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�')'%)wt% ( K�'): -)ppm (��/)� ? !<� -=># �9'9'�-!: ?�@ .!L�$+ A: !"PGE -REE X�J !< 
ppb�#  .SD = H,C% �$'9��1!# �'�-�S=H�$'9��1!#SH =�$'9��1!# �
��/<(��@ H,C% SL = H,C% �9'$'9��1!# �'�-(!�H=H�
��/<(��@
PL=H�'�-(!� (M:/
�M1Al=H0/'$'�/�B (  �$; �'9'�-!:Cr=0-!: (  �$; �'9'�-!:.

��/)� ,��)% CS1 CS8 CS6 CS3 CS7 CS10 CS9 CS4 CS5 CS2 
��<='� l$# SD S SH SL S SD S H PL SH 
�#�$% Al Al Cr Cr Cr Cr Cr Cr Cr Cr 
SiO2 ��/� 5�/7 �v/7 �v/� 48/� �4/� ��/7 ��/� �/� �5/7
Cr2O3 7�/7v �8/7� 75/4� 8�/47 vv/47 4�/48 84/4� 5u/4v �7/4� ��/8�
Al2O3 ��/�u 4u/�� �4/�5 u�/�� ��/�4 �5/�� �7/v ��/v u8/v v�/5
Fe2O3t 8�/�4 �v/�4 ��/�4 u8/�8 �4/�8 v7/�7 �u/�� ��/�7 55/�8 8�/�4
MnO ��/u �v/u �v/u �u/u ��/u ��/u �7/u �8/u �v/u �5/u
MgO ��/�5 �7/�5 48/�5 85/�� 7�/�v 5u/�5 8�/�v v�/�� 7�/�� ��/�v
CaO �/u �5/u 57/� �v/� v�/u 4v/7 58/� 7u/8 �4/u �v/�
Na2O u7/u u�/u u�/u u7/u u�/u u�/u u7/u u�/u u�/u u�/u
K2O u�/u u�/u u�/u u�/u u�/u u�/u u�/u u�/u u�/u< u�/u<
TiO2 7u/u 7�/u �8/u �7/u ��/u �8/u u�/u u�/u uv/u uv/u
P2O5 u�/u u�/u u8/u u8/u u4/u u4/u u7/u u7/u u�/u u�/u
�
��!. �	 �5/7 �8/7 v4/� �u/� v�/7 �4/4 �v/7 ��/4 47/4 ��/�
As �/v u/v 8/� 7/� v/�u �/�� 4/�8 �/�4 5/�4 �/��
Br v/�� �/�� 8/�7 4/�u u/�� v/�4 7/�� 5/5 4/�� �/�
Sc 8/5 v/5 4/v u/� 8/�u 5/8 7/� �/v 8/5 �/�
Sb �/u< �/u< �/u 7/u 7/u 4/u 4/u 7/u 8/u �/u
Cd �/u �/u 8/u 8/u �/u 8/u �/u 8/u �/u �/u
Cu �< �< � � � 7 7 4 4 8
Ni v�� v58 �uv �v7 �u8� ���v ��74 �4vu �7�� �4�u
S �7u �48 �8� �85 �v4 7u� 74� 75� ��8 7�u
Ag �/u �/u u/� �/� 7/� �/� 7/� 4/� �/� 8/�
Co �8 �v ��� �u5 ��� ��v �74 �85 ��u �4�
Zn 7�u 7�8 75� 7v� 44� 4u8 87� 48� 4�7 4v8
Ga 7/�5 5/�5 v/�� �/�u �/�v 8/�8 �� 4/�� 5/� �/v
Ge 8/u< 8/u< 8/u< 8/u< 8/u< 8/u< 8/u< 8/u< 8/u< 8/u<
Y �8/� �5/� uv/� �7/u 5/u 84/u ��/u �7/u ��/u uv/u
Zr � � 8 8 4 7 7 � � �
Nb �8/� �v/� �8/u �v/u v�/u 5�/u 5u/u ��/u ��/u 8�/u
Hf ��/u ��/u ��/u ��/u �u/u u�/u u�/u u5/u u8/u u8/u<
Ta u7/u u7/u u8/u uv/u ��/u �7/u �8/u �v/u �u/u ��/u
W 8/u< 8/u< 8/u< 8/u< 8/u< 8/u< 8/u< 8/u< 8/u< 8/u<
Tl 8/u< 8/u< 8/u< 8/u< 8/u< 8/u< 8/u< 8/u< 8/u< 8/u<
Pb 8v 85 �� 58 8� v7 �8 vu 55 �4
Th uv/u u�/u ��/u ��/u u�/u u�/u u8/u< u8/u u8/u< u8/u<
U u7/u u7/u u�/u u7/u u7/u u7/u u4/u u�/u u7/u u�/u
V �44 v�8 5u8 ��8 8�5 �vu 584 7�� �u�� v84
Sr � �� 47 8� �8 �u� v8 ��� � ��
Ba �v4 �5� ��4 �uv �8v ��� �8u 757 �78 ���
La ���u ��78 54u �7u 4�u 75u ��u �uu �57 ��u
Ce 788u 785u ��4u �v�u ��uu 1��u �8u �7u �8u �5u
Pr 8uu 8�u 7uu �8u ��u �4u vu 58 �u �u
Nd ��7u ��8u ���u �uu 5�u �8u 7�u 75u 8u< 8u<
Sm 7vu 7�u �7u ��u ��u ��u 5u �u �u< �u<
Eu �7 �� 7� 77 �� �� �� �u 8< 8<
Gd 7�u 7�8 �78 �uu �7u ��u 5u �8 48 8u
Tb 4� 44 �� �� �4 �7 �u< �u< �u< �u<
Dy �vu �v8 ��� �4 �� 88 77 7u �u< �u<
Ho 7u 77 �u �5 �� �u �u< �u< �u< �u<
Er �8 �uu �u 8� 77 7u �v �u< �u< �u<
Tm �� �7 v 5 8 8 7 8< 8< 8<
Yb �u 88 77 �v �v �8 �u �u �u< �u<
Lu v 5 4 7 � � �< �< �< �<
Os �� �u 7� 7� 4� 8� 5� 5� �� ��
Ir �� �8 �8 7� 7� 45 8� �� 5� 5v
Ru ��5 ��� 5u v5 �u� �7� �85 �58 �u� ���
Rh � � � �� �4 �5 �� �7 �� ��
Pt �4 �7 8 � v � �� �� �4 ��
Pd 7u �� � v �u �� �4 �� �v �u
ΣPGE �u5 ��5 �45 �v� ��� �58 77u 7�5 4�� 4��
Pd/Ir ]]/\ �7/� �4/u ��/u .��/u .��/u �8/u ��/u �8/u ��/u
IPGE �84 �4� ��5 �85 ��5 �75 �v4 7�� 7�4 7��
PPGE 87 8� �u �8 7� 7v 4� 8� 8v �8
IPGE/PPGE ��/� v�/� 78/� �v/� ��/� �4/� �5/� �u/� �v/� u�/�
Ru/Pt 7�/v 84/v �4 8/�4 �7/�7 8�/�4 �5/�4 8v/�4 7�/�4 ��/�7



?!�i� �*+ C'# � !
  �#�$% ���: - �#�$%�/*< �*P� ��4

6,�?)s�  (?/2� PGE -)s�  (REE �
�C$: �< �>�� ,C%��P$�< ]\U[�'9'�-!: ? !<� -=># ?�@ .�'9'�-!: ,-!. -� E-�R" (  �$; ?�@
�#  ��
�)� M��: 0-!: (  �$; - 0/'$'�/�B.

X':!" !
�#�� ='� K�'): !L�$+�9'�-!: ( �$; ?�@
�#  E-�R9� 0-!: (  �$; - 0/'$'�/�B .�'9'�-!: �� �$; ?�@

0-!: ( �� C�� As �S&'2$# E =*	 �F!< -)Cu �Ni �Ag �
Co -Zn ( �#  !"G�<)_I%�(�� H�'�-!: �I'��J �$; ?�@

 G�< � C'� EC% �< !L�$+ (  ?��'�< �� 0/'$'�/�B ( )HFSE (

 �/�Ti �P�Ga �Y�Zr �Nb �Hf -Th�$; ��3� �.C%
�� C$@�)_I%U.(�-=	 &
  !< ��:�F !L�$+ �� - !	 ���� 

)REE (�'9'�-!: �� O
 =	  0/'$'�/�B (  �$; ?�@
��/)� �< �>�� ?!'2)3��� ��3� 0-!: (  �$; ?�@ C@�

)_I%�K.(

6,�@�'9'�-!: X':!" Q'IR" �
�"-� ?�@� �/)� /�B (  �$; ?�@ 0/'$'�)∆(0-!: (  �$; -)▲(�'9'�-!: ��� -=># ?�@ .�i*;Cr2O3�< 
�< !L�$+ !
�# - ��(- CL��ppm�#  .
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6,�A�
�"-� ?�@� �/)�Cr2O3�'9'�-!: ? !< K�'): !L�$+ !< !< �� � -=># ?�@ ._I% C$��� �9	� ��: �< AnM+��#  .

����	� '5�� ' �� 
( �!1=
� �-� �< �
=P" ��-!9I� �)EPMA ( !<U��� �}�� 

\V�	!. 0�P�  � -=># �9'9'�-!: ��/)� .��h-C^ T&'2��'� 
,� ��#  ,C% ,��-B ��/)� !@ ? !< �@ .���� /�)@ X':!" �< 

��/)� �� �'�-!: ?�@�/*< �_: l$# ? � � 0-!: (  �$; ?�@
Cr#)�)"  �>��Cr/(Cr+Al) ( ?!"G�<)]�/V6U�/V(�>��
: �<�'9'�-! 0/'$'�/�B (  �$; ?�@)��/V6��/V=Cr# (

C$9�@ .�< �^/" �<� C�� Cr# -Mg#)�)"  �>��)Fe +

Mg/Mg(���: �( ��%!# ,-!. -� �� ='� � -=># �'�-!: ?�@
�� � !e 0-!: (  ��%!# - 0/'$'�/�B C�!'.)_I%�s� .(

�'�-!: X':!"�� �@ Q): C� /"?��'�< y�� �< ��/.!.� -
?�@ Y'c� - �
�).�� &'�(�9F�# C
�)� �
�).��]\�.[�-�< 

�).�� N/� gF�% �'�-!: X':!" �: �#  &
 ��# �< 
�'�-!: �I
�/Z - �9'$'�/< E�>':!" (  0-!: (  �$; ?�@

�'�-!: ?�).�� (  0/'$'�/�B (  �$; ?�@�9'b�/"�� (�< �'>% -
�931 ?�@ �#/��'e  ��'� ?�@)MORB (�P'9���/%C�



?!�i� �*+ C'# � !
  �#�$% ���: - �#�$%�/*< �*P� ���

]\�.[��#  &
  !< !93'< ��'�-!: �� 0-!: (  �$; ?�@
�'9'�-!: �9'$'�/< ?�).�� (  � -=># ?�@,C�B �#� �<C�  �

��/)� �I'��J�� ?�@�).�� �'>% 0/'$'�/�B (  �$; ?�@
MORB C$9�@)_I%�K.(

K a� �
�')'% X':!" �>#�c� ? !< �'�-!: X':!" (  -
 ,C% �/*>9� �B (  �: �
�@�� ,��R9#  �# &')@ �< - �/%

 &''p" ? !< A�� K�
�� Q
 � /$+ �< �'�-!: �*+,�29#�F 

�� �9	!. !i��� �/%]\U�\�.[�i*;Al �'�-!: �: �< a� 
,C% �/*>9� �B ( ��  � �#  � /" ( �}< � �>#�c� !
( �!: 

]\�:[
(Al2O3 wt%)spinel = 0.035 (Al2O3 wt%)2.42

melt 
�>��FeO/MgO ='� ,C% �/*>9� �B (  �'�-!: �: �< a� �<

(  ,��R9# �� �>#�c� !
( �}< � �/%]\�:[
Ln (FeO/MgO)spinel = 0.47 - 1.07 Al#spinel +  
0.64 Fe3+#spinel + Ln (FeO/MgO)melt 

��)380-!: X':!" &'2��'� )wt% (�'9'�-!: ��,� � ��#  !< � -=># �'�/'	  ?�@ �( �!1=
� ?�@��-!9I� .n=�
=P" � Cp"��/)� !@ �� �@.
��/)� �#�$% CS1 CS8 CS6 CS3 CS7 CS10 CS9 CS4 CS5 CS2 

n � v 4 8 4 8 4 � 8 8
SiO2 u u u u u u u u u u
TiO2 ��/u ��/u �4/u �7/u �v/u u�/u �8/u �5/u �5/u ��5/u
Al2O3 �u/��  �4/��  57/��  �v/�� v7/�v 78/�8 v�/��  u8/�� ��/v �5/v
Cr2O3 5�/78  �u/78  u5/75  u8/4� 5v/4� ��/8u 45/8v  u�/85 ��/��  ��/��  

NiO �5/u �5/u �u/u �7/u �8/u �v/u ��/u �5/u 74/u 7v/u
FeO ��/�5  �u/�5  �v/�8  7�/�7 �7/�� ��/�� �5/�7  ��/�5 vv/�8  uv/�5  

MnO �8/u �8/u 44/u 7v/u 7�/u 7�/u �5/u 7u/u �4/u �5/u
MgO 7�/�8  8u/�8  88/�7  u7/�� uu/�� 7�/�u ��/�8  48/�7 ��/�7  57/��  

CaO u�/u u u8/u u�/u u�/u u u�/u u u u
Na2O u�/u u�/u u�/u u�/u u�/u u u u�/u u u�/u
K2O u u u u u u u u u u

N/)P� vv/�v  v8/�v  ��/��  8u/�� �4/�� �8/�� �5/�uu �u/�� 8v/�uu 48/�uu
�@ �/'"�:)�
�1 !< ?��9F�# h/�!	��o'�:  (

Si u u u u u u u u u u
Ti u u�/u u�/u u�/u u u u u u u
Al u�/� u4/� 5�/u 5v/u 5�/u 8v/u 44/u 4�/u 77/u 77/u
Cr v4/u v�/u �u/u u7/� �5/� 7u/� 48/� 48/� 85/� 85/�
Ni u u u u�/u u�/u u�/u u�/u u�/u u�/u u�/u
Mn u�/u u�/u u�/u u�/u u�/u u�/u u�/u u�/u u�/u u�/u
Mg �v/u �v/u ��/u 8�/u 8�/u 8u/u 57/u �8/u ��/u ��/u
Fe3 �7/u ��/u 7u/u �5/u ��/u ��/u �u/u ��/u �u/u u�/u
Fe2 7�/u 7�/u 75/u 47/u 45/u 8u/u ��/u 78/u 77/u 7v/u

Mg#per 75/�u  �u/��  ��/4v  v5/45 v5/4� vu/44 u8/�5  ��/8v 84/�u  u8/85  

Cr#per �7/48  �u/44  78/87  u�/85 8�/�� u�/�� v�/5�  �u/55 �v/v�  8�/v�  

Al2O3 K a� ��/��  �v/��  ��/�4  ��/�4 47/�7 78/�� uv/��  5v/�u 58/� 58/�
(FeO/MgO) K a� ��/� �u/� ��/� 58/� 5v/� v�/� �5/u �5/u v4/u �5/u
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6,�B�'�-!: ?�@�/*< X':!" ��#  !< � -=># ?�@ �'9'�-!: ? !< �'�-  ?�).�� N/� Q'IR" ?�@� �/)� .s��  (� �/�)�Mg# ��< �>��� Cr# 
]\].[K(� �/)�TiO2�< �>�� Cr#]\�.[�(� �/)�Al2O3��< �>��� K a� ? !< ,C% �>#�c� Al2O3��'�-!: ]\�.[E(C'��:  � �/�)�

 �< �>�� 0/'$'�/�BFeO/MgO K a� ? !< ,C% �>#�c� ]\�.[_I% C$��)@ AnM+��#  .

����p� &
  ���Al# -Fe3+#�>�� X'"!" �< �)"  ?�@Al/

(Al+ Fe3++ Cr) -Fe3+
/ (Al+ Fe3++ Cr) C$9�@ .�< �<

 &
  ?!'.��:Y< -��� g�3� �'�-!: �: �/% (  �$; ?�@
 �< �).�� Q
 (  � -=># 0/'$'�/�B�/\� 6\/\� ��(- CL�� 

Al2O3�� ,C% �/*>9� �I'��J� C�� Al2O3���� ?�).�� �� 
�'�-!: (  !9): 0-!: (  �$; ?�@\U��(- CL�� )�/\� 6

]/�(�#  ,�/< .!
���� &
 Al2O3E-�R9� �'@�� (  ��3� 
�'�-!: �'�-  ?�).�� 0-!: (  �$; ?�@)�<�3� C�-� ?�@�).��

���): (0/'$'�/�B (  �$; -)�<�3�MORB ( �� �)_I%�
�.(!< ,C$$: =
�)9� � �/)� ��� C�� �
�1 Al2O3-

FeO/MgO,C$@� _'I3" ?�).�� �K a� �� ,C% �>#�c� 

!93'<�'�-!: �9% � �9'$'�/< �'@�� 0-!: (  �$; ?�@C�  
��/)� �I'��J�� �� 0/'$'�/�B (  �$; ?�@,!9�.�'�-!: ?�@

,C�B!< (  MORB�� � !e C�!'.)_I%�E.(

CDE 
,� � ?�@EPMA &
  �� � -=># �'�-!: ?�@�/*< ?-� !< 

O@-o1 �!2��'<_'I3" �� s*9�� ?�).�� N/� -� �/^- (  
���B�#.�P'9� &
  �< /�)@ O@-o1?�@ !< �: �#  &'3'1 

�'�-!: �/^- &
  �� 0/'$'�/�B (  �$; - 0-!: (  �$; ?�@
,�!: ,��%  �'J�� C� ]���.[,� �< _: l$# �
�')'% ?�@ �

,o
- !L�$+PGE�� - �'@�� ��/� �� �*')I" E�+MZ  C� /"



?!�i� �*+ C'# � !
  �#�$% ���: - �#�$%�/*< �*P� ��v

�2�/2��� _'F� s*9�� ?�@�).�� ?!'. _I%?�@C$
 !	 
&'�(�9F�# C@� �n �  ��}$� �
�).�� .

�>�� &'2��'� ?�@Pd/Ir �Ru/Pt -IPGE/PPGE �� 
�'9'�-!: X'"!" �< 0-!: (  �$; ?�@TU/V�TV/\� -TT/�

�#  .!L�$+ ?/2� PGE �� �
�C$: �< �>�� ,C%��P$�< 
�'9'�-!: 0-!: (  �$; ?�@)_I%�s� (!
�# �'>%
�'9'�-!: ?�@�'�/'	  �� ���>�  O� �-!	 �Z�$� ?G�< ?�@

)SSZ (�# ]TV.[�'9'�-!: &
  ���@��$; �.C%
IPGE/PPGE ��
�)� �@/2�  �� �R$� X'% X^/� �: �#  

�� �/%]U�\U.[�$; !L�$+ �.C%IPGE �/�J �< ��>��'�
���: =
� ?�@,C�� �!<���'9'�-!: �� !L�$+ &
  ,� � �>�� �@

�� �/%]\U.[,�2
�^ �� ?�@SSZ !"G�< �3�< K-` �^�� �: 
�931 (  �#  �#/��'e  ��'� ?�@)K a��9'$'�/< ?�@(!L�$+ �

PGE<,o
- �PPGEK-` �Z C�� � ��.(�#�� ��9	� �3�< .&
 
�� X># !� �'9'�-!: �: �/% ���>�  ?�@,C�B!< �Z�$� (  

SSZ (  ��" EC% �< PPGE< - ,C% &
 !<�$ - 0-!: (  �$; 
IPGE C�/% ]U.[?/2�  �� �9>� PGE�'9'�-!: &
  �@

C
C% �R$� ?��P$@��Pt �>q� -Ru �#  (��< )_I%�s� .(
!L�$+ !
�# �< �>�� 0/'$'"M1PGE�� _)+ !"��.(�#�� C$:

[G/)p� -��'�B �� Pt-Fe O
 C^�� =:!)9� �9	�
 H�/%
@�� Q
 &
 !<�$< �R$� ?��P$Pt�'9'�-!: �� �� �: �
�@

�� _'I3" �'�-  _J !��� �/^/< �C�/% C
B]T\.[��
�9'�-!: O
 =	  �< � -=># 0-!: (  �$; ?�@� C��0-!: ��� C� 

PGE�� O
 =	  C<�
)h-C^ \(< �<�3� �:�( !2
� �F!< 
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