hlW

 �: b4;0. �
�@9�() B�@c', � ���3 ��0�Q   B�;�: #��:�;&�B�

�#�(�- ��4"M ��$%� J�	�"+M� � �&�'2�{��.  

]d[ # �
45. �"B9C � B9C �%�IK /�9<���C � �9D0	t   �� >;*��

���4�	��9"  B�;�: #��:�;& �B��: b40. �@0. ���'0y	 �  �;&�'2

 ��@2 ��4"M� )�{��(� ��|t�\ .  

]j [�  ��: B
$3�.. �"^�5�� �%��v�  �;���(M �� _G�� $��H /�9

�   U;"K �  ��;3C �n�;
��	 � �G$'E&� YK�'"   �;&�'2��M ���;&� �

�:�(�2  �!"��� b40.  $*"��� $2��Vdlo .  

[5] Elipoulos M.E., Vacondis I., "Geochemistry of 

chromitites & host rocks from the Pindos ophiolite 

complex, northwestern Greece", Chemical 

Geology., Vol. 122, 1995, pp.99-108. 

[6] Pan P., Wood S.A., "Solubility of Pt and Pd 

sulfides and Au metal in aqueous bisulfide  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

solutions: Results at 200 to 300
oc

 and saturated 

vapor pressure", Mineral Deposita, Vol.2, 1994, 

pp. 373-390. 

[7] Peck D.C., Keays R.R., "Geology, 

geochemistry and origin of platinum – group 

elements in chromitite occurrence in the 

Heazlewood complex", Tasmania, Economic 

Geology , Vol. 85, 1992, pp. 765-793. 

[8] Ramdohr P., "The ore minerals and 

intergrowths", 2
nd

 Edition, Pergamon press , 

Oxford , 1980. 

[9] Uysal I., Sadiklar M.B., Tarkian M., Karsli O., 

Aydin F., "Mineralogy and composition of the 

chromitites and their platinum-group minerals 

from Ortaca (SW Turkey) : evidence for ophiolitic 

genesis", Mineralogy and petrology, Vol. 83, 

Springer-verlag , 2005, 219-242. 

www.SID.ir



Arc
hi

ve
 o

f S
ID(Received: 7/3/2008, in revised form: 10/8/2008) 

 

 

  

  

  

  

 

 

Mineralogy of accessory and rare minerals associated with chromite 

deposits in the khoy area 

A. Emamalipour  

Department of Mining engineering, Urmia University 

Email: a.imamalipour@.urmia.ac.ir 

 
 

 

 

Abstract: The chromite deposits in the khoy area have lenticular, tubular and vein-like shapes 

which are found in serpentinized hurzburgite. Chromite and serpentine are  major minerals 

and hematite and magnetite are minor phases in the chromitic ores .Furthermore, Fe , Ni , Cu , 

Co , Zn, Ru, Os, Ir, La, Ce, Gd and S elements are found as base metal sulfides ( BMS ) , 

sulfides of pelatinum group elements (PGE) , metal oxides , native elements , natural alloys 

and solid inclusions in chromite grains and or in serpentinic groundmass . These minerals 

have very fine grain sizes and recognitions of them by ore microscopic metod was  limited, so 

the investigations were continued by EMPA. The majority of these minerals have secondary 

origin and  are  related  with serpentinization  procceses and only a few of them have primary 

origin.Among sulfide minerals bravoite,pyrotite,milerite,linaite and pyrite have secondary 

origin , wheras pentlandite has primary one.Chalcopyrite has been formed in two generations , 

as both primary and secondary origins.Among primary PGE minerals lourite ((Ru , Os, Ir )S2) 

is considerable , which was found as a solid inclusion in the chromite grain and has primary 

origin.Native metals and natural alloys such as nickel,copper,iron and josephinite (Ni3Fe) have 

been formed in microfracturs of chromite grains filled by serpentine.A few REE-rich 

compositions were found in microfracturs also and have secondary origin. 

Keywords: Khoy, Chromite, Serpentine, PGE, Solid Incusions, Base metal, sulfides, Natural 

metals and alloys, Josephinite, Lourite. 
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