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!,�*'�@ Bf� 
�-F ��
J,="� '

����=$*"�� ~�i� �>*�> �� �
�, � � P%F*� V�+���� 
� '%=�6>"�=)>�	�,H E�,p"�$9>���67()4 +���� "B

���� *g� '�,&�, � � :,2 �! :��34 ���I !* S��K Q�� 
��7
(Significant overstepping rate)� *� �'%1-2]0k �0y[.

!* �'��& S*��=��$* 7���6 <�! �"���,4 ���> �;���X #��
* ��
7��"$��> 7��/� R%$ � <@ '�X�	 � B%"x$* 7*�*� �=$� �� �� 

5"� 7��6 ��$9>��"	�,H P
*'"H :���� ���;=I* 7�6 P%F*�
�"-H�=��6�$* �'& �=K*��H .

�6�9�� 0�*��7	  ���� :����
 ���; )0	�= � '>��(
#
* ��R%$��� �� 7�6�$* �')� �'6�)� B%"x$* .
��]%�R%$ !* �.,;8� #
* �� �,M,� 7�6 �6 !* '%4��1. 

'"J,=
�-F��
�-F �'"J,=
�-F �����  ��
!,�*'�@ ��"4,">�
�
�
��F�����  � �
!,�*'�@ ��
�
��F�4,">�":

0*�@!�	 T>*��7P%F*� ��67�, � � �C-D��,6 �� �67$��$ O�$* �> ,-�9$* ���6 "�=�KFMASH .�6!�	7	���*����;�$ ��$*� 
�*�,;��6����@ �'&'�* .��*��65�U*��H7'X�	 x$*"B%���65�U*��H7��I7x$*"B%.��$*�<�!�6�>4�4"�*5	*
P�M��7�, � ���4�� &�''�* .

>��,27�F<�! �����  ��F
�
��$"-"��;"�*�*�7>"�=)
#�M��7�, � ���$* .
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'-M ������;& t�<�=��! �n�n �	�>�67)%F*� �NK�& ����@�> ��� ��-H�=�"��67���67. . .qr�

�/4	���
�!A���'B��
!�B������
()4"��� �� B7R%$ �67�'6�)� �'& ��*
#�-I�� !*

�, � ��B��& ��F��67Cld+Chl+Ms+Bt+Qtz �$* .
�-F
J,="'>�<*,%. ��*"#��F�NK�& �, � ��!*��F��67
$��'H
'�'�@ �$* ��! �� "�%*7��F !* ��67�-F 
��
>"4,",(�� ��
�=	�  �*�X 54�*,F � �'�* .�>O�$* T>*�� =	�>�

<�(�* P%F*� !
��F�>���D=$* !*+�� �*5	* V��F,��4 ]`[[
H"���%) ��'& �,M� �=&*� �$* :

Chl + 4KaO = 5Cld + 6Qtz + 7H2O (r-1)  
*
�6��� �� P%F*� #7��'I `h[�M�� 7=��$ �Q� �*� 
��'6� .! P%F*� <�(�*
� �"*�	 � �K,> T$,4 �F 57]`�[
H"�$* �=&*� �,M� �'& ���%):

(r-2) hl + 4Prl = 5Cld + 2Qtz + 3H2O
���M��7R%$ *!�
�> w,>�� *
��� �� P%F*� #7��'I 

00[�M�� 7=��$ �*� � Q� ��'6� .*
#�> �M,4 �> P%F*� ��
�6�,-> �,jI7]=�� "-��-F B(&
J,="�	�> ���X �� '

�'>��7)Decussate texture) (B(&`���*(�! ��"�%*7!*
��F��67��* "�)��4
1�(�-F
,(�� ��
> � �"4,"H �"���%)

�$* �'& .K�> �����,;� !* �6�,-> �67]=�� "-�� B(&
�-F �&��
,=J"�! �� '"�%*7�-F !* 
��67�, � � ��F

�, � � :,iY� � �,-> �&����'6�)� B>�X '%=�6 '�*)B(&
`��.(! P%F*�
�,4 �",(�� '
> � �"4,"�'& �1$ *� �

�$*:
8Kfs+3Chl=3Ms+5Bt+9Qtz+4H2O (r-3)  

�(1& �� P%F*� #
*R%$�
*! 7*�	 � �K,> 7���%)"H ]n�[
�� �� ��'�I 7�t�� ��M�� 7�=���$ ��� Q� �*��  �� � '�6�

 �(1&R%$�
*! �"$�4 �'&�>+�� ����6 7*�> V��F,��4 �*5	*7
z*��'I 7��� �� ,-�9$*n���$* ��*� Q� �M�� .

�/4	��2���'6�!�
��� �� B"()4 ��*
#R%$�6B��& And+Qtz �$*.

	�,H"�$9>���67�,KB(&!,�*'�@
����!"�%*�
!*��F�-
�6 7�
5�'6�)� ��'�,&)B(&`�a.(�>�M,4 �>*
�(%
��F��67H"	��"-"���,J�F"%"�zW,;3� ��!�A@ �, � � ���

R%$�67-H"=��,M� '��*� ��<*,4 �6
V!*P%F*��67!
�
*� *�> 7()4"B��F �!,�*'�@
�H"���%) �F�:

Kao = Qtz + And + 2H2O (r-4) 
Prl = And + 3Qtz + H2O (r-5) 

��F��67H"	��"-"���,J�F"%"���*
#R%$�6�
�';��-
'�,& �F�>��"B~�i� B��F �$���@ .

�/4	���6��9 
��� �� B"()4R%$ 7�6��*
#��]%� ��4��1. !*:

Cld±Grt+Chl+Qtz .����,;� !* �K�> '"J,=
�-F ���F �6
�;� �'6�)�> zW�;=I* �F �,& ����@ B��F ~�i� B"�� .�>

�> �M,4��� �� B"()4R%$ 7�6�=	�> T>*�� �)B(&`�E(
��<*,4 P%F*� !
�*�*�> 7()4"B��*"#B�� *
#��F �
H"���%) �F�:

(r-6) Cld+Chl+2Qtz=2Grt+5H2O
P%F*� �,	 ���(1&7R%$�
*! $�4";�T$,4 �K,> �*�	 7

]`�[�� ��� 7����'I h[[ �M��7=��$��*�  Q���'�6�.
%Y%� ����34 �*
#P%F*� !*,� 7�,Y� ��)	 ��,> �B�=��� !*

*
#l=�"��,��4
��%"(�E�,p �� "��.

�/4	��'�A��!��
 B�!�!��
B��6�C���  
#
* ����]%� V"=�U*��H T>*�� 7��(&@���F #"> �
�
��F 7�6

"� � '"J,=
�-F �5��*� �,M� �
!,�*'�@ � '"J,=
�-F #"> )B(&
b�� ��*b�� �b�a.(�	�>R%$ �� �iK�& �)%F*� 7�6-

#
* 7�6��]%��� �'6�)� ��%� !* �F '�,&�=$��P%F*� -
'%=�6 �'%%F V;F ��"�> ��*� Q� 7�6 .5�U*��H �=$� �� ��

R%$ #
*�� �'
� �6'�,& :��And+Cld+Sil+Ms+Chl �
0�Crd+Cld+Sil+Chl±Ms . :�;=I* !* �F�I �=	�> T>*��

P%F*��$* �
! 7�6:
(r-7) 2Cld+3Qtz=Crd+2H2O

5Crd+8H2O=8Sil+2Chl+11Qtz                        (r-8)  
��F��-F
J,="'�>�,pE��> <�"� BK*� ��F
�
��'6�)� 
���,&)B(&b���*��.(w�14�* =�U*��H"V!��> 7>"#
$"-"��;"�)	"���1"=�(�!,�*'�@
�)B(&b�a(�;6"#�,2 
>"#$"-"��;"����F
�
��,M� ��*�)B(&b���*��.(�>

�M,4 �>T>*�� =	�> �:�;=I* {,X� P%F*��67!
��"5�,M� 
�=&*� �$*:

Grt + 2Cld + 2H2O = 2And + Chl                     (r-9) 
And = Sil                                                         (r-10) 

�(��%c ��I9� ���,& ��*
#<�! ��F �����  �,M� ��*'� 
�F zW�;=I* >��,2 B��F ~�i� �'& �$*.

$�2 �6��9B��
!�!�B������
�� *
#$R%�65�U*��H �'6�)� �'& B��& Crd + Grt + Bt 

+ Ms + Qtz �$*.T>*�� =	�> �F�I �!*~�i� ����  �
()4"B��F
�
��$* .*�>�%>
#zW�;=I* P%F*��67!
�()4"B

*
#5�U*��H *��1$ �'&'�*)B(&b�E�h���*:(
(r-11) 3Chl+Ms+3Qtz=4Grt+Bt+12H2O

2Ms+3Qtz+4Grt=3Crd+2Bt                            (r-12) 
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���8� '��Y� <*�
* �$�%& ���F � �$�%&�,-> �-8� qrq

0*� D��* ��6�,->7�-F
J,="'��
V��,;� C-D��,6 $����!"�%R%$ !*��F��67�
5�-F
��,(��
��>"4,"��54�*,F ()4"B�'& �$* .
�	�> �'>��7�6�,->7�-F
J,="'B>�X �'6�)� �$* .����F��67�-F
J,="'��-F
���
V��,;� C-D��,6 $��.a���F��67!,�*'�@
���

�!"�%*7!*��F��67�-F
��,(��
��>"4,"��54�*,F ��
V��,;� C-D��,6 $��.E�	�,H"�$9>���67����  ��
V��,;� C-D��,6 $��.
��F��674"���'F '%=�6.
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'-M ������;& t�<�=��! �n�n �	�>�67)%F*� �NK�& ����@�> ��� ��-H�=�"��67���67. . .qrr

0*� E��* C-D��,6 $��.T>*�� =	�> ���F �6�7��F
�
��$"-"��;"���-F
J,="'B>�X �'6�)� �$*.���I PPL .��T>*�� =�U*��H"V��F�-
�6 7$"-"��;"����F
�
���-F
J,="'��
V��,;� C-D��,6 $��.���I PPL a�C-D��,�6 �$��.T�>*�� =�U*��H �"V���F���6 7!,�*'��@
��
�-F
J,="�'�-F
��$"-"��;"�.�$
���F��674"���,M,� ��R%$ �'F '%=�6 .���I PPL .E�T>*�� =�U*��H"V��F��67������  ��F
��
��

>"4,"��,(��
���
V��,;� C-D��,6 $��.���I XPL.

��:6.�������;�= ��0	)'>�� :����
 (
�� *
#R%$�6��F�x$*"B%�>E�,p �"��> <� BK*� ��F��67

!,�*'�@
����F
�
������  �
'����,& .*
#��F���6"�

V!*��,;��6��O�;4 �>��F�54�*,F �
�'�')� ��$* >�

�,27�F$� �>"�-7��F��6�
�F<@*����>�=	� '�* 
)��F
�
��!,�*'�@
������  (!*��F��6754�*,F �,M,� ��
�!"�%7R%$ *'M �'&'�* .*
#�.,;8� 'X�	 54�*,F �><*,%. 
!�	 �*	���$* .<�!�67��I7��F�x$*"B%!* '%4��1. ����  
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���8� '��Y� <*�
* �$�%& ���F � �$�%&�,-> �-8� qrs

–>"4,"���-F
������  –��F
�
�–!,�*'�@
��
$"-"��;"����F
�
��$"-"��;"��>"4,"������  ���F
�
��
$"-"��;"�.

$�2 �6��9B������B��
!�
()4"��� �� B7R%$ �67�'6�)� �'& ��*
#R%$�6B��& 

Grt + Chl + Bt + Ms + Hc �$* .��F�>"4,"#=� �� �
��F�� ���� 
� �'�;6 � �,&"��F �,2 #��-F 
w�14�* �

=�U*��H"V��(&@7��F �> �� <�)� ����  �'6�)B(&h�� �

h�a.(%d;6"��F #=� �� #��-F 
��F ��,(�� 
� �
�'
���,&)B(&h��.(��%c� ��I9� �(�5�U*��H �� �,&

��F �2,>����-F 
J,="* �zW�;=I* �F �$* �')� �'6�)� '
#
��F�* �� 
�$* �'& ~�i� B��F �,2 �> <�! #.K�> ���!*

��,;���F �6�$�6 ���
� �"> 5�E�,p�"��> <���F #=� �� �
� ���� 
� �'��,&)B(&h�E(�*'K� :�;=I* *g�

P%F*��67!
�$* �=&*� �,M� �:
2Chl+Ms=2Grt+Bt+Hc+8H2O (r-13) 
12Cld+5Bt+9Qtz=4Grt+3Chl+5Ms                (r-14) 

0*� F��*�T>*�� =�U*��H"(���F��67�����  ��F
�
��>"4,"��,(��
���
V��,;� C-D��,6 $��.����I PPL .��C-D��,�6 �$��.
T>*�� =�U*��H"(���F��67�����  �-F
��,(��
�B>�X )��'6�'�* .���I PPL .a�C-D��,6 $��.T>*�� =�U*��H"(���F��67�����  �-F
�

�>"4,"�.���I PPL E�C-D��,6 $��.�6�,->7$�6���
�>�E�,p�"��> <� BK*� ��F�����  B>�X �'6�)�'�* .���I PPL..

الف

ب

پ

ت

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
25

-0
7-

20
 ]

 

                             8 / 14

http://ijcm.ir/article-1-208-fa.html


'-M ������;& t�<�=��! �n�n �	�>�67)%F*� �NK�& ����@�> ��� ��-H�=�"��67���67. . .qr�

�/4	���6��9B��
!�!�B2���'6�!�B ���6�C��
()4"��� �� B7R%$ �67�'6�)� �'& B��& 

Grt+Crd+And+Sil+Bt+Hc ��'&�> .T>*�� =�U*��H"(�
%&���>"#��F��67!,�*'�@
����F
�
��$"-"��;"��,M� 
'��*�)B(&����*����.(��*
#R%$�6��F��67

!,�*'�@
����F
�
��>�<�� ��F�����  ��	 �=	�'�* �F
�/��)� ~�i� ��F�K*"��$* )B(&���(�*g� P%F*��67

K�"B��*
#<�! !**
#'��*�X:
4Grt+3Hc+5Ms=12And+5Bt                          (r-15)  
Grt+Ms=2And+Bt+Qtz                                   (r-16) 
 And=Sil                                                          (r-10)  

�$�6 7�6�,->
���>�%&�� ��
!,�*'�@ ���F �� B>�X
�'6�)�'�*)B(&��a(P%F*� zW�;=I* �F B"()4 �� �
! 7�6

��,> B"K� B%"x$*'�*:

0*� H��*�C-D��,6 $��.T>*�� =�U*��H"(�>"#��F��67��F
�
��!,�*'�@
��$"-"��;"���$
���F��674"��M,��,��R%$ �'F '%=�6 .
���I XPL ��$� C-D��,6 �.=�U*��H w�14�*"(���F ��67!,�*'�@ 
$ ��"-"��;"����  � �./=	� ��	���F ��67!,�*'�@ 
> ����F BK*������  
F�I���F ~�i� !* �K*"�$* �.���IPPL a�C-D��,6 $��.�6�,->7$�6���
��>"4,"���#=� ��F�!,�*'�@
��XB>�'6�)� '��* .����I 

PPL .E�T>*�� =�U*��H"(���F��67��F
�
��$"-"��;"��>"4,"���-F
��$�6���
���
V��,;� C-D��,6 $��.���I PPL.
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���8� '��Y� <*�
* �$�%& ���F � �$�%&�,-> �-8� qs�

4And+Bt=3Hc+Ms+4Qtz                               (r-17)  
25Ms + 8Grt + 5Chl = 24Hc + 14And + 25Bt + 
20H2O (r-18) 

�> O�$* T>*�� =�U*��H"(��(&@ �>"#��F��67�����  
��F
�
��!,�*'�@
�)B(&���(:�;=I* P%F*� !
��"5

�,M� �=&*� �$*:
(r-19)  2Grt+4And+5Qtz=3Crd 

$�2 ��
!�!�B ���6�C��B������
5�U*��H �'6�)� �'& ��*
#R%$�6B��& 

Crd+Sil+Hc+Bt+Chl+Ms �$* �F�,jI ��F��67
$�6���
��>"4,"��>E�,p ��> <�"� BK*� ��F ���F
�
�

:�;=I* {,X� P%F*� !
�*�<�)� ��'6�)B(&��E:(
5Chl+5Ms=3Crd+4Hc+5Bt+20H2O (r-20)  

<�;6 B(& �� �F �,2��� E�� �'
("=�U*��H w�14�* ��,& �
7��(&@ zW�;=I* �F ��*� �,M� 5"� �
�
��F � �"��;"-"$ #"> 
P%F*��$* �'& �"��;"-"$ B"()4 v.�> �
! 7�6:

2Chl+11Qtz+8Sil=5Crd+8H2O (r-21) 
4Crd+7Hc+5Ms=20Sil+5Bt                            (r-22)  

�/4	����9�6B��
!�!�B ���6�C��
��� �� B"()4 ��*
#R%$�6B��& Grt + Crd + Sil + Bt 

+ Hc + Chl + And �$* .��K�> �!*��,;��6�6�*,� �
!*
$"-"��;"��>E�,p &�I"�)%F*� ���~*�2* �6�,-> 7����  
�
�'��'�,&)B(&Z��(���F �!,�*'�@
��"5��*
#R%$-
�6 �
�'���,& �F�>��F �$"-"��;"���w�14�* =�U*��H"(�

�'%=�6 *g� :�;=I* P%F*��67!
��,M� �=&*� �$*:

0*� I��*��$� C-D��,6 .�"&�I �� �
,(�� � �"��;"-"$ !* �
�6�*,�7�'6�)� B>�X ����  7�6�,-> '�* .���IXPL .����$� C-D��,�6 .
("=�U*��H T>*����%&�����F #"> ��  7�6�"��;"-"$ � �
�
��F ��� .���IXPL .a�B�>�X ����F !* 7�,-> �&�� #=� �� �
�
��F !* �
�6�,-> 
�$* �'6�)� .�$� C-D��,6 .���IXPL .E�("=�U*��H T>*�� ��(&@ ����F ��
�� �$�6 � �
�
��F ��"��;"-"$ 7�6 .����IXPL . C-D��,�6

�$�.
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Grt+Ms=2Sil+Bt+Qtz                                     (r-23) 
And=Sil                                                           (r-10)  

�� K�> �!*��,;��6$"-"��;"������ ���F
�
��,4"'���F -
'�*)B(&Z���a(*�>�%>
#<�(�* P%F*��67!
��,M� 

�=&*� �$*:
8Sil+2Bt+7Qtz=3Crd+2Ms                       (r-24)  
2Grt+4Sil+5Qtz=3Crd                               (r-25) 

��,;� !* �K�> ���$�6 ���F �6 E�,p �> �
����> <�"� BK*� 
���F�� �'
� ����  � �
�
��F 7�6 '�,&)B(&Z�E(*g�

P%F*� <�(�*�$* �=&*� �,M� 5"� �
! 7�6:
20Sil+5Bt=4Crd+5Ms+7Hc                            (r-26)  
Grt+2Sil=Crd+Hc                                           (r-27) 

����,;� !* ���K�> �� ("=�U*����H w���14�* �"��;"-"��$ �����F ���6 �
7��(&@ ���F �> ��� <�)� �
�-F � �
�
��F �����  7�6 '�6�

)B(&k(�
! P%F*� *g� �7*�> ����F #�
* B"()4 ���%)�"H ��6
���,&:

Grt + Ms + 7Hc + 11Qtz + 4H2O = Crd + 6Sil + 
Chl + Bt                                                           (r-28) 

������ ��� 
%Y%���67���34 �P%F*��67Q���*� �����67,-�9$* �>
O�$* ��*��67+�� �*5	* V��F,��4 $�4"��'& �$*)B(&y.(

�> O�$* *
#R%$�
*! &�'��>�M,4 �>*
�(% ��<�! ����  �

��F
�
��$"-"��;"��6�,-> 7$"-"��;"��,)%� 7��BK*� 
��F �!,�*'�@
��
�'���'�,& BY� ^2��4 P%F*��67)r-10 (
�)r-25 (S�* �, � � �*������6 4���8� �,-�9$* N�)� 
���'%F �>�,2 7�F�=;F
#��� �
�F*
#���6 B;Y4 ���F 

�$* ��'I Z[[ �M��7=��$ ��*�  ����)	 ��'I 0F",-��> 
���*�> �'& �$*)B(&y���*.(
�� <�! ����  �!,�*'�@
��$"-"��;"����F �$"-"��;"�
w�14�* =�U*��H"(��>��F �!,�*'�@
�<�)� ��'6� .��F �K*"�

�� *
#<�! ���"<*' �H
�*' 7$"-"��;"��*�X ��*� �F�-. <@
KS�� !*���I :��34 W�>)Overstepping (�$* ]`0 �``[.
'>
#E�,p �F�>�-. *5	*
P��� �� ���� �
��,M� ^�*,� 

�=�6 '%> 7)��*
�8% �=�6 '%> 7��F �$"-"��;"�(��F �
!,�*'�@
��DI �'& ���=�"�8���"<*' �H
�*' 7$"-"��;"�

�*�X �=	�  �$* .*
#��m�-��$ ��� �� B"()4R%7�6 
�'6�)� �'& ��<�! �-F
J,="'���F
�
��!,�*'�@
��"5Q�

��*� �$* .��*
#<�! ��F ��-F
J,="'�>��F��67��F
�
��
!,�*'�@
��$"-"��;"��R%$ ��� �� B"()4'%=�6 �6 �F
�-. <@�"5Q�� S��K !*���I :��34 W�>�$���=�"�8
�-F
J,="'�4�6��� 7�4W�> �DI �'& *�$.

0*� JC-D��,6 $��.���I PPL .T>*�� =�U*��H"V>"#��F��67�����  �-F
��$"-"��;"�.
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0*� K%Y%���67���34�P%F*��67Q���*� ����*�()4"R%$ ��� �� B�67*�*�7$�6���
�����65�U*��H7'X�	 $�6���
�.*
#
R%$*!�
� 
�6' �>O�$* ��*��67�+��*5	* V��F,��4 $�4"��'&'�*) .THERMOCALC v.3.33, [30].( 

������ 
�� ���674���8� �,-�9$* ��F��67>"4,"��,(��
��

!,�*'�@
���-F
J,="�'�����  �-F
����F
�
��$"-"��;"�
�
�'�'&'�* .P%F*��67K�"B��()4"BR%$ ��� ���6�>

���D=$* !*�	�>�67%F*�)�NK�& H"���%) �'&'�*.��F�-
�6 7�-F
,=
'm�!,�*'�@
�:,iY� ��(& ��F��67��4
1�

�-F
����F��67$����,>'�* .��F �����  !*P%F*� ��F �
�-F
J,="'�>�-F
�()4"B�'& �$* .!*P%F*� ��F��67

����  ��-F
J,="'��F ���F
�
�()4"B'&.��F �

$"-"��;"�!*��F�6�7��F
�
��!,�*'�@
�()4"B�'& �
��F �$�6���
�:,iY� ��(& ��F��67����  �!,�*'�@
�

��,> �$* .�>O�$* BY� �� ��,K�> %Y%���67���34 �
P%F*��67()4"B!,�*'�@
�!*$"-"��;"�)P%F*� r-10 (�

()4"B��F
�
�!*$"-"��;"������ )P%F*� r-25 (���7
S�* �, � � ���'I Z[[ �M��7=��$��*�  ����)	 ��'I 0
F",-��> ���*�> ���,& .�>�M,4 �>F�4"���>�  –�
�,
=�

��,47?,D� 7��� ���� 7W�> 7%c"#�; ���
�:�;=I* :��=�* 
��� 7��'I Z[[ �M��7=��$��*�  !*��,4 �>R%$�67

�
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