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�_/^^�/^^�/^n^/^^�/^^�/^^�/^^n/^�/^^n/^^�/^�/^P* 
n� �_����^__�n��� ��� ��e ��n Zr 
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�
IJ5 ~
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X = Ca, Na, K, [vacant] 
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4*6V- ��-*+#1 4*6V- .-�
- �"�#$ ���> � �"�#$�'(1 �(J� ��e

Y = Li, Mg, Fe2+, Mn2+, Al, Cr3+, V3+, Fe3+, (Ti4+)
Z = Mg, Al, Fe3+, V3+, Cr3+

T = Si, Al, B 

B = B, Vacant 
V = OH, O, (F)  
W = OH, F, O                   

0%,;{+)���> �- �
�<�7'+"��+!� f3�� �� �< .u�- (f3�� �- �
�6�: %!����'5 �7'+"��+!� (�
'+�� �7'+"��+!� f3�� �- �
�6�i(
P!"�/7 ��v"*(	 ��#> �� �!5'!1 �- �
�6�W(�> %!����'5 �- �
�6��1�(!"� 4�"- �*$ �F�V- I5�-'>�(�]>'
w]7 ��#> �� %!����'5 �- �
�6��(

�]>'
w]7 �� ���1�9 �	�1 � %!����'5 �- �
�6�)< {+) ���65 ���V �� �XPL �*$ �/	�  *�-.(

0%,<����/+�- i'+"��+!� �
��\5 .u�- (: %!����'5 �- ��'F f3�� �- 4�
'\5 (%!����'5 �- ���) f3�� �- 4�
'\5.
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*(; ������6$ _�I!
�7�_�� �!5�627 �� %!����'5 z!>�5.-*#8�� �1�9 :'#; ��
�� ��0 4�< ���

�31-� �- ���R/"- �1 %!����'5 �� P!/!� .-I!�4Y) ∑(Li = 3-  
���-�1*$]�.[%!����'5�<4��3#� 4��0 �� �
�� ��/�4

%!����'5�<�
�!(M 4� �-�M �*��!  )A+$�u�-(.�,� �> �
�*#<�4�t	 %!B�7 .-I!� 4��2
�; �� P!�(> � ���Q X���-� 

���'6��<4����'5 !��3#� %4�� ��0 
�L�'$ C'� �- K
�-��
�*�- )A+$4�<�� :n.(-�1 ��'6) L'��	4L�'$ K

�"- �
� W�'@ �1 �
�-��:
Schorl: Na Fe3

+2Al6 Si6O18 (BO3)3 (OH)3 (OH)  K
Dravite: Na Mg3 Al6 Si6O18 (BO3)3 (OH)3 (OH) 

��'6�kQ %!B�7 �� �
�� ��0 %!����'5 4�< 

]3=)Fe + Mg(∑[*#/	�  �-�M )A+$�(%!,��; �2��!1 � �
.*$Al ��2
�; �� Y�"- .��'6��<4�- �
�� ��0 %!����'5 

�#9 P!#!�'�N �=�*�- )A+$�^(�� P!#!�'�N .-I!� �>�J�N �- �
%!����'5��3#� 4�<4��'� �"��1 �J!/� �� �"O�1 
�#!,��;�<4%!����'5 �<4�- �#!,��; �#}
 gM�� �=��
�!(M 

)(AlO)-1](Mg,Fe)Na[(�- ��=� �
-�� .'5��7 
)(AlO)-1](Mg,Fe)OH[(���N �� �� W�'@�� ��! �

�
��- �#!,��;)Ca(Fe,Mg)AlNa -1(�2� W�'@ ���N �� �	
)A+$��.(

0%,?u�- (�
�|5 �|" �-�'6� Xvac – Ca – Na + K]n[%!��|��'5 ���| �
� ��|2
�; �� 4�|! �-�M H�|"- �|1 �|<X:(�
�|5 �|" �-�'|6� 
MgAl2- LiAl2 - FeAl2]n[��� �
��
�!(M%!����'5 �-�M H�"- �1 �< ��2
�; �� 4�!X�Y.����, A+$ *#��� �<n:.

0%@,Au|�- (�-�'|6� Mg/(Fe + Mg)  �|1-�1 �� Xvac/(Na + Xvac)]n[�|!}M'� H�|"- �|1 %!��|��'5 ���| �
�X�Y.:(�-�'|6� 
Na/(Na + Ca)�� �1-�1)Fe/(Fe + Mg]n[�!}M'� H�"- �1 %!����'5 ��� �
�X�Y.
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4*6V- ��-*+#1 4*6V- .-�
- �"�#$ ���> � �"�#$�'(1 �(J� ���

0%,B�-�'6� Mg �1 �8�� Fe-�1 ��'6� 4�#!����'5 4�<]�.[��'6� kQ %!B�7 �� �
�� ��0 %!����'5 4�<Fe + Mg) = 3∑(�|/	�  �-�M *|�- .
���,� A+$ *#��� �<n:.

0%,1C�-�'6�Al �8�� �1)Fe/(Fe + Mg ]��[��
��� �4L�'|$ LN �*|
- z!>�5 �1 �
�� ��0 4�< %!����'5 z!>�5 K�|
�-�� .�|�'6� 4�|<
!����'5 �
�� ��0 %�#9P!#!�'�N �- .A+$ *#��� �< ���,�n:.

0%,11�-�'6�R1 + R2 �1 �8�� R3 [
�6� 4-�1 ��>���"%!����'5 �� L'6}� �#!,��; 4�< ]��.[
R1 = Ca + Na R2 = Fe + Mg + Mn �R3 = totalAl + 1.33Ti . A+$ *#��� �< ���,�n:.
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*(; ������6$ _�I!
�7�_�� �!5�627 �� %!����'5 z!>�5.-*#8�� �1�9 :'#; ��
�� ��0 4�< ���

9���$DICP 
I!���N ~
�/� ICP4-�1 ��'6� D#" � �#!����'5 4�< 4�<

 L�*; �� �
�� ��0 4*!B'/!�-� _�*$ ����N *�- .�-�'6� ��
�>�Q ���� �@�#) )A+$��u�-(-�14��'6� �<4#!����'5 ��

��!74-�1 *��� r
 �- 4%!����'5 �<4�*
� �!5�627 C'� �� �< 
���� �> W�'@ %
- �1 Y�'$LREE��I� *��� ��� �HREE 
��*�4*��-� ��5 � �3�� ..-I!� �� ��-REE C'� �� %
- �� 

� �*
� W��R5 �!5�627��'$ .%!����'5 �� �� �';'� 4�<
 �
�� ��0 *!B'/!�-� )C'�CH(.-I!� REE %!2��!� �1 REE �

��/�� ��� ��"O�1%!����'5 �� D#" �� �';'� 4�<�<4
.' � �)C'�D(�.-I!� REE!� �-*�� �1 � %!B�7 %!2��REE �

��/�^ *$ �*
� .-�-� �!5�627 C'� �� �<44��J#�!1R#� �
&'!7��'
*�- .�*$ ��J#�1 %!2��!�4La �Dy �Lu �1 �8��

��-��<4���#,!7 4-�'��>�� ]�^[%!����'5 �� �
�*#> 4-�1-
C'� 4�<Dz!5�5 �1����/^��e/�%!2��!� A1��� �� 

�*$ ��J#�14��'5 �� �@�#) %
- %!�� C'� 4�<CH z!5�5 �1 
^�/e� ���/��nn/�� �"-.

5'8+#) �-�'6� ���)A+$��:(-�14��'6� �<4#!����'5 �
*��� r
 �- �!5�627 C'� �� ��>�Q ���� �@�#) �-�'6� *#��6<

��!74��P> �@�#) .-I!� ��- Y*#> )Trace element ( ��
�!5�627�<4C'� CH�-*�� P> �@�#) .-I!� �- �/,!1 )Trace 

element (�!5�627 ���<4C'� D�"- .%
�/,!14��J#�!1 
�� �8��Th %
�/,!1 �4��J#�!1 �� �R#�Nb �Sr �*
� 

*�*$ .�!5�627 %
- ��/	� �� �< 4��J#�!1Ti W��R/��"- .��
�!5�627�<4C'� D�4��J#�!1 �8�� Ti ��!5�627 ���<4

C'�CH �4��J#�!1�R#� Ti� �*
���'$.

�(	�� � E:� 
��'1 �{!(!" �%!����'5 A!+,5 4-�1 &�O �@�#) %
�/6��

P
I!#� � %<N �P!#!�'�N-�*.A!+,5 �}M'� %!����'5 SO'6}�
�� �> �'$�1��� 4�< �#9 �'1 �- �4�!QU5 AV-�� �� �
�6 �� 

*#$�1 .D#!#� � .*#� �=� H�"- �1]�[D#" 4�<�1���  
�� .*$ �'(�� �- %!����'5 �- �#9���$ *#0 �
 �6,0 A+$

��!� � �*��! �*!�) �1 I���N 4� � 4�<�1��� h�1 �4�<
 �*���1 �
�!6!$ P/�!" �� �> �#!����'5���$ 4A!+,5

�*#<��!�-�  ���Q �- ���N 4�<�,
� 4�6 �� � �"- �/	�  
�/!�-� ��2/"�Q�"- �'1 .�1 �;'5 �1 �"��14�< �Z��� fF��� 

4�<I!���N����/+�- �$�-��7I
� �ICP�� �C'� �� .-'5
 r
 �1 �!5�627��2/"�Q��> g�,� .�!5�627 L�- �1 �
�<

 �-*�� P> �@�#) �-*��)trace element ( � O�14��J#�!1 

�R#�Ti ���> �1 ���!5'!1 �%!����'5 .'j6< �"�#$
>'5�- ��]>'
w]7 �� �> ����  � �!5�7N �%>�
� �I5�-'> ��]

�!$�V4��'5 4�6" �1 A
�6/� � �
�� ��0 4*!B'/!�-�  
D#"��' � � 4�<*�- .�!5�627 &�� P> �@�#) �-*�� �1 �
�<

 �-*��)trace element ( � %!B�74��J#�!1 �8�� Ti ��1
���>�]>'
w]7 ��]>'5�- ��
'+�� �%!����'5 .'j6< �"�#$ �

��'5 E-�F- �� �> I5�-'>4��0 4*!B'/!�-�  .��� �� � �
��
D#"��' � � 4�<*�- .%!����'5 �� �>�Q ���� �@�#) .-I!�

�*#<� :�5��14���+� �� �>�Q ���� �@�#) .-I!� �"- �>
 �'(8/� .N �� %!����'5�*$�"- ]��.['2�- �1 �;'5 �14

�< �� �>�Q ���� �@�#) *��� �� .��+
 �1 %!����'5 C'� �� 
��'6���'5 4�<4��0 4*!B'/!�-�  �
��)A+$��(���2/"�Q

 �
�� ��0 *!B'/!�-�  �1 ��85�- �� %!����'5 C'� �� �<�"- � �
�!5�627 �';� A!�� �1 C'� 4�<CH��'5 .��� �� 4

.-I!� ��
�� ��0 4*!B'/!�-� REE∑%!����'5 �� %
- 4�<
�!5�627 C'��1 �8�� �<�!5�627 C'� 4�<D�/	�
 [
-I	- 

�"- ..-I!�Fe/(Fe + Mg ) D#" �� ��0 4*!B'/!�-�  4�<
 ��*V �� �
����/^)L�*;_(�"-%!����'5 �� �> 4�< 

��0 %!1 �
��e_/^�5��/^�"- ..-I!� %!#j6< 
Na/(Na + Ca)D#" �� 4�<�
�� ��0 4*!B'/!�-�  �� 

��*V��/�)L�*;_(��� ����'5%!�%!1 �
�� ��0 4�< ��/�
�5��/��"- .�8�� %
- �-*�� z�V �1 %
-�1�#1 �<��.-'5

%!����'5 z!>�5 �> �	�  �J!/� z!>�5 �1 �
�� ��0 4�<
�6� .�,� �1'Q �$'7 P< �
�� ��0 *!B'/!�-� <�#z!>�5 � *

%!����'5 A��> �'F �1 �<�1�(!"�4D#" 4*!B'/!�-�  4�<
6� L�/#> E-�F-��'$.

AV-�� �� �
�� ��0 4*!B'/!�-�  4�6 �� �+1N L'(?�
4�!QU5 K��1��� �#!�� 4�!�� -� �'1 ��,/�- �>�- %!����'5 � ��

D#" %!1 [#>-� �
�F��'5 E-�F- .' � � 4�<4
�1 4*!B'/!�-�  ���$�"- �/M�  A+$.�2/�+$ .*$ �7 �� �<

��'54�
�� ��0 4*!B'/!�-�  �1�(!"427�!5�6 4�<
%!����'5�-���!5�627 %/	�  �-�M �%!����'5 4�< E-�F- �� �-�

��'54�!5�627 %
- ��85�- �- .�,� �4*!B'/!�-�  �#9 �'1 �1 �<
 �
 �*��� �M�1 4�6 �� �� �*$�1��� �1 �/�1-� 4�< 4�6 �� 

��-� �/!�-�  .��'6� �	�F �-��3#� %!����'5 4�<4�
�� ��0 
-I!� 4-�-� � O�1 P!#!�'�N .�/,!1 �#!,��; �-��1 �� %!1 

.'5��7 � �
�!(M�� �-�M �
-�� ��! )A+$��(�#!,��; �>-
4�<�*$ ��
 P!#!�'�N �#!,��; A!�� �1 �,<��;� %
- �� 

%!����'5�<�"�2��!1 ���2/"�Q��-� ���N �
�6 �� .%!#j6<
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4*6V- ��-*+#1 4*6V- .-�
- �"�#$ ���> � �"�#$�'(1 �(J� ��n

��'6� ���0 �(@- �@�#)4��'5 4��0 4*!B'/!�-�  �
�� ICP 6�!�3I!���N ~
�/� 
G1 G2 G3 G4 

SiO2 �/�^ n/�^ _/�^ n/�^
Al2O3 �/�e ��/�e �/�� ��/�e
FeO ��/� _e/� �n/� �n/�
Cao e�/� �n/� �/� ��/�
MgO n/^ �_/^ n�/^ n�/^
Na2O n_/_ n�/_ ��/_ �e/_
K2O n�/_ �e/_ ��/_ n�/_
Fe ^�/^ ^�/^ ^�/^ ^�/^
Mg ^�/^ ^�/^ ^�/^ ^�/^
Na ^��/^ ^��/^ ^�_/^ ^�/^
Ca ^e_/^ ^_�/^ ^_e/^ ^_�/^

Fe/(Fe+Mg) ��/^ ��/^ ��/^ ��/^
Na/(Na+Ca) �/^ ��/^ ��/^ �/^

0%,12u�- (��'6� �>�Q ���� �@�#) �-�'6���'5 � �#!����'5 4�<�� �
�*#> �1 �8�� �*$ ��J#< �1 � �
�� ��0 4*!B'/!�-�  4-�'��> ]�.[:(
��'6� �5'8+#) �-�'6���'5 � �#!����'5 4�<.'�v��5 �
�*#> �1 �8�� �*$ ��J#< �1 � �
�� ��0 4*!B'/!�-�  4]�e[u�- A+$ *#��� �< ���,� �.

��2/"�Q%!����'5�<4�� �/,!1 �
�� ��0 ��/� 4D#" -
�<4I5�-'> K�!���7�/� � %!����'5�!(7�/� � �<�<4�!�	 �-Ca 

�6" �1 A
�65 �>��/�  4�<*!B'/!�-� 4� &'!/!� �- �!�	 
�!5�627�!(7N � �<�<4�1 �/�1-�*$ %!!}5 ����N )A+$�_(�

%!����'5 �> ��-� %
- �- .�,� %
- ��T- �� �<[#>-�4�< 
D#"��'5 E-�F- .' � � 4�<4*!B'/!�-�  4�<*#
N�	 �1 4

�6 ��4*!B'/!�-�  4��0 � �
��4�!QU5 AV-�� �K�1���  �1 
�*�N �';�*�- .�!5�627 �� %!����'5 �
-�?@ W-*<�,� ���<4

C'�CH �� �[�1�
�<D#" �1 �> *!B'/!�-�  �- �<4��' � � 
H�65 ����
� ��-�-�	 �- �*�-4�"- �-��'Q�1 )A+$4�<e�:

e�(�*#<� .�,� %
- � �4�T- �� �> �"- %
- [#>-� 4�< 
�<*#
N�	4�6 �� 4*!B'/!�-�  4
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*(; ������6$ _�I!
�7�_�� �!5�627 �� %!����'5 z!>�5.-*#8�� �1�9 :'#; ��
�� ��0 4�< ���

0%,13�
�5 �" �-�'6� Mg �Ca �Fe]��.[�=�- �#9 4�<*!B'/!�-�  Li �!5�627 ��!(7N � �< 4�<�1 �/�1-�.N�<�=�!�	 4�<*!B'/!�-� �-
Li �!5�627 ��!(7N � �< 4�< �1 �/�1-� ���N_=D#"5�+!(!"'+��> 4�<��!���7�/� ��!(7�/� � �<4�< �- �#9 Ca e=D#"I5�-'> 4�<K

�!���7�/� � %!����'5�!(7�/� � �< �- �!�	 4�<Ca �=5�#1�>�/� !��<�=	��-�/�-�/�!r�<.���,� A+$ *#��� �<n:.

��04�!QU5 AV-�� �� �
��K�1��� D#" �1 �<4�� ��' � � 
�/$-� [�� ���N ��J
- �� P(" %
- �/V � �*�-[#>-��<��

�6>��'5 �- �5��� 4%!����'5 ��J
- � �/$-� ��-�- �
�� ��0 
�!5�627 ���<4C'� DD#" �� ��<4���> P(" �� .' � � 

�"- .
.-��+6< � ��  �=� H�"- �1 ]�_[��	 %!��- %!����'5 �4

� [<�> �1 �> �"-��21N ��	 �- '� ��J
- .��'$ .W-*�,�
�� .�,� ���1�!1�> *<�-*�� [
-I	- �1 �!5�627 �� %!����'5 �-

�<4C'� CH �/"�> �!5'!1 ��-�-�	 .-I!� �- ���$'����
6� �*
� �!5'!1 fM-'� �t}1��*#<� .�,� �> ��'$4%!B�7 

��� %/	��"��� �� �!5'!1 �41 %!B�7 ��; �1 � W�8T4.N
#}
 %
- ��"- �*$ A!+,5 %!����'5��6" �- �0 �< 

�!5�627�<4�!5'!1 " �1 �-��!5�627 �6�<4�
'+�� K
%!����'5�-� )C'�D(��� P!#> �>�V4���> A!+,5 P> �< �5

���'$ .�!M� �'F �1��'5 �- �0 �< �54P
'$ ��� �
�� ��0 
���> ��� [<�> �T- �� ~
�*5 �1�<4�-*
�7 �1 4%!B�7 �
��� �5

�� ��J
- ��� [<�> H�"- �1 �#}
 �'$�����!5�627 �<4
��!5'!1 {v" %!����'5 –�!5'!1 )C'�CH(I5�-'> �K

�
'+�� �W�v"*(	 K%!����'5 )C'�D(� ��J
-�'$��> *
6<��#!,!1 ���N 4�1���  4K�!QU5 AV-�� �� �
�6 �� 4

*��-� .-�1 �/8�-4�� ��� [<�> �1 ��]) %!����'5 A!+,5 
�1��� 4�<K�
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