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�5C7 ����5H �01�> �8 i�5*XY3Z6(T6O18)(BO3)3W4

�$#]�[.
X = Ca, Na, K, [X-vacancy] 
Y = Li, Mg, Fe2+, Mn2+,Al, Cr3+, V3+, Fe3+, (Ti4+)
Z = Mg, Al, Fe3+, V3+, Cr3+

T = Si �
 Al, (B) 
W = OH�, F-, O2-, Cl-

�#�5C� 2# ���+)$# �>Ca/(Ca + Na) �> �V�� Fe/(Fe+Mg) 
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 ��#� ���3# �19�V�#)NO3x.(�#-#.	�V�� � $
# �� g
��G 0��
)s�/�(Na2O>  )I- E�(6K �3.$1��
01����5H 0
# #� �8
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 ��C@)�
���P ���R%� :�8 01����5H �2#�.A U
� U1�:$�.> ��5� �);�c .>wt% (Q�$# .>t/��&f1�S# .
sample Tur-1 Tur-2 Tur-3 Tur-4 

3�c�1 ����1 UG.� 3�c �1 UG.� 3�c �1 UG.� 3�c �1 ����1 UG.� 
SiO2 �,/ux ��/s� s�/s� ��/s� ��/s� ��/s� ��/s� �|/s� �t/st ��/st 
TiO2 ���/� ���/� ���/� ���/� |�t/� �|/� ��/� ��/� ��/� �s/�
Al2O3 ���/s� �|s/s� �s�/ss ts�/ss t��/s� ��/ss ts/s� ��/st ��/s� ��/s� 
FeO ���/� ���/| �s�/� s|t/� ��|/� �t/� s�/� �t/� s�/� ��/�
MgO |��/t ��|/� ���/t ��s/� s��/� ��/� ��/� �t/� t�/t st/t
CaO |��/� ���/� |t�/� �s�/� ���/� ���/� �|�/� |�/� ��/� ���/�
MnO �s�/� ��t/� �t�/� ��t/� ��|/� �t|/� ���/� �t/� ��/� ���/�
Na2O �t�/� �||/� ���/� |��/� ��s/� �|�/� �|�/� ts/� t�/� s��/�
K2O �s�/� ���/� ��t/� �s�/� �ts/� �s�/� ���/� ��/� ��/� �s�/�
B2O3 |��/�� ���/�� |�|/�� ���/�� ���/�� ���/�� ||�/�� ���/�� ���/�� t��/�� 

F ���/� ���/� ���/� ���/� ���/� �t�/� ���/� �|/� ��/� s��/�
Total t�/�| ��/�| ��/�| �s/�| ��/�| t�/�| s�/�� t�/�| ��/�| ��/�| 

Si |s�/t |��/t |��/t |�|/t ||�/t |ss/t |��/t |s�/t ���/t ��t/t
Al ���/� ��s/� �|�/� ���/� ���/� ���/� ���/� ���/� ���/� �|t/�
B ���/s ���/s ���/s ���/s ���/s ���/s ���/s ���/s ���/s ���/s

Al(Z) ���/� ���/� ���/� ���/� |��/t |ss/t ���/� ���/� ���/� ���/�
Al(Y) t��/� �|�/� �st/� s�s/� ���/� ���/� t��/� ���/� |��/� �||/�

Ti �|�/� ���/� ���/� �s�/� s�t/� ���/� �|�/� �s�/� ���/� ���/�
Mg s��/� ��t/� s�s/� ���/� tt�/� ��|/� �t�/� ���/� s��/� ���/�
Mn ���/� ��s/� ���/� ���/� ���/� ��|/� ���/� ���/� ���/� ��/�
Fe ��t/� ���/� ���/� ���/� ���/� ��t/� ���/� |��/� |��/� ���/�

Y total ���/s ���/s �t�/s ���/s ��s/s �t�/s ��t/s ���/s �t�/s ���/�
Ca ���/� ���/� ���/� ���/� ���/� �|�/� �st/� ���/� ���/� ��|/�
Na t��/� t�|/� t�t/� t��/� t�s/� t�|/� t��/� ��t/� ���/� �s�/�
K ���/� ���/� ���/� ��|/� ���/� ���/� ���/� ���/� ��|/� ���/�

X total ���/� �|�/� �|�/� ��t/� �s�/� ���/� ���/� �s�/� ��|/� ���/�
X-Vacancy ss|/� ���/� s��/� ���/� ���/� ���/� sst/� s��/� s��/� stt/�
Fe/Fe+Mg ���/� s��/� ��t/� ���/� �st/� ���/� ���/� s|�/� s|�/� ���/�
FeO*=FeO 
/FeO+MgO ���/y ts�/� tt|/� t��/� t��/� t��/� t��/� t��/� ts�/� tt�/�
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>?�D'K5� 1��G ��)D�%�3 ������5H 1Q��$# .�> 0
'K5�1�X-Y�> G.H1-#�� ;
�]��.[

>?�E�H11%� i#. %> ��R:31C1��
����5H 1�� 0
�#./195)1;��<=� ��R%�  R=Rim  C=Core 

�
��� 
G.H 3 ;1 C1����/ �
�1�5C7 :��)D�$ I5�.	 �> �8�

R3 R2(SiO4)3>� &�1 �53 �.# ��
I5�.	 0R3H�G �> &51 :�8
Ca, Mg, Fe+2, Mn+2 -�RH�G �> &518:�Al ,Fe+3, Cr+3 

� I��3# ��53.
� U1���P
32#�.AU�2# ��5C� �$ :-�����/�8:
�
�5
�5�#./�.)�/ :�8:$�.> ��5� ��	./ i�5* .��#� :�8

��> 2# N*�c I- E �� ���S 0
# �13�c - ���1� �:US.� :�8
,N!3 -�� 3 ���-P  �#]��[.�
�A .># :
��#� 0��8 V<1�'

����/3�c �� �G �$# 0
 ��C�P ��R%� 0
# :�812# �

H���d$#1> 01A 2# - .)"15D.> .)CG e-.  ��#��)N!3v.(0
#
��R%� ��5/����/ ��D �
�1C13 X1'Y : %> ��5/./� :�8

�E�� �>:�$_�> ]�|���[.

F.$ 
�
�1C1359? ��")�# - ��)	�B�'1V< &5T �6�#57 �> 

�b�
��H ��1�5H-.A:��./ �
�.ZH ��
�1C13 o>#-� �i_�1$
���S :�# 
�A - �8�56> :�8B��#� �()�> �#� .�1(��10B�� 

31N�8����t� ppm�$# ]��[#.>�%> �
� .h� �> 0� $�
��G��8:$��.)C�� 
��()$�D 0B#.3 ��
��� �> o:�A1
0

 %3�>]�� [.

>?�G5�'K1��G ��)D�%3 ������5H 10�#�5�C� ��R2*

 .>#.> ��Al in R2.]t[.
R2* = Fe + Mg + Mn + Al 
Al in R2 = Al +1.33Ti + Si-12    

>?�H'K5�1����5H �10�8:$�.> ��5� ��R%� ��> 
6K �3.$1��
]��[.
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�5}%�:���+*# �6D �16�&#.
# �$�%3 ���G - �$�%3�56> �6\� ���

 ��CI)�
���P �����/ �2#�.A U
� U1�:�8��R%� :��5� $�.>�);�c .> wt% (Q�$# .>��&f1�S# .
Sample G-1 G-2 G-3 

3�c �1 ����1 UG.� 3�c �1 ����1 UG.� 3�c �1 ����1 UG.� 
SiO2 ��/s� ��/s� |�/s� st/s� ��/s� ��/s� ||/s� ��/s� |t/s� 

TiO2 ��/� ��/� ��/� �s/� ��/� ��/� ��/� ��/� ��/�
Al2O3 t�/�� �s/�� �|/�� �s/�� �t/�� �s/�� ��/�� ��/�� ��/�� 

FeO ��/s� |�/ss �t/s� ��/s� ��/ss t|/ss ��/s� �|/s� t�/s� 

MnO �t/� �s/� tt/� ��/s �s/� ��/� tt/� ��/� ��/�
MgO �t/� t�/� ��/� �s/� |t/� �t/t ��/s |�/s �t/�
CaO ��/� �t/� �s/� ��/� �t/� ��/� t�/� tt/� tt/�
Total ��/��� �s/��� ��/��� ��/��� s|/��� ��/��� |�/��� ��/��� ��/��� 

Si ||/t |�/t |t/t |�/t |�/t |�/t ��/t ��/t |�/t
Ti ��|/� ���/� ��|/� ��s/� ���/� ���/� ��s/� ���/� ��s/�
Al ���/� �|�/� ���/� �|�/� ���/� ���/� ���/� �s�/� �|t/�
Fe ��s/� t��/� t��/� �|�/� ���/� ���/� ���/� ��s/� t��/�
Mn ���/� ���/� ��|/� �s�/� s�t/� st�/� ���/� s�|/� s��/�
Mg ��s/� �|�/� ���/� ���/� ��s/� �|s/� �|t/� ���/� �|�/�
Ca ���/� �|�/� ��|/� ��|/� ���/� ���/� ���/� ��t/� ���/�

Total ���/�� �|�/�� �||/�� ��t/�� ���/�� ���/�� �t|/�� �ss/�� ���/�� 

Mn/Ca |��/� �|s/� ��|/� ���/� ���/� ��s/� s�s/� s|�/� ���/�
(Mn+Mg)/Ca ,�u/� ��t/� ���/� �st/� ���/� ��s/� s��/t |�|/� �t�/�

Py t��/�� ���/�� |�s/�� |��/�t ���/�| �|�/�� ���/�� |��/�� �t�/�t 

Alm s��/�t ���/�s �t�/�� ��s/�s ��s/�� t��/�� ���/�� ��|/�� ��s/�� 

Gross ��|/� ���/� ts|/� t��/s ���/s ���/s ���/� �|�/� ���/�
Spess �t�/s ��s/s s�s/s ���/� ��|/t |�s/t ��|/�� �s�/t ss�/t

01����5H�8:-#�� `5� 2# ;��<=� :�)$-�  195)1�#./ 
- ��5> �
�-./ .*�%7 &#U1� 0
.)"1>X#� Na -K!"H1� N� %8�

)I- E�) (N!3�.(.>��5H �Q�$# 0
# ��10�8:#� �Z> ��5� 

��01����5H �-./ �� &#5H�8:6K1��
�E:�#� )NO3�y�
X�# .(#
��G 0�:#�#� �01%bC8 ∑(Fe + Mg)<3 -��R%� -

�!c �G �$# �
�1C13 X1'Y : %>
�%1"��E 2# �Al ��

>?�J3 ;1G.H C1����/ �
�1��R%� :�8::-� ;��<=� 

����/ �5/ �$ �#�5C� �8]��[.

?� >K�H11 %> ��R%� i#.:31C1��
�� ����/ �#./195)1 

��R%�:;��<=� .R=Rim   M=Middle C=Core   

Arc
hive

 of
 S

ID

www.SID.ir



 6E ������C3 �����>�s�s �C13 - �$�%3 ���S � 195)1�#./ �� ����/ - 01����5H ���S. . .��t

&5
 ��(
�E - �1'K5� �-./ :�8Y��#� .# .> &-U	#
�# �� �0
Mg� .> &P 1&#UFe-U	 � �# ��� &�"� � 8� .�V�� 

FeO/FeO + MgO =FeO*>12# ��/y����5H �� 10�8
>1$ &�5> �)�> .(��1�C/�� g)��
$ ���D� 4 7 �1- i_�

()"MP�&P��"� �H �> �8�8:%M�2#Al�$# .��c����G
2# .)CG �# ��x/y#
.> ��_� �V�� 0
E��D ��()$�D @�B

��"H �H �> �#.C8�8:%M�2#Al ��#� ]����s[.�> �E5H �>
#
� �!%1&#UFeO*����5H ��10�8:$�.> ��5� -.C6K �2# .)CG 
x/y)�,/y�H�x/y(3 ��$#1N6$# - �81��8:$#�-? 1@
2
.
� #� 0�# ��()$�D &#5%7 �> &#5H
��G 0��.G �5}H .��

�
�H �$ :�8�#�5C�Al-Mg-Fe -Mg-Ca-Fe � 8 �> �S 
�1�"H - 011'H��5C� �� 3 �9#�# 01����5H ��()$�D W%$ -

� �� �Z> ��5� :�816A �V3 &# 1����A �V3 - �81�:�8
 2# `�V3# 2�	 a
 �> ��
UC8Al �� �#.K  �.1/]�[)NO3�y(.

0
# .>�� #� �>5$� �V3 ��()$�D �Q�$# 01����5H :#.> &#5H -
��R%� :�8 195)1�#./ :�8:A ;��<=� 1�.G ���%" .�7 �>1� 

]��[����A ��  ��#�W%$ ��#5� :#�E�� �> &5/./� :�8:_�> 
�# �� 2#B ��#��5D.> ��#-#.	 .]�t[# .> 
�G  ��-�> 0B�� 

�K�> 01����5H - �
5O�� �� o$5)� �E�� ��5/./� o
#.3
��6A �V3 �� -  ���1�����D� :�8:��%H ��
_�> �1�5V1+�P 
2�	B�� - �$# 01����5H �#�����D� o
#.3 :�1�5V1+�P 

�
_�>�01����5H & 3 �3=)� �> �1�5�#./�B�� �8� �53.
W%$ 01> W%H�(%H ]�VH�# � 3 �)+/ �b�P �> �E5H �> :�8

01����5H�
�5
�5�#./ ��#� ��()$�D - �
�O1� -� 01�5�P .A :�8
�V3 ��$���P �>5$�]��[.�A �> �E5H �>
�# :����5H 1�� 0
#.3
����D� o:+�P 1�5V1_�> ��
���5H �)
�5
�5�#./ :�8

�> I�C)c# �> ;��<=� :�)$-�12 ��
L-m .k# .> ��"�>�
�)"���8:6A �V3 1)�#.3 �� 
����D� o:+�P 1�5V1_�> ��
�
�5�#./1�)	./ N!3 � �#]��[.]��[G.H �G13 ;1C1��
-�

����5H `5�1!8./ 0��#5� -:��R%� :E ���)$P >.M L5%�
��#� �#.K �E5H ��5� #� �#�# �G  � �)'� � �#����5H10�8:

!8./�3�� �klH 2# 1L��./ .�8:>��./ �$ -1�C/�� i_��

�� � %)�8 ��c1����5H �!10�8:_
�#:#�#� :��()$�D 

����./�:�V3 �> ]�VH�# �� 6A1����A�)� - �81��$�8 .#.>
0
����5H Q�$#10�8:��R%� :�>�"� ��()$�D ��8-fA ��5��

����5H �>10�8:�#5� :��#� ���)$P ��R%� .

>?�+L'K5�1�����5H 108:���R%� :-�8�#�5C� :�H �$ �
� Al-Fe-Mg -Ca-Fe-Mg ],[./�#.195)18 :�2# ��3.$ LiH�C(A -1�- �8
6AP1�8:�����P �> �)�>#- ,–�#./195)18 :��	12# .LiH�C(A -1�6AP - �81�8:�����P �> �)�>#- u�W%$ �8:UH�#5G ����5H 1�2# ��3.$ 0

Fe3+)�#./ 1�8:�&�$./� � 3>��./�(��-�V36A1����A�)� - �81�8:�C8
U��a
 �>2# `�V3# 2�	 Al  ����V3 6A1��8���A�)� -1�8:�
1MC8.
U��a
 �># `�V3# 2�	 2Al  �x�W%$ 8:�$5!��G 161�H�!�6A�)� 1�W%$ - �88:�UH�#5G –����5H 12# ��3.$ 0Fe3+�w�	��#.)�# 1@�8:

�6G �> � 3 &5/./�1�A g1
 $�)� - 0
�%C�8:%M����#- 2# 
�4-.G - g��i�%>.G�)� A�)� - �81%�G-.1���8 v�8 W%$ :�$5!��G 161��H�!
���A�)�1�6A�)� - �81�8:�2# ��3.$ Ca ��y�W%$�8:UH�#5G�����5H1�0���A�)� 1�6A�)� - �81�8:��	12# .Ca ����i�%>.G�)� ��8�,��)� 
	��#.)�#1@8�:� 3 &5/./� .
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�5}%�:���+*# �6D �16�&#.
# �$�%3 ���G - �$�%3�56> �6\� ���

��#�� U1���P :�8
32#�.AU�0
 ��C�P �'1V< 2# �S�c 
����/�$# �Z> ��5� :�8 .> ����/ ��5/ 0
#1W%$ �� .)" -

0
�mP :�8&P ��()$�D �S �%1�5�P.A i 3 �> L-m �> #� �8
W%$ �"�>�� �V�� �>5$� :�8 �53 �� �	�
 � %8�]|[.

��5/./� �� 0
 ��C�P�E�� �� :�8:�̂)V�� ;1S.H :#�#� �_�> 
: %> ��R%� - �$# �)D#5%O
��-.1> �> �- Z� �
�1C13 0
.H

�C�K �$# �13�c :�8]�|[)N!3���L(.D.> �
"8-fA &#.(]#.>:I��� ��[�6r�� �:�G# �8�G 1�6G  1- g
�G#1W%$ �� #� ����/ U%(%�  �8:6A1)�#U	# �> 
�E�� �:

�5/./��$�.> ��5� ���� ����/ �56VH �G  � �)'� -  ��#� �#.K 
��R%�:$�.> ��5� ��A �# �� �> ���P 1
0MnO)��/,��x/�
 *�� (-CaO)��/��u�/y *�� ) (I- E,(��#.3 
oP-T  

����D�:�5/./� �+�P 1�5V1_�> ��
��5�#./12 �
.
`5K- �> 0
A1�$# �)$5 .��G .h%� 2#�)D�%3�����/ �_̂5*# ��5/./� :�8 

�>NO3���"� �S  �#$� 4 7 :1- �$# �
�1C13 I��'H �> & 
I�D�# :#�#� ���c �� &P  3� 2# �S�c �S  %)�8 �1H51> :�8

2# �56VH �� �$#  ��E�2# / a
 :H�O161$ �.�0
# .> &-U	#
����/ ��5/ 0
# 2# :��1�>��.)�/ �"%S#- �13�c :#�#� �8 :#

�2# / �> ���P I��'H 4 7 .> ��_� �S  %)�8:H�O161$ ���
��#� m5+� &��2)N!3�,(]��[.

]s�[� .> .k�� N�#57 
��$�%3��8�56> :�� ����/ 
W%$�8:�mP - &5/./� 
��R%� 0:$�.> ��5� #� &# C8 �

��#� �#.K# .> � �#
�G  ��-�> 0.)C�� 
klH N��7 01.> �#p/.

�
��$�%3��56> :.*�%7 �2#  %H��V7 ����/ Mn  �Ca -
�V���8:Mn/Ca -(Mn+Mg)/Ca .%bC81�# �� �0

H�G1&5Mg klH 1T�� .1U:A .> 1 %>.!:�56> :�G ��#� ����/ �>
#U	#
# �
�V�� 0A �> �81.!��8:���m-m #:�H11� .� %G .��

�A i�E��1
���"	 - ��� 0Mn-Ca  - � 3 ����/ ��)D�$ ��#-
H���d$# - �_5$-./1 ��C�P �#.C8 0
!"H 01� N�-  �53

�1 ��C�P &#U
A �> 01�5/./� `5� �	."�#U	# 
� ��
 >�]s�[.
����/ #p��8:�5/./� ��()$�D �> �#�#� �̂V��M :A1 %>.!:

-��E- ��2#�����/ -�8:�mP ��()$�D �> 
A ;6M# 01 %>.!:�>
B-�8:���m-m #:�
� � � �53 .> �>1� &�
G.H �.(1;
31C1��
����/ ���� W%$ .)C�� 2# �8
klH N�#57 01�� �#p/.
G.H13 ;1C1��
#
A �> - �8�56> 01-.:A &P 2# 1 %>.!:�56> :

�$# ����/ .�A .>
�:$�.> ��8:��G �)D�%3�-
�)	��8:
359?1C1��
� �1�A &#U1
�V�� 0�8:� - j5	 1� U1(��10
#5)Z�:CaO )�|/� *�� (������/�8:: 195)1�#./ 
��R%�:;��<=� G�c��5/./� ��()$�D 2# �#
- ��5> 2�	 0

�1A U1 %>.!:�E- ��2#-� �&P� ��!3P #� �8��2�$)I- E,(
)N!3�u(..># Q�$#
- 0
f/�� - �81_�>  *�� U: ��C�P 
�0

����/�8:� #� �8-fA ��5� ���� �� &#5H:����/ :�8
�E�� �> &5/./�:�> I�C)c# �> �S ��-P ��C3 �> _�> 12 ��
��

�
�5
�5�#./ N1O"H &�
.E �� �
�O1� -� �%1�5�P.A :�8 ��
#.3
o����D�:�5/./� �+�P 1�5V1_�> ��
��5�#./12 �
.
0
- �>� �P �5E �# ]�� [)N!3���L.(

>?�++)X�# (#U	#
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