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1/S�e$��6  ������7 �e�o ��� �9��+� 5�����,	 �X��!
�>? �0.6X� ��
�6'�� 9&� !""3D %. . .���

F�5)0E"���? J
�4�� #��&KE
�!�8%&"K 5�� #� $1  :��4�� �
�.
� !�8%&"K ��.6� �� �.S.� 9�@&7�� =&  9>.)� 9�@.
Sample �� �� �� �� �� �� �� �� �� �� �� 

Analysis Rim Core Rim Rim Core Rim Rim Rim-Core Core Rim-Core Rim 
Mineral Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene

SiO2 �p/��  ��/��  ��.o� �o/��  �z/��  po/��  �z/��  ee/��  ee/�e  pe/��  �z/�e  

TiO2 ��/� ��/� �p/� ��/� �e/� ��/� �p/� ��/� ��/� �n/� �e/�
Al2O3 �e/� p�/� pz/� zp/� �z/� n�/� �p/� po/� ��/� ��/� �z/�
FeOt �o.n� o�/��  �z/��  �n/��  �n/��  o�/��  z�/��  po/� ��/p ��/� ��/p
MnO �p/� ��/� �z/� �e/� �n/� ��/� �e/� ��/� o�/� �e/� e�/�
MgO �z/��  �p/��  n�/��  �z/�e  nz/��  ��/��  zo/��  �e/�e  nn/�o  �z/�e  n�/�o  

CaO zp/� �o/� ��/� ��/� ��/� �p/� �n/�e  �e/�e  np/�e  p�/�e  �z/�o  

Na2O ��/� ��/� �o/� ��/� ��/� �e/� ez/� e�/� �e/� eo/� ��/�
K2O ��/� ��/� ��/� ��/� �e/� �o/� ��/� ��/� ��/� ��/� ��/�
Total on/��  �n/��  ��/��  e�/���  �n/��  o�/���  o�/���  �n/��  ��/���  �e/���  �e/���  

Number of ions on the basis of 6 Oxygens        
Si ���/� �ze/� �.�op ��n/� ��z/� ���/� ���/� ���/� �p�/� �zo/� �zo/�
Ti ���/� ��e/� ���/� ���/� ��z/� ��z/� ���/� ��e/� ���/� ���/� ���/�

AlIV ���/� �e�/� �ee/� ���/� �o�/� �e�/� ���/� �ee/� ���/� �ez/� ���/�
Fe2+ z��/� z��/� z�o/� �pp/� �zn/� �p�/� �pn/� �ez/� ��n/� ��p/� �on/�
Fe3+ ��e/� �e�/� �p�/� ��z/� �eo/� ��e/� �np/� �z�/� �zo/� ��e/� �po/�
Mn �e�/� ���/� �e�/� ���/� �e�/� �e�/� ��p/� ���/� ��e/� ��o/� ���/�
Mg �z�/� �p�/� �ze/� �pp/� �zp/� �ze/� zze/� p�p/� n��/� pez/� n��/�
Ca ��p/� �ep/� �ez/� �op/� �oe/� �oz/� �zz/� �oo/� �op/� �o�/� �z�/�
Na ���/� ���/� ��e/� ���/� ���/� ���/� ��z/� ���/� ��z/� ���/� ���/�
K ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Cations ���/e ���/o ���/o ���/e ���/e ��n/e ���/o ���/o ���/o ���/o ���/o
Fe# o�p/� ee�/� e�p/� e��/� e��/� e��/� ���/� �o�/� �z�/� �e�/� ��o/�
Mg# ��e/� zp�/� zpe/� zn�/� z��/� zn�/� p��/� p��/� ne�/� pz�/� noz/�

Fe#=Fe2+
/(Fe2++Mg)  Mg#=Mg/(Mg+Fe2+)

_@%lK 9�@]��[�� (�,�@��%� ��
E+
�S (�E"� �8 1
��� 9.\� �7 !�8%&"K.D�� ���8 �� N"�"�.�? % N"�/8 &��0

�� �8 s
�&  1��.D5���
�# �)Z �.A �� �� ���� 9�6'�� 
1�8 .���.6� C��� &7CaO �7 �R�� Fe#]��[!�8%&"K.D��-

9�6'�� T
 #� &7�� =&  �4
�.
� !�8%&"K ��.6� 9�@ 
$1  �./R4� ��"�.�?�4� 1��)F2 e�:(���.6� C���&7$��-

91�7]��[!�8%&"K.�"/8 �6@ ��2@? $&4�' �� �@ ��
�"/I 
�� ��&I 1�&"')F2 e�w.((�E"�AlVI �7 !�8%&"K.�"/8 �� 

�� &""WD ��,	 `�&""WD 1�8]��.[���.6� C���&7AlIV �� 
F7���AlVI]�e[��.6�4
�.
� !�8%&"K 9�@$&4�' �� �9

�4	&' ��&I !"
�K ��,	 1��)F2 e�`.(���.6�]�o[�� (�,� -
��&I 1@� ��S% �,@ % ��S% ���k $�+
�S �� N"�"�.�? 9&"'

 9�&7 !�8%&"K.�"/8��%�&7 �R���� Y%� �6'�� :? 1*�� 
��� .��7��.6� ���.6� !
�&7 ��,	 $&4�' �� �@�����# % ��7./"8 

�
�6'�� :? ��1�� �8 #� &4,"7��%$1  F"2,D �$�.7 1��

)F2 e�{.(!�8%&"K 9&"'��&I �"3I.� ���.6� �� �@Ca �� 
F7���Ti]��[5�� $�+4��As"\� #� �@ �7 �4�7�% 9�@

�� 1"
�D �� �
�E@.8 1�8)F2 e�|.(

F�-�"�# 
5�� �� N�� T"	�� ���8 T
 <.R")�? =&  s��%1Z 9�@

�� :.�\� &7���.  .? v��� $�&6@ �7 ���8 !
� #� $1  E"���
 C��� &7 (? 9��4A�� <.�&	��<%1S �� (l"�8� ND� �$1�? 

��� .<.R")�? L"8&D5�� �� �.S.� 9�@ &7 ��M�� 9�@
 ���.6� C���]��[<.R")�? $%&' %� �� 9�@Fe-Mg-Mn %

<.R")�?�� ��&I T"�/8 9�@ 1�&"')F2 ��i��.(<.R")�?
�
EXD #� F*�ZZ 9O.� #� !4�&P"@ �" �Fe-Mg-Mn 

)�
.��r (���.<.R")�? &
�� �8 �D�.* �� �� �.S.� 9�@
1�4�@ T"�/8 O.� #� �
�.
�%&7�' % �
�.
� .<.R")�? &4,"7 -

��.6� % 1�/R��.@.
E�+� $&4�' �� �"�%� T"�/8 9�@ 9�@
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9��l� (�&
� �_�� �
�Ra�Ra ���@� ���R0 (�&
� ����  ���8 % ���� �./7 �/X� ���

$&4�' �� �
.��r T"�/891�/R��.@ % �"�.�"48� –�"�.�"48� 
�� ��&I&"' 1�)F2 ��w.(�6@9<.R")�? &468 T"�/8 9�@

 #� �/�ND� Ti �7 �� �4R�� v�RD�� % 1���� 9��4A�� <.�&	 �� 
AlIV�� (�,� 1�@�)F2 ��:.(<.R")�? �Q �
.��r 9�@�7

$1  F"2,D !�8%&"K.D�� ��
E+
�S �"/"	.4�? $&4�' �� 1��
�� ��&I 1�&"')F2 ��`.(<.R")�?�7 �4�7�% 9�@ �_���%&	 
Na2O%TiO2!"
�K �\)* (�"� O�.�� �7 �R�� 9&D9�

)I- Amph(1���� .���.6� C���&7$1��8�1S]��[<.R")�? �-
$&4�' �� ��M�� !
� 9�@9<.R")�? _���%&	 �7 �4�7�% 9�@

)S-Amph(�� ��&I 1�&"')F2 ��{.(T
 �'1�E
&' ��1��

�4A�� !"�# s"\� �7 �6'��'�� �8 9� (? #� �6�,
� �4	&' 
���� �+4�7 ��� .$1"�0 �79]��[#&� �� �8 �
�@�6'��

�I�%�� F"2,D �&+6@ 9�@ (l"�8� �'1�E
&' 9���� 1�. 
1�4�@ �
u�7 .$1"�0 �7]��[<.R")�? 9���� �8 �
�@

AlIV>0.75 %FeTotal/(FeTotal+Mg)>0.3 !""3D 9�&7 �1� �7 
1�4�@ L���� (l"�8� �'1�E
&'.<.R")�? !"7 #� E"���? 9�@

�� =.	 s
�&  9���� �@1�/R��.@.
E�+� ���D $1 1� �7 .
5�� �� �.S.� 9�@1�/R��.@.
E�+� ���.6� !
� C���&7 9�@

$&4�' �� &7�� =&  �4
�.
�%&7�' % �4
�.
� !�8%&"K9
$1  fI�% (l"�8� 9u�7 �'1�E
&' 1��)F2 ��|.(

F�5)9E"���? J
�4�KE
�� #��&<.R")�? 5�� �
�.
� %&7�' % �
�.
� !�8%&"K ��.6� �� �.S.� 9�@&7�� =&  9>.)� 9�@.
Sample o� o� o� �� �� �� �� �� �� �� �� 

Analysis Core Rim Core Rim Rim Rim Core Core Rim Rim Rim 

Mineral Amphibole Amphibole Amphibole Amphibole Amphibole Amphibole Amphibole Amphibole Amphibole Amphibole Amphibole

SiO2 ��/op  �n/op  �z/oz  oz/��  �e/on  �o/on  ��/op  �n/op  ��/�e  ��/�o  �z/�o  

TiO2 e�/� �z/� �n/� ��/� ��/� ��/� �n/� zz/� ��/� �n/� �z/�

Al2O3 ��/z nz/� ��/� ��/e n�/� �z/z ��/z pn/p z�/� zz/� zp/�

Cr2O3 ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� �.�� 

FeO �e/��  oe/��  ��/�z  no/��  �z/�e  �e/��  pz/��  o�/��  op/�e  ��/�e  p�/��  

MnO on/� �p/� �o/� ��/� �o/� �n/� �e/� en/� p�/� z�/� z�/�

MgO �z/�o  ��/�e  �p/�o  �n/�o  ��/��  ��/��  oo/��  p�/��  ��/�p  ��/�p  �o/�n  

CaO z�/��  oo/��  ��/��  ��/��  ��/��  on/��  �e/��  pz/��  ��/� p�/� �o/�

Na2O ez/� ee/� ��/� en/� �z/� o�/� e�/� �e/� �z/� ��/� �o/�

K2O oz/� e�/� oe/� ��/� e�/� en/� eo/� o�/� ��/� ��/� ��/�

Total ez/�n  ��/�n  n�/�z  �n/�z  �p/�p  on/�p  np/�z  ��/�n  ��/�p  �z/�z  ��/�z  

Number of ions on the basis of 23 Oxygens           

Si n�o/z �o�/z po�/z z��/p npe/z nn�/z ���/z nee/z n��/p ��p/p �z�/p

Ti �op/� ��z/� ���/� ���/� �z�/� �p�/� �p�/� �n�/� ���/� ���/� ���/�

AlIV ��p/� ��n/� �e�/� ep�/� �pz/� �e�/� �eo/� �zp/� ���/� �oe/� �o�/�

AlVI ���/� ���/� ���/� ���/� ���/� ���/� ���/� ��n/� �p�/� �p�/� �p�/�

Fe2+ ���/� ��n/� zee/� oo�/� ��n/� p��/� z�p/� ��e/� ���/� ne�/� n��/�

Fe3+ nnn/� np�/� eoz/� ���/� �p�/� ne�/� ���/� n�o/� ���/� ���/� ���/�

Mn ���/� �p�/� �zp/� ��e/� ���/� �eo/� ��n/� �on/� ���/� �n�/� �n�/�

Mg �o�/e ��n/� �ze/e �oo/e en�/e e��/e e�p/e po�/� pp�/e n�z/e �o�/e

Ca p�o/� ppe/� po�/� ��e/� z��/� pze/� p��/� zzz/� �o�/� ��e/� �n�/�

Na en�/� ep�/� eoe/� ��p/� oe�/� o�e/� epp/� o�n/� �e�/� ��o/� �e�/�

K �n�/� �p�/� �n�/� ��e/� �zo/� �p�/� �ze/� �pz/� ���/� ���/� ���/�

Cations ���/��  ��z/��  �ze/��  ��e/��  ���/��  �oz/��  ���/��  �p�/��  ���/�o  �n�/�o  ���/��  

Fe# �ep/� �on/� �p�/� e�n/� �e�/� �p�/� ��p/� �pp/� oe�/� o��/� o��/�

Mg# pz�/� p�o/� n�n/� z��/� nz�/� n��/� noe/� p�e/� pn�/� �n�/� n��/�
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1/S�e$��6  ������7 �e�o ��� �9��+� 5�����,	 �X��!
�>? �0.6X� ��
�6'�� 9&� !""3D %. . .��e

A; Gi�� (<.R")�? 9&"' ��&I �"3I.�5�� 9�@ ���.�6� �� &7��� =&  9>.)� 9�@]�z.[:(���.�6�AlIV ��7 �R��� Ti<.�R")�? �� 9��@
T"�/8 .��.6� ���6D #� &468 �@�/�ND� Ti1���� �.A 9��4A�� <.�&	 �� .w(<.R")�? L"8&D N"�4"� % E��+�� �N
E�"�� �!@? 9�@ !��8%&"K ���
�
�.
� �� $1  E"���? ���.6�]�z[$&4�' �� �� fI�% �"/"	.4�? 91�.  .`(<.R")�? L"8&D �� $1  E"���? T"�/8 9�@���.6�]�z[��$&4�'9

1�/R��.@ �1�/R��.@.
E�+��$1  &
.�D �"�.�"48� % �"�.�"48�1�� .{(���.6��1S$1��8 9s"�\� 9�����&'� �'l
% i�/4�� �
��6'��.�42D 9��@
]�p[(? �� �8 �S-Amph<.R")�? &+��"7 % 1�4�@ _���%&	 �7 �4�7�% 9�@ I-Amph$1�@� (�,�9<.R")�? s"\� 9�@ �\)�* (��"� 9�@9�.
|(!""3D ���.6��'1�E
&' <.R")�? �6"  �/"�% �7 (l"�8� ]��.[

C����� 
���&7 ��5�� 9�@ �"�%� �2
 ��"D."7 O.� %� �.S% 9��+�

)�./RD #� F*�Z�6'�� (�
.��r 9&+
� %)����&'� #� F*�Z
���8T"	�� 9�@ (5�� �� x�,� �
�6'�� 9�@$1 1�� .�7

�"I� ���&7 �.G�� % &D_
�1S #� ��"D."7 %� !
� &4�7 

�'l
%9�@��� $1  $��)4�� ���8 !
� �
�"6"  .E"���? J
�4�
�"D."7(? 9��4A�� <.�&	 �7 $�&6@ ���&7 ��.� 9�@ &7 �@

�� C���<%1S �� (l"�8� e$1  $��%? 1�� .��.� 9�@�2"�
 ���.6� �� ���&7 Fe2+/(Fe2++Mg)�7 �R�� AlIV]��[��

�4	&' ��&I �"D."7 �6� C��� &7 % 1��Fe2+/(Fe2++Mg) 
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9��l� (�&
� �_�� �
�Ra�Ra ���@� ���R0 (�&
� ����  ���8 % ���� �./7 �/X� ��o

)<ee/�(�"K.'./	 #�$1  T"2)D �@ 1��)F2 ��i��.(&7
���.6� C���MgO�(FeO*+MnO)-10*TiO2]��[

�� �"D."75%� &@ �� ��M�� !
� �4
�.
� !�8%&"K 9�@
�"D."7 $&4�'�"D."7 % �"�%� 9�@�4	&' ��&I �
.��r 9�@ 1��

)F2 ��:.(��/�� ���.6� &7��7Mg-(Mn+Fe2+)-

(AlVI+Fe3++Ti)]��[�"D."7 �� &4,"7 ��M�� !
� 9�@
�"D."7 $&4�'N
E"�� 9�@�� ��&I ��� $1�@� (�,� % 1�&"'

 �'1�E
&' 1�4�@ (l"�8� 9u�7 m�4R��)F2 ��w.(�7
$1"�09]�e[�"D."7 �@� &�!"�# s"\� %5�� �4A�� -

�� (�7E"� 9�@�� :�D#�71�@� .�"D."7 �"3I.� 5�� 9�@ 9�@
 ���.6� �� &7�� =&  �4
�.
� !�8%&"KFeOt&7�&7 �� Al2O3

]�e[$&4�' ��9�2@? 9�@�6'�� �9��.A&7 �Z�.� �
�"/I 
�&I�� �1�&"')F2 ��`(.

F�5)EE"���? J
�4�� #��&KE
��"D."7 ��.6� �� �.S.� 9�@95�� #� $1  :��4�� �
�.
� !�8%&"K &7�� =&  9>.)� 9�@ 
Sample �� �� �� �� �� �� �� �� �� �� �� �� 

Analysis Core Core Core Core Rim Rim Rim Rim Rim Rim Core Rim 

Mineral Biotite Biotite Biotite Biotite Biotite Biotite Biotite Biotite Biotite Biotite Biotite Biotite 

SiO2 �e/ez  �n/ez  z�/ez  ��/ez  �o/ez  e�/ez  pn/ez  ee/e�  �e/e�  nz/ep  ��/e�  ��/ez  

TiO2 p�/e ��/e �o/o ��/o �p/e ��/o pe/e p�/e �n/� z�/� �n/� �e/�

Al2O3 �z/�e  �z/�e  �z/��  nz/��  �e/�e  ��/�e  �e/��  ��/��  ��/�z  op/�o  �n/��  ��/��  

FeO* �o/��  ��/��  ��/�n  ee/��  zz/��  ��/��  ��/��  o�/��  ��/��  �o/�z  �o/�p  ��/�z  

MnO �e/� �o/� �e/� �n/� ��/� �o/� ��/� ��/� ��/� ��/� ��/� ��/�

MgO ze/��  ��/�e  �n/�e  pn/��  ��/�e  p�/��  e�/�e  �z/�e  n�/�p  ��/�n  ��/��  ��/�n  

CaO �n/� ��/� �e/� ��/� ��/� �o/� �o/� ��/� �z/� o�/� �e/� ne/�

Na2O �e/� ��/� ��/� ��/� ��/� ��/� ��/� �n/� ��/� �p/� �n/� ��/�

K2O n�/n ��/� z�/n �z/� n�/n ��/� n�/n ��/n �p/e p�/z ee/o op/�

BaO �z/� ep/� e�/� o�/� ep/� ee/� �z/� �p/� ��/� ��/� �o/� �e/�

Total op/�o  oe/��  ��/�o  �o/�p  on/��  e�/��  ��/�o  n�/�o  po/�o  on/��  nn/�o  �n/�o  

Number of inos on the basis of 22 Oxygens               

Si eoe/� e��/� e�p/� ee�/� �n�/� e�e/� enn/� ��o/� �ep/� e��/� ��e/� ���/�

Ti o��/� o�e/� ooo/� ooo/� oez/� o��/� o��/� o�e/� �z�/� �zz/� �z�/� ��z/�

AlIV �nz/� ���/� �ee/� �e�/� �z�/� �oz/� �z�/� �z�/� p��/� o��/� z��/� �ez/�

Fe2+ epe/� ee�/� e��/� en�/� o�o/� ez�/� eo�/� ��e/� en�/� ���/� ��p/� �po/�

Mn ��p/� ��p/� ��z/� ���/� ��e/� ��p/� ��e/� �e�/� �e�/� ���/� ���/� ��n/�

Mg ppz/� nz�/� n��/� n�z/� n�p/� p��/� ��n/� ���/� n�z/e n�n/e ���/o ��z/o

Ca ��n/� ���/� ���/� ��p/� ��z/� ���/� �en/� �p�/� �pn/� �po/� ���/� ��p/�

Na �en/� ���/� �e�/� ��z/� ��o/� �e�/� ���/� ���/� ��o/� ��n/� ���/� �eo/�

K z�p/� p��/� z��/� p��/� z��/� p��/� zoz/� ���/� z��/� ���/� pn�/� ��p/�

Ba ���/� ���/� ��p/� ��e/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Cations ���/�o  ��.��� ���/�o  �p�/�o  �nz/�o  �pz/�o  ��o/�o  ��o/��  nn�/�o  ���/�o  �ee/�o  �pz/�o  

Fe# oz�/� o��/� o��/� oz�/� oz�/� oz�/� o��/� op�/� en�/� eo�/� e��/� ee�/�

Mg# �o�/� ���/� ���/� �o�/� �o�/� �o�/� ���/� �e�/� z��/� zz�/� z��/� zp�/�
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1/S�e$��6  ������7 �e�o ��� �9��+� 5�����,	 �X��!
�>? �0.6X� ��
�6'�� 9&� !""3D %. . .���

A; Hi�� (5�� �"D."7 9&"'��&I �"3I.� ���.6� �� &7�� =&  �4
�.
� !�8%&"K 9�@]��[:(�
�1S �"D."7 ���.�6� �� ����&7 ��.�� 9�@
]��.[w($���"D."7 91�7 C��� &7 �@]��.[`(5�� �"D."7 �"3I.� ���.6� �� &7�� =&  �4
�.
� !�8%&"K 9�@Al2O3&7�&7 �� FeOt]�e.[

���I�5? 
�6'�� 9��� % L"8&D &7 $%U0 �@��P�1/	 L"8&D�9�@#�' �7 

�
�6'�� E"� ���� �+4�7]�o.[���.6� C��� &7 Or-Ab-An 
]��[5�� �� �.S.� 9�@#U8.
VUK =&  �4
�.
�%&7�' 9�@

$&4�' �� &7��9L"8&D % �"�.4"7 % �
�%��&7u �!
#1�? 
5�� 9�@��P�1/	�4
�.
� !�8%&"K 9�@ �� ��M�� !
� 

$&4�'9�� fI�% #U8.D�� % �
�%��&7u �!
#1�? �#U8.+"�� 
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�4� -

�R��\� $�&6@ �7 &7�� =&  $1  E"���? 9�@99��4A�� <.�&	 
(? C���&7 �@n<%1S �� (l"�8� o��� $1�? .
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#U8.
VUK �� �/*� #�	 #U8.
VUK �8 ��� (? &+��,� �@
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VUK %&7�' % �4
�.
� !�8%&"K 9�@
 �
�D%� ���.6� �� &7�� =&  �4
�.
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�E	� �7 �@#U8.
VUK�� _
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�'l
% U8.
VUK 9�@�./7 �� $1  ��
5�� #!�8%&"K 9�@
 ��� �
%� F7�I &7�� =&  �4
�.
�%&7�' % �4
�.
�)F2 zw.(

��M�� #U8.
VUK 9�@�./7 &4,"79&7�� =&  ��M��91�7 
1�@� �� (�,� ����.� .��M�� !
� �K.2�%&2"� `�1@�,� ��

 �
 �+�� O.�D �7 91�7�4�2 %��.  �� x�,� .��M��
�M��% �7 ����.� 91�7 �"D�.�? ��1�� �� ����'�� `�&""WD 
�� F*�Z �@#U8.
VUK�.  .-E/4�� ����'�� `�&""WD !
� ��X
�

 ��� �./RD �2"���
� s
�&  �� ����'�� 9�@��1A�]��.[�7
&G�]e�[#� :? (1  ��#? &r� �� �6'�� :? ���7 ��,	 _
�E	�

�\)*9_�8�% �	&,"K ���,	 _
�E	� �a $1�%�%&	 9�@
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9��l� (�&
� �_�� �
�Ra�Ra ���@� ���R0 (�&
� ����  ���8 % ���� �./7 �/X� ��z

F��8 ���&7 #U8.
VUK ��.6� 1�k $1
1K !
� �\* % &D
��M��$1  91�79��.6� % �4
�.
� !�8%&"K 9�@

 :��4�� &7�� =&  �4
�.
�%&7�'1�1  ..�? `�&""WD (�E"� �"D�
F2  �� �@#U8.
VUK !
� �� 9�@z�$1  $��� (�,� { % `-

1�� .�M�� E"���? % ����.� 9.+�� �7 EQ&� #� �@#UQ.
VUK 9�
��.6� �� �" �Z =&  �4
�.
� !�8%&"K % �4
�.
� %&7�' 9�@

�� 1"
�D �� O.�.� !
� E"� &7��1��8.

A; Ji�� (5�� �� �.S.� 9�@#U8.
VUK L"8&D C��� &7 �&7�� =&  �4
�.
� !�8%&"K % �4
�.
�%&7�' 9�@ ���.�6� Or-Ab-An]��.[:(
�MA 1�%� ��.6� ���.6� �� &7�� =&  9�@An% �7 �R��K2O�8 ��� !
�&+��,� ���8 �/*� #�	 #U8.
VUK ���6'����.w(`�&""WD ���.6� ��

 �� _
�E	� �"D�.�? _
�E	� �7 #U8.
VUK �� !@? �F8 !@? �7 �R�� �"D�.�? (�E"�17�
 .`(���&7��M��91�7��.6� ��%# 9�@#UQ.
VUK ����.� -
��M�� �4
�.
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1/S�e$��6  ������7 �e�o ��� �9��+� 5�����,	 �X��!
�>? �0.6X� ��
�6'�� 9&� !""3D %. . .��p

F�5)GE"���? J
�4�� #��&KE
���.6� �� �.S.� 9�@��P�1/	 95�� �
�.
�%&7�' % �
�.
� !�8%&"K &7�� =&  9>.)� 9�@.
Sample �� �� �� �� �� �� o� o� o� o� o� 

Analysis core core core core core rim core core core Core-rim Core-rim 

Mineral Plagioclase Plagioclase Plagioclase Plagioclase Plagioclase Orthoclase Plagioclase Plagioclase Plagioclase Plagioclase Plagioclase

SiO2 �e/�p  p�/�o  op/�z  e�/�o  �p/��  pn/zo  ��/��  ep/��  p�/�o  ��/�e  n�/on  

TiO2 ��/� ��/� ��/� ��/� �e/� ��/� ��/� ��/� ��/� ��/� ��/�

Al2O3 zp/�z  ��/�n  p�/�z  o�/�n  �p.e� ��/�n  n�/en  ��/e�  n�/�n  �p/e�  �e/ee  

FeO* �p/� �o/� ep/� e�/� ��/� e�/� e�/� oz/� en/� ez/� o�/�

MnO ��/� ��/� ��/� ��/� ��/� ��/� ��/� �o/� ��/� ��/� ��/�

MgO ��/� ��/� ��/� ��/� ��/� ��/� ��/� �e/� ��/� ��/� ��/�

CaO �p/� �e/��  ��/��  zp/��  ��/��  �o/� ��/��  zp/��  n�/� o�/��  ��/�o  

Na2O �z/z oe/� �z/z �e/� n�/� ��/� �p/o �p/e np/� no/o �z/�

K2O e�/� ��/� ��/� ��/� �e/� �e/��  ��/� �p/� �p/� �n/� �e/e

Total ��/���  ��/���  �p/��  �e/���  �p/��  n�/��  �n/��  ��/���  �n/��  �o/���  �p/��  

Number of inos on the basis of 8 Oxygens               

Si �p�/� opz/� �oz/� o��/� ��o/� ���/e eze/� eeo/� oz�/� e��/� �ee/�

Al o��/� o�p/� o�e/� ��o/� o�o/� �n�/� zop/� zpo/� �ez/� z��/� pn�/�

Fe2+ ���/� ��o/� ��o/� ���/� ��n/� ���/� ��e/� ��n/� ��o/� ��o/� ��z/�

Ca ooz/� �e�/� opn/� �zz/� o�p/� ���/� z�p/� z�p/� opo/� ��e/� p��/�

Na �o�/� opz/� �e�/� o��/� ���/� ���/� e�e/� e��/� ��o/� o�o/� �z�/�

K �.��p ���/� ���/� ���/� ��e/� n��/� ���/� ���/� ��z/� ���/� ���/�

Cations ���/� ��p/� ���/� ���/� ��z/� ���/� ��e/o ��p/� ��z/� ��n/� ���/�

Ab ���/�o  o��/oz  p��/��  n��/oe  ���/��  ���/��  ���/ez  n��/e�  ���/��  ���/oe  ���/�z  

An ���/oo  ���/��  ���/op  ���/��  n��/on  ���/� z��/z�  ���/ze  ���/op  e��/�z  ���/p�  

Or p��/� ���/� ���/� ���/� e��/� n��/n�  ���/� ���/� z��/� ���/� ���/�

���
���� ���� 
Y%� #� �2
�
�K &7 �X����� 9�@9(."D�8 <��RD 9�@Fe %

Mg ���8 !"7 ��
E6@ !�8%&"K.�"/8 % <.R")�? 9�@��� 
]e�[�8 %� !
� <��3D 9��� (? �
&a #� �8�� F*�Z ���.  .

�" �Z �� ����8 L"8&D #� Y%� !
� ��9$1  $��)4�� �./7 
[����&
#�� �./7 (.��&"K �2"���
�.�&D <��3D 9��&I&7 �7 -

� �� 9&4,"7 (��"6a� (�.D .9��� Y%� !
� #� $��)4�� �7
 �%1Z �� �
�.
� !�8%&"K ��.6� �� ���8 %� !
� ����3Dp�� 

�Dn���S�� 9&' �4��� ��� $1  ��%?&7 ��)F2 p�i��.(
<.R")�? |%# #� $��)4�� -%E��(�.�0 �7 #U8.
VUKJ����� !
� 

9�@ ���&7 �� ��8 ���5��9��+� �7 #U8.
VUK % <.R")�? 
1� �7 &+
12
 ���8 �� ��
E6@ `�.*]e�.[!
� #� $��)4�� �7

�.
�%&7�' ��.6� �� #U8.
VUK % <.R")�? <��3D 9��� Y%� �

 �%1Z����S�� 9��� $1  ��%?&7 ��&' �4��� .�8 �
�X�? #�

�
�.
� %&7�' !
� mu�64Z� �+4�"�? &r� �� �@$#�1' F*�Z 9�@
5�� :%> #��4�.K 9�@ 9#� F*�Z T"	�� 9�6'�� % !
&
#

:%>�4 .' �,�79��X
� ���I.	  mu�64Z� ��� !
� ���� $1
$��7%� 9��&I&7 �7 v.7&� 9���9���8 !"7 <��3D FZ�&� �� �@

 �
�6'�� #� ]K �
 % �
�6'�� &A?��� .���.6� C��� &7Ti 
�7 �R�� Mg/Mg+Fe]ee[�"D."7 F"2,D 9��� 9�@

5�� �%1Z �� L"D&D �7 &7�� =&  �4
�.
� !�8%&"K 9�@
 #� &Du�7 °Cp���"D."7 9�&7 #� &468 �%1Z % �"�%� 9�@ 

°C����"D."7 9�&7 *�Z 9�@ ��� $1  ��%?&7 ����&'� #� F
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9��l� (�&
� �_�� �
�Ra�Ra ���@� ���R0 (�&
� ����  ���8 % ���� �./7 �/X� ��n

AM Ni��(�
�.
� !�8%&"K ��.6� �� ��
E6@ <.R")�? % !�8%&"K.�"/8 <��3D 9���]e�.[:(�"D."7 �./RD 9��� !""3D ���.6� 9�@
5�� !
�>? 9�@]ee.[

��%�&7 9�&75�� �./RD (��# �� N8�Z ��,	 #� ���M�� !
� 9�@
 J
�4��M�� E"���?<.R")�? 9��"�%� 9�@ ��.6� �� �.S.� 9

$1  $��)4�� ��M�� !
� �4
�.
� !�8%&"K % �4
�.
�%&7�'
��� .�0.6X� �.yZ �7 �S.D �79ED��.8 �
�"��8 ���P�1/	 
�
�"/I �#U8.
VUK��"D."7 ��"��4"D�5�� �� �"4�+� 9�@

�� &7�� =&  �4
�.
� %&7�' % �4
�.
� !�8%&"K(�.D ��,	 
Y%� �7 �� <.R")�? �./RD �R��\� (.'��.' 9�@&8�.C���&7

����3�9!"�# ��X����,	 ]��[��#� (�.DAlTotal �� �.S.� 
$��)4�� (? �./RD ��,	 �7 �7�"4�� 9�&7 1�/R��.@&8�.

P (±0.6 Kbar) = -3.01 + 4.76 AlTotal, AlTotal = AlIV+
AlVI 

2,D ��,	 ����3� !
� C��� &7 L"D&D �7 <.R")�? F"��/�
��7./"8)�
�.
�%&7�' (%��/���7./"8 )�
�.
� ($1  �R��\�
��� .�� $1  �R��\� ��,	 C���&7 �6'�� 9&"+
�S �60 (�.D

 �� �.3* #� FRI�&8 ��%�&7 .(��# �� N8�Z ��,	 �2�
� d&	 �7
<.R")�? �./RD�(#% #� � �� �T"D�4��.4"� �R��S �6@ ��,	 

5��9�@�M7�� #� $��)4�� �7 �$�.7 ���I.	 9P = ρ.h.g��-

�60 (�.D)h(�R��\� ���&8 .E"� �4A�� !"�# 9�@��,	 �4R��
(? &r� % �"6@� �8 !
� d&	 �7 �1�4�@ ���'&"r�D C�"I �� �@

�� ���� E"k�� T"D�4��.4"���,	 �7 (? #� (�.DN,k� .K &8�.
�%1Z �� 9&"+
�S �60�/n&4�./"8)&7�
�.
�%&7�' 9� (%

po/p&4�./"8 )9�&7!�8%&"K�
�.
� (��1 �7.

C 6��� 
5�� 1@�. 5�� �� $1�? ��� �7 9��+�-.R�%&7 % �@ 9�@

��M�� ��4A�� &"G� &7�� 9�4�%� =&  �T"4"/"8 �
.K �	�7 �9�
��R; � �.Z�2
��7 ��,�8�% % �4	� F"/\D ��.�? �#U8.
VUK 9�@

�"D�K?�#.� 9�@-.R�%&7 �.S% % ����� E
� 9�@ T"	�� 9�
 F"2,D s"\� �� ��1
�K�� s
�&  % <��3D -10 #� �8�Z �+6@

5�� !
�5�� !
� �8 ��� ���% % ��� �@ $��� �./RD #� �@
�@1�
?&	 &r� �� mu�64Z� % $1��"� �.S% �7 �"�%� 9�6'�� T

�

% Ny@ ��
�6'�� vU4A� % _
u? &"G��
�1S1 ��X
� $1�� .
�M�� E"���? #� F*�Z J
�4� ���&79�����8 �� �.S.� 9�@ %�

 #� ��.6�5���� (�,� &7�� =&  9�@!�8%&"K �8 1@� 9�@
1�4�@ N
1� #� &"�	 O�.�� #� fa��� !
� �� �.S.� .L"8&D

!�8%&"K.�"/8$&4�' �� &4,"7 �@9!�8%&"K.D�� % 1"�K.
� �@
��$&4�'9!4�&P"@�� ��&I 1�&"' .�RM�� ���8 !
� L"8&D

!�8%&"K &7 �
�6'�� 9&� �� �.S.� 9�@�2@?��
�"/I $�.7
!"�# s"\� T
 �� %�" �Z �7 �4�7�% �4A��$��I 9� <�3	 9�

$1  F"2,D1�� .<.R")�?�� �.S.� 9�@ 5����M�� 9�@9
<.R")�? $%&' %� �� ���&7 ��.�9�@ Fe-Mg-Mn%

<.R")�?�&I T"�/8 9�@�� �1�&"' .<.R")�? #� F*�Z 9�@
 !�8%&"K.D�� �" �Z �
EXD�4�&P"@ O.� #� ��Fe-Mg-Mn 
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.��r (����<.R")�? �8 �D�.* �� 9�@ &+
� �� �.S.�
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�.
� !�8%&"K 9�@
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1/S�e$��6  ������7 �e�o ��� �9��+� 5�����,	 �X��!
�>? �0.6X� ��
�6'�� 9&� !""3D %. . .���

1�4�@ .<.R")�? #� �y375�� !
� �� �.S.� T"�/8 9�@ �@
 1�/R��.@.
E�+�)��"�% (1�/R��.@ % �"�.�"48� &+
� �,�7 %

�"�.�"48�)�
.��r (1�4�@ .���&7 �X�� ��,	 9�@��.6� �@ &7
 �
�KAl <.R")�? �� �.S.� ]eo[L"D&D �7 <.R")�? �./RD ���

9�@��,	 ��/���7./"8 )�4
�.
� %&7�' ��.6� 9�&7 (%��/�
��7./"8)�4
�.
� !�8%&"K ��.6� 9�&7(�4	&' `�.* ��� .

�%1Z �� 9&"+
�S �60�/n&4�./"8 )�
�.
�%&7�' 9�&7 (%
po/p&4�./"8 )9�&7!�8%&"K�
�.
� (���.L"8&D 

5�� �� �.S.� 9�@#U8.
VUK �� &7�� =&  �4
�.
� %&7�' 9�@
$&4�'9#U8.
VUK L"8&D % �"�.4"7 �D !
#1�? 5�� 9�@ 9�@

 �� ��M�� !
� �4
�.
� !�8%&"K$&4�'9�D #U8.+"��
�� ��&I �
�%��&7u1�&"' .�� #U8.
VUK % <.R")�? <��3D 9���

��.6�9Y%� C���&7 �4
�.
�%&7�' ]e�[�%1Z����S�� 9
�4������ $1  ��%?&7 ��&' .�"D."7 O.� #� &4,"7 ��M�� 

#� ��; �"D."7Mg ��� .91�7 $�� �
�K &7]�e[9�6'�� 
$1�#��9�"D."7 ��M�� 9�@ �� $&4�' �2@?��
�"/I �� ��&I -

1�&"' .<.R")�? L"8&D �
�K &7�"D."7 ��@!�8%&"K.�"/8 % �@ �@
mu�64Z� (�E"� �'1�E
&'��.6� $1�#�� 9�6'�� �� (l"�8� 9�@

m�4R�� ��M�� !
� �4
�.
� %&7�' % �4
�.
� !�8%&"K u�7 ��.

O)6�� 
]�[- ����� .$.�"�� �(� �8 � .'���k �,�� C��:������ �

�.,8 ����  !"�# (��#��.
]�[C ��@� ���R0.�"5�� 9V.�%&4K % �	�&'%&4K 9�@

 &7�� =&  ��M�� �� s��%1Z)(� �8 :&; :.�S("���� (�
�K �
�(��)*� $�+,��� �1 �� ���� ��8)�e�� (��nz.

[3] Halsor S. P., ''Large glass inclusions in 
plagioclase phenocrysts and their bearing on the 
origin of mixed andesitic lavas at Toliman 
Volcano, Guatemala'', Bulletin of Volcanology 51 
(1981) 271-280. 
[4] Loomis T. P., ''Numerical simulations of 
crystallization processes of plagioclase in complex 
melts: the origin of major and oscillatory zoning in 
plagioclase'', Contributions to Mineralogy and 
Petrology 81 (1982) 219-229. 

[5] Perugini D., Poli G., Valentini L., ''Strange 
attractors in plagioclase oscillatory zoning: 
petrological implications'', Contributions to 
Mineralogy and Petrology 149 (2005) 482-497. 
[6] Kadioglu Y. K., Gulec N., ''Types and genesis 
of the enclaves in Central Anatolian granitoids'',
Journal of Geology 34 (1999) 234-256. 
[7] Hibbard M. J., ''Petrology to petrogenesis'',
Prentice Hall, New Jersey (1991) 587p.  
[8] Anderson A. T. J., ''Probable relations between 
plagioclase zoning and magma dynamics, Fuego 
Volcano, Guatmala'', American Mineralogist 69 
(1984) 660-676.  
[9] Morimoto N., Fabries J., Ferguson A. K., 
Ginzburg I. V., Ross M., Seifert F. A., Zussman J., 
Aoki K., Gottardi G., ''Nomenclature of 
pyroxenes'', American Mineralogist 65 (1988) 1-
28.
[10] Maeda J., Shimura T., Arita K., Osanani Y., 
Murata M., Bamba M., Suetake S., ''Chemical 
features of orthopyroxene in peraluminous igneous 
rocks'', American Mineralogist 76 (1991) 1674-
1682.
[11] Le Bas N. J., ''The role of aluminium in 
igneous clinopyroxenes with relation to their 
parentage'', American Journal of Science 260 
(1962). 267-288. 
[12] Wass S. Y., ''Multiple origins of 
clinopyroxenes in alkali basaltic rocks'', Lithos 12 
(1979) 115-132. 
[13] Aoki K., Shiba I., ''Pyroxenes from lherzolite 
inclusions of Itinom egata, Japan'', Lithos 6 (1993) 
41-51. 
[14] Helz R. T., ''Phase relations of basalts in their 
melting range at PH20= 5 kb as a function of 
oxygen fugacity'', Journal of Petrology 14 (1973) 
249-302. 
[15] Sun C. M., Bertrand J., ''Geochemistry of 
clinopyroxenes in plutonic and volcanic sequences 
from the Yanbian Proterozoic ophiolites (Sichuan 
Province, China) '', Petrographische Mitteilungen 
71 (1991) 59-243. 
[16] Leake B. E., Wolley A. R., Arps C. E. S., 
Birch W. D., Gilbert M. C., Grice J. D., Hawthorne 
F. C., Kato H. J., Kisch V. G., Krivovichev K., 
Linthout J., Laird J., Mandarino W. V., Maresch E. 
H., Nickel N. M. S., Rock J. C., Schumacher D. C., 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
25

-0
7-

18
 ]

 

                            13 / 14

http://ijcm.ir/article-1-191-fa.html


9��l� (�&
� �_�� �
�Ra�Ra ���@� ���R0 (�&
� ����  ���8 % ���� �./7 �/X� ���

Smith N. C. N., Stephenson L., Ungaretti E. J. W., 
whittaker G., Youzhi, ''Nomenclature of 
Amphiboles, report of the subcommittee on 
amphiboles of the international mineralogical 
association commission on new minerals and 
mineral names'', The Canadian Mineralogist 35
(1997) 1 219-246. 
[17] Coltorti M., Bonadiman C., faccini B., 
Gregoire M., O'Reilly S. Y., Powell W., 
''Amphiboles from suprasubduction and intraplate 
lithospheric mantle'', Lithos 99 (2007) 68-84. 
[18] Ewart A., ''A review of the mineralogy and 
chemistry of tertiary recent dacitic, latitic, rhyolitic 
and related salic volcanic rocks, In: Fred, B. (Ed), 
Trondhjemites, dacites, and related rocks'', (1979). 
[19] Anderson J. L., Smith D. R., ''The effects of 
temperature and ƒO2 on the Al-in-hornblende 
barometer'', American Mineralogist 80 (1995) 
549-559. 
[20] Deer W. A., Howie R. A., Zussman J., ''An 
introduction to the rockforming minerals'', Second 
Longman Editions, Longman, London (1992) 696. 
[21] Nachit H., Ibhi A., Abia E. H., Ohoud M. B., 
''Discrimination between primary magmatic 
biotites, reequilibrated biotites and neoformed 
biotites'', Geomaterials (Mineralogy), 
CopmtesRendus, Geoscience 337 (2005) 1415-
1420.
[22] Foster M. D., ''Interpretation of the 
composition of the trioctahedral micas'', United 
States Geological Survey Professional Paper 354-B 
(1960) 11-49.  
[23] Abdel-Rahmane A., ''Nature of biotite from 
Alkaline, Calc-alkaline, and Per-aluminous 
Magmas'', Journal of Petrology 35 (1994) 525-541.  
[24] Hattori K., Sato H., ''Magma evolution 
recorded and plagioclase zoning in 1991 Pinatubo 
eruption products'', American Mineralogist 81 
(1996) 982-994. 
[25] Piettranik A., Koepke J., Puziewicz J., 
''Crystallization and resorption in plutonic 
plagioclase: Imlications on the evolution of 
granodiorite magma (Gesiniesgranodiorite, 
Strzelin Crystalline Massif, SW Poland)'', Lithos 
86 (2006) 260-280. 
 

[26] Tegner C., ''Iron in plagioclase as a monitor 
of the differentiation of the Skaergaard intrusion'',
Contribution to Mineralogy and Petrology 128 
(1997) 45-51.  
[27] Smith J. V., ''Phase equilibria of plagioclase, 
In: Ribbe, P. H. (ed) Feldspar mineralogy, 2ndedn 
Mineralogy Society of America, Washington DC'',
Reviews in Mineralogy 2 (1983) 223-239.  
[28] Smith J. V, Brown W. L., ''Feldspar minerals. 
Crystal structures, physical, chemical and 
microtextural properties'', Springer, Berlin-
Heidelberg-NewYork (1988) 828.  

]��[� �/ .�"5�� �P2�%&2"� ���&7 % !
�>? 9�@
��.'&'�"NS&4� �:O �����7�"�?.-��� �//6�� !"7 $�+,��� �
���"6A)���e (�ze�.

[30] Sisson T. W., Grove T. L., ''Experimental 
investigation of the role of water in calc-alkaline 
differentiation and subduction zone magmatism'',
Contributions to Mineralogy and Petrology 113 
(1993) 143-166.  
[31] Perchuk L. L., Aranovich L. Y., Podlesskii K. 
K., Layrant'eva I. V., Gerasimov V. Y., Fed'kin V. 
V., ''Precambrian granulites of the Aidam Shield, 
eastern Siberia, USSR'', Journal of Metamorphic 
Geology 3 (1985) 265–310. 
[32] Holland T., Blundy J., ''Non-ideal interactions 
in calcic amphiboles and their bearing on 
amphibole-plagioclase thermometry'',
Contributions to Mineralogy and Petrology 116 
(1994) 433-447. 
[33] Henry D. J., Guidotti C. V., Thomson J. A., 
''The Ti-saturation surface for low-to-medium 
pressure metapelitic biotite: Implications for 
Geothermometry and Ti-substitution Mechanisms'',
American Mineralogist 90 (2005) 316-328. 
[34] Schmidt W. S., ''Amphibole composition in 
tonalite as a function of pressure: an experimental 
calibration of the Al-in-hornblend barometer'',
Contributions to mineralogy and Petrology 110 
(1992) 304-310. 

 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
25

-0
7-

18
 ]

 

Powered by TCPDF (www.tcpdf.org)

                            14 / 14

http://ijcm.ir/article-1-191-fa.html
http://www.tcpdf.org

