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�&$ �6�Q (���6�0� �8 !,#5C

 " ���&��6@, ����&�#D ��
#'@ �<�D"=
#N �1��D �<��P�, %"#@
 X��8#@)����'N " ���&�" (��, !)� <�*+D .1K+� �	�8 

�(#	 X�&/ �8_�� �
, �� �C�� !)
��&� .
 , !)��5�?�8 ���", �
�xQ ���@ ���D -,&�( �8 �<��P�, %"#@

��D")
#4����6��4#� �
, �� �6�&$ :�C��,� �&y7 �C .8�#6+
<��P�, %"#@����6��4#� �� �&I&� :�C<*� �9��8 :�C �D �,�

5��<*� ��,#? -)� �6�6�0� )�
,#	 #�L�D �ED " !�&8 �,�
�6	#$)�, .<��P�, %"#@ ��,&7  , )�
,#	 �
, e&T �� " �C

�06�*�-Q :�C ��, !)�  �dQ �C)<*�YO[�,.(F#6�$ �8
_�� W�@,"/!����6�6�0� ��,&7 �<��P�, %"#@ �
#( �C #D

��&5� �;#8 �� " !)�<��P�, <��@ <
)KD �D �C�C%"#@ :�8 �,�
�� ��,�, ��6�0�)8�
 )*�<YOw] (�.[�� ��6��4#� z&� "�

����6��4#� �
,���+D <8�? �C)�, :
�O���#8 }��, #8 =����Q �
�6� " �4&^�"#^�� :�CXRD 

����6��4#�-,",#	 �
�&$ �6�Q ��C ��6��4#� ���N �
#D �&I&�
 �
, ����&5����C .<�D"=
#@��=(#	 X�&/ �8 �
, �� �

����6��4#� �C7��,� �&y "!)� ��:� 1K+� �	�8 �
, �
_�� ���C)<*�YO�.(!)��( �8 ::�&� ]a[�
�&$ �6�Q

��7�� ��&$#$� �	#+�4 e&uE� " �
��,=��  , �N ��, :,
�� ��J
, <�D"=
#N&��.
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)'I��!��5� �a-�6��  ��Y�� ����� ���@:�C ���&6����6� " �C ����6��4#� ���@ �5�� ". . .�YY

7.�=����6��4#� �4&*�"#*�� #
"�uD���&6��� " �C�C�9��8 ���&�	, �� �&I&� !)� -&$#$� :.
)[�, (����6��4#� �� �&I&� ���", �
�xQ <��P�, %"#@�C.(PPL))w(<��P�, %"#@ !)� �6�6�0�����6��4#� �� �C.(XPL))�(1K+�� ��	�8

 ����6��4#� ���C.(XPL))X(����6��4#� �� e&K�.�Q �8 !,#5C ��6�8 �&y7 �C.(XPL))�(6�0� ���@ ���&6�����6� �� �6���$ �	�8 �8 ��-
D��8#N :�C�.(PPL))�(���@D��8#N�)���&�"�(���&6����6� �� ��6�0� �8 !,#5C 1�6��8&�,#$ �	�8 �8 D��8#N :�C�.(XPL))��� (e&K�.�Q

 ���@ �8 !,#5C 1�6��8&D�5� �	�8 �8 ���N " ��6��4#� �=D�,&@ �<��P�, %"#@ :�C D���8#N :��C�� �� ���&6�����6 D���8#N ����'�� :��C�(XPL) .
���N X,��u6;, �C]��[:

Amp: amphibole, Bas: bastite, Cb: carbonate mineral, Mag: magnetite, Qz: quartz, Spl: spinel, Srp: serpentine. 
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-��7&u� ��8,#D-,#
, ����� ���@ " ������&'8 �'J� �Ya

�O���#8 �� ������ ���N :�C </�7 ��6�8 z&� ��6��4#�
�C ��@"#�4&D�", ����#$�� �&I&� :��&5� �
, ��C" !�&8 

�
=0
�I���@ �
, ��, !)� �C)<*�YOX.(
}��, #8��#8��C:_�� ��0�:��I&D <8�? #
���� �&I"

 " �
�&$ �6�Q �&y7 ��6�8 ������6��4#� �
,�C�� -�+� -
�N )C� ��D")
#4!)� ��_�� �
, �C8� , #6+ " �
&��,

 ��@"#�4&D�",)�, �8 �K�� #65N ��,",#	 �8�
&� (!)� <�^+D
��, .�
,#8��8����D")
#4 -,&�( �8 ,� �
~�&8 ��C -,&D

 ���&�	, �
, !)� ���	#$ #�� ��.
_����0�:���&6��� -&$#$� :�C:���&6��� ���&�	, :�C

��7�� ��&$#$� #�L�D �ED <�*+D  , M4 �9��8�6	#$ �,#? :, -
)�, .��7�� ��&$#$� �,);�_�� �
, �� :,J�� �C �8 #��J
, "�

���@ "� �8 _�� z&� X"�.6� ��������, !) :
�O���&6����6� D��8#N :�C�:���#8 �� �
, �
,#E/ :�C

_�� �� �C�6�,�:!��&; <�$ ST��� " ��#8 :�C ���4 �8
��
��� !)
� ��6�I#8 �����)�&� .���&6����6� �
, �8 �C

����6��4#� �8 �	��5C �!#�D ��  �D %#@ _�� ��|�� :�C
 )�6�C)<*��Ow.(��#8��C:���@ ����� =����Q  , !��.6�, "
XRD��&5� �C�� -�+�!)�C� <�*+D �'/, ���@ �@ )C�:

_�� �
,���@ " !�&8 ���&�"� �C-Q �� �&I&� �(#	 :�C �C
 =�� , )�D��K(<��P�, %"#@ " �
#'@ ���6�0� ����'N �=D�,&@ .

, ��6�0� " <��P�, %"#@���@  �� �&I&� �(#	 :�C
���&6��� #��  , �@ )�6�C -&$#$� :�C�
��������5�� 

<*��6���$ �	�8 " !�&8 <*� -")8 �D �,�)��,�)<*�YO�.(
_�� �
, �� H��d �	�8 �C =�� �2&4 X�)� �8 " 1�6��8&�,#$

 ��, 1�6��8&'�@)<*�YO�.(
�O���&6����6� ���'�� :�COD��8#N�:_�� �
, W�8 �� �C

 �9��8 ���&�	, �8&�I-&5�;� :,�,� �8 " )�6�C �8&; :�C
!&�? �D ��  _���� !)
� :, )�&�)<*��O�.(���@ ���#8-
_�� �
, ������� -�+� �C���@ �@ )C�!)� �� �'/, :�C:

-Q e&K�.�Q <��� ��,",#	 H�D#D �8 �C)���&��6@, " ���&�#D(�
��6��4#� ����'@ ����&�"����@ :,�,� " !�&8 =D�,&@ ":�C

 �
#'@ " ��")�'@ �1��D ���6�0� �<��P�, %"#@ �(#	
)�6�C ._�� �
, 1�6��8&�,#$ " 1�6��8&D�5� �	�8 :,�,� �C

�	�8 " !�&8 �8 =�� 1�6��@�D�@ " 1�6��8&'�@ �2&4 :�C

-Q �� �(#	 X�&/�� !)
� �C&��))<*�YO��� .( �e&K�.�Q
�@ �
#6�,",#	���&6����6� �
, �� ����, �C .e&K�.�Q �
,  , �C

 1�6��8&D�5� �	�8 :,�,� " !�&8 ���&��6@, " ���&�#D z&�
)�6�C )<*�YO��� .(e&K�.�Q �
,  , �;#8���7 �� �C��C:

�
#'@ �8 �&; _�� =K�!)� <
)KD!)�C� -�+� �@ )�,:#�L�D 
�� �6+$#8 -&$#$�  �	 1
-Q�C��,.

8���#_�� ��
,#E/ :�C -�+� ����� ���N " :��0�
�� )�C����&6����6� �@D��8#N :�C�)�6��&�"� :�C#�#� ( ,

���&6��� ��&$#$�D��8#@ :�C����&6����6� "���'�� :�C O
D��8#N����&6��� ��&$#$� </�7 ���'�� :�COD��8#@ ��8

-,",#	 ��6��4#�)����6��4#� �
)� �6��&6��� �5@ :�C!(
)�6�C .�� ��6�0� " <��P�, %"#@ ���6��4#� �&y7

���&6����6�-Q �6	��5C " �C����6��4#� �8 �C ��|�� :�C
-Q <�*+D  , �@�7��D")
#4  , �C��, !)� ���6��4#� :�C.

���� �
�� 
���� �
���������	
� )> >�?�� �����

<��P�, %"#@:�� :)�'@ ���@ ���D -,&�( �8 ���@ �
, :~&�&6
��D")
#4 �� ���", �6�&$c���@ :�C �&.E� !)� ���6��4#� 

)�,&D �� " ��, !)��� �?�8,#8:#8 #L&� :�C)�
,#	 �8�
 �, 
�#�$ �,#? !��.6�, ��&� _�� .<��P�, %"#@ -��#$� ���", :�C

_�� �� s�� �*�6�~"#64 �&6@�	 1
 -,&�( �8 !)+� :�C
@#D " !�&8 1�	��,#6�", " 1�	�����@ �
, �
��5�� H� �C

�8 �6�8,"��D")
#4 �*
=�	 \
,#� " =�~"#64 -Q -�8=�� :�C �C
 ��,]�h.[�|�� =����Q<��P�, %"#@ :, �K��E� " ��|�� :�C

-Q ��6;�� e&�#	 #
���� �CCr#)��/h�D�b/h("Fe3+#

)h�/h�Dha/h(�� -�+� ,� )C�)e")I�.(
�|�� =����Q:,, ��&5� 1
<��P�, %"#@  !)� �6�6�0� :�C

!)�C� -�+� �&I&�:#
���� Cr#)�j/h("Fe3+#)�h/h(
�� " ��,=-,=�� SiO2<��P�, %"#@ �8 �K�� :#D]�8 :�C
��,� s��� .#
����Fe3+#-�+� !)� �6�6�0� <��P�, :]�8 

!)�C�:��@, \
,#� �&I" 
W-Q ��&$#$� e&T �� ��, �C .
#@ H�@#D s��#D<��P�, %"-&�D�@ �'�� �� �&I&� :�C-

!)�C� -�+� �6�	#� �� :�C:-Q :#�$�,#? A'9 �� �CAl-

Cr��, .����� �� !)� �6�6�0� <��P�, %"#@ �@ ���7 ��
 �'��Fe-Al-Cr�� �,#? �#�$)<*�a(]��.[
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)'I��!��5� �a-�6��  ��Y�� ����� ���@:�C ���&6����6� " �C ����6��4#� ���@ �5�� ". . .�Yj

!�*?8�|�� =����Q �
�6�:,))/�� H�7#8 (<��P�, %"#@ :��6;�� e&�#	 ���ZD "����6��4#� �� �&I&� :�C�9��8 ���&�	, :�C.
Sample Point SiO2 TiO2 Al2O3 Cr2O3 FeO* MnO MgO CaO Na2O K2O Total Name 

H �Oa� a� h�/h ha/h a�/��  �a/a�  jj/��  �h/h ��/�a  hh/h hh/h hh/h ��/�h�  Cr-Spl 

H �Oa� a� h�/h hY/h �b/�h  ��/a�  ��/��  ��/h hY/�a  hh/h h�/h hh/h bY/�hh  Cr-Spl 

H �Oa� aa �b/h hY/h ��/��  �j/jh  ��/��  ��/h ��/�a  hh/h hh/h hh/h ha/�h�  Cr-Spl 

H �Oa� aj hh/h h�/h h�/�h  h�/jh  Y�/��  ��/h �b/�a  hh/h hh/h hh/h ��/�hh  Cr-Spl 

H �Oa� a� hh/h hY/h ��/�h  ��/a�  j�/��  ��/h ��/�a  hh/h h�/h hh/h jh/�h�  Cr-Spl 

Hj� a� �h/h h�/h ��/��  �j/j�  �b/��  Y�/h ��/��  h�/h hh/h hh/h a�/�hh  Cr-Spl 

Hj� ab h�/h h�/h ��/��  �h/j�  ��/�b  ��/h �h/��  hh/h hY/h hh/h ��/�h�  Cr-Spl 

Hj� j� hh/h h�/h j�/��  ��/j�  YY/�h  Y�/h h�/��  h�/h hY/h hh/h h�/�h�  Cr-Spl 

Hj� j� �j/h hb/h �Y/��  �h/j�  jb/�b  Y�/h bj/��  h�/h hY/h hh/h �h/�hh  Cr-Spl 

H �Oa� aY hb/� h�/h ��/� �Y/aa  Y�/Yh  �b/� ja/� h�/h hj/h hh/h bj/�b  Cr-Mag 

Structural formula based on the 32 Oxygens 
Sample Point Si Ti Al(IV) Al(VI) Cr Fe3+ Fe2+ Mn Mg Ca Na K Cations 

H �Oa� a� hh/h h�/h h�/� hh/h Y�/� jj/h �b/� hh/h �a/j hh/h hh/h hh/h h�/�a  

H �Oa� a� hh/h h�/h bj/j hh/h ��/� j�/h b�/� hh/h ��/j hh/h hh/h hh/h hh/�a  

H �Oa� aa hh/h h�/h �h/j hh/h ��/� j�/h �Y/� hh/h ��/j hh/h hh/h hh/h ��/�Y  

H �Oa� aj hh/h h�/h ��/j hh/h ��/� ja/h bh/� hh/h �h/j hh/h hh/h hh/h �b/�Y  

H �Oa� a� hh/h h�/h ��/j hh/h ja/� jY/h ba/� hh/h ��/j hh/h hh/h hh/h hh/�a  

Hj� a� hh/h h�/h hj/j hh/h j�/�h  ah/h ah/Y h�/h jb/a hh/h hh/h hh/h ��/�Y  

Hj� ab hh/h h�/h �h/j hh/h ah/�h  ab/h ab/Y h�/h j�/a hh/h hh/h hh/h ��/�Y  

Hj� j� hh/h h�/h ��/j hh/h �b/�h  a�/h b�/Y hY/h �j/a hh/h hh/h hh/h �b/�Y  

Hj� j� hh/h h�/h h�/j hh/h aj/�h  aj/h jh/Y hY/h ab/a hh/h hh/h hh/h hh/�a  

H �Oa� aY hh/h h�/h �Y/Y hh/h a�/� �b/Y b�/Y �h/h b�/Y hh/h hh/h hh/h �a/�a  

Sample H �Oa� H �Oa� H �Oa� H �Oa� H �Oa� Hj� Hj� Hj� Hj� H �Oa�
Point a� a� aa aj a� a� ab j� j� aY 
Fe3+ # hY/h hY/h ha/h hY/h hY/h h�/h hY/h hY/h hY/h �h/h
Mg # j�/h j�/h �Y/h ��/h j�/h ja/h jY/h a�/h j�/h jj/h
Cr # ��/h ��/h �Y/h �Y/h ��/h �b/h ��/h ��/h ��/h �j/h

7.�@�,�&5� ���#8�@#D <��P�, %"#@ H����6��4#� �� �&I&� :�C�9��8 ���&�	, :�C-&�D�N �'�� �� ��6�	#� ��� :�CCr �Al "Fe3+)��8
X,#��GD (]��[.
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-��7&u� ��8,#D-,#
, ����� ���@ " ������&'8 �'J� �Y�

��6��4#�:���@ !)� �� ��6��4#� !"#$ :�C:�'/, 
����6��4#��8 " !�&8 ��|�� :�C �� �(#	 ���@ X�&/
���&6���)��,� �&I" =�� !)� -&$#$� :�C .���@ !"#$ :�C

�'4 :,�,� ��&$#$� �I�� }��, #8 ��6��4#���&� :�C
�� �.'6��)���8 .I�� ����C:H��d ���@ ��&$#$� ��
�4 

��, �
��,=�� ���6��4#� .�I�� W
,=	, �8:��&$#$� 
�
��,=������ <�D"=
#@ �8 MP� " <�D"=
#@ " �
��,=�� �8 


�&$ �6�Q �8 �
��� �� " �
�&$ �6�Q "�� <
)KD �&��.

���#8 }��,#8 :�C_����0�: , </�7 �
�6� " ���@ �5�� �
=����QXRD��&5� �C)<^�jOw�[�, (�&I&� ��6��4#� ���@ �

_�� �
, �� �C8� , #6+�6�Q �
�&$*+D�!)� <��,
)e")I�.(���#8 �����N :�C�8 =�� <�D"=
#N ����� X�&/

����6��4#� �
, �� �(#	 ���NC��,� �&y7 �.=����Q�
F ,�#4= 
��6��4#� #
���� �CMg#)��/h�D��/h("Al2O3)�b/h�D

ab/h)/�� (�� -�+� ,�)�C�.

7A�B=����Q :�C�,�&5� XRD����6��4#� �C���&6����6� "D��8#N :�C��9��8 ���&�	, .

)C(

)D(

)E��(
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)'I��!��5� �a-�6��  ��Y�� ����� ���@:�C ���&6����6� " �C ����6��4#� ���@ �5�� ". . .�Y�

!�*?9�|�� =����Q �
�6� :,))/�� H�7#8 (:��6;�� e&�#	 ���ZD "��6��4#�:�C����6��4#� �� �&I&� �9��8 ���&�	, :�C.
Sample Point SiO2 TiO2 Al2O3 Cr2O3 FeO* MnO MgO CaO Na2O K2O Total Name 

Ha� b ��/aa h�/h Ya/h hh/h ��/� ha/h Y�/a� hh/h h�/h hh/h YY/b� Srp 
Hj� a� �b/a� h�/h �b/h ha/h b�/� hj/h �j/Y� �j/h ha/h hh/h bh/�� Srp 
Hj� jh ��/a� hh/h ��/h hj/h ��/� hj/h Yb/Yb h�/h hh/h h�/h �a/b� Srp 
HjY � �h/aY hh/h ab/h Y�/h h�/� hj/h b�/ah hh/h hh/h hh/h �a/b� Srp 
HjY � ��/aa hh/h a�/h ��/h �j/� hh/h bY/ah h�/h h�/h hh/h �a/b� Srp 

Structural formula based on the 7 Oxygens 
Sample Point Si Ti Al(IV) Al(VI) Cr Fe3+ Fe2+ Mn Mg Ca Na K Cations 

Ha� b ha/� hh/h h�/h hh/h hh/h hh/h hj/h hh/h ba/� hh/h hh/h hh/h �j/a
Hj� a� h�/� hh/h h�/h hh/h hh/h hh/h hb/h hh/h ��/� h�/h hh/h hh/h ��/a
Hj� jh ��/� hh/h h�/h hh/h hh/h hh/h ha/h hh/h ��/� hh/h hh/h hh/h bY/a
HjY � ha/� hh/h hY/h hh/h hh/h hh/h ha/h hh/h bY/� hh/h hh/h hh/h �a/a
HjY � hj/� hh/h h�/h hh/h hh/h hh/h hj/h hh/h bY/� hh/h hh/h hh/h �j/a

���� �
���������� )> >�?�� �����&
&> ��� 
e&K�.�Q:.�Q e&K��C� ,�,);� S
#T ��&$#$� �����&6��� -

���'�� :�C OD��8#@�-,",#	 ��6��4#� �8 )����6��4#� �
 :�C
!)� �6��&6��� �5@ (!)�Q �&I" �8 �9��8 ���&�	, �� " )�,

!)� ��:_�� �
, �� 1�6��8&D�5� �	�8 �'/, �C)�6�C .
�|�� =����Q  , </�7 �
�6� :,e&K�.�Q �&I&� :�C�e")I �Y�

!)� �2,�,)�,.� =����Q  , </�7 �
�6� s��#D 
���N �
,  ,�#4= �C
!�� �,�&5� ��e&K�.�Q H�N#D :)�8�� -�+� �C �
, �N )C�

e&K�.�Q !�&8 ���'N z&�  , �C)<^��O[�,("<��� 

���&��6@, " ���&�#D )�,)<*��Ow] (��.[" ���&�#D 
���&��6N,�6� �
, �� �&I&� :�C���&6��� :,�,� H�D#D �8 �C

 #
����Mg#)��/h�D�b/h(")bY/h�Dbb/h()�6�C 
)e")IY.(

���&�"�:=����Q �
�6� }��, #8 XRD��&5� �C)<^�jO�(�
D��8#N ���N -,&�( �8 ���&�"��s�� _�� �
, �� �&I&� -

���C ._�� �
, �� �(#	 X�&/ �8 =�� ���'N,� �&y7 �C��
�J�6� �N:
=����Q ��&5� ��
� ,�#4=�-Qe")I �� �Ca�2,�, 
��, !)�.

7.�Fe&K�.�Q H�@#D �,�&5����&6����6� �� �&I&� :�C���'�� :�COD��8#N ��9��8 ���&�	, ]��.[

0 2
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-��7&u� ��8,#D-,#
, ����� ���@ " ������&'8 �'J� �Yb

 !�*?=�|�� =����Q �
�6�:,))/�� H�7#8 (e&K�.�Q :��6;�� e&�#	 ���ZD "���6� �� �&I&� :�C���&6����'�� :�CO�9��8 ���&�	, �D��8#N .
Sample Point SiO2 TiO2 Al2O3 Cr2O3 FeO* MnO MgO CaO Na2O K2O Total Name 

Hj� j� ��/j�  h�/h aj/h �h/h Yj/b �b/h Y�/��  ��/�h  ��/� h�/h hh/�b  Tr 

Hj� jY aa/j�  hY/h �Y/h �Y/h ��/� �j/h �b/�b  Y�/�h  b�/� ha/h �h/�b  Act 

Hj� ja YY/j�  h�/h j�/h ��/h jh/� �j/h Y�/��  �a/��  ��/� hY/h a�/�b  Act 

H �Oj� �j ��/jb  hh/h �Y/h a�/h hj/� �b/h ��/��  �a/��  h�/� h�/h jj/�b  Act 

H �Oj� �� �b/j�  ha/h ��/h hj/h ��/Y hb/h �b/��  bY/��  �b/h h�/h ��/��  Tr 

H �Oj� �� hh/jb  h�/h �a/h j�/h j�/� ��/h �j/��  �j/�h  jY/� hY/h �Y/��  Act 

H �Oj� �b �Y/jb  ha/h ��/h ��/h a�/Y �h/h ��/��  b�/��  Y�/h h�/h a�/�b  Tr 
Structural formula based on the 23 Oxygens 

Sample Point Si Ti Al(IV) Al(VI) Cr Fe3+ Fe2+ Mn Mg Ca Na K Cations 

Hj� j� �a/� h�/h h�/h h�/h h�/h jj/h a�/h h�/h �b/Y j�/� Y�/h hh/h b�/�a  

Hj� jY �Y/� hh/h h�/h hj/h h�/h aj/h �h/h h�/h b�/Y jY/� jh/h h�/h hY/�j  

Hj� ja �Y/� hh/h hb/h h�/h ��/h ��/h j�/h h�/h ��/Y ��/� Ya/h h�/h hY/�j  

H �Oj� �j h�/b hh/h hh/h �h/h ha/h hh/h b�/h h�/h ��/Y �a/� �b/h hh/h h�/�j  

H �Oj� �� ��/� hh/h hY/h hh/h h�/h �b/h �h/h h�/h ��/a b�/� h�/h hh/h ��/�a  

H �Oj� �� �a/� hh/h h�/h ha/h h�/h Ya/h jY/h hY/h h�/a ��/� a�/h h�/h ha/�j  

H �Oj� �b bb/� hh/h ��/h hh/h h�/h ��/h �Y/h h�/h j�/a b�/� �h/h hh/h ��/�a  

Sample Hj� Hj� Hj� H �Oj� H �Oj� H �Oj� H �Oj�
Point j� jY ja �j �� �� �b 
Fe# h�/h �Y/h �Y/h ��/h h�/h ��/h hY/h
Mg# ��/h b�/h b�/h bY/h �b/h bb/h ��/h

!�*?@�|�� =����Q �
�6�:,))/�� H�7#8 (:��6;�� e&�#	 ���ZD "���N :�C ���&6����6� �� �&I&� ���'@ " =D�,&@ ���'�� :�CO��8#N �D
�9��8 ���&�	,.

Sample Point SiO2 TiO2 Al2O3 Cr2O3 FeO* MnO MgO CaO Na2O K2O Total Name 

H �Oa� Yb bY/��  hh/h �b/h hh/h �Y/h hh/h �a/� hY/h ��/h hj/h �b/��  Qz 

Hj� jh ��/��  hh/h hh/h hh/h ��/h hh/h ha/h ha/h hh/h h�/h ��/��  Qz 

H �Oj� �� h�/h h�/h hh/h hh/h �a/h Y�/h Y�/h a�/j�  hY/h hh/h Yj/jb  Cal 
Structural formula based on the 2 Oxygens for quartz and 3 Oxygens for calcite 

Sample Point Si Ti Al(IV) Al(VI) Cr Fe3+ Fe2+ Mn Mg Ca Na K Cations 

H �Oa� Yb ��/h hh/h hh/h hh/h hh/h hh/h hh/h hh/h hY/h hh/h hh/h hh/h hh/�

Hj� jh hh/� hh/h hh/h hh/h hh/h hh/h hh/h hh/h hh/h hh/h hh/h hh/h hh/�

H �Oj� �� hh/h hh/h hh/h hh/h hh/h hh/h hh/h hh/h h�/h �b/h hh/h hh/h ��/h

GH� 
����6��4#� �D,�)�C :�C �
~�&8 ��C �#Z� �9��8 ���&�	, :�C

 �8 �@ )�6�C ���&�	, �
, �� �&I&�$F#6� ���6��4#� )�
,#	 
��D")
#4 �
, �� -)�-Q !)� �� :�C ���@ �C <��@ �&T �8 �C

���@ �8 <
)KD ��6��4#� !"#$ :�C�%"#@ ���@ ���D " !)

_�� �
, �� ���", �
�xQ ���@ -,&�( �8 <��P�,��,� �&y7 �C .
����6��4#� �C8�#6+���@  , !)� <�*+D ��6��4#� !"#$ :�C -
�
, �@ )�, :,�,� <�*+D :��� }��, #8 �C ���@  , !"#$ 

e��ZD�C:�(&�6� : �	 )�6�C .I�� ����C:��&$#$� ��
�4 
�8 H'd, <�D"=
#@ " !�&8 �
��,=�� ���6��4#� H��d ���@
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)'I��!��5� �a-�6��  ��Y�� ����� ���@:�C ���&6����6� " �C ����6��4#� ���@ �5�� ". . .�Y�

�$� -"�� �� �
�C#K�	 X�&/�� !)
� �C�&� ]a.[W
,=	, �8
�I��:�
��,=�� ��&$#$� �����D"=
#@ " �
��,=�� �8 " <

�
�&$ �6�Q �8 �
��� �� " �
�&$ �6�Q " <�D"=
#@ �8 MP�
�� <
)KD&��]a.[�	#+�4 e&uE� �
�&$ �6�Q �
,#8��8

��7�� ��&$#$��� ��J
, <�D"=
#N " �
��,=��  , �N ��, :, -
&� �]a.[!)��( �8::�&� ]a[#D W�8 :��� �� �
�&$ �6�Q
  ,oCjhh�� <�*+D �&� .
#65@ ��� �
, <�*+D :,#8 ��� �

<��P�, %"#@ ��
�&$ �6�Q �
, �� �
#'@ " !)� �6�6�0� :�C
_��  , z&� ���C]��.[

:,�,� �
��,=�� ���6��4#� !"#$ �� #/��( H�@#D #��  ,
 �K�� �
#D]�8Fe3+/Fe2+:,�,� <�D"=
#@ �Al2O3" ��
�4 

�,)�� �
#D]�8 :,�,� �
�&$ �6�QSi/Mg ��, ]a.[}��, #8
�,�&5� SiO2�8 �K�� MgO �|�� =����Q �
�6� :��K� #8 �N :,
���N%&'Z� ���, !)� s��#D ��6��4#� !"#$ :�C ��@ )
���@ !"#$ :�C ��|�� �
, �� ��6��4#�8���|�� �� #6+:

�6	#$ �,#? �
�&$ �6�Q �8 �K+� �	�8 " ��6�8 ��&P5C)�, 
)<*��] (j.[!)��( �8 :]j[=�� �(&� ��6�8 �w&�E� �
��,

��!)� �� =�� <�D"=
#N " �&�:����6��4#� �� �K+� �	�8 
���C .=����Q �
�6� �8 �I&D �8XRD����6��4#� ���&�	, :�C

-,",#	 �
�&$ �6�Q ��9��8��&5� �
, �� ��6��4#� ���N �
#D �C
 ��,)<^�jOw�[�, .( �
, �� �(#	 X�&/ �8 =�� <�D"=
#@

����6��4#�,� �&y7 �C!)� �� �N ��:�� 1K+� �	�8 �'/, 
-Q�� w&�E� �C �&�)<*�YO�.(

�|�� =����Q  , </�7 �
�6����@ :, �� ��6��4#� !"#$ :�C
 e")I�!)� �2,�, �)�, .�,�&5� }��, #8 SiO2�8 �K�� MgO 
<*��(=����Q  , </�7 �
�6� "XRD �����6��4#� :�C ��&5� 

�
�&$ �6�Q#65��
��4#� ���@ )�
,#	  , </�7 ��6�
��, ��|�� �
, �� -)� ���6��4#�.z&�  , ��6��4#� <�*+D

<��P�, %"#@ �&I" �<�D"=
#@ X�)� �8 " �
�&$ �6�Q :�C 
�� " !)� �6�6�0�=�� ���&��6@, " ���&�#D ��
#'@ �&y7 

����6��4#�!)�C� -�+� ���|�� :�C:I�� X���&$#$� ��
�4 
�� !���;� :]�8 )7 ��_�� �
, �� =K� �����C .<�*+D

���&6����6� �� ���&��6@, " ���&�#D ��5C =�� �&I&� :�C
 ,� ��&$#$�  , �I��� -�+��)C� .

�;�� ���@ 1
 -,&�( �8 <��P�, %"#@ ���@,#8:���#8 
���5$�� �&'KD e&T �� \
,#� ���+D " ��D")
#4 ��C��

]�h.[_�� W�@," �� �g����/!��� �!���d)��8 H��R���@ 

c�K
#�D <��P�, %"#@�� H
#�D <��@ �&T �8 &��]�Y.[�8
�� !)+� -��#$� <��P�, %"#@ �&y7 #0
� X��K(

����6��4#� ��
�4 <��� �8 <��@ e��ZD �&I" %)(  , �@�7 �C
_�� �K�� -�&8/!��� ��, ]�.[

��d<��P�, %"#@ �$)�  , s��� :�CCr "Mg ��
�4 "
-�&8Fe3+"Ti-Q �� �Cw�D �8!)�C�:���@ �
, ���", ��C�� 

���C]�.[�
~�&8 ��Cc�K��d �6�&$ :�C !#6�$ :,�,� Cr# 
 , #D]�8�/h�D�/h��0���� �8 j/h�� �,)�� �
, �@ )�6�C 
���"� �")7 �C�/h��,]�a.[#
����Cr#<��P�, %"#@ :�C

 �9��8 ���&�	, �� �&I&�)��/h�D�b/h(,�� -�+� " �� )C�
 ��|�� �
, �� ���", ��D")
#4 �@8�#6+�
~�&8 ��C z&�  , 

��, .
<��P�, %"#@ H�@#D #�L�D �ED �C���#$����&$#$� "

�� #��GD -�*�, ��, �2=I X,#��GD �
, �@ )�8�
]�j.[
<��P�, :,�,� =K� ���� !���;� �ED !)� -��#$� :�C
 #
����Mg#)a/h�D�/h(� )�6�C ���@ �
, #$, �@ ���7 �

-��#$� ���&K�.�Q !���;� �ED&����,)�� Mg#  , #65@ 
Yj/h��,� )C,&; ]�Y.[��,&7  , !)� %�J�, =����Q }��, #8

!)� -��#$�:�� �&I&� <��P�, %"#@ ��&5� 1
 
����6��4#� �C)��&5�:�Oa�H!��5�aY(�,)�� 

jj/h=Mg#  �,� -�+��� �@ �@�7 )�,&D -)� -��#$�  ,
!)� �6�6�0� ��,&7:���@ �
, #L, ��!���;� :���� 

)��8 =K�)e")I�.(

7.�I��6��4#� ���#8 �,�&5� ����6��4#�� �� �&�I&� :�C :��C
�9��8 ���&�	, ]j.[
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-��7&u� ��8,#D-,#
, ����� ���@ " ������&'8 �'J� �ah

<��P�, %"#@:�C!)+� -��#$� :����6��4#� �� �&I&� -
�9��8 ���&�	, :�C ��
�4 #
���� :,�,�SiO2)hh/h�D�b/h

�� " )/�� (!)� -��#$� <��P�, %"#@ �@ ���7 �� )�6�C:
�&I&�_�� �
, �� �C)��&5�:�Oa�H!��5�aY(:,�,�

hb/�=SiO2)�� " )/�� (��, .#
���� �
,#8��8SiO2�&I&� 
�6;�� ���<��P�, �C��8 �6�8,"�I��:���#$��-Q �� !�&8 �C

�I�� W
,=	, �8 ":���#$���� W
,=	, )�8�
]�.[���g5C
<��P�, %"#@ :]�8 #
���� :,�,� !)� -��#$� :�CFe3+#

��@, \
,#� �&I"  , �@�7 �@ )�6�C
W��&$#$� e&T �� 
��,)e")I�.(

<��P�, %"#@ H�@#D ���#8��D")
#4 �� �&I&� :�C :�C
�� -�+� �9��8 ���&�	,��D")
#4 �
, �@ )C� ��C�� �C

�	, �6��&)<*�bOw �[�, (�6�,� !)� ��D ")<*�bO�("
�
,�Q :,�,�:�6�&$ )�6�C :,)<*�bOX(]����������h[.

���&6��� e&uE� �C����#$�:��
�4 :�C��� �� 1��'@ 
_�� \�&6� �D !)� ���6��4#� 1�	�� " 1�	��,#6�", :�C

 )�6�C]�.[���&6������&�	, �� �&I&� :�C<�*+D  , M4 �C 

��7�� ��&$#$� #L, ���� �@ )��,� -)� -&$#$� -�*�, :, -,&D
���&6��� ��&$#$� �8 <�*+D " >���, ���&�	, �� �&I&� :�C

���@ �8 �
�C#�#� !���, ���&�	, �
, �� {�; �����#@�]�b.[
���&6��� �9��8 ���&�	, �5
)? :�C =�� ����#$� e&uE�

��D")
#4 �8��#$!)� ���6��4#� :�C����6��4#� ":�C
 ��|��)�6�C .��7�� ��&$#$� �,);�_�� �
, �� :, �C

���@ X,#��GD���&6��� ����� �
, �� �&I&� �5
)? :�C
��, �6�,� �4 �� ,� ���&�	, .���&6��� }��, �
, #8 :�C

D��8#@����&6����6� �8 D��8#N :�C�)�6��&�"� :�C#�#� ("
���&6������'�� :�COD��8#@�-,",#	 ��6��4#� �8)�


����6��4#�!)� ���&6��� �5@ :�C (���&6����6� �8 :�C
���'�� OD��8#N �!)� <
)KD ���&��6@, " ���&�#D �,);� �8 -

e&K�.�Q �
, �@ )�, -&$#$� ��C�� :,�,� �C)�6�C)<*��(
]��.[���&6����6�W�8 �� �9��8 ���&�	, �� �&I&� :�C :�C

��&�	, �
, ['6���$� X�&/ "� �8 �!�&D " :, )��,� �&y7 :,
����6��4#� �8 �	��5C ")�6�C ��|�� :�C .

7.�J��D")
#4 ���#8 �,�&5� :�C�9��8 ���&�	, !)� ���6��4#�<��P�, %"#N ���N �5�� :��K� #8 �C.
)[�,(�,�&5� Al-Cr-(Fe3+ + 2Ti)]��.[)w(�,�&5�Fe2+/(Mg + Fe2+)#8,#8 �� Cr/(Cr + Al)]��.[

)�(�,�&5�TiO2#8,#8 �� Cr#]�h.[)X(�,�&5�Cr2O3#8,#8 �� Al2O3]��.[

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
25

-0
7-

10
 ]

 

                            12 / 14

http://ijcm.ir/article-1-277-fa.html


)'I��!��5� �a-�6��  ��Y�� ����� ���@:�C ���&6����6� " �C ����6��4#� ���@ �5�� ". . .�a�

7.�Ke&K�.�Q ���#8 �,�&5� ���&6�����6� �� �&�I&� :��C :��C
���'��OD��8#N��9��8 ���&�	, ]��.[

���>
� 
���@ ��
,#E/ )C,&�,#5C �6	�8 " ��������@ �&y7 �8 !:�C

%"#@ ��6�0� �<��P�, %"#@-�+� ��6��4#� " �,�!)�C�:
�,);�����#$�:��D")
#4 ��J
, " ���", ��D")
#4 �� :�C

 �!)� ���6��4#���, .�8F#6�$  �	 ���:���|�� �� 
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