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POI 1 -@+ ��*C B�C

��*6� �S�9 �� 1 �H% G1�LA� ^+A�� �9 -@+ ��*C ��%1%�	 �C
wb�� -N�� -H�)>.=g�.(K@H /
% 1 �'�+8 �* � �9 �C

�'�* 'L�<%��I 0% �!�%*8 �9 G�]H-+	 B~�9 � �� /'@l6C �C
�� �
�6A�-�*= .���8���8 1 /LH% �/8�
0 B�C B�C�-8 �9 

K@H �� �,�	 G�*N �8 -��%� �*�D �S�9 �� /LH% ��%1%�	
 n(���~�9 �H).=>g_.(/'@l6C���8 B�C
�'�*��!/���8 �'�
�H 1 G1-'I% ��
�+8 ��'�*@'A8% B�C
>N�D �A$2�9 ��*2�2� 0% ��"���S� T
%�= � H ��'= B

K@H /
% ��-@A�C �C ."*�5 K�� �9 �C-@+ ��*C G�*N �9 1 B%
>.=>.= �6'� �! �%� -@A�C �%�)>.=g�.(G1-'I%�=�� 0% 

�� �A$2�9 ��*2�2� �H% ��$� n(��� �S�9)>.=g�.(
��*6� �� [��: �	�9 �CE'AHO9*�%�2 �H% �9 ��68 ��%*� �� 1

��c �	�9 �Q* 'L�< ���8 �#A	�
E'AHO9*!�6� �A	�2 >.=
�H%)>.=B�C g1 ��.(���8 ���%*� �S�9 �� 1 G1-'I% B�C

 G�*N �9 0O8*
POI�� ��'� -��%� �*c1 -@+ ��*C �� )>.=g
�.(�/'@l6C��
� � = �*c1 K@H �� 0O8*
POI 0% �
�C

���8 �9 �8 ��%�"-= /
�#
�c �'@C�I %-�)>.=g�.(
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-+c��"��6= �q��'
�I �q�r ���8 �6'= �H��9��� 1 �CF�'�* 'L�< �7@H��$	 B�C. . .�{�

���� ������
���8��*6� �� �*c*� ��*2�2� B�C �8 �'�* 'L�<*!�% B�C

"-= �
�7! �#=0%��I�
� TH*! �G�]H-+	 �Q* 'L�< >��= -�%
 G1-'I% 1 �'��A'!-@A�C ."�%�B�C "-�< �H� �9 /
% 0% 

�
�7!Q1-c �� �CB�C u�!v��%�% �H% ��%�% �� Y
�A� �8 
�� "�%� �'�*!�*=.

)�����:Y
�A�"-�<�9 0% �
�7!�4�� B%�� �*c*� Q* 'L�<
Q* 'L�<*!�%�C� H�e� "%�6C �9 BX�H% �9 B��AS�H Q*��	 

gv 1 3W'�8% uvQ1-c �� 3*'!�8 u�H% "-= "��1< .�-��%
�� M'�+8Q* 'L�< �C�1-D dt/u�!dd/u��*��	 -D%1 �� M!%

)a.p.f.u(� 1�%-� M
-H ag/b�!a.p.f.u `v/b"�#
�c �� �
��c1 �$C)M4(�H%.Q* 'L�< �
�6! �*h@� �9 0% /
�;< B�C

Q* 'L�<�%�*6� 0% ��*2�2� B�C Si-Ti ]ub["��LAH%-=
)>.=v^�%(.�� ��$� �%�*6� /
%@8Q* 'L�< �8 -B�C

 ��*��H��9 \*� 0% -@A�C ��*2�2�.

)�1,@� H�e� 1 �
�'6'= �
�7! Y
�A� Q* 'L�< B��AS�H Q*��	 BX�H% �9 �Cgv3W'�8% ) ."�%� Q*���	 1 ��01 -N�� [�D �9 B-'�8% B�C
[�D �9 B��AS�Ha.p.f.u. (


�� 13D �����
@GH#@JK#@JE#@LM#@LN#@LG#@LJ#@ON#@OG#@OL#@OO#@OE#@KG#@KJ#�'P�F
ug/tu da/vw av/vw wb/vw tu/vw ad/tb wx/tb au/tb dd/vw dx/tb ad/tb t`/tb ub/tb b`/tb SiO2

g`/ubu/ubw/uuu/utx/ubg/ugb/uuv/utb/uvw/uug/uud/uvd/uvw/uTiO2

d`/uv t`/ut vv/ut bx/ua a`/ut bt/ut xu/uv xx/uv v`/ut dt/uv ua/ut xg//uv ww/uv t`/ut Al2O3

bd/bbw/bbd/bbx/bbv/bub/bub/bbw/bbd/bbx/bb`/bbx/bbx/bbv/bCr2O3

dg/ud xd/ud xb/ud v`/ud dx/ud ga/ud ta/ud g`/ud aa/ud vv/ud ua/ud xg/ud xb/ud bt/uw FeO* 
gt/bg`/bgu/bgd/bgw/bga/bgg/bgu/bga/bgv/bgt/bgd/bgt/bgd/bMnO 
wu/wxt/w`x/wxw/wva/wba/ub ux/ub wg/wxa/wgt/ub bt/ub xw/wxa/wxt/wMgO 
``/uu xg/uu aw/uu da/uu a`/uu dx/uu xg/uu xv/uu aw/uu du/uu `v/uu `d/uu xg/uu `w/uu CaO 
w`/uba/gwa/uwx/uwg/udd/ubt/gwv/uud/gdd/udu/ubg/gwt/uwx/uNa2O

gx/uvv/uvx/ug`/utg/uu`/uuw/uut/utv/uvv/ugd/uux/uua/utu/uK2O

wv/ww gw/ww ag/wd ``/ww dd/wd gb/ww xx/ww `w/wd tx/ww ww/ww b`/ww bw/ww bt/ww wg/ww Q���
b`/`wv/awv/awb/awb/abu/`ba/`bt/`wt/abg/`bg/`bv/`wx/awg/aSi 
ut/buu/bug/bug/bu`/buu/buv/bug/bua/bua/bug/buv/bua/bua/bTi 
tu/gav/gav/g`g/gax/gta/gvd/gtg/gag/gtb/gtx/gtu/gta/gag/gAl 
bb/bbu/bbb/bbb/bbb/bbu/bbu/bbu/bbb/bbb/bbb/bbb/bbb/bbb/bCr 
ud/gvb/gvb/gv`/gvv/ggg/gu`/guw/ggw/guw/gwd/uwg/ugt/gg`/gAllV 
gv/bgv/bgv/bg`/bgt/bgv/bgg/bgv/bgv/bgu/bga/bgg/bgu/bgg/bAlVl 
wa/udg/udv/uxa/uwg/uxa/udx/udt/uwa/udg/udu/udw/udt/udx/uFe2+

v`/bau/bau/bau/btt/bau/btb/btt/bva/btv/btt/btt/btd/btx/bFe3+

bv/bbv/bbg/bbv/bbv/bbv/bbg/bbg/bbv/bbg/bbv/bbv/bbv/bbv/bMn 
ud/gu`/gu`/gua/gbw/ggg/ggt/ggb/gu`/gga/ggg/gux/gu`/gut/gMg 
dt/udx/ud`/udx/uda/udd/uda/udx/uda/ud`/uda/ud`/udx/uda/uCa 
at/baw/ba`/ba`/baa/bav/bad/baa/b`v/bav/bag/bav/ba`/ba`/bNa 
gv/bga/bg`/bgv/bgx/bgu/bgg/bgu/bgx/bga/bgt/bgg/bgu/bg`/bK

db/ua dt/ua dv/ua db/ua dv/ua x`/ua db/ua xx/ua wb/ua xd/ua x`/ua db/ua xx/ua dv/ua Q���
ag/bat/bat/baa/bag/baa/bat/bat/bag/baa/baa/bav/bat/bav/bMg# 
bd/bbx/bbx/bbx/bbd/bb`/bbd/bbx/bbd/buu/buv/buu/bbx/bbd/bNaB

t`/bau/btd/btw/btx/btx/bab/btd/bat/btg/btw/btg/btd/btx/bNaA

dv/ud`/uda/ud`/udt/udx/udt/ud`/udt/uxx/uxt/uxw/ud`/uxu/uCaB

wu/uwv/uwg/uwv/uwg/uwv/uwg/uwv/uwg/udd/udx/uwb/uwv/uxw/uCaB+ 
NaB
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�c�D �G��&H�+,3;*� ��+:1% 9 �+7�3%�
% �H�@= ���8 1 �H�@=�*+ ���

?7�K^�%F�%�*6� Ti-Si]ub[Q* 'L�< �3< X�H%�9 �8k �-@C� �� 3�$� ��*2�2� "�#AH�S �H��9 ��*� B�C FQ* 'L�< E'.L! �%�*6� 0% �C
 nc��]uu[3< �9 �c*! �9 �8Q* 'L�< Q* 'L�< "1�2 �� �H��9 ��*� B�C'�+8 B�C�6"-= n5%1 -�%.�Fnc�� 0% E'.L! �%�*6�]uu[X�H%�9 �8

 3<Q* 'L�< ��*� B�C�H��9 -@A�C �
�#@'AH�C*
�@#� \*� 0%GF�%�*6� E'.L! �'��A'!��*2�2� 1 /
�;< B�C]ug[< �9 �c*! �9 �8 3
�'��A'!-@A�C ��*2�2� \*� 0% �H��9 ��*� B�C .�Fnc�� �%�*6� ]uv[Q* 'L�< 3< X�H%�9 �8Q* 'L�< \%*�% 0% ��H��9 ��*� B�C ��$	 B�C

-@A�C TH*A�) .B �! _:(�. =��� B%�9 "��LAH% ��*� �
%0 K@H B�C FQ* 'L�< �7@H��$	 )V�9"�A�2 �B�A�8�S B�C��*6� ��$	 1 ��� B-
�� 3�$� %� �H��9 ��*� B�C-C� (_F�. = K@H BM'��A'! B�C0�	 �
%0 �%�]ut[� �F�. = "���S� �� k< 0% \� =% k�*� �
%0 K@H BB�C

 �
P*+8% 1 �'�* 'L�<]ut[� �FQ* 'L�< \%*�% B�%-
�I "�A�2 �C]ua[� 1F�. = K@H Bnc�� 0% �
%0]u`.[

M'��! �9 �c*! �9B-@9 3�'9="-nc%�� ��]uu�ux[�
Q* 'L�< B�CQ* 'L�< "1�2 �� ��4@�'�+8 B�C�6�%�5 ��-

-��'2 )>.=vk.(�9 �c*!�9Q* 'L�< �� �.@
%�6'�+8 B�C 
CaB ≥ 1.5�(Na+K)A > 01Ti < 0.5 ]uu[1X�H%�9

 nc�� G� H�e�]ux[Q* 'L�< ['8�! �� B�C ��*�H��9 �� �
"�A�2C*
�@#� 1 �
0�2%��I B�� �%�5 �
�#@AH� �9 �8 ��'2

 �
���� 3�*9 �!~�9 �9 �c*!Fe3+�9 � ��AlVI Q* 'L�< /
% �-
�
�#@AH�C*
�@#� \*� 0% �C-@A�C)>.=v�.(

/�R	13� :Y
�A��=0%��I�
� �
�7!G�]H-+	 "%�6C �9 �C
� H�e�B3< B��AS�H Q*��	 X�H% �9 �Cd1 3W'�8% v
3*'!�8�Q1-c �� g<�1�H% "-= "�.���8 ['8�! B�C

�H% 0O8*#'�% "-= �
�7! 0O8*
POI .�%-�� �' �< �
��� *�,
�'�* 'L�< �� �*c*� B�C0O8*
POI �� �Cxa/b�!a.p.f.u 

xx/b�'!�*�< �
��� B��,% �
���� 1gg/b�!a.p.f.u gt/b
�H%)Q1-cg.(

����$�F:Q*��	 B��AS�H �'��A'! �9X�H% a3W'�8% 1v
3*'!�8 � H�e� "-= 1Y
�A� ��Q1-cg"��1< "-= �H% .�h� 

�9 /
% �8�'�$! �'��A'!B�C �
�62�� 0%�'��A'!B�C 
��*2�2� �C�2��*� -
��! �H%��9�c*! �9��%-� �N�@, Fe�

Al �*c*���8/
�#
�c M'�+8 13�A'! ��*=-���3%*! 
"�#AH�S �'��A'!B�C /
�;< �
��*2�2� �%��$� �*6�.

Y
�A� �
�I �9 /
%�9�@9 nc��]ug[��'��A'!B�C �*c*� ��
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-+c��"��6= �q��'
�I �q�r ���8 �6'= �H��9��� 1 �CF�'�* 'L�< �7@H��$	 B�C. . .���

��*6� ��*� B�H��9 \*� 0% ��*2�2� -@A�C)>.=vG.(
['��! �
�'6'= ���� �'��A'! �9['��! �����<��9>'�� 

�@'$��c�
�C ��G�*N ����'2 0%�+6c Ti�9 O1Al �9
Fe�G1�LA� j�H%�9V
%�	% ��%-� 3�A'! 0%�%-�� /C< �*c*� 
�� ��AS�H ���8 �'��A'! �AH�8 ���*=.�9 ��'0% B��

�'��A'! �9 �C"�#AH�S� V
%�	% �9 ���*2�2� �%-� TiO2�1� �C
 ��@, Al 1Fe�� VC�� -@9�
]ud�uw.[

/�1�D%:Q*��	 B��AS�H B%�9 G1-'I% �9X�H% a/ug 3W'�8% 
1d3*'!�8 � H�e� �8 -= Y
�A� ��Q1-cv"��1< "-= �H% .

�� � H�e�BQ*��	 B��AS�H /
% ����8 /C< �9G�*N Fe3+

�� �h� �A	�2 �H% "-= �8�%-�� /'#��'� a.p.f.u`w/b�9
B%0% a/ug 3W'�8% "�*9 1�%-�� Al ��/
% ���8 tu/g1Ca 

�9%�9 �9a.p.f.u wg/u�H% .��/
% ����8
E�� 4�% �L@� /'9 
Fe3+1Al �*c1 ���%� /
-9 G�*N �8�9V
%�	% �%-�� Fe3+

0% �@
�#
�c Al �*c*� ����AS�H ���8 G1-'I% �AH�8 ��-
�*=.��
0%B-'+8 >�%*, ��/''&! "�#AH�S G1-'I%�C�%-�� 

Fe3+�9 �H% ���h� /A	�2 �%-�� Fe3+�*c*� ��G1-'I%��C 
-N�� �A�'IH�'�9 �9%�9PS=100* Fe3+/(Fe3+ +Al)�H% .

/
�A68 �%-�� Fe3+�*c*� ����AS�H G1-'I% a.p.f.u au/b
�9 B%0% a/ug 3W'�8% 1/
�A$'9 �3< �%-�� a.p.f.u wx/b

�H%.�/
%�9�@9�%-�� /
�A$'9 �'H�A�'I �9�H� B%�9 "-�< 
G1-'I%B�C ��4@� d/vb 3< �%-�� /
�A68 1 -N�� w/u` 

�H% -N��)Q1-cv.(

)�1,E
�A� � H�e� 1 �
�'6'= �
�7! YG�]H-+	 B��AS�H Q*��	 BX�H% �9 �CdX�H% �9 �'��A'! 1 3W'�8% a3W'�8% .

��  13D ����� 

����$�F /�R	13� ���� 
@J@#@LL#@OJ#@NE#@GK#@G@#�'P�F 
dw/gw vv/vb tt/vb `g,w` d`/`v xv/`v SiO2

`w/vx gw/vx `a/vx bu/bbu/bbu/bTiO2

ba/uag/uvw/uwv/gv bw/gg `x/gg Al2O3

bg/bbg/bbu/bbb/bbu/bbb/bCr2O3

dv/bda/bxu/bbw/bb`/bbg/bFeO* 
bv/bbx/bbv/bbb/bbb/bbb/bMnO 
bu/bbu/bbu/bbu/bbg/bbu/bMgO 
g`/gd vu/gd av/gd `t/txv/tv`/tCaO 
bb/bbb/bbt/bxd/dbg/dvv/xNa2O
bb/bbu/bbg/bb`/bbg/bbu/bK2O

db/wx tb/wd du/wd tw/ubb vd/ww uv/wd Q��� 
bb/ubb/ubb/uxx/gdt/gdt/gSi 
wt/bwv/bwv/bbb/bbb/bbb/bTi 
bt/bb`/bba/bgt/uua/uuw/uAl 
bb/bbb/bbb/bbb/bbb/bbb/bCr 
bux/bbgb/bbgb/bbb/bbb/bbb/bFe2+

bb/bbb/bbb/bbb/bbb/bbb/bMn 
bb/bbb/bbb/bbb/bbb/bbb/bMg 
bu/ubb/ubu/ugu/bgg/bgb/bCa 
bb/bbb/bbb/bxt/b`w/b`v/bNa 
bb/bbb/bbb/bbb/bbb/bbb/bK

bv/vbv/vbv/vwd/twg/tdx/tQ��� 
---xx/bxa/bxa/bNa / (Na+K+Ca) 
---bb/bbb/bbb/bK / (Na+K+Ca) 

---gg/bgt/bgt/bCa / (Na+K+Ca) 
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�c�D �G��&H�+,3;*� ��+:1% 9 �+7�3%�
% �H�@= ���8 1 �H�@=�*+ ���

 )�1,K�
�A YG1-'I% �=0%��I�
� �
�7!"-�<�9 �9 ���< B��AS�H Q*��	 � H�e� 0% X�H% a/ug3W'�8% .

��  13D ����� 

@JM#@JG#@JJ#@JH#@LO#@LE#@L@#@LH#@OM#@OK#@KM#�'P�F 
uu/vd bt/vd gv/vd u`/vd gg/vx wd/vx v`/vd xx/vx wa/vx wg/vx d`/vx SiO2

b`/bb`/bud/bug/bbb/bvd/buu/bbw/bxb/btu/bb`/bTiO2

xa/gd aw/gx ub/gw ba/gd td/gv `w/g` wa/gd ug/g` vw/gx dg/ga ux/ga Al2O3

bb/bbb/bbb/bbb/bbu/bbg/bbb/bbd/bbu/bbt/bbg/bCr2O3

tu/dub/ub bd/d`t/wda/ut dv/ub `d/dxb/uu vd/wab/uu dx/ug FeOt

bx/bbx/buv/bbd/bvx/bb`/bbx/bbw/bbv/bbt/bbt/bMnO 

ub/bba/bbw/bbt/bbu/bub/buu/bbv/bb`/bub/bbg/bMgO 

xw/gv td/gv au/gv xx/gv ag/gg aw/gv xa/gv g`/gv `u/gv ab/gv tb/gv CaO 

bv/bbu/bub/bbb/bbb/bbu/bba/bbb/bbg/bbb/bbb/bNa2O

bg/bbu/bb`/bbb/bbb/bbb/bbb/bbu/bbb/bbb/bbb/bK2O

vt/ww tu/ww td/ww d`/ww t`/wd ``/ww b/ubb ua/ww ua/ww vv/ww tt/ww Q��� 
wu/gwu/gwu/gwu/gwg/gwu/gwu/gwg/gwu/gwg/gwg/gSi 

bb/bbb/bbu/bbb/bbb/bbg/bbb/bbb/bbt/bbg/bbb/bTi 

aw/gtw/g`u/gag/gux/gtu/gaw/gvd/gtd/gvt/ggw/gAl 

bb/bbb/bbb/bbb/bbb/bbb/bbb/bbb/bbb/bbb/bbb/bCr 

av/b`t/bau/b`u/bwx/b`w/baa/bxa/b`b/bxt/bdv/bFe3+

bb/bbb/bbb/bbb/bbg/bbb/bbb/bbb/bbb/bbb/bbb/bMn 

bu/bbb/bbu/bbb/bbb/bbu/bbu/bbb/bbb/bbu/bbb/bMg 

wa/uwv/uwg/uwt/udw/uwt/uwv/uwg/uwt/uwt/uwv/uCa 

bb/bbb/bbu/bbb/bbb/bbb/bbb/bbb/bbb/bbb/bbb/bNa 

bb/bbb/bbb/bbb/bbb/bbb/bbb/bbb/bbb/bbb/bbb/bK

bg/dbb/dbu/dbu/dww/xbb/dbu/dbb/dbb/dbb/dbb/dQ��� 
dg/bxw/bdv/bdb/b`w/bxx/bdg/bxa/bdb/bxa/bxv/bAl/(Al+Fe3+Cr) 

w/u` t/gb t/uw t/uw d/vb g/gg a/ux w/gv t/uw d/gt `/g` XPs (%) 

4�= ���	
����� 
Q* 'L�<���8 ��AS�H B%�%� �C �
�'6'= Q*��	 1 �H�@=

K@H 0% B��'�9 �� 1 -@A�C �,*@A��C��� �� �C Buuab F
tbb�c�� �A��H BG1�LA� B�C��$	 1 �%�2gvFu��9*+'8 

-��%� �*�D]gb.[�/
% �9 31�	% /
% ['8�! �� �N�@, ��%1%�	 
1 ��� ���$	 n9�! ���8�2-��
�2 �H% 3W'�8% ]gu�gg.[

�H��9�� 3�$� �C �%-�� ���$	 1 ��� V
%�	% �9 �8 -C�
 1 M'H�AI �M'@'�*�< �M
-H �)*'��A'! M
�'@��-,)Mg#(��

�� V
%�	% Q* 'L�<���D �� �-9�
 �8�%-�� 0% 1 M�'+'H 
�,*67��8 M'�+8 1 �@#@� �/C< B�*= �� �AH]gv�gt.[

�49%� /
% �*c1 TH*! �4S B3%�#$C1WI ^+A�� Z�%�2 
�H% "-=]gaFgw.[�9%Q* 'L�< �X�H% /
 �"��A�2 �*( �9 �C

B%�9 ��1<�9��� T
%�= �
��$	 1"�*! B"��LAH% /
�;< B�C
��-�*= .��*6� �� ����2 �* � �9 �c*! �9 ��*� B�C�H��9 1

���8 3�*9 �1-e� /'@l6C B�CB�%0� 6C ��*2�2� 
�'�* 'L�< ��C �
�'6'= ['8�! 0% "��LAH% �9 V�9 /
% ��

���8Q* 'L�< "W
1 �*49 1 �C ��C���� �9 �7@H��� ?]H 1
�7@H��$	POI 1 Q* 'L�< 0O8*
��M
0%��I)Q1-ct(?]H

 0% "��LAH% �9�7@H��$	 ����%�*6� 0�	 1 B�%��%�5 B�C B�C
"-�<�9 0% �H��9B�C�C�#$
��0< ���� T
%�= F�!� H�e� ��$	 
��
������*=.

���	��:�+'H*9 �7@H���-@+ ��*C ���8 _10 BF0O8*
POI 
��
�6C 0%Q1%-A�Z1� /
�! B�C/''&! ��� �
0�9�A� �� �9 �C

�� ��6= TH*! �8 �1�3%�#$C1WI B��'�9 
]gb�gd�vbFvg[�H% "-= "��LAH% �.��� � H�e� ��7@
% ��

 �
�I �9���8 /
% �CZ1� -@m �9 )�7�% �8 -=�NOS Y
�A� B
Q1-c ��t�H% "-�< .

 [
 D

O
I:

 1
0.

29
25

2/
ijc

m
.2

7.
3.

56
5 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
cm

.ir
 o

n 
20

25
-0

7-
04

 ]
 

                             8 / 12

http://dx.doi.org/10.29252/ijcm.27.3.565
http://ijcm.ir/article-1-1327-fa.html


-+c��"��6= �q��'
�I �q�r ���8 �6'= �H��9��� 1 �CF�'�* 'L�< �7@H��$	 B�C. . .��q

)�1,O���8 �7@H��$	 1 �7@H��� Y
�A� �� 0O8*
POI 1 Q* 'L�< B�C�'�* 'L�<�H��9 ��*� B�C.
��$	)��9*+'8(���)�c���A��H B�%�2(

nc��]gw[nc��]gd[nc��]gx[nc��]g`[nc��]ga[nc��]vu[nc��]vb[nc��]gb[
atx �� g��9*+'8 

`/b±x`/b±d/xa/b±a/`v±du±g/dtb±`wb vuu±tug 
axa �� d��9*+'8 

]ga[ P (± � kbar) = - �{/� + {�/� Alt ]g`[ P (± q kbar) = - ��/q + �q/� Alt

]gx[ P (± �/� kbar) = - �{/q + �q/� Alt ]gd[ P (± `/b kbar) = - bu/v + x`/t Alt

]gw[ P(± {/� kbar) = �{/� Alt – ��/q - {[(T°C) - {��]/r� } × { �q�/� Al + ������/� [T(°C)- {��]

]vb[ T [± vuu °K] = `xx/b P [kbar] – wd/td / - btgw/b - bbdvutt/b ln {(Si-t/d-Si)XAb 

]vu[ (T<wxb °C) = ugbt (Ti) + ata 

�
0 �49%� �
�I �9 Z1� /'A��� ��]vb[Q��&! B��� /'#��'� 
-@+ ��*CF0O8*
POI xda �c�� /
*+8)vd±aug�c�� B

�H�A��%�2 (�< �H-9-:
T [±311 °K] = 0.677P [kbar] - 48.98/ - 0.0429- 

)u(0.0083144 ln {(Si-4/8-Si)XAb                           
)g((T<970 °C) = 1204 (Ti) + 545 
��� �9�%-�� �
�IQ* 'L�< �� �*c*� M'��A'! �C0% "��LAH% �9 �'�


0 �49%� �-= � H�e�]vu[��� /'#��'� ��['!�! /
% �9 
tb±`wb�c�� �A��H B-�< �H-9 �%�2.

�� TH*! �8 B�#
� Z1�Z��.6C 1 B-�O9]gb[B%�9
 ��H% "-= ��%�% 0O8*
POI 1 -@+ ��*C ���8 _10 ��� X�H% �9

Q* 'L�< ['8�! �� �A'8���m 1 �A'��% �@'$��c �C � H�e�
�*= �� .1� Z1� /
% "��9�7@H%1-=]vb[�9 �c*! �9 1

B�C V@8%1�
0 K@H B%�9 >�A�� Y@H��� 1� 1 �%��!�%*8 B�C
-= ��%�% �!�%*8 31-9.

Edenite + 4 Quartz =Tremolite + Albite 1Edenite 
+ Albite = Richterite + Anorthite 

�@'68 �Z1� /
% 0% "��LAH% �9�@'$'9 1BK@H B%�9 ��*� B�C
�9�H�['!�! �9 ��$	 �� ����9*+'8 ����c�� �A��H B1 �%�2

 ��$	 ��r���9*+'8 ����c�� �A��H B�%�2-�< �H� �9 
�.@
% �9 �c*! �9 /
%�9�@9�9�''o! ��� ���$	 �''o! ��%-@m %�

�6� 3�$��� �h@9 �-C� -H� �8 ��$	 0% >�A�� ��� G%�''o!
 1 "�*9 /
% Q* 5 >9�5�H%.

�	
�����:9X�H%� �Q* 'L�< ['8�!T9%1� B%�9 �L+A�� 
�H% "-= ��%�% ��$	 ��1<�9]gb�gaFgw[�8�NOS Y
�A� B

Q1-c ��t�H% "-= ��%�% .�6C /
% G� H�e� �%-�� X�H% �9 
Q* 'L�< �� �*c*� >8 M'@'�*�<)�7�%"-= -�%�%�
0 �%-�� 

�49%� Q* 'L�< ��AS�H �� �*c*� M'@'�*�<6'�A�� B�9 �

��%� ��$	 G%�''o!]gd.[
�
0 �49%� X�H%�9]gd:[

)t(P (±0.6 kbar) = -3.01 + 4.76 Alt

��$	 /'#��'�`/b±d/x��9*+'8 -�< �H� �9 .
���49%�� H�e� B%�9 �8 �
0 B�6C ��H% "-= ��%�% ��$	 BB

1 ��$	 ���� B�C�A�%��I�2-��
�2 3W'�8% �V�-��%� ]gw:[
P(±0.6 kbar) = 4.76 Alt - 3.01 - {[(T°C) - 
675]/85}×{0.530 Al + 0.005294[T(°C) - 675]   )a(

/�
% X��H% �9 ��49%� ��$�	 /'#���'� �`/b±xB%��9 ���9*+'8 
B��� /'#��'�awb �c�� �A��H B� �%��2 -�= � �H�e .B����

 /�
% B%��9 0��'� ��*� ��49%� �7@�H��� Z1� 0% ��c��n]vb[
�H% "-�< �H-9.���
0 �49%�:

)`(P (±3 kbar) = -3.92 + 5.03Alt

-��%"-= �A	�2 �h� �� M�� B�A�%��I 3%*@, �9 >8 M'@'�*�< �
�H%]g`.[

/
% X�H% �9�49%� B%�9 "-�< �H-9 ��$	 /'#��'� �
Q* 'L�< ��*� B�C�H��9 �v±d��9*+'8 �H%.

��%�#$C1WI ��AS�H �� �*c*� >8 M'@'�*�< �%-�� X�H% �9 �'� 
�Q* 'L�< -���8 ��%�% %� �
0 �49%�]ga:[

)x((±1 kbar) = -4.76 + 5.64 Alt

�9 �
�I /
%�49%���$	 /'#��'� ���*6� ��*� B�C�H��9 �9 �9%�9 �
�±�/r��9*+'8 -�< �H� �9.�%�H)�7 X�H% �9 �
0 �49%� 
]gx:[
)r(P (±0.5 kbar) = -3.46 + 4.23 Alt

��$	 /'#��'� �%-��a/b±a/`�H-9 ��9*+'8 -�< .��$	 1 ��� 
Q* 'L�< B%�9 "-�< �H-9 ��*� B�C�H��9 ^+A�� Z1� 0%

 �
������ 3�$� %� ��9�$� � 
��!C�@-)Q1-ct(.

 [
 D

O
I:

 1
0.

29
25

2/
ijc

m
.2

7.
3.

56
5 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
cm

.ir
 o

n 
20

25
-0

7-
04

 ]
 

                             9 / 12

http://dx.doi.org/10.29252/ijcm.27.3.565
http://ijcm.ir/article-1-1327-fa.html


�c�D �G��&H�+,3;*� ��+:1% 9 �+7�3%�
% �H�@= ���8 1 �H�@=�*+ ���

���	
��� �7�� =% 6���$	% �� ��� ���C�	 �'%= �
���S�	
��� ��%�
%�  ��� 

�%�*6� 0% "��LAH%Ti �9 � �� Alt]uv[Z1� 0% ��1<�9 B�C
�
0�9�A� >'.$! �9 M8�D ��$	 1 ����H% �C .�X�H% /
% �9
M'��A'! �%-�� �-=�9 �A$'9 ��$	 �m�C�%�Q* 'L�< �� �*c*� �C

VC�8��-9�
 .c*! �9 /
% �9 ���%Q* 'L�< ���*� B�C�H��9 
��4@� ��Q* 'L�< \%*�% 0% ��*45 B-@A�C TH*A� ��$	 B�C

)>.=v�.(
��*6� ���,*67� �A'�* 'L�< B�C /LH% ��*45 ��*2�2� B

)�'��A'! (�,*67� �����8 B%� �*�D K@H ��*2�2� B�C��� 
�'@6+
% 1 >'!1� ��%"-
��6� �*= .X�H% /
% �9 �9 �c*! �9

�. =K@H BM'��A'! B�C0�	 �
%0 �%�]ut[��*2�2� ��$	 
0% �A68uv�� ~�6AD% �'� ��*2�2� B��� 1 ��9*+'8 "�A�2 B

`bb �! xbb�c�� �A��H B�H% "�*9 �%�2.1 ��� �/
%�9�@9 
�'�* 'L�< B%�9 "-= � H�e� ��$	 ��*� B�C�H��9 "��LAH% �9

Z1� 0% B�C
�I �9 /'$'I"�A�2 ��'��A'! B�%-
�I "�A�2 �9 
>.= �� �'��A'! B�%-
�Iv_��%� ��%*�6C .

�
�7! X�H%�9K@H ��*6���'�9 B�C �E
�. = BK@H -

%0"���S� B%�9 �k�*� MA�'H �� �
P*+8% 1 �'�* 'L�< B�C

 MH� ^+A�� B�C��$	 1 ��� �� k< 0% \� =%"-= �H% ]ut[
)>.=v�.(� �9 �c*! �9�'�* 'L�< �� ����2 �* ��4@� B�C B

"*�5 K�� /'@l6C ��*45�< B%LQ* ' �� �C�H��9B�C K@H -
B��#����8 ['8�! 13< �
�#@AH�C*
�@#� �H�@= TH*A� ��C

��� 0% �A68 xbb�c�� �A��H B1 �%�2 TH*A� 0% �A68 ��$	d
�H% "�*9 ��9*+'8 .31�	%k1; -C%*= �* � �/
% �9 �� �$�9

6���* ��*� B�C�H��9 �#��'93<%0% ��� �@'$'9 �8 �Hxab 
�A��H �c�� �H% "�*9 �A68 �%�2)>.=v�.(

%� ��*2�2� ��$	 1 ��� T
%�= 0% "��LAH% �9 "�A�2 B�%-
�I
Q* 'L�< \%*�% �C]ua[�� �'� �9 3%*!�*(�6'� �9�
0�% �68

�8�.�%�*6� �9 �c*! �9nc�� ]ua[�"�A�2-
�I B-@+ ��*C B�%
 B��� ��tbb �! dbb �c�� �%�2 �A��H 0% �A68 B�C��$	 ��

x�H% n5%1 ��9*+'8 )>.=v�.(Y
�A� �9 �c*! �9 /'@l6C
K@H�H�@=]u`[�. = 1BK@H�
%03<�* � �9 �@ � �C

G1-'I% �*�D 1 �'�*H1~��-@+ ��*C /'@l6C 1 0O8*
POI 1
�'�* 'L�<��4@� B�C �*45 B��
��� "�A�2 �tbb �! xbb 

�c���A��H �%�2 0% �A68 ��$	 1d��9*+'8 "-= >'.$!-�% 
)>.=v�.(

��� Y
�A� �9 �c*! �9FK@H /
% �7@H��$	 X�H% �9 �C
�. = 0% "��LAH% �9 �'� 1 0O8*
POI 1 Q* 'L�< �6'= B�C

K@H�
%0 0�	 1�%�*6� B�C"-�<�9 0% �H��9B�C ��C�#$
��0< 
�1-D TH*A�`abFaab�c�� �A��H B��$	 1 �%�2`�!d

-�< �H� �9 ��9*+'8 .�
���� 3�$� "-= � H�e� ��$	 1 ��� 
��-C� ��� T
%�= �� ��*2�2� _1% �8 TH*A�FTH*A� ��$	 

�H% /
11��9 \*� ��*2�2� U�&� �8��H% "�%� �� .['= 
/'�0K@H �
���2= � H�e� ��$	 1 ��� �� ��4@� B�C "-

 �9 �9%�9C/km°gaT
%�= �9 � 4@� �8 "�*9 ��*S�9 "��5 B%
��%� ��%*�6C .X�H% �9 "-= �$A@� B�C Z�%�2]vv�

vt�va[��4@� �� ��
0 �9 ?'A!*i� X*��'5% V�%�1�	 �B*S B
X�
�! �� B�8�� 3%�
%F�
��� ��*S�9 1 �H% "�%� �� �H�!�8 

"��5 /H*'� �� B%]vt[/H*#'�% �
 1'�I/]va[G�*N
�� �h� �9 X�H% /
% �9 �H% �A	�2 -H� �8 B�C �'�* 'L�<

 ��*��H��9 �( ��*S�9"��5 �9 B�8�� 3%�
% "��5��S B%�eLN 
-@=�9 "-= >'.$! ��*2�2� _1% T
%�= �� 3�A�9�, .B%�9

 �� _1% ��*2�2� �'5� /H /''&! /
%�'�* 'L�< �9 0�'� �C
�H��9B�C �I*!1�
% �'5� �H%.

��%��� 
��4@� ��K@H �9 �'�* 'L�< \*� 1� ��*45 BB�C "�#AH�S 

�9*H�)�'�* 'L�<%��I (/
�;< 1)�'�* 'L�<*!�% (��%� �*c1�8
���8 ['8�!K@H /
% �H�@=�C� = �CG1�L! 1 �C��%� �
�C .

���8-@+ ��*C B�C1�0O8*
POI ���8 /
% �� M�� 1 �+N% B�C
K@H �C-@A�C .���8
�C/8�
0 -@��� �1���8 �-8 3%*@, �9 
���8 1 �,�	 B�C���8�'�*��! B�C F��
�+8 ��'�*@'A8% 

�'�
�H 1 G1-'I%"-�<�9"���S� �� �A$2�9 ��*2�2� 0% B
K@H /
% �� �� H ��'=-��%� �*�D �C .��*6� B�C

 �A$'9 �
���� �'� 1 �'�+80% �
~�9 �
���� �9 �A'�* 'L�<%��I
 � �� �!�%*8�� ��$� G�]H-+	 �9-�*= .Y
�A��
�7! 

���8 �6'=�'��A'! 1 G1-'I% �G�]H-+	 �Q* 'L�< B�C �#��'9 �C
"�#AH�S���8 /
% ��*2�2� �H�C .��1�A.�%1�8�
� Y
�A� 3�$�

��-C�Q* 'L�< �8 '�+8 �C�6�
�#@AH�C*
�@#� \*� 0% 1
"�*9 0O8*#'�% \*� 0% �C0O8*
POI 1>��= �1-D xa-N��

 1 �' �<ga�'!�*�< -N�� -@A�C .Y
�A��7@H��$	���B�C 
"-= )�7�%�9�7@H%1�. = /'@l6C 1 ^+A�� B�C B�CK@H -

�
%0 0�	 1�%�*6� �C�#$
��0< B�CB%�9K@H /
% �#��'9 �C
 �1-D B���`ab Faab�c�� �A��H B��$	 1 �%�2dF`��9*+'8 

 [
 D

O
I:

 1
0.

29
25

2/
ijc

m
.2

7.
3.

56
5 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
cm

.ir
 o

n 
20

25
-0

7-
04

 ]
 

                            10 / 12

http://dx.doi.org/10.29252/ijcm.27.3.565
http://ijcm.ir/article-1-1327-fa.html


-+c��"��6= �q��'
�I �q�r ���8 �6'= �H��9��� 1 �CF�'�* 'L�< �7@H��$	 B�C. . .���

�H% .�
����� "-= � H�e� ��$	 1 ��� 3�$��-C� _1% �8 
��� T
%�= �� ��*2�2�TH*A�FU�&� �8 TH*A� ��$	 

/
11��9 \*� ��*2�2��H% 1['=/'�0 >'.$! �
���2
K@H �1-D ��4@� ��*2�2� B�CC/km°ga�9T
%�= 

��*S�9"��5 B%��%� ��%*�6C .�� �h@9 -H� �8�A�9 3-=
 1 �H�!�8 �� ?'A!*i� X*��'5%��*S�9"��5 3< B% /H*#'�% �� 

�'�* 'L�< >'.$! >��, /H*'� 1 ���
�I ��*� B�C�H��9 �� 
"��5 �AH*I�H% "�*9 �*45 ��*2�2� �,*67� 1 ��4@� B% .

�7'A�B�'2�'5� B�C 1 ��*2�2� 3��0 ��*� �� �!/'�0 
K@H ��*2�2� E'��@
� �9 0�'� ���4@� B�C�H��9B�C 

1 �I*!1�
%/'�0 ��%� �A$'9 �
�'6'=.

T,%� 
[1] Stocklin J., "Structural history and tectonics of 
Iran: a review Amphibole associate", Petroleum 
Geology Bulletin (1968) 52 1229–1258. 
[2]  Stampfli G.M., "Etude Geologique generale de 
l’Elbourz oriental au sud de Gonbad-e-Qabus , 
Iran NE", PhD Thesis (In French), University 
Genève (1978) 329pp. 
[3] Alavi M., "Sedimentary and structural 
characteristics of the Paleo-Tethy remnants in 
northeastern Iran", Geological Society of 
American Bulletin (1991) 103 983–992. 
[4] Nabavi M.H., "Review on geology of Iran",
Geological survey and mineral exploration of Iran 
(in Persian) (1976) 109 pp. 
[5] Eftekharnejad J., "Tectonic division of Iran 
with respect to sedimentary basins", Iranian 
Journal of Petrology (in Persian) (1981) 82 19–28. 
[6] Khodabandeh A. M., Soltani J., Sartipi A., 
Emami M.H., "geology map of Iran, 1:100000" 
Geological survey and mineral exploration of Iran 
(2002). 
[7] Qoreyshi M., Arshadi S., "geology map of 
Iran, 1:250000", Geological survey and mineral 
exploration of Iran (1978). 
[8] Whitney D.L., Evans B.W., "Abbreviations for 
names of rock-forming minerals", American 
Mineralogist (2010) 95 185–187. 
[9] Droop G.T.R., "A general equation for 
estimating Fe3+ concentrations in ferromagnesian 
silicates and oxides from microprobe analyses 
using stoichiometric criteria", Mineralogical 
Magazine (1987) 51 431–435. 
[10] Leake  B.E., "The  relationship  between 
composition of calciferous amphibole and grade of  
metamorphism", In  W.S.  Pitcher  and  G.W.  

Flinn, Eds., Controls of Metamorphism Wiley New 
York (1965) 299–318. 
[11] Leake B.E., Woolley A.R., Arps C.E.S., Birch 
W.D., Gilbert M.C., Grice J.D., Hawthorne F.C., 
Kato A., Kisch H.J., Krivovichev V.G., Linthout 
K., Laird J., Mandarino J., Maresch W.V., Nickel 
E.H., Rock N.M.S., Schumacher J.C., Smith D.C., 
Stephenson N.C.N., Ungaretti L., Whitaker E.J.W., 
Youzhi G., "Nomenclature of amphiboles: report 
of the Subcommittee on Amphiboles of the 
International Mineralogical Association 
Commission on New Minerals and  Mineral 
Names" Mineralogical Magazine (1997) 61  
295–321.
[12] Kowallis B.J., Christiansen E.H., Griffen 
D.T., "Compositional variations in titanite. 
Abstracts with Programs", Geological Society of 
America (1997) 29 402. 
[13]  Hynes A., "A comparison of amphiboles from 
medium and low pressure metabasites", 
Contributions of Mineralogy and Petrology (1982) 
81 119-125. 
[14]  Liu J., Bohlen S.R., Ernst, W.G., "Stability of 
hydrous phases in subducting oceanic crust", Earth 
and Planetary Science Letters (1996) 143 161–171. 
[15] Otsuki M., Banno S., "Prograde and 
retrograde metamorphism of hematite-bearing 
basic schists in the Sanbg w belt in entr l Shikoku", 
Journal of Metamorphic Geology(1990)8 425- 439. 
[16] Frey M., DeCapitani C., Liou J.G., "A new 
petrogenetic grid for low-grade metabasites" 
Journal of Metamorphic Geology(1991) 9 479-509. 
[17] Locock A.J., "An Excel spreadsheet to classify 
chemical analyses of amphiboles following the 
IMA 2012 recommendations", Computers and 
Geosciences (2014) 62 1-11. 
[18] Green T.H., Pearson N.J., "Rare-earth 

element partitioning  between  sphene  and  
coexisting  silicate liquid  at  high  pressure  and  
temperature" Chemical Geology (1986) 55 105-19. 
[19] Seifert W., Kramer W., "Accessory titanite: 
an important carrier of  zirconium in 
lamprophyres", Lithos (2003) 71 81-98. 
[20] Blundy J.D., Holland T.J.B., "Calcic 
amphibole equilibria and a new amphibole 
plagioclase geothermometer", Contributions to 
Mineralogy and Petrology (1990) 104 208-224. 
[21] Spear F.S., "An experimental study of 
hornblende stability and compositional variability 
in amphibolites", American Journal of Science 
(1981) 281 697-734.

 [
 D

O
I:

 1
0.

29
25

2/
ijc

m
.2

7.
3.

56
5 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
cm

.ir
 o

n 
20

25
-0

7-
04

 ]
 

                            11 / 12

http://dx.doi.org/10.29252/ijcm.27.3.565
http://ijcm.ir/article-1-1327-fa.html


�c�D �G��&H�+,3;*� ��+:1% 9 �+7�3%�
% �H�@= ���8 1 �H�@=�*+ ��{

[22] Heltz R.T., "Phase relations and compositions 
of amphiboles produced in studied of the melting 
behavior of rocks", Mineralogical Society of 
American Reviews in Mineralogy (1982) 9B  
279-346. 
[23] Esawi E.K., "Amph-Class: An excel 
spreadsheet for the classification and 
nomenclature of amphibole based on the 1997 
recommendation of the international mineralogical 
Association", Computers and Geosciences (2004) 
30 753-760. 
[24] Tuloch A.J., Challis G. A., "Emplacement 
depths of Paleozoic-Mesozoic plutons from 
western New Zealand estimated by hornblende-Al 
geobarometry", New Zealand Journal of Geology 
and Geophysics (2000) 43 555-567. 
[25] Hollister L.S., Grissom G.C., Peters E.K., 
Stowell H.H., Sisson V.B., "Confirmation of the 
empirical correlation of Al in hornblende with 
pressure of solidification of calc-alkaline plutons" 
American Mineralogist (1978) 72 231-239. 
[26] Hammarstrom J.M., Zen E., "Aluminum in 
hornblende: An empirical igneous geobarometer", 
American Mineralogist (1986) 71 1297-1313. 
[27] Johnson M.C., Rutherford M.J., 
"Experimental calibration of the aluminum-in-
hornblende geobarometer with application to Long 
Valley Caldera (California) volcanic rocks" 
Geology (1989) 17 837-841. 
[28] Schmidt M.W., “Amphibole composition in 
tonalite as a function of pressure: an experimental 
calibration of the Al-in hornblende barometer”, 
Contributions to Mineralogy and Petrology (1992) 
110 304-310. 

[29]  Anderson J. L., Smith D. R., "The effects of 
temperature and fO2 on the Al-in-hornblende 
barometer", American Mineralogist (1995) 80 549. 
[30] Holland T., Blundy J., "Non-ideal interactions 
in calcic amphiboles and their bearing on 
amphibole-plagioclase thermometry" 
Contributions to Mineralogy and Petrology (1994) 
116 433-47. 
[31] Otten MT., "The origin of brown hornblende 
in Artfjallet gabbro and dolerites", Contributions 
to Mineralogy and Petrology (1984) 86 189-199. 
[32] Stein E., Dietl C., "Hornblende 
thermobarometry of granitoids from the Central 
Odenwald and their implications for the 
geotectonic development of the Odenwald", 
Mineralogy and Petrology (1984) 72 185-207. 
[33] Ghazi A.M., Pessagno E.A., Hassanipak 
A.A., Kariminia S.M., Duncan R.A., Babaie H.A.,  
"Biostratigraphic zonation and 40Ar–39Ar ages for 
the Neotethyan Khoy ophiolite of NW Iran", 
Palaeogeography, Palaeoclimatology, 
Palaeoecology (2003) 193 311–323. 
[34] Khalatbari-Jafari M., Juteau T., Bellon H., 
Whitechurch H., Cotten J., Emami H., "New 
geological, geochronological and geochemical 
investigations on the Khoy ophiolites and related 
formations NW Iran", Journal of Asian Earth 
Sciences (2004) 23 507–535. 
[35] Azizi H., Moinevaziri H., Mohajjel M., 
Yagobpoor A., "PTt path in metamorphic rocks of 
the Khoy region (northwest Iran) and their tectonic 
significance for Cretaceous-Tertiary continental 
collision", Journal of Asian Earth Sciences (2005) 
27 1-9. 

 [
 D

O
I:

 1
0.

29
25

2/
ijc

m
.2

7.
3.

56
5 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
cm

.ir
 o

n 
20

25
-0

7-
04

 ]
 

Powered by TCPDF (www.tcpdf.org)

                            12 / 12

http://dx.doi.org/10.29252/ijcm.27.3.565
http://ijcm.ir/article-1-1327-fa.html
http://www.tcpdf.org

