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= �� �!��0* ��',?��=� �=-9 �!�&
= �. 
P�N�8�4+� �QN =� �4\ &
�l7 �'!�� ��I� "L����
�! A=

��45-5�8?,?�= .���*z\�, 3�! �.L�����45-5� &'
�$
;4I �'�40'<*=�<,� 3�!;7 �� 3=�� 8?
� �!4,�?.-. ;"R	=
�&
= ["?'$= ��45-5� 3�!��'�. ��4+� A= �\-. �� p I �. �!
���4\�?./01 &
= A= �!�]-�0'F�� U
-�&,"� �+'� �)
8-') ;7 /�� " 8�4. RB1 �!��'�. 8�'1 �) 8-') 8�4. 3=�=� "

) �\�18�4��=� " 3=?0<�! �14<� �) R
� 3?0. .?N=" &
= ��
-~= 8�4) l4Q��<'�=-5 " �<
�4
�4�=-5 ��D	 3�! �.�D@� �4C �

���* -]� A=�1�0, �)=-''�) ��I� 8?, �H
�4C �. ��1=�=?�� 
"8-<�5 �� " �<	�
 q
=R	= ;7 �')4'. " R)�=4* P=�4� [�B'*-)

-< '. -
���� A= 3�=��4\-. [�4g " R)�=4* A= 3���1?D	 �
�'D9
&,"� /�� 3-)8�4+� =?'$?�= .;7 �	�. �!�<QH, ��=� ��<QH,
 3-'	�4$)�<QH, �+'� (8�4.���* 8A=?�= "/01 �� �! 3�!
 ZD<�� �4C �. �14�@��1= -'�<� .�,�� 3�!�4D. �!�5

-'	�4$ �	�. �?0DB��4! [�?� �. " AV*4
WV$�<QH, 3��2
=
8�-*?�= .�+'� -< '. �!AV*4
WV$OH, �) �=?DH,�=� <�!?0.

P4B'Q�7OH, �+'� �) OH,�4\ �!. " -'�<� 8A=?�= �. �=�e�1=- 

RB1 ?0DB��4! T4� A= �1�0,�4D. ?!=4,?0<�! ."� �. �')4'.
/01 &
= �� �
4��~ " �'�"= [�4g�� �	�
 �!�4, .�')4'. 3�!

�,�� UDo= �'�"=[�4g �. " ?0<�! -) =�!4B�=3�!�4D. A= 3
OH, �+'�84�9 /�� �. " �=�
� 3=?�� 8?�4, .�')4'. " �
4��~

���* -F
� ���1-5� A= �'�40'<*= &
R'0�"-	 3�!�<	-5 OH,-
?�=)OH,s� " �.(
,'���!:��', ��4� ��y0� �� �!�1�-. T4� A= ���',�H'�

����5 :P4B'Q�7 " ��',�H'� ��',?0<�! .,�H'���' �!
 3-< '. �5?0*=-$?��=� 3-<�*�\ �) RB1 /�� �. UDo= "

�� 8?
�?�4, .;7 �	�. �!�1= �<QH, �9�" ���* "O��, �!
���* " ["?'$= �AV*4
WV$ �R)�=4* ��
"4H�� ��')4'. �?* 3�!

?0<�! )OH,3�! �l " �.(�
"4H�� 8?0*=-$ " R
� ��'�. �!
 A= -<+* ��="=-	 �.��� ?0<�! �')4'. ��="=-	 ��" " -< '. �!

 �"?N)��a:n� (�1= .��="=-	 �* AV*4
WV$ " �?* ���*
 �+* ��'�.?��=� [�4g �.��'�. ��=� 8?
� �!�H'� &'. �� R
�

��?�4,.
����5 :��',�H'� �!)OH,sA ��(/01 �
�!�9�" �9�" �

8�'1 "?0<�! �,�� ��=� �. �����5 3�!�4D. �,�� �* 3�4C
 �<1� ��4+� ���� 8?
� R'�?�4, ./01 &
= �	�.-'	�4$ �! 3

�<QH,-'	�4$ ��1= �<QH, �9�" 3���* "O��, �Dg= 3�!
���* " AV*4
WV$ �R)�=4* ��
"4H�� ��')4'. �����5 �?* 3�!

?0<�!.����5G�+) UDo= �4L4� 3�!;7 �C��� " 8�4. OH,�!
�(D� ?0I?0<�! .�
"4H�� �\-.'. " �!�')4�4D. �,�� �! 

<�!?0./01 &
= ���� /01 �!�1� �1= 8���\� 3X�. �� "
8?, ;45-5� RB1 ��',?�= .

��', P4B'Q�7 �!)OH,sWe �(�4D. �,�� " /�� 8�'1
�� 8?
�?�4, .L�� �� �* /01 &
=�3�! 8���\� A= 3-)X�.

 A= �8?, ;45-5� �'�4B'Q�7 8���\� 3=?<.= " RB1 ��',
���* �Dg= 3�!;4I ["?'$= ��')4'. �?0DB��4! ��4D. R
� 3�!

���* A= " R)�=4* �&Q1=���* �AV*4
WV$ O�� �E-	 3�! 3�!
8?, O'H ) �'�40'<*= �!�5 " �?*�1= .P4B'Q�7 �	�. -

��', �!�1= �<QH, �� .�'�40'<*=��', �* �!
�E4+2�-
A��', P4B'Q�7 A= 3= �!?0<�! "� �1="?N �

���\�?��=� �=-9 �'�4B'Q�7 " RB1 ��', 8"���* A= 3�!
 O'H ) �'�40'<*= " �'�4�-) O��, OH, ��A41,8??�= .���7

� �	�. 3=�=� �A�� �y�� ����<QH, ?0<�! �C��<� ".
SDQ��4!:SDQ��4! �! U��o �	�. 3=�=��<QH, ��=� �\�1 "

8�4)/�� 8-') " ��=�R
� 3= ?0<�! .���* �Dg= 3�!O'H )-
8?0!� ���7���1?D	 �R)�=4* �AV*4
WV$ ��')4'. �
�'D9
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��� �B1�+�C ��B*4* �3?+@�-', �;�'*-) ;=-
= �1�0, ���* " �1�0,�4D. �D2� 

)AV*4)�=(;A41 " ["?'$= " �
"4H�� �P4B'Q�7 A= �
�!
 8?0*=-$ " p* [�4�.?0<�!���* A= ��E-	 3�! ���7���. ;=4)

�4+� 8��,= 3RD	 3�!?'�*= " &*-
A ��
R'^"A40'D* ��
R'^"A 
)OH,s� �_(.R
� 8�4.��=��!�.X�+<N= ��'�. �. �4.-�

 �
-1 q
=R	=��� "�2'<� �� ;��A " �<�! O'H ) q
=R	=
��=� ?,� 3=-. -<+*�1�! ./01 &
=�H
�R� �� �! &
�l7 8�4)

=� �=-9�<, �� �3�!?
�A�. �+* �R�"-. " ����� �
=-@g
=�?�� " �;"?. ���* ��45-5� z\�, 3�!;4I �����5

���* �
 " �
-
�-*3�! [�H'D'140'�4�7 8�=4��\ ?0<�! �*&
=
�� ��45-5� �'@� �� G4'0'�4�7 -�0E �4B+* O'�� �. ?�=4) 

?,�..

,'+���*�
/01�!3�45-5����y0� 8"-9 ��-~= l4Q� 8�4)�!3"-.�5:

�
�4
<�"�=-5'<3�!�=?\� _4�<1� ��45-5��N��'�=3"
)�"�2��$���$�8?, "�E4+2� ��*�!�38?�A�1 ;7�!��
ON=-� ZD<�� �.�4L" 8?�7?�= .1�-.�,'+�\-.���* A=��!
3=-. A�1A�.3=-,
�H )'O;7�!�.'��?'Q� �1= .=-.3=
&
�4]0��,'+���*��!3.')4'��Q�7'�P4B ����5 "WV$
AV*4 
�1�-.?
�-5 )OH,�"�(.

OH,�Z�= (�=�4+� Fe/ (Fe+Mg) �. �B�� Aliv 3=-. ��)'p?0.3.')4'��!3-. �1�-. ��4� �C�0� *-) e�1='U,'+'��
]�v.[e�1=-. �*
;7 .')4'��!3�4L4� ��,'���!A=T4� 1'	"�?'D'<������<�
�4
��!A=T4� $454D	'<����SDQ��4!�!A=T4� �7'<�"��05=��$'S�!
1'	"�?'D'<�?0<�! .i(��=�4+ Aliv �B���.Ti 7 ;7 e�1=-. �*Q�'P4B �� �4L4� 05=��$'SR0F� 8-<�5 �� �!
4��<� �� " ?0DB��4!
�4
�A= �!

<*= T4�'�40'<��1=�|(�=�4+� �*Si �. �B�� Na+k ;7 �
�$ -. �* Q�='P4B �� �4L4� 05=��$'S�!��8-<�5 ?0DB��4! "����<�
�4
��!��
8-<�5 �4�-)'��=-9 ?��=� .[(+��=�4AlIV �. �B��Na+k ;7 �. �L4) �. �*7Q�'P4B�!��05=��$'S�!"��<�
�4
��!A=T4� ?0DB��4! ?0<�! .

}(�=�4+�Al+Fe3++3Ti �. �B��Na+K+2Ca ;7 e�1=-. �*P4B'Q�7S'05=��$ �� �+'�D* 3�!?��=� ?0DB��4!4
R'0� U'*-) �! .J(
��)'p?0.3WV$
AV*4�!3)-1 �E4+2�'67*-) e�1=-. ��.'U,'+'��
]�v[;7 �
�$ -. �**-)'UWV$
�!AV*43�4L4� ���!"-.�5�<� "
��<�
�4
��!A=T4� �"�=-.X
�"��05=��$'S�!A=T4� 7A?�
&�1= .
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?DLs�8��+, �����. ����v * �+', �-.��* &''() �� ������� /01 "�201�� 	��� . . .��� 

OH, ���)'p?0.3����5�!3�4L4� ������5,'��-.e�1= *-)'U,'+'��
]�s[�*� �� �=�4+)Z�= (.'-< 
&)R*-+ Uy9 ��&')����1= 
7 ";?��+� �=�4+� �� "i(.'-< 
&)R*-+ ����5 Uy9 �� �!�7�1= ;?��+ .� T4+2� ���;=4)�Q5 ����5 �* Uy9 �� �!7R*-+<� ;?��+� 8?,?�=.

.')4'�:Y
�<��
R2) �y���')4'. 3= P"?L �� �!)�(8?, �^=�=
�1= .4+� �. �L4) �. �=�Fe/ (Fe+Mg)- Aliv ]�n[�.')4'�-
3�! , �� �4L4�'���!1 T4� A='	"�?'D'����<� ��
�4
��!

$454D	 T4� A='��SDQ��4! ���7 T4� A= �!'�05=��$ �� "'S�!
1 T4� A='	"�?'D'<�?0<�! )OH,�Z�=(.U'*-) ["�Q)
�')4'. ["�Q) �. �L4) �. �!���� /01 /01 &
=O.�9 �!L4) �'
�1= .�')4'. 3�! " ��', �S'05=��$ U'*-) �. /01 �1

 SDQ��4! "���� /01 �� ��.41�8-<�5 �=-9 &!7 A= �0o
?��=� .�')4'. 3�!�.8�F<1�\ �')4'. �. ��
��� �� �.41� 3�!

�0o &!7 A= �&
�l7 �,-1 �.-)?0<�!._�=R5 e�1=-.
 ;=��H+! " ;�'*-)]��[�0
�A �'N�� �� R'�)��8�4) i40L
8A="�� 84* 3l4Q� (�*-< '. /01 �)�"�2� ��45-5� T4� A= �!

�')4'. U'*-) �?0<�! �� �!8-<�5 �'$454D	:�=?�� �. �'�7
 G4'0'�4�7��/�:�f/�%?��=� �=-9 .�')4'. T=4�= �� 3�! 8?�7-.

A= �'N�� ��45-5� 3�!?0
=-	�')4'. �. ��
��� �� 3= 3�!��0* 
8�4)�3l4Q� 3�! �0' ��LAl 3�2.Si �� [�4g -< '.�-'5 .
Q�7'P4B:P4B'Q�7 �
�'+', U'*-)'1 �* �!D[�H'8-'2�A 3�!-

�� =� �?0<�! �QE��� 3= P4�-	 �. ;=4) 
W0-1X2Y5O22(OH,F)28�F
�L �� �* �=� ;� �W;4
 �
�!

 ;4I Na+"K+�8�F
�L ��X;4
3�! Na+�Li+�Ca2+�
Mg2+�Fe2+"Mn2+ 8�F
�L�� �Y;4
 3�!Mg2+�Fe2+�
Mn2+�Fe3+�Al3+"Ti4+�� "Z;4
 3�!Al3+"Si4+�=-9
��?�-'5 .�� �D��* ��4
 �0' ��L &'. ?�=4)Ca ";4
 3�!

Mg �Fe2+ "Mn2+?,�. �<,=� �4L" .&'.Al "Fe3+&'. "
Ti ;4
 -F
� "3�!8�F
�L YR'� " �&'. Al �.Si ��8�F
�L -

!3�8-'2�A ��L"��I�� �� 3�"?@� �0' ��L ���5"� 3�! -
?!� .�^RL �0' ��L F"O3�L �.OH ��8�F
�L 3�!

�1= Y
=� R'� �D'�*"�?'! .P"?L ��nY
�<� �
R2)
�,A=�-$R
� P4B'Q�7. " �1= 8?, �^=�= ��y0� 3�!���7 e�1=- 

"�. �L4) �.a/�CaB>"�/�<(Na +K)A��=�4+��!3
��)'p?0.P4B'Q�7 3?
�-5 �^=�= �!)OH,3�! �} �) i.(-.

�=�4+� e�1=Aliv-Ti ]��[�7Q�'P4B �� �4L4�05=��$'S�!A=
T4� R0F�
4��<� �� " ?0DB��4!
�4
�<*= T4� A= �!'�40'<�8�4. 

)OH,�i("�
�$ -. �=�4+�Si-(Na+k) ]��[�7Q�'P4B 
�� �4L4�05=��$'S�!!?0DB��4 "����<�
�4
��!�4�-)'�

�1= )OH,�|.(p'��) �=�4+� ��P4B'Q�7 3?0. e�1= -. �!
Aliv-(Na+K) ]��[�7Q�'P4B�!�4L4� 3��05=��$'S�!"

��<�
�4
��!A=T4� ?0DB��4! ?0<�! )OH,�[.(P4B'Q�7 -
'�D* 3�!�+S'05=��$ �� �4L4� e�1=-. �!p'��) �=�4+�-

3?0.(Al+Fe3++2Ti)-(Na+K+2Ca) ]��[U'*-)
 ?0DB��4!4
R'0�?��=� )OH,�}.(

WV$
AV*4:���1?D	�!3D9'��
�
�'+', U'*-) 3=�=� -< '. 

�\=40H �) �.''-+*�?0<�!��!���1?D	 ��=3WV$
AV*4 �.

��* ;=40E��!3/01 �. �B�� A�17A4) ���
��) "''[=- 
8�-<�5-)3�?��= .P"?L s�<�
Y
R2) �,A=�-$R
� �

WV$
�!AV*4 ����y0� ��4� �1�-. =�;� � ��?!� ..e�1=-
�D�� �=�4+��Or-Ab-An ]�n[OH, ���J3=-.��)'p-

?0.3WV$
�!AV*4*-) �'U�!���1?D	31�-. ��4����
��<� " �!"-.�5�<�
�4
��!�"�=-.X T4� A=
�05=��$ �� "'SA= �!

A?�7 T4�
&�1=.
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��v �B1�+�C ��B*4* �3?+@�-', �;�'*-) ;=-
= �1�0, ���* " �1�0,�4D. �D2� 

P"?L �Y
�<� �y�� �
R2) 3=�')4'.3�! ��y0� ��A" ?g�� U�N -..
/01 ��', �H'� ����5 SDQ��4! S'05=��$ �
�4
��<� 
��4+� Km15(1-2) Km15(2-2) Kf 9 Kf16(1-2) Kf16(2-2) Kf17(1-2) 

�
�'	=-�L P4C(N) �a° b�ʹ �bʺ �a° b�ʹ �bʺ �a° b�ʹ �cʺ �a° b�ʹ n�ʺ �a° b�ʹ n�ʺ �a° bnʹ f�ʺ
�
�'	=-�L m-E(E) �c° �cʹ ��ʺ �c° �cʹ ��ʺ �c° �cʹ �bʺ �c° �cʹ �fʺ �c° �cʹ �fʺ �c° �cʹ ��ʺ

SiO2 ��/�� n�/�� �n/a� �f/�f fc/�� �/��
TiO2 �f/� �/� �/� c�/� n�/� bb/�
Al2O3 ��/nb �c/�� a�/�� �a/�� �f/�� n�/n�
FeO �f/�� f�/�� b�/�c an/n ��/nn �c/f
MgO nc/a an/b ��/a �c/a ��/� fc/c
MnO nf/� ��/� n/� a�/� b/� ��/�
CaO �/� �a/� � �c/� ��/�n f�/�
K2O �a/a c�/b �b/c ��/� ��/� f�/b
T4+2� af/��� �/�c cb/�c �f/�c ��/�c �b/�f

O ��/nn ��/nn ��/nn ��/nn ��/nn ��/nn
Si cb/a ���/b �c/b fn/� a�/a �b/b

AlIV n�/n �f/� f�/� �f/� ��/n f�/�
Fe+2 ��/� �n�/n f�/� ba/n �b/n ��/�
Ti ��/� �n/� ��/� �a/� ��/� �a/�

Mg �b/� �f/� ��/� �b/� ac/� �b/�
Mn �n/� ��/� �n/� �a/� �b/� ��/�
Ca �f/� �a/� � ��/� ba/� a�/�
K ��/� �a/� �b/� ��/� n�/� �f/�

Total �/�n �a/�n �c/�n ��/�n �b/�n nc/��
Fe+2

/(Fe+2+Mg) a�/� b�/� ba/� c�/� f/� �f/�

P"?L nY
�<� �y�� �
R2) 3=Q�7'P4B�!3��y0�.
/01 S'05=��$ �
�4
��<� 
��4+� Kf16(1-3) Kf16(2-3) Kf17(1-3) Kf17(2-2) 

�
�'	=-�L P4C(N) 

�
�'	=-�L m-E(E) 

�a° b�ʹ n�ʺ
�c° �cʹ �fʺ

�a° b�ʹ n�ʺ
�c° �cʹ �fʺ

�a° bnʹ f�ʺ
�c° �cʹ ��ʺ

�a° bnʹ f�ʺ
�c° �cʹ ��ʺ

SiO2 cn/�c a�/�b f�/ab �b/ab
TiO2 ca/� n�/� ��/� �c/�
Al2O3 a�/�� ca/c b�/a na/�
FeO a�/n� n�/n� �c/�� �n/�
MnO bb/� f�/� na/� n�/�
MgO ��/� f�/� ab/�n cn/�b
CaO ��/�� cc/�� fn/�n �f/�n
Na2O ��n/� ��/� ��/� ��/�
K2O fa/� ��/� n�/� ��/�
T4+2� �f/�c nn/�c c�/�f ��/�f

O ��/n� ��/n� ��/n� ��/n�
Si n�/c nb/c ��/f f�/c

AlIV cb/� c�/� ��/� ��/�
AlVI ��/� b�/� ��/� �n/�

C Fe+3 ��/� ��/� ��/� ��/�
C Ti �f/� ��/� �n/� ��/�

C Fe+2 cn/n �b/� n�/� ��/�
C Mn �f/� ��/� ��/� �n/�
C Mg ��/� f�/� bc/n �a/�
Ca(B) cf/� �c/� f�/� f�/�
K(A) �b/� nn/� ��/� ��/�
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?DLs�8��+, �����. ����v * �+', �-.��* &''() �� ������� /01 "�201�� 	��� . . .��s 

P"?L s�<�
Y�y�� �
R2) 3=WV$
�!AV*43��y0� ��4� �1�-. �
�'D9 3�!���1?D	 
/01 S'05=��$ �
�4
��<� "-.�5�<� 

Sample No. Kf16(1-1) Kf16(1-2) Kf17(1-1) Kf17(2-1) Km8(2-1) Km8(3-2) 
�
�'	=-QL P4C(N) 

�
�'	=-�L m-E(E) 

�a° b�ʹ n�ʺ
�c° �cʹ �fʺ

�a° b�ʹ n�ʺ
�c° �cʹ �fʺ

�a° bnʹ f�ʺ
�c° �cʹ ��ʺ

�a° bnʹ f�ʺ
�c° �cʹ ��ʺ

�a° b�ʹ ��ʺ
�c° �cʹ a�ʺ

�a° b�ʹ ��ʺ
�c° �cʹ a�ʺ

SiO2 �a/bn  ��/bn  ��/ac  c�/af  n�/cb  nc/cc  

Al2O3 �c/na  n�/n�  �n/na  ��/n�  �f/� ��/�
FeO b�/� n�/� cc/� ��/� ��/� ��/�
TiO2 ��/� �c/� �c/� �a/� �a/� �b/�
CaO �c/c a�/c n�/��  �n/��  fb/f f�/f
Na2O f�/��  fc/� �b/b n�/b ��/a n�/a
K2O na/� n�/� cc/� ff/� �c/� ��/�
T4+2� ��/��b  n�/���  f�/���  ca/���  ab/��  �c/��  

O ��/f ��/f ��/f ��/f ��/f ��/f
Ab% c�/af  ��/ab  ��/�a  f�/��  n�/�a  ��/�b  

An% ��/��  f�/�n  f�/b�  ��/b�  n�/bn  ��/b�  

Or% ��/� n�/� n�/� f�/� b�/n ��/�

����5:����5 ��4� ��y0� 3�!�1�-.��4+� �� ��. �<1�
-'	�4$ [�4g�<QH, 3&,"� R�-9 /�� �. �
�! 8-') �)

?0<�! .���7 "� �. A=T4� OH,�. " �=��� p'��) OH," ?�4,
 �,�� �) �14<� ��=� �
�!�4D. O��,?0<�! .��P"?L �

�<�
Y_A=�-$R
��"-<H�=��4D.�!3����5 ��y0� 8��"7 8?, 
�1= �*p1� �. " ;7 e�1=-. �=�4+��!3)`'HQ ����5�!

z� � �-5
?�*���� ��OH,�Z�=.'-<  ��Uy9 
" &')����1= OH, �� " ;?��+�7�i��Uy9 ;?��+�7 R*-+) 

�=��?.-.�
�$ �<�
Y�*-)'U����5�!3�4L4� ����y0� 
;?��+�7 �1=.

�@. 
�201��� 

P��() �� 	 " ��� �B1�@�e�1=-. =� �H'��0
�4�-) 3�!-'�<�
"��� :�201�� 	 "��?0
45 "/01 p�� >=?!= A= �1�0,

�45-5� ���� ��"7-. "���<\= �. �
 /01 O'� ) �� 	"&'�A
 �201�� 	���/01"�1= .�0'�A &
= ���[�'.-2)

B1�@� �;=?0+ �=� �!�F 
��A7�P?� "�H'��0
�4�-) 3A�1
 e�1=-.Y
�<� �y�� �
R2)3=���*_A=�-$R
� _"� �. �! 
��"-<H�= /01 �� 	 " ��� �
=-, -<�. p�	 �. �!�C

3�!?0
7-	&'�A�1= 8�4+� 3-~�� `+* �1�0, .q0*="3�! 
e��N " ��� -''�) �. �* 3=�=�S∆"H∆��R. "V∆
" �I4� ��'�. U', �� 	 A= O�<�� �B
-�) �
 " O��� �4y.

�=�4+� -. 3��
AP-T  ?��=� .O.��� ���q0�="
�!�;=40E �. ��
�� 	 8��Q<1= Y01��?�4,�e��N �� 	 -''�) �. 8�4.�0(
 
3=�=�V∆��R. �S∆"H∆-. �+� ��'�. U', " �I4�

 �=�4+�P-T ?0<�!.
�201��� �.8��Q<1= `) A=���* .')4'�:A= �201��� _"� &
= ��

8�=��y�� �
R2) 3�!/01 ��4+� �� �')4'. 3= :�SDQ��4! 3�!
?, 8��Q<1= �
�4
��<� " S'05=��$ ���', ����5 .��<\�1

+'�<�� ��B)�= �')4'.��=� ��� �. �.��� �e�1= &
= -. Y01
 �
�$ -. �')4'.Ti "Mg �� 	 �� ���* &
= ��<\�1 �� �4L4�

b:� 4D'*8?, �^=�= ��. ?�=]�u��� [�y.=� A= 8��Q<1= �. ��� �*
8A=?�= -
A�� 3-'5�4, :

T= {[ln (Ti) – a –c (XMg) 3]/b} 0.333 )�(
a= -2.3594, b= 4.6482E-09, c= -1.7283 

��y.=� &
= ��T�=?�� �
�$-. �* �1���Ti "XMg ���*
 �.�~ U
=-� " �')4'.a�b"c�� �B1�@� ��-5)P"?L�.(

�')4'. 3�!�4D. �+', �
R2) Y
�<� �. �L4) �. " e�1= &
= -.
)P"?L�(�')4'. �" S'05=��$ ���', �� �4L4� 3�!

�'� 3=�=� U')-) �. SDQ��4! &'F� �
����s� �b�� "b�c 
�<��1 �L���')4'. " �=-5�� �4L4� 3�! 3=�=� �
�4
��<�

 3���ab� �L���<��1?0<�! �=-5.�201��� Y
�<� &'0d+!
 �=?�� A= 8��Q<1= �.Ti �. �B�� Mg/(Mg+Fe) &
= 3=-.

/01 �� �! OH,�Z�=�1= 8?, -
4�) 8�=� ;� �.
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��� �B1�+�C ��B*4* �3?+@�-', �;�'*-) ;=-
= �1�0, ���* " �1�0,�4D. �D2� 

P"?L �Y
�<� �y�� �
R2) 3=����5�!3��y0�.
/01 ��',�H'� ����5
��4+� Km15(1-1) Km15(2-1) 

�
�'	=-�L P4C(N) 
�
�'	=-�L m-E(E) 

�a° b�ʹ �bʺ
�c° �cʹ ��ʺ

�a° b�ʹ �bʺ
�c° �cʹ ��ʺ

SiO2 cc/�c �a/�c
TiO2 �c/� ��/�
Al2O3 c�/�c f�/�b
Cr2O3 �a/� ��/�
FeO bn/�� �n/��
MnO �n/� nf/�
MgO �f/� f�/�
CaO ��/� n�/�
Na2O ��/� ��/�
K2O ��/� ��/�
T4+2� ��/�b ca/��

O ��/�n ��/�n
Si ��/n ��/n
Ti �n/� ��/�
Al �a/� nf/�
Cr �n/� ��/�
Fe fn/� ��/�
Mn �b/� �f/�
Mg ��/� �f/�
Ca ��/� �f/�

T4+2� ��/b �a/b
Py% ��/f b�/c

Alm% ��/f� ��/f�
Gro% ��/� ��/�
Sp% n�/c b�/c

P"?LaY
�<� �201����.8��Q<1= A=���* �')4'. 3=-. /013�! ��45-5�)-1'6��.7.
/01 ��', �H'� ����5 S0'5=��$ SDQ��4! �
�4
��<� 

��4+� 8��+, Km15(1.2) Km15(2.2) Kf16(1.2) Kf16(2.2) Kf9 Kf17(1.2) 

Xmg �a/� �b/� nb/� ��/� ��/� b�/�
Ti ��/� �n/� �a/� ��/� ��/� �a/�

T(°C) �bf ��� bb� b�c b�c ab�

OH, �Z�= (�<�
Y�=�4+� e�1=-. �201��� Ti �. �B�� Mg/Mg+ Fe =-.3/01�!3�45-5����y0� ]��.[i(/01 �HB,/01 �
=A 3�!
6')-1 ��y0� �� �1�-. ��4�8"-9 �� ��.7 .8���\� 8-<�545-5� 3�! �L-� A= ��]�t[�Ky=Sil �Ky=And "Sil=And �L-� A=]��[�

Ms+qz=kfs+Als+V "Ms+Bt+Qtz+V=Als+L �L-� A=]v�[�Bt+Pl+Als+Qz=Grt+kfs+L  �L-� A=]v�["Pg+Qz=Ky+Ab A=
�L-�]vv[8?, �<	-5-.?�=.
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?DLs�8��+, �����. ����v * �+', �-.��* &''() �� ������� /01 "�201�� 	��� . . .��� 

�201��� .e�1=- q0*="�!3���B)�J"A ���*�!3����5 :.')4'�:
! &'. A= �+ &'�AY01��� ��!Y01��� ����5 ����B):�')4'.
P"=?<� &
-)�1=/01 3=-. =-
A �3�!��'�. Z'C �*
8�-<�53=L�� A=�3�! �� q,4$ =� ��45-5� �-.��* �?0!�
��=� .�
A4)Mg "Fe �1��� �.�) �')4'. " ����5 &'.]vs.[

�* �2�7 A= P��B) �C �+2N [=-''�)��'�. -]� ��4� 3�! p*
q0*=" ��1= ��
A �B�� �. �$"-<�7 [=-''�) "�) ����B) 3�!

 ?N��'�. �� 	 A= O�<�� 38�4. ;=40E �. 8��Q<1= 3=-. "
?0<�! U1�0� Y01���]v�.[��4')�* P��B)Fe-Mg &'.

�'$454D	:;?��+�7 " �'�7 :[�4g �. |"-'$-
A �1=.
Mg3Al2Si3O12 + KFe3AlSi3O10(OH)2 = Fe3Al2Si3O12

+ KMg3AlSi3O10(OH)2 )n(
��4')�* P��B) Y01���Fe-Mg �. �')4'. " ����5 &'.

 A= 8��Q<1=�201=" ZD<�� 3�!]v�[/01 3=-. ����5
 ��* �. �<�', �<	��1= .� &
-)X�. �. ����5�=?� Mg "

� &
-)X�. �. �')4'.�=?� Ti 3=-. &<	�
 ��45-5� J"= �
=-,
�� 8��Q<1=?�4, .;?'1� " ��4')�* �
-1 �� <�= �H0
= m-	 �.

 &'. P��() ���N �.�B� [�4g �0'�A " ���* ��A= ��-'5 q�.
�B���� 3=-. �')4'. " ����5 3=?, 8��Q<1= �201 .U'*-)�B� 

&''() 3=-. ����5 �0' '.�� ��* �. �� 	 " ����"� .-.�
�$ 
�������5 ����B) Y01 :��', ����5 3��� &'F��'� ��')4'. -

6')-1 3�! A= 8��Q<1= �. ��.7�201=" �"?N ZD<�� 3�!��� 
"�f� �<��1 �L�� ?, �B1�@� �=-5)P"?Lb.(

���–�')4'. ���* `) A= 8��Q<1= �. ��45-5� �DN-� �201�� 	
M1 : ����5 �201��� &'�A �.–?0DB��4!]v�[e�1=-. "

�L-� _"�]vu[�� 	 " ��� �ab� �<��1 �L�� " �=-5
a/�±na/b��.4D'* ?�?, ��"7-. .Y01��� A= 8��Q<1= �. &'0d+!

 ����5–?0DB��4!]v�[��� ":Y01�� 	����5 3�!:
AV*4
WV$:�
4H14�:����5 " �')4'. :AV*4
WV$:�
4H14� :

R)�=4*]vt[�� 	 " ���aa� �<��1 �L��=-5�"�±a��.4D'*
?, &''() .Y01��� �
�$ -. �&
= -. ;"R	=����5 3�!:?0DB��4!

]v�[����5 ":&�*"-'$40'D*]v�[����5 Y01�� 	 ":
AV*4
WV$:&�*"-'$4)�=:R)�=4*]s�[����() p<�'1 "
����5 :AV*4
WV$:&�*"-'$40'D*:R)�=4*]s�[�� 	 " ��� �
bna �<��1 �L�� " �=-5a/�±na/a?�?�7 �1� �. ��.4D'* .��

��� &'F��'� ��2'<�:��45-5� P"= �DN-� 3=-. �� 	��/acf 
�<��1 �L�� �=-5"�b/a&''() ��.4D'*?,.

P"?L b8�=�3�! �201���)-.U�N �L�� �<��1�=-5(.8?�7- ����5 ��4')�* P��B) A=:�')4'.�����5�',�H'���!3�E4+2� )-1'6��.7 �.
Q<1=8�� A=�201="3�! ZD<�� ���� 	Kbar  t/s.

�201=" 
��',�H'� ����5 

KM15(1.1) KM15(2.1) 

Ln Kd ( Gt - Bi) �f�/n f�/�
]v�[ �/��c  b/aaf  

]sv[ �/�bf  a/a��  
]sv[ ann a/���  

]ss[ ��f aan 
]s�[ b/a��  �/aac  

]s�[ b/�fn  a/aab  
]s�[ n/an�  �/b�n  

]su[ b/a��  �/afc  

]su[ b/a��  n/aac  

]su[ a/a��  aab 
]st[ ��a b/afn  
]st[ b/�ff  n/aca  

]s�[ n/ann  ab� 
]��[ �/��f  n/a��  

]��[ a/�bc  n/ab�  

]��[ b/a��  �/b�b  

]�v[ n/ncb  ac� 

]�s[ n/�aa  b/a�f  

]�s[ �/�c�  c/a�n  

&'F��'�)�<��1 �L�� U�N-.�=-5( a/�ca �/aaa
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��� �B1�+�C ��B*4* �3?+@�-', �;�'*-) ;=-
= �1�0, ���* " �1�0,�4D. �D2� 

���:5� �DN-� �201�� 	 �')4'. ���* `) A= 8��Q<1= �. ��45-M2:
.�
�$- ;4')�* " 8?, 8��Q<1= 3�!�=R	= G-� �L"-\ �L"-\ 3�!

 �DN-� �� �y\ �201=" A= G"� R'��. ��45-5� �201���
����5 :?0DB��4!]v�[��� "�201�� 	 _"� �. �L-� ]vu[�
3���b�� �<��1 �L�� �� 	 " �=-5a/�±a/a��.4D'* ��"7-.
?, .�&
= -. ;"R	=����5 Y01��� &'�A A= 8��Q<1= �. :?0DB��4! 

]v�[p<�'1[�H'D'140'�4�7 3�!���� "�� 	an� �L��
�<��1" �=-5 a/�±ca/�?, z� � ��.4D'*?�.&
= �2'<� ��

 �� 	 " ��� &'F��'� ��45-5� A= �DN-�aba �<��1 �L�� " �=-5
b/���.4D'*��=� .

��� O* &'F��'� : 	���E4+2� 6')-1 ��y0� ��45-5�
8���\� 3�!�=�4+� �. �L4) �. ��.7 ��45-5� 3�!)OH,�i(�

A= =� �)=-''�)8-<�5 �DN-� �� �'�4B'Q�7 M1 �y1 �.
 ;�+! �� �� 	 A= 3-<+*8-<�5 �. �'�4B'Q�7[�4g �-F<E�1

 �DN-� ��M2 �� �B~?0* .

�0�$�!3�45-5��
�0�$�!3�45-5����<�D$�'��!
�0�$�')4'.:/01 �� �')4'. �4�� �. 3�!�1� �8?, ;45-5�

 �0�$�� z� � �')4'.�4, .8?+E/01 &
-) &
= 3�! �0�$ 
��',�H'� �!?0<�! .���* �R)�=4* A= ?0)��BE ;7 z\�, 3�!

���* " �
-D*�AV*4
WV$ �AV*4)�= ��
"4H�� ��')4'. 3�!
�?* .&'
�$ �E4+2� &
=�� &
-)/01 �� ��45-5� �L 3�!

��y0� �<'D$�<� ��4� 3�1�-. �� ;� � =�?!� .O'H ) 3=-.
q0*=" �')4'.�1= 8?, ���0 '$ 3�?(<� 3�! .&'<��� O��
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�. ����5?;7 U'*-) �. �B��

?,�. e��N ��'�. .q
=?'$ S$ �&'<�� A= �0o ����5
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/Mg  
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p* �1= /01 �� p
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�<1=��S'05=��$ /01 R'� �!���� 3A4*�7�<,=� ?��=)OH�, u
i " Z�=.(
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�c°�cʹ�fʺ

�a°b�ʹ36ʺ
�c°�cʹ��ʺ

SiO2 fn/c� ��/ac ac/cb nf/a� ��/bn ��/a� �b/b� aa/�� bb/a�
Al2O3 �c/�� �/�b u�/v� us/v� su/�� �/�� ��/�� f�/� �a/�b
Fe2O3 cb/n af/� ��/� ��/� ��/� ��/u ��/a ��/�� �a/nn
CaO �f/� �n/a t/� ��/� ��/v �t/u af/� c/a f�/�
Na2O c/n aa/a sv/s uv/� �/s vs/s �f/� �f/� f�/�
K2O uu/� ��/� t�/� t�/� su/� vs/s ��/� �f/� a�/n
MgO u/� v/� �s/� t�/v �t/� �/� b�/n �b/n� ��/n
TiO2 s�/� t�/� �/� s/� ��/� �t/� cb/� �n/� �b/�
MnO ��/� �v/� ��/� �v/� ��/� �s/� ��/� n�/� nn/�
BaO ��/� ��/� ��/� �t/� �u/� �u/� ��/� ��/� ��/�

Cr2O3 ��/� �t/� ��/� �s/� �v/� �v/� �n/� ��/� �n/�
P2O5 �c/� �t/� �s/� ��/� ��/� �v/� ��/� n/� �a/�
SrO �n/� �n/� �n/� �n/� �n/� �n/� �n/� �n/� �n/�
LOI ��/� ��/� cn/� ac/n ��/� ac/n �c/n bc/a na/n
T4+2� �a/�� c�/�� fb/�� ��/�f �a/�f ��/�f �a/�� �c/�f ��/���
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/01 8#
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A΄KF �-
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A �.="� e�1= -.
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m
-E

�a°b�ʹ�bʺ
�c°�cʹ�cʺ

�a°b�ʹn�ʺ
�c°�cʹ�fʺ

�a°b�ʹ��ʺ
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�a°b�ʹ�cʺ
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�a°b�ʹ36ʺ
�c°�cʹ��ʺ

A �/�� ��/�� ��/ut ��/�� ��/�s s�/�� u�/�s ��/s� ��/�t
C ��/� ��/�s t�/�� ��/� ��/�� ��/�t v�/�v v�/t u�/�
F ��/v� ��/s� ��/�� s�/sv ��/s� t�/s� ��/ss ��/�� ��/��
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�. �3A4*�7
��',SDQ��4! " �D', =� �! =� �!���=� 8-') /01 �1��.
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