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

� �������	
� ���
� �����
�� ���� ���



 �� ����
�� �
���� ����	�����	�
� ��!
"�#$ %��
�� ��	 "
&���� �%	
 

'�( "�)��* �*+�	 �

����  !"# ��$�%& '()*  +,-�.� ��/�01"%2  �3-�.�
4

#,���:�*(56� "%��7"8 �/ �9 :�,2 ;
�<0/ =.(�. �. (#"#� ;�>��9�?� @��1 A
�<0B/ ��> �B>;	��."?�!.�?� B�B/ �C�)�D�, ;�B>
  ���E� �. �>"�"� ! �F>G 1 ;� ���E� �2 4%/ �� �(�."# ;��/.  +1 @�F-2 �.<0/�>;& I!. A(#"#� �#+�G J�9 ��B9 �?B/(8 

���K�2 ! ��� ���-	 L>�7 @� ��1 "0M ;�>��B9 :G �.  +B1 A(B#"#�  +�!"�B8 D�(BN +B�. .#� �.+BE� �(B#"��B>"�"� ��  +�!"�B8 ;
�(�!��?��.�(
�AG O��?�. P*�9 �.�  ���E� �. �> �(�."# ;� ���E� �9 �Q�G ;��(%��/.  +1 �.E"9���7 +>.(1 �. �B/�01�?	�B9 !�

�>"�"� ��  +�!"�8 A(#"#�;�(�!� �?��. +02��%* :�,2 :(a) @F1��7 ;"�#��>;�B�� ;�B8 �
�(�"2 +B0��� �.+B9G ! �B���)7��")7(B0
)±(2���?�! �)±(8.��D!+(b),-2 ���7 �*(56� @��>;�(�"2 ��+�(�!���8�� �. @BN�S ��
� �%1 D�(N �9 �B
�.+;�.B�(
! �(c) 
2���?����> �	�9 �9 �. A(�."�8 ;.
05)��.�(#"#� ��-	 ! �����>"�"� ��  +�!"�8 ;�(�!� �?�7"2 �.  ��Q?B/. �9 B�B1 T�5���B7 ��B>

�(#"#��8L07.! !  +�!"��>;���$2 �2"2 �9 ��!+S �� TC◦UV±XVY !kbarV/Y±V/X+1 �%/�Z� .�9���7"2 �(%� @B�B1 T�5���

�>"�"� �� T/�0�;�(�!� �?��(�"2 �:�,2 �."1 ��  +�!"�8 �
�(#"#� [�Q�G  ���E� ��(%��8 �
�/.  �(9 �.+ .)7���  +�!"�8 ")7(0

�(�!��.�.� ;�>"�"� �;\��E�� �Al2O3 ���E� �� Q�G ;��(%� +1 ">�] J�9 ��� �9 �+�..

�.	����*/���:�>"�"�;�(�!� �?�^@F1�(#"#� ;"�#� +�!"�8 ^��� _`0/��-	 ^:�,2 ^. :"M O�51 
A.".

�
�0
 
�(#"#� �*(56���5B1 �� :�,2 O. :"BM B
 �� A." a"B* �B>;

	."bc���
′d�°f�!′d�°fg��51�!O(& �B>;	."bc B���

′��°h�!′V°h�i"1��B/. �B?	"# �."Bi .�B�j0� ��(B� ;

 �� "BBk� �. �BB/�"9+BB09;��?E�BB/ ;]U�m[I+00BB/ A!� �� �_
/��/. �?	"# �."i A�c" .)*�+B�!� oM"NW-SE �>��?E�B/ ;

$i(� 4�� ! A(#"#����j0� �I+00B/ A!� �� �/�"9 ��(� ;_
/��*(56� �A�c" ! "k� �. :�,2 A(#"#� ;
#p��B>;<0B/ -

/�01�,-2 �9 � +0>� @�>�
<0/ =.(�. �. �>;@��1 A(#"#� 
0#�1 �q����>;/��Q�G ���(% B� � ���2�53 B� �(�."# �� B��-

�BB>;_BB/ �)�
! �"BB�"� ! �BBF>G D�, �BB#pBB1(rs ;�BB>�5���
!
.
8(2!4��9�. A!� �9 �9�-� ��
47"� A.";��.� ]f[.

+i �/
5�"2
<0/ ��?B/(8 �� �B>  ��Bi ;.;:�B,2 "B9
.t�BBB/60BBB/ O�BBB/�U/Pb�BBB
 �.� ! �7"�BBB>;0BBB/ �

207Pb/206Pb )Z\2��9 �%��  +1 u204Pb(��!+S �� v��� 
��)��/. O�/ A(]V�h[.�."# w(BQ� �/ B���B>;0#B����B9 

�*(56� @E.� O�B/ t�B/. "9 :�,2 A(#"#� ;60B/�U/Pb 
�
�!+S �� �7"VXY��)�$2 O�/ A(���/.  +1 �]X[.

;+5S]x[�>"�"� �/ "Bk� �� ���i(	 �
"%��7 .� :�,2 ;
�/. �?	"# .

∗�Q)2 �O(y��  +0�
(� :dd�vgvd)����("9�5� �:dd�g�v�)����(�,��!"?,�. ��8 �:hajialioghli@tabrizu.ac.ir 

z��51 �o>��(� O�/�A�?��� ���{ZQN �. �g���2gvg

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
25

-0
7-

31
 ]

 

                             1 / 12

http://ijcm.ir/article-1-414-fa.html


�)M!. �)* �c�S :�9�A."
. �/�01 ���7 ! �/�01�()9 �)6� g�g

<0/�>;�*(56� �� A(#"#�  ���E� �2 :�,2 ;�(�."# ;B��
�� !  +1 A(#"#�2�53���>;�,2��G ��."# !���>;�9  ."5> 
.
,-2 T�2"2 �� +1 @+�. .<0/�>;B& q|/ I!. A(#"#� �

#+�G J�9��9���K�2 ! ��� ���-	 L>�7 @� ��B1 "B0M ;�B>��.
."1 �� :G
 +�!"�8 [ +B1 A(#"#� ;+B�. .�(B#"#� �.+BE��

�>"�"� ��  +�!"�8;�(�!� �?��.�(
�2 �.� O�B�?�. PB*�9 :�B,
AG ���E� �. �>�(�."# ;� ���E� �9 �Q�G ;��(%��/.  +1 �.
. ��
7"2 L>!p8 ����B7 T�B/�01�?	�B9 [B9.!� !�A(B#"#� 

�>"�"� ��  +�!"�8;�(�!� �?��.�(
�/�"9 :�,2 �.��!  +B1 
."1
��� [_�(#"#� ��-	 ��/.  +1 }�-�  +�!"�8 .


1�2�3� ���043
 
<0/�>;#�A(#" ,>G���j0� �� :�,2 �9 D�(N��A�J
��9

<0BB/�BB>;	��."?�!.�?� BB�C)"8BB
2!+���BB>;?��8"BB/ �0�!
?��8"/�0��(���9�?�
�)1�Q�G �4%/ ����(%��(�."# ! �� B��-

�>;	�� �C()8�?� !��)1B����B>;B/� �B0# !�q(�4B�!"9
 +��.�)@,1�(.<0/�>;Q�G ��(%�."1 �� �
�(#"#� [�J�B9 
:!w � !  +1 �2�53���>;	�� �<0/ ! C�>;�."# �r(?�+;�B9 

�,2��G  �3?/�E�. �� 
,-2 ~�%2�. ���/.  +1 @.<0/ �B>;

�."#�r(?��9 + �(2 D�(N�>;<0/ @E.� �9 C�(7 !  +07."8 -
�>;�B/.  �"B7 w(BQ� �B�j0� A(#"#� ]�[. �(B2 �B/ �B>;

�."#�r(?�+;�9%�� D�(N�t�B52 �"B� �?	"# "k� �� �9 .B
�
<0/ <0/ �9 �>�>;9(/� �<0/ �9 �>;#"9�� A(#"#� �!  +�"

  �.� t�BB/. "BB9�BB>;.
8(BB2!4�U/Pb�BB
 '(BB/(7(� �� �7"
��2�53���>;:�,2 m±UV��)�O�/ A($2���/.  +1 �]�[.

<0/�>;�9 A(#"#� B1"#� D�(N�<0B/ �B9 T�B>;9(B/� �
1"2�";1(8 � +1  ++�. .<0/ L�.��>;!� A(#"#� ;<0/-
�>;9(/� ���-Q-2G !����B> @�# ;�?/.� �� �/(;)BN. �
i��c"0_�/.  �.� �� ��&���� )@,1m(]�[.

 �.� t�BB/."9�BB>;0BB/ �K-Ar<0BB/ �� �BB>;1BB�?��
��j0� A.�(1  �� ;]�[60B/ O�/ ��U-Th/He 2�8G �� B��-

�>;A�-�  �� ��j0� ]X[O�/ !60/�40Ar-39Ar (,B/(� 
�
1 ������>]U[�#+B�G J�B9 A����<0B/ �B>;�?B/(8 .;��

��8 �/(�-��)�!+SUY��)B�@B%i O�B/ A( (�B/.  �.� �� .
��$	���>;��-Q-2G ����6�?� 4�� �/(s� ;B
-B-7 o�B&�

#+�G J�9��?/(8  ��i ;.;�/.  �(9 ��j0� .

5#�6�-�� ���� ;�. t�%?i. �9 ��j0� �/�01]�.[

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
25

-0
7-

31
 ]

 

                             2 / 12

http://ijcm.ir/article-1-414-fa.html


+)c�� ��51 ���A�?��� �d�� ��� [
."1 ! �5�1 ���� _��  +�!"�8 ��(#"#� ��-	 . . .g��

7��8� 9�� 
��7��>;�Q�G @��1  +�!"�8 A(#"#�)7 �O(%��)7 �")7(0�! �

�(�!����(5� �� ��>"�"� �. �"$� ;;�.�(
� +��.�"8 4
� �.�-
;SX100 CAMECA s�?�! �9 A�?�)3�. "?��0�  �3-�.� �� 

kV mV"c D+BB1 !BB
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Samp. Cal/ 
Dol Hbl Qtz Cpx Scp Grt Ep Zo Cchl Ttn Act/

Tr Pl Ol Rock type 

R88-28 X A O A O O �(�!� "�"��?��.�(
�.� �
R88-30 X A O A O O �(�!� "�"��?��.�(
�.� �
R88-5 X A O A O O �(�!� "�"��?��.�(
�.� �

R88-21 X O A O O �"��(�!� "�?��.�(
�.� �
RA8-f O O O X X O A A A A X Scp-Cpx-Grt C��7 _/�)�D�, 
R48-1 X O X X O A A A X, A Cpx-Grt C��7 _/�)�D�, 
R48-2 X O O A A A A O Cpx C��7 _/�)�D�, 
R48-3 X O O A A O CpxC��7 _/�)�D�, 
R68-5 X A,O O O O X A A A? O Scp-Cpx-Grt C��7 _/�)�D�, 

:��'<1 �����5�)7��>"�"� �� ")7(0;�.�(
��*(56� �.�:�,2 A(#"#� ;.
Cchl Cchl Cchl Cchl Cchl Cchl Cchl  

��/v�  v�/v�  ��/v�  ��/v�  ��/v�  ��/v�  vd/v�  SiO2

��/���/���/���/���/���/��g/�TiO2

g�/��  �g/��  �d/��  ��/��  ��/��  v�/��  �g/��  Al2O3

v�/�vd/�v�/��g/�v�/�v�/�vv/�Cr2O3

��/��v/���/���/���/�d�/���/�FeO 
�d/���/���/���/���/��d/���/�MnO 
��/d�  d�/d�  ��/d�  ��/d�  �v/d�  d�/d�  dd/d�  MgO 
��/��g/��g/���/��v/���/��v/�CaO 
gv/��  gd/��  ��/��  ��/��  g�/��  g�/��  ��/��  Total 

(O)  ��(O)  ��(O)  ��(O)  ��(O)  ��(O)  ��(O)  ��Formula 
��/v��/v��/v��/v��/v��/v��/vSi 
��/���/���/���/���/���/���/�Ti 
�g/vv�/v��/v��/v��/vvv/v��/vAl 
�v/��v/��v/���/��v/��v/��v/�Cr 
�g/���/���/���/���/���/���/�Fe2+

��/���/���/���/���/���/���/�Mn 
�g/���/��d/���/���/��d/��g/�Mg 
��/���/���/���/���/���/���/�Ca 
��/��  ��/��  ��/���/��  ��/��  ��/���/��  Total 
��/���/���/���/���/���/���/�Mg/(Mg+Fe) 
��/���/���/���/���/���/���/�A
��/���/���/���/���/���/���/�C
�v/���/��v/��v/��v/���/��v/�FM 
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Cal Cal Dol Dol Dol Dol Dol Dol 
��/���/���/���/���/���/���/���/�SiO2

��/���/���/��.�v��/���/���/���/�TiO2

��/���/���/���/���/���/���/���/�Al2O3

��/���/���/��.����/���/���/���/�Cr2O3

��/�gv/���/v�v/vd�/v�d/v��/���/�FeO 
��/���/�vd/���/���/�v�/�v�/�v�/�MnO 
v�/�v�/���/v���/v���/v�dg/v���/����/v�MgO 
��/����/����/d���/dvd�/dvg�/d���/d��d/dvCaO 
��/���/���/��v/���/���/���/���/�Na2O
��/���/���/���/���/���/���/���/�K2O
�d/���g/����/���v/����/����/����/���v/��Total 
��/���/���/���/���/���/���/���/�Si 
��/���/���/���/���/���/���/���/�Ti 
��/���/���/���/���/���/���/���/�Al
��/���/���/���/���/���/���/���/�Cr 
��/��v/���/��g/��g/���/���/���/�Fe2+

�v/��v/���/���/���/���/���/���/�Mn
�v/��v/��d/���/���/���/���/���/�Mg 
�v/���/��d/��d/��d/��v/���/���/�Ca 
��/���/���/���/���/���/���/���/�Na
��/���/���/���/���/���/���/���/�K
YY/UYY/UYY/UYY/UYY/UYY/UYY/UYY/UTotal 

:��'>1 �����5�Q�G ��>"�"� �� O(%;�.�(
��*(56� �.�:�,2 A(#"#� ;.
Amp Amp Amp Amp Amp Amp Amp Amp 

��/�v dv/�v ��/�� ��/�v d�/�d �v/�g �g/�� ��/�d SiO2

vv/�vg/���/���/�vd/���/�v�/���/�TiO2

��/�g�/���/���/d�v/��d/���/���/dAl2O3

�v/���/���/��v/���/���/���/���/�Cr2O3

�d/��v/v��/d�v/dv�/v��/vdg/dg�/vFe2O3

v�/v��/��g/�d�/���/�d�/���/�gv/�FeO 
�g/���/���/��g/��g/��g/���/���/�MnO 
�d/v� ��/v� ��/vv vv/v� ��/v� �d/vv d�/v� �g/v� MgO 
��/�d �g/�d ��/�d ��/�v ��/�d dd/�d ��/�v v�/�d CaO 
�d/���/��g/�dg/��d/���/�gv/�d�/�Na2O
��/��g/��v/��d/��g/��v/���/��d/�K2O
��/�g ��/�g ��/�� ��/�� dv/�g d�/�g �g/�� ��/�g Total 
(O) vd(O) vd(O) vd(O) vd(O) vd(O) vd(O) vd(O) vdFormula 
�v/�d�/�g�/���/���/���/�d�/��v/�Si 
�v/��d/���/��v/��v/���/��d/��v/�Ti 
�g/���/�v�/���/�gg/���/���/���/�Al 
��/���/���/���/���/���/��v/���/�Cr 
��/�v�/���/��v/�vd/�vv/�dg/�v�/�Fe3+

vg/�v�/���/���/�vd/���/���/���/�Fe2+

��/���/���/���/���/���/���/���/�Mn 
dd/�d�/�gd/��g/�d�/�gg/�v�/���/�Mg 
��/v��/���/��g/���/���/��g/���/�Ca 
�v/���/���/���/��v/��d/���/���/�Na 
��/���/���/���/���/���/���/���/�K
��/�� ��/�� �v/�� �g/�� ��/�� �v/�� �d/�� ��/�� Total 
��/��g/���/���/���/���/���/��g/�Mg/(Mg+Fe2+)
��/��v/���/���/��d/���/�g�/�g�/�Al/(Al+Fe3++Cr) 
�g/���/���/���/��g/��d/���/���/�A
v�/�v�/�v�/�v�/�v�/�v�/�v�/�v�/�C
g�/�g�/�g�/�g�/�gg/�g�/�g�/�gg/�FM 
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Fo+Cal+CO2=Dol+Qtz 
Fo+Cal+CO2+H2O=Tr+Dol 

Ts+Fo+CO2+H2O=Cchl+Cal/Dol+Qtz 
Ts+Fo+CO2+H2O=Cchl+Tr+Cal/Dol 

Fo+An+Ilm+CO2+H2O=Ttn+Cchl+Qtz+Ank 
Fo+An+Ilm+Cal+CO2+H2O=Ttn+Cchl+Ank 

An+Cal+H2O= Ep+CO2

Ol+Dol+Tr±Ts+Cchl+Qtz±Pl �. "�"��(
�.� �

Grt+CO2=Pl+Cal+Qtz 
Me+Hd+CO2=Alm+Cal+Qtz 

Ilm+An+Prg+Qtz+H2O=Ttn+Ab+Fe-r+Ts 
Cpx±Scp±Grt±Amp+Pl+Qtz+Cal±Ilm±Ttn±Ep 

Cpx_Scp_GrtC��7 _
/�)�D�, 

@32@32 ���A����
�� #�B %���
@32���*/���3���/�
�)±(����#2	�F�)±(F���� �G�B �

2�*�H�# 
�4�!"9.
<0/ ��?B/!� :"BM O�51 �� �>;��B�  "Bi  +>�-B�

 �/.  +1)@,1m(.��B7 �*(56���B>;A(B#"#� �. +B02��%* 
)7�8(0����BBB7!")±(�(8�,BBB/.���)±(�BBB���# ��+BBB0)%��(>

s�8
�B)7 ! 42�.(7 ���7(��.)7�8(0��B7!"  �.+B�. �� �;U/Y

��)��B9 "?� 45> D�(BN B
 �(8�,B/. �B9 ��� �.+B�. �� �;f/Y
��)��� �� "?���0;?/�9(�."# �C<0/ B�  +>�-B� �>��(B1
)@,1U��._:.(��7��>;�)7 ��� �� ���0?B/�9(�."# ;�C

.�.�;�2 �/ O�\2. �j�� �
+0?�B> .B3�� +B0� �B9 +B0)%��(>�
4%/_ (�i.; �.+�. �2 ;m��)�,-2 "?���B/.  +1 @.��B7�-
�>;�(�"2 ���/"#� @N�S ��+�+0)%��(> .

5#�<<0/ �?1�3� <0/ �*(56� ��  +1 A(#"#� �,>G ;�> :�,2 ;)�B�. (.���(8�,B/ �B���# !�B0��� ��;C�?B/�9(�."# ���(8�,B/._
��7!"�8(0�)7_���S ��,>G D�,�)�/ ����#PPL) .:(��7!"�8(0�)7.���(8�,/_��7!"�8(0�)7_�B��S ��B,>G D�,�)�B/ �B���#PPL) .�(

���7 ���S ��/.  +1 �
(��. ��-��c ���(�"2 ! ���(�!� �
(��K ;�>XPL) .D(���S �� @,1 A�5>PPL) .�(�B�.� D�(BN �B9 �
(B��. ;�B>
 �9 ! C�(7 ���S ��/. }�-� <0/ �� @,1PPL) .I(D�(N �9 42�.(7 ! ��7(
s�8 ;+1"5> ��B,>G D�,�)�B/ <0B/ �� �B�,�"�� �	�9 

���SXPL.
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�)M!. �)* �c�S :�9�A."
. �/�01 ���7 ! �/�01�()9 �)6� gv�

 ��(5� �. �E"9 �� ���7 ��> �
(��K ;�> ��7(
s�8 ! ���)7 ;
�9 4�� @�,-B2 �B��!. �B���# A(�."�8 �� �-07.! ��1�S D�(N
 +1.+�.�9 ���!. ����# �. �
�
��9 ��7(B
s�8 �� ;w(BQ� D�(BN

 ��  +>�-� �
(��K�(1 .���7 B�05)
. �
�> ��B9 �B���?�2 �B
(��K
 �/.  +1 �&�S. .�9 ��05)
. ;�
��9 �?�> �� ��.� 4
� D�(N;

�
(��K ����?�2 ��  +
��(1 .��,�"�� �	�9 D�(N �9 �$B�(� 
����(5� �. �E"9��  +>�-� �> �(1)@,1UI.(

��



�
���� ����	�����	� 
.
<0/ ��> ���E� �� �(�."# ;� +1 A(#"#� �+�. .!��(� B� �

�. �9  ."5>�(
��7 ���)N. �.
<0B/ ��B/�>.B&��(B#"#� �
�BBB*(56� � +�!"�BBB8��BBB7 ;��BBB>;I!. A(BBB#"#� (pick 

metamorphism) �)�B/! �9 D+1 �9 ��B7 ;��B>;;�B�� �B9 
�8�
�c �
43
 +1 �+�. .��9
�;�.�(
 �.+�. �2 �;f/Y��B)�"B?�

 . ��
<0/ ��  +>�-� �>��(1 .��7 �*(56���>;��  +�!"�8 
�BB>"�"�;�(BB�!� �?��(�!� @��BB1 BB��/�BB)7��+)7�")7(BB0 +

�(�"2��/. �.�(�"2��(�!� ! ��+1"5> �	�9 �9 �;-B��c ��
	�(8��/�9!"�>;�.�(
 �.+B�. �� ��B>;h_U��B)� +B1 "B?�

 �/.)@,1U�_D.(�.�(
�9 ���.� D�(N�>;9 ! 4
� �@,B1 
�B/. }�-B� �B?�
� �%1 �	�9 ��)@,B1U�.()7�")7(B0

 �9  +�!"�8 45> D�(N
�(�"2 �9 ���?B/�9(�."# �	�9 �� ��C
,-2��/.  +1 @..
05)�"?5�� �
��B7 ��2B�.  " B
 <0B/ �-

B1�S �� �7 �/�>�2 �B9 ����? B�462 �B
�B/.  +B1 �.�(�BS 

2���?�. �."&. �� �
05)��(B#"#� �B	�9 +>.(1 �. �� +�!"�B8 
�/. .8.����� �� D!+
r4c "�"9 �� E���(5� �. �  +>�-� �>�
�(1 .O!+Bcm��B7 �B*(56� ��B>;A(B#"#� <0B/ �� �B>;

/�)�D�,�F>G !"�"��>;:�,2� A�-� .��+>�.

� �������
. ��
1 L�9 ��5���7 ��>;�B>"�"� ��  +�!"�B8 A(#"#� ;

�(�!��?�/�"9 ��(� :�,2 �B� �."Bi �#B��".�B/�"9 �. �+B>
1�5���7 ��>; +�!"�B8 A(#"#� $2 ��B� B1 ��5���B7 ��B>;

�%/�Z� � +�!"�8 ��*. ����$	 ;;r��� ���B7 �."B9 �B>;oB/� 
�BB>�.�(5�;��BB	 ;$2 !�BB�."BB1 �
�BB�� ! ��-BB	 [;�(BB#"#� �

�(#"#� �*(56� ��  +�!"�8��/. :�,2 .

M
B�:�N 
��7��B>;Q�G ��B9 O(B% )BN. D�(BN�Q�G  !"B# �� �O(B% �B>;

�)7�+B09  �� C;B��+�(B1 .��?E�B/ O(B�"	;Q�G ��� O(B%
 O!+ch�B/.  +B1  �.� A�-� .�.+B��Fe3+�!� t�B/. "B9 

��9 ���.(�]mY[Z\2 ��/.  +1 u.��(5� �B>;462 B
��  +B1 �
 �� �.�(5�+09;]mm[�(�"2 =(B� �. B���B�� �B9 +B0)%��(> ! �
"

�8�
�Al2O3)�2V%��!�(�� �."i +�"�#)@,1f�B�. .(�+B*
0��4
Q�G '(��B9 O(% 35-B� D�(BN �B/J�9 ;"�)��/Y_�h/Y

Mg#= .( �.�(5� ��]mU[)Ti �9 �%�� Al (7"2���B7 T��B>;
462
 "?�# ��  +1 ��B� �."i [/(?� ��-	 ;�"B�#)@,B1f
:.(

5#�=���7 T�7"2 �� O(%�Q�G ;�>)��.(�.�(5� [11] Na+K (a.p.f.u.) �9 �%�� Si (a.p.f.u.) �):(�.�(5� [12] �Ti (a.p.f.u.) �B9 �%�� 
Al (a.p.f.u.) . 
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+)c�� ��51 ���A�?��� �d�� ��� [
."1 ! �5�1 ���� _��  +�!"�8 ��(#"#� ��-	 . . .gv�


*/�F
7"2���B7 T��B>;")7 B
�.�(B5� t�B/. "B9 �]mf[�� ��B��52 �

 "?�# )7 ;��� �."i ")7(0 �"�#)@,1h��.(.2�B7 O(�"	 ��(�
."BB9  +BB1 �%BB/�Z�;mh�BB7. �! ApmY2�BB7 ��BB9 A( D�(BBN

(Mg4.42-4.46Fe2+
0.43-0.46AlVI

1.01-1.08)M(Si2.88-2.91AlIV
1.08-

1.12)TO10(OH)4�/. .��B52��B9 �B>G D�(BNFe2+"Bk� �� 
 +1 �?	"#+�. .b2��7"2 D."�%���7 ��>;")7 B
462 �B
 +B1 �

�/. o7 .�.+��Al�4� 
. �.+B�� �B9 CB
AG OG  + )a.p.f.uU(
�/. .����
"Cr2O3�MnO !TiO2�9 2"2 B� �B9 "B9."9 TUf/Y_
mX/Y��! +N�� ��. "B?57 �Yh/YB��! +BN�� ��. "B?57 !m/Y

��! +N����/. .�.�(5� ��Fe-Si-Mg ��(5� ��>;462 
 +1 �
!� "9;�?�� [E �9 o���*. �;��� �
)7��(��B1 ! ")7(0
! �
�4�
)7 �9 C��� �."i ")7(0 +�"�#)@,1h:.(


�����F
7"2��(�!� T�2�7 !� t�/. "9 ���7. o2. !� ! A(��9 Ap D�(N

Ca(Mg0.91-0.94Fe0.09-0.06)(CO3)2.�BBB/ .�.+BBB��Fe2+�� 
7"2��(�!� T���>;462 B
�.  +B1 �(apfu)  Yh/Y�B2 (apfu)  
Y�/Yb2 �� ���/. ".�.+��Mn 7"2 �� �. T
��7 ���� ! o7 �>

 �!+SUx/Y_mx/Y)��! +N���(�/. .

F��*/ 
O!+cf���7 T�7"2 !� t�B/. "B9 .�  +1 �
462 ���)7 ;�> 

�B� A�-� Ap��7. o2. !� ! A(�2�7 +B>� .Mg !Fe "
��B�� �� 

TB�2"2 �B9 �Br4c ����B9 wt%UV/<Mg  !wt%�/Y<Fe 
�/. .

�����	 ���
���� ���



 �� ����
�� ����
�� �	� 
�)S"� �*(56� �� I!. ��(#"#� ;L>�B7 �9 :�,2 ��(#"#� ;

 ��1 ��-?�. ! ��� ! ��-	 �. �0M ;�>H2O�B#�� J�9 O�E �� 
<0/�?/(8 ;�> �)S"� ��.! ;.�/.  +1  +�!"�8 ��(#"#�.

<0BB/ �BB/�"9 ���BB7 �BB/�"9 ! �?	�BB9 [BB9.!� ��?BB1�3� �� �BB>
 �
(��. �?��(�!� ;�>"�"� �)S"� �:�,2 �.�  ���BE� �. O��?�. ;

�B� A�-B� .� �B��(%�Q�G  ���BE� �9 ���(�."# +B>� .�B*(56�
���7 ;�>"�"� �� ")7(0�)7 ! ���(�"2 +0��� ��
�8 ;��� �9 ;�>

�
(��. 2 �.� ��  +�!"�8 ��(#"#� �.+E� �. ;+>.(1 :�, �(�S
 �
(��. �?��(�!� ;�>"�"� ��  ��1 ��	 �/. �.� . ��B1  �3?/�E

  ��1 �9 A.(?9 +
�1 .�  +�!"�8 ��(#"#� ;�>+0
."	 �& ��;�> 
 �(2 A+1 �"/ �.  +1 �.�G �
�B5#�� L�9 ! ;+�r(?��."# ;�>

 ��2�53�� �� '(/(7(�  ��1 w(Q� �
 ! �>;�>  �3?/�E �9 �c��E 
�	"# "k� ��]mh.[�B& ��  ��B1  �3?/�E ��i� ���$2 ;."9

  �.� �B9 ���� :�,2  +�!"�8 ��(#"#� ;�>+0
."	 �8(B2!4
. ;�B>
�/..

���7 ! �?	�9 +>.(1 �. �E"9 �?��(�!� ;�>"�"� �� �/�01
�
(��. ���(�."# ! �.� A(B#"#� �B*(56� �BF>G D�,�)�B/ ;�>

 	 �.+BE� �7 :�,2 .� �B�j0� ��  +�!"�B8 ��(B#"#� ;�>+B0
."
�� +�
�2�. +02��%* +007:

5#�>7"2 ���7 T��>;")7 
�� �)��.(�.�(5� ]mf[�Mg/Mg+Fe �9 �%�� Si per 14(O) �):(�)�� �.�(5� �Si-Fe-Mg.
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�)M!. �)* �c�S :�9�A."
. �/�01 ���7 ! �/�01�()9 �)6� gvv

���'�3�F���� �).O� ��*/ � 1O/��F:,-2�(��K ����# @B
�
�> �	�9 �9��1�S �� ;.��s�8 ;
! ��7( ,-2 4�����B7 @��B>;

(��K
�)7 ��s�8 ! �
�9 ��7( 1�S D�(N�-07.! ���."B&. �� 
�!. ����#�<0/ �� ��>;/�)��BF>G D�, +>.(B1 :�B,2;�.

�(#"#�� +�!"�8 +�.]mh[.��9 
�;�B9 ����# �� O�BE�. D�(BN
s�8
(��K ��7(
,-2 ���s�8 @
�9 ��7(���.� �B���# ��B,1 @

�2�
� +�+07)�(1 �$c."� �?1�3� <0/ �9 .( 
���'�3��	�����

$ �) ��
���� � F���



 �� F:��B7��B>;

�.BB�(
�BB>"�"� �� �;�(BB�!� �?��BB9 :�BB,2 ��7 �BB9 D+BB1��BB�;
�(�"2��+�(�!���Bc �
43
�B/.  +B1 �.��9 B
�;�.B�(
�B9 �

��.� D�(N�>;9��(�"2 �� @,1��+�(�!���! �B�
� �%1 
���� �� 4��
?/�9(�."# "?�9 �� o7 "��/.  +>�-� @9�i C.

���'�3�	�3�*�F�)$�����F:�B>"�"� �� ;�(B�!� �?��.B�(
�
<0BB/ ! �.��BB>;Scp-Cpx-GrtBB/ �)��:�BB,2 �BBF>G D�,

.
05)�1�S �� ��2 �9 ����?�-��c ���/.  +1 �.

 F��)�#

�F:+1"5>;s�8 ! 42�.(7 
�9 ��7(D�(N �B	�9

��,�"�<0/ �� ��>;/�)�K�2 �J�5?S. � +�!"�8 �F>G D�,�"
 ��10M ;�>�& :G �. ��(#"#� �� A�-� .�  +�!"�8 �+>� .

� �	�9�,�"�� ���9 +�.(2 -��c �)*�0�B/�?8 ��|B/+)	�o
�)�/! �9  ��1 ;0M ;�>��.Na )��,�"����B%2 ��(!B
�B9 �-

���.+Bc @
L(exsolution) �� B& �
�B�)i ��|B/+)	��"B/ 
<0/ A+1� �>�,-B2 4��(B1 @]mX[.��,�" B�  �3?B/�E �B9 �

.+c
-� �(2 �� �>;w(Q� ; +-� @,1 "#� (undeformed) 
�(5* �5* o7 !�2�(N �� ���.� ��� �7 �,�"� �3?B/�E �B9 �

-��c�0�<0/ �� �>;,-2  +1 @,1"#� A(#"#� ��B7 +1 @
/�?8 ��|/+)	 AG ����(7 ����7 o� ! C�,�"��B9 ����4B9 ��

 �/.)��,�"�=(� �wart like (]mx_m�[.

2�� P����������



 �� 
/��/�"9 o?� <0B/ ;�> �B>;B,>G �CAF-CH �B/. .��B	

CO2���� ��
,-2 A.!."	 "� +0>� @)N. ;�7"2 �;��1 ��	 T
<0/ ���>;,>G ��/. .
K2O��|BB/+)	 ! ��.� �(�BBS �
�BB�)i ��|BB/+	 ���BBF�G �� 

8/�?�$2 L�� o�� +007 �.;b2 �� ��@F1 ! "�(B#"#� ;"�#�
<0/�>;B,>G ���.+B� .TiO2�B>��	 �� [B�	 ;2���B?��.� '(

)N.�. +0��� 
05)�2 ! ����?�Ew ��."9�09 ��/.  +1  "
B� ��-
��BB>��	 A(��BBi "9�BB09 A.(BB2K2O!TiO2/ �. .� BB� �BB/�"9 o?�

<0/�>;,>G ��"B7 ��S .Fe2O3�B9 )BN. D�(BN����B	 �

8.�,-2 D!+��B>��	 �� AG �.+B�� ! �/.  +1 @;0�!"	 B�4
�
Q�G +0����."9�09 �/. "?57 O(%
O(B)Z� �0?	"B# "Bk� �� �B9 �

9 +��c��Fe2O3!Al2O3� ��. A.(2
,-B2 !� ��.�  +B0>� @
<0/ ��#��/ �.�(5� ���>;,>G ���5� �9 (A) �B	"# "Bk� �� .

FeO ,-2 � +0>� @)N. ;��>��	 ;�!"	 0�4
<0B/ �� ��B>;
,>G��/. .-B��c �?	"B# "Bk� �� �B9�0�Fe-Mg !Fe-Mn 

��,-2 A.(2� +0>� @�>;	"] !� �?�MgO, MnO  ."5> .� 
�9FeO ��5� �9 �.�(5� �� (F)�.� A�-� .."9;.
��7 A.(?9 �,0�-
�>;.�.� ;CO2�)7 +0��� ��/�(�!����7 ! ���>;+0��� �.+9G 
Q�G�!� .� O(%;�.�(5� �5� 
� a"	 ��.� L���  ��B1 �B7 �(1

�c�� �(#"#� ;�r�8 �@BN. �� [/(?� ! �H2O!CO2 �(B9 
�/. .�)7 ! 42�.(7��/�(�!����52 �� ����B7 �*(56� ��B>;

<0/ A(#"#��>;C>G 
B� �	��."9�B09 �+�(B1
�B9 �D�(BN
�>��	;	��. �/ �� �+��.��(�S o?� .7"2�B1 T�5���
 ��B/ 

<0/  +1�>;C>G / !�)�� .� �/�"9 ��(� �F>G D�,�A.(2
�(� "�7 �.�(5� ���CAF-(H2O,CO2)�.� A�-� .

b?���>";,-2 �/ ��  +0>� @B��B>"�"� �B/�"9 ��(B� o?�;
�(�!��?��. +02��%* :�,2 :

C: CaO 
A: AlO3/2 + FeO3/2 - NaO1/2 
F: FeO + MgO + MnO 

 %�G �42�.(7���H2O!CO2��52 �� ���7 �*(56� ��(�BS �>
�>��	 �. ! +��.�;	��. �/��� :��S �9 o?�+0
G .

@,1V7"2 B�B1 T�5���
�B>��	 ;��  +�!"�B8 A(B#"#� 
�>"�"�;�(�!� �?�/ �� :�B,2 B�o?�CAF-(H2O, CO2).� 
� A�-��+>�.

5#�?���B7 �
��5�1 T�7"2 L
�5� ��  +�!"�B8 A(B#"#� ;�B>
 o?��/ �� :�,2 �?��(�!� ;�>"�"�CAF-(H2O, CO2).
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+)c�� ��51 ���A�?��� �d�� ��� [
."1 ! �5�1 ���� _��  +�!"�8 ��(#"#� ��-	 . . .gvd

2�
)�73/	� ������
�� ���



 �� �
���� �������
�� -
"�#$ �

�9 �>"�"����\��E�� A�(9 .�.� '+* @�	�7 �.+�� �9 ��B9 ���Bi 
,-2���7 @��>;/�)�2�,��)7 �0�(�G ! o�'(!  �(%� =(0?� �.�
."9�09
�)7 �. ��/�/. ���/�(�!��,-B2 �� +B1 @+B�. .8.B��D!+
s�8
! ��7( �(�"2 �� ������ �� +0�.(2
*"	 "��?B1.� �(�BS 

+01�9.
."1 �Z2
 ���E� [�(�."# ;��)���;9��. L°C�YY !

��-	kbar �
��� �;9��. L°CxYY ��-B	 !kbar V]mV[�
"?/�(	
�>"�"� �� �;�(�!� �?�� ">�] ��(1 .

"?/�(	 L
.+�8 L07.!
�>"�"� �� �;�(�!� �?��9� D�(N
"
�/.:

Tr + Dol = Fo + Cal + H2O + CO2 )m(
��\?E. or�*;��7 ��. �>]UY[�/. .

��BB7��BB>;�(�"2 BB�)7 ! ���BB>"�"� �� ")7(BB0;�(BB�!� �?�
�.�(
�."	 @BN�S �.�
�>+B0;�(B#"#� � +�!"�B8 .�(�"2 B� ! �

�(�!��+1"5> �	�9 �9 �;-��c �	�(8 ���/�9!"�>;�.B�(
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