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% �� "I�� -
)*�+ C�G��$	 C�0&%� �� , "��%� ���u �G _��I �2 �0\�&

 ��<
% ��$� �30	�
 ��@ , �0	�
 8
%�K -3
"#
 �2 C+%��
!�-D�2 �D "�%�&% !�%� W-0�. F'& �� %� �0P#( �� �	 .
!+%"�%CC�G���2 "'�N���G T�'0� �&% ,���\-2 +% 

�*��N*P�KC�G �(�� +%"�% ����2!C/K�G�28*2 +% �
 
�0��&-0� ��"&� .)
% C��$'� _��I ,� �2 "'�N���G C�G���2

:#( �D,� ,�;*� �6 �%�:#(& �%�N�2 F��X XN& �3�� "'1 �6
�?!�"��%� ���u F�-;D C% .�*��N*P�K �� ��@�� +OD�
9O5 -

�,"u ��%,%-	�2 �&�-2 ���� C�G7Z, �*N�K +% �'B �"I�� 
�2 , "'0�G +OD�3*�%:#( _��I:#( �;*� �6 �%� !"
� �%�

��"��( .F'& )
% x��� -0$*2 �� X6�%�D�� c$1 �2 �G���\ .
��%� )
%�2 , X
� _��I �2 X6�%�D C�G F'& �'*�+ �� :#(

�� !"
�"��(.
��������� ����� :�*��N*P�K +% �\-2 �� C�G���2 �(�� ��G

 �,"u -Y? �2 ����.=��*� �,"u ��%,%-	 �2 , -0��Z"I�� 
�� !"
� "��():#(�>.(�;*� -0$*2 ����. C�G���2 )
% -

:#(��N��*� C%�%� �G�. , !��2 �%�'0�G X*� X6%�D +% �
�G".
�,"u , �"�% �%"�� �2 X*� X6�%�D C�G���2�Zc<u "I�� 

8'6 -y% �� �D "��%� ��@, F'& ���u �2 �0�
�-.� �e C�G
!"�K�� ��%�X
��� /�$� �@�� �(���\ , "�%"'G� ._��&"�	 -

+OD�
9O5 ��
�*�? C�G)[Z"I�� ("'�N���G ,)[="I�� (+%
���DF'& )
% ��I% C�G"'0�G �G .
-�D���D , �X*� �"D C�G

F'& )
% �� � -	 _���2"��%� ���u �G .X*� �*��0*6 C�G���2
���D ,X@F'& )
% �� !"'D%-5 A�*;D C�G"'0�G �G .�	�2 -

�*��N*P�K ����. �� !"( !"
� C�G T�� +% -0$*2 ��Y'� C�G
 , �0P#( ����2-B�&% �.

 6	1% �5�#&,-#*� -
,��6 �*�5�0� +:. ��Y'� C�G-�.:f�%(�#*� ��*(��Y'� C�G.A(�� �*6�*2 , �
�#&�� !%-;G �2 ����. ���2 �(�� 
��*(�#*� ����.��Y'� C�G.�(�0(� ���D !%-;G �2 �*��;*�*& C�G�*��;*�*& �� �"D C�G��*( �G._(��*( ]�N*P�K ��Y'� C�G.�(

�*��N*P�K�@ !%-;G �2 ��Y'� C�G��0�
�"'1 :D�� �2 �G+OD�
9O5 , ]�N*P�K C�G���2 �30	�
> ,(�*��N*P�K ����. �G.��� �� -
,��6 �;G
 {e��0� !"*NY?(XPl)!"( �Ny "�%.���D C���0\% c~O  {@-� +% �0	-.-2 �G]�=[�&%.

 [
 D

O
I:

 1
0.

29
25

2/
ijc

m
.2

7.
2.

43
7 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
cm

.ir
 o

n 
20

25
-0

6-
02

 ]
 

                             4 / 12

http://dx.doi.org/10.29252/ijcm.27.2.437
http://ijcm.ir/article-1-1277-fa.html


"�@��!��;( ��/�0�2�6 ��7�����D ��*( �<'&��$	��� )*�+ , �&�'(���.-.� �&� C�G. . .[[�

���� �"�	��
���D �;*( �&�-2 ^
%-( �\�'( �� �;�� 8�� �G
*#$6 �
�*;*(�#
X*	F'& :��%� ��Y'� C�G .)
% ��8G,R5 

���D �;*( d*?� M*D-6 ,�DX
� �
X<6 +% !��P0&% �2 �G
���D -2 ��,-0#�% !��P0&% �2 4�& , )**`6 �� -	 , ��I% C�G

���D �;*( S
�0� +%*6�*2 C�G �]�N*P�K , +OD�
9O5 �����. ��
 ��$� ���.-.� �e ��$	 , ��� ^
%-("(.

��@��2 :�*6�*2���D +% �#
 F'& �� )
X*'�,-	 c�� C�G -
�&�G .�*6�*2 �
�*;*( M*D-6 +%�� �G )**`6 C%-2 /%�6

�-D !��P0&% ���D )
% :*#$6 �
�*;*(�#
X*	 ^
%-( .S
�0�
�*6�*2 ��,-0#�%,�DX
� �
X<6 ],"@ �� �G��&% !"( �~%�% .

/K T�� , �*6�*2 C��0\�& ]��-	 �
X<6 S
�0� U�&% -2 �G
*( �%"`6 , �;���&% !"( )**`6 /R*�D% .]��H� �*6�*2 

�*�K �'`
 �
��0�% ��  ���1 "��@KFe3AlSi3O10(OH)2�
�*�*	,�"*&KMg3AlSi3O10(OH)2�*��0�
% , �*5�.��	 �

KFe2Al[Al2Si2O10](OH)2�Mg2Al[Al2Si2O10](OH)2

+�	 ���1 )
% �
�5 -2 �D �&% C�%��;� ���� �2 �`�� ���1 
ASPE C�G�#*� M*D-6 )**`6 C%-2 �D �&% !"( �u%-e 
�$G�& ��@,�2 ���.�� ��D�,� .-*Q0� ,� ��`�����1 )
% ��

Fe/(Fe+Mg) ,AlIV!"( �0	-. ��D �2 "�% .M�B% M*D-6
�*6�*2F'& C�G:. ��Y'� ���.-.� C�G!�� �%��;� �� -�. -

�G�#*� C"'2]�L[� �, �*�*	,�"*& )*2 �N*D-6 !-0�. �
�� �%-? �*�K "�-*.):#(7f�%.(���;� �;G C%�%� �G

Mg/(Mg+Fe)>5 ,Altotal>3"'0�G ._%-**Q6 �%��;�
Fe/(Fe+Mg) ,Si]��[�� /�$��*6�*2 T�� )
% �D "G� �G
�*6�*2 T�� +% "'0�G c
X*'� +% �'B C�G):#(7A.(

?�-',
� �
X<6 S
�0� �*6�*2 ��,-0#�%,�DX:. ��Y'� C�G -�.)����. ���D /,�� +% (-
����F,Cl!+%"�% �%"�� , C-*.OH�&% !"( �N&�H� .
�;GFe���;� )
% �� �&% !"( |-	 �0*	-�,� �G.

x��� ��� [�� =��
Garnet Micaschist (Biotite) 

Oxide composition (wt%)  
SiO2 [L/7� ��/7� Z�/7=
TiO2 ��/Z �L/Z ��/Z
Al2O3 =L/�� �=/�� �7/��
FeO =[/�� �[/�� [7/��
MnO ��/Z Z�/Z ��/Z
MgO �=/�� [�/�� 7�/��
CaO Z�/Z ZL/Z Z[/Z
Na2O ��/Z ��/Z 7�/Z
K2O ��/� �[/� �7/�
BaO ��/Z Z/ZZ �7/Z
NiO Z7/Z Z/ZZ Z�/Z

F ��/Z Z�/Z �7/Z
Cl Z/ZZ ZZ/Z ZL/Z
OH �7/7 Z�/[ ��/7

�	��%O ��/Z Z�/Z Z�/Z
T�;<� ��/�ZZ Z7/�ZZ [[/�L

�
�5 -2 �G /�*6�D �%"`6pp/R*�D% 
Si LL/= L�/= [�/=
Ti Z�/Z �Z/Z ��/Z

Al iv 7[/� 77/� =7/�
Al vi ��/Z �=/Z �L/Z

Fe �L/� ��/� ��/�
Mn Z�/Z Z�/Z Z�/Z
Mg =�/� ==/� L7/�
Ca Z/ZZ Z�/Z Z�/Z
Na ZL/Z Z�/Z Z�/Z
K ��/� �7/� �[/�
Ba Z�/Z Z/ZZ Z�/Z
Ni Z/ZZ Z/ZZ Z/ZZ

F-mol �7/Z Z�/Z ZL/Z
Cl-mol Z/ZZ Z�/Z Z�/Z

OH-mol ��/7 ��/7 ��/7
Mg/Mg+Fe =[/Z =7/Z =[/Z
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%+-*���%R�-*� �C";u% ��'
%� �
 �C-��2 �;*(�D�� /%-
% �&�'( ���D , �&�'(���2 ��<� [[�

 6	4�*6�*2 !�3
�@ f�% -2 !"( �
X<6 C�G (�%��;�AlIV �2 �N�� Fe/(Fe+Mg) {@-� +% ]�L[A ,(�%���;� Si ��2 �N��� Fe/(Fe+Mg) +% 
{@-�]��.[

����� :����.�G�#
+%c��)
-6 !,-. ���DC�G �6�#*�*&�6�% 
"'0�G �D �� T%��% �-0�.!C%+%^*H�C�G )*�+�&�'( �	�
 

��"��( ]��.[����*�u ����DC�G !,-. ����. ��$� 
"''�!F'&C�G ���.-.� �"'0�G ��% ����`2 +% '&FC�G 
)
��K ,)*'w;G �� _�2�&� �2 _��I ��%�C�G �N
-�6 X*�
!"
� ����(".����. %� :I% ����/%�6 �\�( F'&C�%+ 

C"*P� ���6 ��-� �0N�% �� ^�	 �2 :*�� C�%"
�5 /K �� !-0�. 
�`*&, +% ����G��#�2 {
+�6 �0�GK /�*6�D�G������. M@�� 

����( �D /%�02 /K %� �� *�2C�� +% '&���S�G�2��D �-2.
F'& �� ����. �
�*;*( M*D-6 �&�-2 C%-2 ���� C�G

�&�-2:. ��Y'� ���;� �-�.��*(�#*� ����. f�0�� C�G �G

�2 ��,-0#�% ,�DX
� "�"( �
X<6 .���� "I�� �N&�H� C%-2
����. �
��� C�� % �N�� M�u -2 Fe+2

/Fe+3T�� )**`6 ,
W,� +% �����.�~%�% {@-� �� !"( ]��["( !��P0&% .M*D-6

����.��*(�#*� ����. �� ��@�� C�G ���� C�G�&�-2 �'B 
"��;�K +%
)(Alm61.55-63.31, Sps4.02-6.58, Prp9.54-13.97,

Grs18.82-20.73)�&% .����.�*��N*P�K ����. �� ���@�� C�G-
:. ��Y'� C�G"��;�K +% �'B X*� -�.
)(Alm66.5-67.2,

Sps3.1-3.9, Prp14.7-12.8, Grs14.7-15.1)"'0�G)],"@�.(
/�'1!"
� �D������. M*D-6 �� c�� �P�z� �& ���( C�G

"��;�K +% "'6��N  �&�-2 ����
�J�&,-. , �,-*5 �) .

?�-'1����. ��,-0#�% ,�DX
� �
X<6 S
�0���*( ����. �� �*��N*P�K ����. , �G:. ��Y'� C�G -�.)����. ���D /,��.(
Points GO4-70-8 GO4-70-7 GO4-70-6   GO2-98-1-6 GO2-98-1-7  

���;� ��*(�#*� ����. �*��N*P�K ����.
"*�D% M*D-6 (wt%)  

SiO2 �7/7� �Z/7� �=/7� 7[/7� =�/7L
TiO2 ZZ/Z ZZ/Z Z=/Z Z=/Z ZZ/Z
Al2O3 �=/�� ��/�� ��/�� 7�/�� �Z/��
FeO L[/�� L[/�� [Z/�� �[/7� 7=/7�
MnO �[/� Z[/� ��/� 7L/� LL/�
MgO =L/7 =Z/� L=/� L�/7 �[/7
CaO =7/� =�/� ��/L [�/= [�/=
T�;<� L/�Z� �/�Z� L/�Z� ZL/�Z� �=/��

�
�5 -2 �G /�*6�D �%"`6lp/R*�D% 
Si Z7/7 ZZ/7 Z�/7 ��/� ��/�
Ti ZZ/Z ZZ/Z ZZ/Z ZZ/Z ZZ/Z
Al �[/� ��/� ��/� Z=/� Z=/�

Fe3+ ZZ/Z ZZ/Z Z�/Z �[/Z �7/Z
Fe2+ �L/� �Z/� ��/� �7/� �L/�
Mn ��/Z �Z/Z �7/Z Z�/Z ��/Z
Mg [�/Z ��/Z [�/Z [7/Z 7�/Z
Ca L7/Z L�/Z =�/Z [L/Z [�/Z

Total � � � � �
����. C�G �P��� (mole fraction, %)  

)
"��;�K ==/L� 7�/L7 ��/L� =Z/LL �Z/L�
)*6����&% Z�/[ =�/L ��/[ �/7 �/7
�,-*5 LL/�7 =[/� ��/�7 �/�[ �/��

�J�&,-. �7/�Z =[/�Z ��/�� �/�[ �/�=
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"�@��!��;( ��/�0�2�6 ��7�����D ��*( �<'&��$	��� )*�+ , �&�'(���.-.� �&� C�G. . .[[7

��A�-/
��:���&"�	 +% f�0�� x������;� �� ��Y'� C�G C�G
�DX
� �2 �0*�5�0�"�"( �
X<6 ��,-0#�%, .c*��6 U�&% -2 C"'2

 {@-�]��[��*( +OD�
9O5 M*D-6 �!-0�. �� ��Y'� C�G -
C% An12.98 �6 An 41.12�� �%-?"�-*. .�� +OD�
9O5 M*D-6

�*��N*P�K�GAn 4.13-92.60 �*��N*P�K ����. �� , ��GAn 96.80-

99.87 �&% ):#([.(-0#�% ,�DX
� �
X<6 S
�0����&"�	 ��, C�G
�*�5�0� �� ��@�� ],"@ �� ��Y'� C�G7�&% !"( �~%�% .

�*��N*P�K ����. �� +OD�*
O5 �*6���% �%"�� 8
%X	% �N�� �G
�*��N*P�K �2�*�5�0� , �G , ��$	 , ��� 8
%X	% +% /�$� �G

��%� ���.-.� �	-$*5.

 6	B!�� F'& �� �G���&"�	 C"'2:. ��Y'� ���.-.� C�G{@-� �%��;� U�&% -2 -�. ]�L.[

?�-'4�*�5�0� �� �G���&"�	 ��,-0#�%,�DX
� �
X<6 S
�0� :. ��Y'� C�G-�..
x��� 7�� [�� L�� ��� ��� ��7 ��� ��� L�[
F'& Micashist Amphibolite Garnet amphibolite 

Oxide composition (wt%)  
SiO2 [�/=� [�/L� �7/L7 ��/L= ZL/L[ �=/L� �7/LL L[/== Z�/7L
Al2O3 7�/�[ 7Z/�7 =[/�� [�/�� L�/�� =L/�Z ��/�� �L/�� [=/�=
TiO2 ZZ/Z Z7/Z ZZ/Z Z�/Z Z�/Z ZZ/Z ZZ/Z Z[/Z ZZ/Z
FeO t �L/Z 7�/Z Z�/Z Z7/Z Z�/Z Z7/Z Z[/Z Z�/Z Z�/Z
MgO ZZ/Z Z7/Z ZL/Z Z7/Z ZZ/Z ZZ/Z Z�/Z Z�/Z Z7/Z
Na2O 77/� Z�/� ��/� ��/� =L/Z ��/�� 77/� Z7/Z ZZ/Z
CaO 77/� 7�/� LL/� =�/� [Z/�7 ��/Z [�/7 �=/�� �=/[�
MnO Z�/Z ZZ/Z Z�/Z Z�/Z Z[/Z ZZ/Z ZZ/Z ZZ/Z ZZ/Z

F ZZ/Z �L/Z ��/Z Z7/Z Z7/Z ZZ/Z ZL/Z �=/Z ZL/Z
K2O Z�/Z ��/Z Z�/Z �[/Z Z=/Z Z[/Z Z[/Z Z�/Z Z=/Z
T�;<� 7�/�Z� �[/�� �L/�� Z�/�� ��/�ZZ ��/�Z� Z7/�Z� �7/�� �7/�ZZ

�
�5 -2 �G /�*6�D �%"`6o/R*�D% 
Si L=/� �[/� �L/� Z=/� �Z/� ��/� �=/� =L/� �Z/�
Al ��/� �7/� �[/� [Z/Z �L/� Z[/� �L/� �=/� �L/Z
Ti ZZ/Z ZZ/Z ZZ/Z ZZ/Z ZZ/Z ZZ/Z ZZ/Z ZZ/Z ZZ/Z
Fe Z7/Z Z�/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
Na L7/Z L�/Z �=/Z ��/Z Z7/Z ��/Z ��/Z Z�/Z ZZ/Z
Ca [[/Z 7=/Z �7/Z Z[/Z L7/Z Z[/Z �L/Z ��/Z �L/�
Mn ZZ/Z ZZ/Z ZZ/Z ZZ/Z ZZ/Z ZZ/Z ZZ/Z ZZ/Z ZZ/Z
F ZZ/Z Z[/Z Z7/Z ZZ/Z Z�/Z ZZ/Z Z�/Z Z�/Z Z�/Z
K ZZ/Z Z�/Z ZZ/Z ZZ/Z ZZ/Z ZZ/Z ZZ/Z Z�/Z ZZ/Z

���&"�	 C�G �P��� (mole fraction, %).
Or [�/Z L=/Z [�/Z ��/Z [[/Z �7/Z �7/Z =[/Z �7/Z
Ab [L/=� ��/L� LZ/�L 7�/�= ��/L L[/�= L�/�� LL/� ZZ/Z
An ��/[� =7/7L ��/�� ��/�7 LZ/�� �7/[ Z�/�� �Z/�L ��/��
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%+-*���%R�-*� �C";u% ��'
%� �
 �C-��2 �;*(�D�� /%-
% �&�'( ���D , �&�'(���2 ��<� [[[

?������ :/%,%-	 �]�N*P�KF'& �� )
X*'�,-	 ���D )
-6 C�G
:. ��Y'��&% -�. .]�N*P�K ��,-0#�% ,�DX
� �
X<6 S
�0� C�G

�*��N*P�K �� ��@���*��N*P�K ����. , �G ]��-	 , ��G
K C��0\�&/U�&% -2 �G�7],"@ �� /R*�D% [!"( �~%�% 

�&% .*P�K -0$*2]�N ����. , �*��N*P�K �3'& !,-. ,� �� �G
 -
���� )0(%� �2 ��*��N*P�K(Na+K)A<0.5 ,Ti<0.5 �� �

]�N*P�K !,-. "�-*. �� �%-? �;*��D C�G]�Z.[v
 ��'6
 �%"�� C%�%� �*��N*P�K ����. �� ]�N*P�K ���;�Ti +% 8*2 

v
 a.p.f.u) L��/�(�%"�� ��% �(Na+K)A�2 -2%-2 Z=�/Z

%�&.�*��N*P�K !,-. �� �%"�� ���;� �& ��G(Na+K)A�;D 
+% 8*2=/Z�%"�� ��% �"��%� Ti���;� )
% +% -0;D �G=/Z�&% .

:#( �� �#��'1=!�� U�&% -2 ��&% /�
�;� X*� f�% C"'2
 {@-�]�Z[]�N*P�K M*D-6 �!-0�. �� �&�-2 ���� C�G
]�N*P�K��%� �%-? �;*��D C�G .K C�%�3���]�N*P� !��P0&% �2 �G

 {@-� �%��;� +%]�Z[:#( �%��;� �� �=�&% !"( !��,K A
]�N*P�K �
�*;*( M*D-6 �U�&% )
%-2�*��N*P�K ����. �� �G -

�*D��-1 T�� +% �G�&% "'�N���G .]�N*P�K �
�*;*( M*D-6 �G
�*��N*P�K ���*D��-1 , �*D��-1 T�� +% �G�&% "'�N���G.

?�-'B
�0� ]�N*P�K ��,-0#�%,�DX
� �
X<6 S����. , �*��N*P�K �� ��@�� C�G�*��N*P�K:. ��Y'� C�G-�..
���;� �*��N*P�K �*��N*P�K ����.
x��� GO2-921-1 GO2-921-2 GO2-922-1 GO2-922-2 GO2-923-1 GO2-981-3 GO2-981-4 GO2-981-5 GO2-982-3

"*�D% M*D-6 (Wt%) 
SiO2 �[/[= ==/[[ �7/[[ �[/[= ��/[[ L7/[[ 7�/[= Z7/[[ =Z/[[
TiO2 L�/Z L7/Z ��/Z =�/Z ��/Z =/Z ==/Z 7�/Z LZ/Z
Al2O3 �=/�� 7�/�� �=/�� =L/�� [�/�� �Z/�[ �L/�= L�/�L �L/�7
Fe2O3 ��/L �L/L ��/[ =Z/L [Z/7 =Z/� ��/� 7�/� [�/�
FeO 7�/�� =�/�� ��/�7 77/�� =Z/�7 �7/� Z�/� 7[/� 7[/�
MnO 77/Z 7�/Z 7Z/Z 7�/Z ��/Z �[/Z Z�/Z ��/Z �7/Z
MgO �=/�Z ��/�Z L[/� �Z/�Z ��/� ��/� �Z/� �[/� ��/�
CaO ��/�� ��/�� ��/�� ��/�� Z�/�� ��/� ��/�Z �7/�Z Z�/�Z
Na2O LZ/� LL/� =�/� =L/� =�/� ��/� �7/� �7/� ��/�
K2O �Z/� ��/� 7�/� �7/Z �[/� 7�/Z 7�/Z [[/Z 77/Z

F ZZ/Z ZZ/Z Z7/Z ZZ/Z ��/Z ��/Z Z/ZZ Z/ZZ 77/Z
Cl Z7/Z ZZ/Z Z�/Z Z�/Z Z�/Z ZZ/Z ZZ/Z Z[/Z Z�/Z

OH Z�/� Z�/� Z�/� Z�/� �[/� ZZ/� �[/� ��/� �Z/�
~O Z�/Z ZZ/Z Z�/Z ZZ/Z Z�/Z Z�/Z ZZ/Z Z�/Z �[/Z

T�;<� L�/�Z� �7/�Z� �Z/�Z� =�/�Z� Z7/�ZZ �7/�Z� ��/�Z7 �=/�Z� Z�/�ZZ
�
�5 -2 �G /�*6�D �%"`6ps/R*�D% 

Si =7/L [7/L =�/L =7/L L�/L 7L/L 7L/L �[/L [�/L
Ti Z�/Z Z�/Z �Z/Z ZL/Z Z�/Z ZL/Z ZL/Z Z[/Z Z�/Z

Al iv [�/� =�/� [�/� [�/� 7�/� L[/� L[/� �L/� =7/�
Al vi =7/Z =[/Z =�/Z =Z/Z L�/Z ��/Z ��/Z Z�/Z �L/Z
Fe3+ L�/Z �[/Z [�/Z ��/Z 7�/Z Z�/� �7/Z ��/Z ��/Z
Fe2+ =Z/� [Z/� �Z/� [�/� L�/� ��/Z Z�/� ��/� �[/�
Mn Z[/Z Z[/Z Z[/Z Z[/Z Z[/Z Z7/Z Z�/Z Z�/Z Z�/Z
Mg ��/� ��/� ��/� �Z/� ��/� Z�/� Z�/� �7/� �Z/�
Ca �[/� �7/� ��/� �=/� �L/� =Z/� =[/� ==/� =L/�
Na [=/Z [�/Z [=/Z [�/Z [=/Z L�/Z =�/Z =�/Z =[/Z
K �Z/Z ��/Z �=/Z ��/Z �[/Z Z�/Z Z�/Z Z�/Z ZL/Z

F-mol ZZ/Z ZZ/Z Z�/Z ZZ/Z Z�/Z �Z/Z ZZ/Z ZZ/Z �=/Z
Cl-mol Z�/Z ZZ/Z Z�/Z ZZ/Z ZZ/Z ZZ/Z ZZ/Z Z�/Z ZZ/Z
OH-mol ��/� ZZ/� ��/� ZZ/� ��/� �Z/� ZZ/� ��/� �=/�

Mg/(Mg+Fe) =Z/Z =�/Z [�/Z =Z/Z =�/Z =�/Z =�/Z [�/Z =�/Z
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"�@��!��;( ��/�0�2�6 ��7�����D ��*( �<'&��$	��� )*�+ , �&�'(���.-.� �&� C�G. . .[[=

 6	Cf�% (!��]�N*P�K C"'2���;� �� ��@�� C�G {@-� �%��;� U�&% -2 �*��N*P�K ����. , �*��N*P�K C�G]�Z[���;� �;G �D !-0�. �� �G
]�N*P�K�0	-. �%-? �;*��D C�GA , "�% (]�N*P�K �N*D-6 !�3
�@�*��N*P�K �� �G�*��N*P�K ����. , �G:. ��Y'� C�G �%��;� U�&% -2 �-�.
c*��6]�N*P�K C"'2 {@-� +% �;*��D C�G]�Z.[

�
�����
 ���� � �
����� ���� 
���D ��$	 , ��� )**`6/K �
�*;*( M*D-6 �2 �@�6 �2 �G -2 �G

 �;<� �D �&% �%�0&% |-	 )
%����D C�G -G F'& �� 
^
%-( ����`6 :*#$6 !"( "'(�2 .��)
% �{?%, S'&��$	 ����G

-2 U�&% �*&��u {
+�6 -I�'  �� ��0\�& ���D�G,�
�e
_J��N6 ��
�*;*( �N�� �2 ��� ,�
��$	 �u%-e !"("�%.

F'& �� ��$	 , ��� ��,K-2 W,� )
"'1 C�G�&� ���.-.� ,
��'$*5 �0
+�2�0��&% !"( �., ��� )**`6 C%-2 8G,R5 )
% ��

F'& :*#$6 ��$	���D +% �G C�G;G�<%]��`6 ]�u �� �
���D M*D-6 �2 �@�6 �2 )*'w;G , "( !��P0&%�G�W,� 

)*2 +% M&�'��<'&%,�-. A��0�% S
%� C�G
"):#(C�GL
A , f�% .( 

����� D����� ����E��@��2 
�� _%-**Q6 �
�5 -2 �<'&��� -
��Fe ,Mg , ����. �� 

�*6�*2F'& �� ��
X;G , ]��`6 ]�u �� C�G �&� C�G
)*�+ �@�6 ���� !�%�;G �&% !��2 C��*�2 /�&�'(]����=.[

W,��
�,"H� C%�%� !"( !��(% C�G"��%� �
�G .�&�-2 �2
�
�,"H����D M*D-6 �2 �@�6 �2 , W,� -G C�G ���Y'� C�G

@-� �� !"( �~%�% W,� +% {]��["( !��P0&% .+% �W,� )
% ��
�*6�*2 J�2 c*��0*6 C%�%� C�G)% 8*2 +�L7/Z(�
 ,�2 ����. 
XSpss J�2 )+% 8*2 �/Z(��( !��P0&% "
�N�.-2 cD�u C��� 

�2 C�G"*�D% -
���� +% !��P0&% �2 ����.-.� +% !"�K �&�
�
X<6"( ��,K-2 ���,-0#�% ,�DX
� C�G.�2 C����K �&� !"
 �,"u==Z �6 =�� �0��& �@�� �&% �%-.)],"@=.(!-0�.

�2 �
��� :
%,% �6 XN& ��*( !���\� -\%,% -3��*2 !"�K �&�

���D "G%�( �2 �D �&% �*��N*P�K !���\�F'& )
% �&�'( �G
cG��%� ��%�\.

����� D�����
E��@��2 E�F��&9FG E#@�%�� 
�� )*��+ +% ���$�	 , ��� )**`6 C%-2 �����. S'�&����*6�*2 �

X6�%�D , +OD�
9O5 (GBPQ)  {�@-� U��&%-2 !"�( �<'�&%,
]�L[],"@ �� /K S
�0� �D !"( !��P0&%L�&% !"( �~%�% .-�2

 ��$�	 �-�
+ �Y2%� , W,� )
% U�&%�/7��6 L/[C%-�2 ���2��*D 
��*(�#*�"�K �&� �2 �G:

�*�K +�*6���% =X6�%�D +�*�*	,�"*& +�J�&,-. +K/"��;� 
Fe3Al2Si3O12 + 2Ca3Al2Si3O12 +
3K(Fe2Al)(Si2Al2O10)(OH)2 +6SiO2=6CaAl2Si2O8+
3KFe3(Al Si3)O10(OH)2 )l(

?������ H���@ I��% �2 �
�����
 ��� 
W��#;G , v�+]��[*�*& , ��$	 �2 ��*'*���K �30�2%, c*�

]�N*P�K �� %� ��� �2 �
�*��D � �;<� �� ��@�� �;*��D C�G
 ]�N*P�K ++OD�
9O5 +"��%� /�$� �2-<6 ��e �2 X6�%�D .���K

�� , "��-D �OI% %� �<'&��$	��� W,� )
% �� %� /K /%�6
!�-0�. �N*D-6 !-0�.]�N*P�K +% C%�-2 ��D �2 �;*��D C�G:

T [K] = 4701/(1.825 - 1.987ln(8/15.5 - SiAm/sumKat 
+ 0.07531))    )p(
P [kbar] = ((-425 - 1719(XAlM/(XAlM +

(Fe3+
Am/2.763)) +2.75 T(K) + 1.987 T(K)ln 

(XAlM)) + 1)/1000 )s(
���@ )
% �� �D T�)
���D M��u -�2 ���� PM��u -�2 ��$�	

 ����2��*DXAlM = (SiAm + AlAm- 8)/2.763,SiAm �AlAm �

Fe3+
Am ,sumKat �%"���� ���2 -��2%-2 M��*6-6 ���2 �c*���*�*&
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%+-*���%R�-*� �C";u% ��'
%� �
 �C-��2 �;*(�D�� /%-
% �&�'( ���D , �&�'(���2 ��<� [[L

�c*'*���KFe+3 /�*6�D T�;<� ,"'0�G ]�N*P�K �� �G .�2 S
�0�
 C�G��� �<'&��� +% !"�K �&�=�� �6 L�7 �0��& �@�� �%-.

 -2 %� �*��N*P�K C% , �GL�7 �6 L[� �0��& �@�� C%-�2 %� �%-�.
 �*��N*P�K ����. �� /�$� �G "G�)],"�@�.(-�2 �<'&��$�	

 C�G��$��	 X��*� W,� )��
% ���
�5�/[���6 �/[C%-��2 %� ����2��*D 
�*��N*P�K , �G7/[�6L/=��*��N*P�K ����. C%-2 %� ��2��*D ��G
�� �<*0� "G�)],"@�.(

 6	 Jf�% !"'G� /�$� ��,-0#�%,�DX
� ^&�6 !"( �
X<6 x��� (����. �� �*6�*2 ��@,�*�5�0� C�G, �GA(�� ����. , "'�N���G C�%�<;G
 ����.�*��N*P�K:. ��Y'� C�G-�..

?�-'C����. W,� �2 �<'&��� S
�0� –�*�5�0� C%-2 �*6�*2 :. ��Y'� C�G-�..
���;� Go4-70-6 Go4-70-7 Go4-70-8 
����.

)
"��;�K L7/Z L7/Z L�/Z
�,-*5 �[/Z Z�/Z �7/Z

)*6����&% Z[/Z ZL/Z Z[/Z
�J�&,-. ��/Z �Z/Z ��/Z
�*6�*2

Mg/Mg+Fe =[/Z =7/Z =[/Z
Ln Kd (Gt-Bi) �/� Z�/� L[/�

[21] ==Z°C ===°C =��°C 

?�-'JS
�0� �2 �<'&��$	 W,�GBPQ  ]�L[%-2�*�5�0� C:. ��Y'� C�G-�..
x���. GO270-4-2 GO270-5-

1
GO270-5-2 GO270-6-1 

Xalm L/Z �/Z L/Z L/Z
Xpyr �/Z �/Z �/Z �/Z
Xgros 7/Z �/Z �/Z �/Z
Xan Z/Z �/Z =/Z [/Z
Xab �/Z 7/Z =/Z L/Z
Xor 7/Z Z/Z Z/Z Z/Z
lnKd(Mg) �/�=� �/�7 7/[ �/�
lnKd(Fe) =/��� =/� �/Z� [/��
P(GBPQ, ave) L/[ �/7 L/[ �/[
P(GBPQ, Model 1) L/L �/[ �/= [/=
P(GBPQ, Model 2) �/� �/7 =/7 �/�

:Xalm�*��`	�%"�� �����K )
"��;�K �� b����. :Xpyr �*��`	�%"�� �����K �,-*5 �� b����. :Xgros �*��`	�%"�� �����K �J�&,-. �� b����. :Xan 
�%"�� �*��`	 �K�*6�� �� b+OD�
9O5 :Xab �%"�� �*��`	 �*N�K �� b+OD�
9O5 :Xor�%"�� +OD�6�% �*��`	 �� b+OD�
9O5 :LnKd(Mg) M
-� {
+�6 

Mg )*2 �*6�*2 ,b����. :LnKd(Fe) M
-� {
+�6 Fe )*2 �*6�*2 ,b����. :P(GBPQ, Model1) ��$	 �N&�H� !"( -2 U�&% W,� bS'&��$	 v
 

:P(GBPQ, Model  2)  ��$	 �N&�H� !"( -2 ,� U�&% S'&��$	 W,�GBPQ b:P(GBPQ, ave) )*3��*� ��$	 �N&�H� !"( -2 U�&% W,� ,�
 S'&��$	GBPQ.
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?�-'K]�N*P�K M*D-6 U�&% -2 ���.-.� ��$	 , ��� ��,K-2]��[:. ��Y'�-�..
P (kb) 
±1.2kb 

T°C 
±37°C �*��N*P�K 

�/[�/LZ� GO2-92-1-1 
�/[�/L�7 GO2-92-1-2 
�/[�/LZ� GO2-92-2-1 
�/[�/LZ� GO2-92-2-2 
�/[�/=�� GO2-92-3-1 

�*��N*P�% ����. 
=/=[/L�� GO2-98-1-3 
L/=�/L�� GO2-98-1-4 
7/[�/L[� GO2-98-1-5 
[/=�/L�7 GO2-98-2-3 

�	%��2 
:. ��Y'� ��F'& -�.F'& ��;@ +% �P�0�� C�G C�G

�.-.��&� �����D M*D-6 �2 �0
+�2�0� ,_,�P0� �&�'(
"��%� ���u �*��N*P�K , XN& ��*( !���\� ,� �2 x�2-� .�2

���D ���u�G
�*�5�0� �� X6�%�D , �
-�D ��
�#&�� /�1 �-
�G����D ��� 8
%X	% �2 /��X;G ��<
% ����. , �*6�*2 C�G

!"("�% ."'�N���G �
�*��D � �;<� ���� +X6�%�D /,"2 ,
��%�% �� �D ��%� �*��N*P�K !���\� �2 �,�, +% /�$� +OD�
9O5

���D /"( �	��% �2 M*D-6 �2 ����. , +OD�
9O5 /�1 �
�G
����. , �*��N*P�K M*6-6 �2 F'&�*��N*P�K � �;<� C�G

�0	-. :#( ���.-.�"�% .�����D �#
�X� ����*��;*�*& -
��*(:. ��Y'� C�G%� ���u -�. +% /�$� %��#(K �D "��

��%� ���.-.� �	-$*5 , ��� 8
%X	% .��� S
�0� �<'&��$	
!"( ��<�%����. >,+ �� ��@�� -I�'  _%-**Q6 �
�5-2 ��*6�*2
����. ,��*6�*2 ��,"u �
��� !"'G� /�$� X6�%�D , +OD�
9O5

==Z �6 =�� �0��& �@�� ��$	 , �%-.�/7�6L/[��2��*D C%-2
��*(�#*��G�&.�*��N*P�K C%-2 !"( �N&�H� ��$	 , ��� �G

�*��N*P�K ����. ,M*6-6 �2 �G=�� �6 L�7 , �%-3*0��& �@�� 
L�7 �6 L[��� W�%X. �%-3*0��& �@�� ��( .S
�0� U�&% -2

�*��N*P�K ����. -2 cD�u ��$	 �!"�K �&� �2 ��Y'� C�G
:.�2 -2%-2 -�.7/[�6L/=��u �� ��&% ��2��*D �2 ��$	 �D �

�*��N*P�K +% !"�K �&�:. ��Y'� �� �&�-2 ���� C�G -�.
)*
�5 , -6�/[�6�/[�&% ��2��*D .�2 ��$	 , ��� ^
%-( �&�

F'& )
% C%-2 !"�K/�$� �G�*u�� ���.-.� �%"\� !"'G� C%
���D�2% T�� +% !"�,-$*5�&�2 �D !�3
�@)*�+ ��Y'� �0\�&

:.>"''& �'�5 , -�. �$�%�,-	 �'�5 v
 /%�'  �2 /�@-*&
��%��;G��%� .
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