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;)	B�2D 2F �2G)D 122-D Y�*�'� ;� ����B ( �*�*.W�' (�'� ;�AlIV �F �U�� Fe/(Fe+Mg)  ]bp[�2D 2F �2G)D �2-S � (OI )F �* .@(
�5 �'� ;� �
��� ���"' � ;<� �
�DPry-(Alm-Sps)-Grs����B �U2G)D �2-S � (OI )F �* .�%��.>�� #$
� ����B �� + 1
$��;�I 3' �.A �*

$.,�* .o(����B Y)2B�')S �2-S � �'� ;� )F �5�)F �� � Y�*AFM RQ)� �(� �
�E)F ]b�[.q���� '� �!�� 1
' Y�* )
3 [� / �F O' D
�)G W
)-D) :A=(Al/2)/(Fe+2 + Mg + Al/2), F = Fe+2 /( Fe+2 + Mg + Al/2), M = Mg / (Mg + Fe+2 + Al/2)(.

�2G)D �!" �F�,2!E�,� gG �'$�� (Al2O3�� � Q � 
f.5 Y�*������2+ ^2.B ( �*���G ��* �D�%2!5 .2� �I Y�*

f.5 �d�+�2i�� �� B)B� Y�* �2��2G ��2�(��,5' O > Y'
OI �� ��2��;2!25 (�;� �	�
 �*�F �
 ( $� +#$
� [�$�#$+ -

$�'.

���� ���	 �� 
��C��D :%+ZK�� O�&� @�2D 2F �G $*� �� � Q � Y�*

��2+�%2�^2.B ( �* ( �2�I 12F �U2G)D #),�B �� �*
�� �')S �2!2	(�$25�2D 2F �1;h �� ( $�)2B � � 3' �*

�2D 2F$.,�* 1*I 3' �.A Y�* .�2D 2F 12.v;* � Q � Y�*
^2.B ���2D 2F �F ��
��� �� �*��2+�%2� �� � Q � Y�* ��*

'�'�YXMg 12
�E ZF��� �� ( )DXFe $.,�* Y)D_�F .),&2F ��
����B )
���� �#��.G �;5 �F �,�* 3' �*Mg (Fe �2D)D �F 

�� P
'8	' ( P*�G�$.F�
 ����B ')
3 Y�*��� �� �_ ;-� �*
�F 12
�E @`Q �F Z
�;D [$+Fe �� )D_�F Y�*��� �� ( $��'� 

12
�E Y�*��� �F ��
���I Z
�;D �)D @`Q �F ���Fe�5' ),;G .
P.G'( ��:Grt + Bt + Qtz + H2O→Chl + Ms  

]4L�4N[f.5 �� ����B Z2%&D Y')F �G �5�)F �� � Y�*
�� )m� �F ��x.� � Q � g
82.� �'$�� �?��-D ���i �� $5�

�" ;<� ��P.G'( �
�2��G�F �#$.*� [� / XMgGt< XMgBio<

XMgChl�5' .f.5 �� Y�*,2!E�,���_ ;-� ����B ( �2D 2F �
�� �,d�.+ �	�2;* ���G (� O' ." �F$� + .�F �(� 1
' 3'

 �'$�� P
'8	'Mg �'$�� �����B Y�*� !F �� Fe �2D 2F �� 
�� P
'8	' 82� ���I �	�2;*$F�
 .�
8<D V
�,� 3' ��'�' ��
 �2D 2F ( ����B �3'�)E8
�)?($Q Y�*��a(�5�)F �� Y�*

 ���–<.5 ��&	 �5' #$+ #��e,5' �)?($Q��Da.(
��!��:����B ��2+�%2� �� � Q � Y�*^2.B ( �* Y'�'� �*

 $.,�* 1
$��;�I 3' �.A �2G)D)Z%+K.(�� � $/�� �U5�|�
����B �
��� ���"'�U�� ��i )F �*Fe+2/Fe+3 �(� �F 

RQ)�]bp �b4[�� O�&� ����B �
�2;2+ �2G)D �G $*� �F �*
120��2� � X�� ;� �� �F �,�2+�%2� Y�*[� /Alm73.54-

71.42%, Sps5.07-5.4%, Prp12.59-11.85%, Grs8.87-10.65% (
����B��^2.B ����B �F �,�F'( Y�* �F ��* [� /Alm58.48-

52.06%, Sps4.07-7%, Prp7.82-3.73%, Grs30.24-37.14%�5' .
�� ��U2G)D [')22tD Y�*�'� ;� q�5')F�5�F()2	� EY�* 

�� ;� �� � Q � ����B �'$�� ��,�2+�%2� Y�*Fe �,�* 3' 
����B �;5 �F �*�2+�iOI�� P
'8	' �* $F�
)Z%+J.(R
3 D

 )/�."Ca (Mn����B ),&2F �� �,�* 3' ��5�)F �� � Y�*
 �;5 �F�2+�i�� O�&� �&*�G $�(� ��U
)�D $*�.
��!�E�6�F:��UX �'� ;� �� �*��j5$!	 Y$.F]bb[Y�*��j5$!	 �

�� �')S 3 D�' �xS �%
�8� �� �0;* �
�2!S $�)2B)Z%+a
W�' .(��2+�%2� �� � Q � Y�*3�G 
:�E^2.B ( �* Y�*

�F �# G),+ ��x.� 120��2� �2G)D Y'�'� �2D)D(Ab78An19)(
)Ab76An22($.,�*)Z%+Y�*a� ( @.(
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 0.2� ��;5�S �O�2S��/ �Y��%+ O')
' �5�.+ ���G ( �5�.+� !F �!<� �~}

G�6&*�3'�)E8
� �
8<D V
�,�)EPMA ( �d)F^2.B ����B 3' �*)#�'� 3' ��-F#$+ �9'�' 120��2� [� / �F �*$�'.(
����B �2D 2F 3�G 
:�E 

SM-33-1 SM-53-2 SM27-1 SM27 SM-33 SM27 SM-33 
Spots �2+�i �,�* �2+�i �,�* �2+�i �,�* �2+�i 120��2� 120��2� 120��2� 120��2� 
SiO2 �~/�� ��/}� �z/�� �~/�� �z/�� �z/�z }�/�} ��/}~ ��/�� ��/�� �~/�� 
TiO2 �/�� �/�� �/�� �/�� �/�� �/� �/�� �/z �/�� �/�� �/�� 
Al2O3 ��/z� ��/�� ��/�� ��/�~ ��/�� ��/�� ��/~� ��/~� ��/�} ��/}� ��/z� 
Cr2O3 �/�� �/�� �/�� ��/� ��/� ��/� �/�} �/�� ��/� ��/� �/�� 
FeO ��/} �}/~ ��/�} �}/�� �}/�} ��/�� �/�� �}/z� �/�� �/�z ��/}
MnO �/�~ �/�� }/}� �/�� �/�} �/~� ��/� �/�} �/�� �/�� �/�~ 
MgO �/z� �/�~ �/�� �/�z �/~� }/� �/}� �/�~ �/�~ ��/� �/z� 
CaO �}/�z ��/�~ ��/�� ��/�� � �/�� �/�} �/�~ �/�~ }/�� �}/�z 
Na2O ��/� �/�� �/�� �/�� �/�� ��/� �/�} �/�� ~/~� ~/}� ��/�
K2O ��/� ��/� �/�� ��/� �/�� ��/� ~/�z �/�~ �/�z �/�� ��/�

Totals ���/z �~/~ ��/�� ���/~� �z/� ���/�� ��/~� ��/�� �z/� ��/}� ���/z
Oxygens �� �� �� �� �� �� �� �� �� ~ ~

Si �/�~ �/�� �/�� �/�� �/�� �/�� �/�~ �/�� �/�� �/�� �/�� 
Al iv �/�� ��/� �/�� ��/� ��/� ��/� �/�� �/}� �/}~ - -

Al vi �/�z �/�� �/�� �/�� �/�� �/~� �/�~ �/�� �/�� - -

Al �/�� �/�� � �/� �/�� �/~� � }/�� �/�~ �/�� �/�� 
Ti ��/� �/�� ��/� �/�� �/�� ��/� ��/� �/�� �/�� ��/� ��/�
Cr ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� - -

Fe3+ �/�� �/�� �/�} �/�� �/�� �/�~ �/�� - - �/�z �/�z 
Fe2+ �/�z �/�~ �/�} �/}� �/�� �/�z �/�� �/�� �/�� �/� �/�� 
Mn �/�} �/�} �/�� �/�� �/�� �/�� �/�� ��/� �/�� ��/� ��/�
Mg �/�� �/�~ �/�� �/�� �/�} �/}z �/�� �/}� �/�� �/�� ��/�
Ca - - - - - - - �/�� �/�� �/�� �/�� 
Na - - - - - - - �/�z �/�� �/}� �/}� 
K - - - - - - - �/�} �/~} �/�� �/�� 

Sum �/�� �/~� �/�� �/~� �/~� z/~� z/z� ��/�� ��/~� �/z} �/�} 
Xmg �/�� �/�� �/�~ �/�z �/�~ �/�z �/�� �/�� �/�� - -

Alm ��/�~ }z/�� ��/}� }~/�� �}/z� z�/�� ��/~} - - - -

Prp �/�� �/z� }/}� �/�� }/�� ��/�� �z/�� - - - -

Gro ��/�~ ��/}� �}/�� �z/�� ��/z� �/z� z/z� - - - -

Sps ~/�z ��/�} �/~} �/�� }/~� �/~� }/�~ - - - -

Or - - - - - - - - - �/�� �/�~ 
Ab - - - - - - - - - ~�/z} z~/�z 
An - - - - - - - - - ��/z� ��/�� 

G�6&5��� V
�,� �/�d–�(� �F �<.5 ��&	 W!,�� Y�* 
��2+�%2��*^2.B�* ��� �
 �<.5 ��� �(�–�<.5 ��&	 

T (˚C) P (kbar) T (˚C) P (kbar) 
����B ����UD V.5�����2D 2F KaL �D KNL �aKJ �D Mpa �

���-����B �<.5 ��&	 ��2D 2F �3�G 
:�E �8D�' G )GBPQ (]bK[JKb �D JJ� J/a�D4/MJb4 �D JMp K/L�D4/�b 
�'$�� q�5')F �<.5 ���Ti �2D 2F �� � Q � ]bb[KJp �D aap �Kap �D aJp �

���-$.!U�� * �<.5 ��&	 �3�G 
:�E ]bJ[��a�L �D aMb N�D�p
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$!Q��#��;+ �����F ����zf.5 ( ���G �;2+ �
'3�2!E�,� �� B)B� �" ;<� Y�*–# G),+ 1
�HI . . .�~�

G�6&A�2D 2F o(3 �� 2D�G ?��UD �<.5��� V
�,��f.5 �� ����B Y�*�,2!E�,�# G),+ ��x.� .
Samples .B2^ ��2+�%2� 

SM-1-3 SM-82 SM-27-5 SM-267 SM-53-2 SM-33-1 SM-53-2 SM-293 SM27-1 SM-123-1 

Mg/(Mg+ Fe+2)Grt �/�~ �/�~ �/�z �/�z �/�z �/�M �/�~ �/�� �/�� �/�~ 

Mg/(Mg+ Fe+2)Bt �/�� �/�} �/�} �/�� �/�� �/�� �/�� �/}� �/�� �/�~ 

KD �/�K �/�� �/z� �/}� �/�� z/�� �/�} �/�~ }/�z }/�} 

Alm �/�} �/�� �/�~ �/�� �/}� �/�� �/�� �/�} �/z� �/z~ 

Sps �/�L �/�4 �/�b �/�M �/�� �/�L �/�M �/�4 �/�K �/�� 

Prp �/�J �/�J �/�K �/�K �/�K �/�b �/�J �/�� �/�~ �/�M 

Grs �/�} �/}� �/�� �/�� �/�~ �/�~ �/�z �/�� �/�~ �/�K 

T(oC)B92-HW ��� �~� �z� ��� ��� �}z �~� �}� �z� ��~ 

T(oC)B92-GS �}� �}� ��� ��� }�� }~� ��� �}� �z� �z� 

T(oC)Dasg91 ��~ ��� ��� ��� ��� ��~ �}� ��~ �z� ��} 

T(oC)FS78 ��z ��� ��� ��� ��z ��� ��� ��� z�� �z~ 

T(oC)HS82 z�� �z� �}z ��} �z� �}z ��} z�� z�� ��� 

T(oC)PL83 ��� ��� ��� ��� ��� �}� �z} ��� ��} ��� 

T(oC)T76 ��� JJL ��� ��� ��} �}} �~� ��� z�� �z� 

T(oC)HL77 ��� �}� ��� �}� ��� ��� ��z ��} ��� �}} 

T(oC)average ��� ��� ��� �z� �z� ��� ��� ��� ��� �z� 

KD :  R
3 D �
)hMg2F 12F �xF'� 3' #��e,5' �F �G ����B ( �2D :
Mg (Mg + Fe) Grt × Mg (Mg + Fe) Bi /(1- Mg (Mg + Fe) Bi) KD = (1-Mg/(Mg + Fe) Grt)/

Alm : �O$��;�ISps : �12D���j5'Prp : ( �()2EGrs :����B �
��� ���"' �_ 5()B�*.

G�6&B�(� �F �<.5��&	 ��� V
�,�]bJ[GBPQ �� ;� Y')F Y�*�,2!E�,�.
Sample ^2.B ��2+�%2� 
Spots No. SM-82 SM-1-3 SM-27-5 SM-267 SM-33-1 SM-27-1 SM-293 SM-123-1 
Fe3+ %in biotite p/��a p/��a p/��a p/��a p/��a p/��a p/��a p/��a 

Xalm p/Ja p/Jb p/JM p/Jb p/Jp p/Mb p/aK p/ML 

Xpyr p/pJ p/pJ p/pJ p/pK p/pb p/�M p/bb p/pM 

Xgros p/bL p/bK p/ba p/ba p/bL p/pM p/44 p/pK 

Xsps p/p4 p/pL p/pb p/pM p/pN p/pK p/p4 p/�� 

Xan p/4M p/4b p/4N p/4� p/44 p/4p p/bK p/pL 

Xab p/M4 p/Ma p/Mp p/ML p/MM p/Lp p/aa p/N� 

Xor p/p� p/p4 p/p� p/p� p/p� p/p� pp/p p/p� 

LnKd(Mg) -N/NJ -4/Lp p/ap -b/�p -4/Jp -b/4� �/Mp -��/Nb 

LnKd(Fe) -�J/Jp -L/�J -a/JL -N/pp -L/a� -L/pJ -b/Jp -�a/ap 

Pcalc(Mg) �p/Jp ��/Jp N/pp ��/� ��/�� L/Jp N/Lb �p/bM 

T(GB, ºC) apL a4K J44 JLb JMK apb ab4 a44 

P(GBPQ, ave) �p/p �4/p N/p �4/p ��/K L/J N/p N/b
P(GBPQ, Model 1) �p/J ��/J N/p ��/J ��/� N/J N/M �p/b
P(GBPQ, Model 2) N/p �4/p N/b �4/p ��/L M/J L/b L/b

Xalm : �����B �� 1
$��;�I �� � )�GXpyr : �����B �� �()2E �� � )�GXgros : �����B �� �_ 5()B �� � )�GXsps : �����B �� 12D���j5' �� � )�GXan :
 �3�G 
:�E �� �2D� �I �� � )�GXab : �3�G 
:�E �� �2U�I �� � )�GXor : �3�G 
:�E �� 3 D�' �� � )�G LnKd(Mg) : R
3 D �
)hMg �����B ( �2D 2F 12F 

LnKd(Fe) : R
3 D �
)hFe �����B ( �2D 2F 12F Pcalc(Mg) : �'$�� q�5' )F #$+ �U5�|� ��&	Mg �T(GB, ºC) :5�|� Y�������B o(3 q�5' )F #$+ �U�
��2D 2F P(GBPQ, Model1)  : �(� q�5' )F #$+ �U5�|� ��&	�V.5��&	 GBPQ�P(GBPQ, Model 2 : �(� q�5' )F #$+ �U5�|� ��&	4�<.5��&	 
GBPQ �(GBPQ, ave) :  �<.5��&	 �(� (� q�5' )F #$+ �U5�|� ��&	 120��2�GBPQ.
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 0.2� ��;5�S �O�2S��/ �Y��%+ O')
' �5�.+ ���G ( �5�.+� !F �!<� �~�

 G�6&H��� V
�,��<.5��&	 ? U2e�I o(3 �(� �F ��( 3�G 
:�E Ti$.!U�� * Y')F �'� $.!U�� * ��2.B �� ;� Y�*.
Sample No. SM- 33-1 

SiO2 bN/J bN/L Kp/� Kp/� Kp/p Kp/p Kp/L Kp/b Kp/b Kp/L Kp/b Kp/a

TiO2 p/M �/p �/� �/� �/p �/p p/N p/N �/p �/p �/p �/p

Al2O3 �K/J �b/M �b/N �b/L �b/J �b/a �b/L �b/N �K/p �b/L �K/� �b/M

FeO* 4b/b 4b/4 4b/4 4b/L 4b/J 4b/� 4b/� 4b/� 4b/� 4b/p 44/N 4b/�

MgO K/J K/N J/p J/� J/p J/� J/� J/p J/p K/N K/N K/a

MnO p/4 p/4 p/4 p/4 p/4 p/4 p/4 p/4 p/4 p/4 p/4 p/4

CaO ��/� ��/� ��/� ��/4 ��/4 ��/� ��/4 ��/4 ��/4 ��/� ��/p ��/�

Na2O �/b �/4 �/b �/J �/K �/b �/K �/K �/4 �/K �/b �/4

K2O 4/� 4/p 4/� 4/� 4/� 4/p 4/� 4/p 4/� 4/� 4/� 4/p

Sum NM/4 NM/4 NM/N NL/p NL/p NM/J NM/J NL/p NL/p NM/4 NM/N Na/a

XAb p/N p/L p/L p/L p/L p/L p/L p/L p/L p/L p/L p/L

XAn p/� p/4 p/4 p/4 p/4 p/4 p/4 p/4 p/4 p/4 p/4 p/4

T(oC)HB2 a�L/J aa4/L aaJ/J aMb/p aaN/� aaa/b aJN/� aa�/N aJ�/K aaJ/4 aJN/N aJp/M

P(Kb) HB2 �p/K N/4 N/4 L/N L/L N/p N/� N/4 N/K N/4 N/K N/K

T(oC)Ti-hbld abN/a aLL/b aNJ/b Mp�/L aN�/J aN4/4 aMK/a aMb/K aMM/M aLL/� aLa/K aLb/p

G�6&I�� ;� �� ? U2e�I �(� �F �<.5��&	 V
�,�$.!U�� * ��2.B Y�*�'�.
Si a/�a a/�L a/�N a/4p a/�N a/�N a/4J a/4� a/4� a/�N a/4� a/4� 

AlIV �/L� �/L4 �/L� �/Lp �/L� �/L� �/MN �/MN �/MN �/L� �/MN �/MN 

AlVI p/L� p/aN p/M� p/Mp p/aa p/aL p/Mb p/MJ p/MJ p/M4 p/Ma p/MK 

Ti pL/p p/�4 p/�4 p/�b p/�4 p/�4 p/�� p/�� p/�� p/�4 p/�4 p/�� 

Cr pp/p p�/p pp/p pp/p pp/p pp/p p�/p pp/p pp/p pp/p pp/p pp/p

Fe3+ p/ba p/Kp p/bL p/4a p/ba p/K� p/b4 p/b� p/ba p/bK p/bK p/bK 

Fe2+ 4/aL 4/a� 4/a4 4/aN 4/aL 4/JL 4/ab 4/aM 4/a� 4/aa 4/a� 4/aN 

Mn p4/p pb/p pb/p pb/p pb/p pb/p pb/p p4/p p4/p p4/p pb/p pb/p

Mg �/pK �/�K �/�K �/�N �/�J �/�N �/�L �/�J �/�J �/�K �/�b �/pN 

Ca �/LK �/LJ �/LK �/LJ �/La �/LJ �/Lb �/LJ �/LJ �/LJ �/L4 �/LM 

Na p/bN p/bL p/bN p/Ka p/K� p/bN p/K� p/K4 p/bJ p/K� p/bN p/bJ 

K p/Kb p/Kp p/K� p/K� p/K4 p/bN p/Kp p/Kp p/Kp p/K� p/K� p/Kp 

Amphibole group Ca Ca Ca Ca Ca Ca Ca Ca Ca Ca Ca Ca 

(Ca+Na) (B) pp/4 pp/4 pp/4 pp/4 pp/4 pp/4 pp/4 pp/4 pp/4 pp/4 pp/4 pp/4

Na (B) p/�a p/�J p/�a p/�J p/�K p/�J p/�M p/�J p/�J p/�J p/�L p/�b 

(Na+K) (A) p/aa p/ab p/aK p/M4 p/aN p/ab p/aK p/aM p/ap p/aM p/a4 p/a4 

Mg/(Mg+Fe+2) p/4L p/bp p/bp p/b� p/bp p/b� p/b� p/bp p/b� p/bp p/bp p/4N 

Fe3+/(Fe3+AlVI) p/b� p/bM p/bJ p/4M p/bJ p/bM p/b� p/4N p/bb p/b4 p/b� p/b� 

Amphibole names Ferrotschermakite 

[37] N/a N/p N/p L/N L/M L/L L/L N/p N/� N/� N/4 N/p

[38] N/K L/M L/M L/M L/J L/a L/a L/L L/N L/L L/N L/L

[39] �p/4 N/K N/J N/K N/4 N/b N/b N/J N/a N/J N/a N/J

[40] M/L M/4 M/4 M/� M/p M/� M/� M/b M/b M/b M/b M/b
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