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

÷

�������� 
���� ������ � ������ ���� � ������ ��������� �� ����� 
����� ��! ���������� ��"# 
$��% ��&�� ���� 

�#'(� ����)
�����* ���+�,� ����!*)
����- ��.� /

�����  !"#$ �%�&'�()*+ !,-.�/� �,�.� �%"�#	 !�0.�/� 
�����  !"#$ �%�&' 1/2��34�()*+ !,-.�/� �!�0.�/� 5�,� ��6#7 

�0���:��8&�29�):�
;,<�  / ):6���=&�22�> �1#' �+)?=�2;,<�@&% ;�0&% �>A�� B/)C D)&: E#' ,�.� �%/ .
���  @&% G��' ��8&� �
/ �%�&' �6)%� 2�> 2�>,H/" �I�%/�"J ����-%/ "!�)72�?�� K�?+'#7 �#L�M#7 �6 2��"N�)� ��%/ .

;��-%/ �>2�/"/#	 5�%/#6 ��8&� ���M ��>2%�*�7�-�->A ��6 ���A O)� "P��8&�2��M"#�9 �;��-%/ ����$ ��;��-%/ ����$ 
�
#*M �;��-%/ Q",�9/ �;��-%/ ��9)$)*	 �;��-%/ ��M"#�9�Q",�9/ " ;��-%/ Q",�9/ �I�-R7 ;��-%/ �
#*M !,' ,�/ .���M 2 �%

���M " ��4&0� >;��-%/ �6 !/#?> 2,�R�)% 2� 2�>��� �62�%/ !�/� S� ;��-%/ Q",�9/ " ;��-%/ ��9)$)*	 ��
�9 .M#7�L����$ �>
 5�%/#6�
N=72"�MN
� T�"#4-�/ �
�/�,�A �� ��U)%"#$ "��M"#�9 �4�$#V�,> �7 �4�$#V�,> O)�  / �>��%/ 2,��9)
� .���M-

��8&� �� 2 �%29�):�
;,<� �6 ): !�)7 Q�)W �&�X " 2/ ;�%@&% �� �4	#$ Q�)W �4��)�"� �->A 2�> �%/ .�*W/ ���M�
��4&0� G-' 2�> �'�� �/� ��/�)YZ,W�� (2#4?M #
���� �6 !/#?> �)-�&*� ��
#�9)-��M ���7"#�9 ��
#�9"�
�" �
�U)�-[%/

9�)�"#
 �" ����M ;\�)*��9 " ��7�?> G��' �
)��] 2�>�%/ .�/,�� FeO ��4&0� �� ��6^��7���/,�� " !�)6 #�_4� ,W�� 
 / �#$)$��/��%/ #4?M ,W�� .��4&0�  / `�6 a
N�&�  / �&b �>�,W�� /,�.5�%/#6��#W�&+ ;/NNi, Cr, V Ti, Ca, Al, "

Mn���4&0� ����-%/ O)�  / �>4�>,&.&� ;��-%/�N
?�;,<� /�/� ):2�>�V' �>2�6���2;��-%/ �6 �>2&��N
?�;�0&% ;,<� "
�6 ��8&� !c
"22"��� ;A �*?:  / �M �%/ � �>��6 ;/)7 �2,��9)
� ��M"#�9 �):"9)$)*	��� �)�#7 ��4&0� " ����'#% a
N�&�  / 

�#M !��'/.

�2�����,����:���M �&'�%d?�'���M ��>d�?
N�&� �>A ;��-%/ d;,<� ):dB/)C ;�0&% ;,<� .

�����
;,<� ;�0&% �I
!#�Ce2" a�� ;��-%/ ,&?' �/ �>A �6
!#�Ce2���+ " �7 ;)�*�� �/N>  / `�6 f��%/ �>A ,W�� 

�>A ;,<� �
#4$�N6 �M D#b�6 ��%A �� ��?' �"�]�[.�
/
�� ;,<� ��� 2#4�)*�M D)&: E#' ,�.� "��2#4�)*�M 

D)&: E#' B/)C ��;�4%/ ;�%/#C 2)i� ��6 j)k 2�> 
�
��	/#_:´��˚l��´�f˚l�"m#+ 2�> �
��	/#_: 

´�l˚���´��˚���/#1 �4	#$ �%/ .;,<�@&% ;�0&% �>A
�� ,&6#?M��.R.7A ���-��)7)*9 B/)C �#?'�M�n1/" �-%�#6 
)G-'o(.a
#M ;/��-?> " �)9]���[,&6#?M B/)C �#?'�M�

�-%�#6 /����M !�04%�C ,��M/ p�7 2 �% �>A;/#
/ �� 
�	#<�  / �M ,��#q �*?: ,��q/ 2�>�����M �>A �):)� ��

�
/ ��H�� �� ;/)7 �6 \k��
�U)�-[%/ !)M �:�)&7 ��  ";,<� 
;�0&% !��'/ B/)C �#q]�[.

∗�R*7 �j)r�� !,&�
)� �#6�?� :�f��^P�P�Pf-��"#4-�/ ��9 ��:shafaroudi@um.ac.ir 

���6 j�% "(���X ���6 �j"/ s��?' ��ftuRW  / �^f�7��� 

 [
 D

O
R

: 2
0.

10
01

.1
.1

72
63

68
9.

13
95

.2
4.

1.
7.

9 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
24

-0
5-

14
 ]

 

                             1 / 16

https://dorl.net/dor/20.1001.1.17263689.1395.24.1.7.9
http://ijcm.ir/article-1-118-fa.html


 [
 D

O
R

: 2
0.

10
01

.1
.1

72
63

68
9.

13
95

.2
4.

1.
7.

9 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
24

-0
5-

14
 ]

 

                             2 / 16

https://dorl.net/dor/20.1001.1.17263689.1395.24.1.7.9
http://ijcm.ir/article-1-118-fa.html


,*:��!��?' �����6 ����f���  ���M ��%�&' ��8&� �?�' " �%�&' " ;��-%/ 2�>. . .^P

3�4j�?' 2��4C�% !,' !��% �.�� B/)C ,&6#?M �� ;�0&% ;,<� ��<1)� " ;/#
/ E#'�#?'�M��-%�#6 .

�+)?=�2�����M 2�> ;,<�@&% �� ;�0&% �>A!#4�$2
)�1#' ��6#b (j)k �6�lm#+ " #4�)*�M ^�/#1 #4�)*�M 

,��/� .��H�� �% �6 ��8&� �
/2a���7 �6#b " 2NM#� ��1#' 
!,' �� �����M ,&X G��' �)C ��H�� #> " �%/ �)'.

�����M ��H�� �� !,' �
�%�&' 2�>2�6#b G��'f�����M A�
A' �B�C" ���?' C�6)&: 4�>,&.2NM#� ��H�� ���"�

6 a�� �����M�(�� �4	#$ �/#1 Ib�6 " 2"��� 2�>,�/.2�>�����M
 �1#' ��H�� N�� G��'l6���=&�2;)?&C� �/� v,=&% ��

v,=&%�v,=&% ��;,<� ��� #	 " �&>A a% �): �%/ �M 
" �� #	 2�4%"� �7 Ib�6 G�$ " 2NM#� 2�>�����M GW�	,H

�'� �1#' 2�>�%/ )G-'�(.�
/`>"c9��8&� 2"� 2
9�):�
;,<�  / �M ):6���=&�22�> �1#';,<� @&% �>A 

;�0&%�%/�!,' NM#?4� �%/ .6���=&�2�>`�6 2��1#'
 GH/#�9�):�
�� /� �7��,�� ����6 Q�+\k/ " ,&�/�w$

���   / �M,�/ ���M " �%�&' ;A �
/ �%/ �):)� �> .��8&� �� -

2;,<� �.�/#7 I
  / 2��]A �):2�� !,>�.� �?
,1 �� ��)'
`�6���M �*W/ Gu� " 2NM#� ;,<�  / 2��]A N�� �
/  2��M

 2#
���� �'/�#6 " �?
,1!���2�� a.X �6 ��,<� ��)C .
�
/ B,>`>"c9���7 �2���  �.�� I�-R7 B,> �6 �%�&'

��8&� !�)7 �
�%�&' �����-%/ 2�> x�V7�/ �%�#6 " 2e)R� 2�>
;A���M �6 �> ;��-%/ " 2 �% ���M ��
/  �4C�&'��8&� 2�>

 O)� ���<7 �
��� �� " ��,<� !��� " ;��-%/ �?�' " ;��-%/
 ;��-%/)�?
N�&� " �?��*M (2�>�����M #0
� �6 ;A x�V7�/ "

;�0&% ;,<� �*W/)2NM#� " �6#b `�6 (�%/.

5����#6�
�6 �
/ #y� ��)� B/,>/ �6 �6��4%� �)y&�`>"c9 �� �!#4�$
/2�<%" �6 ���)?� �n6#� #4�)*�M 2�/�#6�>�
`�6  / 2�>

 z*4��G��' @&% �;�6N�� ��8&� ���M " ����-%/ 2�> 2 �%
@&% (�=�/ �>A �	#$"���,' �'/�#6 ��)?� ,�.

3� /�+)?=� 2#�$�/#1 ��<1)� 2�>�����M �% ���$)�1#' " 2NM#� ��6#b (;,<� ;�0&% �{M !#4�{$ �{�8&� {9�){: �
;,{<� ;A �� ){:
!,' |�.� �%/ .

 [
 D

O
R

: 2
0.

10
01

.1
.1

72
63

68
9.

13
95

.2
4.

1.
7.

9 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
24

-0
5-

14
 ]

 

                             3 / 16

https://dorl.net/dor/20.1001.1.17263689.1395.24.1.7.9
http://ijcm.ir/article-1-118-fa.html


I*� �2#�y�2�"��R' !�/ �2���1 ;/#
/ �%�&' ���M " �%�&'�)*6 �*=� ^^

 ��
��� �� �Ml��v �� n8�� ��v �� n8�� �" �*��W ��
*6 n8��!�)7  / �*��W v)2@&% �2e)R� 2#�#� �->A 2�>

���M " ����-%/ 2�>,H/" ��4��)�"� "�
/ /#62%�#6���2
��0� @&%2���M ����M " �4C�&' ���7 2 �%,�,'.O)?=�  /

 �/,<7 ��*��W v)*6 " �*��W v �� nk�����" n8�� �P
�6 �8�� �)y&�%�#6��
' /�#9N�D��4�/ ��"#4}�/ ,',��

�6 2�)k �M^���M"#�9 ���M 2/#6 �8�� �P���M 2/#6 �8�� 
����$)��'�H " NM#�2���M ("����4&0� ���M 2/#6 �8�� 

�4	#$ #y� �� ,',�.
%�#6��>2@&%%�&'����M ����M " �4C�&' �� 2 �%

��  !�0.
�� A��%"�#	 !�0.�/� 2��341/ �%�&' ,�.�
�	#$ Q�)W .%�#6��
' /�#9N����M 2/#6 ��"#4}�/ 2�>

���M !�0.
�� A �� !,'��
 �/)� 2�"A#	 Q����u7 NM#� �%�&'
 (�=�/ ;/#
/ ��,<��	#$ ."�MN
� ��"#4}�/ �
/ NM#� 

j,� SX100 �M#' �C�% Cameca ���/#	 �).M�%/ "
! /,�/)7#9 / !�04%� ~�7���_4� ;"#-��%/ #.��)� J�4�"

���M 2/#6 !��R4%/ M/ 2�> �7�-�*�% " 2,���fQ/")*�M !�)6 
 / ,&7��V+ �>��/,��4%/ ":���"�"�(Mn) �
#�9)-��M �(Fe)�

 \-
#9(Mg) ���)4%U" �(Ca, Si)(",�"#M �(Al)  ����4�7 �
(Ti) ��V�A �(Na)  \M)7�/ �(K) ���"#M "(Cr).

�������� 
a
#M ;/��-?> " �)9]�"�[;,<� �@&% �>A ;�0&% /� B/)C 
�
N:  / ,&6#?M ��.R.7A���-��)7)*9 B/)C–#?'�M–

,��#M �	#<� �-%�#6.�
/ ,&6#?q �6 �1#' T#4�$��6#b "
�$,�?C �6 2)% �j�?' �� j�?' G�$ ��"�� )G�$ ��N6 

#
)q(n1/" " !,'6�#4.  / @&% 2�> ���.R.7A 2,�%/ �7 
�%/",H ">�$���	�� �6 �% 2#�'#7 G�}.7 '!,�%/ .�
/

@&% �>6�#4.L�q#7 !�)7 " �4'/� �4
 ,�A " �4�%/� 2�> 
2,��)4��/#$ �6 �V�q#7  / ����/#$ " �
�)
�)�/#$ �
�)
� ��

;A�>e)R� #M!�,�/)G-'�.(
�?
,1 �
#7 2�>,� �% �):)� �� ��8&�2;�0&% ;,<�
 / ,&7��V+ �Q#X G�' 2�> ����*�% ;)4�*�% "�>A �
�)*6.
�+)?=�2$�N6� /@&% 2�> ��.R.7A�����8&� G��' 
���%/� ���%/�)
� ���q/#7 �%\q"#�9 2�> �4
 ,�A "
@&% 2�> ��4%\q)��}�"4�>x)6#� �M ,& �6 ����<	 

���.R.7A �� !#4�$2����  �%�7#M �7 G
/"/ �%)�/ �4�6/" ,�/
]f[.@&% 2�> 7�&6#q�#4.�6 �6 ;��}%/ "#�#� ;)$#$� 

!,' ,�/ "�6%�?E#' �6 Q�)W �>A �
�)*6 �	�
 �� ,�)'
]f[.�%@&% 2�> 7�&6#M��6I�%/�"J ���1)	 "�%�7#M 

�
#
  �V�� !�/� ���)'.���M 2 �% �� �
/ @&% �>�6Q�)W 
O/)�/ ;��-%/ !�/� S� �%/ .��`�6 �;,<� ���?' ���/#$ 

#%)�#% e)R� !�#q �%/ .;)?&C� 2�> �}X)q  / @&% 
!�04%�Cq���2 �% �6 Q�)W I
/� "G�% �� �6#b `�6 �� 

��&M ;��}%/ ����$�/� ��� �62U�6 �
�%�&' ,'.�
/ !�)7 
��%/",H �?�� K�?+ " /O)� ��&�% 2#�	�)9 �%/ ]l[.
��8&�2��)� %�#6��
/ �� `>"c9 �6���=&�2;,<� �):

 ��`�6j�?' " ;�0&% ;,<� �1#' v,=&% �?.X E#'
 �%/)G-'~.(�?
,1 ���8&� �
/ �� �):)� 2�>,� �% �
#7
G�' �%�� " �> @&% ;A  #� �M ,&4�> I�%/�"J �6)%� 2�> �>

7�&6#M 2�>,H/" �6�G�$ �6 �",u� �%/ �>)G-'�.(
7�&6#M 2�>,H/"�@&% G��' �->A 2�>�
�)*6 @&% "2�>
!#�7 �4��)�"� ;�-� �� �M ,&4�> ���  �
/#' �M �
�> -

" �%�&'� �4C�% ��!�)6 ���� �!,' G
,V7 ;��-%/ �6 " ,�/
���M ,��M/ �
/  ;A �� �>A�� !,>�.� �> �)' .�"�" D��#$�>

�� @&% �7�&6#M 2�> �;�6N�� LV% �)*V7 !��6"� @&% 2�> 
;A G
,V7 ��7�&6#MG�-.7 ����)�"� " #�#� �6 �> ���M 2�> 

;��-%/ ���M "�>A �
/  �6 Q�)W �/ #
�!,' �%/ .
" 2#�'#7 a��7�?$��G-'$�#2@&% �
/ �� �
�eA 2�>

#4�$!�)7 �N�"#6 �6 #3u&� �!2���"N�)� ��7)�6  / �-X)M 
j�?' �� �%/ ��8&� �6#b)G-' �.(2#�	�)9 !�)7 �
/ �	�6

" �%/���M G��' ;A �%�&' ��[%,*	*1���
;/N�� �6 �f�7
�^�,W��  \M)
J\9) \M)0��/-��V�A (;/N�� �6 �f�7�^

N7�/)M �,W����7f��7)�6 " ,W�� ��7�,W�� �%/.
���M �+#	 2�> �� " �R%/ " �M#
 N���M �7 �,M 2�>f

!,>�.� G6�1 @&% �&��  �� ,W��/,�.�#-*?+ D��#$�>�
���%#$� L:)�  \q)7�/ " \M)
J\9 ���M �6 �%� 2�>)��(%

)M " ���*M G�-.7 "!,' N7�/ �%/ .��%�#6��>2
 / 2,>/)' ��
/#uW " �9)-%"#-����8&�2�� ;��-%/",�/ 

��&M,.� �	�
 !�)7 �
/ .�6�� #y� ,%� �M���M  / !�)7 �
/-
�?
,1 ;��-%/ 2 �% D��#$ " !�)6 #7�>
G�$ !/�  / �M �2�>

 "� �� �):)��?%!�#M e)R� !�)7 ;��-%/ G�-.7 �?i �,�/ �6
���2���%#$� LV% �U�6!�#4�$!,' !�)7 �
/ �� ,�/ .G-'-
$�#2�>2�� a.X �6 ��8&� �� 2����6 2��4C�% �)C��M ,

�%�%/ �
#7 G�$ ;A 2�>�6���?' ,�"� ��1#' " �6)&: –
G-' �M ,&4�> �6#b ;A 2#�$  / �'�� 2�>��.	 GW�H �>

!�)7 K
�N7 �� ����#6 " j�?' �� #%)�#% 2e)R� 2�>
D)&: �� " ;�0&% ��8&� E#'N��"�� ��N6 " a�� G�$ �%/.

 [
 D

O
R

: 2
0.

10
01

.1
.1

72
63

68
9.

13
95

.2
4.

1.
7.

9 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
24

-0
5-

14
 ]

 

                             4 / 16

https://dorl.net/dor/20.1001.1.17263689.1395.24.1.7.9
http://ijcm.ir/article-1-118-fa.html


,*:��!��?' �����6 ����f���  ���M ��%�&' ��8&� �?�' " �%�&' " ;��-%/ 2�>. . .^�

3�7�.�� 2���  �%�&' ����M ��8&� 2 �%29�):�
;,<� ):.

�
/ �04�-' ��> L%�&� !�$�w$ �
#7 2/#6 Q#:��� j)*u� 2�> 
���M �/�  / �	�J �6 �8% !�)6 " /a�� j#4&M �
#7 !,&&M 2�> 
���M �� 2 �% ��8&� �6 ��?' �� ,�"�)G-'�.(

���� ��� ���� ������ ��� 
a����8&� �� �/,C� �
#72;,<� e)R� �):!��'�>2�>A �/�

@&% �� 7�&6#M 2�>�!��6"� �)*V7 �2@&% 7�&6#M 2�>��
;��-%/ �4.�� " �
/  �����M ;,'�,.Q�-�*�% O/)�/ a��*M 2�>

 DA ;",6)��M"#�9 " ����$ (,6A "�/)���9)$)*	 �*?:  /
Q",�9/ " ���)�#7 ����)&�4M/ ("!��"/#	�>2!,�"#�9 ;�%#$� 

;A �>)N7�/)M " ���*M ��
#*M �*?:  / (�M ,&4�> a=H ��
!�#4�$/2@&%  / 7�&6#M 2�>��� G�-.7 ,�)' .���M �%�&'
��8&��>2�->A ;�6N�� @&% L�M#7  / ��?��4�� ;��-%/ 

9�"#2���6 �,&M 2�)k @&% �� ;��-%/ L�M#7 �M �->A 2�>
 ��8&� �� ��9)$)*	 �)�H �6 �M �%/ ��N�&� �4��)�"�

�� ��:)7 �)' .!"\+ #6 ��
/ ;)X �*�/)+ #$
$,�N�;c��q/"
��#$)$ 2� �y*b �6#q,��q/ �� �DA �):" �#*q �)�)*	 "#0
� 

2 �$#W�&+ "�j�<	 2"� O)� ����q L�q#7 �
��?�' ����q
&�/��2�/,
�9 ���q "!#�b #�]�7 �� ,��/w$]P[.

G�}.7 ;��}%/ �� �% �*H#� S� ��,>� .�*H#� ��2�j"/ 
��#$ L:)� ��)$#$� " �
��?�'"N
/ G
,V7 @&% 2�> �}>A

|��C �6 #�#� �� ���)�"� �6 |��C�� "�)' .�6 �*H#� �
/
���M �&��  ��	 " �)6 ,>/)�� !/#?> �2 �% Q�)W 2 �%
�� #�$ �]^[.��8&� ��2��)� %�#6����)�"� " �>#�#� �2�>

 GH/#� 2/#6 �V%�&� #4�6 ��
��?�'"N
/ ��)$#$�  / GW�H
 ��)$#$� 2,<64�>,&.

�("� �*H#� ������#$�2;,' �/ A �6 ;��-%/ G�-.7 "
!��'�>2��  �bA �
�?$�� �)']�[.�
/ !��' 2�> ��
�?$�� 

a���*�% " �>A  / �&b�6���2U�6)�",H l�� �:��2
�4��% �/#$(��+�6 ����#$�2`�9 !,�"� �� ,�)' .��8&� ��2
;,<� ���q �): 2�> ->A��7�}�*�% �6 �6 DA L�q#7 ����$ "

��q"#�9)&�*q ����8&�2��M"#�9 �;��-%/ ����$ �" ����$ 
!,' G�-.7 ;��-%/ ��M"#�9 �%/ )G-'�.(`&M/" 2�>

W �
/ �6 ���?4H/ �	� ,>/)C `�9 Q�)]��[:
�U)%"#$ ����$ G�-.7 ��
,��?�A 

3CaCO3 + (Al, Fe)2O3(aq) + 3 SiO2 ↔ Ca3 (Fe, 
Al)2Si3O12 + 3 CO2

�
�/�,�A ����$ G�-.7 
3CaCO3 + Fe2O3 + 3SiO2 ↔ Ca3Fe2+3(SiO4)3 + 
3CO2

,��9)
� ��M"#�9 G�-.7 ���$#V�,> 
CaCO3 + (Mg, Fe)O(aq) + 2SiO2(aq) ↔ Ca (Fe, 
Mg)Si2O6 + CO2

 [
 D

O
R

: 2
0.

10
01

.1
.1

72
63

68
9.

13
95

.2
4.

1.
7.

9 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
24

-0
5-

14
 ]

 

                             5 / 16

https://dorl.net/dor/20.1001.1.17263689.1395.24.1.7.9
http://ijcm.ir/article-1-118-fa.html


I*� �2#�y�2�"��R' !�/ �2���1 ;/#
/ �%�&' ���M " �%�&'�)*6 �*=� ��

3�8�6/"�-.7����$ "� G2���M ���M " �> ��8&� �� �>9�):�
;,<� ):.

�*H#�2#CA �M�*H#� �62!,�"#�9 B"#<� �%/d���q 2�> 

G�}.7 !,' �� �*H#� 9��� !,�"#. ��)C#6 �6 DA 2�> 2): �6 

2��� #4?q �6 ���q 2�>�
)��] �/,6A ,&��� #*q�
"Q",�9/ 

� " G
,V7�NR�)% ��M/ " �>,��>,2)��] 
��� G�-.7 ,�)' 
]^[.-.7 �G���M 2�> %�*�Q�-->A ��)�#7 �/,6A ���

4M/��)&�9/ ���#*M " Q",
" ���8&��>29)$)*	 ;��-%/���
9/�#*M �Q",�
�9/�9/ �Q",�Q",�#*M
� " ��N���M �
/ 

���M G�-.7 " ��4&0� 2�>R�)%�,2��,&� 9�#
�����7"#�9
9)-��M�#
�"�N: �/,�� �6 �*�&)-�"" �
 �
 )�"#�9 "

" ��7)$ ���7�?> �
)��] 2�>,��M/2�/,��;\�)*��9 ��
��8&�9�):�
�/ �6 x)6#� 
��%/ �*H#�.`&M/" ��<6 2�>

�	� ,>/)C `�9 Q�)W �
/ �6 ���?4H/ ]��[:
Q",�9/ �6 ����$ G
,V7:

3 Ca3(Fe, Al)2Si3O12 + H2O + 5 CO2 �
2 Ca2FeAl2Si3O12(OH) + 5 CaCO3 + 3 SiO2

��4&0� " N7�/)M ����*M �+)?=� �6 ����$ G
,V7:
Ca3Fe2Si3O12 + 3 HCO3 + 15 H+ � 
3CaCO3 +9 SiO2 +2 Fe3O4 +6 Ca2+ 9 H2O + 0.5 O2

���)�#7 �6 ��M"#�9 G
,V7 ����)&�4M/ :
5 Ca (Mg, Fe)2 Si2O6 + H2O +3 CO2 �
Ca2 (Mg, Fe)5 Si8O22 (OH)2 + 3 CaCO3 + 2 SiO2

�$� ��$� " �> �>27�C�#2�*M �" ��6�� N7�/)M Q�,�
� a.X �6 ��8&����)C .���M �-�4�J/��9 �6/"� ��8&� �� �>2

��)�%�#6��� �G-'Y!��"A !,' ,�/ .
������������ 9���: :/
��8&� �NM#� " E#' �D#b �� 
!#4�$9�):�
;,<� ):�%/ !,>�.� G6�1 )G-'�(.
����$�>����)?�24%���6@�� !)�1 /27�!#�7%�!��
!,

�� ,�)'! /,�/ "2�'�� �6 �>�)*6 �
#7f/��4��% �� #4� ,%�
)G-'f�z�/.(5�%/#6 %�#6��>2��0� @&% 2�������$ ;/N

/ ��
���8&� �6 P�� ,W�� �,%� .2�>�)*6 $���� �6 G-' 


j/�,>) �7���/,*-' �? �	�6 "��4%\6)�/#$� �� ��&/2 /
�*M�4&0� " ���)�Z,W�� (!,>�.���,�)' .����8&� -
�>2"�H2����$ ��%�&' ����$ O)� "� �
,',������$ 2�> 

��=&�6�� "����$ 2�> �#0���?> )G-'��D� "(�����$ 2�> 
��=&�6��2/�/�2��8&� 6,&2��%)��,&4�> .����$ �>��

/#'
�!,�"#�9 ���)?+ �04�-' " ��'�H  / �>��j�H ,V7
G
�6 " ��M"#�9 ���M 2�>)��]
�/2#�y� �
#*M�/Q",�9�

���)�#7 ���)&�4M/ ",&4�>,V7 ,W�� �M 
�6 G��,W�� 
�� ,%�.

����������� 9���: �;��#�� :/
���8&� D#b �� !#4�$2
9�):�
1�%/ !,>�.� G6� )G-'�.(��/ �� ����$ ;/N
�

��8&� �6 YZ� "�9 ;/N��6 ��M"#~�� ,W���,%�.

 [
 D

O
R

: 2
0.

10
01

.1
.1

72
63

68
9.

13
95

.2
4.

1.
7.

9 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
24

-0
5-

14
 ]

 

                             6 / 16

https://dorl.net/dor/20.1001.1.17263689.1395.24.1.7.9
http://ijcm.ir/article-1-118-fa.html


,*:��!��?' �����6 ����f���  ���M ��%�&' ��8&� �?�' " �%�&' " ;��-%/ 2�>. . .��

3�<��)?� #
"�37 �9)-%"#-�� " �4%� 2�>(XPL)��8&� 29�):�
;,<� ):.dz�/����$�>�'�� 2!)�1 �)*6 2/@�� �7 !��% ��8&�2
;��-%/ ����$����)?�2�4%� .D:����$ 2�>)��8&�2;��-%/ ����$ (��=&�6�� 2/�/� ��8&�,&62��M"#�9 �6 G
,V7 j�H �� .����$ d� 2�>

��8&� �#0���?>2�� ��M"#�9 " ����$ 2�>�)*6 dQ �Q�&6#M �&��  �� ;��-%/ ����$ ��8&�2��M"#�9 ���M"#�9 �;��-%/ ����$ �>�$ �>
�6 j�C�/ Q�)W �� ����$ }.7G�!,',�/�q;�.� !,&>�2,'� ;��N?> �
/ "� ���q �
 �)*V7 ��q"#�9 #7�"  �%/ .�:�� ��M"#�9 2�>�)*6

��8&�2;��-%/ ��M"#�9 .�:��)?� �� ��9)$)*	2�6 x)6#� �4%� ��8&�2;��-%/ ��9)$)*	 .�:��9)$)*	 2�>��8&�2;��-%/ ��9)$)*	 .
�:���*M �&��  �� Q",�9/�6/"�4�6��8&�2;��-%/ Q",�9/ .S:�&��  �� �
#*M " Q",�9/2�4��)�"� " 2#�#� )��8&�2�
#*M �Q",�9/ 

;��-%/ .(Grt : �����$Cal : ����*MCpx : ���M"#�9)&�*MPhl : ���9)$)*	Ep : �Q",�9/Chl : �
#*M]oo[.

����$ ! /,�/ �6 �>2�/Z�7�/Z�4��% 
 �#4� �7 j/�,>)���?
�/,*-' "��=&�6�� 4�>,&.*M�9)&���M"# �6 �> Q�)W 2�>�)*6 

N
� �6 G}'�?�� �7 G}'�/�! /,�/ �M ,�2�6 ���A �/Z�*�� #4�
�� ,%� .��M"#�9 �>>�$ ��6j�C�/ Q�)W �� ����$ G�}.7 

!,' ,�/)��7oZ,W�� (�q;�.� ,'� !,&>� ;��N?> �
/ "� 
���q �
 �)*V7 #�9)&�*q #7�" ��q" �%/)G-'��Q.(

���*q�;/"/#	 �
#7 G�}.7 ���q !,&>�2�&��  �%/ )~Z
,W��("Q",�9/ ��
#*M����)&�4M/ ����)�#7 ���
#�9

 ;\�)*��9 ��
 )�"#�9 ��
#�9)-��M ���7"#�9)��+)?=�oZ
,W�� (#4?M ;/N�� �6 "��4&0�)�,W�� (��� �� N�G6�1 �&

�%/ !,>�.�.
������#�� ������ �;��:/
���8&� $�#4�$  /�?M�

j�?' �� ��&7 " !�)6 �/��)C#6 D#b!#4�$�%/ !,>�.� G6�1 
)G-'�.(5�%/#6 %�#6��>2��0� @&%2��/,��9���M"# 
�6Y�,W�� ��,%� .� ��*M  / �&��)YZ,W�� (";/N�� �6

 �#4?M�
#0���M 2�>9/��)�#7 �Q",�4M/ " ���)&��)��+)?=�
o�,W�� (� �6 "�;/N ����6v,�/��M/ ��>,2�>A ) / #4?M�

,W��(-.7 �G!,' �%/)G-'���(
������ 9���:�,=:��8&�29)$)*	 � / ;��-%/ �4'#%��>2

a��;��-%/ 2�>&��N
?��%/ �>A ./
���8&�$�#4�$  / �
?M��/��)C#6 ���M Gu� " NM#� �� ��&7 " !�)6 �*W/ �
/ 


� ��8&��� !, �)')G-'�.(! /,�/2��/� �>29)$)*	 ��� �
4%� ��)?���6�/o4��% �#4�;A ��/"/#	 "�6 �>YZ,W�� 

�� ,%�)G-'���(.�)9�-%/ �����$�#*M ��
9/ ����Q",
�)�#7���4M/��)&��)��+)?=�oZ�7o�,W�� (�;/N�� �6

 ��4&0� ;/"/#	)YZ,W�� ("��N���M 2�>R�)%�,29��
#�
�
#�9)-��M " ��7"#�9 )oZ�7o�,W�� (��� �� N�G6�1 �&

!,>�.� �%/ )G-'���.(
������ >����� : �
/��8&�
��
  ��4V�� T#4�$ 2/�/� ��"

!,
� D)&: " NM#� �j�?' �� ���)')G-'�(./ ��
�

 [
 D

O
R

: 2
0.

10
01

.1
.1

72
63

68
9.

13
95

.2
4.

1.
7.

9 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
24

-0
5-

14
 ]

 

                             7 / 16

https://dorl.net/dor/20.1001.1.17263689.1395.24.1.7.9
http://ijcm.ir/article-1-118-fa.html


I*� �2#�y�2�"��R' !�/ �2���1 ;/#
/ �%�&' ���M " �%�&'�)*6 �*=� ��

��8&��9/�;/"/#	 Q", #7
% ��*�Q�-->A ��%/ �/,6A ;/N�� "
�6 ;AYZ��� ,W� ,%�./ �� 
���8&���*�%Q�-2�>->A �

�6 �6 DA�+)?=� 2�Q",�9/ #*M
�����)�#7�����)&�4q/ 
N7�/)q����*q)��+)?=�oZQ",�9/ N: �6 ,W�� ("��4&0�

)YZ,W�� (G
,V7 "���q 2�> ��,�M;�%#$� !,' �%/ .
���M �
")-&�*� " �
#�9)-��M ��
#�9 2�>)oZ,W�� (��� N�

� ��%/ !,>�.� G6�1 �& )G-'���(
9 #,�?������ >����� :�
/��8&�j�?' �� " D#b
D)&: � E#'
� !,��)')G-'�.(�6 Q",�9/ ;/N��~Z

�6 �
#*M �/,�� " ,W��oZ�� ,W�� ,%� .�&��  ��22#�#� 
���M �@�� �,M �4��)�"� "�
#*M " Q",�9/ 2�>%" �6��*

j)*u� 2�> �6�9 ����-.7 ��
!,' G,�/ )G-'��S(
>�����?������ 9 #,� :�
/H����j�?' �� ��&7 ��8&� D#b

 �%/ !,>�.� G6�1)G-'�.(��M�%�&'�/#' "
-.7 ��/ G
�
H�����6 �6�.� ��8&�2#*M 
��9/�!�)6 ;��-%/ Q",�/ �6 
�

��M �6 �V*b �M Q"�R7�#*M 
�%/ �.�
/ �� �
#*M ;/N��
��8&� o��Q",�9/ �/,�� " ,W��,W�� � ����&2#�#� 2
�)�"� "�4��%/.

9���: ���� ��� 
����8&� 2�>"�H2����$ ��%�&' ����$ O)� "� �
,',���q

 / ,&7��V+ :����$ 2�> �#0���?>�� "����$ 2�> �#0���?> .
����$ 2�> �#0���?>�/�/� " G-'�)C 2��8&� ,&62���%)� 

" ,&4�> !/#?> �6 /�
����$ ��> ���q �
/ 4&0��!,>�.� �
�� �)')G-'��D.(_7��M#7 Q/#�L����$ �>�6 NM#�  / 
'�H��,�A�/� / �
Y~�7�Z#$ �,W�� " / �U)%�/Z�7Y�

,W��� / �
,��?�A ��7oo / ��7���[%/ �,W�� Y/Z�7o
"#�9 " ,W����7 #RW  / ~/Z/#��_7 �� ,W�� ,�)j",:o.(

�
����2��'�H �� #W�&+ Q/#��_7 �/,�� �6;�.� NM#� 
�� ,>� �M �6 N&0&� ,��M/Y�/Z�6 a
N�&� ,��M/ " ,W�� 
Z�/Z,&4�> NM#� �� �/,�� �
#4.�6 2/�/� ,W�� .�
#4.�6

 �>A ,��M/ �/,���/~� a�&��)�A ,��M/ �,W�� ~�/�" ,W�� 
a���4�7 ,��M/��/o��'�H �6 ,W�� �4�6/",�/ .,��M/ ("#M 

;/N�� �6 NM#� �� ��	~Z/Z�%/ !,' �V] ,W�� .
#W�&+ 2�>,��M/�
#0��'�H " NM#� �� ��:)7 G6�1 B\4C/ �

�?� ;�.� ,&>�)j",: o.(
�4%� ("������$ �
�> ,&4�> �q 2/�/� �	�6 

��4%\6)�/#$ !�)6 ";",6 ��8&� 2,&6 ���%)� !�)6)G-'��
�(���q �6 !/#?> "�
)��] �
/ ��7�?> !,>�.� �� ,�)'.

����$ �
/ L�M#7 ,�A 2/#6 ��'�H �6 NM#�  / �>�/� / �
���7
��#$ �,W�� "�U)%  /�/o�7~��7 #RW  / �
,��?�A �,W�� �

 / ��7���[%/ �,W��Y/Z�7��/Z"#�9 �,W�� ��7 #RW  / 
~�/Z�%/ #��_7 �� ,W�� .x)6#� �>A ,��M/ ;/N�� �
#4.�6

 NM#� �6 �6 �)*6��/~��a���4�7 ,��M/ �/,�� �
#4.�6 " ,W�
�o/o�%/ �)*6 ��'�H �6 x)6#� ,W�� .#W�&+ 2�>,��M/ 2/#6
�
#0�?� " �	#$ #y� �� /� �3�.� Q/#��_7 2)0�/ ;/)7

;�%)��>��)?� �� ��'�H �6 NM#�  / Q"�R4� �z*4�� 2�>�%/ 
)j",: ~.(

_7��M#7 Q/#�L����$ ��> �=�4�2_7��Q/# 	�N
')-�?���

�%/ .D��#$�>k�GH/#� 2,<6 ����#$�2� /�>A �	�#" /
�)�A�&�a&b�#7��)'�,./#6�&6
��'�H��2�/�,�A�
�6
#$"�U)% _7��#M#7�L��,>� .�	�$,'#�j)*u�  / �>A ��
#]/ -.7�G���M 2�> �>A�/� �
#0"4H�4&0���:)7��
�� �)'.��#$ #]/ ��N`�� ?�����/
�_7��#M#7�L��/� .�6

`>�M ����#W�&+ �6���2,&��� U�6 �>A j)*u� �� #4?M 
G?H �� �)' "#W�&+ �6��� �9�
��)�A ,&����&�a6�#4. G?H 
�� )'�./
�#�/ LV% -.7�G#$"�U)% �� 2,<6 GH/#� �6 �"� 

�/�,�A
�2�> �*V1 ,' ,>/)C .#��_7 �
/#'#$
$,�N���M/ ;c
 #W�&+ ��<6 �)�H (,+ �
 �)�H �� /� �?�� `�� N��,&��� 

Fe3+�� 2 �6,&M]o~�o�[.@&% #$/ 7�&6#M 2�>�2/�/� 
,&'�6 �%� �3��C����R�)� Al ���)�H " G�-.7 �� ,�/)7

� �
,��?�A�,'�6 #] ]o~[.
��_7 " �*W/ #W�&+ ,��M/ Q/#����$ L�M#7 �>2/#6 "� #>

/ O)�" �#0���?>�#0���?>�� ��'�H �6 NM#�  / ��G-'2�>�
"�!,�.M #
)37 �6 !,',�/.#W�&+ ,��M/ ;���  / )37
#!,' 

�:)7 G6�1 B\4C/ 2/�/� a���4�7 ,��M/ ��&7 ��/�)?� �����
NM#�)�/,�� �
#4.�6�/Z,W�� (��'�H ")�/o,W�� (�%/

)G-'��z�/.(#W�&+ 2�>,��M/�
#0>N�C " �	/ ��� /� �
�
�� ;�.� �/,�� �,&>�";�%)� " Q/#��_7 2)0�/ ���>,�"�  / 

�?� 2"#�9 �?y&� " ��C ,&M .G6�1 ��)� ��&7 �:)7)G-'
��z�/(�/,�� �6 �M �%/ �4
�/�,�A L�q#7 2U�6 ��/�� ,W�� 

�� ,%�)�&�/�2 / Q/#��_7 ��/Y~ �7 ��/���%/ ,W�� .(
�U)%"#$ L�q#7 �/,�� �
#4.�6 �6 2�/Y��� ,W�� ,%�

) / Q/#��_7 �&�/��/Z�7�/Y��%/ ,W�� .(�� ��&�?>
O/)�/ �6 ��
��� #0
� �&
,��?�A ����$ )�7 #RW  / Q/#��_7 �&�/�

��/oo,W�� ("#�9 "(�&�/� 2�7 #RW  / Q/#��_7 ~�/Z,W�� (
�� |�.� �4
�/�,�A ����$ �6 �V*b �q �)' �%/)G-'�"

j",: o.(

 [
 D

O
R

: 2
0.

10
01

.1
.1

72
63

68
9.

13
95

.2
4.

1.
7.

9 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
24

-0
5-

14
 ]

 

                             8 / 16

https://dorl.net/dor/20.1001.1.17263689.1395.24.1.7.9
http://ijcm.ir/article-1-118-fa.html


,*:��!��?' �����6 ����f���  ���M ��%�&' ��8&� �?�' " �%�&' " ;��-%/ 2�>. . .��

@���4�
�4� %�#6��
' /�#9 N��"#4-�/ �����$ 2�>��=&�6��2�)*6 ��'�H " NM#� �� �4�6/" ��8&� �6 9�):�
;,<� ):.
�����

wt.%
)�A;� )���B C�A;� C���B D�A;� D���B E�A;� E���B 

SiO2 �f/�� �/�^ P^/�P P�/�� ��/�� ��/�� f^/�� ^�/�^ 

TiO2 �P/� ��/� �f/� ��/� ��/� ��/� ff/� lP/�

Al2O3 �P/P ��/� �l/� ��/^ l�/P ��/� ^/^ �^/P

Cr2O3 � � ��/� � ��/� � ��/� �

FeO ff/�� �l/�� �f/�P ��/�� ^�/�� ��/�l ^�/�P �l/�^ 

MnO ��/� �/� ��/� ��/� �l/� ��/� �l/� ��/�

MgO �l/� � � � ��/� ��/� � ��/�

CaO ��/�~ ��/�� f�/�� ��/�� �f/�� ^f/�� ff/�� ��/�� 

Na2O ��/� ��/� ��/� ��/� �f/� � � �

K2O ��/� � ��/� � ��/� � ��/� �

Total f�/��� ��/�� ��/�� lP/��� Pl/��� P�/�� ^�/�� ��/�� 

� �'A�� ����FG 
9 �����! l�/f� ��/^� ��/�� P/�^ ��/f� ��/�� �f/�� ��/�f 

�H���#: �^/�� ll/� ^f/� f�/�� �^/�l ^�/�f ��/�� �P/�P 

� ����I! lf/�� ��/� �l/P �P/� ��/^ P�/P ^�/�� ��/�� 

��J��;K�� �f/� ��/� lf/� P�/� ��/� ��/� �P/� ll/�

L�#�� ��/� � � � ��/� �^/� � ��/�

9 ������ �l/� � �P/� � �l/� � ��/� �

@���MN����A �
�4� �
' /�#9 N��"#4-�/ �����$ 2�>�#0���?>��8&� �)*6 ��'�H " NM#� �� 29�):�
;,<� ):.

����� 
wt.% )) �A;� ))���B )C�A;� )C���B )N �A;� )N���B 

SiO2
��/�P ��/�P �/�f l�/�l P�/�l ��/�P 

TiO2
f�/� l�/� ��/� ��/� � ��/�

Al2O3
��/l ��/f �/� �/f �^/� l^/f

Cr2O3
� � � � ��/� ��/�

FeO ��/�� �f/�� ^l/�^ �� ^/�^ ��/�� 

MnO �f/� �f/� �/� �^/� ��/� �/�

MgO � � ��/� � ��/� �l/�

CaO �/�� ��/�� Pl/�� l�/�� ^�/�� �f/�� 

Na2O � ��/� � � ��/� �f/�

K2O � ��/� � � � �

Total ��/�� P�/�� �^/�� ��/�� ^/�^ �P/��� 
� �'A�� ����FG 

9 �����! f�/ll P�/l� Pl/�^ l^/P� ��/�� ��/l� 
�H���#: f�/�^ lf/�f ^�/� ��/�f f�/� l�/�l 
� ����I! ^�/� ��/� � � lP/� �P/�

��J��;K�� fl/� ff/� �P/� ��/� ��/� ��/�
L�#�� � � �P/� � ��/� ��/�

9 ������ � � � � ��/� �l/�

 [
 D

O
R

: 2
0.

10
01

.1
.1

72
63

68
9.

13
95

.2
4.

1.
7.

9 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
24

-0
5-

14
 ]

 

                             9 / 16

https://dorl.net/dor/20.1001.1.17263689.1395.24.1.7.9
http://ijcm.ir/article-1-118-fa.html


I*� �2#�y�2�"��R' !�/ �2���1 ;/#
/ �%�&' ���M " �%�&'�)*6 �*=� ��

3�O����$ �*W/ #W�&+ ,��M/ Q/#��_7 ��'�H " NM#� �� �>.
z�/ :a���4�7 ,��M/ Q/#��_7 .D:a�&��)�A ,��M/ Q/#��_7 .�:

�>A ,��M/ Q/#��_7 .Q:a
N�&� ,��M/ Q/#��_7 .�:,��M/ Q/#��_7
a��*M .�:N&0&� ,��M/ Q/#��_7.

3�P����$ L�M#7 Q/#��_7 �� �>��'�H " NM#� .z�/ :Q/#��_7
�4
�/�,�A L�M#7 .D:2�U)%"#$ L�M#7 Q/#��_7 .�:Q/#��_7
�&
,��?�A L�M#7 .Q:�&�7���[%/ L�M#7 Q/#��_7.

L�M#7 ����$ �>� "�#W�&+ �M��.� ;/N�<6�7 �����  / 
�$,�N
#$�M/ �M#7 �;c�LD��#$M#7 ��� @&% L�;�6N

6)%��"!#�b �%/ ._7��M#7 Q/#�L����$ �>" NM#� �� 

'�H��/�,�A  /�6 �
�#$"�U)% �-+#6 "7 �u7�]M��.� #� �
Al "Fe 3+�%/ .#W�&+ �M#H2,&���Al "Ti% �� �a4�

�6��#$�6�<i ���/ z�%]oY[/ �):" "
M#7 �� #W�&+ ��L
����$ �>�6"
'�H �� !c�� ��'�� ,�/)7� / T"/#7 " j\u�/  / 

� @&%�N6)%� ;�6�H`&M/" �� �>2�)$#$� �,'�6 .
&�?>�_7 ���Q/#Fe3+�� /� 6 ;/)7 �2�>,&
A#	��.'): 

`>�M �
 `
/N	/�$,�N
#$ �V�� Q/#��_7 " ;c��M/ a Al2+

/a Fe3+�H`&M/" ��6 ����<7 2�>�#M ��:)7 !�/)
� @&% 
]o~[.����$ L�M#7 ��8&� 2�>2�
): �9;,<� �*�� �� ):


�/�,�A#$ ��"�
,��?�A ��U)%+��7���[%/)G-'��z�/(!��"A 
"����$ L�M#7 �6 !,' ��
��� ���� �>A ;��-%/ ;��<� 2�>

%/ �]��o��o�[.����$,<� 2�> ;5�� �6 I
�N� #4.�6 ):
!#4�$ �� " �4
�/�,�A 2�Z�7�Z�� �/#1 ,W�� " ,�#�$

��)?�  / ��<6 �� ��&7 �U)%"#$ ;/N�� �M,�/ �> �4	�
 `
/N	/ 
�",H �6 " �%/�Z�� ,W�� ,%� .����$ Q/#��_7 !#4�$ 2�>

;,<� ����$ �6 �V�� ): ��&7 ��>A ;��-%/ ;��<� #0
� 2�>
��)?� �� �M �%/ Q"�R4� �
,��?�A ;/N�� ��;,<� 2�> N�� ):

 �",H " #4.�6 �M,�/oZ�%/ ,W�� .

�;��#�� ���� ��� 
��M"#�9 L�M#7V�,> 2/#6 �>  / ��$#o��7�/�� �,W�� 

�7 #RW  / ,��9)
��/�� �7 #RW  / �����>"J " ,W�� �/o
#�_4� ,W���%/ . / �>A ,��M/Z�/Z�7�/oo ,��M/ �,W�� 
 / a�&��)�A�/Z�7~� / a��*M ,��M/ �,W�� �/Z�7~Y,W�� 

�7 #RW  / a
,% ,��M/ "oo / a���*�% ,��M/ " ,W�� �/�� 
�7�/��W�� #�_4� ,�%/�&�/� �M 2Q���%)� !�#4�$�%/ .

#
  " aM ����6 N&0&� ,��M/ �/,���/Z�%/ ,W�� )j",: �.(
���%�#62�>��> ���"#4}�/ "�MN
� " �9)-%"#-�� 2��]A  / 

��8&�2,&6 2�>�)*6 �� ���%)� Q/#��_7 "��q"#�9 !,>�.�
�?� �)' .��M"#�9 L�M#7 Q/#��_7V�,> �*�� �� �> ���$#

��M"#�9 L�M#7 �6 �����>"J �,��9)
� ;��-%/ ;��<� 2�>
 �%/ !,' ��
��� ���� �>A)G-'��D(]��o��o�[.

��M"#�9 ;,<� 2�> �� ):!#4�$2��M"#�9 L�M#7 2�>
�� �/#1 �>A ;��-%/ ;��<� �#�$ .L�M#7 2/�/� ��)?� ���X

�� �/#1 �4�$#V�,> n*i 5�� �� " ,&4�> �4�$#V�,> �$" ,�#
 �/� ;�.� ��$#V�,> ;/N�� �� �M,�/ `>�M ���)?� "� ��&7)��

�",H�Z,W�� ( / ��)?� "� ,��9)
� �/,�� "�Z,W�� 
�%/ #4.�6 .�
/#6�&6��;/)7�R$��M"#�9 �M �'/� �� �>

;A L�M#7 " ��M"#�9)&�*M O)�  / ��8&� �
/ �7 �4�$#V�,> �>
�4�$#V�,>��%/ 2,��9)
� )G-'��D.(

 [
 D

O
R

: 2
0.

10
01

.1
.1

72
63

68
9.

13
95

.2
4.

1.
7.

9 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
24

-0
5-

14
 ]

 

                            10 / 16

https://dorl.net/dor/20.1001.1.17263689.1395.24.1.7.9
http://ijcm.ir/article-1-118-fa.html


,*:��!��?' �����6 ����f���  ���M ��%�&' ��8&� �?�' " �%�&' " ;��-%/ 2�>. . .�f

@���7�
�4�%�#6�"�MN
� T��M"#�9 ��"#4-�/ ��8&� 2�>29�):�
;,<� ):.
����� 

wt.% 
4Q )R /S /) // /T /C /U 

SiO2 �l/�^ �P/l� ��/l^ ��/f� Pl/�� f�/l� f^/�� ^^/�P 

TiO2 ��/� � ��/� ��/� �^/� � �P/� �

Al2O3 lP/�� �P/�� ��/�� Pf/� �l/�l �/�� ��/�f ��/��

Cr2O3 Z � � � � � � �

FeO P^/�� ��/� �f/� �/l �f/� ��/� f�/�� ��/��

NiO � ��/� � ��/� � � � �

MnO �^/� � � ��/� ��/� � ��/� ��/�

MgO � ��/� �^/� ^�/�f �f/� ��/� � ��/�

CaO P^/�� l�/� l�/� ��/�� ��/�� f�/� �f/�� f�/�� 

Na2O ��/� P�/^ ��/�� �P/� � lP/� � ��/�

K2O ��/� �f/� ��/� �l/� � �P/� ��/� �

Total ��/�� Pl/�� f�/��� lP/��� ��/�� �f/��� P�/�� f/�f 

� �'A�� ����FG 

9�:#V��� f�/�^ �^/l� l^/l� �l/�� ^�/�^ ��/�f ^�/�� ^f/�f 

��;�� � � l�/�^ ��/�l lf/P� �P/� �l/l� � P^/�
9�;����2 ��/� � � ^�/� ��/� � ��/� �P/�

3�QQ/#��_7 L�M#7)z�/ (����$ " �>)D(��M"#�9 ��8&� 2�>29�):�
;,<� ��
��� " ):2����$ L�M#7 �6 ;A ��M"#�9 " �> ;��<� 2�>
 ���� �>A ;��-%/]��oY�o�[.

���� ����� ���� ���� 
��8&� �� �*W/ ���M29�):�
;,<� / ��4&0� �): �M �%

 2#
���� �6  /���M !/#?> 2,��M/ " 2,�R�)% 2�>�%/ .
��
")-�&*� #4?M ;/N�� �6 " �
#�9)-��M ���7"#�9 ��
#�9

 " �
 )�"#�9��
�U)�-[%/���M " ;\�)*��9 " ���"/ 2�>
���M ��7�?> �
)��] 2�>4�> ,&)G-'�.(���M �
/ �� 2 �%

�6 ��8&� !�)7 Q�)W �&�X " 2/ �� ;�%@&% �->A 2�>
�4	#$ Q�)W �4��)�"� �%/ .���M z�W)7 �6 ��/�/ �� �>

�� �4C/�#9 �)'.
9�A�&� :;/"/#	 " �
#4?�� " �%/ ��8&� �
/ �� ���M �
#7

 �6 ;A ��/"/#	YZ�� ,W�� ,%� .��4&0� G-' �> " !�)6 �/�
! /,�/ 2/�/�2�%)4� �/o�4��% #4�4�> �M ,& ��<6 ��

]�7 �u7 ��/)��4�7��� #� ��7�?> �6 " �4	#$ �/#1 ;)�%/ 
 G
,V7 !,' ,�/)G-'��D " z�/ .(

��4&0� 
��M/ QU)3u� �>`� �� 2��  / " ,&4�> U�6 
����$ ���%#$� ��M"#�9 " �> �� ,��)7 �> ,�)')`�6 ��
����<� �;��-%/2!,' !��"A G
,V7 �%/ .(

9 #��:;/"/#	 ��8&� �� 2,�R�)% ���M �
#7 ;A ;/N�� " �%/ 
�6o��� ,W�� ,%� ." G-'�)C ���N6 �
#�9 2�>�)*6;",6 

2��=&�6��,&4�> .G
,V7 j�H �� ��'�H  / �Kk�&� ��<6 ��
��7�?> �6,�/)�",H ��~Z,W�� (��)?� ��<6 �� "��>

�
#�9 �	�-' �	�6 2/�/� �> e)R� GW�H " �M#9;)06A�>"
���M �04�-' ;���  / �
/  >@&% 2�,&4�>)G-'��Q ��
� ".(�4� �� !,&M/#9 �
 " ��'�H �� �
#�9 2�>�)*6 ,'�
�)*6 ��4&0� 2�>  / �9 �
#�9 �)*V7  / �M�H �> �� ���4&0�

 �#4?M �
��� �
/#'�$,�N
#$ �
 " #4.�6 �#$)$ �$,�N
#$ 
#4?M ;c��M/�%/.

 [
 D

O
R

: 2
0.

10
01

.1
.1

72
63

68
9.

13
95

.2
4.

1.
7.

9 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
24

-0
5-

14
 ]

 

                            11 / 16

https://dorl.net/dor/20.1001.1.17263689.1395.24.1.7.9
http://ijcm.ir/article-1-118-fa.html


I*� �2#�y�2�"��R' !�/ �2���1 ;/#
/ �%�&' ���M " �%�&'�)*6 �*=� �l

9�J�#��:;/N�� �6 ���7���� !,
� ��8&� �� ,W�� �)' "
�?> �� !/#?> �: " �%/ �	�
 �
#�9)-��M " ��4&0� ��
#�9 �6

�� �)' .@&% �� �&�.��: �	�6�7�&6#M �!�)7 !�$ "�%/ 2/
a> �>�)*6 ��<6 ��'�H " NM#� �� �M �
#�9)-��M  / 2,'�

)�",H��,W�� (�
#�9 ")f,W�� (!,
� ���)')G-'��
Q.(

9 #����I�� : ;/N�� �6P�7����!,>�.� ��8&� �� ,W ',!"
6�#4.�� �	�
 �
#�9 �6 �)' .2�>�)*6 �
#�9)}��q 2/�/� G}'

" ,&4��� �3�.�#4.�6 �6Q�)W s,&&q#9 2��	 ���C ��
;"�� ";)�/#�9 �
 ���4&0� �
#�9 "���q 2�> @��$ �)�H 
" ��/� ��GH/#� �
��� ���MG�-.7 2 �% !,' �%/)G-'��

� " Q.(
�����,�9 :�",H �� " aM ����6 ;A �/,��f�7P��%/ ,W�� 

"�6 " �&�.��: " !,&&M#9 �	�6 2/�/� ���"/ G-' Q�)W �6
 G-'�
#�9 �6 G
,V7 j�H �� �: �?> �� �M �%/)���",H

f�,W�� (�� !,
� �)')G-'���.(
9 �H��WK��:
�U)�-[%/�aM ����6 ;/N�� �6 )�",H ��f

,W��(a.X �6 " �%/ !,>�.� G6�1 ��8&� �� �*��!/#?> �6 
�
#�9 " ��4&0��%/)G-'���.(

9 ��I�#��:I
 �6 �4�% �6 ;A �/,�� " ��/� �?M ��/"/#	
�� ,W�� ,%� .�M#9 �	�-' ;A �	�6 " �%/ �� �: �?> ��

,��M/ " ;\�)*��9 �)�H �� �	�
 �
)��] 2�> �)'.;A �)�H 
�",u���<	 �
��� GH/#� �6 j)*u� �� / �>�6 " �% j)?<� �)k

 ;\�)*��9 �6 G
,V7 j�H ��)�",Hl�,W�� (�� !,
� �)' 
)G-'���(.

3�X�9)-%"#-�� " �4%� ��)?� #
)37)PPL (���M  / �
/  ��8&� �� �>9�):�
;,<� ):.z�/ :��4&0� G-' 2�> ��)?� �� �/�2�4%� .D:
��4&0� �9)-%"#-�� #
)37 ' 2�>G-�/� .�:,1�	 " G-'�)C ���N6 2�>�)*6��=&�6��2�
#�9 .Q:��7"#�9 7�&6#M @&% �� !,' ��.��: 2�>�

�%/ �
#�9 �6 !/#?> " �
#�9)-��M �6 G
,V7 j�H �� �)*6  / �.�6 �M .�:2�>�)*6 �
#�9)}��q ,1�	 G}' " |�.� �� Q�"�=� ���4&0� �
#�9
; )% "���"/ ��7�?> 2�>))�-[%/�
�U (�� !,
� )'�,.�:�
#�9 �6 G
,V7 " ;,' �)*V4� j�H �� �
")-�&*� 2�>�)*6 .�:�6 ��4&0� G
,V7

�4�7��� �	�6 G�-.7 " ��7�?> .�:�
)��] 2�>,&
A#	 �k �� ;\�)*��9 �6 G
,V7 j�H �� �
 )�"#�9 �)*6 .Mag : ���4&0�Py : ��
#�9Po :
 ���7"#�9Ccp : ��
#�9)-��MSpc :[%/ ��
�U)�-Mel : ��
")-�&*�Pi : ��
 )�"#�9Ps : ;\�)*��9]oo[.

 [
 D

O
R

: 2
0.

10
01

.1
.1

72
63

68
9.

13
95

.2
4.

1.
7.

9 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
24

-0
5-

14
 ]

 

                            12 / 16

https://dorl.net/dor/20.1001.1.17263689.1395.24.1.7.9
http://ijcm.ir/article-1-118-fa.html


,*:��!��?' �����6 ����f���  ���M ��%�&' ��8&� �?�' " �%�&' " ;��-%/ 2�>. . .�P

9�J���:��7�?> �
)��] 2�>�" ��4&0� ���%#$� j)3u� 
�	�6 �6 �M ,&4�> �
#�9 ��4&0� �� �4�7��� 2�> �>)�",H f

,W�� (�6 "Q�)W��%#$���)*6 ��'�H �� �
#�9 2�>)��
�",HP,W�� (�
!,��,�)')G-'���(.

�Z��,�;� :�?� !,
� �*��#�b a.X �6 ���M �
/ �)' .�/,��
 ;A��	�6 2/�/� " ,W�� ,&&M#9 2�>!/�%" /��%#$��

�6 �
 )�"#�9 �� �):" ,
A .��M��u6 ��)� �?> �6 !/#?> �:
,��M/ �� ;�.� " ��/� �)�H �>A �
)��] 2�> j)3u� �M ,>�
j)*u� �M#' 2�> !,&&M�/N�"#6,&4�> )'G-���(.

9�A�&� ���� ��� 
4&0����
�� I
4�J"#49 D��-�/�/� " �%/ a�� 2�>�#6��M 2

!�#4�$ �� %�#6��>2�6 x)6#�9�):�
��M ��%��]�P[.
�6 ���[%/ ��4C�% G�*&�4&0� ����6���2�*?:  / #W�&+  / 

Al, Mg, Ti, V, Cr, Mn, Co, Ni, Zn ��.��: ,&�/)7��
Fe3+"
�Fe 2+,�)' ]�^[._7��' Q/#�?���4&0� #W�&+ #6 

/ L�H
��M �-&��?$��  / �)*V7 GW�H )4&0���?$�� ��
(
�
G-'$�#2 /D��#$�>)4&0��> �����#7"�,�(,'�6�Q"�R4� 

�)6 ,>/)C .� �� B\4C/�/ ;/N
� #W�&+ ��,�/)7��4&0� 2�> 
�6!�04%�C-R7 a>  / /� Q"�R4� �/#' " ,&M I
�
	�N
')-�?���
-.7 �;A Gi)7 /� �>�,>� �.M#7�4&0� L���6

�>�)4M�	2R*4�� �')�J �*?:  / �?�� @&% ��+)?=� �;�6N
��M��:�� ��>2`&M/" !��'//#' �@&%
	 ��N
')-�?���
�

���.	 ����#$
$,�N��M/ ��;c#$
$,&�" �#$)$ ��<	��
%�*�/#' �6 �M �
�eA �
�)o~ZZ �7 �ZZ ("
#' �6 �/
�

D��#$�)$#$� "�)��Z �7 ~ZZ (j�?+/���)' �MH��
-.7�,' ,>/)C j#4&M �����M G.� B#k  /
#0/� #W�&+ `�� 
�V�
#i �6 #W�&+ ��#M T)�/#	 ,
L/,:
`/#6 #4$�N6 2�R: 

4&0� ��4C�% �� ;,'�L%�&� �,�#7 ]�P[.
;��-%/ 2�>&��N
?�� �6 �;/NCo "Ti �4C�&' aM 

�� ,�)' "7�� !� ��& ,W��4&0� 2�> 6��#$�6� / `
I
� " ,W���Ti,��/� .Ni "V ���A 
 �%��-'A ,H #2� "�;/N

Mn � O/)�/  / a>
#0;��-%/ �>#4?M �!�)6 �"���;/NMg ��
�?>2O/)�/ ;��-%/ �>�%/ �%)4� .�M��.� Mn "V
�4����?#]/ �� #$
$,�N��M/ �j#4&M ;c���)'� "�;/NMn 

�86/� ��)?� ��2�4�� �?��6Zn ��/� .��;/NCr "Co ��
��4&0� 2�>�eA 
�#7U�6� "�;/NMg ����4&0� 2�> 6��#$�

6��%/ #4. .���M 2�>R�)% �,24&0� �6 �V�� ���#i
L

/,:
#7U�6 `2��	)-��M #W�&+ �G,&��� Cu, As, Ag "Pb "
��N!"#$ #W�&+PGE?> �6 " ,��/� ��� ��G�/
�� #W�&+ �

����
4&0� �� U�6 #�,��/,� �)�H ���4V�/ Zn 
#3&+ I
	)-��M��&�4%/ G�
�%/ .��� @&% �6 `&M/" ;/N�� /� ;�6N�-

&b  / ;/)7�$,'�!��'21�6 � / !,��? Mn "Mg �C�&' .��
/#'
�6�.� �#$
$,�N��M/ �#$)$ " ;c�� "�N� #W�&+ �	)4�G

Mg, Al "Ti6 �1\+ �#4.26M#7 �� �M��.� ��L
%�*�Q�- &0� �7 ,��/� �>��4 ]�P[.

�6 x)6#� Q�+\k/ Q/#��_7 " ;/N���M#' #W�&+ �� !,&&M
 ��4C�% ��4&0�  / GW�H%�#6�"�MN
�2��"#4-�/ j",: ��

Y!,' !��"A,�/ .6�>A ,��M/ ;/N�� �
#4.�)FeO total ( �6
�/�o�� ,W�� ,%� .�&�/�2$ ,��M/ Q/#��_7 �7 #RW  / �#$)

Z~/Z�%/ ;�%)� �� .("#q " a
���/" ,��M/ ;/N�� �2/#6 N:
��)?�  / �-
 �M �>Zo/Z,��M/ ;/N�� " #RW ���6 2/#6 ��%/ 

�?> �� ���VM2��)?� �%/ #RW �> .�� N�� G-�� ,��M/ �/,��
��)?� #4.�6  / ��)?� �% 2/#6 ��&7 " #RW �>Zo/Z�7Z~/Z

#��_7 �� ,W��/�%. / a���4�7 ,��M/ ;/N��Z~/Z�7Z�/Z
�� ,W���%/ #��_7 .�6 \k ,��M/ ;/N�� �
#4.�6Z�/Z

�6 !#�� ,��M/ �/,�� �
#4.�6 " ,W��Z�/Z�� ,W�� ,%� .
2�>,��M/ ;/N����%)� �� a> �6 N�� 2"� " �� ,&#�M/,H �M 

;A �/,���>�6Z�/Z�� ,W�� ,%� ." N&0&� 2�>,��M/ �/,��
A�7 a�&��)�o/Z��)?� ��<6 �� ,W�� �� `
/N	/ �> ,6�
 .

�M#' #W�&+ ;/N�� �
#4.�6 a
N�&� ,��M/ �6 x)6#� !,&&M
 �6 ;A �/,�� �M �%/��/o�� ,W�� ,%�)j",: Y.(

#W�&+ �&�.��: " ��4&0� �*&�[%/ ��4C�% �$c
"  /
�6 2�:Fe3+�
 "Fe 2+ ���4&0� O/)�/ 2 �%/,: #6 !"\+ 2�> 

" �
�?$��6��#$�����
�%�&' 2/#6 ;/)7O/)�/ z*4�� 
�>A 2�>�����M
��2�	#$ .;"���6 " 5)�9/�]��[ /

 #W�&+ ;/N�� �� Q/#��_7Ni, Cr, V "Ti�� "N#W�&+ Ca, 
Al "Mn 2/#6 /,:
D��#$ O/)�/ `�>�� " ��4&0� �
�?$�� "N

���M O)� 2 �%�6 �4�6/",��#M !��R4%/ ���A ./�
/,:
`"
z
#<7 / !��R4%/ �6�V�� 2�>Ni/(Cr+Mn) �6 �V�� Ti+V 

"Ca+Al+Mn �6 �V�� Ti+V��)?� 2/#6 �6 x)6#� 2�>
 ���� a�� ;��<�)#> ��O)����M �6 2 �% �%)4� �)k�;,<� 

"�Z��)?� (�	#$ Q�)W .���M O/)�/ 2 �%�>,��M/ G��' 
�>A�����;��-%/ �\k 9)M �2#�	���>A ���"#
 " 2�/)� 2�>
O/)�/ Fe+Ti "V�
�4� �6 �*W�H �
�4� �M �)6 %�#6���2�*V1 

 [
 D

O
R

: 2
0.

10
01

.1
.1

72
63

68
9.

13
95

.2
4.

1.
7.

9 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
24

-0
5-

14
 ]

 

                            13 / 16

https://dorl.net/dor/20.1001.1.17263689.1395.24.1.7.9
http://ijcm.ir/article-1-118-fa.html


I*� �2#�y�2�"��R' !�/ �2���1 ;/#
/ �%�&' ���M " �%�&'�)*6 �*=� �^

��/,��4%/ 2�>�/�)?� ;/)&+ �6 �>�/�)?� �
/ " �'/� ��/)�?>
 " ���V7 2/#6/,:
O/)�/ `���M 7 2 �%�,�,' ,�
]��[.�4�
�

%#7�a��4&0� �>2��8&� �6 x)6#� 9�):�
;,<� �� ):
�>�/�)?� 2Ni/(Cr+Mn) �6 �V�� Ti+V)G-'oZ�z�/("

Ca+Al+Mn �6 �V�� Ti+V)G-'oZ�D(M�H� /;A

��)?� �
/ �M �%/ �� �>!#4�$2��4&0� 2�>6��#$��/#1 
�� " ,�#�$O)����M �%/ ;��-%/ O)�  / ��8&� �
/ �� 2 �% .

%�#6��>2���M ��
/#uW ��4C�&'@&%��0�2�%�#6 "
��$ �?�'��M"#�9 " �� ���M ,
�� N�� �> 2 �%O)� �� ;��-%/ 

�%/ ��8&� �
/.

@���8�
�4� %�#6 ���)?� ��4&0� ��"#4-�/ "�MN
� ��8&� 2�>29�):�
;,<� ):.
����� 

wt.%
P ^ � �� �f �l �� �� �� ��f ��l ��P

TiO2 �^/� �l/� ��/� ZY/Z - - - - - ��/� ��/� ��/�

SO2 ��/� � ��/� ��/� - - - - - � ��/� ��/�

Al2O3 �/� �/� ��/� ��/� �/� ��/� �^/� ��/� �/� ��/� ��/� ��/�

Cr2O3 � � � � � � � � � � � ��/�

FeO ll/^^ Pl/^� PP/^P �^/�� ��/^� ��/�� PP/�� ��/^� �P/^� f/�� ^f/�� �l/��

NiO � ��/� ��/� � � � � � � � ��/� �

MnO �/� ��/� ��/� �/� �P/� �P/� ��/� ��/� ��/� �/� ��/� �P/�

MgO l�/� ��/� ^�/� ^/� - - - - - �^/� �P/� ��/�

CaO � ��/� ��/� � � � � � � ��/� ��/� ��/�

CuO � ��/� � �f/� � ��/� ��/� � ��/� ��/� � ��/�

ZnO � �f/� � ��/� � ��/� ��/� � � ��/� � ��/�

CoO � � � � � � � � � � � �

Na2O � � ��/� ��/� ��/� � ��/� � ��/� �^/� �f/� �

Ag2O � ��/� � ��/� ��/� � ��/� � ��/� ��/� ��/� �

Au2O3 � � ��/� ��/� - - - - - � � �^/�

V2O3 ��/� � � � � � � � � � � �

As2O3 � � � � ��/� ��/� � ��/� � � � �

Sb2O3 � � � � - - - - - � � ��/�

Bi2O3 � �l/� � � - - - - - � ��/� ��/�

Total f�/�� l^/�� �l/^� f�/�� �^/�� ll/�� �� �/^� ff/^� �� P/�� ^�/��
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;,<� ��4&0� O)� ���<7 2�>�/�)?� �� ):)6��#$��
�?$�� "("O)� �����M ]o�[.z�/ :�V�{�
Ca+Al+Mn �6 �V��Ti+V .D:�V��Ni/(Cr+Mn) �6 �V��Ti+V .
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