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Total �/�� ��/�� �/�\\ ��/�� ��/�� ��/�� ��/�� M/�\\ ��/�� N/�\\ ��/�� M/�\\ N�/�� �/�\\
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Total �/-\ MM/�� ��/�� ��/�� ��/�� �-/�� M�/�� \�/-\ ��/�� \�-/-\ ��/�� \-/-\ M�/�� \\/-\
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�0�

�
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"5F-�!��>, �����9 ��N�M ���@ �>�, ��� ���  . �/–"�:*% ;<4=� !�4( �L+*��$	 )^_ `'a(���

m."�T% H�@'( ��%� �/]�M.[�9�%"�� �9 �F4( Fe3+�� �4F4� 
m."�T% �/��%� ��,�0��T "2�� &%4(  % !��=0*% �9 �n9%�'
  

�'@ �D*�X�:

�D*�X� ��,�0��T ��)���� m."�T% ;%'9 !", ;<4=� !�4( ;�/
 �"�:*%�N/--�� 'f� �9 �@ �*% "2�� m."�T% �
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JL( ���@ '9 ;% i+* �� �4F4� �"@ ;�/ ;�/
���@ �
% &�49 ��0+)� �"�:*% ;<4=� !�4(�'@ "�
�( %� �/ .

�� &�$� ��.'0#�% p %�'TJ
� �
JL(  % Y2�K �
�0� �@ "/� 

�%"��FeO��0+)� �
% ��  % �/�\�(��'��I( �� "2�� 
�>@ '
���� ;%�%� . �*%TiO2"+0�/ )��/\�(�"2�� (

)C."FN.(�* �%�4>� �� �@ &�+z �
�(FeO-MgO-TiO2

�� !"/�$� �4,)Y#,�{�%(Hn_ �9 H�@'( "2�� �
'0$�9
FeO��%� ��w0A% .Y#, �9 �F4( �9�4|6 .� ��9 J�� `

��0+)� �
��0�%–o51( ��0+)� �9 ��%.%'	 �
'0$�9 Y+�:*%4�% 
�� �'�? .�4>� .� �
% �� �@ &�+z�� !"
� J�� �% ���@ ��4,

��4>� �� ��0+)�  % !", &�*'?� ;�/Ti �%��4A'9 ;'0>@ 
��0+)� �@ �(�42 �� �*%i+* �� �4F4� ;�/ "_�	 ;�/

 '
���� ;%�%� ���*'?�Ti !�� �� . "+0�/ ;'(V�9 
��0+)�4��0�(�� �%'_ �/ "�'�?.

>�?,��0A�* C4�'	 �D*�X� . �, %�'TJ
� �
JL( �
�0� ���@ ;"�:*% ;<4=� !�4( �� m."�T% . ����0�( ;�/.
Min. Epd Epd Epd Epd Epd Epd Epd Epd Epd Ttn Ttn Ttn Ttn 

Oxide composition (wt. %) 
SiO2 ��/NN �-/N� �-/NM �/�\ �M/N� N-/N� ��/N� �/NM �-/NN \�/-\ N/-� ��/N� ��/�M 
TiO2 �M/\ \�/\ -�/\ �N/\ \ \ \�/\ \N/� \ �N/�M �-/�� ��/N� ��/�M 
Al2O3 ��/-\ \�/-N ��/-- -�/-� ��/-- �M/-- �N/-N �� �-/�� -�/� --/� \�/� ��/�
FeO ��/�\ \M/�N �-/�- -/�\ �/�N N�/�N ��/�� �-/�� \�/�� N�/- -�/� M-/\ �/�
MnO --/\ ��/\ �-/\ ��/\ N�/\ N/\ ��/\ -�/\ -/\ ��/\ \�/\ \-/\ ��/�
MgO \M/\ ��/\ \ \�/\ \-/\ \�/\ \ -�/\ ��/\ \-/\ \ �/\ ��/\
CaO ��/-N �-/-N �M/-N MM/-- ��/-N M�/-N �N/-N N/-� �-/-- ��/�� M/-� M�/-� ��/�� 
Na2O �-/\ \�/\ \ M�/\ \ --/\ ��/\ ��/\ \�/\ \M/\ -/\ NM/\ �/\
K2O \ \ \ \-/\ \�/\ \ \ \ \-/\ \�/\ \ \-/\ \
Total M�/�� M�/�� \M/�M �/�\\ N�/�� ��/�� M-/�M N-/�� M�/�� ��/�\\ ��/�� ��/�\\ NM/�\\ 

Structural formula based on 13 Oxygen based on 5 Oxygen 
Si ��N/- \��/N \�N/N \M�/N \-�/N \\�/N \-�/N ��/- ��-/- ��/\ �-�/\ \-�/� ���/\
Ti \��/\ \\�/\ \��/\ \\M/\ \ \ \\N/\ N��/\ \ ���/� \N�/� �N�/\ --�/�
Al -�/- �-�/- ���/- -�-/- �\�/- -��/- ��-/- - �M�/� \��/\ \�M/\ ���/\ \��/\
Fe3+ ���/\ �\�/\ �N-/\ ���/\ ���/\ M��/\ ���/\ M��/\ �-�/\ \��/\ \N�/\ \��/\ -�-/\
Mn \��/\ \-�/\ \\�/\ \��/\ \-�/\ \-/\ \�-/\ \��/\ \��/\ \\�/\ \\�/\ \\�/\ -�/\
Mg \\�/\ \�N/\ \ \\M/\ \\-/\ \\M/\ \ \-�/\ \��/\ \\�/\ \ \\�/\ \\M/\
Ca --�/- ���/� \��/- ���/� �MN/� ���/� ���/� \�N/- ���/- �M�/\ �N�/\ ���/\ ���/\
Na \-/\ \�-/\ \ ��-/\ \ \NN/\ \-�/\ \�-/\ \��/\ \\�/\ \�N/\ \-N/\ \\M/\
K \ \ \ \\-/\ \\�/\ \ \ \ \\-/\ \ \ \\�/\ \
Total �-�/� \\�/� ���/M \-N/� ��-/M \-M/� \\�/� ���/M ��-/� �M-/- \\�/N \�-/N \��/N
PS% ��/-� ��/-- -N -M/-- ��/-� ��/-� ��/�� �N/-� ��/-� - - � �

:/�Cm."�T% !�)0*�A ���1( �%�4>� ��,�0��T &%J�� P�*% '9 "�:*% ;<4=� !�4( ;�/]��[���+$�T ���@ �
% ;%'9 %� ���*'?� !�)0*�A �@
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��D�, ��%U�'�� ��>�K� ;'9"� &%'
% �*�+, ���@ . �*�+,�459 �5L� ��-

 >�?@���@ ;��0A�* C4�'	 �D*�X� . ��.'0#�% p %�'T J
� �
JL( �
�0� "�:*% ;<4=� !�4( �� ��0+)� .�� . "2�� ���1( �4f+� �9 FeO-

Fe2O3!��=0*% p.� �9 ��+>5
% . ��0+)� �
���  �	 ���1( .dF'� �� !",]��[.
Fresh Altered 

Min. Mt Mt Mt Mt Mt Mt 
Oxide composition (wt. %) 

SiO2 M�/\ ��/\ ��/\ �/\ \M/\ ��/\
TiO2 ��/\ -�/N ��/� -/� ��/� ��/�
Al2O3 ��/\ -N/\ -�/\ \ N/� -�/-
FeO ��/��  ��/��  ��/�M  \�/�\  \�/�-  ��/��  
MnO --/\ ��/� �M/\ ��/- ��/- -�/\
MgO �/\ \-/\ \M/\ ��/\ \N/\ -�/\
CaO -/\ M/\ N�/\ �-/\ \M/\ ��/\
Na2O \ \�/\ \�/\ \ \ \
Total ��/��  �/�-  M/��  ��/��  ��/�-  ��/��  

Structural formula based on 4 Oxygen 
Si \N\/\ \NN/\ \N�/\ \\�/\ \\N/\ \��/\
Ti \-\/\ \��/\ \��/\ -MN/\ ��\/\ ���/\
Al \-\/\ \��/\ \�N/\ \ \��/\ �\N/\
Fe+3 �M�/� MN-/� �\�/� ���/� �M�/� ��N/�
Fe+2 \-�/� \��/� \�N/� ���/� \�\/� ��\/�
Mn \\M/\ \�M/\ \��/\ \M�/\ \��/\ \\M/\
Mg \\�/\ \\�/\ \\�/\ \\�/\ \\-/\ \��/\
Ca \\�/\ \-�/\ \��/\ \\�/\ \\N/\ \\�/\
Na \ \\�/\ \\�/\ \ \ \
Total N N N N N N
Fe2O3 wt. % \-M/��  ���/��  ��-/��  ���/��  \�N/��  �NM/�\  
FeO wt. % ���/N�  N--/N-  -M�/N-  -\�/N�  N��/NN  -��/N�  
Total ���/�M  \N\/��  ���/�M  �-M/��  \�M/��  �NN/��  

Ulvospinel % \�/� ��/�-  \�/� M�/-M  -M/��  �M/-\  
Magnetite % �/��  �-/�M  �-/�\  -�/M-  MN/��  NN/M�  

:/�D���@ H�@'( ;�/"��@% !"��%�'9�� �"@ ;�/Fe-Ti ;�/�%�4>� '9 "�:*% ;<4=� !�4( �� ){�% (FeO-TiO2-MgO .)`(TiO2-FeO-

Fe2O3&�$� �@ ���@ �
% &�49 ��0+)� !"+/�"+0�/ �/.

A+"3�:�
'5@ ���@ ���*'?�  % Y2�K ;�/  % �
J�+�.'	 ;�/
*% ;<4=� !�4( �� �C4D�=�E �5>F�n�� �
JL( ��4� "�: �%'_ ;%

  % Y2�K �
�0� �@ "+0	'?�
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&E ;��0A�* C4�'	 C."F �� �/��k%�% �*% !", .G4+(
�
'5@ �
% �D�@'(C4D�=�E H�@'( �5�*. �9 �/ H�@'( . �/

�� C'0+@ &�9J�� i+* �4, .�
'5@ "�:*% ;<4=� !�4( ;�/
 �D�� ;%�%�Fe/(Fe + Mg) �9 '9%'9 N�/\�(��/\� .�%"� Si 
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"5F-�!��>, �����9 ��N�M ���@ �>�, ��� ���  . �/–"�:*% ;<4=� !�4( �L+*��$	 )^_ `'a(��N

>�?CC4�'	 �D*�X� . ��.'0#�% p %�'T J
� �
JL( �
�0� ���@ ;��0A�* �
'5@ ;�/"�:*% ;<4=� !�4( �� C4D�=�E ..
Min. Am Am Am Am Am Am Am Am Am Chl Chl Chl Chl Chl 

Oxide composition (wt. %) 
SiO2 ��/��  -�/��  �/��  ��/��  ��/��  -�/�N  \�/�-  �-/��  ��/��  �-/N�  ��/-�  \M/N\  N\ \M/N\  
TiO2 M�/� �/� ��/� ��/� \�/\ \N/\ -�/\ \ ��/\ \�/\ \�/\ \-/\ ��/\ \�/\
Al2O3 -/� �-/� ��/� M�/M �/� N�/N NM/� -�/N NN/N ��/��  �M/��  ��/-�  �/-\  -�/��  
Fe2O3 \ \ \ \ \ \ \ \ \ �-/N ��/\ �N/\ ��/� �N/�
FeO �N/��  ��/��  N-/��  ��/��  �M/�M  ��/�M  �M/��  \-/��  �/��  M�/��  ��/-�  �N/-�  \�/-�  MN/��  
MnO ��/\ ��/\ N�/\ �-/\ NM/\ �M/\ N�/\ �N/\ -�/\ �/\ M�/\ �/\ ��/\ �/\
MgO N�/��  NM/��  ��/��  ��/��  ��/��  M�/�\  �/�-  ��/�\  N�/�N  -�/��  �-/��  -N/��  \-/��  \�/��  
CaO \-/��  -�/��  �/��  -�/��  ��/�-  NM/�-  ��/�\  -�/�-  �-/�-  ��/\ -�/\ -/\ -N/\ -�/\
Na2O ��/- �N/� ��/� \�/- �M/\ -M/\ NN/\ ��/\ -�/\ \�/\ --/\ \�/\ \�/\ N�/\
K2O ��/\ ��/\ ��/\ ��/\ ��/\ -�/\ -N/\ -�/\ ��/\ \�/\ \-/\ \�/\ \N/\ \N/\
Total ��/��  ��/��  \�/��  ��/��  �/��  �/��  -/��  �/��  M/��  M-/��  M/��  �N/��  ��/�N  �-/��  

Structural formula based on 23 Oxygen Structural formula based on 28 Oxygen 
Si MN-/� ��M/� MN�/� ���/� M�/M ��N/M M��/M ���/M ���/M -�N/� ��N/� M��/� M��/� ���/�
Al iv -��/� N�N/� -��/� ���/� --/\ �NM/\ ��N/\ N��/\ N��/\ M��/� �\�/- -�/- -NN/- \�N/-
Al vi ���/\ ��N/\ ���/\ ���/\ \��/\ �-�/\ ���/\ ���/\ ���/\ M�/- --�/- ��/- NN�/- �-�/-
Ti ���/\ -��/\ -��/\ -\�/\ \\�/\ \\N/\ \-�/\ \ \�-/\ \\�/\ \\�/\ \\-/\ ��N/\ \\�/\
Fe3+ ���/\ �\�/\ ��-/\ N��/\ ���/\ �-M/\ ��N/\ -M�/\ N��/\ ��M/\ \-�/\ �NN/\ -\�/\ --�/\
Fe2+ �\-/\ ���/\ ��/\ \N/� -��/- ���/� ��N/� �-/� ��N/� ���/N M\�/N �M-/N NM�/N -��/N
Mn \�N/\ \��/\ \��/\ \�-/\ \��/\ \�M/\ \NM/\ \�-/\ \NN/\ �N�/\ �N�/\ ���/\ �N�/\ �\�/\
Mg �N�/N ���/N ���/N ��N/N ��N/- ���/- �MM/- ���/- �\�/- ��M/� ���/� ��-/� ���/� N��/�
Ca MN�/� M��/� M��/� M��/� �N�/� ���/� ���/� ���/� ��-/� �-/\ \��/\ \�/\ \�M/\ \��/\
Na �\�/\ ��N/\ ���/\ ���/\ \�M/\ \M�/\ \��/\ �-N/\ \M�/\ \N�/\ �M-/\ \��/\ \-�/\ -N�/\
K �\�/\ �\�/\ ���/\ �\N/\ \-/\ \N�/\ \�-/\ \N�/\ \-�/\ \-/\ \�/\ \\�/\ \��/\ \��/\
Total ��/��  ��/��  ��/��  ��/��  \\/��  ��/��  \�/��  \�/��  ��/��  N-/��  \-/-\  ��/��  M�/��  M�/��  
T
(�C) � � � � � � � � � N/-NM  M/-M\  M/-��  -/-��  �/-�\  

:/�E�
'5@ H�@'(^���( �%�4>� '9 "�:*% ;<4=� !�4( ;�/ �
'5@ ;"+9 �/]-\[.
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B)Ca+Na (��J9  % '(�.B)Na (  % '0>@�/\�
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P�*% �
%�C4D�=�E Z�%�.'	 �9 �0�9%. ;�/ G%4�% �9 �D��
&.���X=2 ;%�%� ;%Na2O.TiO2;'0>@ "+0�/ "+z'/ 

Y9�_ �,4:>/ �@ !.'? .� ��9 ��F4(!�'9 3����%� �4F. .'9
P�*% �
%C4D�=�E ���4� ;�/�*�'9C4D�=�E !�� �� ;�/
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7ST . C4D�=�E
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