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70�89 :<4 ��(434� �6(=>� �� 3�4??@!//- �/�8 �A30 ;�* �� + %�B3,- C3D C(/B E3&�(),F ���$� �$3A %�B3,- .1
$
H/- 2$ �6(=>�(
34�&� ��&,)8�&� E�I�-$  !0 <,"#9 �9�/*3F�&� + �F .+ �
$3JK !I$(0�-�3*1,�2 E�I %�#� �
�,=,0 

�� �F !/I����� H/-H/- 1
$ �
L  $3=I �* H/- �-�� + <,0 C+�/9 <��0 �I9�/*3F E�I��-$  �(* �
L�* ;�* �� .��
�,)8�&� ��(� E�I��-�3*����4 %!��=�M 2$ �/D �I)�/N� �9 �/N� !K�� (&�I!/.�,9(,* O,F39 �� �I 3&�4 + �,),	+�!,- 1,* 

�,9�(�$ �9 �,P�M 2$ 2QF(
:Q8 O,F39 + �,�M)�,�(P,R�M ���,�(P,R�M ����4 + �I�I(1
2!�M + 2QF(.,�$ +)��,0 ���I(�-$ 3,S&� .
�-�3*�I�� %�#� ����4 + �,�(P,R�M �F !I��,�(P,R�M!/&�I �,�(P,R�M $��8 T(� 2$ �I .����I�* �
 ����4 @+2 U�-$ 3*  !�M �-�

–W+� �*  !0 ��+M3* E�I��#	 + �,9(,* ����4 ��,9(,*�2QF(
:Q8�X9�$(F (GBPQ) H/- 1
$ E$3*�� %�#� �I��,0 �F !I� E�I
�&,)8�&�<4 ��Y/� �� 3�4 3&�4 �
��� ?�� �??��&��- �B�� + �$34 3&�4 E��#	 �/��9N/���*(),F )���Z� + XP- ��,0 E�I

�/,
�8 �,�(P,R�M ( !0 <,"#9!�$ .�-�3*��� E�I����F �=,0 U�-$ 3*  !0 5�>�$ �>/-��#	�,�(P,R�M �� [(P,R�M ����4 + �I
�,�(P,R�M E�I��� O,939 �* �I?�� �9 N�� +N�� �9 N�� E�I��#	 + �$3.,&��- �B�� �/��9�/�+�/��9N/?�� %�#� $� ��*(),F -

�H/- 1
$ E$3* ���,� �,�(P,R�M  ���Z� \
$30 3.��,* �F !/I�-�I .+ �
$3JK !I$(0�-�3* E�I1,�2%�#� �
�,=,0 3,,S9  !/I�
��,0 2$ ��(434� ��#	 + ��� ;
$X	$ 2$ �0��+ �,�(,PR�M �9 �I !I$(0 �* �F �-$ �,�(P,R�M ����4 E3P=I���F �I <��F ��$(�=I

��$�.

7;(� �� �0���:�>/-��#	 ��� 1,�2]��,0 �&,)8�&� E�I]�,�(P,R�M ]����4�,�(P,R�M ]<4 ��(434� �6(=>�3�4]@!//- �/�8 �
EXF3� %$3
$ �%�B3,-.

#�0<� 
<4 ��(434� �6(=>� %�B3,- %�&-3�0 C3D C(/B �� 3�4

 E$3* �^�� �&P�$ + O��B ��,�* _`�/� 2$ �"
�-�3*1,�23- -
-$  !0 %(434� E�I 1
3&4�X* 2$ �"
 %�*X,� $3
2 ��

 ���,��+�Z + %$3
$ �� 1IM E�I�����F�-$ .�6(=>� 1
$ ���
H/- + �&
2�*�&� ��&,)8�&� �)=B 2$ a)&�� ��(434� E�I

!��$� �(B+ �9�/*3F�&� .��Y/� 1
$ �R)&�� %$3.#I+b8�-�3* 
 �3F!�$)�[�c� E$3*]���([.�*(�f
]�[1,�2 + �=,0<"0

E3,4  ��=0 �����F �<4$� 3�4�-�3*�-$  �3F .�
$23P=I 
+H/- �
$2\-(93�4 <4 1IM H/- �����Fg�Z�(8 ]�[

�-$  !0 �-�3* .<"0 +  �.&-�Z �E2�-�����F E(.�$ E3,4
 �*�&	M + �"*�* \-(9 O,939 �* �����F]�[�$� �9�,* �]�[+

E3SK$]?[�-$  !0 �-�3* .1,�2 + �63	 3K�/6 �=,0
���F + �34(4  �.&-�Z + 1IM H/- C�,=F E!,R�(- E�I

 %�,*$39 \-(9 1IM H/- �� �(B(�]N[E�3R�$� +]�[�-�3*
�-$  !0 .�-�3* 3&#,* %(�$3,8 ��Y/� ��  !0 5�>�$ E�I

∗1R)9 �[(h��  !/�
(� :������������",�+3&"�$ ��8 �:Rezvanmirzaei@pgs.usb.ac.ir 
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�=,0�F �E3�(* ��$b�3,� �E!=k$ ��/
$� �
$23,� �-�/0 ���F + �-�/0�()* �)>�%$3
$ ��

<"0E3,4 �����F  �(*�,)8�&� �>/-��#	 + ��� + �-$ E�I
�-$ �&	34 �$3A �B(9 ��(� 3&=F ��Y/� �� �(B(� .H/- E�I

 �� �&,)8�&��.
��=I �$3A �����F !��$� .�-�3*1,�2 + �=,0
H/- �>/-��#	 ��� �$��(Z3* �
L�* �,=I$ 2$ �&,)8�&� E�I

-$�.�>/-��#	 ��� 1,�2 + ^�� E�I�$X*$ 2$ �"
 3P&f� 
�&-(8 <��"9 ^�	 + ��(434� \
$30 3,�R9 �� �-�-$ �-$ E$

]�.[�	3#,8 �* E�I  !=6H/- l,��/
�(�39 �/,�2 �� ��I
 2$ E��,�* 1,�2m/-��� + �I 1,�2��#	 \
$30 1,,f9 ��B �I

H/- ��(434� ���Z� 2$ �I�$34 �9 XP- ��,0 E�I + �,�(
 !��$� �(B+ L�* �9 1,
�8 E�I��#	 2$ 1,/n=I + 39L�* E�I���

]�.[�Y�� �
�,=,0 �
X>9 2$  ��R&-$ �* ;I+b8 1
$ �� E$
)��+3&"�$ W2$�38X
� (���F + ����4 �[(P,R�M ��,9(,* E�I

2QF(
:Q8��,)8�&� �� ��(434� 3* ^F�k ��#	 + ��� \
$30 �I
1,,f9�-$  !0 .1
$�&�m
���* o(*3� m
�&� 3,�R9 �� !�$(9

E3,4 <"0!0�* 3pq� X,� �����F .

���� ���%$ ����	 
<r4 ��(r434� �r6(=>� �� 3rr�4??C3rrD C(r/B E3&�(r),F 

@!//- �/�8 �*(/B ;�* + %�B3,- %�&-3�0�%�B3,r-]��
�� [�-$ sA$+)<"0�.(@!//- E��&Z�- �/�8��r* %�B3,--

!rk [(r` �r* �"
��r* �$(r� t�(K �+�?�� u3r6 + 3&�(r),F 
�P
3�9��� [�=r0 �� @!//r- E�I3�0 1,* �3&�(),F + C3rD

 C(/B �� %�B3,- �$3rA v3r0��$� .H/r- �r* ��r
��� �� E�rI
C(rr-� + ���#rrR#9ME�rrI�8 �� �rrF lrr,w+2+X� rr/ @!//rr- ��

H/- �!/&�I %$+$3	 %�B3,- ^rF �P�r� �r* lr,w+2(h��8 E�I
!/&�I �*(r/B ;r�* �� ��/9 +1r
$ r/�8 !r��$� �$3rA �]��.[
H/- E�rI <r4 �r�Y/� �� �(rB(� ��(r434� 2$ !r/9��P6 3r�4

�,)8�&� �
2�*�&� ��I t�/*3F�&� + �I�I.�,)8�&� �� �(rB(� E�rI
 ���F �(xk <,�� �* ��Y/� XPr- ��r,0  ���Z� yZ�0 E�I

 H�� �* �r�  !r
�  �,- �* <
��  3,9 �9 10+� XP- E�I + !�(r0
 H/- T$(�$ �* �&�,0 E�I 7,r/4 �9 v�(&� t!0 <��r0 $� �rI

��!�(0 .�
2�*�&� ��,0 [(P,R�M <��0 �I �,�(P,R�M ��I + �rI
 �,�(P,R�M ����4 �r` �L�r* �&�r- <r,�� �r* �rF !/&�rI �I

 �
�r-�/0 <r*�A �I!rk$+ 3
�r- 2$ �&k$� �* �
$3JK t$!I�#�
!/&�I .H/- �r*  $3r=I C+�r/&� t�(rK �r* �9�r/*3F�&� E�rI
�,)8�&� �(B+ �I $� �r�Y/� �./r- E�I!k$+ �=I g(� + !��$� 

 !��0(8 X,�!�$ . 2$!�$ E3r,4 �P�r� E�rI %(r4�M �8(r9+X
$ �r* 
�,9(,* +��,0 !/)P��(IE�I �6(=>� ��(434� <4�3�4 1- 

��(434� $� z,-$�+: �-$  �$� %�#� ���,�]��.[<4 ��Y/�-
�	3*M 2$ O)D$ 3�4  !0  !,0(8 3{�k !�6 E�I (=/Z� + !�$%-

H/- 2$ E�+!J� E�I C(/B + C(/B �� ��(434� E�I �C3rD
H/-  !0 �&,�(),� �,�$34 E|(R�  �(9 + v30 �� �*(-� E�I

 !��$� �X�+3* �����F C(/B �� T�R9�$ ^F !P/4 <"0 �*]��.[

!8	/a�$(<4 ��Y/� �,fA(� @!//- E��&Z�- �/�8 3* 3�4 ��/�8 1
$  �.
�B + %�B3,-�/�8 3.
� �* �P�� %$3
$ �� E��&Z�- E�I]����[]
C(1,�2 �#��<4 ��Y/� �-�/0<4 1IM �����F �,fA(� + 3�4 %M 3* 3�4]��.[

 [
 D

O
I:

 1
0.

29
25

2/
ijc

m
.2

8.
1.

71
 ]

 
 [

 D
O

R
: 2

0.
10

01
.1

.1
72

63
68

9.
13

99
.2

8.
1.

5.
5 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
cm

.ir
 o

n 
20

24
-0

5-
07

 ]
 

                             2 / 12

http://dx.doi.org/10.29252/ijcm.28.1.71
https://dorl.net/dor/20.1001.1.17263689.1399.28.1.5.5
http://ijcm.ir/article-1-1419-fa.html


!)B�� ��=0 �����* ����� ���F�>/-��#	 ��� 1,�2 + �-�/0��,0 �&,)8�&� E�I. . .��

=�����"4 
}!I �* �-3&-� E$3*W�$X4 �*�
2�$ 2$ 78 � !0 ��
 E�I -

�
$3JK !I$(0 �-�3* + ��Y/� 2$ !
�2�* �* ��(B(� E�I
&Z$�38^,. XS� 2$Rk E�I%(=/Z� + E�� �./- E�I��(=�-

+ !0 E�$�3*��(=� 2$ �$!f9 � !0 �&0$�3* E�I��� sY�� 
!0 �,�9 �)�,K g2�� + g2�� .2$ 78�-�3*H/- E�IE��.� 

���F T(/9 U�-$ 3* ���Z� + �-�/0 2$ E�$!f9 � ��(434� E�I
���F �
�,=,0 �
X>9 E$3* �)�,K g2�� s`���!0 C��&�$ �I .

,=,0 �
X>9��(=� �
���+3&"�$+�FX
�  �.&-� \-(9 �I ��
 5�>�$ �18$: E�9�4���
  �.#�$� ��
2 \,J� + 1,�2 5()6 ;�*

!0 .���F �� �)K$ 3K�/6 [!� ��F�(Z 3.0+�F3*$ \-(9 �I
JEOL JXA-8600M  !/I� C�&0 :�&�+ �* keV�? %�
3B +

(938nA�!�!0 �
X>9 .�* E�I��$!��&-$ ��,9�8M �&	� ��F
L+ 2$ OF3� �
�L+�M + �,P�M ��,�(&-SiO2, TiO2, Al2O3,

Cr2O3, Fe2O3, MnO, MgO, CaF2+NaCl !��(* .E$3*
�>/-��#	 ��� 1,�2 �$� U�-$ 3* �* E�I [(�3	 � !�M �-�

 + �P-�J� ���F 3I E$3* �
�,=,05�>�$3- ��#	 + ��� �P-�J� 
3,�R9 %M m
�&� +  !0!0.

>��>�� ���?��� �� #<@ 
�,)8�&�%$+$3	 2$ �IH/- 1
39!/&�I ��Y/� �� �(B(� E�I .

H/- v$3* ~(Y- �(xk <,�� �* �&,)8�&� E�I %$+$3	 ��I�",�
(&�,0 +�4�$H/- 1
$ %M �
�-�/0 �� �I t$!I�#� �` �I

�-$ 3pq� �
$3JK .H/- 1
$<��0 �I :��,0�",� ����4 ��I
��,0�",��,��,=,),- + �I��,0&�I �I!/.�
2�*�&� E�I

<4 ��Y/� �� �(B(� 3�4)+ �,�(P,R�M ���,0 [(P,R�M
�,�(P,R�M ����4�I(H/- �* �	�,=I t�(�* �&,)8�&� E�I

!��$� �(xk .���F O,F39 + �-�/0�-�3*�
2�*�&� <F H/- -
�� %�#� �I%M �F !I�!/&�I �,�(P,R�M$��8 T(� 2$ �I .�&�-

H/-M �
�-�/0 �&
2�*�&� E�I%�
$3JK t$!I�#� �� $� �I
�-$  �3F %�-M .

���	�8��� :3�� 2$H/-�E��.�H/- 1
$ �6(=>� E$�$� �I
���F X9�$(F �)K$ E�I)�����!K�� (�
("-(� �)�����

!K��(�,9(,* �)�����!K�� (2QF(
:Q8 �)�?���!K�� (
!/&�I .���F + t+!,8$ ��,�)F E�I�!F �* + �,&/.� <��0 

$!��^F ��
3,8 39)���?!K�� (X,����F t�(K �* �63	 E�I
 !��$� �(xk)<"0�a�$.(�(xk ���F OP- �
�",� E�I

(&�,0�4�$ %�
�=�H/- 1
$ �� v$3* H�� +�-$  !0 �I .
���F �6(=>��� %�#� H/- 1
$ �� �(B(� E�I H/- �F !I�

�-$  !0 %(434� XP- ��,0  ���Z� ��.

���	�8�� �����:$H/- 1
 �,9(,*  !��$�3*�� O)D$ �I)���
��(�
("-(� �)�����!K�� (����4 �)�����!K�� (�

2QF(9�$ T(� 2$ �
�,)A ���-!)	)���?!K�� (X9�$(F �)�?���
!K�� (���F %$(/6 �* + �,�)F ��
3)F �t+!,8$ + ��)K$ E�I
���F���F %$(/6 �* �!F E�I !/&�I �63	 E�I)<"0�C.(

����4��(=� 1
$ �� �(B(� E�I<"0 t�(�* �I �=,� �9 �$�
<"0 2$!�$ �� + �$� �+!k �
�I?�&��- l
 �9 3&=,),� 3&�

��(=� 2$ �Z3* + !��$� �(xk��P��,� <��0 �I + X9�$(F 2$ �
�I
 �$� <,"#9 $� ���*3D �	�* �F !/&�I �,9(,*!�$ .�/,�2 v�(9


� �&
2(&�,0 �9 �./- �&�9 v�(9 H/-�-$ ��$�X .�6(=>�
���F�� %�#� H/- 1
$ �� �(B(� E�I �� H/- �F !I�

�-$  !0 %(434� XP- ��,0  ���Z�.
���	 ����%���� :��,0 �,��=,),- �� �(B(� �,��=,),- -

<4 ��Y/� E�I�* 3�4  !
� <"0 ��2(- + !/)* E�I�()* t�(K
��H/- 1
$ �� �&R"0 �� �	�* <,"#9 OP- �F �(0  !0 �I

$�-.��,0 �,��=,),-���F 2$ ��Y/� �� �(B(� E�I E�I
 ����4 �)K$)�?���!K�� (�,9(,* �)�����!K�� (�

�
("-(�)���?!K�� (X9�$(F �)���?!K�� (t��-!)	 �
�
�,)A)���?!K�� (�,��=,),- +)�����!K�� (<,"#9
 !0!�$ .���F�* !/&�I �,&/.� T(� 2$ 3&#,* �F �!F E�I -

3	 t�(KH/- 1
$ �� �6 !��$� �(xk �I)<"0��.(�(xk
�,��=,),-H/- �� �	3#,8 + ��� ;
$X	$ 2$ %�#� ��Y/� E�I

��$� ��(434�.
���	 A������ :H/- 1
$���F �6(=>� 2$ �I [(P,R�M E�I

)���N�!K�� (X9�$(F �)�����!K�� (�
3)F �)���?
!K��(�
("-(� �)���?!K�� (���F + t+!,8$ �I�!F E�

 !0 <,"#9!�$ .�
X,w+2 !��$� �(xk C�,=F �(` �* <,9� +.
[(P,R�MH/- 1
$ �� �(B(� E�I�* 3&#,* �I ��2(- t�(K

 !��$� �&R"0 �� �	�* + !/&�I)<"0�t.(%$+$3	 �(xk
[(P,R�M��(=� 2$ �Z3* �� ��2(- E�I �4�$(YZ ��>
$ OP- ��I

^#'(
:Q8 �(xk 5!6 + �-$  !0 E3,4H/- 1
$ �� 2QF �I
H/- 1
$ E$3* $� ��,0 [(P,R�M  :$+ C��&�$O-�/� �I 39

��!/F .��(=� 1
$ �� X,� <,9+� (�A H�� �* �I X�3A �* <
�� E$
��  !
��(0.

���������:�� ��(� ��Y/� ��-�3* �,�(P,R�M3&#,* �I �*
t�(K �	�,=I �* 3
�- H/-�I�*��,0  b
+�I !
�

��!�(0 .H/- 1
$ +  �(*  3,9 XP- H�� �* �&-� ��(=� �� �I
��(=� 1
$ �� !/)P��(I E�I�(#/�!/&�I  !I�#� <*�A �I .
���F $� H/-  !�2�- �)K$ E$XB$ + 2QF(
:Q8 �!/)P��(I E�I
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�=,0�F �E3�(* ��$b�3,� �E!=k$ ��/
$� �
$23,� �-�/0 ���F + �-�/0�()* �)>�%$3
$ ��

�� <,"#9 X9�$(F + �
�,)A t��-!)	 3&=F 3
���� �* !/I�
)<"0��.(�)F ��
3)F ��,9(,* �1R-$ �t+!,8$���F + �,-

H/- 1
$ �� �63	 t�(K �* X,� �!F E�I!��$� �(xk �I.
�+!k ��$+$3	 �* !/)P��(I E�I�()*��H/- 1
$ �� !K�� �I

1,�2 E�I��#	 E�&-$� �� + !��$� �(xk E2$(� �(` �* �&Z�-
;
$�M ^I �*��B + �&	�
 �3F ��>
$ y�#� �.&	�
 �� �F !�$

 W3&�4 $� �&R"0 �� �	�* H/-�-$  �$� . 2$!�$EE�I�()* 
!/)P��(I 3,S&�  �(* +���Z3* 2$ �,�(P,R�ME�I �0�� ��()*

�* ;,* 2$ z
 �&��-3&� ��!-� .1
$ +� �* !/)P��(I E�I�()*
<"0 �F+� + E�(#/� t�(K�=,� �9 �$�<"0�* H��XP- �$� 

XP- �.�� !/'  (�A �9!��$� �(xk H�3=F E$ .2QF(
:Q8
� �(B(��,�(P,R�M ��+!k ��$+$3	�* �-�3* ��(� E�I��

�* + !/&�I 2QF(.,�$ + �,P�M 2$ �/D �!K��<"0 t�(K �9 �$�
<"0 �=,���  !
� �$�!�(0 .H/- 1
$ o��� 3&#,* �� X9�$(F �I

�� ^#' �*��(Z .��$� 1
$�* + X
� t�(K �* X9�$(F E�I <"0

��  !
� H/- �/,�2 ��!�(0.
�������������� :�,�(P,R�M 2$ �Z3* �� E�I�()* �0�� ��I

 �+!k 3YA �* ����4?�),� �+!k ��$+$3	 �* + 3&���!K�� 
��  !
� !�(0)<"0�@.(�=,� 3&#,* ����4 E�I�()* 1
$

<"0��P��,� E$�$� �I�4 +  �(* �$�!/&�I X,� X9$(F 2$ �
�I .
�+!k + ^F �$!�� �* X,� X9�$(F E�I�()*��H/- ^>k !K�� 

 �$� ���&Z$ �(Z �* $� �` ;/9 <=J9 �)6 �* �F !�$
 !�M�� ��$�X
� ���k �* �&�
�34� %�#� �B(� �0(��Z + !�$

��!/I� .t��-!)	 2QF(
:Q8 + �
�,)A E�I)��!K�� (�
!/)P��(I)�?!K�� (���F 2$H/- 1
$ �)K$ E�I!/&�I �I .

���F + �
3)F3	 t�(�* X,� �!F E�IH/- 1
$ �� �6 �(xk �I
!��$� .���F 2$ +  !/F$38 �(` �* X,� �,��&,9 E�I�()* E�I

H/- 1
$ C�,=F!/&�I �I .�	�* ����4 ��  !0  !
� E�I
�,�(P,R�M�-$ ���*3D + �&R"0 �� T(� 2$ O)D$ ��Y/� E�I.

!8	3�8("-+3",� 3
+��9 )�s`��&�  !,PYA �(� ��XPL ($�,)8�&� 2<4 ��Y/� E�I3�4:a�$(C(+ �
("-(�  $3=I �* ����4 �()* �0�� 
��,0�",� ����4 �� �,9(,*� ��I(�&0� ���F  $3=I �* �,��=,),- E�I�,��=,),- �� �!F E�I��,0 t ��I(��,0 [(P,R�M ��I�(

�,�(P,R�M�* �I2QF(
:Q8 + [(P,R�M E�I�()* �.&	�
 ��B  $3=I �* �I�&�
�!/' <F�� @ +(�,�(P,R�M ����4 �I���F E���&Z$ ^wQ6 �&	343* �I
 sB3� 2$]�?[�-$.
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!)B�� ��=0 �����* ����� ���F�>/-��#	 ��� 1,�2 + �-�/0��,0 �&,)8�&� E�I. . .�?

���� �%�	� 
���F �=,0 �-�3* \
$30 �Z�/0 �� �=�� ;�� �I

H/- <,"#9 �
�,=,0("
X,	��$� ��Y/� E�I ._,A� O,F39
���F �=,0���F 3* ��+3&"�$ +�FX
� �
X>9 2$  ��R&-$ �* �I E�I

���F �=,0 m
�&� 2$  ��R&-$ �* 7�- + 1,,f9 �63	 + �)K$ -
��#	 + ��� \
$30 �[(P,R�M + 2QF(
:Q8 �����4 ��,9(,* E�I

!0 y�#� ��(434� �` .
��B��4 :���F 2$ �,9(,*H/- �� 1
X,/�+3	 ^�� E�I�-�I .2$

�,9(,* �
�,=,0 O,F39�� �I \
$30 1,,f9 E$3* %$(9
"#9 �
�,=,0("
X,	�3F  ��R&-$ ���F 1
$ <,.�
X>9 m
�&�

�,9(,* ��+3&"�$+�FX
� [+!B �� �I��-$  !0 �w$�$ .[(�3	
%M T(� + �,9(,* E��&Z�- + �=,0 �
X>9 m
�&� U�-$ 3* �I

 �$!f9��%b,�F$ 1,,f9�-$  !0 .���' !��B [()J� �,9(,* 

�,�M �/f
 �
��&�$ (x6 KFe3AlSi3O10(OH)2�,),	+�!,- �
KMg3AlSi3O10(OH)2�,8(4()	 �KFe2Al[Al2Si2O10]

(OH)2�,�(&�
$ +KMg2Al [Al2Si2O10](OH)2�F �-$ 
E�$�(=� �2�	 ���' 1
$ �
�8 3*5�� �* �f){���' (ASPE) 

 !0 �k$3` �-$�#I E�I�",� O,F39 1,,f9 E$3* �F ��B+
�-�* ���4�� ��F�+� .3,S&� +� ��f){���' 1
$ ��Fe/(Fe + 

Mg) +AlIV !0 �&	34 ��F �* !�$ .O,F393&#,*�,9(,* E�I
H/-<4 ��Y/� ��(434� E�I �� �$�(=� �� 3�4 �I�",� E!/*

]�N[�� � 3&�4 �$3A �,�M + �,),	+�!,- 1,* �P,F39 !��$� 
)<"0�a�$.(�=I��(=� E$�$� �IMg/(Mg + Fe) > 5 +Al 

T(=>� >3!/&�I .t$3,,S9 �$�(=�Fe/(Fe + Mg) +Si 
]��[�� %�#� !I� �F�,9(,* 1
$2$ �I �,9(,* T(��/D E�I 2$

!/&�I ^
X,/� )<"0�C.(

A�0*/�,9(,* ��+3&"�$+�FX
� �
X>9 m
�&� <4 ��Y/� E�I ����4 ���F %+�� 2$ 3�4)3
����F+Cl 2$!�$ �$!�� + E3,4OH�-$  !0 �P-�J� .
�=IFe��(=� 1
$ �� ,	3� +� �I�-$  !0 u3	 �& .( 

o��� ��� ��� ?��
��,0 �",� ����4)�,9(,*(

!,�F$ O,F39 (wt%)  
SiO2 �N/�� ��/�� ��/�?
TiO2 ��/� �N/� ��/�
Al2O3 ?N/�� �?/�� ��/��
FeO ?�/�� ��/�� ��/��
MnO ��/� ��/� ��/�
MgO �?/�� ��/�� ��/��
CaO ��/� �N/� ��/�
Na2O ��/� ��/� ��/�
K2O ��/� ��/� ��/�
BaO ��/� �/�� ��/�
NiO ��/� �/�� ��/�

F ��/� ��/� ��/�
Cl �/�� ��/� �N/�

OH ��/� ��/� ��/�
excess O ��/� ��/� ��/�
T(=>� ��/��� ��/��� ��/�N

%(,��F �$!f9U�-$3* �I��%b,�F$ 
Si NN/? N�/? ��/?
Ti ��/� ��/� ��/�

Al iv ��/� ��/� ?�/�
Al vi ��/� �?/� �N/�
Fe �N/� ��/� ��/�
Mn ��/� ��/� ��/�
Mg ?�/� ??/� N�/�
Ca �/�� ��/� ��/�
Na �N/� ��/� ��/�
K ��/� ��/� ��/�
Ba ��/� �/�� ��/�
Ni �/�� �/�� �/��

F-mol ��/� ��/� �N/�
Cl-mol �/�� ��/� ��/�

OH-mol ��/� ��/� ��/�
Mg/Mg+Fe ?�/� ?�/� ?�/�
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�=,0�F �E3�(* ��$b�3,� �E!=k$ ��/
$� �
$23,� �-�/0 ���F + �-�/0�()* �)>�%$3
$ �N

!8	6�,9(,*  �.
�B a�$ 3*  !0 �
X>9 E�I (�$�(=�AlIV�* �P�� Fe/(Fe+Mg)]�N[C +(�$�(=� Si �* �P�� Fe/(Fe+Mg)]��.[

����� :����4�I2$^�� 1
3r9  +3r4 ���rF E�rI �9�",),r-(9�$ 
!/&�I �F �� T$(�$ �3&�4 E$2$\,J�E�I 1,�2�-�/0 �	�
 

��!�(0 ]��.[��sA$+ F���E�I  +34 ����4 y�#r� !r//� 
H/-E�I ��(434� �!/&�I ��$ ���xf* /-HE�rI 1r
�|M +

1,/n=I �� C(-��I�*t�(K �r�$� E�rI �rP
3�9 Xr,�  !r
� 
���(0!.��K$<����4 $� ��%$(9 yZ�0 H/-E�$2 E!,R� 

��)9 ��3� �&P�$ �� \�	 �* <,�� E�$!
�8 %M ��  3&�4 �f,r-+ 
2$ ���� �")* 9s
2( �&�IM %(,9�F�I������4 OB(� ���(0 �F 

%$(&* %M $� �� E��,�* 2$ /-���m�I�*��F �3*.
H/- �� ����4 �
�,=,0 O,F39 �-�3* E$3* ��(� E�I

�-�3*<4 ��Y/� ��(=� �3�4��,0�",� ����4 a)&�� E�I �I

�* ��+3&"�$ +�FX
� !�!0 �
X>9 .��(� !K�� �P-�J� E$3*
�� E�x6$����4 �
� �P�� O�k 3* Fe+2/Fe+3T(� 1,,f9 +

W+� 2$ ����4sB3� ]��[!0  ��R&-$ .����4 O,F39 E�I
��,0�",� ����4 �� �(B(� ��(� E�I�-�3* %!��=�M 2$ �/D 

t�(K �* +Alm61.55-63.31 Sps4.02-6.58 Prp9.54-13.97 Grs18.82-

20.73�-$ .����4,�(P,R�M ����4 �� ��(B(� E�I���Y/� E�I
<4%!��=�M 2$ �/D X,� 3�4+�*t�(K

(Alm66.5-67.2 Sps3.1-3.9 Prp14.7-12.8 Grs14.7-15.1)!/&�I 
)[+!B�.(%�/'F� !
����- ��(0E$2�- O,F39 �� ^�� 

����4�L(-+34 + �+3,8 �%!��=�M �-�3* ��(� E�I!/&�I .

A�0*3� �
X>9 m
�&� ����4 ��+3&"�$ +�FX
��,0 ����4 �� �,�(P,R�M ����4 + �I<4 ��Y/� E�I 3�4)����4 ���F %+��.(
o��� GO4-70-8 GO4-70-7 GO4-70-6   GO2-98-1-6 GO2-98-1-7  

��(=� ��,0�",� ����4 �,�(P,R�M ����4
!,�F$ O,F39 (wt%)  

SiO2 ��/�� ��/�� �?/�� ��/�� ?�/�N
TiO2 ��/� ��/� �?/� �?/� ��/�
Al2O3 �?/�� ��/�� ��/�� ��/�� ��/��
FeO N�/�� N�/�� ��/�� ��/�� �?/��
MnO ��/� ��/� ��/� �N/� NN/�
MgO ?N/� ?�/� N?/� N�/� ��/�
CaO ?�/� ?�/� ��/N ��/? ��/?
T(=>� N/��� �/��� N/��� �N/��� �?/��

U�-$3* �I %(,9�F �$!f9��%b,�F$ 
Si ��/� ��/� ��/� ��/� ��/�
Ti ��/� ��/� ��/� ��/� ��/�
Al ��/� ��/� ��/� �?/� �?/�

Fe3+ ��/� ��/� ��/� ��/� ��/�
Fe2+ �N/� ��/� ��/� ��/� �N/�
Mn ��/� ��/� ��/� ��/� ��/�
Mg ��/� ��/� ��/� ��/� ��/�
Ca N�/� N�/� ?�/� �N/� ��/�

T(=>� � � � � �
%)��(� 3�F(����4 E$2�-

1
!��=�M ??/N� ��/N� ��/N� ?�/NN ��/N�
1,9����-$ ��/� ?�/N ��/� �/� �/�

�+3,8 NN/�� ?�/� ��/�� �/�� �/��
�L(-+34 ��/�� ?�/�� ��/�� �/�� �/�?
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!)B�� ��=0 �����* ����� ���F�>/-��#	 ��� 1,�2 + �-�/0��,0 �&,)8�&� E�I. . .��

�
��C�0� :���-!)	 2$ a)&�� o�����(=� �� ��Y/� E�I E�I
!�!0 �
X>9 ��+3&"�$+�FX
� �* �&,)8�&� .^,��9 U�-$ 3* E!/*

 sB3�]��[��,0 2QF(
:Q8 O,F39 � 3&�4 �� ��Y/� E�I -
1,* E$ An12.98 �9 An 41.12!��$� �$3A .�� 2QF(
:Q8 O,F39

�,�(P,R�M�IAn 4.13-92.60 �� + ��,�(P,R�M ����4 �IAn 96.80-

99.87 �-$ )<"0�.(���-!)	 ��+3&"�$ +�FX
� �
X>9 m
�&� E�I
�,)8�&� �� �(B(� [+!B �� ��Y/� E�I��-$  !0 �w$�$ .

�,�(P,R�M ����4 �� 2QF(
:Q8 �,9�(�$ �$!�� ;
$X	$ �P�� �I
�,�(P,R�M �*�,)8�&� + �I + ��#	 + ��� ;
$X	$ 2$ %�#� �I

��$� ��(434� �	3#,8.

!8	D �� H/- �� �I���-!)	 E!/*<4 ��Y/� ��(434� E�I 3�4]�N.[

A�0*6�,)8�&� �� �I���-!)	 ��+3&"�$+�FX
� �
X>9 m
�&� <4 ��Y/� E�I3�4.
o��� ��� ��� N�� ��� ��� ��� ��� ��� N��
H/- ��,0�",� �,�(P,R�M �,�(P,R�M ����4

!,�F$ O,F39 (wt%) 

SiO2 ��/?� ��/N� ��/N� ��/N? �N/N� �?/N� ��/NN N�/?? ��/�N
Al2O3 ��/�� ��/�� ?�/�� ��/�� N�/�� ?N/�� ��/�� �N/�� �?/�?
TiO2 ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�
FeO t �N/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�
MgO ��/� ��/� �N/� ��/� ��/� ��/� ��/� ��/� ��/�
Na2O ��/� ��/� ��/� ��/� ?N/� ��/�� ��/� ��/� ��/�
CaO ��/� ��/� NN/� ?�/� ��/�� ��/� ��/� �?/�� �?/��
MnO ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

F ��/� �N/� ��/� ��/� ��/� ��/� �N/� �?/� �N/�
K2O ��/� ��/� ��/� ��/� �?/� ��/� ��/� ��/� �?/�
T(=>� ��/��� ��/�� �N/�� ��/�� ��/��� ��/��� ��/��� ��/�� ��/���

%(,9�F �$!f9U�-$3* �I�%b,�F$ 
Si N?/� ��/� �N/� �?/� ��/� ��/� �?/� ?N/� ��/�
Al ��/� ��/� ��/� ��/� �N/� ��/� �N/� �?/� �N/�
Ti ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�
Fe ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�
Mg ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�
Na N�/� N�/� �?/� ��/� ��/� ��/� ��/� ��/� ��/�
Ca ��/� �?/� ��/� ��/� N�/� ��/� �N/� ��/� �N/�
Mn ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�
F ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�
K ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

%)��(� 3�F(���-!)	 E$2�-
Or ��/� N?/� ��/� ��/� ��/� ��/� ��/� ?�/� ��/�
Ab �N/?� ��/N� N�/�N ��/�? ��/N N�/�? N�/�� NN/� ��/�
An ��/�� ?�/�N ��/�� ��/�� N�/�� ��/� ��/�� ��/�N ��/��
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�=,0�F �E3�(* ��$b�3,� �E!=k$ ��/
$� �
$23,� �-�/0 ���F + �-�/0�()* �)>�%$3
$ ��

A������:%$+$3	 [(P,R�M H/r- �� 1
Xr,/�+3	 ���F 1
39 E�rI
 <4 ��Y/� �-$ 3�4 .[(P,R�M ��+3&"�$ +�FX
� �
X>9 m
�&� E�I

�rr,�(P,R�M �� �(rrB(��rr,�(P,R�M �rr���4 + �rrI [(rr�3	 + ��rrI
 M E��&Z�-%U�-$ 3* �I��[+!rB �� %b,�F$ �$�$  !r0 �rw

�-$ .[(P,R�M 3&#,* �r���4 + �,�(P,R�M �./-  +34 +� �� �I
 �* ��,�(P,R�M(Na+K)A<0.5 +Ti<0.5 [(rP,R�M  +3r4 ��-

�� �$3A �=,�)F E�I !�3,4]��.[�� [(rP,R�M ��(=� l
 ��/9
 �$!rr�� E$�$� ��rr,�(P,R�M �rr���4Ti lrr
 2$ ;,rr* a.p.f.u) 

N��/�(�$!�� ��$ � �(*(Na+K)A1
$ �r�(=� �?�/��r-$ .��

�,�(P,R�M  +34 �$!r�� ��(=� �- ��I(Na+K)A2$ ;,r* �r=F 
?/��$!�� ��$ �Ti 2$ 3r&=F ?/�!r��$� .<"r0 �� �rF %�r/')?

a�$ ( �� U�-$ 3* ��-$ y�#� X,� sB3� E!/*]��[O,F39 �
[(P,R�M [(P,R�M  3&�4 �� �-�3* ��(� E�I �$3A �=,�)F E�I

��$� .R�M E�$�.���[(P, srB3� �$�(=� 2$  ��R&-$ �* �I]��[�� �
<"0?[(rP,R�M �
�,=,r0 Or,F39 �rF  !r0  ��+M C�� �rI

 �,�(P,R�M ����4 �r,F��3' T(� 2$ �I �r-$ !r/)P��(I .Or,F39
[(rrP,R�M �
�,=,rr0�rr,�(P,R�M �� �rrI + �rr,F��3' T(rr� 2$ �rrI

�,F��3'�-$ !/)P��(I.

A�0*D��+3&"�$+�FX
� �
X>9 m
�&� [(P,R�M ����4 + �,�(P,R�M �� �(B(� E�I�,�(P,R�M<4 ��Y/� E�I3�4.
��(=� �,�(P,R�M �,�(P,R�M ����4 

o��� GO2-92 
1-1

GO2-92 
1-2

GO2-92 
2-1

GO2-92 
2-2

GO2-92 
3-1

GO2-98 
1-3

GO2-98 
1-4

GO2-98 
1-5

GO2-98 
2-3

!,�F$ O,F39(Wt%) 
SiO2 ��/�? ??/�� ��/�� ��/�? ��/�� N�/�� ��/�? ��/�� ?�/��
TiO2 N�/� N�/� ��/� ?�/� ��/� ?/� ??/� ��/� N�/�
Al2O3 �?/�� ��/�� �?/�� ?N/�� ��/�� ��/�� �N/�? N�/�N �N/��
Fe2O3 ��/N �N/N ��/� ?�/N ��/� ?�/� ��/� ��/� ��/�
FeO ��/�� ?�/�� ��/�� ��/�� ?�/�� ��/� ��/� ��/� ��/�
MnO ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�
MgO �?/�� ��/�� N�/� ��/�� ��/� ��/� ��/� ��/� ��/�
CaO ��/�� ��/�� ��/�� ��/�� ��/�� ��/� ��/�� ��/�� ��/��
Na2O N�/� NN/� ?�/� ?N/� ?�/� ��/� ��/� ��/� ��/�
K2O ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

F ��/� ��/� ��/� ��/� ��/� ��/� �/�� �/�� ��/�
Cl ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

OH ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�
~O ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

T(=>� N�/��� ��/��� ��/��� ?�/��� ��/��� ��/��� ��/��� �?/��� ��/���
U�-$3* �I(,9�F �$!f9��%b,�F$ 

Si ?�/N ��/N ?�/N ?�/N N�/N �N/N �N/N ��/N ��/N
Ti ��/� ��/� ��/� �N/� ��/� �N/� �N/� ��/� ��/�

Al iv ��/� ?�/� ��/� ��/� ��/� N�/� N�/� �N/� ?�/�
Al vi ?�/� ?�/� ?�/� ?�/� N�/� ��/� ��/� ��/� �N/�
Fe3+ N�/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�
Fe2+ ?�/� ��/� ��/� ��/� N�/� ��/� ��/� ��/� ��/�
Mn ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�
Mg ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�
Ca ��/� ��/� ��/� �?/� �N/� ?�/� ?�/� ??/� ?N/�
Na �?/� ��/� �?/� ��/� �?/� N�/� ?�/� ?�/� ?�/�
K ��/� ��/� �?/� ��/� ��/� ��/� ��/� ��/� �N/�

F-mol ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� �?/�
Cl-mol ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�
OH-mol ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� �?/�

Mg/(Mg+Fe) ?�/� ?�/� ��/� ?�/� ?�/� ?�/� ?�/� ��/� ?�/�
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!)B�� ��=0 �����* ����� ���F�>/-��#	 ��� 1,�2 + �-�/0��,0 �&,)8�&� E�I. . .��

!8	Ea�$ ( ��[(P,R�M E!/*��(=� �� �(B(� E�I �,�(P,R�M ����4 + �,�(P,R�M E�I]��.[��(=� �=I[(P,R�M  3&�4 �� �I �$3A �=,�)F E�I
!��$� .C([(P,R�M �P,F39  �.
�B�,�(P,R�M �� �I���4 + �I�,�(P,R�M �<4 ��Y/� E�I^,��9 �$�(=� U�-$ 3* �3�4[(P,R�M E!/* �=,�)F E�I

]��.[

�
�����
 ���� � �
����� ���� 
���F ��#	 + ��� 1,,f9%M �
�,=,0 O,F39 �* �B(9 �* �I 3* �I

�6(=>� �F �-$ �$(&-$ u3	 1
$ ���FE�I 3I H/- ��
\
$30 ����f9 <,"#9  !0 !/0�* .��A$+1
$ �s m/-��#	 ����I

3* U�-$ �,-��k s
2(9 3K�/6 �� ��&Z�- ���F�I+�
�`
tL��P9 ��
�,=,0 �P�� �* ��� +�
��#	 �k$3`  !0!�$.

H/- �� ��#	 + ��� ��+M3* W+� 1
!/' + �&,)8�&� E�I
�-$  !0 ���/#,8 �&
2�*�&� .+ ��� 1,,f9 E$3* ;I+b8 1
$ ��

H/- <,"#9 ��#	- �I���F 2$ �9 !0 �f �� ^I ��/F �F �
�I
 O,F39 �* �B(9 �* 1,/n=I + �(0  ��R&-$ !/&�I [��f9 [�k

���F�>/-$+ 1,* 2$ O-�/� W+� �I ��34 C��&�$ m
$� E�I
)<"0N.(

����� F����� ����G��B��4:t$3,,S9 �
�8 3* �>/-���
 3
����Fe +Mg ���,9(,* + ����4 + [��f9 [�k �� E�I

IH/- �� ��
X= E�I�-�1,�2 �B(9 ��(�  �$(=I %�-�/0
 �-$  �(* E��,�*]����?[.W+� E�I�(B(� E$�$� 

�
�+!J��-$ �
�I .�*�-�3*�
�+!J� �* + W+� 3I E�I
���F O,F39 �* �B(9W+� 2$ ���Y/� E�IsB3� ]��[ ��R&-$

!0 .W+� 1
$ ����,9(,* L�* ^,��&,9 E$�$� E�I)$ ;,*2
�N�/�(�
 +E$�$� ����4 XSpss L�* )2$ ;,* �/�(!
�P�

�(0  ��R&-$.E$3* ��+M3*  ��R&-$ �* ���(434� 3* ^F�k E��� 
�* E�I!,�F$ 3
���� 2$�
X>9 2$  !�M �-� +�FX
� E�I

 ���+3&"�$ 3&�4!0 1,,f9 �
��� E�I.�* E���  !�M �-�
 �+!k??� �9 ?�� �&��- �B�� �-$ �$34)[+!B ?.( 3&�4 

�* �
��� <
$+$ �9 XP- ��,0  ���Z� 3Z$+$ 3.��,*  !�M �-�
���F !I$(0 �* �F �-$ �,�(P,R�M  ���Z�H/- 1
$ �-�/0 �I

^I��$� ��$(Z.

!8	Ha�$  !/I� %�#� �F ��+3&"�$+�FX
� �
X>9 \-(9  !0 �
X>9 o��� (����4 %+�� �,9(,* �(B+�,)8�&� E�I+ �I C(+ !/)P��(I E�$(>=I
 ����4 �� ����4�,�(P,R�M<4 ��Y/� E�I!/&�I 3�4.
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�=,0�F �E3�(* ��$b�3,� �E!=k$ ��/
$� �
$23,� �-�/0 ���F + �-�/0�()* �)>�%$3
$ ��

 A�0*E����4 W+� �* �>/-��� m
�&� –�,)8�&� E$3* �,9(,* <4 ��Y/� E�I3�4.
��(=� Go4-70-6 Go4-70-7 Go4-70-8 

����4 
1
!��=�M N�/� N�/� N�/�
�+3,8 ��/� ��/� ��/�

1,9����-$ ��/� �N/� ��/�
�L(-+34 ��/� ��/� ��/�
�,9(,* 

Mg/Mg+Fe ?�/� ?�/� ?�/�
Ln Kd (Gt-Bi) �/� ��/� N�/�

[21] ??�oC ??? oC ?�� oC

F�����
����� G��B��4G�I��);I�G&B�(�� :��� 1,,f9 E$3*
����4 m/-��� 1,�2 2$ ���#	 +��,9(,* �X9�$(F + 2QF(
:Q8 

(GBPQ) �>/-$+!0\-(9  %$��"=I + ++ ]�N[ ��R&-$
 [+!B �� %M m
�&� �F !0N�-$  !0 �w$�$ .1
$ U�-$ 3*

 ��#	 3
2 �Y*$� + W+��/��9N/���*(),F��,0�",� E$3* �I
!0 1,,f9:

Fe3Al2Si3O12 + 2Ca3Al2Si3O12 +
3K(Fe2Al)(Si2Al2O10) (OH)2 + 6SiO2

X9�$(F +�,),	+�!,- +L(-+34 �+%!��=�M  
= 6CaAl2Si2O8 + 3KFe3(Al Si3)O10(OH)2 )�(

�,�M +�,9�(�$ 
[(P,R�M O,F39 U�-$ 3* �>/-��#	 ��� :W��"=I + l�2

]��[�* ^,�,),- + ��#	 �* 5(,/,�(�M �.&�*$+ �*3>9 �(` �*
[(P,R�M �� $� ���F E�I �
�,��F �6(=>� �� �(B(� �=,�)

 [(P,R�M +2QF(
:Q8 +!��$� %�#� X9�$(F .W+� 1
$
�� + !0 ~QK$ �>/-��#	��� �P,F39  3&�4 �� $� %M %$(9

 �3&�4[(P,R�M 2$ E$ U�-$ 1
$ 3* ]�3* ��F �* �=,�)F E�I
 E�I���?�� �9 N���&��- �B�� �,�(P,R�M E$3* �$34 + �I

N�� �9 N�����&��- �B�,�(P,R�M ����4 E$3* �$34 �* �I
 !�M �-�)[+!B�.(W+� 1
$ �
�83* �>/-��#	 t�P-�J�

 E�I��#	 X,��/��9�/��,�(P,R�M E$3* $� ��*(),F + �I�/��9
N/?�,�(P,R�M ����4 E$3* $� ��*(),F �� %�#� �I !I�)[+!B
�.(

T[K] = 4701/(1.825 - 1.987ln(8/15.5 - SiAm/sumKat 
+ 0.07531))              )�(
P[kbar] = ((-425 -1719 (XAlM/(XAlM +
(Fe3+

Am/2.763)) + 
2.75 T(K) + 1.987 T(K) ln (XAlM)) + 1)/1000 )�(

\*$+� 1
$ �� �FT�1
()F O�k 3* ��� PO�k 3* ��#	
 ���*(),FXAlM = (SiAm + AlAm- 8)/2.763 +SiAm �AlAm �

Fe3+
Am +sumKat�$!�� �* 3*$3* O,939 �* �^,�,),-

�^,/,�(�MFe+3%(,9�F T(=>� +!/&�I [(P,R�M �� �I .

A�0*Hm
�&� �>/-��#	 �*W+�GBPQ  ]�N[�,)8�&� E$3*<4 ��Y/� E�I3�4.
o���. GO270-4-2 GO270-5-1 GO270-5-2 GO270-6-1 
Xalm N/� �/� N/� N/�
Xpyr �/� �/� �/� �/�
Xgros �/� �/� �/� �/�
Xan �/� �/� ?/� �/�
Xab �/� �/� ?/� N/�
Xor �/� �/� �/� �/�

lnKd(Mg) �/�?� �/�� �/� �/�
lnKd(Fe) ?/��� ?/� �/�� �/��

P(GBPQ, ave) N/� �/� N/� �/�
P(GBPQ, Model 1) N/N �/� �/? �/?
P(GBPQ, Model 2) �/� �/� ?/� �/�

:Xalm�,��f	�$!�� �����M 1
!��=�M �� ]����4 :Xpyr �,��f	�$!�� �����M �+3,8 �� ]����4 :Xgros  �,��f	�$!�� ���r��M �L(r-+34 ��]�r���4 :Xan �$!r�� 

�,��f	 �,9�(�M �� ]2QF(
:Q8 :Xab �$!�� �,��f	 �,P�M �� ]2QF(
:Q8 :Xor�$!�� �,��f	2QF(9�$ �� ]2QF(
:Q8 :LnKd(Mg) O
3{ s
2(9 Mg 1,* �r,9(,* 

+]����4 :LnKd(Fe) O
3{ s
2(9 Fe 1,* �,9(,* +]����4 :P(GBPQ, Model1) ��#	 �P-�J�  !0 3* U�-$ W+� ]m/-��#	 l
 :P(GBPQ, Model  2) 

��#	 �P-�J�  !0 3* +� U�-$ W+� �>/-��#	GBPQ ]:P(GBPQ, ave) 1,.��,� ��#	 �P-�J�  !0 3* U�-$ �>/-��#	 W+� +�GBPQ.
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!)B�� ��=0 �����* ����� ���F�>/-��#	 ��� 1,�2 + �-�/0��,0 �&,)8�&� E�I. . .��

A�0*J[(P,R�M O,F39 U�-$ 3* ��(434� ��#	 + ��� ��+M3* ]��[<4 ��Y/�3�4.
P (kb) 
±1.2kb 

T�C 
±37�C �,�(P,R�M 

�/��/N�� GO2-92-1-1 
�/��/N�� GO2-92-1-2 
�/��/N�� GO2-92-2-1 
�/��/N�� GO2-92-2-2 
�/��/?�� GO2-92-3-1 

�,�(P,R�M ����4 
?/?�/N�� GO2-98-1-3 
N/?�/N�� GO2-98-1-4 
�/��/N�� GO2-98-1-5 
�/?�/N�� GO2-98-2-3 

�	(�"4 
<4 ��Y/� ��3�4�H/- H/- �)=B 2$ �R)&�� E�I E�I

���F O,F39 �* �&
2�*�&� + �&,)8�&� �* o(*3� t+�R&� �-�/0
,R�M + XP- ��,0  ���Z� +�!��$� �(xk �,�(P .�(xk �*

���F
�I��,)8�&� �� X9�$(F + �
3)F ��
("-(� %(' + �I
��� ;
$X	$ �* %��X=I����F  !0 ��>
$ ����4 + �,9(,* E�I!�$ .

!/)P��(I �
�,��F �6(=>� �(�� +2QF(
:Q8 %+!* + X9�$(F
 �	�{$ �* ��$�$ �� �F ��$� �,�(P,R�M  ���Z� �* �+�+ 2$ %�#�

���F %!0 �* H/- O,F39 �* ����4 + 2QF(
:Q8 %(' �
�I
����4 + �,�(P,R�M O,939�,�(P,R�M ��(434� �6(=>� E�I

�&	34 <"0!�$ .�����F �"
�X� ����,��=,),- ��,0 E�I
<4 ��Y/� + ��� ;
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