
)����� �	�
��:��/�/����
��� ���� :�/��/��(

÷

�������	
 ������ � ��� ���� ������������� � ����
�� ������ ���� ��� ���
�����! ��"# $"% &�� )(
"�
 $"% &��(

��"*+ " �
 ��,*-.#�, "�/� �-���0# 123#4�"����56 ��7
 �4"�
�� �"� .8�# �9

�����  !"�# ��$�%& �'()�*� ��+",- ./01 ,2 �3
�,2 ��4)�*��3
� 5*�
* 
�����*�	 �#/�/2 �#/�/2 ��4)�*� �#/�/2 ��4)
��#6 

���:; :7%$ ���)8)26 9�:�
�"0;<�=& /"0> !$ �? '��� @�A����=& �� ���2*/B C�? !
�2��D%� ���)8)26 �"���*��*�; �EF�
'��*� .�� �H�)� � '& �%A ���6LILE �LREE��2 ��� � '&HFSE)'%��=:Ta �Nb (��� 5�) 9*�*� !"%I=: � '%:�
�,�� 9J�? 9�:Ba/Ta �Ba/Nb� K
� #* �B '%E�: �$* C�*���	 L-�%� 9�: .�"�/2* �E)"?�"�/%
# � �: �E
'%0,��/: 9�:�'
� 

5*�/	 C�? �� �1/=M� !
* �� �'&'��*� �*�; �E�*#�? �
#'�6 �B*�2 � �E
#'�6 �B*�2 9�: .!
*�"�/2* �:�"�/%
# �? �: �	��E&�,�* 
�� 5�)�� '%:� N�O� #*�� P"��2 ���  �� �? #QB/
RQ> ���B �*'�� '�/& .���  ������ #* �E=B #QB/
RQ> �*'�� ST�$* 'U�� 

��"2/"? � </,"8�6���B�0U* 9�:'%E�: .'��� V(& �.��B � V("� �� #�$ �U�%1 �
���� !E	�  �W� �� �? REE �U�%1 X"B�2 �
�B �0U*���� ��*� <�=EY* ��: ���  �'%:� V"()2 9�= �� X"B�2 �B �/&S)�"�/2*�E
'%0,��/: 9�: (�?7%$ ���)8)26 9�:

'%&�? 5��(
 5�?3"� .���  ��Z#* �E)"? #QB/
RQ> �*'�� ZT� �$* 'U�� �"2/"? � #QB/
RQ> �</,"8�6���B�0U* 9�:'%E�: .�?
U* �U�%1 X"B�2 !E	�  �W� �����B �0 '��� V(& � �*'�� ��:REE�� ��*� <�=EY* ��� #�$�� �U�%1 �
���� ���/& ��4E$�F 9�= ��

 ��� Z)�"�/%
#�E
'%0,��/: 9�: (�E&/ ������ � ���  �? �,�� �E=B � '& �%A �? �S'&�? .

��
������ ���:�
#'�6 �B*�2[�"�/2* [�"�/%
# [�
'%0,��/:[� @�A <�=&'��.

=#�># 
��/� ��D%��$��?���=& �� � '��� @�A <�=& �� !
�2

 C�?��D%� ���)8)26 �"���*���*� �*�; �EF�7%$ 9*�*� �-
���)8)26 9�:�
�"0; !$ �?/"0>�'%E�: ���2*/B .7%$ 9�:

�
�"0; �"�/%
# 9*�*� ��D%� !
* �B '%E�: �80E�� 9�:
5*�*�	�"�/%
# ���6 !
�2%0,��/: 9�:�$* �E
' .</,"8�6
5*�*�	�"�/%
# !
* �� ���B !
�2�� �B �$* �: �� '�*/2 ��E� 
�+"$� #* �
���� �:�\ ��� � ��)	 9��1 5� '�#�$ #* � �/&
7%$�� @/�O� ��/ � � � !
�]6 9�:�/& .�(
 ���B !
*

X$�%� #*���B !
�2��� 9*�? �: ��� @/�O� �M%$ ��)	�/& .

�"�/%
#%A 9�:5��^ _0E�� L-�%� #* '%0,��/: #* �'%��=: 
!
�,
* ��
3^ �,&]�[�>��* 3B�� � @�A �]Z�b[C�? �

�"��c$* 93B��]d[�$* �'& e�*3  3"� .�"�/%
# X0A* 9�:
�'& e�*3  5��^ �$*�$ #* �B �E
'%0,��/: �? f/?�� '�*

7%$ 9�:���)8)26 '%E�: 5�?3"� ]g[3"� ���6 #* �F�? �
h�+D; �E&/  #* �'& �'%B ������ � �
 ��&�,�* 7%$ 9�:
�#*' 9�: '%E�: �=
'; ]i�j.[�+��D� ��/� ��D%� ��
7%$ 9�:���)8)26 �W� #* 7%$�$��? �$�%&�'& '�*

]SS�ST [�"�/%
# �? f�,2�* �� ��� �$� �� ��";� h�1Q-* �:
��"� .�$��?7%$ 7%$ �� �/^/� '%0,��/: #* �%A 9�:9�:

∗�?�=� � !802 �</k�� �'%�
/� :ll��lm�m �nl��("���E(�* ��> �:ali.khezerlou2@gmail.com 

� ��"? <�$PM%> o��=& �.���p �5�E��# �mqO8U #* �m�� �2 m�m

 [
 D

O
I:

 1
0.

29
25

2/
ijc

m
.2

5.
4.

68
1 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
cm

.ir
 o

n 
20

24
-0

4-
20

 ]
 

                             1 / 16

http://dx.doi.org/10.29252/ijcm.25.4.681
http://ijcm.ir/article-1-988-fa.html


'
r� �V��1 �/��sF�
*/  9�  �9�"4���^ �5*�
* �$�%& ���B � �$�%&�/0? �0M� m��

���)8)26���? f�,2�* �� 9�E=�� h�1Q-* '�*/2��4E$�F ���6 
':� �t*�* .*u��'& �+$ C:�K> !
* �� 7%$ �2 �$* 9��4� �

��B �="&�9�:7%$ '%0,��/: #* �%A 9�:7%$ �9�:
���)8)26 ���6 �'��" �? �� �$��?'&�V"()2 ��)	 � ��� �

���B7%$ !
* 9�: �,$�O� �:�/& .!"%I=:� K
� 9�:
!"�#7%$ � �="& �
*#7%$ '%0,��/: #* �%A 9�: <�=&

 '��� @�A @�"=B � �0U* �U�%1 �$��? L
�- #*���6 V"0O2 
���/&.

�=?��@# A� 
v>�$��? #* ��2��'�� 9�: ��'Ywn��/=� 7%$ #* �%A 9�:

 '%0,��/: #*5�"�7%$ 9�:���)8)26 x#�� y-��� � @��E�* 
�� ���6B7%$ �� ��'& �"�2 3
�,2 ��4)�*� 9�? .v>#*�$��? 
y-��� x#�� �@��E�* ��/=�9�: X$�%� �/W%� �? �$��? 
X"B�2 �t�"="& ���B ��:w�/=� ����6 #*��/=� 5*/%1 �? 9�:

 .�M�* ��^ z�+��$��?�D�� 9�: ��4)�*� ��4)
��#6 �? 9*
'& <�$�* ���*�	 #/�/2 .��4E$� #* �/W%� !
* 9*�?Cameca 

<'�SX5@�E& R�E�� �? 3B�=E� ����E(�*/2�> �? �'%:�Sd
KV 5�
�^ h'& �? ZTnA�Y��� �2*2 µm2���8E$*
'&.

�*'+2 m��/=� #*7%$ '%0,��/: #* �%A 9�: �m#* ��/=� 
7%$ 9�:���)8)26 .�M�* ��^ 5�?3"� �$��? 9�:XRF �

ICP-MS'�'& @��E�* .!
*��/=�7%$ }$/2 �: � !(&
 'Y �� @�"$6 vc$�nn #/�/2 ��4)�*� ��4)
��#6 �� C� 

'�'& ��F ���*�	.�0U* �U�%1 _"- e�� �? V"�  �M%$
'& �8^ 9�=$Q> �=2*�
���* �(ICP AES1)��4)
��#6 �� 

���*�	 #/�/2 ��4)�*��$��?'�'& .��/=� �� �'& ��/> 9�:
�)"& z��\ VF*��? 5/082 9*HF (32N) �HNO3

(14.4N)�'��� �;�? �~)F 9�:3"� </0O� �� H3BO3VY
'�'& .9�:��*'��E$*WSE �ACE !"? <�E%B 5*/%1 �? �00=�*

��/� �^��F � �0F*�'%E	�  �*�; ���8E$* .�#*'�* �;� 9�" 
�*3?*��/� �J/=+� ���8E$* S�9*�? SiO2�TiO2�Z�9*�?

Al2O3�Fe2O3� �b��/? �0U* 9�:'"�B* �4
� 9*�? 'U�� 
�$*.

3B�=2#* ���8E$* �? @�"=B �U�%1_"- e�� ���^ �M%$
 J�? ~"(82 h�'; �? �
���* �'& �8^ 9�=$Q> 

1 -Inductively Coupled Plasma Atomic Emission 
Spectrometer 

�(HR ICP-MS)'& !""+2 .��'Y ���nn�"�0#* .� 
��/=��)"& z��\ VF*� �� �'& ��/> 9�:�? 5/082 9*HF 

(32N) �HNO3 (14.4N)�'��� �;�? � '�'& VY~)F 9�:
 ��HNO3 (14.4N) �� vc$ �HCl (3N)'�'& VY.

�� </0O� #* 9�*'��HNO3 (0.3N)'& L";� .9�:��*'��E$* 
BCR2�BEN �?E%B 5*/%1 ��*'��E$* � �^��F <�BHVO-

2�?'%E	�  �*�; ���8E$* ��/� �0F*� <�E%B 5*/%1 .�;�
�#*'�*�*3?* 9�" ��/� ���8E$* d%�$* �U�%1 �=: 9*�? .

�#��, ���� 1�#� 
�"��+	 5�M
�?�]6 <�=& �� �+"$� ���)8)26 9�: ���� ��

 9�"&�2�$* �E	�  h�/U .�"��+	 !
* � !$/t* 5��# �� �:
 !$/"�!"�>��$* ��/? �*��/F�? 9�E)"? h'& #* !$/"0> .

�#*'  X"B�2���E�  ��E�  #* 3"� �: 9�:�= �� #* 9*�(:6 �
�
�"0; � �$�E> �":�� �? �
�"0; � 9'"$* �2 ���"� X"B�2 �? 

'$�='�*�""�2 �� J�? .���=& �%�*� � '��� @�A ��"M�# ��
�/B	 �3
�,2 V�  <�=& �� � /)"� 9�:�"��+ �? ���)8)26 9�:

��/2 ]/8� �"$*�/
� � �"$*� ��
#'�6 X"B�2 �? L=1 PB 9�:
� K
� �? !$/"� �F*�* �� 9�:!"�#�="& �'& ���& �E"B*�6 

]SZ[�F �? ���#*'  �5��# �� �E"�/&/& �2 �$�E> �
�"0; 9�:
 ��*�* 9���2*/B � !$/"0>�$* �E	�
]S�.[~
*� 9�:

D%� �� 9�"	��c�J ��/� ���$��? ��(
�3� �� �/^� 56 
�F�$ ��D%� �� �B '��*��'& L0D� !$ !""+2 !$ � '�*

 ���
�> !$/"� )����<�$ 5/"0"� ('��*�]Sb[7%$ #* *u� �-
9�:���)8)26�=
'; ��D%� '%E�: �2 .�E)�� ���)8)26 9�:

 �9�*�6 5�)8)26/"0> �'��� @�A <�=& ���2*/B)V(&S(��
�)��9�:!"�# �$�%&S:ZdTTTT3
�,2 –� �&'0>

S:STTTTT�'& ��*� �,�� !$/t* �? �80^ � '��� '�*]Sd[.
�$��?�� 5�)� �t*�OU 9�: 9�:�E$�� �(
�3� �� �B ':�

�1/=M� �'��� �Q�; ��D%� 3"� � LO$*�"> � <*# 9�:
���)8)26�5�)8)26 9�*�6 9�*�6 h��,- 9�� '�#�$ 3��;

�
J�?)U.R.F (?�E	�  �*�; !$/"� !$ �'�*)V(&Z_�*(�
�� �W� �? � '��*� !$/"� #* �E�*/^ �%$ *u� '$� �B �? f/?��

/"0>�'%&�? ���2*/B .7%$/"0> 9�: �'��� @�A <�=& ���2*/B
 �B*�2 ��
�82 ��"�*#�? ��
�82 �"�
/� ��"�*#�? �"�
/� V��&

 �
#'�6 � �
#'�6 ��E�*#�? �
#'�6 �B*�2 ��
#'�6�$* �E�*#�? .

2 -High Resolution Inductively Coupled Plasma Mass 
Spectrometer 
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Cr2O3 n�/n nw/n n�/n n�/n n n�/n n�/n n�/n nl/n nw/n n�/n n�/n n
FeO(t) ��/�� �/�n ��/�� ��/�n n�/�� mm/�n �m/�� ��/�� ��/�w ��/�� ��/�� n�/�� ��/��
MnO ��/n �l/n �/n �w/n �/n �l/n ��/n �w/n ��/n ��/n �w/n ��/n �w/n
MgO ��/�w �l/�w ml/�� ��/�l �w/�w l�/�l l�/�� m�/�� �� ��/�w l�/�� �/�w l/�w
CaO ��/�� �w/�� ml/�� �m/�� �m/�� �m/�� ��/�� l�/�� m�/�� �m/�� m�/�� �l/�� �m/��
Na2O ��/� ��/� �m/� n�/� �/� ��/� ��/� ��/� ��/� n�/� �/� ��/� �w/�
K2O n�/� ��/n �/� ��/n ��/n ��/n �/� n�/� n�/� ��/n n�/� ��/n ��/n
Total ��/�m ��/�� n�/�� w�/�� wl/�� ��/�m �w/�m m�/�� �/�� ��/�� l�/�� ��/�� l�/��

5/"2�B��$* �? �:�w�'& �,$�O� 5K"�B* '�*.
Si l/m ��/m w�/m �l/m ��/m �m/m ww/m �l/m w�/m �/m l�/m �l/m w�/m
Ti �w/n ��/n �l/n ��/n ��/n ��/n �l/n ��/n ��/n ��/n �l/n ��/n �w/n

Al(IV) m/� l�/� m�/� lm/� l�/� ll/� m�/� lm/� m�/� �/� ��/� lm/� m�/�
Al(VI) l�/n l�/n lm/n w�/n l/n w�/n lw/n lw/n l�/n w�/n l�/n l�/n l�/n

Cr n n n n n n�/n n n n n n n n
Fe +3 �/n n�/n n�/n n�/n n�/n ��/n �w/n n�/n n�/n n�/n �l/n �l/n �m/n
Fe +2 w/� ��/� lw/� �l/� ll/� ��/� wl/� l�/� ��/� w�/� ll/� ��/� �/�
Mn n�/n n�/n nw/n n�/n nw/n n�/n nw/n n�/n nw/n nw/n nw/n n�/n n�/n
Mg ��/� n�/w w/� n�/w ��/� ��/w ��/� �l/� ��/� ��/� �m/� w �l/�
Ca ��/� �l/� ��/� �l/� �m/� �m/� ��/� ��/� ��/� ��/� �m/� ��/� �m/�
Na m�/n m�/n m�/n ��/n mw/n m�/n m�/n ��/n ml/n m/n mw/n m�/n ml/n
K ��/n ��/n ��/n ��/n ��/n n n ��/n ��/. ��/n n n n

Total ��/�� m�/�� �m/�� m�/�� �/�� ��/�� ��/�� m�/�� ��/�� �/�� ��/�� ��/�� ��/��
#mg �/n ��/n mm/n ��/n m�/n �w/n m�/n mm/n mw/n m�/n mm/n ��/n ��/n

T(°C) ��n ��� ��� ��w ��� �l� ��n ��� ��� ��� ��� �ml ��l
P(Kbar) �m/l ��/l ��/� ��/w n�/l m�/w ��/l n�/l n�/� n�/l ��/l w�/l �w/l

&��6 =#
G
B
7%$ ��� � ��� �
��/=� k k-6 k-6 k-6 k-6 k-6 k-6 k-6 k-6 k-6 k-6 k-6 k-28 
SiO2 w�/l� �w/ll �l/l� mw/l� ��/l� l� n�/l� n�/lw nw/lw ��/l� w/lw l�/lw lw/l�
TiO2 �l/� �l/� �w/� �m/� �l/� �m/� ��/� ��/� ��/� ��/� ��/� n�/� �w/n
Al2O3 m�/�� lw/�n �m/�� �m/�� �m/�� ��/�� w�/�� m�/�� ml/�� �/�� w�/�� w�/�� ��/��
Cr2O3 n�/n n n�/n n n n�/n n�/n n n�/n n�/n n n n�/n
FeO(t) ��/�� ��/�� ��/�� ��/�� �l/�� ��/�� wm/�w ��/�� �/�w ��/�w �/�w �w/�� �l/��
MnO ��/n �w/n �/n �/n ��/n �/n �/n ��/n �l/n �m/n �l/n ��/n ��/n
MgO ��/�� ww/�w ��/�� ��/�� �w/�� mw/�� l/�� n�/�w �/�� �l/�� ��/�� n�/�w ml/��
CaO ��/�� ��/�� n�/�� ��/�� ��/�� ��/�� ��/�� �� ��/�� ��/�� ��/�� nw/�� ��/�n
Na2O ��/� n�/� w�/� ��/� �l/� �w/� ��/� ��/� ��/� ��/� ��/� �m/� w
K2O ��/n n�/� �/� �w/� �m/� �l/� �m/� ��/� n�/� ��/� w�/� nm/� �/n
Total �l/�� �m/�� ml/�� m�/�� �l/�� �l/�� �� m/�� ��/�� �/�� ��/�� ��/�� ��/�m

5/"2�B��$* �? �:�w�'& �,$�O� 5K"�B* '�*.
Si ��/m �m/m ��/m w/m �l/m ��/m �w/m wm/m wm/m wl/m w�/m l/m �/m
Ti �l/n �/n �l/n �l/n ��/n ��/n �l/n �l/n ��/n ��/n ��/n �w/n n�/n

Al(IV) ��/� l�/� w�/� �/� �m/� ��/� ��/� ml/� ml/� mm/� m�/� m/� �/�
Al(VI) l�/n wm/n w�/n lw/n lw/n l�/n w�/n w�/n w�/n w�/n wm/n w�/n ��/n

Cr n n n n n n n n n n n n n�/n
Fe +3 ��/n n�/n �/n ��/n �/n n�/n ��/n n�/n n�/n n�/n n�/n n�/n w�/n
Fe +2 ww/� l�/� �/� lm/� l�/� �/� ��/� l�/� ��/� ��/� �w/� l�/� ��/�
Mn n�/n nw/n n�/n n�/n n�/n n�/n nw/n n�/n n�/n n�/n nw/n n�/n nw/n
Mg �/� ��/� �/� �/� ��/� ��/� �l/� ��/� ��/� �m/� �w/� �m/� ��/�
Ca �l/� ��/� �/� ��/� ��/� �/� �/� �/� ��/� ��/� ��/� �/� mm/�
Na ml/n ��/n mm/n m�/n ml/n ml/n ml/n m�/n mw/n mw/n m�/n m�/n ��/n
K n �/n ��/n ��/n ��/n �w/n ��/n ��/n �/n ��/n ��/n �/n nl/n

Total �l/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� �m/�� ��/�� ��/�� �/�� ��/�� ��/��
#mg m�/n mm/n m�/n mm/n m�/n m�/n ml/n mm/n ml/n ml/n m�/n mm/n ��/n

T(°C) ��� �l� ��� ��l ��n ��n ��� ��� ��� ��� �mm �mm �l�
P(Kbar) l�/� �/w n�/� ��/� wm/� wm/� �w/� m�/l m�/l �m/l l�/l lw/l �/�
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'0^�����=& �l�5�E��# �w�m7%$ �"�/2* �="&/tR � �="& ���B �9��4��"�/%
# � �: 9�: . . .m��

&��6 =#
G
9
7%$ ��� � 7%$5�?3"� ���)8)26 9�:
��/=� k-28 k-28 k-28 k-28 k-28 k-28 k-28 k-28 k-28 k k k k
SiO2 l�/l� �l/ln �/ln m�/l� ��/l� ��/lw w�/lw �/l� ��/l� ��/l� ��/ll �m/ll n�/w�
TiO2 �l/n ��/n ��/� w�/� wm/� �m/n ��/n �w/n ��/n �/� ��/� m�/� nm/�
Al2O3 nw/�m m�/�m ��/�� ��/�l ��/�� w/�l nw/�� ��/�l �l/�� w�/�n l�/� ��/� ��/��
Cr2O3 n�/n nl/n n�/n n�/n n�/n n�/n n�/n n�/n �/n n�/n n�/n n�/n n�/n
FeO(t) l�/�� ��/�� �m/�� ��/�� ��/�� ��/�� �w/�n �l/�� w�/�� �w/�� ��/�m ��/�� ��/�m
MnO ��/n ��/n �m/n �w/n ��/n �w/n ��/n ��/n �w/n m�/n ��/n m�/n wl/n
MgO ml/�� w�/�� lw/�� ml/�� l�/�� ��/�w �/�� �/�w m�/�� ��/� �w/�� ��/�n ��/�
CaO �m/�n ��/�n �/�� �w/�� ��/�� m�/�n m�/�n l�/�� m�/�n n�/�� �/�� �w/�� ��/��
Na2O n�/w �/� ��/� ��/� ��/� ��/� �/� ��/� n�/w �/� ��/� n�/� ��/�
K2O �l/n w�/n wm/n w�/n ��/n ��/n �m/n ��/n �l/n ��/� n�/� ��/� mw/�
Total lw/�m l�/�m ��/�m n�/�� �m/�m ��/�m �w/�m ��/�� m�/�� ml/�� l�/�� �w/�� l�/��

5/"2�B��$* �? �:�w�'& �,$�O� 5K"�B* '�*.
Si n�/m n�/m n�/m �l/m �/m w�/m wl/m ��/m �/m w�/m �l/m ml/m nm/m
Ti n�/n �/n ��/n ��/n ��/n ��/n �/n �/n �/n �l/n ��/n ��/n �l/n

Al(IV) ��/� ��/� ��/� ��/� �/� m�/� mm/� ��/� �/� m�/� �m/� wm/� �l/�
Al(VI) ��/n �/n ��/n ��/n �l/n ��/n ��/n ��/n �m/n �w/n �l/n �w/n lw/n

Cr n�/n n�/n n�/n n�/n n�/n n�/n n�/n n�/n n�/n n n n n
Fe +3 ��/n ��/n ��/n �/n ��/n ��/n ��/n ��/n �w/n ��/n ��/n �m/n ��/n
Fe +2 ��/� �l/� �w/� �l/� �l/� ��/� ��/� ��/� ��/� �w/� �m/� � ��/�
Mn n�/n n�/n n�/n n�/n n�/n n�/n n�/n nw/n nw/n n�/n n�/n n�/n n�/n
Mg ��/� ��/� �l/� ��/� �l/� �m/� ��/� �l/� �l/� ��/� l�/� l�/� ��/�
Ca mm/� m�/� ��/� ��/� ��/� mm/� mm/� ��/� mm/� ��/� ��/� ��/� ��/�
Na �m/n �w/n ��/n ��/n �l/n ��/n ��/n ��/n �m/n m�/n �w/n m�/n mm/n
K nl/n nm/n n n n n n n�/n nl/n w/n ��/n �w/n w�/n

Total �w/�� �l/�� ��/�� �w/�� �w/�� mw/�� ��/�� �l/�� m�/�� ��/�� mm/�� �/�� �l/��
#mg �l/n ��/n ��/n �m/n �l/n ��/n ��/n ��/n �/n �/n �m/n ��/n �l/n

T(°C) ��� �mw �ln �w� �w� ��� �w� ��� �w� ��n ��m ��m �n�
P(Kbar) ��/� �m/� w�/� nw/� �w/� l�/m n�/� �/m w�/� ��/w lw/� ��/� n�/m

&��6 =#
G
9
7%$ 7%$5�?3"� ���)8)26 9�:
��/=� k k-6 k-6 k-6 k-6 k-6 k-6 k-6 k-6 
SiO2 m�/w� ��/l� n�/l� ml/l� m�/l� �w/l� ml/ln ��/l� m/w�
TiO2 ��/� ��/� �l/� �w/� ��/� �/� w�/� nw/� �l/�
Al2O3 ��/�w ��/�n �w/�n l�/�n ��/�n l�/�n n�/�� �m/� �l/�w
Cr2O3 n n n�/n nw/n n n n�/n n�/n n
FeO(t) �m/�� lm/�� n�/�� �m/�� �m/�� ��/�� m�/�� ��/�� ��/��
MnO �/n ��/n ��/n ��/n ��/n �w/n l�/n ��/n ��/n
MgO �/� m�/� m�/� ml/� ��/� m�/� �w/� nl/�n n�/�n
CaO n�/�� �m/�� ��/�� n�/�� ��/�� ��/�� w�/�� ��/�� ��/��
Na2O ��/� ��/� n�/� ��/� � nw/� n�/� ��/� w/�
K2O m�/� m�/� m�/� �/� m�/� m�/� ��/� ��/� w�/�
Total ��/�m �l/�� l�/�� �w/�� l�/�� nw/�� l�/�� ��/�� �/��

5/"2�B��$* �? �:�w�'& �,$�O� 5K"�B* '�*.
Si ��/� w�/m l�/m w�/m w�/m w�/m ��/m l�/m nw/m
Ti �m/n ��/n ��/n �m/n ��/n ��/n ��/n �w/n ww/n

Al(IV) ��/� mw/� ��/� m�/� mw/� m�/� ��/� ��/� ��/�
Al(VI) ww/n ��/n �l/n �l/n �w/n �w/n �l/n �w/n w�/n

Cr n n n n n n n n n
Fe +3 w�/n ��/n �w/n ��/n ��/n ��/n �w/n �m/n n�/n
Fe +2 ��/� ��/� ��/� �m/� ��/� �/� ��/� ��/� ��/�
Mn n�/n n�/n n�/n n�/n n�/n n�/n nm/n n�/n nw/n
Mg �l/� �/� �/� ��/� ��/� ��/� n�/� ��/� ��/�
Ca �m/� �w/� ��/� ��/� �w/� �w/� ��/� �w/� �w/�
Na m�/n ��/n m�/n ��/n ��/n m/n m/n ��/n m�/n
K ww/n w�/n w�/n ww/n ww/n w�/n w�/n w/n �m/n

Total ��/�� �w/�� ��/�� ��/�� �l/�� ��/�� ��/�� �m/�� ��/��
#mg l�/n �/n �/n �/n ��/n �/n �/n ��/n �l/n

T(°C) ��� ��w ��n ��� ��l ��m �m� �lm �n�
P(Kbar) lw/m �/w ��/w n�/l ��/w nw/l ��/l m�/w n�/m
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 y=M2'�* .�'%:� V"()2 9�:�= �� �=0��

7%$�:9���)8)26!"
�> �:�4E$�F 9*�*� 5�?3"� L=1 #* �2
Zd��/? �E�/0"B ��/=� !
* � '�* �D$ �? �/F �*�=: �? *� �:

���B V�E%� !"�#'�*.

&��6N�D�� �$��? �
�E��"�/2* �� �/^/� 9�:#QB/
RQ> 9*�"�/%
# � �:7%$ � �E
'%0,��/: 9�:��D%� 5�?3"� ���)8)26 9�:.
7%$ � ��� ��� �
��/=� k k k k k k k-6 k-6 k-6 k-6 k-6 k-6 k-28 

�"+;/� �E�: �E�: �E�: �E�: �E�: �E�: �E�: �E�: �E�: �E�: �E�: �E�: �E�:
SiO2 w�/m� l�/m� ��/mn w�/mn ��/mn ��/�� ��/m� ��/m� �� w�/�� ��/�� ��/�m ��/��
TiO2 n�/n n n n n�/n n�/n n�/n nl/n n�/n nw/n n�/n n�/n n�/n
Al2O3 ml/�w �m/�w �m/�l l�/�l mm/�w l�/�m �l/�w w�/�l ��/�� m�/�l �l/�� �m/�� �l/wn
Cr2O3 n�/n n n�/n n n n n n n n�/n n n�/n n�/n
FeO(t) �l/n ��/n �m/n ��/n w�/n w�/n ��/n ��/n lw/n ��/n l�/n l�/n w�/n
MnO n nm/n n n n n n n�/n n�/n n�/n n�/n n�/n n�/n
MgO n�/n n�/n n n�/n n�/n n�/n n n�/n n n�/n n�/n n�/n n�/n
CaO ��/� nw/m ��/w ��/m ��/m l�/� m�/� ��/m w/� wm/� ��/� nm/� ��/�w
Na2O ��/� lw/� n�/� ��/� w�/� l�/m ��/� �l/� ��/m ��/m ��/m ��/� ll/w
K2O ��/n ��/n �m/n �w/n �m/n �l/n ��/� �l/n m�/n m�/n ��/n m/n n�/n
Total �l/�nn �m/�� n�/�nn �w/�� ��/�� ��/�nn m�/�nn ��/�n� l�/�nn ww/�� �w/�� ��/�� �w/�nn

5/"2�B��$* �? �:��'& �,$�O� 5K"�B* '�*.
Si l�/� lm/� l�/� l�/� ll/� ww/� l�/� ll/� w�/� w�/� w�/� w/� n�/�
Al ��/� ��/� w�/� w�/� ��/� l/� �m/� ��/� w�/� ww/� w�/� w�/� m�/�
Ti n n n n n n n n n n n n n

Fe+2 n�/n n�/n n�/n n�/n nw/n n�/n n�/n n�/n nw/n n�/n nl/n nw/n n�/n
Mn n n n n n n n n n n n n�/n n
Mg n n n n n n n n n n n n n
Zn n n n n n n�/n n�/n n n n n n�/n
Ca ll/n l�/n ��/n ��/n �/n m�/n l�/n l�/n mm/n ��/n m�/n �w/n ��/�
Na �l/� ��/� �w/� ��/� �/� n�/� ��/� ��/� � ��/� ��/n ��/n ��/n
K �m/n ��/n ��/n ��/n �m/n n�/n ��/n ��/n ��/n ��/n ��/n �/n nm/n

Total ��/� �m/� �l/� �m/� m�/� �w/� ��/� ��/� ��/� �m/� ��/� �w/� l�/�
Or l�/� nl/� ��/m l�/m w�/� �w/l m�/� ��/� n�/m �/m ��/m l�/� ��/n
Ab w�/m� ll/m� m�/m� ��/mw �l/ml m/�� �l/m� ��/m� l�/�m w/m� w/�m �l/�w �w/w�
An �m/�l �w/�m m�/wn wl/wn ��/�� ��/w� ��/�l m�/�m ��/w� m�/w� �w/wm �l/ln ��/mm
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'0^�����=& �l�5�E��# �w�m7%$ �"�/2* �="&/tR � �="& ���B �9��4��"�/%
# � �: 9�: . . .m��

&��6 =#
G
N
7%$ ��� � 7%$5�?3"� ���)8)26 9�:
��/=� k-28 k k k k k k k-6 k-6 k-6 k-6 k-6 k-6 

�"+;/� �E�: �E�: �"&�Y ���"� �E�: ���"� �"&�Y �E�: �E�: �E�: �E�: �E�: �E�:
SiO2 ��/�� �/�� wm/�� w�/m� nl/�� l�/�� m�/�� ww/�� ��/�� ��/�� ��/�m mw/mn l�/��
TiO2 nw/n n�/n nw/n n�/n n�/n nw/n nl/n n nl/n n�/n n�/n nw/n ��/n

Al2O3 l/�� ��/wn w�/�m �w/�w ��/�� ��/�l ��/�m �w/�m w/�� ��/�� �w/�m ��/�w �w/��
Cr2O3 n n�/n n n n n n n n n n n n�/n
FeO(t) lm/n w�/n w�/n �l/n w�/n �w/n w�/n wl/n ��/n wl/n wm/n ��/n ��/�
MnO n�/n n�/n n�/n nw/n n�/n n nl/n n�/n n�/n n�/n n n n�/n
MgO n n�/n n n�/n n�/n n n�/n n n n n�/n n ��/n
CaO ��/�� �m/�w ��/� l�/� �/� m�/� ��/� �w/� m�/� �l/� m�/� w�/m wm/�

Na2O �m/w m�/w �w/m m�/� �m/m ��/m ��/� �m/� mm/m w�/m �w/� �/� ��/�
K2O ��/n �w/n m�/n nl/� mw/n �/n w�/n �m/n ��/n �/n �/n ��/n ��/�
Total nm/�� ��/�� w�/�nn ��/�nn �m/�� w�/�� n�/�� ��/�nn �/�� �w/�� m�/�� �m/�� �w/��

5/"2�B��$* �? �:��'& �,$�O� 5K"�B* '�*.
Si ��/� n�/� ww/� l�/� w�/� w�/� ��/� ��/� w�/� w�/� ��/� ll/� �w/�
Al ��/� m�/� l/� �m/� wm/� wl/� lw/� lw/� w�/� wm/� ll/� ��/� �w/n
Ti n n n n n n n n n n n n n�/n

Fe+3 nl/n nw/n nw/n n�/n nw/n n�/n nw/n nw/n n�/n nw/n nw/n n�/n �/n
Mn n n n n n n n n n�/n n n n n
Mg n n n n n n n n n n n n n�/n
Zn n n n�/n n n n n n�/n n n�/n n n n
Ca nl/� n�/� m�/n ll/n ml/n m�/n ��/n �l/n m�/n mm/n ��/n ��/n ��/n
Na m�/n ��/n ��/n ��/� � n�/� �w/n �l/n n�/� n�/� ��/n �l/� wm/n
K nl/n n�/n ��/n ��/n �/n ��/n nm/n n�/n ��/n ��/n n�/n ��/n �m/n

Total lw/� l/� ��/� ��/� �/� �w/� �/� �w/� ��/� �l/� ��/� ��/� w�/�
Or w�/� �/� �/m ��/� �m/� w/m �/w nw/� l�/m ��/m �m/l ��/� ��/m�
Ab �/wm �/w� l�/�� ��/mm m�/�� w/�� ��/l� �w/�w ��/�� �w/�m �/�� w�/mw nl/��
An �/m� m�/mw l�/w� n�/�l ��/wm l/wl nw/ll �l/l� nl/wl ��/wm �l/lw l�/�� ��/�

.� ��� ��� 1�#� 
�
�E��$��?��/=� @�"=B � �0U* �U�%1 ���  9�:S�Z�
7%$ 9�:���)8)26 �� 5�?3"� <�'^ b����6�$* �'& .

��/=� �E)"? �� �:V(&d�� _�* �
�"0; ��E� �� �*�; '��"  .
��V(&d��/=� �"+;/� @P"$�E> '"�B* �,�� ��$*�? �:

 5�)� P
'$ '"�B* �? �$* ��*�]Zg.[��%p �(�'
�����/& 

7%$ 9�:���)8)26 �� 5�?3"� ��E� ��/=� � �E"�/&/& 9�:
 ��� S�Z����E�  � �E"�/&/& 9�:�(:6 ��
�"0;�� �*�; -
'��"  .'"�B* �
���� ��
��� �?�� �WYQ� ��0U* �U�%1 9�: -

7%$ �� �B �/&9�:���)8)26 �
���� MgO, CaO �
FeO(t) =B� �E �
����Na2O�K2O�P2O5�SiO2#* �E)"? 

��/=� ���  9�:���'%E�: )<�'^ l.(

.:O_�*��*�/=� Na2O+K2O�? �,�� SiO2��/=� �"+;/� �56 �� �$��? ��/� 9�:]Zi.[@��*�/=�Na2O�? �,�� K2O�"+;/� �
��/=�56 �� �$��? ��/� 9�: .�"�/2*0,��/: 9�: �E
'%)��� S(�"�/%
# � �>/2 y?�� ��=� �? �E
'%0,��/: 9�:)��� Z(7%$ � �0�� ��=� �? 9�:

�'& ��)� ���F/2 y?�� ��=� �? 5�?3"� ���)8)26'�*(
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'
r� �V��1 �/��sF�
*/  9�  �9�"4���^ �5*�
* �$�%& ���B � �$�%&�/0? �0M� m��

 &��6P��/=� ���� �B�F � @�"=B ��0U* �U�%1 �
�"="& �
3M2 �
�E��"�/2* 9�:�"�/%
# � �:�E
'%0,��/: 9�:7%$ �6 9�: 5�?3"� ���)8)2
��D%�.

7%$ ��� S ��� Z 7%$5�?3"� ���)8)26 9�:
��/=� K K-6 K-11 Kh-52 K-28 Kh-12 V-K-26 V-K-20 V-Kh-93 V-Kh-52 Kh-87 V-Kh-65
SiO2 �g/b� �/ll w�/l� �m/l� �m/l� ��/l� �/�� ��/ml �/�� �l/�� ��/�� ��/��
TiO2 ��/� �w/� m�/� ��/� ��/n l�/� �Z/S ml/n �l/� ��/n ��/� �/n
Al2O3 w�/�� wl/�� �m/�m �/�� nw/�m �/�� �l/�m ��/�� �l/�� �m wm/�� ��/��
FeO(t) m�/�� �m/�� mm/�� w�/�l ��/� �� ��/� ��/� �/� ww/� Sb/� wm/�
MnO �m/n �m/n ��/n �/n �m/n �m/n ��/n n�/n ��/n n�/n �m/n Tj/T
MgO ��/�� ��/�� ��/� l�/� �/� m�/� m�/l �m/n ��/� l�/w �w/� �m/w
CaO l�/�n ww/�n ��/�n ll/� n�/�� ��/� nw/� m�/w �w/� ��/� m�/� �/�
Na2O ��/� ��/� �w/w �l/w �w/w ��/� l�/w �/l ��/l ��/l �/l ��/l
K2O �m/� ��/� �m/� ��/� m�/n l/� w�/w l�/w ��/� n�/w ��/� �l/�
P2O5 w/n ��/n ��/n w/n n�/n �m/n mm/n w�/n gZ/T w�/n ��/n l/n
LOI ��/� ��/� ��/n ��/� �m/n nm/� ��/� ��/n �m/� ��/� ww/� �l/n
Total ��/�� l�/�� m�/�n� �/�nn ��/�� n�/�� ��/�n� ��/�n� ww/�n� n�/�nn ��/�� �l/��

Sr m�/��� ��/wnn l�/�m� nl/lwl lw/�m� ��/w�� �m/���� ��/m�w ��/�m� ��/�nn� mw/��l� ��/���
Ba �/w�� w�/wm� ��/��� �l/�ln b�/SSb ��/�wm �w/���n ��w� ��/��� �m/�wl ��/��� �w/�n�
V ��/w�w mw/w�� �l/��� �l/wn� �/��� ll/�mw m�/��m �/�n� l�/�n� ��/�� �l/��l �w/�w
Cr �/�� ��/�l m�/wwn ��/��l w�/w�n w�/w�n ��/�mm �m/�� �m/� wl/�w� nm/�n �w�
Co ��/m� w�/m� n�/l� l�/�� �l/ln wm/�w �m/lm �m/�� �/�� �/�� w�/�m m�/ww
Ni �l/�w� �l/�w� �/m� n�/��m �l/�l� ��/�� m�/�n m�/� ��/� �m/m� mw/�m ��/m�
Y m�/�m ��/�� ��/w� n�/w� l�/�� ��/�n mw/�w m�/�w �/w� mm/�� mw/wl �l/�l
Zr �/�� �m/�� m�/�� ��/�� ��/�� �m/l� ll/��� nw/�w ��/��m ��/�m� ��/�l� n�/���
Nb �l/� ��/� m�/� ��/�l w�/w �l/� �/�l �l/�w mw/�m ��/�w m/�� m�/��
Mo lm/n �m/n lm/n ��/n wl/n �w/n mw/w ��/� ��/n l/� l�/� ��/n
La ��/�� l�/�n ��/�� w�/�� n�/� wm/m l�/wl ��/�l �m/�� ��/l� �m/�� ��/��
Ce ��/wl w�/�� �/w� n�/w� �m/�� ��/�m �w/�� �l/�w wl/wl l�/�� �w/l� ��/m�
Pr ��/l n�/l ��/l ��/l �w/� ��/� w�/� l�/� w/l wm/�n n�/� �m/m
Nd �l/�l ��/�� �w/�� m�/�m ��/� ��m/�n ��/w� l�/�� �w/�m l�/w� �w/�� �/��
Sm l�/m �w/� m�/l �l/w �l/� ��/� m/� ��/w �w/w �w/m ��/l w�/l
Eu ��/� l/� w�/� ��/� ��/n nw/� l�/� ��/n ��/n �m/� n�/� n�/�
Gd �w/m �w/� ��/l n�/l �/� ��/� n�/l i�/Z nm/w m�/l m�/w n�/w
Tb ��/n �/n �w/n ml/n l�/n l�/n �m/n l�/n l�/n m�/n l�/n l�/n
Dy �/l ��/w ��/l �/w ��/w �l/� �m/� w/� ��/� ��/w l�/� nw/�
Ho �/n �/n �m/n ��/n m�/n ��/n �l/n ll/n ll/n ��/n l�/n w�/n
Er ��/� ��/� m�/� n�/� ��/� ��/� w�/� �/� ��/� lm/� ��/� ��/n
Yb mm/� ��/� ��/� �/� ��/� w�/� ��/� n�/� nw/� w�/� ��/� ��/n
Lu ��/n ��/n w�/n ��/n �l/n ��/n ��/n ��/n ��/n ��/n ��/n ��/n
Hf n�/� �w/� �/� ��/� ��/n l�/� l�/l �w/w l�/l �w/l �/l w�/l
W w�/�� �m ��/w� ww/w� ��/w� ��/w� ww/��m m�/��� m�/ll ��/ml ��/�� �w/�n
Th ��/n id/T m�/n �m/� �l/n ��/n ib/d �/� ww/� �/�� ww/� �/�n
U �l/n ��/n l�/n ��/n �w/n lw/n m�/� �l/w Z�/b ��/m �l/� n�/m
Cu ��/�� ��/�� nl/�� ��/��� nl/�� w�/lm �w/l� �l/�� �w/ll ��/ln ��/�� �w/���
Zn ��/�� n�/�� �/�� ��/�w� ��/�� �w/�n m�/�w� �l/m� �m/�� �l/�n ��/�m l/lm
Ga �/�� m�/�� wm/�m �/�m �� m/�� TS/Si m/�� �/�� w�/�� ll/�� �m/�m
Rb �l/lm Sd/Z� �w/m �m/w� �w/w �w/�� �/w� ��/m� �Z/ST lm/lm n�/�n ��/w�
Cs lm/�n ��/�� ��/n m�/� Si/T �w/l ��/w nm/� T�/b Sg/Z ��/n m�/n
Ta ww/n �m/n lw/n ��/� �m/n lm/n ��/n ��/n mw/n mw/n ��/n l�/�
Pb �m/� ��/� mm/� �w/� ��/l mw/� ��/�l� ��/�w �m m/�� m�/�� ��/��

Ba/Nb �nw �� �w wm l� ln
Ba/Ta ��mm ��l� �w�� ��� �m�� m��
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'0^�����=& �l�5�E��# �w�m7%$ �"�/2* �="&/tR � �="& ���B �9��4��"�/%
# � �: 9�: . . .m�w

��$*�? @�"=B �U�%1 !"4��"� h*�""�2 '��� �$��?
 �� �"��* �E&/  � �
�'%B �? �,�� 9��1 �2/,(%1 9�:�*�/=�

7%$�%A �4��)� ���)8)26 9�: �B�F �U�%1 � '& ����
 ~,$(LREE)��B�F �U�%1 �? �,�� �� #�$�� �U�%1 ���� 
!"4%$(HREE) �$* )V(&g@ � _�* .(�%A #* � '&
LREE �LILE��2 �#* � '&HREE�� /4�* !
* �� '�*/2

 � @�] PB ��� ���4E$�F �*/� �� ����  �/^� �4��)�
 9J�? � '�3
� CO2/H2O�� 7%$ 9�= �� V"()2 }"O� -

'&�? ���)8)26 9�: .�?�,�� 9��M%:Pb�? �9��M%: 9�:
 �8%�Hf �Zr�E$/> C
J6 �? '��*� ���&* 9* .�?9��M%: 9�:
 �8%�Ta �Nb7%$ �?�)� 9�:�? �E�?*� C�*���	 L-�%� 
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