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Na _Y�/Z _�i/Z _��/Z __\/Z _��/Z ��Z/Z �\i/Z _�\/Z i�Z/Z ���/Z _�_/Z

L":V� ZZZ/� ZZZ/� ZZZ/� ZZZ/� ZZZ/� ZZZ/� ZZZ/� ZZZ/� ZZZ/� ZZZ/� ZZZ/�
A Site 

K Z��/Z Z�\/Z Z�\/Z Z��/Z ZY�/Z Z��/Z ZYZ/Z Z�_/Z Z�_/Z Z��/Z ZY�/Z
L":V� Z��/Z Z�\/Z Z�\/Z Z��/Z ZY�/Z Z��/Z ZYZ/Z Z�_/Z Z�_/Z Z��/Z ZY�/Z

L":V� �5 )"&,�G Z��/\� Z�\/\� Z�\/\� Z��/\� ZY�/\� Z��/\� ZYZ/\� Z�_/\� Z�_/\� Z��/\� ZY�/\�

F����� ���� 
�=  1��� �>&� +D s�", �� �#Q  %
K&6�-+	 ���~ �&,"&2 .

�&,"&2 ��"� 1�5�=�+2 �6>�5 �&�-  L"� '  )C�7Y.(%
 
�"�T B�� �2 ���~�
 ��' �, 1 �� ��
� B�+:~ KJ= �� �~ �"7

{T - ���I �
�&:&7 a&~+, +&&*, '  ���I B�� +&&*, 1-+&; 
�� �6~]\�[.B6= �� �&,"&2 a&~+, �>&� +D 1�5�2 �>�2 - 

����� 1�:D�� a&~+,�D��K
+D ��(>=�?- / �� 1��� )b&�~  
�&� +D �=�5]\Y�\�[.�&,"&2��", �� �"A"� 1�5 1�5

 ��"� 13"4�2�=�+ � �":� �� Fe / Fe + Mg – AlIV +2 -
�
�;���� )b&�~  �+>�D � +T �&�I a&~+, ��� � ]\�['  -

�6>�5 �
�:D�� - �&�-  L"�]\�[)C�7Y9-�A -�.(
K&� �"A"� 1�5�&�~ +>�&2 - �&>6(� a&~+, 1 � � 

�&6:#
  �:~ +
�����6>�5 .�&,"&2 � +:5 �2 �&>6(� �"A-
", %
  ����)��� �5 )�"2 w�2 ��65��D��K
+D �� )b&�~  

�:D���=.�&,"&2 %&6�:5 �, �,F�7 �(�� �6. 1 � � �5
�"�T 1 �6>�5 ���~ ) "6$ �2 �6#J��"5 �"A- �2 �A", �2 �~ 
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  �=�67 ���G - �=�67�"#2 �#V� Y��

��", �� �#Q  �&	�� %&6�:5 - O= -�P 1�5�"J����~ 1�5
 - ����D ��
+
�+~ ��
'"� ��I ��
"�="�!"J�-+2 1�5 ��"D+D�

 ���&� '  ��7+= %
 ���� ' �1�5�&� +D L"� 1�5I�=  .

�"A- %&6�:5��J��&��&,"&2 �� �&,�;I 1�5�6#J��"5 - �5 1�5
B6= ��"� 1�5�=�+2���� '  �1�5�&� +D L"� 1�5I�=  

]�[.

=G�HW�  (�&,"&2 1� �(��� � �� 1���� 13"�4� ��"�, �&� +D 1�5 � �"�:Fe / Fe + Mg – AlIV  ��
�; +�2 -��)b&��~  ]\�[./(� �"�:� 
TiO2-MgO-(FeO+MnO)�&,"&2 )I ^�= +2 �G �&�-  L"� '  1��� 13"4� ��", 1�5(A) �6>�5 �
�:D�� -]\�[.)B:�����X,'�2 �&�-  �&,"&2

C:�
"��} �&,"&2.

$�-&B�&,"&2 /-+;-+�
�� )-+>��  �
KV, c
�>�5B6= 1� ^�=  +2 ��&�-�  /+0 �=�+2 ��"� ��k6� 1�5��)b&�G  .
�&,"&2 Os30-1 Os30-2 Os30-3 Os30-4 Os30-5 Os30-6 Os30-7 

Na2O \_/Z \_/Z \\/Z ZY/Z ZY/Z ZY/Z Z_/Z
K2O YY/Y __/Y _�/Y Yi/Y �_/Y YZ/Y YZ/Y
FeO ��/�� i�/iZ ��/iZ Y�/iZ �Y/iZ Y�/iZ \�/iZ
SiO2 \i/i� iZ/i� \_/iY \�/i� �\/iY _i/iY Y�/iY
MgO ��/_ _Z/_ �i/_ i\/_ iZ/_ \�/_ _�/_
CaO Z\/Z \/Z ZZ/Z ZZ/Z ZZ/Z Z\/Z ZZ/Z
MnO ��/Z ��/Z Y�/Z ��/Z ��/Z Y_/Z Y�/Z
Al2O3 �\/\i ��/\� ��/\� _/\i Zi/\i \�/\i \Y/\i
TiO2 Z�/_ ��/i \�/_ �_/i �_/i i_/_ Z�/_
L":V� �Z/�Y �Y/�� \i/�� ��/�Y �Y/�� �Y ��/��
Si �\�/� ��\/� �Y�/� �\�/� ���/� ��Y/� ���/�
AlIV \��/� \\�/� �ii/� \��/� �_�/� �__/� �\�/�
AlVI ���/Z ��i/Z \��/Z ���/Z �/Z \��/Z �i�/Z
Ti _�\/Z _��/Z _�_/Z __\/Z _�\/Z �\Y/Z _��/Z
Fe2+ �Z_/i ZZ�/_ Z�i/_ Z\�/_ Z�\/_ Z_Y/_ ���/i
Mn Z��/Z Z��/Z Z��/Z Z��/Z Z��/Z Z�Y/Z Z�\/Z
Mg Z��/\ Zi_/\ ZZY/\ ZZ�/\ Z\�/\ ��_/Z Z_Y/\
Ca ZZ�/Z ZZ�/Z ZZ/Z ZZ/Z ZZ/Z ZZ�/Z ZZ/Z
Na Z_i/Z Z_i/Z Zi_/Z Z\�/Z Z\�/Z Z\�/Z Z\�/Z
K ii\/\ ���/\ i\�/\ i��/\ i�Y/\ iiZ/\ i��/\
�5 )"&,�G L":V� \Y�/\� \Y�/\� �Z_/\� \��/\� ��i/\� \�\/\� \��/\�
�5 )b&�G  L":V� �� �� �� �� �� �� ��
Fe/Fe+Mg ���/Z ���/Z �Z�/Z �/Z �Z\/Z �Z_/Z ���/Z

0 1
2

3
Eastonite Siderophyllite

Phlogopite Annite
Fe/(Fe+Mg)

A
lIV
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����I�-6� ���� 
B6= 1�5'FG"
HF; a&G+, 13"4� ��", �>
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�-+2�D 1�5

%
'��I �2�-� @2 �� - �
�-� +2w �&�">&2 �5�"#2 �?+�=  .
�5��S=�#	�
�&#T ��", �� ��"� 1�5�=�+2 �,�"Q �B��

�"#2 �7���+>�&2 �6>�5 'F~",�  L"� '  - �>&,+; �	�2 1 � �
)C�7�.(�5 'F~",�  �,�"Q B��+(���� L"� I)�"2 %
 

�=�5�&U">&� +D ]�[.B6= �� �5'FG"
HF; �
�&:&7 a&G+, -
>
�"
�-+2�D 1�5� )�"2 w�2 ��65����� �� �� �� [&�#G 

�=���I .&�#G 1�5'FG"
HF; �"A-�:��":� �� ��"� 1�5
�=�+2 �=  /I ���2 ���	 )�"2 w�2 +(��&2 ]\_[.���G 1�5

 �6>�5 �&>6(� L"� '  K&� 1�&�G )9-�Ai.(

=2�J� �
�&#T 1�5��S=�#	 - 'FG"
HF; �
�&:&7 a&G+,B6= ��=�+2 ��"� 1�5]\�[.

$�-&C�k�� �
KV, c
�>� 'FG"
HF; 1  -B6= �
�&#T 1�5��S=�#	 ^�=  +2 ��&�-�  /+0 �� �=�+2 ��"� ��k6� 1�5�)b&�G  .
��":� Os54-1 Os54-2 Os54-3 Os65-1 Os65-1 Os65-1 Os30-6 Os30-5 Os30-4 Os30-3
SiO2 i�/�� ��/�Y �Y/_� _�/Y� _�/�� \�/�� _�/YY �Y/Y_ �Z/YY �Z/YY
Na2O ��/� ��/Y ��/\ YZ/Z ��/Y ��/� i\/\Z \Z/� _�/Z _�/Z
K2O \\/Z Z�/Z Z�/Z \�/\\ Z�/Z \\/Z ��/Z �\/Z Y�/\\ _\/\\
FeO \�/Z \\/Z ��/Z Z_/Z \Z/Z \\/Z \_/Z \i/Z Z�/Z Z�/Z
MgO Z\/Z ZY/Z Z\/Z ZZ/Z ZZ/Z ZZ/Z ZZ/Z ZZ/Z Zi/Z ZZ/Z
CaO Y\/\Z �Z/� \i/\� ZZ/Z �\/Y �i/� Y�/\ Z\/i Zi/Z Z\/Z
MnO Z\/Z ZZ/Z Zi/Z ZZ/Z \/Z ZZ/Z ZZ/Z ZZ/Z Zi/Z ZZ/Z
Al2O3 \�/�� ��/�� �_/ii Y�/\� ��/�Y \�/�� �Z/�\ ��/�� _�/\� _�/\�
L":V� ��/�� Y�/\ZZ �\/\Z\ ��/�� �_/�� ��/\Z\ i_/\ZZ iZ/\ZZ \�/�� Y_/�Y

Si _�Y/� �_�/� \�i/� Z�/i YY_/� ��i/� �Z�/� �_�/� ZY�/i ZY_/i
Al _�_/\ _�Z/\ �Z�/\ Z��/\ i�\/\ _Y�/\ \Z�/\ \��/\ ZZZ/\ ZZ_/\
Fe2 ZZ�/Z ZZ_/Z ZZ�/Z ZZ�/Z ZZ_/Z ZZ_/Z ZZ�/Z ZZ�/Z ZZi/Z ZZi/Z
Mn ZZ\/Z ZZ/Z ZZ\/Z ZZ/Z ZZ_/Z ZZ/Z ZZ/Z ZZ/Z ZZ\/Z ZZ\/Z
Mg ZZ\/Z ZZ/Z ZZ\/Z ZZ/Z ZZ/Z ZZ/Z ZZ/Z ZZ/Z ZZ/Z ZZ/Z
Ca �\�/Z _Y_/Z �iZ/Z ZZ/Z i�Z/Z _��/Z Z��/Z \_�/Z ZZ\/Z ZZ/Z
Na _��/Z �i�/Z \�i/Z Z�_/Z ��_/Z �Zi/Z ��_/Z ��_/Z Z_i/Z Z__/Z
K ZZY/Z ZZ�/Z ZZ\/Z YY�/Z ZZ_/Z ZZY/Z Z\_/Z Z��/Z Y��/Z Y�_/Z

L":V� ���/_ ZZi/� ZZZ/� ��Y/_ ���/_ ��Y/_ ��i/_ ��Z/_ ���/_ ��Z/_
Ab �/_� _/�i �/\� �/� i/Y_ i/�\ �/�Z �/�\ �/� \/Y
An �/�\ \/_Y �/�� Z/Z �/i� \/_� \/� Z/\� \/Z Z/Z
Or Y/Z �/Z \/Z �/�� _/Z Y/Z _/\ \/i Z/�_ �/�i

Sanidine

Anorthoclas e

AlbiteOligoclaseAndes ineLabrador iteBytowniteAnorthite

Ab An

Or
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�� 1��&�2 1�5 h5-b; �
�; +2 �>7�D t5� -� �� ��� [&6&�"�I 
��� - �� � )I �"#J, g:$ �2 �:&�>�� �k2 � �6#J��"5 CG) "�,

 1 +2 )I '  �V6=����	 ��� %&�' �"�:� ���4>�=  .9"�J&4�I ��5
C2�T ���4>=  ���~ %
+, ��� 1 +2 �5–B6= �� �V6=���	 1��5

 %
�3I &#T ��5I�
�  +
' ��6>�5 ���I �� ��J
+�,�:5 ��"�, 1��5
 13"4� �
�&#T ��5I �.1'�2 �. -�"�A- 1�&=  �
 O= - �P 

�� - ��� ��+>�D '  �X&=- P-T '  kbar �i@\�� -��� 1�5
\\�Z@_ZZ �>���= �A�� �6>��5 � ��
�; � +�D]\��[.^��= 

 ��� '  1��&�2–c6=���	 �5� ��� �6#J��"5 !"&6&�"�I ���=  �
 +
'� ��� ��"�, �6
K(
��A g�:$ ��2 ��6#J��"5 [&6&�"��I 1��5

 ���=  [&�>���� ����J,�  1 � � 13"��4�]�Z[.%��
  '  -�� ����� �
1� K2  !"&6&�"�I ��", �6
K(
�A g:$ %&&X, 1 +2 13"�4� 1��5

 �k2 � - �=  1�51��&�2 ��U �  ^�=  %
  +2 ��=  ���7]�Z@
�� ��Y[.
�"
�-+2�D 1+&(
�A O
 +7��
�"
� - �5 ��"�, 1�5 

�J=�]� �2�-� 13"4� ^�=  +2 )I ���	 - ��7 �k2 � - )"���A
 ��"	+, �]�\[�&:7  -]��[%&�2 a&,+, �2 \�/\��, i_/�-

�\/��,\Z/���2 "#&G )g:$ 9��X� a&,+, �2i/_��, i/iZ -�
�,�/�� +>�"#&G (�2�=� �; 1�5��� �G ���I
O
 +�7 +(���&2 %&


��� ��", %
  1+&(
�A ��5�=.��G�V�  '  9"�J&4�I ��"�, 1��5
��� �J=�]� ���I 1��� - ���	 ��6>�5 �&�"6&>G  L"� '  1��� .

$�)� 	A �����	
�:L���5L9 
)-K	  ����	 +2 ��� �D��K
+DC~ B6= a&~+, �)b&�~  -

+2 ��
K:5 1�5'�	� ��� Al +}  �6#J��"5 ��� �  � )I � ��� -
X,�� %&& �66~]�[.�6#5 - 1��"#2]�i[�� � +2 1�-+� �2 1�5

�6#J��"5 a&~+,��~ �6>	+D �V&>� � ���Al  �� �6#J��"5 
�$":V�+
'���~ 1�5 �=�67�b
- ���� �2 �>�2 -�=��� -

 � �V6=��� ���I 9��J, ^�=  +2[A] Na [4] Al [4]Si 1 +2 
6= �� 'F~"
HF; �2 ��
K:5 1�5�6#J��"5B' L�J7  1�5

��� � ���6�&;  � v&#&= :
T(±orrK) = ���/m – q�/��  + Y/– m�nq/m – �or�/m LnK )r(

�G 
K = (Si - _/ �-Si) Plag

AbX )n(
%
  ���A�Si [,  � �X, 1�5Si 9"�J&4�I ��"��+	 ��P - �� �P
�����	 - ����2"#&~ a���P+2T��������=  %
"��#~ a���P+2 .Y

�6(:5�� ��65�����\^��=  +2 �'F~"
HF; �����X� !-� ��A�� 

1 - Non–ideality 

%~� ��)DQF(�=  .� ���Y1 +2 �/Z>Xab���=  +4Q -
1 +2�/ZXab <  ' Y=-8.06+2.55(1-Xab)2��� �=� �2-

�
I .� 1 +�2 c6�=��� %
  ��� %&�2 1��5�ZZ ��, \\ZZ ��A�� 
�>��=� +D�' +�>:~ 'F~"
HF; �&,�"�I ����Q�� 9"�J&4�I -

'  +�>:~ v&#&= � ��� �2 pfu �/���=  )' ��>	+D+2 {�A +� 
]�_���([.�� %&6�:5 B6�= 1 +�2  � c6=��� %
  ) ", 1��5

 �&�=  �, �&	�� 13"4� - ����4�,I1�+�2 ����2 .9���X, 1����
 ", �� 'FG"
HF; �2 ��
K:5 1�5�6#J��"5 �2�-� 13"4� ����Z 

�,�YZ �A�� �>��= ��� ��=� �2 � +D ��
I .^��=  +�2 ��k2 � 
) ���:5 - 9�6�
-]�Y[��6X
 �/Y�_ +Pi/�� =T�K&� ����

 �J=�]� ���	 ^�=  +2 �2�-� �
�"
� 1 +2 �-�P ��&:7  ��7 
�\Z �, �iZ�>��= �A�� ��I �=�2 � +D .

� ��� Ti 9"J&4�I [&�#G � K	  �2 �5 ��>J�� 8��Jk�  ��� h

 �� h
 K	  - �� � ��=  ���	 '  C�>�� ��J
+�, ��  � �2�
]��[-

"�&� - �����  ��2+V, 1��5��G ^��=  +2]��[�� ���� Ti �� 
1w�2 1�5����ZZ ���:G ��:&� c6=��� N
 � +D �>��= �A�� 

�=  .��%&�'c6=���	��� "�&� - ����  ��:G �:&� ]��[��G 
&*, a&G+, ^�=  +2 | +&� ��� 1�5�&��G  TiO2-Al2O3�� 

9"J&4�I [&�#G ���":� ���=  ���7 �U �  �5 ��"�� 1��5 ��=�+2 
�-�P 1����ZZ �, ��Z �>���= �A�� ����	 - � +�D���, �/_

��2"#&G  � B6= 1 +2 1��� - �>
�"
� 1�5��Z �, �YZ ��A�� 
�>����= �����	 - � +��D����, �����2"#&G  �B6��= 1 +��2 1���5


�"
�-+2�D �� )��� �> ��65�)C��7�9-��A -\.(1��5���
 1w�2�ZZ�>��= �A�� � +D �2 9�:>P  ��&��2 - C&���, 1 +�2

 �; 1�5���
B6= %
  1+&(
�A 1 +2 %& ��� ��>	+D +u� �� �5-
�"7 .

	 M��
 �� �����	
�
-0 TiF����� 
)�2K&� '  �&,"&2 [�� 1�5Ti�� /"�]� )I � ��� - �"7

	 ���� �2 �>�2 - �&,"&2 �
�&:&7 a&G+, - ��� �=  %
  +2 -
�� ^�=  ) ",1 +2 1��� %&&X,�&,"&2 C&��, )I '  �5

 ���4>= +G�]��[.+
' �k2 ��=  ��7 �U �  �V6=��� 1 +2 :
)o(T ={[ln(Ti) – a –c (XMg)3]/b}o.333 

)I �� �G �Ti[,  � �X, �51Ti ��"�+	 �P - �� )apfu (
��V6�2 ��7 ^�= +2��)b&�G  �XMg = Mg/(Mg + Fe)  �

a = -2.3594 �b = 4.6482 × 10-9 -c = -1.7283�=  .
%
  ^�=  +2 ��� � ����k2 �B6= 1 +2 %&2 1��� �>&� +D 1�5

�_\ �, �YZ �A�� �>��=��I �=�2 � +D)9-�A_(.

2 - Darken 
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=2�N�:6:5 1�5Al2O3-TiO29"J&4�I ��� - ���	 %&&X, 1 +2 �X2�, ) "6$ �2 ��'- �Q�� ^�= +2 �:&�#G 1�5]��[��":� �&XT"� -1��5
)I +2 �=�+2 ��"�.

$�-&D�&,"&2 �V6=��� c
�>�.
T°C XMg Ti cba
�_\�\/Z_��/Z���i/\@�@EY_��/_i��_/�@
�YZ�/Z�\Y/Z���i/\@�@EY_��/_i��_/�@
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�
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����GB6= ��65� C&��, 1�5 ��"� 1�5

�=�+2���G �L"� '  �2�-� ��", �� �"A"� 9"J&4�I 1�5
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K&6��6#@�&G��+. @' 1��� 13"4� ��", �� - �6#J��"5
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�:D�� 9"J&4�I �"�P - �6>�5 w�2

 �� ��&�2 /I ��65��:D���=.B6= 1+&(
�A O
 +7 1�5
 ��"��=�+2 �J=�]� �7��
K:5 1�5�6#J��"5 9��X, 1��� -

�2 �2�-� 13"4� ��", �� 'FG"
HF;��Z �, �YZ�A�� �>��= -
�=� �2 � +DI��.��", 1+&(
�A ���	 ��"� 1�5�=�+2 ��,�

��2"#&G��"2 ��", %
  1+&(
�A �
��� O
 +7 +(��&2 �G �=  .
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