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

÷

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

��+����, -���� ./0�*1�!0 ������ �23�1
��� 
�'� �.451�	��6� "�,�6( �7

��� � 
!"# � 
!"# $�%&��� ��'(") *+,- $./&��� �0(�1 *+,- $2!3 4�!
 
5�4�!
� �6(7��� ��,(7��� 8�9� $�%&��� �0(�1 *+,- $2!3 


���5 :�7 12.�� :;) <�7.(�� ��=>� �2.? �� 4���"@�� �
�1 ,	 �>�A 1� �&�7 4�+>-�B4�C@� �!D� 4�C@!�E F!E :!C�+,(G 
4�H
�7�IJ �@� KL�2 �L!E .���G 4�7 (� N>@ N>@ :1�@�
1.�J O(G!# �7 �
�D ��G�!# .>C�D 0(�A 0@+P� 0@ �7 2 �
1.�J .

�>�A �7 ��=>� 0
� �� �C	�
 4+Q>R� ���@!3� :�D .>C�D �C(,(A2!A 2 �,
S�J ���(,(@ 6��E $.Q- �+) .$.Q- :.(T�+@ ���G �
!(A
�7 �G �@� �� �2�� �
!(A+/��G U@+# !CQG ��.�� �(��+7 2�� �D�!QD �+E .���G 0
!CQ���=>� 0
� �� �� �2!7 :�D��G� ��
0DJ :�D.(�G2�.(D)�(#+3 2 �(�+Q(� ��(#�QD (�� �D�!QD �� �� �2�� �
�(��G �-+QH� �G .>C�D �(GV�� 2.>>G .���G ;) �
�1
�3� �� ��=>� 0
� ����W3�  #��+G :�D�.(T�+@:�@� $��� X� .:1�	2� �(�2� Y�(@ :�D��"��(� �H>@��� 
� Z
�C�(L+V) �+[+� 

 #��+G ���G �����G �7 �C�7�2 ���G \+� 0
� 6(/&# $.>D� 4�&� :1�@ �2.? :��� �� :1�@�]^ �# __`�C��@ �[�� ���(@ 1� ��!3
 0(
�A :�+E �7)a_/^�#_b/_*�') cQ� Y��'� ��12 .d�� (�@� .e!7 �+f?�g(# �(�,G 1� hA  #��+G ��
� �"E ��7��!3 :�D :�

c# Y�(@ :�D��"��(� 2%��(7 ���7 1�	���G Y+i�� �7��!3 Y�(@ <E+[ !.>C�D �
�1 .��� 4�&� �
!(A !7 �!3+3 �A+#2 
� �@�!7 Z
�C�
.>C�D �
�Q3�� $�%C@�R $!C�3 �� !j>- 0
� �A+#2 
� O(G!# !
���� �G .�C	�
 0(>WQD 4�&� 4S2�.(D 2 4k(�G� �A+#2 
� :�D

�� lJ �G .>D�$.Q- m�@ :+[ :�D :�Y�(@ 6(/&# ���G :�D���CE�� 12.�� �� ��� .�� .�7 �C	�7 2 �CR�@ .D�+E �+f? $�!QD
 Y�(@ :�D��"��(� �H>@��� 
� n�-;)�)0%QD :��� 2 :�+E �3.E (�� 4�&����G �G .D� 1� 12.�� �	�&CG� ��=>� �� ;) :1�@

�@� �
��!3�!	 \+�.


9�����!� ���:o+#2 
� pY�(@ :�D��"��(� 3�!	 :;) p��.
�A :�D4�H
�7�IJ p!D� p12.�� p�
��! �L!E.

�,��, 
12.�� :;) <�7.(�� ��=>���4���"@�� �
�1 ,	 �>�A ��

12.�� :�C@2� �/
� � �� 2 !D� 4�C@!�E F!E n�jC�� �7
"]/`r´5_o_r 2 ���QE u!- "v/a^´5^o`v �L!E Y+) 

�@� KL�2 .m(��# w�@�!7 �>�A :.>7 4�!
� :��CR�@ :�D]�[�
0
�1!"�� �>�A �� ��=>� ��&�� �� 2 4�H
�7�IJ �^^^^^ :�

�� ��!L !D� �!(3 .Y�QE �� 4���"@�� ��=>� 4�!
� l!z 1� �/

���
�h� �
�1 ,	 :�D�4."(�+� ��7 �G �@;) �>�A 4�+>- 

�� �CR�>E 4���"@�� +E2 ��3k
2 6(�� �7 {�R :�D
0(�1 ���G!|� 1� ��@�>E ."(�+� 2 h� �;) :1�@ �(QD� 1� 4
$k
2 �@� ����+R!7 :� ]5[.���G \�+�� ��>�A 0
� �� �
�1

h� :!(	�+A�4+%�+@ .>��� 4."(�+� ]_[Y��(G ��c,���7 
]`[�[+��7 �]a[4+%�+@ .>��� h� ����/@� �:�}]][2

�Td .>��� ;) �
��!3�!	 +,��R]v[4�L!C@� �]r[�$!(z 2
$.E 6(/&# .��.!D� �
�1 ,	 ��=>� �
�1 ,	 �>�A 1� �&�7 

0(�1 !|� 1� 2 $�+7 4���"@�� l+>[ 2 l+>[ 1� �@�>E �7 l!z 
∗0T,# �Y+i�� $.>�
+� :^b_a_5v_aba�/(�2!C/�� ��A �:a.s.miranvary@gmail.com 

2 ��(7 Y�@mCTD ~��QE �*+@ �
�A (���9Td 1� ���� �# ��� 

 [
 D

O
I:

 1
0.

29
25

2/
ijc

m
.2

7.
3.

55
1 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
cm

.ir
 o

n 
20

25
-0

7-
04

 ]
 

                             1 / 14

http://dx.doi.org/10.29252/ijcm.27.3.551
http://ijcm.ir/article-1-1326-fa.html


$�(@ �:!3;G �:�+��!(� �7�!�@ �m&} 4�!
� �@�>E ���G 2 �@�>E�+,7 �,H� ���

 1� 2 ���(� � 6(7��� 6�3 �7 F!E 1� ��(��=,@ �  
!"# 6�3
Y�QE �Q@ z � �L!E 6�3 c
� � �3��C	�2!	 �7 F!E �7!

�@� �2.9� 4�g� .�
�1 ,	 �>�A �7 Y�QE 1� ���=>� 0
� �����
�� c}+G 1��TL .@�]b[.1� !D� �
�1 ,	 ��=>� �,G ��CR�@ 

�@� $.E �H(C� ���J :�D��.R� .�+7!� �D��.R� 0
!#.
.E
 .(���V �
� D+G 1�	 �7)�@�#!G !R�2� (�@� .���.R� 0
� 1� hA

� .
.E �(��'	 �7 ��!(A ��.R�N>@ 2 $1�.3 n�+d �7 �
�Q3� -
�@� $�+7 $�!QD :��2J�IJ :�D.�0@+%(�� 2 0(�A 0@+P� ��

0(�1 ����J�� $�+# I+T� �7 $�!QD �CR�@ $.
� ��2�� 0
�IJ :�D
$1�.3 �2!R �7 �0@+(� �� 2 $.E :I+T� 2 $�!C�3 :�D :�D

�@� $�+7 $�!QD c}+G .0(�1 ����J�� 0
�  (� !�!#�+G �# �CR�@
�����@� �C	�
 �.�>z 1� �/
 ��=>� 0
� �>�A 0
!# �
�1 ,	 :�D

�� l��? �7 :��(E!# �� 4�!
� .
J ]b[.���G $!C�3 �
�1
�@+
 +���Td +,��R �Y�@ �� 12.�� �_vr $S2!A O��L �� 2

4���"@�� �>�A �� :!(	�+A h� 2 �
��!3�!	 :;) ��&CG�
 .E �
�@�>E]�^[.���G ���� 6��E $.E :1�@ $!C�3 ���}

�@+
 �Td �+� Y L $�� �+,��R �@� 12.�� l!z 2 �(L .0
� ��
$!C�3 \+QH� �� ��D��U@+# 2 .
�!3 �
�@�>E ���;) �3� 

0(�1 4��1�@ ��&CG� ��+� �+&G ��.'� n�	�&CG� 2 �@�>E
�Q(� .>C	!3 ��!L �,(jT# .$!C�3 0
� �� �	�&CG� n�(,Q- �D

�&�� �(�# ��&��!# !T? 6��E0(�1 $+(E �7 :��T? 2 �@�>E
$ g� 0(�1 4��1�@ U@+# :!(3 �	!3 *�H�� �@�>E]�^[.0
�

 e2� 1� 2 �	!3 n�+d 12.�� :�C@2� $!C�3 �� <D2kA
�3k
2 0(('# ��[ ��H>@��� 
� :�+E 2 ��� 4+} �
�D

���G Y�(@ o+#2 
� �@�!7 1� 1�@ �+|>� �7 �!3+3 ��.
�A :�D
� 2 �!3+3 $�%C@�R 0(('#o+#2 
 2 4k(�G� ��.
�A :�D

 $�%C@�R 2 �
�(Q(E+/
 (	 U
�!E 0(('# �+|>� �7 4S2�.(D
Y�(@���G :�D .E $��TC@� 4J �,��/# .�2� 2 1�@ .�7 �[+# �7

�>�A �/>
����G 4J �A �� 2 ���@!3� :�D :1�@ 8)�>� �� �D
 �.���� :��(�7 e!C�3  (� �2�H��C	�
 �@� .(�� 0
� :�D

��[ <D2kA ��+� 8)�>� 0
� �� �+[+� !
�RI ��&CG� 
.�!(3 ��!L 4�!%&D2kA $��TC@�.

����	 :�� 
�@�!7 �C	!3 n�+d �D�%&
��1J 2 �
�!9d <�7 2� �� �D
�@� .�@�!7 2 �,G �7�
1�� �+|>� �7 ��
�!9d <�7 ��

��+Q� 2 ���J U7�2� 2 ��=>� �%>@ :�D.?�2 2 ���J 1� :���!7
�3� =>� 1� ��(,(@ :�D.E .
�1�7 �� .:�D.
�1�7 1� hA

��+Q� �7 �[+# �7 ��
�!9d :���!7 �$.E *�H�� :�D_^K=�� 
2 �1���^$�%&��� �� 2 .�.
�!3 �(�# �,�(d �1�� K=�� 

�/���V�@ $�%&��� 2  
!"#)�(���@� (.�.E �@�!7 .0(('# :�!7
�>�A �� �(�&# 67�L!(z �
�(��G :�D1�	 �f'7 ����@!3� :�D

Q� 1���+ h/
� :+#!A e�!A e2� �7 �DXRD)Y.� $�%C@� �7 
Philips-Xpert Pro(:�D.(�G� �QG !
���� 0(('# :�!7 2

��+Q� ��+[+� �-!	 !d�>- 2 �,d� �() e2� �7 �D �H>@
 �h/
� :+#!A h��@�+i,	XRF)Y.�Philips – Magix 

pro (�() ��
���� $.E �T[ :�Q@;A :�+� !&� �H>@-
OES ICP)�Y.Agilent 730(�() 2��![ �H>@

 ��
���� $.E �T[ :�Q@;AICP-MS)Y.�Agilent 7900(
�G!E 2 �!G �� 4�!
� ��.'� ��+� :�2�!	 n��(�9#  G!� ��

.�.E �@�!7 ��1J�1 .0(�1 K��[ �@�!7 1� hA ��@�>E
���G ����@!3� :��H>D�� 2 :1�@ 0(('# 2 �
�(Q(E 0(�1 :�D

>� �� :!"QD ���+#��+Q� ���= �!'� 0
!C�7 �G : #��+G :�D
���G 6(/&# U
�!E :�!7 :�!7 �.>C�D :1�@ �@�!7

Y�(@ :�D��"��(��3� �� ��W3� :�D12.�� ��=>� �l��C��
 .�.
�!3)���+Q� (6�(d !72� K)��� ���J 1� 2)����� �7
~100µm(.E �(�# .�@�!7 *�H�� �7 h�@N>@ 8(L� :�D -

��.'# �:��%�`��n��(�9#  �!� �� �H>@��� 
� :�!7 K=
.�.
�!3 l��C�� 4�!
� ��.'� ��+� :�2�!	 .�@�!7 :�D

���G $�%&
��1J �� �H>@��� 
� �
�A cQG �7 �@�>E Linkam 
 Y.� THMS600 n�+d h
�1 o+/@2!/(� !7 $.E Oj�

$�%C@� �#��!? �>��� p�	!3 �b] ��#]^^+�C��@ �[�� ��!3
�@� $�+7 .@�!"(��G 4+(Z(C@� �L� �7 <
��!3 �,?!� �� ]/^±

�C��@ �[�� l2I �=�� �7 m
 @ n�!C(� U@+# ��!3`�` �[�� 
�C��@ �L� �7 <
��!@ �,?!� �� 2 ��!35/^±��!%(C��@ �[�� 

4� ���.��C@� $��� U@+#�l2I �=�� �7 4� %D _/b` ��[�� -
�C��@ .E *�H�� ��!3.U
�!E 2 �!3+3 $�%C@�R 0(('# :�!7 

���G 6(/&# ��.'# ���=>� �� :1�@`�
!(A 1� ��+Q� :�D
���G �7 �C�7�2 .�.E l��C�� ;) :1�@ .��+Q� 1� hA �D

�3�+�J <
��1 ��[ �<
��!R !=�� lJ 2 Y+��#� U@+# �D
.�.E +&C�E .�Q&}2� o+/@2!/(� 1� $��TC@� �7 h�@

���Go+#2 
� $�%&
��1J �� 2 .�.
�!3 �.[ �
!(A ���R :�D 
�/���V�@ $�%&��� O(H� :�D1�3 2 ��.
�A)�(���@� (�@�!7

.�.E �A+#2 
� .��+Q� �A+#2 
� O(G!# $��TC@� �7 :.(T�+@ :�D
�() 1� Y.� Z>@SIRA SO2.�J �@� �7 .�@�!7 0
� �L�
 �2.?5/^±�@� $�+7 �� D ��. #��+G ��+Q� ���} 0(>WQD)1�

���G �7 ��
 QD 2 �,d� �3� +@ :1�@�
!(A :.(T� (�7�+|>�
Y�(@ 4k(�G� �A+#2 
� O(G!# 0(('#���G :�D 2 ��=>� �� 1�@

 1� hA 2 l��C�� ���J 4S2�.(D :�!7 �,
S�J �>�A 1� ��+Q� ���}

 [
 D

O
I:

 1
0.

29
25

2/
ijc

m
.2

7.
3.

55
1 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
cm

.ir
 o

n 
20

25
-0

7-
04

 ]
 

                             2 / 14

http://dx.doi.org/10.29252/ijcm.27.3.551
http://ijcm.ir/article-1-1326-fa.html


.,[��$��QE �� (
�A ����� 6/E �@�!7���G :�D Y�(@ $�%C@�R 2 :!(3 �� 1�@. . .���

o+#2 
� $�%&
��1J �� :1�@ $���J O(H� :�D1�3 2 ��.
�A :�D
.�.E �@�!7 �/���V�@ $�%&��� .��+Q� �A+#2 
� O(G!# :�D

S2�.(D�() 1� $��TC@� �7 4Y.� Z>@SIRA SERIES10 2
��+Q� �() 1� $��TC@� �7 4k(�G� :�DY.� Z>@SIRA 

SERIES ІІ.�.�J �@.7 .

;�,� ����� <=� � ���=� 
0(�A 0@+P� :�D.?�2 �12.�� ��=>� �%>@ .?�2 0
!CQ��

 �@�]��[�G���G 4�7 (� �3� :1�@ Y+,9� !�� �� 2 $�+7 :� -
@� �7��!3 :�D$.E �,
S�J 2 ��(,(@ ���@!3� e+�C .�� .

N>@ 0
� �DN>@ 6��E$1�.3 2 :��2J�IJ :�D ���&T&#J :�D
�G�!# 2 �C
1.�J O��z O(G!# �7 <�7 �G .>C�D �C
1.�J

$��� <E+A �� ��=>� $.Q- .��)6/E�(.N>@ :��2J�IJ :�D
.>C�D U@�2.? �"(G!# !|� 1� 2 $�+7 �+# \+� 1� .$1�.3 :�D

&#J�7 ���&T �+# :2� ���
![ n�+d�C	!3 ��!L �D :���� 2 .��

.>C�D �C
1.�J O(G!# .��=>� �%>@ :�D.?�2 !%
� 1�
�� �7 4�+#N>@�C(�+
� :�D�0@+P� 0@ �7 �C(@��+
� �

�!G $��E� 0@+%(�� .l+@�  (� ��=>� :�D.?�2 0
!C��+[ :�D
+(,A 0@ �7 :!�!#�+G �C	!7J �.>C�D 0@+C�(,A .1�:�D.?�2

��  (� ��=>� :I+T� N>@ �7 4�+# �# �(��!3 O(G!# �7 �
�D
 :I+T� .?�2 0
� �G �!G $��E� 0@+%(�� 0@ �7 2 �
�+
�+��!3

�@� $�+Q� 6Q- ��=>� �� �
��!3 K">� 4�+>- �7 .0
� ��
6�3 ���=>��%C�/E 2 �D :�D.?�2 �G .���� �+[2 �
�D

>� 69� 2 $�!G K=L �� 0@+P� ���&T&#J 8
� # ��[ �"@�
Y+,9��7 �7��!3 :�D $��2J �+[2 .�� .�7��!3 :�D Y�(@ �+"-

�%C�/E :�C@�� �� 6�3 2 �D ���@!3� ��H
� !7 42 	� �D
�C&�� O[+� �$�!C�3���G 4.E $.E ��=>� 0
� �� : ,	 :�D

�@� .�@�!7N>@ :�D �G .E *�H�� ��=>� :�D.?�2 !7 :��%�
� 4�(7 ����� �� 4J Z
�C���+E.

���10(�1 �&�� N>@ :�D.?�2 !7 42 	� 4J !7 �G 12.�� ��=>� �@�>E�>�A ��@�>E $.�E ��&��  (� ���@!3� :�D .���)K�[!� 1� ��C	!3!7
]��[n�!((g# �7 .(

 [
 D

O
I:

 1
0.

29
25

2/
ijc

m
.2

7.
3.

55
1 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
cm

.ir
 o

n 
20

25
-0

7-
04

 ]
 

                             3 / 14

http://dx.doi.org/10.29252/ijcm.27.3.551
http://ijcm.ir/article-1-1326-fa.html


$�(@ �:!3;G �:�+��!(� �7�!�@ �m&} 4�!
� �@�>E ���G 2 �@�>E�+,7 �,H� ���

$1�.3 2 :��2J�IJ .?�2 ���&T&#J :�D(Epa):N>@ :�D
 $�+7 �+# \+� 1� :��2J�IJ)C
1.�J �%>@ �+# 2 :�+,7 �+#�(

.>C�D 0E2�  "@ N�� �7 2.���
![ �	�7 !C&(7 �D.?�2 0
�
�� 4�&� �E�� �V+Q'� ���J �� �%>@ n�'=L $1�.�� 2 .>D�

.���� U@�2.? O(G!# 2 �@� .0
1.�J \+� 1� 1;G+
S;A�
1;G+%(��)5^��a(%N>@ 0
� ���G 0
!CQ�� 6G�� 2 �@�D

�� 4�&� ��
�.>}.D� . #��+G)�a��^(%.,	 ��
�(,L ���@
)1� !CQG%�^(���G 20
 (>�2!	 :�D)2 .>,"��+D O,z�

�(#+(7 (�7�� $.
� ���J �� !CQG ��.�� .�+E .
$1�.3 2 �
1.�J .? �� �"(G!# !|� 1� ���&T&#J :�D

�G�!# �D�3 2 :!(	�+A �	�7 :���� O,z� 2 .>C�D �
1.�J
�E�� :���� 2 $�+7 �%>@ 
� :!(	�+A
S;A :�D�+,7 �1;G+

 Y+"(T�J)6/E5���(.>C�D �(#+(7 2.1;G+
S;A)`^�_^(%
0
1.�J .? �� �"(G!# !|� 1�–�7 2 $�+7 1;G+%(�� n�+d

�E���� $.
� N>@ �>(�1 �� �+,7 
� �
 2 �+,7 1� O,z� 2 �+E
���G �7 �"��@� $.E �
 H# n�>7!G 2 �(�
!@ ��@� :�D .

���G 0
!CQ���� 0
 (>�2!	 :�DN>@ 0
� 2 Y+"(T�J \+� 1� �D
�7 2 �(#+(7 �@� 0�G2!(A !CQG ��.�� .Y+"(T�J)5^��^(%1�

�@� .>,"��+D \+� .�(#+(7)1� !CQG%�^(�7 �V+Q'� n�+d
�� $.
� N>@ 0C� �� $.>G�!A :�D�+,7 �E���+E . #��+G

)�5��^(%�W3� n�+d �7 �V+Q'�  (� �� ���� 
� �D�3 2 :�
>@ �>(�1�� $.
� N��!3 .

N>@ �C(�+
� :�D(Rh):N>@ 0
� :�D�+,7 �E�� :���� �D
6/E6/E �Q(� 2 ���  #��+G ���)_^�5a(%���@.,	 m(@�CA �

)5^��a(%0
1.�J �# 1;G+%(�� \+� 1� !C&(7 1;G+
S;A �)�^�
a(%Y+"(T�J 2)�^�a(%�(�2� N>@ �(�&# �D�3 2 .>C�D
�7 �7 ���@!3� n.E 6(���@� ��+E� ��( .���� 2 �(#+(7 :�D

�7  (� 0T@� 2 �.G ���G n�+d.���� �+f? �-!	 :�D .�+[2
�3� ��W3� N>@ 0
� ��  #��+G :�D 2 �@� Y+Q'� ��(�7 �D

 .���� �H(,R �3��+R ���? �V+Q'�  #��+G :�D�+,7 �E��
)6/E5l.(

:!�!#�+G :�D.?�2Qt1,Qal : @ !|� 1� :!�!#�+G :�D.?�2 �>
+(,A �7 �C�7�2�.>C�D 0@+C�(,A ..?�2Qt1�C&�� �
�D

4�3��A n�+j7 n�-�T#�� �>��� �� �G .>C�D 2 .>,7 �C	!7J :�D
�2!�� �� $.
� �>/	� .?�2 2 .�+E Qal2 N
� n�+j7
�@�� ���� :�D �@� $.
� 67�L �,d� :�D�2� !C�7 ��  
�.

:I+T� .?�2(gra):N>@ 0
�O(G!# !|� 1� �D �# �C(��!3 
���� �	�7 :���� 2 $�+7 �C
�+
�+��!3 �+,7 �E�� 2 :� :�D

 �1;G+
S;A � #��+G �
�(,L ���@.,	)6/E5o(2 �(#+(7 �
.>C�D .>,"��+D .���G 0
!CQ�� ��
!,G 6��E �-!	 :�D

���G 2 0DJ :�D.(�G� �0G!
1 ��(#�AJ.>C�D �.G :�D .
���2�!	 �7 1;G+
S;A_a�_^%� 1� �# �("�J .? �� �"(G!# !|

�7 2 $�+7 0
1.�J 6/E :�D�+,7 n�+d �Q(� �# ��� 6/E�� 2 ���
�Q�L �R!7 �� �G �@� ��
�.>} 6G�� :���� ���+� �R!7 �D

�@� $.E �C(�
!@ .�Q�L �R!7 ��  (� �
�(,L ���@.,	 �D
���G 2 �(�
!@ �7 2 $.E 4�@!3��@� $.E 6
."# �@� :�D .

�� 1� �(#+(7���G 0
!CQN>@ 0
� �� 0
 (>�2!	 :�D �@�D
�Q�L �R!7 �� �G�@� $.E 6
."# �
!,G �7 �D.

���>��=>� �%>@ :�D.?�2 1� �A+/@2!/(� !
2�j# :��� (l ��
1.�J �� Y+"(T�J ���G (o ��(�+
� �� �H(,R  #��+G (���� �	�7 ���G 2 :� -
N>@ �� �
�(,L���@.,	 2 1;G+
S;A :�D �D��=>� :I+T� :)Op : ���G ��.G :�DAmp :  �Y+"(T�JQz :  � #��+GPl :  �1;G+
S;AK-Fsp : 

 ���@.,	 m(@�CA]�5[(

 [
 D

O
I:

 1
0.

29
25

2/
ijc

m
.2

7.
3.

55
1 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
cm

.ir
 o

n 
20

25
-0

7-
04

 ]
 

                             4 / 14

http://dx.doi.org/10.29252/ijcm.27.3.551
http://ijcm.ir/article-1-1326-fa.html


.,[��$��QE �� (
�A ����� 6/E �@�!7���G :�D Y�(@ $�%C@�R 2 :!(3 �� 1�@. . .���

���� ���� � ������� 
������� :!�� �� 12.�� ��=>� �� 0@+P� ���&T&#J $���R�

�,
S�J ���(,(@ ���@!3� e+�C@� �7��!3 :�D.>
�!	)6/E
_���(.E �C(,(A2!A 2�@� $.�>�A �+=7 �� �2�� ���@!3� :�D

�3� ��!)� �� $.Q- $��� X� ��(,(@ :�D �7  G!� 1� 2 .��
�7 �3� �"� �Q@ .>C�D !
1 ��!L:
� �!�� �=6? :�>�A 0
!CQ�� 1� �>�A 0
� ���@!3� :�D

�7 O,z� �G �@� ��=>� �� �+[+� ���@!3� ���D �7 Z
�.#
�� ��C>� �,
S�J �+E .�A 0
� N��$+�L �# :!C�G�R 1� �> :�

�@� !(gC� .Z
�C� w�@�!7 XRD���G 0
!CQ�� ��>�A 0
� :�D
 .>C�D ��2.�,G 2  #��+G �(�
!@ �QG !
���� U@+# �G

�� �D�!QD .�+E .�W3� n�+j7  #��+G N>@ �>(�1 �� :�
$!T? $.>>G!A ��C
1.�J 4�7 (� 1�7 �
 2 �>(&��[ ����R :�D

�(�2� :�D #��+G �+,"#���� �@� $.E 6(/&#  
� .��2.�,G
�� $.
�  
� n��I n�+j7 �+E .���G 2 �(�
!@  (� �@� :�D

 n��I 0(7 :�f	 2 N>@ �>(�1 ��  
� 2 $.>G�!A n�+d �7
���G !7 �>(&��[ n�+d �7 �
 2  #��+G .>��� �(�2� :�D

$.E 6(/&# �(#+(7 2 ���@.,	 �1;G+
S;A .�� .
�!$9�& �=6? :�>�A 0
� �"�� �7 e!C�3 ��=>� �� ���@!3� 

�� !7 �� �� ��(,(@ �>�A �D�3 2 ���� :��
1 �!(3 .�����
�3� ��!)� �� �>�A 0
� $� �# �D��  (� !C� �D .@� .Z
�C�XRD 

�� 4�&� ���G 0
!CQ�� �G .D� �>�A 0
� �� �@� :�D
 1� :!CQG !
���� U@+# �G .>C�D �(,
� 2 �(>(�+P�G � #��+G

�(�
!@�� �D�!QD �(�,G 2 �
!,G ��+�@�
� �.�+E .��
�0DJ :�D.(�G2�.(D 2 �D.(�G� �+[2 6(�� �7 ���� �R!7

 �7 �>�A 0
�N���@� $.�J�� �H���� 2 ��1 � �!L :�D .0
� ��
 ��>�A���G�7 �@� :�D ���G 0(&��[ �&�7 �
 2 6��G �+)-

2 1;G+
S;A .>��� �(�2� :�D $.E �
�(,L ���@.,	��
 2 .�
�W3� n�+j7 �� $.
� ���R :�f	 $.>>G!A 2 :� .�+E .

���@�>�A 1� �A+/@2!/(� 2 �
�!9d !
2�j#���G 2 ���@!3� :�D ��=>� �� :1�@ :��� (l �,
S�J ���@!3� (���G �+=@ �� �(GV�� :1�@
�%C�/E o �N>@ :�D (�
!(A 6/E :�D 6/E �Q(� 2 ��� n 2 ��� (mD�
!(A :.E��
!(A+/��G 2) .Mal :  ��(GV��Py :  ��
!(ACcp : 

�
!(A+/��G ]�5[(

 [
 D

O
I:

 1
0.

29
25

2/
ijc

m
.2

7.
3.

55
1 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
cm

.ir
 o

n 
20

25
-0

7-
04

 ]
 

                             5 / 14

http://dx.doi.org/10.29252/ijcm.27.3.551
http://ijcm.ir/article-1-1326-fa.html


$�(@ �:!3;G �:�+��!(� �7�!�@ �m&} 4�!
� �@�>E ���G 2 �@�>E�+,7 �,H� ���

���!?��? �=6?:N�� "@ :!D�� �7 ��=>� �� �C(,A2!A �>�A 
�� $.
� ���� :�2.9� e!C�3 2 �+E .���G 0
!CQ�� 0
� :�D

.>C�D �(�
!@ 2 �("�J ��(�,G �n2.(A� ��
!,G �>�A .��
���G �7 1;G+
S;A ��>�A 0
�D2 �(�,G �n2.(A� ��@� :�

���G$.E 4�@!3� �
!,G �7 c(	�� :�D .�� .0
� �� �,d� ���G
���G ���@!3� 1� �G �@� �
!,G �>�A .>��� c(	�� :�D

�@� $.E 6(/&# .>,"��+D 2 �(#+(7 .0
� ��  (� �(�
!@
�� $.
� �>�A �E�� �(#+(7 2 1;G+
S;A ���@!3� 1� �G �+E

�@� $.E.Y2.[�C���+Q� �R!7 �@�!7 Z
� ��=>� 0
� :�D
�� 4�&� �� .D�.

�>�A �
�(��G �-+QH����G 2 �� �2�� ���@!3� :�D :�D
 e!C�3 �7 ��=>� 0
� �� �� �2!7 ���@!3� �7 �+7!�

67�L �|?;� .���� �E+�QD :� .���G 0
� 0
!CQ�� 1��� �D 4�+#
 0DJ :�D.(�G2�.(D 2 �D.(�G� �7)�(�+Q(� ��(#�QD 2 �

�(#+3(�h�
S���G 2 �(@2��[ ��!G $��E� �@� :�D .�+f?
���G4�&� �(�,G 2 n2.(A� ��
!,G ��(,
� 4+} �
�D $.>D�
pH���G �+f? 2 ��>R 4�&� �+�@�
� 2 �(>(�+P�G 4+} �
�D

 $.>D�pHY+,9� :.(@� �@� ��=>� 0
� �� �7��!3 :�D
]�_[.

���� ���� :���G �7 ��=>� 0
� �� :1�@ �3� n�+d��W3� :�
�� 2�%C�/E 6R�� $1�� 2 �D N>@ :�D O(G!# �7 4�7 (� :�D

�C
1.�J ��G�!# 2 ��(,(@ ���@!3� e+�C@� �G �C
1.�J
$.E �,
S�J �C	�
 e!C�3 �.�� .�� .���G 0
!CQ�� �%>���G :�D

���G 6��E ��=>� 0
� �� ��
!(A .>��� �� �2�� :�D
���G 2 �(��+7 ��
!(A+/��G�(GV�� 4+} �� �2!7 :�D)6/E_

l(20DJ �
+��� :�D.(�G2�.(D 2 �D.(�G�)��(#+3 ��(#�QD
�(�+Q(� (�>�A �� �G .>C�D e!C�3 c(,
S�J 2 ��(,(@ :�D

�C	�
 .�� .�3� �
�(Q(E �
 H# Z
�C� �� 4�&� ��(,(@ :�D .D�
���� �G :1�@ ;) �� �3���W3� :�D  #��+� – :.(T�+@ 2

�>�A ��(,(@ :�D $��� X� �@�.�3� �@�!7 w�@�!7 �

�W3� ���G �K)��C� :�D �@� $��� X� �,?!� ���} �� :1�@ .
 #��+G���G 0
!CQ�� N�� �7 �G �@� ���� �,?!� 

�7 2 :!C�G�R $�+# n�+d �W3� 2 :� �� $.
� :� �+E .���G
 $.
� mG ��.�� �7 �G �@� �
!(A �,?!� 0
� :.(T�+@

�� ��!3 .��:!C�G�R �# :!(E N�� �7  #��+G �*2� �,?!�
 U@+# �
!(A ��,?!� 0
� �� p�@� 0E2� :!CQG !
����

�� �D�!QD �(��+7 2 �
!(A+/��G �+E .�@�!7 w�@�!7 :�D
���G ��@�>E�
!(A �7 ��=>� 0
� �� �D 6/E n�+d �# ���
�Q(� 6/E���)6/E�o(�3� 0C� �� $.>G�!A 2 #��+G :�D

�� $.
� .�+E .�Q�L :��(�7 �� 2 �D� �2!7 �=@ �� �D
�%C�/E�@� 0DJ :�D.(�G� �7 6
."# Y�? �� �
!(A ��D .1�
���G !%
��� ��=>� 0
� �� �� �2�� :.(T�+@ :�D �7 4�+#

 �
!(A+/��G)6/E�n(:!CQG ���2�!	 1� �G �!G $��E�
 2 �@� ����+R!7 �
!(A �7 �"���� O,z��%C�/E 2 1�� :�D

�� $.
� �!T>� n�+j7 !CQG 2 �
!(A �+E .�Q�L �R!7 �� ��D
1� �
!(A+/��G$��>G�D�@� $.E 0(&��[ �(��+7 U@+# .��

2 ��TE 2 �E�� :�D�+,7 n�+d �7  #��+G *+@ �,?!�
�� $.
� ���R :�f	 $.>>G!A �+E .�QG !
���� ��,?!� 0
� ��

�@� $.E 6(/&# �
!(A .���G 0
!CQ�� 1�2!7 :�D 0
� �� �� �
�� ��=>� 0DJ :�D.(�G2�.(D 2 �D.(�G� 2 �(GV�� �7 4�+#

 �=@ �� �G �!G $��E� �(�+Q(� 2 �(#�QD ��(#+3 .>���
.���� �+f? �D� �2!7 .�+=@ �%C&zJ n�+j7 O,z� �(GV��

�%C�/E �� $.
� $.�!(3!7�� N>@ :�D �+E)6/E_l.(
0DJ �
+��� :�D.(�G2�.(D 2 �D.(�G�)�QD 2 �(�+Q(� ��(#

�(#+3 (���G <
��G� !�� !7 2 $�1�+D �+=@ �� :.(T�+@ :�D
0DJ ���)�7�
!(A $k
2 (�W3� n�+d �7 2�>(&��[ 2 :�

$.E 6(/&# .�� .N>@ �+=@ �%C&zJ n�+j7  (� �(@2��[
�� $.
� �+E.6/E�4�&� ��=>� 0
� �� �� :!"QD ���+# 

�� .D�.


��A1Z
�C�XRD!7 ��+Q� �R 12.�� ��=>� :�D.
�����0�B ��� �����!3� ��� ������� �=6? ��+'� 
��'� 

�(�
!@  #��+G ��(,(@ N-2 

�(�
!@  #��+G +��2.�,G ��(,(@ N-6 
 #��+G +�(,
� +�(�
!@ �(>(�+P�G �,
S�J N-11 
�(>(�+P�G +�+�@�
� +�(�
!@ �(,
� � #��+G �,
S�J N-22 

n2.(A� +�(�,G+�(�
!@ +�("�J �
!,G �C(,A2!A N-25 

 [
 D

O
I:

 1
0.

29
25

2/
ijc

m
.2

7.
3.

55
1 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
cm

.ir
 o

n 
20

25
-0

7-
04

 ]
 

                             6 / 14

http://dx.doi.org/10.29252/ijcm.27.3.551
http://ijcm.ir/article-1-1326-fa.html


.,[��$��QE �� (
�A ����� 6/E �@�!7���G :�D Y�(@ $�%C@�R 2 :!(3 �� 1�@. . .���

���C$��+?!)���G :!"QD ���+# 1� :����G �7 �+7!� �#�/(,(@ 2 �#�>7!G �:.(�G� �:.(T�+@ :�D �3� �� �� �2!7 2 �� �2�� �
�1��W3� :�D
12.�� ���;).


��� �����D���, ����	 
<=������ :�'��=� ��3� �� Y�(�@ :��D��"��(� ��W3� �:��D
 #��+G�:.(T�+@ :2� !7 12.�� ��=>� n�+d  #��+G :�D�+,7 
�	!3 .�(�2� Y�(@ :�D��"��(� \�+��)6/�E :��D�l 2 ���� (2
�
+���)6/Eao(��+Q� 0
� �� .�.E $��� �(�&# �D2�(�D 

.&� $.
� �7I�G �
+��� Y�(@ ��"��(�.�0�
� �:!D�� 6/E !|� 1
� n�+d �7 Y�(@ :�D��"��(� �7 �2. c�
��7 2 $.(&�G �6/�E 2

m|>��� ��[2 .>} 6/E :���� \+�� �����J 4��(� 1� �G .>C�D
 �7 �2.� �CE�� �� ���2�!	 0
!C&(7 6/E.��� .�D��3 :��D��"��(�

 6/E Y�(@ c
��7 :�D �3.E��� 4�&�  (� .>D�)6/Ean.(
:��'7� !C&(7 �@�!7 ��+� Y�(@ :�D��"��(� ���'7� !|� 1� �2.? 

a�#55�CE�� 42!/(� .�� .�7 Y�(@ :�D��"��(�$1�.�� :�D�B��
.������ ����=>� 0��
� �� �� �����2�!	 0
!C&��(7 �V+��Q'� 42!��/(� .

2 :1�	 ��.�� w�@�!7m(��# �7 �[+# �7 K�[!� :.�>7]�`[�2�
��@� $.�E $.
� ��=>� 0
� �� Y�(@ ��"��(� \+� :��:1��	2�

K
����������7 )6/��E :���D�l 2 ����� (2��c��# �����7 1���	 .
K
��� :1��	 2� Y�(�@ :��D��"��(������7 ( L+V ) 0
!C&�(7 

.���� �� ���2�!	 K
�� 1�	 2v^�#r^6(/&# �� ���J mH? .d�� 
�� .�D�(L>V).c�# Y�(�@ :��D��"��(� ����2�!	 1� ����7 1��	

.�����+R!7 :!CQG .�+[2 *.-CO2K
��)1��	 c�
 4�+�>- ��7
��k(��� (��� 4�&�� ��=>� 0
� !(3�� :�D Y�(@ �� ��G .�D�
 ��.��CO21� !CQG �V�QC?� �7��!3 :�D Y�(@ v/_%�@� $�+7 

1 - Necking down 

]�a[.
E$�,�� � E$�,�� F$���:h�@ 2 <
��!@ n�(,Q- �.C7�

<
��!3 �(�2� :1�	2� Y�(@ :�D��"��(� !7)�B��+Q� (*�H��
.E ..>
�!	 ��+� \+� 2 :�+E 4� (� 0(('# :�!7 <
��!@

 0%QD :��� 4��2J �@.7 ��[ <
��!3 .>
�!	 2 Y+,9�
�	!3 *�H�� Y�(@ :�D��"��(� �� �3.E .�/>
� �7 �[+# �7

 �
 l2I �=�� 0(C���)Te(�2.? ����C��@ �[�� ��!3
�� ��+7 Y�(@ :�D��"��(� 0
� �� Y+,9� cQ� �G �T3 4�+#
 !C&(7NaCl @��]�][.��+� Y�(@ :�D��"��(� �QD ��

 �@� $�+7 $�!QD ���7 1�	 4.E .
.A�� �7 �3.E 0%QD ��@�!7
)L+ V—> L(�� 2�(D ��+Q�0%QD :��3.E �71�	 ���7 

.&� $.
�.!
���� �
 �+,7 0
!RJ l2I �=�� )Tmice(��
$!C�3 _/^��#5��[�� �C��@ ��!3 �H(C� �� �G $�+7 ��.�� 
:�+E .7�@$.�J $��� �7 �[+# �7 K[!� :�D]�v[��$!C�3 

a_/^�#_b/_.d�� ��12 Y��'� cQ� *�') �G �@�
4�&� �@� Y�(@ :�D��"��(� 0(
�A :�+E $.>D� .�C	�
 0
� :�D

�� 4�&� �@�!7 �G .D� $!C�3 �� :�+E ���2�!	 0
!C&(7a/^
�#��@� *�') cQ� ��12 Y��'� .d�� )6/E]���.(

�C	�
 �� 4�&� <
��!3 .>
�!	 1� $.�J!7 :�D :��� �G .D�
0%QD$!C�3 �� �@�!7 ��+� Y�(@ :�D��"��(� �� �3.E �]B 

�#__`�C��@ �[�� ��!3 $!C�3 �� ���2�!	 0
!C&(7 25]^�
5`^�C��@ �[�� �@� ��!3)6/E]l.(Y2.[5Z
�C� 

�� 4�&� 12.�� ��=>� �� �� �H>@��� 
� .D� .

 [
 D

O
I:

 1
0.

29
25

2/
ijc

m
.2

7.
3.

55
1 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
cm

.ir
 o

n 
20

25
-0

7-
04

 ]
 

                             7 / 14

http://dx.doi.org/10.29252/ijcm.27.3.551
http://ijcm.ir/article-1-1326-fa.html


$�(@ �:!3;G �:�+��!(� �7�!�@ �m&} 4�!
� �@�>E ���G 2 �@�>E�+,7 �,H� ���

���G #��+G �+,7 �� Y�(@ :�D��"��(� \�+�� 1� �A+/@2!/(� !
2�j# :l 2 ��� (6/E :1��	2� Y�(�@ :�D��"��(� m|>��� �# :2!G :�D( L+V) �
o:n 2 �
+��� Y�(@ :�D��"��(� (c
��7 Y�(@ :�D��"��(� �� �3.E.

���H��� :>� �� Y�(@ :�D��"��(� :�+E *�!3+C�(D 12.�� ��=l(4.E 0%QD :��� *�!3+C�(D(L+V —> L)�3� �� Y�(@ :�D��"��(� �
�W3� 12.�� ���;) :�D 


��A>�3� �� Y�(@ :�D��"��(� �H>@��� 
� Z
�C� ��W3� ��=>� ��  #��+G :�D12.�� 
�I��5 (g/cm3)Th (oC). Wt% 

NaCl.eq 
Tmice 
(oC). J+� ����
�����(µm)�K�� ���LM#�'���+'� 
�

b/^�v/^5r^ ��v^v`/5�v�/^)]/��(�)`/^�(L+V  #��+G�v�]5aN18 

b/^�v/^5ra ��]^ _b/_�v�/^)^/5�(�)`/^�(L+V  #��+G�v�a5�N19 

b/^�]/^__` ��va5_/��a_/^)v/^�(�)_/^�(L+V  #��+G55�]5`N20 

r/^�]/^__` �5]^v�/^�a_/^)`/^�(�)_/^�(L+V  #��+G55�a5^N21 

 [
 D

O
I:

 1
0.

29
25

2/
ijc

m
.2

7.
3.

55
1 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
cm

.ir
 o

n 
20

25
-0

7-
04

 ]
 

                             8 / 14

http://dx.doi.org/10.29252/ijcm.27.3.551
http://ijcm.ir/article-1-1326-fa.html


.,[��$��QE �� (
�A ����� 6/E �@�!7���G :�D Y�(@ $�%C@�R 2 :!(3 �� 1�@. . .���

�I��5 ��4B �
��� :�C	�
 m@� �7 �3.E 0%QD :��� :�D
 Y�(@ :�D��"��(�(Th) Y�(@ :�D��"��(� ���%} �:�+E 2

$!C�3 �� �G .E �"@�9�g/cm3b/^�]/^�� !((g# .>G
)6/E�.(�@�!7�� 4�&� �D �G .D�!C&(7 ���%}��+Q� �� �D

$!C�3 g/cm3r/B��/^�@� )Y2.[�.(:��� �7 �[+# �7 
0%QD �3.E)__`��]^�C��@ �[�� ��!3 (:�+E 4� (� 2

)_b/_�a_/^*�') cQ� Y��'� ��12 .d�� (*�%>D Y�(@��&	 �
�7 0(7 4��C	� �,#5^�#�a^�@� $�+7 ��7 .�/>
� �7 �[+# �7

 $!C�3 �� ��� ���2�!	 0
!C&(75]^ �5`^�C��@ �[�� ��!3
�� ��@� 4�+#�7 *�%>D Y�(@ U@+C� ��&	 �G �T3 4��C	� �,#

 �2.?a^�@� $�+7 ��7 )6/Er.(��+� :�D��"��(� �QD
 ��!L �(��D \�"E� �>9>� !
1 �� ���+Q� 0
� �� �@�!7

�C	!3 .�� .�7 8Q- 0(>WQD ��=>� 0
� �� �D��"��(� 4��C	� *��
 �2.?5^^ �# �a^^�� �G �@� !C� 8Q- �G �T3 4�+#

7 U@+C���2.? �D��"��(� 4��C	� *��a^^�@� !C� .

���O0%QD :��� ���+Q�4.E–Y�(@ ���%} 0(('# ��[ :�+E  g/ cm3 �� mC�(@H2O- NaCl ]�r[$1�7 �� $.E �"@�9� ���%} �g/cm3

b/^�]/^�@� .

���P���7 ��&	 0(('# :�!7 :�+E 2 �3.E 0%QD :��� ���+Q�]�b[�� 4�&� �G D��V�QC?� �G ..>
�!	 �!@ 4.E 1�6��+- !�+� ��
�# ��&� n� ,	 ���(?�� $�+7 12.�� �@�.

 [
 D

O
I:

 1
0.

29
25

2/
ijc

m
.2

7.
3.

55
1 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
cm

.ir
 o

n 
20

25
-0

7-
04

 ]
 

                             9 / 14

http://dx.doi.org/10.29252/ijcm.27.3.551
http://ijcm.ir/article-1-1326-fa.html


$�(@ �:!3;G �:�+��!(� �7�!�@ �m&} 4�!
� �@�>E ���G 2 �@�>E�+,7 �,H� ��B

����� ��K=, �� ���$�? Q+M�R$� ����	 
���+� �?+M�R$� ����	:�A+#2 
� �@�!7 �.E 4�(7 �G 4�>}

4�2�!	 2 0
!CQ�� 4�+>- �7 �
!(A ���G :2� !7 �!3+3 0
!#
3 n�+d ��=>� :.(T�+@ ���G�	! .!
����δ34S)�� O�? !7

�� D ($1�.�� $.E �"@�9� !
���� 2 �
!(A ���G�� $.E :!(3
���G Y�(@ �!3+3 :�!7 Y2.[ �� ���_$.E $��2J .�� .!
����

δ34S�D.(T�+@ )�
!(A (�3� 0
� ����W3� $!C�3 �� �Da/^�
�#�/5��@� !(gC� �� D �� .!
����δ34S:��� 1� Y�(@ 

0(%��(� �
!(A �7 �C�7�2 Y�(@ :�D��"��(�)5a^ �[�� 
�C��@ ��!3 (K[!� �� $.E ���>&(A �=7�� 1� $��TC@� �7 2]5^[

.�.
�!3 �"@�9� .��.�� ����∆�=7�� 1� ��� �7 �[+# �7 
1000 ln α = D (106)/ T2 + E (103)/ T +F $.E �"@�9� 

h�@���G Y�(@ �!3+3 ��.�� ���Y+�!	 �7 �[+# �7 
∆δ34S py - δ34S H2S =.
�!3 �"@�9�.!
����δ34S

���G Y�(@ $!C�3 �� ��� ^/5��#�/���@� !((g# �� �� D �� .
�� 4�&� $.�J �@.7 �A+#2 
� !
���� Y�(@ �!3+3 �G .D� :�D

���G 1�@�@� �
�Q3�� $�%C@�R :����)N>@ �� �D.(T�+@ :�D
�
�+iC� �7�&� �A+#2 
� !|� 1� 0
�IJ D �D ��.�� �G .>C�

 U@+C�834S!Td ��"
!�# ���J �� ���? �� ��@� 2 �
�� lJ �G
o+#2 
� 1� �>z �7+@� :�D.(T�+@ ��.�� 2 $�+7 0(%>@ :�D 

834S0(�1 0@ �7 �[+# �7 0(7 ���J �@�>E�^�#_^�� D �� 
�@�]5�[.(

"9����� � "S� �� �?+M�R$� ����	 :�7O(G!# 0(('# �+|>�
A+#2 
�Y�(@ 4S2�.(D 2 4k(�G� ����G :�D ���=>� �� 1�@

 �>�A 1� ��+Q� ���} 2 4k(�G� �@�!7 :�!7  #��+G ��+Q� ���}
$���J 2 l��C�� 4S2�.(D �@�!7 ��[ �,
S�J .�.E :1�@ .

��+Q� ���G �7 ��
 QD $.E l��C��  #��+G :�D :.(T�+@ :1�@
�G� �A+#2 
� �@�!7 :�!7 0
�!7�>7 2 $�+7 �
!(A O@�>� 4k(

.>C�D .��+Q� 2 �,d� �3� 1� �@�!7 ��+� :�D #��+G :�D 

.�.E l��C�� �2�H� ���@!3� ���D 1� �,
S�J .4�&� Z
�C�
�� !
���� �G .D�18Oδ��+Q� �7 �"��  #��+G :�DSMOW 
 �� �2.?`/a+�#v+�@� �� D �� .�@.7 :��� �7 �[+# �7

 �� Y�(@ :�D��"��(� �@�!7 1� $.�J��+Q� ��.�� � #��+G :�D
���G Y�(@ 4k(�G� �A+#2 
� O(G!# $!C�3 �� ���5��#_���

.�.�J �@.7 �� D .!
����Dδ��+Q� �� $.�J �@.7 �,
S�J :�D
 �2.?a/b_ ��#5/����.>C�D �� D �� .Y2.[`�@�!7 Z
�C� 

�� 4�&� 12.�� ��=>� �� �� 4S2�.(D 2 4k(�G� �A+#2 
� .D�.

� TU	����	 
�M � �'V ���+�5 -�R!B �=�4� : 6Q? :�!7 m�� h/,�QG 2�

Y+,9� �� n� ,	 6�� 2:.(T�+@ h/,�QG �7��!3 :�D 
(H2S, HS-):.
!,G h/,�QG 2(Cl-).>C�D .�� �V+Q'� ;)

mC�(@ :V�7 :��� �7 :�DoC`^^ n�+d �7 AuCl2
-6Q? 

�� �+E]5_[�# ��G21�@ 0(C��� ��� <D�G 2>(&��@;) �.
0(
�A :�D��� �� n�+d �7 ;) �!#Au(HS)-

2�� 6Q? ��+E
 <D�G �7 0
�!7�>7 h/,�QG ��!3+3 �3.� 
!3Au-S 2 �C�/E 

�# �-�7 �� ;) �>(&� �+E]5`�5a[.:�+E 2 ��� �
�A!7
 ��=>� 0
� �� $.�J �@.7 6/E �7 �[+# �7 2b]5][�� �4�+#

h/,�QG �V�QC?� �G �	!3 �H(C� �D:�� �,d� <�� :.(T�+@
�7 n� ,	 6Q? �� �CE�� $.�- !7 Y�(@ �� ;) $k
2 �}!3 �.��

 Y��C�� 2 6�� �� �Q�@ �@� 0/Q�  (� :.
!,G h/,�QG
.E�7 �CE�� n� ,	 .�#Y+,9� �� Y+,9� !d�>- ��&� :�D

 0(7 <>G�2 2 <E+[ ���&	 ���� n�!((g# 6(�� �7 �7��!3
Y+,9� 2 $��+
� N>@g# 2 �D �H(C� �� �
�(Q(E n�!((

�+,�� Y+,9� �3.E�� ��H
� �D �+E .�� m�� 6��+- 1� �/

�# h/,�QG �>(&��@� <E+[ �:.(T�+@ :�D .m�� .D�+E 1�

 2 K
�� 1� �>z Y�(@ :�D��"��(� ���� QD <E+[ ��.R�
 �CR�@ 2 �C	�7 .D�+E !%
� 2 1�3 1�	 1� �>z Y�(@ :�D��"��(�

 �@�]5v[��+Q� �� �G $.E $.
� �@�!7 ��+� :�D .��.


��A@12.�� ��=>� �� �!3+3 �A+#2 
� !
���� )��.��Ln α�^^^ K[!� 1� �C	!3!7 ]55[�@�.(

δ34 SH2S (‰) 1000 ln α]>1[T (oC) δ34 S Py  (‰) ���� ��+'� 
��'� 

]/_�a/�5a^ �/5��
!(A N-15 

^/5�a/�5a^ a/^��
!(A N-27 

^/_�a/�5a^ a/���
!(A N-29 

]/5�a/�5a^ �/���
!(A N-45 

 [
 D

O
I:

 1
0.

29
25

2/
ijc

m
.2

7.
3.

55
1 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
cm

.ir
 o

n 
20

25
-0

7-
04

 ]
 

                            10 / 14

http://dx.doi.org/10.29252/ijcm.27.3.551
http://ijcm.ir/article-1-1326-fa.html


.,[��$��QE �� (
�A ����� 6/E �@�!7���G :�D Y�(@ $�%C@�R 2 :!(3 �� 1�@. . .���


��AC12.�� ��=>� �� 4S2�.(D 2 4k(�G� �A+#2 
� !
���� .
18O (‰) δ


�� �D��U, 1000 ln αT (oC) 18O (‰) δ���� D(‰) δ���� 

5�b/r5a^ b/]+ #��+G r/�^b��@� ���G 

_/5�r/r5a5 a/]+ #��+G 5/�^���@� ���G 

�/5��/b5`a ^/v+ #��+G a/b_��@� ���G 

^/_�`/r5]^ `/a+ #��+G 5/�����@� ���G 

���Y�3.E 0%QD :��� ���+Q� ��	�"QD 0(('# :�!7 :�+E : ,	 !d�>- $.>>G 6Q? :�D ]5][.

�g(# �(�,G 2 �
�V2�J �+f? 0(>WQD U@+# $.E 0(&��[ :�
��
� �"E  #��+G �� ,(�� .��+#.E�7 <E+[ !7 �]5r�5b[

).&� $.
� ��=>� 0
� �� �
�V2�J .( �7��!3 e!7 �+[2 �KL�2 ��
)6/E�^���(�g(# �(�,G �7 $�!QD :�)6/E�^l(�V+Q'� �

�	�7 2 ���
� �"E  #��+G �7 $.E 0(&��[�Q,G 63 :�D�

)6/E�^o(24+3!&L�)�C@+A :�(�C	�
 $�!QD �7 :�D
�� �H>@��� 
� #��=>� �� <E+[ :�!7 :+L :.D�+E .��+

.E�7 12.�� .�7 0
�!7�>7 �� !|� �,d� 6��+- 1� <E+[ �G .@�
�# .E�7 $�+7 ��=>� 0
� �� n� ,	 �>(&� .�7 �[+# �7 0(>WQD

 6/Er��� !|� �7 .@��V�QC?� �G .>
�!	 �!@ 4.E �/
 
!%
� 6��+- 1� !�+� �# �� ��&� n� ,	 $�+7 �@� .


������
���:o+#2 
� �@�!7mC�(@ �� ��.
�A :�D :�D
�� 4�&� �7��!3 lJ �G .D�$.Q- m�@ :+[ :�D �� :�

 
2 �colloform 
3- crustiform 

 �D�����G �R!7 �� �}!3 �.���� �
��!3�!	 :�D�����G 6(/&#
Y�(@ !%
� :�D):.�1�@ lJ 2 �
�� lJ ��
�Q3�� (lJ �
 :�D

 .���� �Q�� <��  (� K">� .>} 1� :+[]_^[.�@�!7 :�!7
�R.E $��TC@� e2� 2� 1� 12.�� ��=>� �� Y�(@ $�%C@ .

o+#2 
� 1� $��TC@� e2� 0
!CQ�� 2 4k(�G� ��.
�A :�D
�@� 4S2�.(D .�C	�
 �@�!7 4S2�.(D 2 4k(�G� �A+#2 
� :�D

 K[!� ���+Q� 1� $��TC@� �7]_�[�� 4�&� ��+Q� �G .D� :�D
lJ $!C�3 �� �@�!7 ��+� �A+#2 
�� ��!L :+[ :�D�.�!(3

)6/E��.(e2� !%
� 1� 6/E 1� $��TC@� �D�5)1� �C	!3!7
 K[!�]_5[(:��� �7 �[+# �7 2 4J w�@�!7 �G �@�
0%QD �� Y�(@ :�D��"��(� :�+E 2 �3.E �� 4J $�%C@�R 4�+#

�!G 0(('# .Y�(@ �w�@� 0
� !7���G :�D �� !�+� 1�@
���G lJ $!C�3 �� :1�@�� ��!L :+[ :�D �!(3 .)6/E�5(

Y�(@ 0(
�A :�+E �7 �[+# �7 �G���G :�D ���=>� 0
� �� 1�@
�� !|� �7 ��=>� .@� .�.E 4�(7 !C&(A �G 4�>}  (� �!3+3

 [
 D

O
I:

 1
0.

29
25

2/
ijc

m
.2

7.
3.

55
1 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
cm

.ir
 o

n 
20

25
-0

7-
04

 ]
 

                            11 / 14

http://dx.doi.org/10.29252/ijcm.27.3.551
http://ijcm.ir/article-1-1326-fa.html


$�(@ �:!3;G �:�+��!(� �7�!�@ �m&} 4�!
� �@�>E ���G 2 �@�>E�+,7 �,H� ���

 $.�J!7 ��Q(�C�� ���� Y�QC?� �G �@� �
�Q3�� $�%C@�R :����
Y�(@ 1� Y;9�� 2 +&C�E 1� �
 2 $�+7 �
�Q3�� 0(%7J :�D

N>@ �� �+[+� :�D.(T�+@ .E�7 $.E �E�� 0
�IJ :�D]55[
$�%C@�R ��+� �� �	�G .D�+E �+[2 *.- �7 �[+# �7 �G

�� !|� �7 !C
+L *2� Y�QC?� �m(�C�� .@� .Z
�C� �@.7 $.�J 1�

�@�!7 Y�(@ :�D��"��(� ��+Q� ��)�:�+E :��� 20%QD -
�3.E (2m@� ���J �����+Q� :�+E �7 �"�� :��� 0%QD 
�3.E )6/E�_(4�&� ��.D� �G�(@Y:�D Y2��� 6(/&# 

�3� ��W3� :�D ��(,(@ ��12.�� ��=>� 1�\+� �
��!3�!	 
$�+7 .��)6/E�_(.

���Z[��=>� �� Y�(@ <E+[ $.>D� 4�&� .D�+E �R!7 :��� (l ��7��!3 e!7 (�g(# �(�,G o 2 :� (�Q,G 63 �	�7 �7  #��+G.

���11# �>��� ��
��� ���+Q�o+#2 
� n�!((glJ :�!7 4S2�.(D 2 4k(�G� :�D ��,C�� $�%C@�R �7 :�D]_�[���+�Q� 2Dδ��7 �"��� 18Oδ

Y�(@���G :�D 12.�� ��=>� �� 1�@)●(.

���1>Y�(@ �� :�+E �7 �"�� �3.E 0%QD :��� ���+Q� �,C�� $�%C@�R �7 :�D]_5[.

 [
 D

O
I:

 1
0.

29
25

2/
ijc

m
.2

7.
3.

55
1 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
cm

.ir
 o

n 
20

25
-0

7-
04

 ]
 

                            12 / 14

http://dx.doi.org/10.29252/ijcm.27.3.551
http://ijcm.ir/article-1-1326-fa.html


.,[��$��QE �� (
�A ����� 6/E �@�!7���G :�D Y�(@ $�%C@�R 2 :!(3 �� 1�@. . .���

���1@�3.E 0%QD :��� ���+Q� �7 �"�� �,C�� :�D�����G �� Y�(@ :�D��"��(� :�+E ]�r[��C	�
 4J !�7 �G ���=>� �H>�@��� 
� :��D
$!
�� �7 12.���@� $.E $��� 4�&� �
��!3�!	 $!C�3 �� !A+# :�D.

]����	 
���G �7 12.�� ��=>� �� �
�1 �3� n�+d ��W3� �� :�

�%C�/E �>�A 2 �DN>@ ���7 (� �7 2 �,�3 :�D �7 �
�D
G!#�@� �C	!3 n�+d 0(�A 0@+P� 0@ �7 2 U@�2.? O( .

�� �2!7 2 �� �2�� �,?!� 2� 6��E 12.�� ��=>� �� ���@!3�
�@� .���G �@�!7 �>�A �@�>E�� 4�&� ���@!3� :�D �G .D�

 �+�@�
� 2 �
!,G ��(,
� ��(�
!@ ��(>(�+P�G � #��+G
���G 0
!CQ�� ��(�+Q(� ��(#�QD 2 �� �2�� ���@!3� :�D

 ��(#+3h�
S���G 0
!CQ�� �(@2��[ 2���@!3� :�D 
.>C�D ��=>� 0
� �� �� �2!7 .���G �3� �� :1�@ ��W3� :�D

 �� �2�� �,?!� 2� ��  (� 12.�� ��=>� �@� $��� X� �� �2!7 2
���G 0
!CQ�� �(��+7 2 �
!(A+/��G ��
!(A �G 2 �� �2�� :�D
�� 0DJ :�D.(�G2�.(D 2 �D.(�G� 2 �(GV�����G 0
!CQ :�D

.>C�D ��=>� 0
� �� �� �2!7 .�@�!7N>@ :�D 2 :��%�
  #��+G :�D�+,7 �� �+[+� Y�(@ :�D��"��(� !7 �H>@��� 
�

���G �7 $�!QD ���G 4�+>'7 4�&� ;) 2 :.(T�+@ �
�1 $.>D� 
0%QD :��� 2 0(
�A :�+E ��.�� U@+C� �# 0(
�A �3.E

Y�(@���G :�D �@� 1�@.�� !
����0%QD :� 4� (� 2 �3.E
�� 4�&� :�+E Y��C�� 2 6�� �� m�� h/,�QG �V�QC?� �G .D�

 h/,�QG ��=>� 0
� �� n� ,	 �@� $�+7 :.(T�+@ .�@�!7 :�D
 2 <E+[ �G ��� 4�&� ��=>� 0
� �� Y�(@ :�D��"��(� 2 �C	�7

�# �� !�+� 6��+- 0
!CQ�� 1� 4.E �!@ �7 n� ,	 �>(&� $k
2
��=>� �� ;)�@� $�+7 12.�� . (� �!3+3 �A+#2 
� �@�!7

4�&� Y�(@ �� �!3+3 �
�Q3�� $�%C@�R $.>D����G :�D 1�@
�7 2 �@� �� !|� :�D.(T�+@ :+&C�E 1� $.�J!7 �G .@�

N>@ �� �+[+�.E�7 ��=>� 0
� �� 0
�IJ :�D .�@�!7

Y�(@ :+[ $�%C@�R !%��(7  (� 4S2�.(D 2 4k(�G� �A+#2 
� -
���G :�D �@� 1�@ ..D�+E w�@�!7 <D2kA 0
� Z
�C�

���G Y�(@ :�D��"��(� ��C	�7 ��@�>E)0%QD :��� 2 �3.E
:�+E (���G 1� 4�&� ���� 12.�� ��=>� �� �
��!3�!	 :1�@ .

������( 
4�3.���%� 1� �
�Q?:�D ���� ��2�'� �&D2kA 2n;(j9# 
�,(Q/# $�%&���  
!"# ����+R!7 $�+7 �.�� ��� �
�E�C�@�
w��@ 2�����.L �+R �� 1�!7� .����.0
� 1� �&�7 0(>WQD 

*�H�� 4�!
� ��.'� ��+� :�2�!	 n��(�9#  G!� �
�Q? �7 �����
�@� $.E.1� 2  
!"# $�%&��� �� �@2�!	 !CG� :�LJ 1� 
�+�	2!AClemente Recio Hernandez !CG� 2Antonio 

Alvarez 2 ��.
�A o+#2 
� $�%&
��1J �� O(H� :�D1�3
 �/���V�@ $�%&���)�(���@� (�� :�� %@��@  (� �+E.

^A��, 
[1] Nabavi M.H., "An introduction to geology of 
Iran", Geological Survey of Iran (1355) 109 p. 
[2] Jamali H., Dilek Y., Daliran F., Yaghubpur A., 
Mehrabi B., "Metallogeny and tectonic evolution 
of the Cenozoic Ahar- Arasbaran volcanic belt, 
Northern Iran", International Geology Review 52 
(2010) 608-630. 
[3] Calagari A.A., Patrick A., Polia D., "The study 
of the veins and veinlets in Sungun porphyry 
copper deposit, East Azarbaijan", Geosciences 
Scientific Quarterly Journal 40 (1380) 71-79. 
[4] Simmons V., "The study of geology, 
geochemistry and genesis of porphyry copper 
deposit in Kighal and Barmalek, north of 
Varzeghan", Doctoral dissertation, University of 
Tabriz (1389) 200 p.  

 [
 D

O
I:

 1
0.

29
25

2/
ijc

m
.2

7.
3.

55
1 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
cm

.ir
 o

n 
20

25
-0

7-
04

 ]
 

                            13 / 14

http://dx.doi.org/10.29252/ijcm.27.3.551
http://ijcm.ir/article-1-1326-fa.html


$�(@ �:!3;G �:�+��!(� �7�!�@ �m&} 4�!
� �@�>E ���G 2 �@�>E�+,7 �,H� ���

[5] Hosseinzade M.R., Moayed M., Maghfuri S., 
Alipour S., Haj Alilou B., "Geology, alteration, 
mineralogy and fluid inclusion studies in Balouje ; 
an example of copper-molybdenum porphyry 
deposit in the Arasbaran magmatic zone", 
Geosciences Scientific Quarterly Journal 95 (1394) 
297- 308.
[6] Calagari A.A., Hosseinzadeh G., "The 
mineralogy of copper- bearing skarn to the east of 
the Sungun-Chay river, East- Azarbaijan, Iran”,
Journal of Asian Erth Sciences 28 (2006) 423- 438. 
[7] Ghadimzade H., "Economic geology and 
exploration of gold in Safi Khanlu, south east of 
Ahar ( Arasbaran zone )", Master's thesis, Institute 
of Earth Sciences (1378) 200 p. 
[8] Ferdowsi R., Calagari A.A., Hosseinzadeh 
M.R., Siahcheshm K., "Petrography, geochemistry 
and chemistry of porphyry minerals in Starghan, 
Kharvana, East Azarbaijan", Iranian journal of 
crystallography and mineralogy 4 (1394) 774-759. 
[9] Ghorbani M., "An introduction to economic 
geology of Iran", Geological survey& mineral 
exploration of Iran (2002) 659 p. 
 [10] Mahammadi B., "Physical Progress Report 
on exploration in Safi Khanloo- Noghduz area", 
Geological Survey of Iran (1385) 11p. 
[11] Mahdavi M.A., Amini Fazl A., "Geological 
map 1: 100000 Ahar", Geological Survey of Iran 
(1988). 
 [12] Whitney D.L., Evans B.W., "Abbreviations 
for names of rock-forming minerals", American 
Mineralogist, 95 (2010) 85-187. 
[13] Reyes A.G., "Petrology of Philippine 
geothermal systems and the application of 
alteration, mineralogy to their assessment", 
Journal of Volcanology and Geothermal Research 
43(1990) 279-309. 
[14] Shepherd T.J., Ranbin A.H., Alderton 
D.H.M., "A Practical Guide to Fluid Inclusion 
Studies", Blackie, Glasgow (1985) 239 pp. 
[15] Hedenquist J.W., Henley R.W., "The 
importance of CO2 on freezing point measurements 
of fluid inclusions : evidence from active 
geothermal systems and implications for 
epithermal ore deposition", Economic Geology 80 
(1985)1379–1406. 
[16] Borisenko A.S., "Study of the salt composition 
of solutions in gas-liquid inclusions in minerals by 
the cryometric method", Soviet 
Geol.&Geophys.18(1977)11-19. 
[17] Bodnar R. J., Vityk .M.O., "Interpretation of 
microthermometric data for H2O-NaCl fluid 
inclusions in Minerals, Methods and 

Applications”, B. De Vivo and M. L. Frezzotti, 
eds., Virginia Tech, Blacksburg, (1994)117-130. 
[18] Wilkinson J. J., "Fluid inclusion in 
hydrothermal ore deposits", Lithos 55 (2001) 229-
272.
[19] Ahmad S.N., Rose A.W., "Fluid inclusions in 
porphyry and skarn ores at Santa Rita, New 
Mexico", Economic Geology 75 (1980) 229-250. 
[20] Li Y., Liu J., "Calculation of sulfur isotope 
fractionation in sulfides", Geochimica et 
Cosmochimica Acta 70 (2006)1789-1795. 
[21] Hoefs J., "Stable isotope geochemistry" 
Springer Verlag, Berlin,(2004) 244 p. 
[22] Ohmoto  H., Rye  R.O., "Isotopes of sulphur 
and carbon. In: Barnes, H.L. (Ed.), Geochemistry 
of Hydrothermal Ore Deposits", Wiley-
Interscience, New York (1979) 509-567. 
[23] Gammons C.H., Williams-Jones A.E., 
“Chemical mobility of gold in the porphyry-
epithermal environment”, Economic Geology 92 
(1997) 45-59. 
[24] Cooke D.R., Simmons S.F., “Characteristics 
and genesis of epithermal gold deposits”, Reviews 
in Economic Geology 13 (2000) 221-244. 
 [25] Robb L., “Introduction to Ore-forming 
Processes" , Blackwell Publishing, Malden (2005) 
373 p.
[26] Pirajno F., "Hydrothermal processes and 
mineral system", Springer Science, New York 
(2009) 1273 p. 
[27] White N.C., Hedenquist J.W., "Epithermal 
gold deposits: styles, characteristics and 
exploration", SEG Newsletter 27 (1995) 1–13. 
[28] Simmons S.F., Brown P.R.L., “Hydrothermal 
minerals and precious metals in the Broadlands-
Ohaaki geothermal system: implications for 
understanding low-sulfidation epithermal 
environments", Economic Geology 95 (2000) 971–
999.
[29] ] Moncada D., Bodnar R.J., “Gangue mineral 
textures and fluid inclusion characteristics of the 
Santa Margarita Vein in the Guanajuato Mining 
District, Mexico”, central European Jouranal of 
geoscience, 4 (2012) 300-309. 
[30] Xiong Yongliang., Zhai Yushen., "Oxygen 
Isotope Studies of Epithermal Systems A Review",
Chinese Journal of Geochemistry 11(1992) 329- 
343.
[31] Barnes H. L., "Geochemistry of hydrothermal 
ore deposits", John Wiley& Sones (1979) 798p. 
[32] Kesler S.E., "Ore-Forming Fluids", Elements 
1(2005) 13-18 

 [
 D

O
I:

 1
0.

29
25

2/
ijc

m
.2

7.
3.

55
1 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
cm

.ir
 o

n 
20

25
-0

7-
04

 ]
 

Powered by TCPDF (www.tcpdf.org)

                            14 / 14

http://dx.doi.org/10.29252/ijcm.27.3.551
http://ijcm.ir/article-1-1326-fa.html
http://www.tcpdf.org

