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

÷

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

�����	 (��� (��*�
�)�! 
�*� +

���� � !"#!$ %&'  ��
�( #)*+ �%,-�'� ��.�/0#!$ ���1.' �'�2 ��3-�'� ���425'!
' ���42 

�(�,- :)3��' 5�6.!�0 7�80 �� 9��:1� ��&�� ��  ����/�(;%//. ��)"!"� <��'� �'!= 5�>!�. .�8
%= �6-�� �
!@ �)>)� A�B
�C"�  �"� �4 ���0  ��*.' �$')/D
 E�6F�� ��')@ G��0 H*I��)B �'!8B �4 ���*�. A�B �.��  J�� ���. A�B J/. A�B

5)"!"� �.' �%0 .��)@ K)I�  L
'%�( 5��� �� ���)3��' ��&�� A%�M)6��'!" A�B���0 5 �� �� ����� N�.'� O �'%$� �
!68�� �B
���� �.' ��&�� �
' �� �.�/0 .�
PQ@ �� !6,�' R�'�!(P
� R � �4)�S�� A'(������)@ �' ��@�83( �� �)>)� A�B �"� ��B A�B

�6�*(2 <������)@ �6�@�83( ������)@ ��'� A�B�,B!"�"�  P@�')T A�B<�� 5�-� ������)@ �U %B� �8B)@������ ��4 �!6�" �� �B
7�)0<�6	!" �'!= ����)0 ��S/� �� !6-�4 PU!8@ �4 ��6�M)	 %�' . �*D0�)$ ��6��'!" %&'  �� ������)@ 5' '!	  �%V6� A�B�'%$�

 �)>  #%+�/�( �'%�� 5�)4 W�4 ��M��8�0 A%/4Al  Fe/Fe+Mg �A�Q��@ ��/C8B  X������)@ ��  ��)4 �%B�-� G4�= �B4!3��� 
�.���2 5�)4 �
�8"�� .������)@ �
'!4�/4 ��)� A�B�.�!4X�Y� �4 �6�4'  �4 �4��!" 7��. N
 �*�.)4  ��)4 �6��'!" A�B ��36.�$

�%�2 �)>)4 �
�8"�� %�'.

�/"��(�0� ���:������)@Z���'!" Z�
PQ@ �0�'�!(P
�Z9��:1� Z���)3��' Z�/�(;%//. <5�>!�..

��(1� 
)@ J/[. \')�' �� ������ �[4 ��)["!"�  �4)[.� ��[
�K2 A�[B

 �%B�-� G4�= �+!	 ]
'� ���T ^
 5')/+�.' J/. ��  A�[B
 ��� ' ���T 5')/+ �4 �6�@�83(  �6��'!"]`�a[�[� c)�[Y�-

�)0 .�[� ���[T �
' �)*F@ ��/C8B �' 7�[�6�' X
'![0 �� %[�')@
 �*&!���8Q�'!
� �@ �
�8"�� A!�$d@ ��8Q�'!
� e�)[f A��[g2
 �![�" ]h[.��8�[[0 9[[�T!@ 5�)[4 '�'� G[[��� �[[4 ���[T �[[
' 
�

�� A�'%
�(  \)/6�  �%�C�(�!6�"��� �' �V�.  �B��-[	  �B
���[[.�!4J/[[. A�[[B�[[.�/0 �[[�8B' �i[[
 ��'� A']j�k[.

��')@  �
��8�0 9�T!@ �"%�C�(
A'!4 ������)@ AW�4 ����4 �
�6$�[. �� l*6�� !f�/+ �/
P3
�> L
'P[	' �[4 ![Q/� �)[$ �

��� �� ������)@ ���T A�'%
�(  �� ��� �[B ��-[	  A�B ![�m6� 
�.' �%0 .�� G��� ��8B �4 �)[n/� �[4 ������)@ ���T �' 5')@

 9[[�T!@ o��-[[@��[[�� ��[[�� ��[[3
�>  �M��8�[[0 �[[.�/0 

J/. �)[8� ���I6[.' 5�[4P�� A�B ]p<q.[�)[n/� �[4 �[.�!4
 �)@ A�'%
�(  G�,-@ X
'!0 5�[4P�� J/. �*T 9�T!@  �����

 ���T !
�.  l*6�� G�')+ �V��S� �'!8B A�B 5)r ���-[	 ��[�� 
�"%�P
!" � �5i��[T' �'%[� ��)[4 �[�M��*=  �[���V	 A![f�/+ 
%[[[/��8BTi �Mg �Fe �Al  H2O�[[[�8B' �i[[[
 %[[[��'� A' 

]`s�``[.t�.' !4�"i
 A�B ��3��%[/r �J[�� %[/��� A�)� 
��8�[0 9�T!@  �6�. ]/[( �
 ��36[.�$ ���[86&' ��[6��'!" 

�[[�@�83( ��6�@�[[83( ���)[["!"� �&')[[� �� �%[[0 u[[
�P@ A�[[B
������)@ A�B'��)$ ������)@  �4).� �8
%[= �&')[� A�[B ![@

�%[[0 ���/-[[�( ����[[��)@ A'![[4%[[�']`a.[�[[� ��[[/C8B 5')[[@
 A����4 �� 5�4P�� J/. \)� t�.'!4 �' �)[>)� c��8T !f�/+

 �����)@ ���T �� �@'!��m@ ���)f' �%B�-� !T�]`h[.��/C8B
�.�!4A�B ����[��)@ !4 �%0 #�Q�' �![> !4 �[�&�� A�[B]`j[�
��[[3B�<�6�[[.!. ]`k[�[[+)8Q� ���)[[@ v�OA'%[[�)�' ]`p[�

∗�I*@ �7)w�� �%/�
)� :`q<hh`ass``<spp�,�� !6,�' ��( �:Vahid.Shahrokhi@Gmail.com 

7�.  ���4 x6IB y��80 �# � �5�6�4�@ �z{YIf �' ��z| �@ �}}

 [
 D

O
I:

 1
0.

29
25

2/
ijc

m
.2

7.
2.

38
5 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
cm

.ir
 o

n 
20

25
-0

7-
19

 ]
 

                             1 / 16

http://dx.doi.org/10.29252/ijcm.27.2.385
https://ijcm.ir/article-1-1273-fa.html


���I�� ��$!B�0 5'!
' �.�/0 ���T  �.�/0�)*4 �*Q� �z~

��@�83( [3/�  ���/Q/" A�B A �]`��`�[�� �[4��2 �[�&��  
7�80 5�3
��*" �=!0 ]`q[;%//[. �[/�( �� �[=' <5�>!�[.

 ������)@ �)>  !3��-� �[/�( %[=�	 ����)[0 \)[� �' �
�B A%[/4
 �.' �
�8"�� \)� �'  �
��8�0 .R��,8B  ����If' A�)�/� 

]as[������)@  �6�[�'� �[
 '�� \)� �' '� 9��:1� ��&�� A�B
 '� �[[��2 �6�[[4' [[4��[[+)8Q� A��[[��!"� �[[
  ��)[["!"� A�[[B

�[[� %[[/�'� .��[[/C8B t�[[.' ![[4�[[.�!4A�[[B�%[[0 #�[[Q�' �
������)@ �� �='  5'O ��&�� A�B h�9[��:1� �![0 A!6�)*�T 

A'�'��/�( ��8�0 A%/4
����)0 \)� �'  �%/6�B  ��36[.�$ 
%��'� �
�8"��]��[.

�� �LB i( �
' ]
�6� �' ���I6.' �4 Q@�
P A�[B R�'�![(P
�
��� !6,�' J/. �� ������)@ 9�U!@ 9[��:1� ��&�� \)/6� A�B
 �[[.�!4�%[[0  \)[[�  ��36[[.�$ l[[*6�� A�B%[[&'  �� �[[��2 

�.' �%0 ���V@ �'� ������)@.

����� 2�� 
 \)[� �9[�U!@ ��[�V@ A'!4 ��36[.�$ A�B%[&'  �� ����[��)@ 

����[[��)@ l[[*6�� �'%[[V@ �9[[��:1� �[[�&�� �'�`a��' �[[�)8
^B!" ������)@ A�B �"� ��'� ������)@ A�B �"� ��'� �[6�*(2 A�B

 ��@�83(  �[0'�!4 9[��:1� ��&�� A�B [0%.�' H[( �[.�!4 
J/.A��3� ���T  ���� �:��� �.�/0<�' �%[0 �[��@ �*��[f

 ��)8� �
' �'%V@ ��B��S�� R � �[4 �[
PQ@ A'!4 R�'�![(P
� 
�� !6,�' %0 c��6�' .�)n/� �4 �.�!4 �8�0 ���T������)@ �[B

 �'%V@js����[��)@ l*6�� A�B%&'  �' �S�� �' ���I6[.' �[4 �'�
 ��36.�CAMECA-SX-100 A'![4 l[*6�� A�B��'%��6.'  

`a ��3-
���2 �� !�/+ R�'�!(P
� e�[���Y@ P[T!� �[� !6D�'
 5'![[
' ��%[[V� �')[[� A� 2![[	�[[
PQ@)�[[S�� A'(%�%[[0 .O�[[6� 

c�60 ��36.� �%/B� `k5�[
!> e%0  ��  5 !6D�' )*�U as
�[.' ��)[4 !��2 )��� .A'![4 �@�D�*�[. �[�M�'O A�B��'%��6[.'

 �P[/3/�  �[B2 A'![4 �[���
�	 �x
P[�/� A'![4 ��@�6��' �x
%.
 �
�[�*= ���[.%*	 �x��[*U A'![4 ���)6.W  �!I�	 A'!4 ��@�(2

 ���I6.' #)�/��)�2  x
%. A'!4%�%0.
A�S$ P����2 �F�� A'!4 �*[f' ![f�/+ `%![f�/+ A'![4  

�+!	k%�.' .t�.'!4 A��6$�. 7)�!	h`�![	 �4 �5i��T' 
�'%��A!�/+ 9.�/@ H2Oe�)f �4 OH��/V
OH+F = 4 
apfu %[[0 �F[[.�Y� .e�)[[f ���)[[F� �� ���[[$ A�[[> ��[[B 

��[[3
�> A�[[Bx[[
�'� �[[�>  �-[[B Li=15<)T+Z+Y(�[[T 
�'%��Li  �4 �U ��3
�> �.�/0�)*4 Y6$' \)8Q� �' ��'� ���

�����25)�@�T 5�D� �U �
�B A�BT + Z + Y = 157�m[0' '�
�� %0 !�U �%//U �.' �]�[.5)�@�U �[
�( !4 P/3/�  �B2 A�B

�.�!4 �[6	!" !n� �� �6�	!�  � �������)@ A�)*4 ��6$�. A�B
%0%��.�!4 �
' '!
� ���'� 5�-� �B 7 '%[6� �[
' �[T %[�' �
![@

 P/3/� ��	!� �.' ������)@ �� �B2 ]aa[)7 %>`.(

����� � 34� 

��  ����5 ���6	 

5�6.' �!0 7�80 �� 9��:1� ��S/� 7�80 ��  5�6.!� 
7): ��4 ���)3��' 5�6.!�0 �
��	'!m> A�B'h�˚jq�@'hq

˚jq�!+  �=!0 �
��	'!m> A�B'h`˚hh�@'hh˚hh
�"!4 ��  ���80`sssss/`�='  �r�  '�.)G,0`.(�
'

���� ��"%
� �' ��S/� �/�( �' �-�4 A��6$�. �.�/0
;%//.<�.' 5�>!�. ]��[G��0 5)6��4 �/�( !
� ��  
e�/4!U �@ ���( t�
!@ 5��� �' �
�� u8+ xU X�Y� A�B

 ��'� �'!= ���( �.�@!U]��.[J/. ��"%
� �' ��.�/0
�8
%= �6-�� �
!@ �4'  ��S/� �
' �� �)>)� A�B t�
!@ �4 �6
���(<�' 5' '!	 �F�� �4 R!6�" �4 �U%/6�B N�.'� O 

�@ %�('  �6	�
 ��> ��*.' �$')/D
 E�6F�� ��')@
�%0(Jmsl) ���0  x�� �'��D�� A�B�C"�  �"� �4 t� A�B

����8�*�.  �
!
��)U ���0�D��  ���*�. �'�(Jmsh) �4 
H*I��)B �'!8B �.��  J�� ���. A�B J/.�B5)"!"� A�%0

(Jms)�%0 G�D-@ %�']�|.[%& 5�)F� o�-� �*+ �4
���( t�
!@ e�4).� �
!
�<A� %& �@  N�.'� O 

x�4 ���� �36�
��*D0!"� ��6$�. �6$')/D
  �%V6� A�B
��&�� t���� �� e�4).� ��')@  ��')@ �
' ����� �A'

�
W �F��> e'!��m@ ��'%�' G4�= u�=� �)S4 �B� A!�" �4  ��)F
�( G4�= �6&'� ���� A!�"]�~.[^�.'� O �: �8"�� K)I� �4

 �����)165Ma~] (����z[G,0  �A%�M)6��'!" ��)@ A!�"
J/. ��)"!"� ���B R!6�" 9>)�  �%0 !��6� v'!:' A�B

�%0 AK)I� ��)@ �4 t�8@ GY� �� %�']��.[�t�.' �
' !4
���� �'%$� �
!68�� �� �
' �� �.�/0��)@ L
'%�( ���& A�B

 �U �.' ����� N�.'� O 5��� �� ���)3��' ��&�� A%�M)6��'!"
���0 5 �� ��!U K)I� �B �8T �'%�� ��Q
' �+�4  H*I��)B

���0  �,� A�B �.' �%0 ��&�� �
' �� �'�]hs�ap[.!4
�. t�.' R � �4 �%0 #�Q�' �Q/.U-Pb 5)T!
� ���T !4 

]a��a�[�� !n� �4 �A%�M)6��'!" ��)@ �
' L
'%�( �T %.
��)@ �4 5��P8B �!> !4 A%�M)6��'!" A�B]h`�ha[���6.2 �

 [
 D

O
I:

 1
0.

29
25

2/
ijc

m
.2

7.
2.

38
5 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
cm

.ir
 o

n 
20

25
-0

7-
19

 ]
 

                             2 / 16

http://dx.doi.org/10.29252/ijcm.27.2.385
https://ijcm.ir/article-1-1273-fa.html


%*>�����80 ��5�6�4�@ ����z�.�!4 ������)@ ��36.�$ ���V@  ���T �8�0��&�� A�B. . .�z�

]hh�hj[%�)�'  ]`p[5 �� �U %0�4 ����� N�.'� O 5��� ��
��*�	 �.' �%0 �@� �Q� ��)"!"� ��Q
' �+�4  ��!U K)I� �B

���0 �4 �U �D� A�B H*I��)B �4  \ !0 �'� ��@�83��  �B �B
�� x6$ �)0 .�.�!4�� 5�-� �%0 #�Q�' A�B �T %B�

�B2 9��:1� ��&�� A�B%�M)6��'!" �8T �@ ���)�2!( ��'�
 \)� �'  �
��*= A� %& �@ �
��*= �,B2  ���)�2A%/6�B 

]hk.[J/. A�B�8�. ��
'!Yf A�B%
���4 �!3
� v!: �' -
�.�!4  A��3��� 5�-� �8�0 ���� A�B �T %B�

6��'!" # � \)� �' ��S/� �
' A�B%�M)A ��)4 # � \)� 
�"i
  %/6�B '�'� 5��P8B '� �
��*=  �
��*= �,B2 A�B]hp[

)G,0`.(

#�(78������)@ �0�'�!(P
� �
PQ@ ]
�6� J/. �� �)>)� A�B t�.' !4 9��:1� ��&�� l*6�� A�B��5)��2 ��@�83( �� �)>)� ������)@ �B
)(�A�B �"��6�*(2<������)@ �6�@�83( �'�)(������)@ ��,B!" A�B)(�"�� P@�')T A�B<������)@ )(.

��)8� ���80 � � � � | ~ � z � `s
SiO2 ��/�� �z/�| �z/�| |�/�| �}/�| ��/�| �|/�� ��/�| �|/�| }�/�|
TiO2 �~/} �~/} ��/} �}/} �|/} �z/} z�/} z|/} z|/} z�/}

Al2O3 �|/�| |�/�� ��/�� ��/�� ��/�| }�/�| |�/�� ��/�� ��/�| �~/�|
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Si z�/| qs/k qak/k ��}/| zz}/| �sh/k �sh/k �p�/k �jj/k �q�/k
Ti }�/} sk�/s s�q/s }zz/} sqh/s sah/s sah/s `sp/s `sp/s `s`/s
Al ��/~ �hh/p ��a/p ��|/~ �aj/p q�k/p q�k/p �aq/p �jj/p �qk/p
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K }}�/} ssq/s s`h/s }��/} s``/s s``/s s``/s s``/s ss�/s sjj/s
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Al in R2 �`q/s �j`/s pq�/s p�k/s �s�/s ���/s ���/s pq�/s p��/s pqa/s
R2* z��/� ��j/a �as/s �`j/a �hp/a �kh/a �kh/a �hj/a �hs/a �ah/a

Fe/Fe+Mg ��z/} q`�/s q`j/s qhs/s qa`/a qak/s qak/s q`k/s q`q/s qah/s
R1=Na+Ca |~�/} kas/s khs/s kkh/s kaa/s kkh/s kkh/s jqs/s khq/s psq/s

R2=Fetot+Mg+Mn }�/� shh/a sah/a saq/a sa�/a spp/a spp/a sh�/a sja/s sh`/a
R3=Al+1.33Ti }�/� q`s/p �qs/p �kq/p qj�/p s`k/� s`k/� qpq/p q�j/p saq/�

R1+R2 |�/� kkh/a kkh/a k�a/a kks/a p`q/a p`q/a ka�/a k�`/a pjs/a
R2*+Al in R2 ~�z/� k`k/h j`�/h hqq/h jjj/h �kh/a �kh/a jh`/h j`�/h j`k/h
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 #�(7 ��"!"8
��)8� ���80 `` `a `h `j `k `p `� `� `q as 

SiO2 k�/hj kj/hk k�/hk ps/hk pq/hk as/hp �a/hk ��/hk pj/hk pq/hk 

TiO2 �k/s �`/s ss/s �a/s kk/s p�/s pp/s p`/s p�/s �a/s

Al2O3 pq/hk �s/hj �a/hj k�/hj s`/hk qs/hj sq/hk �j/hj �h/hj �`/hj 

FeO hs/`h kq/`h �s/`h p�/`h hh/`h aj/`h sp/`h ss/`h `k/`h s�/`h 

MgO p�/s p`/s p`/s p`/s pk/s �a/s �h/s ��/s q`/s �k/s

CaO `�/s as/s `q/s `p/s `�/s `k/s `j/s `p/s `k/s `p/s

MnO `�/s `k/s `k/s `�/s `j/s as/s a`/s ah/s as/s `q/s

Na2O �`/` kp/` qs/` jq/` j�/` kj/` pa/` k�/` pk/` kp/`

K2O sk/s sk/s sk/s sh/s sk/s sk/s sj/s sk/s sj/s sh/s

\)8Q� aj/�� `a/�� ss/�� sk/�� s�/�� �s/�� ks/�� sh/�� ak/�� sq/�� 

Si �hk/k �q�/k q`�/k q`a/k qs�/k qj`/k qaj/k qaj/k �qa/k qsk/k

Ti `sp/s s�q/s sss/s sqs/s sp�/s s�h/s s�p/s s�p/s s�h/s sqs/s

Al q�p/p ��p/p �a�/p �p�/p �h`/p �k`/p �qq/p ��q/p ���/p ���/p

Fe2+ �jk/` ��p/` qsp/` �q�/` �jk/` �`�/` �ss/` �ss/` �`�/` �`s/`

Mg `p�/s `k`/s `k`/s `k`/s `ps/s as`/s a`k/s a`k/s aaj/s a`s/s

Mn sak/s sa`/s sa`/s saj/s sas/s sa�/s sha/s sha/s sa�/s sa�/s

Ca sha/s shp/s shj/s sa�/s shs/s sap/s sa�/s sa�/s sa�/s sa�/s

Na kks/s ksa/s p`h/s j�s/s j�k/s jqs/s ksj/s ksj/s kaq/s kss/s

K s``/s s``/s s``/s ssp/s s``/s s`s/s s``/s s``/s s``/s ss�/s

FeO+MgO q�/`h as/`j h`/`j a�/`j q�/`h s�/`j ��/`h ��/`h sp/`j qh/`h 

FeO/FeO+MgO qk`/s qk�/s qk�/s qk�/s qkh/s qjs/s qh�/s qh�/s qhk/s qh�/s

Xsite kqh/s kjq/s pk�/s k`j/s k`p/s kap/s kjh/s kjh/s kp�/s khp/s

Xvac js�/s jk`/s hja/s j�p/s j�j/s j�j/s jk�/s jk�/s jhh/s jpj/s

Na+K kp`/s k`h/s pa�/s j�p/s j�p/s kss/s k`k/s k`k/s kjs/s ks�/s

Xvac+Na qk�/s qkh/s qkk/s qpp/s qkq/s q�j/s qp`/s qp`/s qpa/s qpj/s

Xvac/Xvac+Na jak/s j�h/s hk�/s ksh/s ksj/s j�p/s j�k/s j�k/s jks/s j�`/s

Mg/Mg+Fe s�h/s s�j/s s�h/s s�h/s s�q/s sqq/s `sp/s `sp/s `sq/s `sh/s

Al in R2 �a`/s p�h/s �jk/s p�s/s �hq/s pqa/s �sa/s �sa/s pq�/s pqh/s

R2* �kq/a �j`/a �ah/a �kh/a �pj/s �hq/a �jq/a �jq/a �p�/a �js/a

Fe/Fe+Mg q`p/s qak/s qap/s qap/s qas/s qss/s �qh/s �qh/s �q�/s �pq/s

R1=Na+Ca k�a/s kh�/s qj�/s ks�/s ksk/s k`p/s k`k/s k`k/s kjs/s ks�/s

R2=Fetot+Mg+Mn sh�/a sk�/a s��/a s�h/a sak/s skk/a sj�/s sj�/a s�s/a sj�/a

R3=Al+1.33Ti ``p/� qss/p �a�/p ���/p qa`/p �p`/p ��s/p ��s/p �q�/p qss/p

R1+R2 pas/a kpq/a �ak/a k�`/a khs/a k�`/a kpa/a kpa/a p`s/a kks/s

R2*+Al in R2 j�s/h jaj/h kp�/h jhh/h ksh/h jh`/h jk`/h jk`/h jpj/h jhh/h
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#�(7 ��"!"8
��)8� ���80 a` aa ah aj ak ap a� a� aq hs 

SiO2 ps/hp kk/hk �k/hk �`/hk pp/hk q�/hk q�/hk `�/hp �s/hj aj/hp 
TiO2 sk/` qs/s p�/s ��/s �a/s ss/s �h/s �`/s js/s p�/s

Al2O3 s�/hj jq/hj jj/hk kj/hj jj/hj jk/hj ph/hj qh/hj �k/hj jj/hk
FeO qp/`` qq/`` qq/`` �p/`` `h/`a h�/`a j`/`a a`/`a `�/`a �q/`` 
MgO p�/` p`/` p`/` ph/` k�/` �k/` �p/` �h/` �s/` `�/a
CaO `�/s aa/s as/s `�/s `�/s as/s `�/s as/s a`/s ak/s
MnO `p/s `�/s `p/s `�/s `�/s `k/s as/s `q/s `q/s `p/s
Na2O p`/` kk/` kk/` kj/` kq/` kh/` kh/` kp/` �s/` pp/`
K2O sj/s sh/s sk/s sh/s sk/s sj/s sh/s sk/s sh/s sh/s

\)8Q� hk/�� kj/�p ka/�p kk/�p kh/�p ps/�p jp/�� ��/�� `�/�p jp/�� 
Si ssa/p �qk/k qh�/k �kk/k q`p/k pqh/k q`s/k qs�/k �`s/k �p�/k
Ti `aq/s ``a/s s�h/s sqp/s sqs/s sss/s sqs/s s��/s sks/s s�h/s
Al k�k/p �js/p `ah/p �jq/p �hj/p �h`/p �sk/p �ah/p �k�/p �pa/p

Fe2+ pjs/` pph/` pp`/` ppa/` p�h/` �`k/` �sk/` pp�/` pqq/` kqp/`
Mg js�/s hq�/s hq�/s hq�/s hq`/s jk�/s jh`/s jjp/s jj�/s kap/s
Mn saa/s saj/s saa/s saj/s saj/s sa`/s sa�/s sap/s sa�/s saa/s
Ca shs/s shq/s shq/s sha/s sha/s shp/s sha/s shk/s sh�/s sjh/s
Na k`a/s jq�/s jq�/s j��/s k``/s jqa/s j��/s jqj/s kks/s ka`/s
K ss�/s ssp/s s``/s s`s/s ssp/s ss�/s ssp/s s`s/s ssp/s ssp/s

FeO+MgO ph/`h ps/`h ps/`h jq/`h �`/`h aa/`j `�/`j sj/`j q�/`h q�//`h 
FeO/FeO+MgO ���/s ��s/s ��`/s ��q/s ��j/s �pq/s ��k/s �pq/s ��`/s �jh/s

Xsite kks/s kjh/s kj�/s khs/s kjq/s khp/s kak/s khq/s kqj/s k�s/s
Xvac jks/s jk�/s jka/s j�s/s jk`/s jpj/s j�k/s jp`/s jsp/s jhs/s

Na+K kas/s ksj/s ksq/s jq�/s k`�/s kss/s jqh/s ksj/s kkp/s ka�/s
Xvac+Na qpa/s qkk/s qks/s qk�/s qpa/s qkp/s qpa/s qkk/s qkp/s qk`/s

Xvac/Xvac+Na jp�/s j��/s j�k/s jqs/s jp�/s j�k/s jqh/s j�a/s jaj/s jka/s
Mg/Mg+Fe `qq/s `qh/s `qh/s `qa/s `��/s a`s/s as`/s a`s/s a``/s aj�/s

Al  �� R2 k�k/s phk/s pps/s �sk/s pjq/s pqh/s p`k/s phs/s pp�/s paq/s
R2* pkk/a �as/a �j`/a �`�/a �hh/a ��s/a ��q/a ��s/a �``/a ��h/a

Fe/Fe+Mg �ss/s �sp/s �sp/s �s�/s �``/s ��q/s �q�/s ��q/s ���/s �ka/s
R1=Na+Ca kja/s kh�/s kh�/s kas/s khj/s ka�/s k`q/s kaq/s k��/s kpj/s

R2=Fetot+Mg+Mn s�s/a s�k/a p`q/a s�h/a sqh/a `qh/a `pj/a `js/a `jj/a `jj/a
R3=Al+1.33Ti �kp/p ��s/p �hh/p q�s/p �kh/p �h`/p �aj/p �h�/p qah/p ��a/p

R1+R2 p`a/a paa/a p`q/a psh/a pj`/a �as/a p�h/a ppq/a �ha/a �s�/a
R2*+Al  �� R2 ajs/h hkk/h jsa/h hkh/h hp�/h k�q/h hqj/h jss/h j��/h jsa/h
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 #�(7 ��"!"8:
��)8� ���80 h` ha hh hj hk hp h� h� hq js 

SiO2 kj/hk qp/hj `k/hk q�/hj q�/hj ah/hp `k/hp h�/hp kq/hp ha/hp 

TiO2 �h/s �j/s sa/` pk/s pk/s hh/s aq/s h�/s ��/s �a/s

Al2O3 �k/hh kk/hj �q/hh p�/hj p�/hj kj/hk kj/hk ph/hp �k/hj `p/hk 

FeO j`/`a h�/`a ss/`a ak/`a ak/`a s�/`a as/`a sp/`a q�/`` ``/`a 

MgO jq/` k�/` ��/` �k/` �k/` js/` h�/` ph/` �k/` p�/`

CaO aa/s a�/s a�/s ak/s ak/` `a/s ``/s `h/s aj/` `�/`

MnO `�/s `�/s `�/` `p/s `p/s `k/s `p/s `p/s `p/s `�/`

Na2O pk/` �q/` �p/` q�/` q�/` a`/` js/` h�/` hs/` ks/`

K2O sk/s sp/s sk/s sk/s sk/s sj/s sh/s sh/s sj/s sj/s

\)8Q� ak/�� �a�p �p/�k �k/�p �k/�p `j/�� hs/�� �s/�� qs/�� qq/�� 

Si qha/k �`p/k �jj/k �kq/k �s�/k s``/p qqk/k �kk/k qk`/k q`h/k

Ti `sj/s `sk/s `a�/s ``q/s s�`/s sj`/s shp/s sjk/s `sp/s `ss/s

Al pkq/p ��k/p pqh/p pqs/p ��k/p �kj/p �k`/p qj�/p p�h/p �jp/p

Fe2+ �ha/` �a`/` �j`/` p�p/` �s`/` p�p/` pqa/` pah/` paq/` pjq/`

Mg h�`/s h�q/s j`j/s jjh/s jk�/s hjp/s hj`/s hq`/s jjq/s js�/s

Mn saj/s sak/s saj/s saj/s saa/s sa`/s saa/s saa/s saa/s sak/s

Ca shq/s sj�/s sks/s sjq/s sjj/s sa`/s sas/s saa/s sja/s sh`/s

Na khj/s p`s/s kkj/s psp/s phj/s h�q/s jks/s jh`/s j`s/s j�h/s

K s``/s s`h/s s`q/s s``/s s``/s ss�/s ssp/s ssp/s ss�/s ss�/s

FeO+MgO qs/`h qj/`h `q/`j ��/`h `s/`j j�/`h k�/`h pq/`h �a/`h �q/`h 

FeO/FeO+MgO �qa/s ���/s ��a/s ��`/s �k�/s �qp/s �q�/s ��s/s �pp/s ���/s

Xsite k�j/s p�`/s pah/s ppp/s p�q/s j`�/s j�p/s jkq/s jps/s k`a/s

Xvac j`p/s paq/s h��/s hhj/s h``/s k�a/s jaj/s kj`/s kjs/s j��/s

Na+K kjk/s pah/s k�h/s p`�/s pjk/s hq�/s jkp/s jh�/s j`�/s j�`/s

Xvac+Na qks/s qhq/s qh`/s qjs/s qjk/s q�`/s k�j/s q�a/s qks/s qp`/s

Xvac/Xvac+Na jh�/s `ks/s jss/s hkk/s haq/s kqq/s kh�/s kkp/s kp�/s ks�/s

Mg/Mg+Fe `�p/s `�j/s `qa/s as�/s a`a/s `�`/s `p�/s `qj/s a`p/s `q�/s

Al in R2 kq`/s kq`/s kh�/s kjq/s kq`/s �kj/s �j�/s �sh/s php/s pkq/s

R2* �`�/a �ap/a �a�/a �sa/a ��a/a �qs/a �sa/a �hq/a �hp/a �j`/a

Fe/Fe+Mg �ah/s �`k/s �sk/s �q`/s ���/s �a�/s �ha/s �sk/s ��h/s �ss/s

R1=Na+Ca k�h/s pk�/s psj/s pkk/s p��/s j`s/s j�s/s jkh/s jka/s ksj/s

R2=Fetot+Mg+Mn `a�/a `hk/a `�q/a `kh/a `�`/a sjh/a skk/a shp/a `ss/a s�a/a

R3=Al+1.33Ti �q�/p q`j/p �ph/p �j�/p �qa/p �s�/p �q�/p ss�/� �ap/p ��q/p

R1+R2 ppj/a �qh/a ��h/a �ss/a �kq/a jkh/a kak/a j�q/a kka/a k�p/a
R2*+Al  �� R2 hsq/h h`�/h apk/h aks/h hph/h kk`/h kjq/h pja/h h�a/h jss/h
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%/6�B �6�*(2 .��/C8B���@�83( A�BG��0  ������)@ 
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' �6.� ��)8� �� �
 )D�� ��B A�B
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%/6�B .!S=^B!" �' �B`k� %& �@ �!�@ �6�B �� !68�*�� 
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�%
� �� �)0.G,0 ^B!" �.' e �I6� �B���' !6-�4 ���2 
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����� !��� �1>6� �! 
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� �
PQ@ A�B

������)@ �!	  �.�!4 ��)� ��&�� �� �)>)� A�B A��6$�. 7)
 t�.' !4h`�F�� �� �F�U!@ e'!��m@ � 5)��2 A�B Ca, Na, 
Mg, Fe ������)@ \)�  �
�@ � �'�)8� ^8T �4 �B X-vac/X-

vac+Na  �4 �F�� Mg/Mg+Fe]hq[%0 �.�!4)GD0h
l�' .(!4������)@ �8B ��'�)8� �
' t�.' ��4 �!6�" �� �B

7�)0<��S/� �� !6-�4 PU!8@ �4 ��6�M)	 �'!= ����)0 
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' �4 �>)@ �4 ��/C8B �6�*(2 A�B <

������)@ �6�@�83( ������)@ ��'� !6-�4  �,B!" A�B
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�)
�)�'!" A�B)c!g �8. �4 %
�(� �(��@�83( �
'!Yf !
)�@ A�B

�
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9,	A������)@ �F�T!@ ��3
�> 9��:1� A�B)5�6.!� 5�6.' (�' ��l(�
�@ � �'�)8�X-vac/X-vac+Na  �4 �F�� Mg/Mg+Fe]��[�8B �T
������)@ 7�)0 ��4 �!6�" �� �B<�6	!" �'!= ����)0 ��S/� �� !6-�4 PU!8@ �4 ��6�M)	 c �%�' (�'�)8� Na/Na+Ca �4 �F�� Fe/Fe+Mg]�}[�

��)8� �8B �T �6	!" �'!= ����)0 �!6�" �� �B � �%�'(��*�� �'�)8�(Na+K) �Ca A�Q��@ �X�]��[������)@ !6-�4 �T �M��*= \')�' �4 �)>)� A�B
e �%��'� u*V@ (�'�)8�R2* �4 �F�� Al  �� R2)R2*= Fe+Mg+Mn + Al, R2= Al + 1.33Ti + Si-12](��[5�-� 52 �4 �>)@ �4 �T �

�� ��3
�> �U %/B�Y��)8� �8B �.' �%-� !( G��U �): �4 �.�!4 ��)� A�B .�  (e'!��m@ �'�)8�Fe �4 �F�� Mg]��[��)8� �T !
� �� �B
 X$(Fe+Mg)=3∑�4 �!6�" ��  �'%�� Mg �' !68U Fe�� �'!= ����)0 �/V
 �%�!�" .7 %> %/��� �6	� ��T �4 xM1+�%/6�B .
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����  Ca, Na, K �4 �����[��)@ �6[.� �. A�[B
��*U�8��*= �
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' t�.' !4 A%[/4��' �%[0 �[0'�!4 A�[B �[�)8�
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' �� �)[F8U

 �' A�'%�� �/
P3
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Y�� ��>)@ �� A� %& �@ �T �)0 4 %�')@��[�M�F�2 �/�-[��> 
)x�6�� �/�-��> (4!�)%0�4 �)GD0he.(

e'!��m@ �'�)8� ��Fe �4 �F��Mg]j`[�9�U!@ 
����)0 <X$ A � �
 '�� (Fe+Mg)=3∑�� �'!= �!�".

��)8� �8B A'�'� %��'� �'!= X$ �
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� �U �
�B
(Fe+Mg)<3∑%/6�B �/�-��> e�)f �4  Al �� ��3
�> 
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2 .5�/r �' �U �
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(Fe+Mg)∑�/�-��> 5'P�� �%0�4 !68U Al �� ��3
�> Y
�� !6-�4 �)0 .��'�)8� �
' t�.' !4�8B��)8� �0'�!4 A�B

������)@ �' �%0 � ��&�� �� �)>)� A�B�.�!4 ��) A'�'� 
(Fe+Mg)<3∑%/6�B� 5�)4 '�'� �4  �'%� Mg �' !68U Fe �

�� �'!= ����)0 ��&���� %�!�")GD0h�(.
�'�)8� t�.' !4Ca �4 �F�� Na )G,0jl�'(��)>  

�'%���/sCa< �� �8B��)8� A�B�.�!4 ��)� �'%�� !3��-� �
�.' ������)@ ��6$�. �� �
 ' P�r�� .�)>  �t�.' �
' !4

��
� �'%�� Al �� ��3
�> Y�/�-��> �*+ �4 A�BAlOMg-1 
(OH)-1  AlNa-1Mg-1 �.']ja.[�"%/T'!( ��/C8B

��'� ��8B' �%/B� 5�-� �'�)8� �
' �� ������)@ A�B !
�.
�/�-��> %/��� �BAlNa-1Mg-1 G�,-@  A�Q��@ X�.' 

]jh.[��3
�>��)8� �'�)8� �� �BCa + Mg* �4 �F�� Na* + 
Al*)G,0jc(�>��  t),V� �S$ u4�S@ �%/B� 5�-�

�.' �
 ' �/�-��> xT .

9,	Bl�' (��)8� ��3
�> �'�)8� �� �BCa �4 �F�� Na .c(t),V� �36�F8BCa+Mg* �4 �F�� Na* + Al* .Mg*= Mg+ Fe + Mn 

+ 2Li –Ti, Na*= Na + K, Al*= Al + Fe3+ + 2Ti-Li�(�'�)8�Mg �4 �F�� Fe/Fe+Mg �T�F�� �'%�� 5�)4 !@W�4 �%/B� 5�-�
�"� �� x
P�/� P@�')U A�B<�'%�� 5�)4 !@W�4  ������)@Fe/Fe+Mg������)@ �� )>)� A�B��@�83( �� ��.�B .7 %> %/��� �6	� ��T �4 xM1+�
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������)@ �' �[BMg  Fe/Fe+Mg �� 2 �[.%4 '� .�[�)8� A�[B
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,B!" �"�  �P@�')T A�B<�[�@ �
!6-�4 ������)@ �"%[0 '� ��

 �F��Fe/Fe+Mg �[/g  �"%[0 '� �[� �� �FMg 5�-[� '� 
�� %/B�)G,0j�.(

C&��
 
����[[��)@ �[[��'!" �� �)[[>)� A�[[B 5 %[[4  GD[[0�)$ ��[[B
�[[�S/� 5�)[[4 ���)[[�2!( %[[/��� �S
'![[0 ��  ��)[[4 A%[[/4

)A/CNK>1(A%�[.' X
'![0 �PH<6.5 % B2O3=2wt 
�[� �)*F6� %�)[0]jh.[����[��)@ ��[/C8B �� �
�[8"�� A�[B

 ������)@ �4 ��
��� �!" A�B �'%[�� A'�'� �4�Al  A�[Q��@ X

!6-�4 %/6�B]js.[GD[0 �[4 �>)@ �4 A�[Bh ejc�[8B
������)@ �8. �4 �BAl LB�U  W�4 A�Q��@ X�60'� L
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 ��36.�$ %��'� �
�8"�� .������)@ ��/C8B �� �
�[8"�� A�[B
 ������)@ �4 ��
��� �B2 �%+ �4��!" A�BFe/Fe+Mg A!@W�[4

 %[��'� .![4 �[8"�� �t�[.' �[[
' 
����[��)@ 5�)[[4 ��[[�&�� A�[B
 ��)8� �' ���I6.' �4 9��:1� �[.' %�
d@ G4�= �%0 �0'�!4 A�B.

!3
� v!: �'��F�[� 5�)[4 W�4 Fe2+�[4 Mg �' ����[��)@ �� 
���-� c'�� �*�.  �4 52 G�D-@ A�B �[.' �
�8"�� A�B]jj.[

����[��)@ ��
'!4�/4 9[��:1� �[�&�� �� �)[>)� A�[B �[8"�� 
�
%/6�B .

�'�)8� t�.' !4 �
�@ �. A�B Ca-Fe(tot)-Mg P[��  Al-
Fe-Mg�������)@ N
�P� ����)0 9�U!@ �4 ��S/� A�B ��)[4 

�B2 �' �/g  6�B %/)GD0A�B kc  l�' .(9�U!@ ��/C8B
 ������)@ �
'  � !B �� �B �'�)8� ![��	 A�B%[�M)6��'!" ��&�� ��

 �'Li��@�83(  4'  A�B�� �'!= 52 �4 �6� %�!�"]`.[

9,	D������)@ �F�T!@ ��3
�> 9��:1� A�B �. A�B�'�)8� !4 �
�@ .l�' (Al-Fe-Mg .�:��@�83( �x�6�� �' �/g A�B%�M)6��'!" ��*(2  �B A�B
 ���2 �4 �6�4' �:��@�83( �x�6�� �' !��	 A�B%�M)6��'!" ��*(2  �B �4 �6�4'  A�B ���2 �:J/. P@�')T A�B<�' ��0!. ������)@Fe3+�:��*(�6�  �B

�����(�6� x�/��)�2 �' \�F0' ��	 ^
 �4 ��
P8B A�B|:��*(�6� �����(�6�  �B x�/��)�2 �' \�F0' ��	 ^
 �4 ��
P8B!�g A�B~:J/. A�B
��*(�6� ��,B2 �@�,�*�. J/.  �B P@�')T A�B <�' ��0!. ������)@Fe3+�:^�	��'!	  ��
�( x��*T �4 �%0 5)"!"� A�B �/8
%.�6� �' �/g A�B

 # !T  x
���' z:e�/4!T�6� ��/�T !�(�6�  �B �B]�[c  (Ca-Fe-Mg  .�:��@�83( �x�6�� �' �/g A�B%�M)6��'!" ��*(2  �B ���2 �4 �6�4'  A�B
�:��@�83( �x�6�� �' !��	 A�B%�M)6��'!" ��*(2  �B B���2 �4 �6�4'  A��:J/. �����(�6� ��,B2 �@�,�*�. A�B ��*(�6�  �B �' �/g A�BCa �:
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