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%'�-.�>)�*��F*(*6 = (�
'K6'� 
l> +&�.��#; +6�:! ��W6.(	*�='/6'�
�

#�� �+]][Q1A6 �A�L(!*A:���AJ ��A?��\ LXFe ��.AJ ]/_
1G � �.1:��*,1A6 0�P�A! ���A	 �� *-�-� 0L�#; 
#A
� ��A+ 

-C	-
#c %- ���	 u
% u1;-� O
E1*WA6- #)�*1*A6#� (�'< A* .
���'7 :

�#;
#
�=bC<�-'; +5W6- *E1)6#���*�(

BC�Ig�- (+*<'*�)Bio(6 �*(*��F*�)Sil(�*6�:! 9�W6.(	 �)KF ( C<�-'X �)Qrt (9�'N �+��L�A$#+ �-'A� -L)PPL (l �((;*!'1*0�A;�#
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.(2 ���"��F7 k�C*
�!�k�� Q16�F*7 ��6�17��� 0*�% � ���; �'?��#+ �e16���	&3��� L��. . .��i

���J �
	� �� ��K� ���������������  �$!���� $�� �
����������# 
{�AA��L��AA
% �� uAA�+��AA1X L�:�AA� �L.AA1(?��'� C?AA6 

)o�.2S(��/*�)o�.25(�%|X'
�|!)o�.2^(�+�
%.A�>
 3�+C*� �:*6-� 0�X�#*!'1*(X �)o�.2d(�:�+-�.�- �"��A1; �

L�� C?6 )o�.2b(��:�� .1(?��'� L- "'�D L��)o�.A2a(

�%|X'
�|!)o�.2`(�:�+-� �A+ &'A?��#+ :*�'A?*=�> �C*��A�> 
".7.�-.L�� u�+ ��1XL�:�� �L0�X�#*!'<�- )o�.2](�

.1(?��'�)o�.2�(�%|X'A
�|!)o�.A2S_(���A/*)o�.A2
SS(3��� � �
%.�> 0�X�#*! ��'A6�#$ ��*�':6��)o�.A2
S5 (��W6.(	 �)o�.A2S^(&'A?��#+ z(=��'A� ��A:*(! ��'A� 

:	#$ �-#D C*���>.1.

L�!KD"�-� ��L�h�� C*���> =�> L-*%.�> �� o'?
6-� �*:�.
�h�� HblS Hbl5 Hbl^ Hbld Hblb Hbla
8D'�*� "��1; �:�� �:�� ��1;" �*��� "��1; 

SiO2 S�/dd bb/d^ da/da `_/db �b/da `b/da 
TiO2 Sd/5 b_/5 dS/S ^a/S ^d/S ^5/S
Al2O3 5]/SS `^/SS 5d/� ^]/S_ ^d/] S5/]
Fe2O3 _�/d S]/d �]/d ^`/d `d/5 ^5/^
FeO `d/� 5^/S_ _d/a ��/` b`/SS S]/SS 
MnO S�/_ S�/_ S�/_ ^`/_ da/_ d�/_
MgO 5b/S^ ]^/S5 d^/Sa ]d/Sd b5/S^ ad/S^ 
CaO `]/S_ b]/S_ ``/S_ ]5/S_ S`/SS _^/SS 
Na2O S_/5 ^b/5 S5/5 5b/5 Sd/5 _b/5
K2O d5/_ db/_ d]/_ bd/_ db/_ b_/_
Total S`/�a a_/�] S^/�] a5/�] a�/�] ^�/�] 

L�!KE"�-� ��L�h�� C*���> � L-*%.�> �� �/
6-� �*:�.
�h�� BiotS Biot5 Biot^ Biotd Biotb
8D'�*� �:�� "��1; �*��� �:�� �*��� 

SiO2 ^]/^] dd/^] b5/^` d^/^` _d/^] 
TiO2 ]]/^ `5/^ `b/^ a_/^ `]/^
Al2O3 5`/Sd d]/Sd ]d/S^ b^/Sd a]/S^ 
FeO ]a/S^ ba/S^ a^/Sd d`/Sd �_/S5 
MnO S_/_ _]/_ Sd/_ S5/_ S^/_
MgO ]a/Sb _`/Sa d^/Sb d�/Sb aS/Sa 
CaO __/_ __/_ _^/_ __/_ S5/_
Na2O d5/_ ^�/_ d�/_ d^/_ 5]/_
K2O Sb/� __/� d]/] __/� d5/]
Total �S/�b `d/�b ^5/�d _]/�b �b/�^ 

L�!KG"�-���L�h�� C*���> �|! L-
%.�> �� %|;'
6-� �*:�.
�h�� PlgS Plg5 Plg^ Plgd Plgb Plga Pla` Plg] Plg� PlgS_ 
8D'�*� "��1; �*��� �*��� �*��� �:�� "��1; �*��� �*��� �*��� �:�� 

SiO2 5b/ab 5^/ad S5/ab d`/a^ aa/ad ^`/a^ ^b/ab 5�/ab S^/ad 5`/a^ 
TiO2 _S/_ _S/_ _S/_ _5/_ _S/_ _^/_ __/_ __/_ __/_ _5/_
Al2O3 5]/5^ d`/5^ ^b/5^ S]/5d 5`/5^ b�/5^ �]/55 `a/55 ^_/5^ d�/5^ 
FeO 5_/_ SS/_ S_/_ SS/_ S5/_ 55/_ S^/_ S^/_ S5/_ S^/_
MnO _S/_ __/_ __/_ __/_ __/_ __/_ __/_ __/_ __/_ __/_
MgO _S/_ __/_ __/_ __/_ __/_ __/_ _S/_ _S/_ _S/_ _S/_
CaO 5`/d ]S/d b5/d a5/b b`/d S]/b 55/d �^/^ aa/d Sa/b
Na2O b`/` d_/` ba/` ^_/` `b/` db/` ]S/` �b/` `b/` S5/`
K2O a^/_ a�/_ `b/_ da/_ bd/_ bS/_ `S/_ `b/_ a5/_ bb/_
Total 5^/S_S `^/S__ dS/S_S Sa/S_S �5/S__ ^b/S__ 5S/S_S ]5/S__ b�/S__ `b/S__ 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
25

-0
6-

29
 ]

 

                             5 / 14

http://ijcm.ir/article-1-364-fa.html


g6'
"C?6 �"�-% �P3-#
- �6�17 ���; � �6�17�'(+ �(e� ���

 L�!KI"�-� ��L���> *�h�� C-L(;*!'1*! &'?��#+ �� 0�;�#*=�> 0�;�#*�'?*:�.
�h�� CpxS Cpx5 Cpx^ Cpxd Cpxb Cpxa Cpx` Cpx] Cpx� CpxS_ CpxSS CpxS5 CpxS^ CpxSd
8D'�*� "��1; �:�� �*��� "��1; �*��� "��1; �:�� �:�� �*��� �:�� �*��� �*��� �*��� �*��� 

SiO2 b5/bS �a/bS ^�/bS `]/b^ a�/b^ ]_/bS �a/b5 SS/b^ SS/bS ��/bS `�/b5 da/bS a^/bS a5/bS 
TiO2 5a/_ 5d/_ 5�/_ _]/_ SS/_ 55/_ _]/_ S_/_ 5S/_ ^S/_ S5/_ 5d/_ 5�/_ 5S/_
Al2O3 _`/^ �^/5 __/^ b`/S `]/S ba/5 ]^/S �d/S Sd/^ b^/^ _�/5 ]5/5 5]/^ a`/5
Cr2O3 __/_ __/_ __/_ __/_ __/_ __/_ _S/_ _5/_ __/_ __/_ __/_ _5/_ __/_ __/_
Fe2O3 a�/5 �`/S ``/S ]_/_ _^/S d`/5 ]]/S `^/S ^b/^ ]_/S �5/S S�/^ Sb/5 �S/5
FeO �b/b `5/a ^5/] `a/a d^/a ``/a ]d/b ^a/a d^/a `a/a a_/a ^b/b d`/a dd/b
MnO ^^/_ ^5/_ ^d/_ 5]/_ ^_/_ ^S/_ ^5/_ ^S/_ ^d/_ 5�/_ ^5/_ ^S/_ ^^/_ ^^/_
MgO ^]/S5 5b/S5 a`/SS 5]/S^ 5d/S^ 55/S5 5d/S^ SS/S^ �5/SS _a/S5 aS/S5 b`/S5 S�/S5 d�/S5 
CaO d5/5^ dd/5^ ]S/55 �d/5^ �5/5^ da/5^ ]d/5^ `_/5^ SS/5^ ^b/5^ aa/5^ b]/5^ 5a/5^ aS/5^ 
Na2O `b/_ `d/_ ab/_ ad/_ `S/_ a�/_ a`/_ a�/_ `�/_ ]a/_ `a/_ `b/_ `�/_ `]/_
K2O __/_ __/_ __/_ __/_ __/_ __/_ __/_ __/_ __/_ __/_ __/_ __/_ __/_ __/_
Total ^`/S__ b]/S__ 5d/S__ S^/S_S 55/S_S b_/S__ ab/S__ _a/S__ d_/S__ �b/S__ ]]/S__ 5]/S__ ^�/S__ _`/S__

L�!KM"�-���L���> *�h�� C-L! &'?��#+ �� C?6 .1(?��'� *=�> 0�;�#*�'?*:�.
�h�� Hbl] HblS5 HblS^ HblSa Hbl5_ Hbl5S 
8D'�*� C?6 .1(?��'�)"��1;( C?6 .1(?��'�)�*���( C?6 .1(?��'�)"��1;( C?6 .1(?��'�)"��1;( C?6 .1(?��'�)"��1;( C?6 .1(?��'�)"��1;(

SiO2 bd/dd a^/dd 5`/dd ��/dd SS/db 5�/db 
TiO2 a_/_ `�/_ a`/_ a^/_ bb/_ a]/_
Al2O3 _^/SS b]/S_ d5/SS bd/S_ 5]/S_ �S/�
Cr2O3 _5/_ _S/_ _S/_ _5/_ _a/_ __/_
Fe2O3 b^/5 bd/^ a`/^ �5/^ 5�/5 aa/5
FeO �5/SS 5`/SS aa/SS d�/S_ `5/SS aa/SS 
MnO 5�/_ 5]/_ 5`/_ ^_/_ 5a/_ 5�/_
MgO S`/S5 ��/SS ]b/SS d`/S5 ^�/S5 d`/S5 
CaO S_/S5 ]d/SS _a/S5 �`/SS _d/S5 S^/S5 
Na2O S`/5 `b/S _5/5 ]_/S �`/S ]]/S
K2O b]/_ a]/_ aa/_ d]/_ b^/_ dd/_
Total �d/�` ^b/�` ba/�] aS/�` 5_/�` dS/�` 

L�!KN"�-���L���> *�h�� C-L"'�D .1(?��'� -L! &'?��#+ �� *=�> 0�;�#*�'?*:�.
�h�� Hbl` Hbl� HblS_ HblSS Hbl55 Hbl5^ HblSd HblSb HblS` 

8D'�*� �:�� 
"'�D-L

�:��
"'�D-L

�:��
"'�D-L

�:��
"'�D-L

�:��
"'�D-L

�:��
"'�D-L

�:�� 
"'�D-L

�:��
"'�D-L

�:�� 
�D"'-L

SiO2 dd/^d d5/db �`/dd ``/dd `_/d5 `S/dd _5/db d]/dd ]_/db 
TiO2 a�/_ bd/_ bb/_ a`/_ `]/_ a_/_ ab/_ a`/_ ]_/_
Al2O3 �`/SS 5a/S_ 5�/S_ ^d/S_ ]�/SS bd/S_ `b/S_ __/SS Sa/S_ 
Cr2O3 _d/_ _S/_ __/_ _S/_ _S/_ _S/_ _S/_ __/_ _S5/_
Fe2O3 ^^/d _b/^ ]a/5 _b/^ ba/^ bb/^ 5`/5 d�/5 �a/5
FeO S^/SS S`/SS 5�/SS dS/SS aS/SS SS/SS _5/S5 _b/S5 5`/SS 
MnO 5`/_ 5b/_ 5]/_ 5`/_ 5�/_ 5a/_ 5`/_ 5`/_ ^_/_
MgO bd/SS b^/S5 b5/S5 5a/S5 ^]/SS 5]/S5 5b/S5 �`/SS ^`/S5 
CaO _5/S5 S]/S5 _�/S5 _]/S5 _S/S5 _^/S5 S_/S5 _]/S5 __/S5 
Na2O ]`/S a�/S �^/S ]S/S �`/S ]a/S _S/5 __/5 `]/S
K2O ad/_ b5/_ bb/_ bS/_ a]/_ ba/_ ad/_ aS/_ ^_/_
Total �^/�` a5/�` ^5/�` S`/�` ]`/�a b_/�` ��/�` a5/�` ]b/�` 
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.(2 ���"��F7 k�C*
�!�k�� Q16�F*7 ��6�17��� 0*�% � ���; �'?��#+ �e16���	&3��� L��. . .��p

L�!K 9*�*N"�-���L���> *�h�� C-L"'�D .1(?��'� -L"��1; ���L! &'?��#+ �� 3> C?6 *=�> 0�;�#*�'?*:�.
�h�� HblS] HblS� Hbl8 HblS5 HblS^ HblSa Hbl5_ Hbl5S 
8D'�*� - "'�D �:��L - "'�D �:��L C?6 "��1; �*C?6 ��� C?6 "��1; C?6 "��1; C?6 "��1; C?6 "��1; 

SiO2 a5/dd aa/dd bd/dd a^/dd 5`/dd ��/dd SS/db 5�/db 
TiO2 aS/_ `S/_ a_/_ `�/_ a`/_ a^/_ bb/_ a]/_
Al2O3 ^�/SS `d/S_ _^/SS b]/S_ d5/SS bd/S_ 5]/S_ �S/�
Cr2O3 S5/_ _b/_ _5/_ _S/_ _S/_ _5/_ _a/_ __/_
Fe2O3 a5/5 �`/5 b^/5 bd/^ a`/^ �5/^ 5�/5 aa/5
FeO ]^/SS a^/SS �5/SS 5`/SS aa/SS d�/S_ `5/SS aa/SS 
MnO 5`/_ 5]/_ 5�/_ 5]/_ 5`/_ ^_/_ 5a/_ 5�/_
MgO �_/SS S_/S5 S`/S5 ��/SS ]b/SS d`/S5 ^�/S5 d`/S5 
CaO _a/S5 _b/S5 S_/S5 ]d/SS _a/S5 �`/SS _d/S5 S^/S5 
Na2O �^/S �`/S S`/5 `b/S _5/5 ]_/S �`/S ]]/S
K2O ad/_ d`/_ b]/_ a]/_ aa/_ d]/_ b^/_ dd/_
Total ��/�` aS/�` �d/�` ^b/�` ba/�] aS/�` 5_/�` dS/�` 

L�!KO"�-� ��L���> *�h�� C-L�|! 
! &'?��#+ �� %|;'*=�> 0�;�#*�'?*:�.
�h�� PlagSS PlagS5 PlagS^ PlagSd PlagSb PlagSa PlagS` PlagS] QtzS
8D'�*� "��1; �:�� �:�� "��1; �:�� �:�� �*��� �:�� �:�� 

SiO2 ]5/b� S`/b` b�/b` da/a_ `5/ba _S/b` S_/b� ^_/ba S]/b` 
TiO2 _5/_ _S/_ __/_ _S/_ __/_ __/_ _5/_ _S/_ _5/_
Al2O3 ]`/5d ]S/5a ]b/5b aa/5d _b/5` dS/5` ^�/5b ^^/5` SS/5a 
FeO SS/_ _�/_ S5/_ _�/_ _b/_ _a/_ S_/_ _]/_ _`/_
MnO __/_ __/_ __/_ __/_ __/_ __/_ __/_ __/_ _5/_
MgO __/_ _^/_ _S/_ _S/_ __/_ _S/_ __/_ __/_ _S/_
CaO _^/` aS/� �a/] ]5/a _�/S_ __/S_ �d/` 5S/S_ a^/]
Na2O `S/a d�/b _b/a _S/` dd/b b_/b d5/a d`/b 5a/a
K2O bS/_ ^_/_ ^^/_ d_/_ S]/_ 5S/_ ^^/_ 5b/_ ^5/_
Total _a/�� d�/�� �_/�] db/�� bd/�� 5_/S__ ^_/�� ab/�� b�/�] 

L�!K 9*�*O"�-���L���> *�h�� C-L�|! 
! &'?��#+ �� %|;'*=�> 0�;�#*�'?*:�.
�h�� Qtz5 PlagS� Plag5_ Plag5S Plag5^ Plag5d Plag5b Plag5a 
8D'�*� "��1; �*��� "��1; "��1; �*��� �*��� �:�� "��1; 

SiO2 a]/ba d]/bd S5/bb b�/b` 55/b] ^_/b� ^S/bb bb/b` 
TiO2 _S/_ __/_ __/_ _S/_ __/_ _S/_ __/_ __/_
Al2O3 db/5a Sd/5] aS/5` ]5/5a S5/5a 5b/5a `�/5` �b/5a 
FeO _b/_ _`/_ SS/_ S]/_ _�/_ S^/_ _�/_ _�/_
MnO __/_ _S/_ __/_ __/_ __/_ __/_ __/_ __/_
MgO __/_ _S/_ __/_ __/_ __/_ _S/_ __/_ _S/_
CaO S]/� ^b/SS aa/S_ b�/� a^/] `�/] �]/S_ `5/�
Na2O ]a/b �`/d 5�/b �_/b 55/a __/a �5/d `^/b
K2O ^d/_ S]/_ 5S/_ 5�/_ 5`/_ ^`/_ Sa/_ ^_/_
Total b`/�] 5_/�� __/�� ^]/S__ bb/�� ]b/S__ 5^/�� ^b/S__ 

L�!KP�:�
�h�� C*���> �-L!'<�- *! �� 0�;�#*%.�> 0�;�#
�.L�!KQ�:�
�h�� C*���> �-L=�> *! �� o'?*%.�> 0�;�#
�.
�h�� HblS Hbl5 �h�� PxS Px5 Px^ Pxd Pxb Pxa

�*8D'� �*8D'� ���*� ���*� �:�� ���*� "��1; "��1; 
SiO2 _a/dS _`/d^ SiO2 �^/b5 5`/b^ _]/b^ `a/b^ ^5/b^ 5_/bd 
TiO2 a�/S a�/S TiO2 S^/_ _�/_ Sd/_ _�/_ _`/_ S]/_
Al2O3 ]]/S5 ^`/SS Al2O3 b_/_ ^�/_ bd/_ b_/_ b_/_ ^`/_
FeO ab/S5 dS/S5 Fe2O3 S`/S ]_/_ b�/_ __/_ db/_ _a/_
MnO S`/_ S�/_ FeO ]5/S` ]�/S` 5S/S] _d/S� _`/S] 55/Sa 
MgO bb/S^ S_/Sd MnO �b/5 _b/^ ^_/^ ]5/5 ad/5 aa/S
CaO `^/SS ^b/SS MgO �S/55 __/5^ b`/55 S_/5^ b_/5^ ^d/5b 
Na2O �b/S ]b/S CaO 5`/S 5a/S 5`/S ]S/_ �S/_ da/S
K2O _d/S �`/_ Na2O _^/_ _d/_ _d/_ __/_ _S/_ _S/_
Total `S/�a ��/�a K2O __/_ __/_ __/_ __/_ __/_ __/_

Total `S/�� `�/�� `b/�� S^/S__ d`/�� d�/�� 
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g6'
"C?6 �"�-% �P3-#
- �6�17 ���; � �6�17�'(+ �(e� ��n

 L�!KDD�Ah�� C*��A�> �
�A:��� �A*<'*+ L-
�
%.�> 0�;�#*!.

L�!RRKDF�AAh�� C*��AA�> �
�AA:� 9�/*(*AA6 uAA�+ � �
%.AA�> 0�AA;�#*! �� %|;'AA
�|! L-
&'?��#+ �� �/�> .

�h�� Biotd Biotb �h�� PlS Pl5 Pl^ Pld Plb Pla Pl` Pl] Pl� Fsp55 
SiO2 �d/^b  bb/^a  �*8D'� "��1; ���*� "��1; ���*� "��1; "��1; ���*� ���*� �:�� �<�/*(*6 B��; 
TiO2 ]`/^ ]`/^ SiO2 d]/b] a�/bb ]5/b` `]/b` ��/a_ dd/bb __/b` `b/b` b^/b] d_/db 
Al2O3 ]_/S`  b^/S]  TiO2 _S/_ __/_ _d/_ _d/_ _^/_ _5/_ __/_ _S/_ __/_ _S/_
FeO a^/� 5_/� Al2O3 S]/5a Sd/5` �`/5a S^/5a dd/5d ^b/5` S]/5a `�/5b 5^/5a 5d/^d 
MnO S5/_ S5/_ FeO S`/_ S]/_ S^/_ Sa/_ 5]/_ 5d/_ 5S/_ S�/_ S�/_ S]/_
MgO b�/S`  __/S]  MnO __/_ _5/_ __/_ _S/_ _S/_ __/_ __/_ __/_ __/_ __/_
CaO _S/_ _5/_ MgO _S/_ _S/_ _S/_ _S/_ _5/_ _5/_ _S/_ _5/_ _S/_ _S/_
Na2O dS/_ ^]/_ CaO b]/] dd/S_ ^]/� _`/� db/a 5a/S_ ^5/� a�/] `S/] 5_/S] 
K2O dS/� db/� Na2O d5/a d_/b �5/b _`/a d�/` `S/b Sb/a 5_/a S]/a 5`/S
Total ``/�d  S^/�a  K2O da/_ 5�/_ ^a/_ ^a/_ aS/_ ^b/_ ^a/_ dS/_ ^�/_ _d/_

Total 5�/S__ Sa/�� a^/S__ a5/�� ^_/S__ ^�/�� 5^/�� _a/�� 5d/S__ ^d/�� 

L�!KDE�:�
���> �*�':6�� C*6 B��; �� ��'6�#$ � �*(*/�> 9�/��$#+ &'?��#+ �� -L�6*(*9�/�/�> �.
�h�� WollS Woll5 Woll^ Wolld Wollb Wolla Woll` Fsp5S Grsd
SiO2 `_/^a _a/^` ]a/^` �^/^a Sb/^a �_/^b S_/^b da/^d _�/b� 
TiO2 _5/_ _S/_ __/_ _5/_ __/_ __/_ _5/_ _S/_ _S/_
Al2O3 `]/_ ]^/_ S�/_ `b/_ ``/_ `]/_ _5/S __/S S^/S� 
FeO _a/_ S_/_ _5/_ ^b/_ S_/_ S5/_ S`/_ Sb/_ _b/_
MnO _b/_ _]/_ _S/_ S_/_ SS/_ _�/_ S_/_ S5/_ _S/_
MgO _S/_ __/_ __/_ ^^/_ __/_ ___/_ __/_ _S/_ _5/_
CaO Sd/^5 ``/^S a_/^^ d5/^S `_/^S ��/^S _]/^S a`/^S dd/�
Na2O _�/_ S_/_ _S/_ S`/_ S5/_ _�/_ S_/_ SS/_ Sd/_
K2O __/_ __/_ __/_ __/_ __/_ __/_ __/_ __/_ Sa/_
Total ]d/a� �b/a� a�/`S _`/`_ �d/a] �]/a] b]/a` b5/a` _d/]] 

L�!K 9*�*DG�h�� C*���> �
�:� L-
�$#+ &'?��#+ �� ��W6.(	L-.

L�!KDG�h�� C*���> �
�:��$#+ &'?��#+ �� ��W6.(	 L-L-.

�h�� Fspa FspS_ FspSa FspS` �h�� Fsp5 Fspd Fspb Fsp` Fsp] Fsp� FspSS FspS5 FspS^ FspSd FspSb 
SiO2 dS/aS _]/a_ ab/a_ ]S/a_ SiO2 `b/a5 _�/aa �]/ad ^]/ab ��/ab �d/ab ]�/ad a_/ab _d/aa ^a/ab SS/a` 
TiO2 __/_ _b/_ _S/_ _5/_ TiO2 _a/_ _^/_ _^/_ _d/_ _S/_ _b/_ _^/_ _5/_ _b/_ _^/_ __/_
Al2O3 b`/S` bS/S` 5`/S] aS/S` Al2O3 _a/5d S�/S� S5/S� ^b/S� d`/S� ]d/S] ]]/S] Sa/S� ]_/S] ^b/S� ]^/S] 
FeO Sd/_ ^5/_ _d/_ _d/_ FeO Sd/_ S`/_ _a/_ S�/_ _`/_ S^/_ SS/_ S^/_ _b/_ _S/_ _a/_
MnO __/_ _S/_ __/_ __/_ MnO _S/_ __/_ __/_ __/_ __/_ __/_ _S/_ __/_ __/_ __/_ __/_
MgO __/_ _5/_ __/_ _S/_ MgO __/_ __/_ __/_ __/_ __/_ __/_ _S/_ __/_ __/_ __/_ _S/_
CaO ab/] ]^/] ]_/] ]_/] CaO ]]/d db/_ 5]/_ bS/_ ^`/_ 5�/_ S�/_ ^5/_ _^/_ ^S/_ _d/_
Na2O 55/_ S]/_ 55/_ 5^/_ Na2O 55/] 5a/^ 5b/^ db/^ ]]/5 ]5/5 �5/5 S^/^ ^d/^ ^_/^ d`/^
K2O S]/_ S`/_ S]/_ S�/_ K2O bS/_ b�/SS d^/SS S�/SS S�/S5 ^�/S5 _]/S5 `]/SS ]�/SS a_/SS b5/SS 
Total S]/]] S`/]` Sa/]] `_/]` Total a^/S__ `a/S__ Sb/�� SS/S__ �]/S__ d`/S__ SS/�� Sd/S__ 5S/S__ �a/�� _d/S_S

�+ #��]Sb[���-�'F�BNa �A+ �?�A� BCa + BNa�&�AF< 
o'?*=�>��&'A?��#+ � �:
%.A�> 3�+C*� Q16 �+ �:�+-� L�A� �� 

�*�A(X "�#A$�� ��-�'AF� Mg/(Mg + Fe + 2) �A+ �?�A� 
TSi�+*:�@*X#< �#8� {��� #o'A?*=�> �A� %.A�> �A�'F� L
�
6-�*:���"#:�$L�-.8< � .1(?��'� �*��- �� �FX"#:�$L

.1(?��'� �
%�$��! 0P�#	)E/7bl � gA�- (o'A?*=�> �L�A�
 ! 3�+C*� Q16*%.�> 0�;�#
:�"#:�$ �� :A6�� L��*� �
C,1

1�*C
:6�� �*C,1
.A1(?��'� �)E/A7b��9(�A� L�A2 -
.�#*$.#+-#+]Sa[�-�'F� ��AIIV �A+ �?��Fe/(Fe + Mg)�

�*�/���+ �:�+-� L3�+C*� Q16 �A�'F� L>%.A�
A6-� �*:���

"#:�$L+*�> 0*���*!'$'(	 )E/7ag�-(� �*�/Q1A6 L��
3�AA+C*��AA�'F� L!*%.AA�> 0�AA;�#
:���"#:�AA$L�>AA*��

� �*!'$'(	�*���/L�-'� �$#+-L&'A?��#+ 0*A+ %#A� �� ��A?
#�< 
�*�':�
- � �*!'$'(	)E/7al(� �-#D�$*.�#.

�+ #��]S`[�-�'AF� �� An-Ab-Or ��|! L-�-� L�A�%|X'

��h1� 3�A+C*� Q16 ���6'� L.1+ %.A�> �A�'F� 
A6-� �*:���
"#:�$ #Z-�- �< y6-�- L�A�%|X'
�|! � %|X',*��- �:�A+-� �A+ 
&'?��#+ �� "#:�$L�
���-#+� y6-�- �< 0
%.�> E
-�- )E/7`

g�-(���h1� L-�-� L��%|X'
�|! @*X#< Q1A6 ���A6'� L.1+
3�+C*� ��'F� L!*%.�> 0�;�#
:���"#:�$L#AZ-�- �A< EA
-�- 
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.(2 ���"��F7 k�C*
�!�k�� Q16�F*7 ��6�17��� 0*�% � ���; �'?��#+ �e16���	&3��� L��. . .���

+ � 0
%.�> ��-'� L��%|X'
�|! � �
���-#+� E
-�- 9�.� �A$#+-
-L&'?��#+ �� "#:�$L%|X',*��- )����.J5b%�*<�'�> (�

9�K*(*6 ���X �-'� L��%|X'
�|! /�> ��A*�':*+ #AZ-�- �� �
�W6.(	��*6�:! L���-'� �$#+-L��"#:�$L0
.*��6)E/7`

l(�:	#$ �-#D.�-.
��AA6- #AA+]S][���-�'AAF� (Ca-Mg-Fe-Cpx) En-Fs-

Wo 0�X�#*!'1*(X �%.A�> ��'F� L��
A6-� �*:���"#:�A$L
.*�!'
�)E/7](�0�X�#*! L�� - �$#+ &'?��#+L�6*(*9�/ 

/�>�! 3��� *%.�> 0�;�#
���"#:�$L�#?�.�
�)�-�'AF�
d(0�X�#*! �6 L�� �� 3�+C*� Q1 "#:�A$L�*<�:�A�- �-#AD
��$*.�#.

�	�� ����������
=�>*;#< #�� %- ��� o'?*A7 @*F*P����A; ��:Z�A6 ��A6�17 �
-�-�L�'$��'$ �,F�G *#L"�'+ ]S�['M� �+ L"��.M� �� �; 
6�*8��� Q16 %- L��> 
�(	 0*	�� � yA6-�.J �B A* �� � B

"#:�$L"�#:�$ -L��� %- )C˚SSb_�d__ (���	 �)Kb5^�
S(/�<*� E�.�'7 ]5_.[�-.A�� Na�Ca�Ti �Al �� �'A2'� 

;#<*=�> @*����A	 �+ �o'? �A�� �#$
$.A�C��A;- *,:�A+ 3 �
��-� .<�;*P�� 3'�E[� Ti �Al � E;Al8D'� A*�A� �L��A�G 
�2���*���J ��� �+ �?�� C�'c �+ �.�-L-CA	- �A; 
��A�� u

-C	- �)�+
� u*3-CTi � �*- C-CA	
�-.A�� uAlIV A� ��'A7 
]5S[.-%- �+L#�S__ -C	- �2�� 
u��� ��.J o'F8� �'c �+ �
^/_<�; *� �+ 3'*3-CAlIV A� �	�U- ��'A7 .z/)#A+AlIV �

�-.��AlVI -C	- �+ @6�1:� 
% ����	 u
� ".A7 �� �A�� 3> #A+ �
+��V< *�6- #.�-.A�� ���>#+ AlVI�AlTotal  "%-.A�- ��A6- �
$*#L! #+ ���	 �
�L;#< *=�> @*�-.A�� 3'AG f�A6- o'A?Al 

=�> �� �'2'�*�F$�� �� 3> ��(\ v+�< �o'?L�'A?� ���� � ��A+ 
,:�+ 3> �'(?< 3��% �� �;�J ���	���-� .�-.��Si �� �'2'� 

=�>*� � "�'+ �F$�� �� 3> �-.�� v+�< �o'?��A+ 3> #A+ ���A	 ��
�V<*�6- #.

BC�Mo'?*=�> @*X#< ��Ll � g�- (%.�> �+ �:�+-�
6-� �*:�=�> &'?��#+ �*�'?*:��3> ��9(! �+ �:�+-�*%.�> 0�;�#
#�� %- �]Sb.[
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g6'
"C?6 �"�-% �P3-#
- �6�17 ���; � �6�17�'(+ �(e� i��

 

BC�N;#<*� @*���/Lg�- (�:�+-�+%.�> �
6-� �*=�> &'?��#+ � �*�'?*:�l � 3> (! �+ �:�+-�*%.�> 0�;�#
'?��#+ � �- �$#+ &L#A�� �+ 3> 
]Sa.[

BC�Og�- (;#<*�|! @
��%|;'L%.�> �+ �:�+-� 
6-� �*:�l �(�|!
��%|;'L! �A+ �:�+-� *%.A�> 0�A;�#
����WA6.(	 � �LA6�:! *3��� �
�$#+ &'?��#+-L#�� �+ ]S`.[

BC�Pg�- (;#<*! @*0�;�#��Lg�- (%.�> �+ �:�+-�
�6-� *:�l �(! �+ �:�+-�*%.�> 0�;�#
6 u�+ � �*(*/�> 9�/���A6- #A+ &'A?��#+ 
]S].[
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.(2 ���"��F7 k�C*
�!�k�� Q16�F*7 ��6�17��� 0*�% � ���; �'?��#+ �e16���	&3��� L��. . .i��

�	�������R���A  �*!R: U�R�* �R� 	�R	�� ��RK� ��
 !�7����� 

;#<*=�> @*A6�$'	 �9�-#AJ �A2�� �A+ ���A	 #+ "�|) �o'?*�:
�;-*;#< �3 *��%�	 � E; @LCF� 
� �:�+-� ���.7�+ ]5S.[

�! ��M� �+��#:�-�L� �+ �j'	 
� " *3-C AlTotal =�>*�A< �o'A?
 �� o'�#	 o�J �+L�.8:� L-#+ �L�A; ".A7 �AP-�- ���	 ���>#+ 

#:�+
���> 0]55[��.7�+ .- O?c
�Ah+-� %- ���	 �#:����+'P� 0
%
� �6� �+ #�>
.)o�.2Sd(:

P [± 0.6 Kbar] = -3.01 + 4.76 AlTotal 

- ��AA
 �o'AA�#	 0PAAJ #AA+ ���AA	 �; @�*� ��AA+'(AlTotal �
�*�'�> 3-C*1*;#< �� E; &'*=�> @*�6- o'? .

�	������ �
+-#Le16��� ��� ��'F� L%- ���h1� ]S�[.7 "��=:6- )o�.2

Sd .( - ��
0%�-
+�����>{�?<�-��LA+ 0A/F� *� ����A	 0�A� �
;#<*7 @*F*P���% o'�#	 
-� #-#+L$ "%-.�- *#L�P-�- ��� #;"�
.�-:

T = 25.3P + 654.9

- ��
� ��h+-� 0���2�� @�J #+ �L:��6 *#A+ ����A	 � �-#,
; @�J*�6- ��+'(.

� x��
e1AA6��� #AA,�;#< %- "��=:AA6- AA* � .AA1(?��'� @
�|!AA
�AA6- %|;' .�#< %'AA1� .AA1G #AA�AA
P��.�x�� ��'AA� �� 

e16����.1(?��'� ��|! 
A�� ���-� �'2� %|;'��|A8	 �
A/�%-
x����L-�
+ �-#Le16��� �Q1A6 �A�LA/�> ��(DA*��
�A+ 

� l��J�>
.]5d.[-#+L�?6�M� L- �+ ���� 
�+ �x�� 0A
:��
���'(+ �7�� Y�%L=�> *�(; o'?*��|! � �-�
9�'AN �+ %|;'

CF�
=�> � "�'+ ��*o'? A7�J .AD�	 ��A�*:;- �*�'A1*:�.1A7�+ 
]5b.[-AA
AA�% x�� 0*0�e1AA6��� �%- �AA
AA�% B*0��1AA6���

���?<�� "��=:6-�u1;-� ��6- #+ �; �'7��L%
� &�e�- #�-
$*�#]5b:[
��-*�+dC<�-'; =�'�#<*�+?�>*�
��-*�+?�>*�=�
#:�
�+<�'�>*�

-#+ o�- u1;-�LQ1A6 �A�L-�-� L&�� u1A;-� � C<�-'A; 
Q16 3�.+��L�6- C<�-'; ]5b.[��- u1A;-� ��A6- #+ A*��

�'�#<*% o'�#	 �
-#+ #L16��� e�=�> *o'?��|! A
�AP-�- %|;'

 �6- ".7]5a) [o�.2Sb.(Q16 �� �16��� 0
- 0
��> L��
 �A+ %|;'A
�|! �C<�-'A; L-�-� �A; �hA6-� .AJ � B*�(	�5%

An< o'?*=�> ��+ �P��]/`Si≤L-#A+ � �:A7-� �#+��; .1:�� 
L�����b__ �< SS__ �2�� �-#,*:��6 Le1�F� ���6- ".7 

]5a:[

T [±311˚K] = 0.667 P[Kbar] - 48.98 + YAb / -
0.0429 - 0.0083144Ln{(Si - 4) / (8-Si)XAb } 

 - ��
��h+-� 0T��� L���8< ��A2�� @�J#+ L'A(; 
�0P

; @�J #+ ���	*���+'(Si <�; �-.8< *3'��L6*(*o'�#	 �� z
��:Z�6L=�> *�o'?XAb ?�> .AN�� �-.A�� A*�|! �� �A
%|;'
�6- .�-.��YAb� %- -�+% y
� �?6�M� #��'7:

XAb >0.5→ YAb  = 0 
XAb <0.5→ YAb  = 8.06 + 25.5(1- XAb )2 

V�*��� 
6�#+���LP-#MN ���� �
�'<�#! ��*�� &'?��#+ �L�'$#$� �

��.J-� �+L�>*	- "C*�'*:�(! �?A7 �*A:�0A6'w��! � �A6�<#; 
� � ��h1�*��� C
��; ���6�17�7 �*F���;�� 3��� ���A�� .

(! �?7 9��=:� �*�'<�#! �� L-�-� �� �*�'1
% �X*A:��?A7 �
%�+L"�'+ <#< �+ �; .�-*��+ @A
�LQ1A6 �A�L(	A*��%�A+ �L
�>*	- �"C*�'*:�� ��F7 �+ �'�; j#7 �>
.1.%
�'1*���L�?7 
(!*:�� � �*(*	 ��*(6- E��7 *7�/*���AM< �A; .1:�� ��
�V<*��� #L".7 ��(=��'� �F$�� .�- .�*�'1
% �A�h1� L%�+ L��

 .1:�� �:*�'?*=�> .���AX .�-'A7 :	�A+ � �A6�17�%- �A
�KJ 
�?12��� ��'$#$� H'� �� o�F)-�#A?F� �L&'A?��#+ L�� �A�

��-� .�?12��� ��'$#$� o'c ���&'?��#+ 0
- �*��- �*�'<�#! -
u*(	 �18
 ��� Q16 � �� �> L��*"CL:*�'*	- �#AZ-�- .AJ �A< 

"���Z�L'?*=�> ".7 3'$#$� �*� u*(	 �X L�'c �+ .�- �+ ��
 Q16 � ��*7�K*� � �*(*	 ��*(6- �A*�'?*=�> �A+ L%�A+ L��

.?<
".A7 E.A�- .#A?F� ��'A$#$� o'Ac ��L{'�A6 %- �A7�� 
&'?��#+ Q1A6 ���A� L�AF$�� 3��� �A+ �� �A�L���A=�<> ��� �
�*(6- �*(*	 � �� �	�+ �����L�K���*7�K*� �� � L- ���X ��-
L�� A6#� � &�.��#; ��
#
�#X ��*��F*(*6 ��
%'�-.�> ��A*�
/�<*�6- ".7 'M� �$�-'$#+ ���> � E.=�> ��*�'? A*�� �A� A* C

��.1(?��'�L"'�D /�< L-*=�> "���Z� #Z-�- �� ".7 E*�'?*�
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g6'
"C?6 �"�-% �P3-#
- �6�17 ���; � �6�17�'(+ �(e� i��

�'$#$���?12��� �.?< C?6 .1(?��'� �+ "��+�� �
�6- ".7 E.
�AA��L/�AA< *��.AA1(?��'� EL%.AA�> �� �'AA2'� 
�AA6-� *:�

C˚]5S�`d` �c'+#� ���	 �Kbar b/a�a/^j�F)- o��8� 
Km 5a�5d�AA6- .�AA��L/�AA< *��.AA1(?��'� EL�� �'AA2'� 

=�> &'?��#+*�'?*:�C˚]^_�`]a ���	 �/�A< *�A��> EKbar 

`�bOF) o��8� Km 5]�5_+ �; "�'+ A*#:�
{'A+#� 3> 0
��.A1(?��'� �+L"'A�D -L�:�A� LCA;#� L� "�'A+ #A:F;
0

����
��1; u�+ �+ #L�:�+-� ���> ��.A1(?��'� �+��A� �A; .�-L
� Q16 C?6*.1��+C.

L�!KDI-#+ ".7 ���>#+ ���	 � ���L%.�> 
���L6-� *:�=�> &'?��#+ � ".���+ "'; *�'?*:�3>.

T(˚C) ��6- #+ ]5�[P(Kbar) ��6- #+ ]5][Ce< �h��
".7 �Q16 H'� "��F7 

abd`b/]SS S�b]d/a)"��1; (SHbl %.�>
6-� �*:�5ad

_d]S^/]5S ba`S5/a)�:�� (5Hbl %.�>
6-� �*:�5ad

d�d5b/`aa dS_]d/d)�:�� (^Hbl %.�>
6-� �*:�5ad

b`�]b/`�_ ^a5]d/b)"��1; (dHbl %.�>
6-� �*:�5ad

`S]S]/`b_ `]`5]/^)�*��� (bHbl %.�>
6-� �*:�5ad

`dd_a/`da a^_5/^)"��1; (aHbl %.�>
6-� �*:�5ad

b�]b5/]5� �_b_]/a)- "'�D �:��L(`Hbl =�> &'?��#+*�'?*:�5ad

^aaa5/]_� S_bd/a)C?6 "��1; (]Hbl =�> &'?��#+*�'?*:�5ad

a5`S5/`�5 dd^`a/b)- "'�D �:��L(�Hbl =�> &'?��#+*�'?*:�5ad

bb^�`/`�d bS��5/b)- "'�D �:��L(S_Hbl =�> &'?��#+*�'?*:�5ad

���SS/`�b b``_d/b)- "'�D �:��L(SSHbl =�> &'?��#+*�'?*:�5ad

]Sa5^/]__ `a`dd/b)�*C?6 ��� (S5Hbl =�> &'?��#+*�'?*:�5ad

d`S]`/]Sa ^]a5d/a)C?6 "��1; (S^Hbl =�> &'?��#+*�'?*:�5ad

Sad_]/]^S �aa�a/a)- "'�D �:��L(55Hbl =�> &'?��#+*�'?*:�5ad

d�Sb5/`�� `Sb_]/b)- "'�D �:��L(5^Hbl =�> &'?��#+*�'?*:�5ad

S_d^a/]_^ ]b`]]/b)- "'�D �:��L(SdHbl =�> &'?��#+*�'?*:�5ad

^aaa5/]_� S_bd/a)- "'�D �:��L(SbHbl =�> &'?��#+*�'?*:�5ad

ad]b5/`�] a]S`a/b)C?6 "��1; (SaHbl ��#+=�> &'?*�'?*:�5ad

`^a]b/`]� ^5�b5/b)- "'�D �:��L(S`Hbl =�> &'?��#+*�'?*:�5ad

^bSdd/]Sa ^]Sd]/a)- "'�D �:��L(S]Hbl =�> &'?��#+*�'?*:�5ad

b]a_`/]_^ ]`a�5/b)- "'�D �:��L(S�Hbl =�> &'?��#+*�'?*:�5ad

d^^bd/`�d bSbSa/b)C?6 "��1; (5_Hbl &'?��#+=�> *�'?*:�5ad

^ad]`/`]a S�a5d/b)C?6 "��1; (5SHbl =�> &'?��#+*�'?*:�5ad
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.(2 ���"��F7 k�C*
�!�k�� Q16�F*7 ��6�17��� 0*�% � ���; �'?��#+ �e16���	&3��� L��. . .i�k

L�!K DM -#+ ".7 �?6�M� ��� � ���	L%.�> 
6-� �*:�% � ".���+ "'; 
�'1*�� �L=�> *�'?*:�3>]5a.[
�! #+ ���	 � ���
�]5a[�h�� Q16 H'� ��'F� 
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