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%2�� �!=���7  o�� G!)9 / �$�,h "$� ,6 .���7�!= G�P
o87G��&� / %�,= �,-= �9�� / G2)W,$�H&F �	�= G � � ���? 

���7�!=G�P �F,R7/!R)� Q��9"$� ,6 +*:6,
�:F +
�T72-	M)7�5F 4+()����,$ +�
/,R�� ±�)$,)= ±����0
285�P .� / !	 / �9�� 4�,c= ()����,$�7  ")� G�� ,� �� /

%29 Q)R'$ �,-="
� 4�,h �= �7 )QR9G�P s�/4.(
�
/,R��")��9�� �� / !	 / %�,= � / !	 / �,-=�?* !5')= 

�7  �)$,)= .

����	�� ���� 
$ �
�)H)9 �
"r$ e
�5�()����, ��,� pB�8� G�P�7�!= �� 

A/2<�%��/? ��/!5R�  �,R7/!R)� !
/�c$ / �7  %29 ���? 
QR9 ��k�7  %29 %� � ��'� .G !=()����,$ V,� ^)�'$ �P

/�#�� �� �#)6!$ 4 !))�$ �7�!= G�P Fe �Mg, Al, Ti �
Na/Ca 29 %��O57  �
�$/� G�P� �,H� *  )QR9G�P�/C.(

� m�7 !=� �,H)Xvacan/ (Xvacan+Na �= �#�� 
Fe/Fe+Mg(QR9 �� ��� ]�v[��HP()����,$ �� �P

%!5�0�)��,9 ()= G���;8� �� !5')= "6!H$ �= �)5)W,	 
�5	!0 � !K �)��,92�  .��,H� �� �,H� (
  �� ���57? ��;8� G�P

2�� � �
/ �� V,� ()����,$ �= Q
�H$ .� �,H�Ca/(Ca+Na)  
�= �#�� Fe/(Fe+Mg))QR9�J] (1D[V,� ())3$ ��<
()����,$29 %��O57  �P .��,H� ")� � �,H� (
  �� �8)����,$ G�P

 ��%!5�0%29 LK / �)��,9 ��,H� / 2�  �$ 2�*�9 ��;8� G�P
%�!6  2)F �� �  �
/ �� ��;8�2�  .� �,H�Na/(Na+X-vacan) 

 �= �#�� AlY/(AlY+Fe))QR9��] (1��11[��'� ")�
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�� 2
� �_'n %�)7G!)&���<4�)= �� !
  �7�89 ���6 / �7�89�,-= �-r� {��

�� 2P� �6()����,$ ��,� G�P�7�!= �� %!5�0�)��,9 �
�5	!0 � !K �)��,9 ��;8� �� !5')= "6!H$ �= �)5)W,	2�  .

!
���� m�7 !=K�Na/Ca�G�Y	 �,</ +2. �
 �,</ /
�� ���X%�&
�< X)Xvacan(()����,$ �%/!0 �7 �=  � �P
()����,$)�-6 G�P�H/ �
�)-K �����,$()�
�P �6%�&
�< X

�� _)��$ �7  ���X ���? 2886]1q.[QR9 �= �<,$ �=�4�

��,H� V,� �= �5�= / �7�!= ��,� ()����,$ G�P�
�)-K / %�,= �P
 *  V�#9 Al 285�P��,H� *  �X!= ��	 /o87 �= ],=!� G�P

 �� ��,0!0� ��=")� %�&
�<X�� � !K ���X (
  �6 2�!)0!�  
�= ],=!� !
���� ��,= ()W�F Na /K%�&
�< �� �,<,� X��

 � 2�� �= ��
���Ca �7  ]1s.[

-���/()����,$ U)6!$ *  J/!F/!R
�� �
"r$ ()&��)� !
:� pB�8� �� ��,0!0� / G2)W,5)� !0 ��=")� �= G�P�2�*�9 / �!</!= .��
"r$ *  %2�?!=
 � 2�� �9* �!F"
�H2O�B2O3/Li2Oc8. �/� �= !�7  %29 �#7�z� �r87.

M-Granite
N=7 

M-Hornfels
N=4 

B-Granite 
N=6 

B-Schist 
N=3 

B- Hornfels 
N=4 

Sh-Granite  
N=12 

Sh-Schist 
N=5 

Sh- Hornfels 
N=5 

SiO2 Ckss/q� ��/qk 1C/q� �C/qk �k/qs 11/qk �C/qk DD/qk 
TiO2 {�/� ��/� ��/� ��/� ��/� x�/� �|/� |{/�
Al2O3 ��/{� �x/{| {�/{� x�/{� �|/{{ ��/{| �x/{� |�/{| 
FeO ��/�{ ��/�� |�/�� �|/�� |�/� ��/� ��/�� ��/�� 
MnO ��/� �x/� �{/� �x/� ��/� �x/� ��/� �|/�
MgO ��/� �{/� �{/� |x/� �{/| ��/{ �|/� ��/�
CaO ��/� {�/� ��/� {�/� {{/� ��/� {�/� �x/�
Na2O ��/� ��/� ��/� |�/� �x/� ��/� ��/� ��/�
K2O �|/� �|/� �{/� �{/� �|/� �|/� �{/� �|/�

F ��/� ��/� ��/� ��/� �x/� ��/� ��/� {�/�
H2O x�/� �x/{ �|/� |�/{ �{/{ ��/{ ||/{ ��/{
B2O3 ��/� x�/�� ��/� x�/�� ��/�� |�/� ��/�� |�/�� 
Li2O �x/� xx/� ��/� x�/� �|/� �x/� x�/� ��/�
O=F �|/� ��/� {�/� �{/� �{/� {�/� ��/� �{/�

Q6 �{/��� |�/�� ��/��� {{/��� ��/�� {�/��� �{/��� �{/�x 
&��� �� �	�>D�% -��EA/(���0 (O, OH, F) 

Si4+ D[/� [�/k Dk/� C[/k CD/k C[/k [s/k [s/k
Al3+ D�/D �C/D D1/D 1�/D 1v/D 1�/D �k/D �k/D

%�&
�<T�V,Hr Dv/� v[/k DC/� vv/k vv/k vv/k vv/k vv/k
B3+ k[/1 �D/q �k/1 Dq/q D[/q �[/1 [[/1 DD/q
Al3+ DD/� DD/� DD/� DD/� DD/� DD/� DD/� DD/�

%�&
�<ZV,Hr� DD/� DD/� DD/� DD/� DD/� DD/� DD/� DD/�
Al3+ DD/� k�/D ��/� C1/D q[/D kk/D 11/D �1/D
Ti4+ Ds/D Dv/D DD/D Dv/D Dv/D �D/D Dv/D Dk/D

Mg2+ 1q/D qD/D 1q/D q�/D DD/� [C/D ks/D k1/D
Mn2+ D1/D k�/D D�/D D�/D DD/D D�/D D�/D DD/D
Fe2+ [1/� k1/� Cq/� �D/� q1/� q1/� sk/� s1/�
Li+* sk/D k[/D ss/D s[/D sv/D k�/D k�/D ss/D

%�&
�<YV,Hr� k�/q k�/q kC/q 1�/s 1[/q q�/q [C/1 Dk/q
Ca2+ Dq/D D�/D D�/D D�/D Dk/D Dv/D D�/D Dq/D
Na+ kk/D qk/D kD/D sD/D k[/D kC/D q�/D qv/D
K+ DD/D DD/D DD/D DD/D DD/D DD/D DD/D DD/D

%�&
�<XV,Hr� k[/D s�/D k�/D s�/D �s/D ��/D s1/D s1/D
OH- �[/q DC/s vs/1 ks/q vv/q vk/q C�/q D[/s
F- qD/D ��/D qv/D Ds/D sD/D sD/D �D/D ��/D
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2-<��%��H9 �����5�=�$ �{�x �)$�H&F �� ()����,$ �H)9!
:� G�P��!</!= �+�>� ���=?)2�*�9(�. . .{��

;6�F�)$�H&F �� ()����,$ ���6 *  �F,R7/!R)� !
/�c$ ��  ���,0!0� / G2)W,5)� !0 ��=")� �= G�P (()����,$� / J �!
:� G�P (()����,$ -
�9�� / QR9�,X G�P4 / ��!</!= �,-= (()����,$2�*�9 G�P.

;6�G()����,$ %�&
�< ��  �G�P� �,H� �� �7�!= ��,� G�P (Xvacan/Xvacan+Na �= �#�� Fe/Fe+Mg ]�v[J �(Ca/(Ca+Na)  �= �#��
 Fe/(Fe+Mg)]1D[� �(Na/(Na+X-vacan)  �= �#�� AlY

/(AlY+Fe) �]1��11[4 /(��-�� � �,H�Ca-X-vacan-Na+K]1q.[

5 B

5 B
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�� 2
� �_'n %�)7G!)&���<4�)= �� !
  �7�89 ���6 / �7�89�,-= �-r� {�x

;6�HU)6!$ ())3$ G != !h�8. �
�$/� G�P� �,H��7�!= ��,� ()����,$ V ,�  :��  (� �,H�Al �= �#�� Fe+Mg+Ti ]1D[J �(� �,H�
Ca/(Ca+Na)  �= �#�� Mg/(Fe+Mg) �]1k[� /(� �,H�Mg �= �#�� Fe/(Fe+Mg) . 

� �,H�Al  �= �#�� (Fe+Mg+Ti))QR9C�� (��<
 � ")� �7�!=\
 2<()����,$ �7�!= ��,� ��;8� G�P

%29 %��O57  �7  ]1D.[�)$�H&F �n !P ]�#$�  (
  �� �P
\
 2<�5	�
 �� !$� *  2�,9� 2� +,)��5)$ / _
")8� �(P? 

�� �57�6 ()����,$�,9 .(
  m�7 !=()����,$ � �,H� ��,� G�P
�7�!= +,)��5)$ / _
")8� �(P? *  �
Z�= !
���� G � � 285�P /

�r)5� ��\
 2< 2�� � �62�  �&5	�
 )QR9C�� .(� �,H�
Ca/(Ca+Na)  �= �#�� Mg/(Mg+Fe)]1k[�7�!= ��< �

o87 �= �5)$�H&F %���X� �0�,�? � ")� ��;8� �R)	�� G�P
�� ��R= G!5')= �0�,�? G � � �5)$�H&F %���X� �n!P �6 �/�

� 29�=� 2�()����,$ +,)��5)$ / _
")8� �(P? "	  �P�� \
 2=�
 .
��(
 � �,H����8n �6 �%2
���)$�H&F �,9 ��;8� G�P

o87 �= �0�,�? 2K�	 / %�,= (P? / _
")8� _6 !
���� G � �-
285�P M)	�� G�P)QR9CJ.(��,H� ��=")� �= G�P

��,H� �= �#�� _
27 G!5')= !
���� G � � G2)W,5)� !0 �= G�P
285�P ��,0!0� ��=")� .� �,H�Fe/(Fe+Mg)  �= �#�� Mg 

)QR9C�(G !=�8I \
�H� ()����,$ �029 / _
")8� *  �P
 / %�,= (P?��8n �6 %2
�����,H� �,9 ��,� �8)����,$ G�P

�7�!=� (
!5')= G � � � 2� Fe/(Fe+Mg) � 2�� (
!5H6 /
� �� _
")8���;8 �!</!= / !
:� )�=%a
/ ��=")� �=

G2)W,5)� !0 (= /!��,H� �� _
")8� � 2�� (
!5')= NR. �= G�P
� �= M
�"� / ��,0!0� ��=")���;8 285�P 2�*�9 / �!</!= 

]1�.[
*  ()����,$ ���6 �� !h�8. �8)'��< G !=�.,Hr�* G  

29 %��O57  �
�$/� G�P� �,H�)QR9[.(� �,H� ��Mg  
�= �#�� Fe]1s[A�,9 U)6!$ ���X G/� �
/ �� 

q(Fe + Mg) =∑�� � !K ��,H� / �!)0
 !
* �6 �
�P �X (
�8)'��< 4�,c= 2�� � � !KAl �� %�&
�< Y�� �� 28
? .��8n

6�7 2)F � �,H� (
  *  ���n!P � 2�� Fe+Mg �29�= !5H6 
�8)'��<Al �� %�&
�< Y�� !5')= �,9)%�&
�<Y���X ���? 

�7  .( (
 �,#H6 �� %�&
�< Y��  � �O�,� �)��3	 �= � ,$ G
�)W�#�  �8)'��<Al(Fe,Mg) – 22 + Li�!6 �)<,$ .�83


�� �.�= �8)'��< (
  �!R-H. �6 �,9Li /Al (
"&
�< 
*  G!
����Fe /Mg �� %�&
�< Y�,9 .QR9 � �,H� m�7  !=

[��,H� !5')= ���  �= %!5�0 �� �7�!= ��,� G�PMg *  !5H6 
Fe�� � !K �)��,9 �83
 2�!)0 .� �,H� m�7  !=Ca �#�� �=
Na]1C[��,$ �()�� G � � %29 �
"r$ G�P�/D<Ca 285�P

���'� �6 �7  ���6 (
  ��5X�7 �� �
//  ")n�� !
���� G
)QR9[J.(%� � �0286 !F ()8dHP (
  �� ()����,$ G�P

�� ��'� � �,H�(
"&
�< �6 2P��P
28��� �Ca0.5□0.5Na-
1�X-vacan /AlNa-1Mg-1 !�,� 285�P �6 !&��)= Q)R'$ 

�X G�P�Y	 �� ��%�&
�< X�7 ]1[�1v.[%� ��P� �,H� �� 
Ca+Mg* �= �#�� Na*+Al* M
 = � �/� / �;X �* !

�� ��'�%28P� ��'� �6 2P� �
//  �8)'��< _6 �<�� G
�7 )QR9[�.(� �,H�R2* �= �#�� Al �� R2)QR9[

4(�� ��'� �%�&
�< �6 28P�Y��,H� �HP �%29 �
"r$ G�P
�=��6 �,B�7  %2'�!F Q.��  � %�&
�< (
  �� �,#H6 �$ � ,$

 �)W�#�  �8)'��< �= G2@)_)5)� �8)'��< (�!6 �)<,$`�83
 
�� �.�= �8)'��< (
  �!R-H. �6 �,9Li /Al (
"&
�< 

*  G� 2��Fe /Mg �� �,<,� %�&
�< Y�,9 ]1s.[
�= �� G!c8. �8)'��< �,#� �
 �,</ �7�!= �,>8�

()����,$G�P ��,� �7�!= � �,H� *  R1 + R2�= �#�� R3")� 
29 %��O57 ]1k.[* %29 �5	!0 != � �,H�L<!� ]1�[�6

!=�
�F x + y�= �#�� z��7  )x = R1 = Ca + Na,  
y = R2 = Fe + Mg + Mn, z = R3 = Al + 1.33Ti ( �,X

�7,$ %29 �W �  �
�F � �,H� m�7  !=o8)8� ]qD[�7 )QR9

B
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2-<��%��H9 �����5�=�$ �{�x �)$�H&F �� ()����,$ �H)9!
:� G�P��!</!= �+�>� ���=?)2�*�9(�. . .{��

[�.(�8)'��< A�H5@  �= !r8� �6 ()����,$ �� ��,)$�6 G�P
�� �? �#)6!$ !))�$ QR9 (
  �� �,9%2
����,9 .(
  ��

QR9��)��,9 U)6!$ �� !K � �,H� "6!� �= M
�"� �
/ �� 
�� �!)0)R1+R2=4, R3=6(.!>� �=���RHP / A�#� !$ 

]1�[()����,$ ��)��,9 �= �#�� �=��!0 G�P�* �
/ �� 
()����,$ / !$!)�	 +,)8)�,�? *  �5)$�H&F / �5)� !0 G�P

�8I +,)8)�,�?285�P !$ .QR9 m�7 != [���,H� �!5')= �P
 �Z�H5@  �6 285�P +,)8�,�? *  �8I!&��)= /� V,� �8)'��<

*  28$��#. �6 �7 :
�(�8)'��<{(Mg,Fe)Na}{□Al)}-1 ��'� �6 �%28P�

()����,$ *  ^K�� G�P�>!/ �7  �
�)-K 1(�8)'��< 
(Al,O){(Mg,Fe)OH}-1��'� �6 ()����,$ %28P� G�P

 *  ^K��!>��,$/!F �7  �
 �* .� ��,= Z�= �= �<,$�=� 2� 
()����,$ �� +,)8)�,�? !5H6 � 2�� �= / �5)� !0 ��=")� �= G�P

�8)'��< ���,0!0� ��=")� �� G�P%29 ��)= V,� (
  �� 
()����,$� �� �P���,H� ���@ (
  �� / 2P� �� �P%!5�0 ()= 

� �!= /�Z�=�� � !K 2�!)0 .NR.!=��,H� *  �X!= �!5')= �6 �P
�5�= /()����,$ �= �285�P ��-O��,P ��,0!0� ��=")� �= G�P

2�!$!)�	 +,)8)�,�? * ���? �� /�8)'��< ()8n 4�,h �
�P
�H� *  E��X �H7 �= Q
�H$ / �!)0%!5�0)=��'� � �,H� /� (
��28P� .QR9 ��[%2
� ���()����,$ !5')= �6 �,9 G�P

()����,$ != 2�/� G � � �7�!= ��,� *  ^K�� G�P�>!�
�)-K 
� !K�5	!0�� L;K  � �? /� �!= �= A�@ (). �� / 2886

()����,$ *  ^K�� G�P�>!�,$/!F M
�"� �
 �* 285�P �� /
!K � �!= /� ()= LK /�� � 2�!)0 .�
�H0�� *  ��'� �)3b/ (
 

()����,$ ��,=�� � �P .��,H� �= Q
�H$ �6 �
�P%!5�0 *  E��X 
�� ��'� � �!= /� (
  ()=�� �$��#. �= �28P� 2P ,9 2� ,$

286 2)
�$  � ���? ��,= �=��!0 .QR9 � �,H� ��[E��,H� �G�P
 m�7  != �7�!= ��,�X-vacan �= �#�� Al$!� %29 U2�  /

�� ��'� � 2�� �6 28P�Al �� %�&
�< YZ�= �Z�H5@  �6 %�,= 
�= �8)'��< �-.(Al,O)(Mg,OH)-1 �7  ]1v.[

;6�IJ�0 (� �,H� ��Fe �= �#�� Mg��,H� �? m�7 != �6 / 285�P �)��,9 V,� *  / %�,= � ��,X!= G!5')= (P? �#�� *  �7�!= ��,� G�P
J(�,H� � Na �= �#�� Ca�� ��'� �6 ()����,$ �6 2P� G � � %29 �
"r$ G�P�/D<Ca� �285�P (� �,H�Ca+Mg* �= �#�� Na*+Al* 

%28P� ��'� �? �/� / �;X �* != �64 ��7  �
/  �8)'��< _6 �<�� G(� �,H�R2�= �#�� Al  �� R2�� ��'� �6 %�&
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