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Am1_6 Am1_8 Am1_12 Am3_5 Am3_7 Am3_9 Am2_2 Am2_8 Am2_13 Am2_21 label 
36/7136/436/3236/3936/7235/8135/9435/9536/4935/64SiO2

0/460/720/560/230/220/320/460/10/090/16TiO2

12/0512/8512/6612/6912/6713/4611/912/7112/2513/23Al2O3

000/010000000/03Cr2O3

32/3831/3231/3532/4732/3131/9332/1832/1131/7232/07FeO 
0/780/80/841/021/010/990/880/911/150/85MnO 
0/380/360/390/360/310/280/350/320/20/19MgO 
10/510/3610/610/5110/5810/4410/3610/6810/2910/3CaO 
1/641/671/581/521/471/951/661/351/891/82Na2O
2/192/442/152/092/0222/1321/922/02K2O
0/230/20/20/210/260/210/230/240/250/23Cl 
97/2797/0896/6297/4497/5197/3496/0496/3296/1996/49Total 

اند اتم اكسيژن محاسبه شده23ها بر مبنايتعداد يون
5/9595/9215/925/8675/9075/795/915/8565/9715/815Si 
0/0560/0880/0690/0280/0270/0390/0570/0120/0110/02Ti 
2/3052/4632/4322/4112/4022/5652/3062/442/3632/544Al 

000/0010000000/004Cr 
1/2151/0131/1271/4431/4241/3061/321/4841/2761/345Fe3+

3/183/2483/1462/9362/9223/0123/1052/893/0653/031Fe2+

0/1070/110/1160/1390/1380/1360/1230/1260/1590/117Mn 
0/0920/0870/0950/0870/0740/0670/0860/0780/0490/046Mg 
1/8261/8061/8511/8161/8231/8091/8251/8641/8041/8Ca 
0/5160/5270/4990/4750/4580/6110/5290/4260/60/576Na 
0/4530/5060/4470/430/4150/4130/4470/4160/4010/42K
0/0630/0550/0550/0570/0710/0580/0640/0660/0690/064Cl 

15/77215/82415/75815/68915/66115/80615/77215/65815/76815/782sum_cat 
2/0422/0792/082/1332/0932/212/092/1442/0292/185Al(IV) 
0/2640/3840/3520/2780/3090/3550/2160/2960/3340/358Al(VI) 
0/0280/0260/0290/0290/0250/0220/0270/0260/0160/015Mg/(Mg+Fe2+)Mg)
0/9790/980/9780/9810/9830/9850/9810/9820/9890/99Fe# 
0/2560/2630/2560/2010/1760/3350/2610/1750/2980/293XNaA 
0/4530/5060/4470/430/4150/4130/4470/4160/4010/42XKA 
0/290/2310/2970/3690/410/2530/2920/4090/3010/286XVacA 
0/9130/9030/9260/9080/9120/9040/9130/9320/9020/9XCaM4 
0/130/1320/1220/1370/1410/1380/1340/1260/1510/141XNaM4 
0/0270/0250/0280/0270/0240/0210/0260/0250/0150/014XMgM3 
0/9410/9430/9370/9290/9320/9370/9370/9340/9360/949XFeM3 
0/0070/0070/0070/0040/0030/0030/0050/0030/0030/002XMgM2 
0/2260/2510/2190/1220/1170/1470/1980/1010/1870/137XFeM2 
0/1320/1920/1760/1390/1540/1780/1080/1480/1670/179XAlM2 
0/6080/5070/5640/7210/7120/6530/660/7420/6380/672XFe3M2 
0/490/480/480/4670/4770/4480/4770/4640/4930/454XSiT1 
0/510/520/520/5330/5230/5520/5230/5360/5070/546XAlT1 
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6�/,I� @�
�#.� �x/�!" @./
. �4�)1 ���r # �4�)1� !( �!K� �ff

�K�U �. 8 %�H�U ���9A �� �0 �B(.� �4�/( �� � 6�I6
(Ca + Na)B ≥ 1.00#NaB < 0.50�
. /(�)( ��4. �./7/( 

8 %�H�U ���9A C)4 �
. �. *+1 N����U 6�I 6+�= >��./? 6�I
Na�8 %�H�U +)>�I ;��!0 6�I .�,)
. �( �a A �(CaB ≥

1.5#(Na + K)A ≥ 0.50#N��Ti<0.50  �4.)8#+a�(�
8 %�H�U C)4 6�I ��1�3 6+�= >��./? 6�I6�� �#� *+)
.� 

1P���A �.� 9� �� �/0/�1 8�9 8 %�H�U 6+)( �I*/>�? �� �6
;��!0]~�[�� '7.# +� 1 .P���A ��8 %�H�U 6+)( 6�I

 �.� 9� 6�)%� /( ;��!0Si �( �%�� Mg/(Mg + Fe2+)�
�� *+1 N����U ����*/>�?6�./7 �
N2)>�I # �
��?��5#/	 

�� +�/�? .�K�U �. @.N�� �0Fe3+%�H�U �
. �� 8 �. />-�( �I
AlVI�� 9� ���9A �
./(�)( �4. M�0/A 6.�.� 8 %�H�U 6�I

 +)>�I �
N2)>�I)Y,1�.(@.N��MgO8 %�H�U �
. �� �I
�( �%��FeO*( �I� !( �
. # *� ( ��
�5 ����( ��. �)L Q+1

Fe+)>�I .@.N��Mg# (Mg/Mg + Fe2+)/q0.+3 f��/f
�4. .��)
. �� �.+�� �
. ��9I. � D3 �( �a A �( �0
*� A *�/>�? 6�I ��B)� �� ��� %�H�U 66�� � �4�/( �� 

*� A *./9I # ��)0 �0 � 1 � �A �4. �,9� �6+�= >��./? 6�I
 �. �
�I� !( ���2�( �I+�= >��./? �
. �� 8 %�H�U 6�I� !(

��� %�H�U P0 ����( @.N�� ��# �+)1�( �IMg# �� 

8 %�H�U -� �I+�= >��./? 6�I@�*+)I�6��I �0 �4. �
. 
8 %�H�U �
. ��( �>(./7 8 %�H�U �( �
�9?�� 6�I �� ?/?� 6�I

�>�(.#��� %�H�U �( �I��B)� 6�(Mg# �. p�( �/f]�[
��.+� � a#.

��A �( 6�I� !( ��)0 �� 8 %�H�U 6�I� !(����0 �!o. 6�I
*+���46*�. ?/( 6C)4 �
. �� �>�� !�� +�= >��./? 6�I 6

*+1 Y,1/?�.�*�. ?/( �� 8 %�H�U 6�I� !( � D3 �+6C)4 
8 %�H�U �
. �
U �0 ��#U p�5 .� 8. 4 �
. �4. �,9� ��I

 � ��( z x � �
. ��9I. ��� ?/?� �
 # +)>�I �
�9?��
 ���K)4��� ���� #�K)4��-	 ���� 8 %�H�U 6./( ���$A 

*� A � !%A F
./16+�= >��./? 6�� �1#� />-�( 1 �./(
�.� 9� e�4.(Na + Ca + K) �( �%�� Si F4 A *+1 �
.�. 

;��]��[8 %�H�U �. *+1 N����U ���� ���9A �� � 6�I�4�/( 
��*/>�?68 %�H�U �
�9?�� 6�I)�
�GU (�� �./7 +�/�?
)Y,1`.(

�.� 9� ��AlIV �( �%�� AlVI]�j[�%�� �AlIV/AlVI 
8 %�H�U 6�I� !( �� �� �/(�4� ��( j�/��A`\/��
. # *� ( 

8 %�H�U ���9A �� �%�� �. p�( �I�/���4. �� �
./(�)( 
8 %�H�U #/9!7 �
�GU 6�I�� �./7+�/�?)Y,1\.(

5-�@P���A �.� 9� 6#� �/0/�1 8�91 6�I+�= >��./? �. �(��>�. 8 %�H�U 6�I� !( ��$7 � p
�9� 8 %�H�U 6+)( ;��!0 6�I).�. e�%>7
 �@.��,9I # ;��]��.([ 
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+!a~�91 �*����N�
�5~��� ���0 �9�1 F
./1 # �I ��-	–6��� *� A � !%A 6�I. . .�f�

5-�A*� A �. 8 %�H�U 6�I� !( M�0/A */>�? �� ���� ���9A �0 �#� *+)
.� ��1�3 6+�= >��./? 6�I�� �./7 �
�GU 6�. e��%>7. �.� 9� �+�/�?
 ;�� [�j.[

5-�B*� A �. 8 %�H�U 6�I� !( P�4/A ��1�3 6+�= >��./? 6�I�#� *+)
.� 6�.� 9� 6#� AlIV/AlVI @U ���9A �*/>��? �� ��I 8 �%�H�U 66��I
�� �./7 �
�GU ����( # ��!	 �. e�%>7. �.� 9� �+�/�?]��.[

P�4�>5 Q�R4+!	 :6�IN����U ���#/>u�. �1�.�/5N
� ��I� !( ��
. 
�� ��,1U ����4)8#+�a�( �>[� ��0.���A� �U 6Q�R�4+!	

P�4�>5 .N��� # *� ( ��
�5 ����( ���( @U @�/f��A �/f+�o�� 
*� ( �R4+!	 �
. ��%�U @.N�� ��)^9I #QY(�7 @.N�� �( N�� �I

 P0 ��a A�4. �. #�/�/q0.+3 �A �/j��� /��iA +o�� +�)0.
 >[� �
./(�)(.� A�. 6Q�R4+!	 P��4�>5 6��I C)�4 ��
. 6��I

 ZS��0 6+�= >��./? # *� ( T�( \/�� �A �/�` �4. +o�� )Y,�1
�.(	Q�R4+! P��4�>5 6�I �� �� */>��? �� ��4�/( 6M��0/A

An0.1 Ab4.2 Or95.7 �A Ab2.9 Or96.8An0.1 �� �./7+�/�?.
�S0 
ES5 :�J/( �.b
�>� �(��>�. 6�IN����U �1�.�/5 N
�
��#/>u�. 6#� 6�I�S0 
ES5 �� 9� C)4 6�I 6+�= >��./? 

�� � �4�/( ��8#+a ��
.�. *+1.+�.�
. ����U�IN @�-� 
�� I�)+�06�I� !( �S0 
ES5 �
+7�	 ��B)� 6+)( *� ( #�


�,)
. ��B)� 6+)( �%�0/A ��@U�IN�<�� #}�$x �4. .
*/>�?6�%�0/A �I�S0 
ES5 �.An4.3 Ab95.0 Or0.7 �A

An11.5 Ab86.3 Or2.2 /�i>� �4. ./>-�( M�0/A 6�I� !( 
�I�S0 
ES56�� � �4�/( 6.�.� /AM�0 ��%�U #�(�.+$A 

6/>90 �S0 2��#. +)>�I)Y,1 �.(�
. */>�?6Q./��iA 
�%�0/A �
Na ��6�I� !( �S0 
ES5 �.�
. ��a P�� �4. �0

���K)4��-	 ���� /(6�)%�  >[�.6� �)�� �U 6�I� !( 
�8 %�H�U �
Na @� ( Q./��iA �%�0/A ���I�S0 
ES5 ;

z x � 6�#/x ��!A �� 1�]��.[
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6�/,I� @�
�#.� �x/�!" @./
. �4�)1 ���r # �4�)1� !( �!K� �f�

 ,
�?7���0 ��#/>u�. �1�.�/5 N
� 6�IN����U �. �S0 
ES5 # P�4�>5 Q�R4+!	 6�I*� A ��1�3 6+�= >��./? 6�I6*+)
.� ���J�#� �)�5 ��#�6
8�91 �1/( �/0/�1.

label G1_19 G1_20 G1_21 G3_22 G1_16 G1_17 G1_22 G2_10 G2_22 
mineral kf kf kf kf plag plag plag plag plag 

SiO2 ��/`� �\/`� �j/`� j\/`� ��/`` �`/`` �`/`� ��/`j ��/`� 
TiO2 ff/f fj/f f�/f f�/f ff/f f�/f ff/f ff/f ff/f
Al2O3 �`/�� j�/�� ��/�\ �`/�� �`/�f ��/�� j�/�f ��/�f �\/�f 
Cr2O3 f�/f f�/f f�/f ff/f ff/f ff/f ff/f f�/f ff/f
Fe2O3 f�/f f�/f fj/f f�/f ��/f �j/f f\/f ��/f ��/f
FeO f f f f f f f f f
MnO ff/f fj/f f�/f f�/f f�/f f�/f f�/f ff/f ff/f
MgO ff/f f�/f ff/f ff/f ff/f ff/f ff/f f�/f ff/f
CaO f�/f ff/f f�/f f�/f �\/f ��/� ��/� `�/� ��/�
Na2O jf/f j\/f ��/f jf/f �\/�� \�/�f ��/�� ��/�� jf/�� 
K2O j`/�` j�/�` j�/�` �`/�` ��/f j�/f ��/f ��/f �\/f
Cl ff/f ff/f f�/f f�/f f�/f f�/f ff/f f�/f ff/f

Total �f/�� j�/�� ��/�� j�/�� `�/�� `\/�� �`/�� ��/�� ``/�� 
@ 
 �.+$A 6�)%� /( �I�*+1 �%4�[� @X��0. PA. +�. 

Si ��\/� ���/� ��\/� ���/� ��/� ��f/� �f�/� �fj/� ��\/�
Ti fff/f ff�/f ff�/f fff/f fff/f fff/f fff/f fff/f fff/f
Al ff\/� f��/� ff�/� ff�/� fj�/� ��`/� f\f/� f`\/� f�f/�
Cr fff/f fff/f ff�/f fff/f fff/f fff/f fff/f ff�/f fff/f

Fe3+ ff�/f ff�/f ff�/f ff�/f ff�/f ff�/f ff�/f ffj/f ffj/f
Fe2+ f f f f f f f f f
Mn fff/f ff�/f ff�/f ff�/f fff/f ff�/f ff�/f fff/f fff/f
Mg fff/f f.ff� fff/f fff/f fff/f fff/f fff/f f.ff� fff/f
Ca ff�/f fff/f ff�/f ff�/f fj`/f ���/f f\j/f f\\/f f��/f
Na f�`/f fj�/f f�f/f f�\/f f�`/� ���/f ��f/f ff`/� �\�/f
K ���/f �\\/f ���/f �\\/f ff\/f f�j/f f��/f ff�/f f�f/f
Cl fff/f fff/f ffj/f ff�/f ff�/f ff�/f fff/f ff�/f fff/f

sum_cat f�\/� f��/� f�`/� f�`/� f�j/� f�`/� f�j/� f\f/� f`�/�

5-�C( �� � 6�I+�= >��./? �. P�4�>5 Q�R4+!	 # �S0 
ES5 6�I� !( M�0/A P���A �.� 9� 6#� �4�/ �R4+!	 6+)( Q�I.
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+!a~�91 �*����N�
�5~��� ���0 �9�1 F
./1 # �I ��-	–6��� *� A � !%A 6�I. . .�f�

����>�A :6�I� !( N�� ����>�A �,
/2
� �.���0 6�I �"/	 
*+���46�
. *� A 6�I 6+�= >��./? Y,1/?� *+16�� � 

+)>�I �4�/( �0b
�>� �J/( �.@U�I��8#+a ��
.�. *+1-
.+�.����. #@.��,9I]�`[M�0/A ����>�A .��(��-	 #6��� 

Y�,-A �>�(.# �>��.� +�. .��C)4 6�I � ?/?��F4 >� 
 >[�.6(Al+Fe3+)����>�A p
.N	. �( ��� pI�0 ]9" #��-
+(�
 .����>�A �I6*� A �. 6.�.� �4�/( �� � 6G H� 6�I 

Al + Fe3+�. ��/��A��/��>J�4 8 �/	 +3.# �� �+)>�I 6.
�� @�-� z x � �
. �0 +)I� 6����
. Y�,-A �a A �( �I� !( 

b
�>� �(]�`[�. p�(°C \ff ���� .@� ( T�( /2
� �/& �.
@.N��Al2O3����>�A �
. �� ��( �0 �I%\�A�%�4.

*+)I+��-�6��
�5 /
���� ./
� ��4���U @� ( ���#. �c�%
6.�.� ����>�A �0 ��)
. /2���(*�2>4�J �
NKA �. Yo�3 �4. 

]�\.[

,
�?8�IN����U ���0 ��#/>u�. �1�.�/5 N
� 6�. Q#+�5. # ����>�A 6�I*� A ��1�3 6+�= >��./? 6�I6*+)
.� ���J�#� �)�5 ��#�68�9�1 �1/( 
�/0/�1.

label G1_14 G1_15 G1_30 G3_10 G3_12 G3_14 G3_15 G3_16 G2_14 G2_15 G2_18 
mineral Titanite Titanite Epidote Epidote Epidote Epidote Epidote Epidote Epidote Epidote Epidote 

SiO2 j�/�f �f/�f ��/�`f ``/�� f�/�` ��/�` \`/�` �j/�` ��/�� jj/�� ��/�� 
TiO2 j`/�` j�/�\ f`/f fj/f f�/f ��/f f�/f �f/f fj/f f�/f f`/f
Al2O3 �j/\ ��/\ ��/�� ��//�� ��/�� ��/�� ��/�� �\/�f j�/�� f�/�� �f/�� 
Cr2O3 ff/f ff/f f�/f ff/f ff/f ff/f f�/f ff/f ff/f ff/f f�/f
Fe2O3 f�/� �f/f ��/�j �j/�� f`/�� �`/�j `j/�j �j/�� ��/�� ��/�� ��/�� 
FeO ff/f ff/f ff/f ff/f ff/f ff/f ff/f ff/f ff/f ff/f ff/f
MnO f�/f f`/f �f/f ��/� \�/f j�/f jj/f �f/f j�/f `�/f j�/f
MgO fj/f f�/f f�/f ff/f ff/f f�/f ff/f f�/f f�/f ff/f ff/f
CaO j\/�\ �\/�� �\/�� j�/�� ��/�� \�/�� jj/�� �f/�� �j/�� \`/�� j�/�� 
Na2O f�/f ff/f f�/f f�/f f�/f f�/f f�/f f�/f ff/f f�/f ff/f
K2O f\/f f�/f f\/f f�/f f�/f f�/f fj/f f`/f f�/f f�/f f`/f
Li2O ff/f ff/f ff/f ff/f ff/f ff/f ff/f ff/f ff/f ff/f ff/f
Cl ff/f ff/f f�/f ff/f ff/f f�/f ff/f f�/f ff/f ff/f ff/f

Total f�/�j ��/�� j�/�� �\/�f ��/�� ��/�` �f/�` �j/�� �\/�� �j/�f f�/�� 
@ 
 �.+$A Q#+�5. 6./( �I 6�)%� /( ��6�)%� /( ����>�A 6./( #�*+1 �%4�[� @X��0. PA. +�. 

Si f��/j f��/j f��/� f��/� fjf/� ���/� ��\/� ���/� f��/� fj�/� f��/�
Ti `j�/� `��/� ffj/f ff�/f ff�/f ff\/f ff�/f ff`/f ff�/f ff�/f ffj/f
Al ���/� �f�/� ���/� ���/� �f�/� �f`/� �f`/� f�j/� ���/� ��`/� �f�/�
Cr fff/f fff/f fff/f fff/f fff/f fff/f ff�/f fff/f fff/f fff/f ff�/f

Fe3+ �f�/f f\\/f �\�/f ��j/f ���/f �\�/f ���/f �jj/f �\`/f �ff/f �\�/f
Fe2+ fff/f fff/f fff/f fff/f fff/f fff/f fff/f fff/f fff/f fff/f fff/f
Mn ffj/f ff�/f f��/f f�`/f f��/f f��/f f�f/f f�j/f f��/f fj�/f f�j/f
Mg ff�/f ffj/f ff`/f fff/f fff/f ff�/f fff/f ff�/f ff�/f fff/f fff/f
Ca �f\/� ���/� ��f/� `�`/� �f`/� �\�/� �`f/� f��/� ���/� ��\/� ���/�
Na f��/f fff/f ff�/f ff�/f ff�/f ff�/f ff�/f ff�/f fff/f ff�/f fff/f
K f��/f ffj/f ff\/f ff�/f ff�/f ff�/f ffj/f ff`/f ff�/f ff�/f ff`/f
Li fff/f fff/f fff/f fff/f fff/f fff/f fff/f fff/f fff/f fff/f fff/f
Cl fff/f fff/f ff�/f fff/f fff/f ff�/f fff/f ff�/f fff/f fff/f fff/f

sum_cat ff�/�� ���/�� ��\/\ ���/\ �j�/\ ff`/� ff�/� f��/� ���/\ �jj/\ ���/\

Al+Fe3+ ���/� ��f/� ��j/� f``/� f�\/� ��j/� ffj/� �\�/� ff�/� f�`/� �\�/�
PS* ���/f �\�/f �\�/f ��j/f ���/f ��\/f ���/f ��\/f ��j/f

PS* :محتوي پيستاسيت اپيدوت 
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6�/,I� @�
�#.� �x/�!" @./
. �4�)1 ���r # �4�)1� !( �!K� �fj

�
�9?�� Q#+�5. :���0 }�& �� Q#+�5. *#/? 6�I*�/>�?6.�.
C)4 �� � D3 �I ( �+)(�
 ��B4 �( ;
�N� F
./1 �. �0 6� &

C)4 �A ���� � ?/?� 6�I��(�( # T�( ��-	 �!�J �
 T�( ��-	 
e#+,�� 6�I��	 @. )"]�� 2(U 6�)%�[P>��4 �� 6�I

 � D3 �
�9?��+��.� .P�� �. �,
 ���0 �
. ���0 �
/A 6�I
6#�3Fe3+��4. � �J �� 6+)91��. Q�"S&. �
./(�)( 

�>�4�? 	��0. F
./1 # @X��0. p
�
.�. .� C)4 ;
 
�� +)I� .�( �( 6�#+3 �A �
�9?�� � !%A �& Q#+�5. p��

 # ��4. *+1 �>J�)16�I��� N�� # � !%A �. A��I6���J� �( 
�� Q#+�5. F4.#+3 6�I�9?��)�
� 
� �./?c����� A –

��9K�#/A ((�*� A �. �(/KA Q� o # ���$A �$�%& 6G H� 6�I
 ��-�1�4. *+]��.[

6��" �
�9?�� ���0 ;
 Q#+�5.�4.!3/� �( #�6
�� � !%A �
��>�.�" 9K� ���,�U ,��0 6�I ��� A !5 M�0/A �( 

6+�4. �
 F4.#+3�4. .�� Q#+�5. +)< /I �� �
�9?��LU @/7 
;
 @. )" �( @U �,�>�E#/>5 ��9I. ��# +1 �>J�)1 P>��(

 �J�1 ���0�K)4��-	 ���� ���� F4 A ]��) [���� (#N�� 
/��I # @�4�#/>]�f) [���j (+1 *�.� �/1 .�. �5

�[( ��	 ;
 @. )" �( Q#+�5. � D3 � �J �� ���#. 6�I
�( �
�9?�� Q#+�5. /x�3 8�3 �� ��
�9?�� �( 6/�?./	 Y,1

�.N(. @. )"66./( /(U��# *+1 �>	/
|5 �9?�� � !%A 6�I��-	 
�4..���)-�5 /(�)( /��I # @� 4�#/>]�f[Q#+�5.�
�9?�� 
�� *� A �� Z�	/o +�. A 6G H� 6�I�(/I�W T�( �A F4 >� ��-	 
 1�.@U��( ��
�9?�� Q#+�5. � !%A 6./( .� ��-	 Y7.+3 �I`#
���( !�0 /(U/r ��#+�� ./>��� I # �� 	#./0 ZS%7]��[Y7.+3

 �#+3 ��-	`��( !�0 .�'&��A 6�)%� /( �
�9?�� Q#+�5. 6./( 
.� nU �. z�%1. ���./? n#G �)[)� �( Q#+�5. 6�.+
�5 �)[)�

(�+�� ( *��#U �4� .�. �J/(�4�/(6�I @�-� /�J. �(/KA 
Y7.+3 +)����� �
�9?�� Q#+�5. �0 *�.� �#+3 � !%A ��-	�

�� ��( !�0�>�4�? 	 ��A�9I /	�( �( ;
�N� @X��0. –��>)2� 
��
�5 /
���� �� # *� ( /A�>�4�? 	 �( ��-	 Y7.+3 �
. @X��0. 

�/j�� p
.N	. ��(  !�0 +(�
]��.[@.��,9I # @#���(]��[
�.+
�5 N�� ]9" P0 6�I�./A �� �
�9?�� Q#+�5. �0 +��.� @�-�

( ��4.�*� A �� �0 6� & = >��./? 6�I�;
/0 �
.# 6+
 �. *��H>4. �( �,
/�U�K)4��-	 ���� Al �8 %�H�U �� 
�� �)
N2
�a 6�I��-	*/>�? 6�I�/��Af/j�./7 ��(  !�0 

�� �/�? .@.��,9I # @#���(]��[p
.+�5 �0 +��.� ���>".
*� A �
. �� Q#+�5. �>4 5 ]9" P0 6�I�./A �. �
�GU 6�I�

�B4. ( Q#+�5. �0 �4. �
. /2���(6�. �9?�� '
/4 8��>�. 
*�2>4�J+��9( l H[� �4. �>��. A .Q#+�5. �. *#/? �
. 6�I

 � �J �� �0 *� ( 8S[�. �. 6+I. 1 6.�.� �
�9?��
Q#+�5. C)4 �� /x�3 6�I �#� *+)
.� ��1�3 6+�= >��./? 6�I

*+
+5 �. 6���U @�-� �0 +-� *+
� 8S[�. 6�I*+)I� 6Y�,-A 
Q#+�5. �
. T�( Z�>%�� 6�I��-	 �� �I6�4. �>4 5 .

�
�9?�� Q#+�5. ���-A 6./( N�� �
��9�1 =E 6�I���$�
C)4 �� �4. *+1 ���)-�5 N�� 6+�= >��./? 6�I .� � A]�j[
d�.N?/rQ#+�5. �0 �4. *� �S0 
ES5 ���4/?� �. Yo�3 �I

 >[� 6.�.�.��4�>��5 6(Ps = [Fe3+/ Fe3+ + Al]) ��( 
�A /Ho�j@U # *� ( +o�� ��A �( ���4/?� �. �0 �
�I

 Y�,-A1*++�.�6.�.� Ps �. �`�Aj����3 �� �+�+o�� �0
Q#+�5. 6.�.� �
�9?�� 6�IPs �. ���A��+)>�I +o�� .��

@.N�� '(�)� �J/(PsQ#+�5. �� ��( �
�9?�� 6�I���A��
�4. *+1 d�.N? +o��]��.[6#� pI#X5 �
. ��

��1�3 6�I+�= >��./?6*+)
.� �1#� ��#�1@.N�� �0 +Ps 
Q#+�5. �0 �,
 6�)q>4. �( *+1 N����U 6�I���� ��4. +o�� 

��( ��. � ��!0�\�A�f�� /��iA +o��+)r)8#+a�.(@�
]�`[.� �
�9?�� Q#+�5. M�0/A �(�>�4�? 	 @X��0. (ƒo2)

�>�(.#��� �+�.��)[) 6�I6�.+
�5�� @�-� Q#+�5. �0 +I�
 Y9>[� 6�I�/� # +3 @#��ƒo2�}!>�� 6�I�9?�� 6./( 

�)�.� 6.�.� �>�
�( Q#+�5.6Q./��iA Ps �. ���A��+o�� 
+1�( .�1#� �
. /(�)(�4.Q#+�5. �0 *� A 6�I 6�I

 �)1#� �( pI#X5 �
. �� �4�/( �� � 6+�= >��./?
Q#+�5. �( �
�I2>4�J*�+)>�I �
�9?�� .�9�1 �?X
# /2
�

�� ;90 �
�9?�� Q#+�5. �J�)1 �( �0 ���0 @.N�� +)0
TiO2�4. ���0 �
. �� .*+��" �( 6@.��,9I # @#���( ]��[�

P>��4 �� �
�9?�� Q#+�5. �� +��0. �
. @.N�� �
�9?�� 6�I
 �. />90�/f���# +o�� �4. .@.N��TiO2Q#+�5. �� 6�I

�4�/( �� �(��#+3 F4 >� � &f`/f# *� ( ���# +o�� 
Q#+�5. @� ( �
�9?�� +
 � @.N�� �
. ��a �
+( �� � 6�I

�4�/(�4. .��)^9I�4�/( �
�9?�� Q#+�5. ���0 �9�1 
�� �( +�. AQ� o���	 � /	 @�/0 8�%�� �� 6N��U.6�I+)


*� A �)
N2
�a # � $o ( @U +a.# 6+�= >��./? 6�I �*�/( ��0
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+!a~�91 �*����N�
�5~��� ���0 �9�1 F
./1 # �I ��-	–6��� *� A � !%A 6�I. . .�f�

 1 �]�\.[�
.#� /(�)( � � A]��[Q#+�5. � D3 �(
�
�9?�� Q#+�5. /2���( ���A �( @#�� }�$x P��=#/0 t!5

Q#+�5. �� � �� *+
+5 �
. Z���7� ��4. C)4 6�I 6�I
 �� � 6+�= >��./?�4�/(�� �+o +)0)Y,1�.(ZT o.

 /�)" �. /��	 ���0 ;
 ��A �(Ca���3 �� �4. ���0 �0
0 Q#+�5. �. �)L ZS��Ca ���# +o�� # *� ( CaO �� *�. 9I 

�. p�( @U�f%�4. .�
NKA /�. �� �
./(�)(6Q#+�5. ���A �( 
�9� �0 Q#+�5. 6�I� !( # +1�( *+1 Yo�3 +�. A�(�!�4# 

*+1 �>	/? /( �� ��A �( ��1�3 �� # +�.6�+��.� � D3 ��A �( 

9?�� � !%A �. Yo�3 Q#+�5. # *� ( ���#.+)>�I �.�
. �. �J/( 
Q#+�5. Y,1 Z�>%�� �I +��.� .

/2
� +I�1��&�3. ���TU n��90 Z�>%�� ���0 @+1 �(
�!�4#6�4. Q#+�5. #�
. �	�( Q#+�5. @� ( �
�9?�� /2���( 
�4.]��.[���0 *#/? 6�D". �. �,
 � J N�� ���TU ���0 6�I

 # *� ( Q#+�5.p
.+�5 Q#+�5. 6�I� !( )4�>��5��(��
��1�36���-� @U 6Q#+�5. @� ( �
�9?�� �. 6/2
� 6�I

C)4 �� � a � ��1�3 6+�= >��./? 6�I6*+)
.� 8�91 �� �#�
 �4. �/0/�1)Y,1�f.(

5-�D��( /�(./( +
� @.+�� 6�)�5 �/
 �A N0/� �� ��A �( @#�� # ��)0 �� �
�9?�� Q#+�5. � D3 �/�� �� �/�>9�!�� XPL Bt :(# ���A �Ep :
Q#+�5..

5-�6E�( /(./( +
� @.+�� 6�)�5 ����TU *+�-0 � !( �./&. �� �
�9?�� Q#+�5. � D3�/�� � �/>9�!�� XPL �Aln : # ���TUEp :Q#+�5..
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6�/,I� @�
�#.� �x/�!" @./
. �4�)1 ���r # �4�)1� !( �!K� �f`

�F";���� G��#,���H�I 
Yu1 �2� 2< 6/�?*� A ;
6�J�)1 �N!>�� 6+�= >��./? 

@U �� �0 �4. ��9" �>��.� #�4. *+1 � !%>� .�)�-��a
8 %�H�U �� ���/< �� />-�( ��-	 p
.N	. �( �I � 1)�( �)$


8 %�H�U ��-	 p
.N	. �. �IAl�)L /A��+� 1(���3 �� ��0
p
.N	. �( ����. �)�-��a����� ��#N	 +(�
)8 %�H�U �( �I

 p
.N	.��� �)L � �)�� �U # P
+4 �. /A�� 1+�] (��.[�(
�a A�)�-��a �
. �( �� PI./	 @�,�. �
. �I ( �A +
U�/( @. A

 >[� 6�)%�.6Al8 %�H�U �� �.� �I+�= >��./? ��9K�. ��-	 
�%4�[��/r .�K�U �. *� A �. 8 %�H�U 6�I� !( �0 6�I

 �� � 6+�= >��./?�4�/( Q�R4+!	 �NA�. 0 �( *./9I P�4�>5 �
����>�A # ��)2� ���A �( ��S0 
ES5 �+)>�I ����

�K)4��-	 >[� 6�)%� /( .6Al 8 %�H�U �� )+)!%�� I (Y(�7
 �4. �.� J/( �
T�( @�)�9&. ��!(�7 �. # *� ( �/(��0]�f.[�.

�+1 *��1. �S0 
ES5 ���0 �9�1 �[%� �� �^��)< /2
� �/&
�)�.� @� ( �
Na6�� �I�S0 
ES5 �%�0/A Q./��iA 

C)4 �� � 6�I�4�/(#� �7� d�K)4��-	 ����.� � 	 

�� Q 7 +-�(.
6./( �K)
. ��/(U��#8 %�H�U � !%A ��-	 �. �(��>�. 6�I

d#� ���< � 4/�)�K)4��-	 ���� >[� .6Al �� 
+)!%�� I (�4. *+1 *��H>4.]�����c��[( b
�>� #��4�

*./9I *+�U�(8 �/	 8#+a �� � (/� 6�Ij�
.�. 1*++�. .��
� ���< �
. d#/(U��# �. Y�>�� ��-	 �4��� �y3S� �,��)< �

�� ��( *+1 �%4�[� 6�I��-	 F4 >� � 1�/��Af/���( !�0 
�4. .(���.+��>4. �./[�. �( �a A �( Q./��iA @.N�� �!0 � &

(�d#� �. ;
/I 6./( *+�U �4� �4. N�<�� Z�>%�� ��I .d#�
�%4�[� 6./( /2
�6*� A � !%A ��-	 ./? 6�I 8�91 6+�= >��

 ��94. # @ 4�+�U d#� �/(��0 ��/0/�1]�j[/( �0 �4.
�%4�[� �!%7 d#� ���< �SJ6�. �$(�A d#� �
. �� ��-	 

���( b
�>� # *� ( ��� *+�U �4���� 6�I�ff �A �ff�a�� 
68#+a �� �./2�>��4 �*+1 �
.�. +�. .;
 ��6��� ���$� 

( 6�I��-	�� !( 6./( *+�U �4� 6.�.� 8 %�H�U }!>�� 6�I
+)>�I �90 ��.+��>4. �./[�. .

,
�?9�%4�[� *� A 8 %�H�U }!>�� 6�I� !( Y�,-A ��-	 6�K)4��-�	 ����� d#� ���< �. *��H>4. �( +�= >��./? 6�I )���� �. Y�>��� (/�(
 6�)%�Al – in – Hornblende.

Label Ti Al (total) 1 2 3 4

Am1_6 f�`/f �f�/� \/\ �/� �/� �/�

Am 1_8 f��/f j`�/� �/� f/\ �/� �/�

Am 1_12 f`�/f ���/� �/� �/` �/� f/�

Am 3_5 f��/f �~~/� �/� \/` �/� �/�

Am 3_7 f�\/f ���/� �/� \/` �/� �/�

Am 3_9 f��/f �`�/� f/� j/\ f/� �/�

Am 2_2 f�\/f �f`/� \/\ �/` �/� �/�

Am 2_8 f��/f jjf/� j/� �/� j/� �/�

Am 2_13 f��/f �`�/� �/� �/` f/� \/�

Am 2_21 f�f/f �jj/� �/� �/\ �/� \/�

��2���� kbar �/� `/� �/� f/�

��.+��>4. �./[�.]���$�[ jj/f �\/f j�/f j�/f
1. P (±3 kbar) = -3.92 + 5.03 Al (total), Hammarstrom and Zen (1986)  ]��[

2. P (±0.5 kbar) = -3.46 + 4.23 Al (total), Johnson and Rutherford (1989) ]��[
3. P (±0.6 kbar) = -3.01 + 4.76 Al (total), Schmidt (1992) ]��[

4. P (±1.0 kbar) = -4.76 + 5.64 Al (total), Hollister et al. (1987) ]��[
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+!a~�91 �*����N�
�5~��� ���0 �9�1 F
./1 # �I ��-	–6��� *� A � !%A 6�I. . .�f\

,
�?@�%4�[� *� A Y�,-A ��-	 6�4�/( �� � 6G H� 6�I ��94. # @ 4�+�U �K)4��-	 ���� d#� 6�)%� /( [��[.

label T= �ff °C T=  `ff  °C T= \ff °C T= �ff °C 

Am1_6 `/� \/� `/\ �/�

Am 1_8 �/� �/� �/� �/�

Am 1_12 �/� j/� �/� \/�

Am 3_5 �/� �/� �/� `/�

Am 3_7 �/� �/� f/� `/�

Am 3_9 �/�f  �f �/� �/`

Am 2_2 `/� \/� `/\ �/�

Am 2_8 j/� j/� �/� \/�

Am 2_13 �/� f/� �/\ j/�

Am 2_21 f/�f  �/� \/� �/`

Average �/� �/� �/� \/�

��.+��>4. �./[�. ]���$�[ ��/f j`/f jf/f ��/f

�BJ @.N�� f�/f f�/f fj/f f�/f

P kbar f�/f±�/� f�/f±�/� fj/f±�/� f�/f±\/�

P(±0.6 kbar) =  4.76AlTot – 3.01 – {[T (°C) – 675]/85} � {0.530AlTot + 0.005294 [T (°C) – 675]}

�F";��� G��# �"������ –#J��
3J% 
6�/(��0 +
�1 # �
/>9�� ���$A d#� �
/A6���*� A 6�I

 d#� �6+�= >��./? 6G H��K)4��� ���� I�+)!%�–

�S0 
ES5�(�4. Q#�H>� d#� #� .# 6+� !( .+>(. +)!I]��[
�
.�. .� ���?.+a p)0.# �4/r����. p)0.# �0 +��–��� �/A 

C)4 6./(  >[� 6.�.� �S0 
ES5 �( NA�. 0 6#�3 �
�GU 6�I.6
�. />90 ��A� �U��/f�4. *��H>4. Y(�7 .�,)
. /2
� �/1 

@.N��Si 6#��� �
 />90 N�� 8 %�H�U � !( �� �/\+3.# �� PA. 
8 �/	(apfu)+1�( .�
. b)4��� ���� 6./( ��� ��( 6�I�ff 

�A°C ��ff�4. *��H>4. Y(�7 .6+� !( # +)!I]��[����
b)4��� I�+)!%�–Z.�+K� .� �S0 
ES5 */%���0+��/0 .8 �/	

 /
�6./( ���$A ��� (T °C) d#� e�4. /( T�(C)4 �� 6�I
�� ��0 �( �.� NA�. 0 �
�GU �#�:









−−

−+++++−
=±

1
1

1

2
1

256
27

0650.0

])[89.25.41(4.224.39][79.095.76
]40[

T
A

A
Na

Plag
Ab

T
Si

A
vac

M
A

A
K

A
Naab

XX
XXX

RLn

XkbarPXXYkbarP
CT o

R = 0.0083144 kJ K-1mol-1, Yab = 0 for plag
abX >0.5 , Yab  = 12.0 ( ) 0.31 2

−− plag
abX kJ

�K�U �. �%4�[� �06��� d#� �
. �� �K)4��� ���� �. �$(�A 
�%4�[� N�� ��-	 �A �4. ��T ��4. ��-	 1�.� y)� ��9I �(

 8 %�H�U �Ha ���<)�
N2)>�I (S5 #.� ��
N9I �S0 
E
 n��>�./rQ�%4�[� # *��K)4��� ���� #�K)4��-	 ���� 
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6�/,I� @�
�#.� �x/�!" @./
. �4�)1 ���r # �4�)1� !( �!K� �f�

@U 6./( ��K�. �IP
�.� 8#+a �� @U b
�>� �0 `*+1 �
.�. .+�.
� y)� �
. 6./(���� �. *��H>4. �( �K)4��-	 ���� 
��94. # @ 4�+�U]�j[����� /I 6./( .� ��-	 �Q#�H>� 6�I

%�H�U ���< �
. �. �.+0 �%4�[� 8 +1�.� 9� �� ��0 Yo�3 �0 
P-TZ�>%�� FJ ���< *+�9J � [� Q.�. � �( T�4.)Y,1
�� .( �. *��H>4. �( /2
� �/& �.b)4��� ���� 6+� !( # +)!I 

]��[�}!>�� 6�I��-	 ��6���( � !%A ��4�+�U Yo�3 �0 
Z�>%�� FJ ���< @U �4.� � [� Q.�. � �( P�4.)Y,1��.(

?+� �5*��.� 9� �� � BJ �
. P-T 6./( �0 � ( �B�� ���< 

M�A/A �( ����< �A 8#. �S0 
ES5 # 8 %�H�U �Ha6��� 
°C ``� ��-	 �� ��/����(  !�0 6��� °C `�� ��-	 �� `�/\

���(  !�06��� °C `�� ��-	 �� `�/\# ��(  !�0 6��� °C 
\�� ��-	 �� ��/\( ��(  !�0 �+�U �4�+�.*/>�?6��� #

( Q�%4�[� �
. �. �0 ��-	��� �4� +
U)Y,1��(M�A/A �(
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