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Abstract: The calcareous rocks in the Takht-e- Soleyman area (NW Iran) crop out in 
association with a variety of metamorphic rocks including amphibolites, granitic gneisses, 
pelitic schists and meta-ultramafic rocks. Retrogressive metamorphism of these rocks 
occurred during decompressional cooling during exhumation. Cummingtonite-bearing rocks 
resulted from retrogression of the calc-silicates in the area. Their dominant mineral 
assemblage is plagioclase + garnet + calcic – amphibole + ferromagnesian – amphibole + 
quartz + calcite ± titanite ± epidote. Calcic - and ferromagnesian - amphiboles were 
determined by petrographical observations and EMPA analysis. Hornblende and 
cummingtonite compositions dominate the analysed amphiboles. Formation of Ca-poor 
cummingtonite coexisting with calcite and calcic - hornblende in the retrograde calc - silicates 
of the Takht-e-Soleyman area is a rare petrological occurrence. Thermometric estimates using 
mineral compositions of cummingtonite co-existing with hornblende is in the range of 550 -
600 ºC. Al in hornblende barometry yields a pressure of 6.5 ± 0.6 kbar, corresponding to 
medium pressure amphibolite facies. 

Keywords: Takkht-e-Soleyman area, retrograde metamorphism, calc-silicates, 
cummingtonite, P-T conditions. 
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R52 X X X X O O O O A O O O O A��;!.-2-��; =�5-�96&/-�(� �

R22 X O O O A O O O O O �9�"$-�!<(-"�"� =*4 

R53 X O O O O O O �9�"$-�!<(-"�"� =*4 

RA14-b X O O O? O O O O �9�"$-�!<(-"�"� =*4 

RA15-c X O O O X X �9�"$-�!<(-"�"� =*4 

RA6-c X O O O �9�"$-"�"� �

RA8-d X O <9+92	-"�"� �

R46 X O O X O O O <9+92	-"�"� �

RA6-a X O O O? O O O O O <9+92	-�!<(-"�"� =*4 

R15-c X O O O O O O �9�"$-�!<(-"�"� =*4 
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R88-5 O O O O O O O A��;!.-2-�( =�5-9
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R29-9 O X O X O O O O O O O O O O �9<�5.(-�!2;-<9/-1�;*"!A��; ����+!.-2-=�5

R-Bo O O O O O O O 2;-<9/-1�;*" !A��; ����+!.-2-=�5 
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�(� 1

R96-33 O X X X X X O O O,A X X O O O �9<�5.(-�!2;-<9/-1�;*"!A��; ����+!.-2-=�5
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M"J���9D� )( �DH. ��-+4H
"J =()(9H� �J �?+H-">%�"Hx 4H�( .

�(�&���>��&/. I(9�( >A��; !.-2-=�5S
�< ��; �39DW� -�H�>
2O(�(
�.( �6	"+ 8�W�( ��&/. 1)G*4`�.(��&/.>A��; !
.-2-��; =�5-�96&/-��(� �R/� �� S�HQ��R� ��9H� =�9HO �HJ 
T
��?�
��&/H. �HJ E*�/6� >�H6� !	��("6�*( H- K�@ * A-�9# H- �

5'$-%40 B4�( )��9D�R-52 B50 ��.(
��HH; �HH39DW���HH?>��&/HH. C9HH+"+�>��; -�96&/HH-��(� 

�HH���+ )( 4HH/$��#3)��(%4HH/2#��9? �)��(%; ���-�96&/HH- �
)��(%�HHH2; �-�)�b(%,$�(9HHH; �)�b(%�XY< HHH
 )Y;9)b(%*
<(-=*4)b.(%)
$�<@ * 1;"-��; ���?>w,` ��H� B-q'$ (� -

4/?� .��;-��>( �� ����+ 
� %4?�'� =�9O *� �J ��&/. 1�-
4�90) :}�((J ����+�� B50H
(� ,�H� �HJ 6H.YJ9�("+ �H	�J -A

(GrtI) %4��D-m�J sT�D6P( �; 5'H$ �H���+ )( �
�H?-�� %4H0 B
("HH0
�9HHH+"+� n*( V��4HHH�( )B5HHH0-b  �(�)E(�HHH���+
	�9<-�.YJ*"(GrtII) "�$ c)(4�( �J 
#�b�-2�"H6� �H;(�(�>

w9< �	�J�;-6.YJ92-A�J
~9K���>��(� �0�� s�6#�� * C(*("	
��; )(-��>;�2; �,$�(9-XY< * �
)Y;9 �.()B5H0-b  �(."HJ

 6	�J VJ(*� S
�<���; �39DW� *-��>�Hx 4H0 89H2Q� �C9H+"+� 
��;-��>w9< �	�J �J ����+ �;-6.YJ92-6	�HJ G��HQ$ �� A��HJ 
��;-�HH�>�HH2; -��; * 4HH/2#��9? ��-�96&/HH- BHHO�P * %�9HHJ �

�9+"+��%4�*"�< 4�()B50-a  �.(�2;-G9Hi �J ��/��-H2�
* "6�;��-�96&/-�G9i �J �/��-2�"6� ���-+4H
"J =()(9H� �J

 C9�("-<	�9<-�.YJ*" 5'H$ ����+ -%4H0 B4H�()B5H0-a  �.(
;��-/&�96-�#i �9� ��-Q�J�_�� �HJ �)�� �i��� �� * �.( 

�6�q0 *� T�J &6�`"J *�4
40 � ]�'���9H0.4H/2#��9? 
,D? =�9O �J
��; �HJ ��-�96&/ H- ��HJ �J6H.YJ9�("+ �H	-A

5'$-�.( %40 B.

���	
 �	�	
���
� 	
��+�I�I� 
;"$-2HO( "O�/3 \���; �� -�H�>K�@ ��H���+ -�H2; G9H#-�A
K�@-/�*"	 G9#-,
XY< �1
�2; * )Y;9-��9D� �� ��?�
sY#m �; 

3- Peak metamorphic mineral assemblage 

 6	�J * �6M�/0 _/. ��:� )(��HJ ��9HJ %4H0 �HQ��R� �m� �J 
c4HH�)(�"<,
�Geoscan3 c45'HH�(� �� HH�) 89HH2-%�&'HH�(� 1

�*� �J "6�7/�EDS,W$ H
4H0 �.SH���"JZAF/FLS ("HJ >
4#$
. B-����/&>9$"< X���@ �J -�?,>�;( -4>%��K6.( "O�/3 

4HHH0 .�HHH39DW� )( %��K6HHH.( �HHHJ %�&6HHH.� �W/�HHHD?(>)(
�?��(4��6.(>#i-Q�39/{� *��.( %40 8�W�( .

K�@-G9# :��;-��>K�@ -,W$ G9H# H
 )( 4H/$��#3 %4H0 �K�@-G9H#
�HH2;-K�@ * A-/�*"	 G9HH#HH-,
1.��6M�HH. G9HH�"	>��; -�HH�>
K�@-,W$ G9#
S�9D� �� %40 �R52 �� �"HQ� SH�9D� C(9/3 �J 

G*4`�40 %��*@ .

XX 

��
<(a) �H���+ �H.YJ*"-	�9< �� A-6H.YJ9-2; �w9H< �H	�J .
H
9i =�9HO �HJ �-�H2; * 4/2#��9? ��-�96&/-��; >��-��; %4H0 B

�+�(9+"J C9�("-< (� �H���+ �.YJ*"-	�9< B-q'H$ �4H�( %�(�PPL .
(b) ��(� ����+ >�? ���; �A-6H.YJ9�("+ �H/-�) �� B5H0 �J * ,
�

PPL.
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�
�-D-0 \-;"$ �.�"J V
("0 *P-T? >��-��; * �-�96&/-��; B-5'$ �� %("D. . .���

.�8/J;"$-�D� \
��; I(9�( )( %4/-��>,W$ C9+"+� 
A��; _/. �� %40 �!.-2-��; =�5-�96&/-�R/� �(� �S2. ��$ -C�D(R52) . ^wY3
(��{6M>��; -)( ��]��[�.( .

��;-��>,W$ 
%40 � Pl Grt (retrograde) Grt (relict) Cum Cum Hbl Hbl Cal 
SiO2 ��/bb �j/�� tk/�� j�/ �t/ ��/ hh/ ��/�
TiO2 ��/� �j/� ��/� k� k� j� jt ��/�
Al2O3 ��/�� t�/t� �t/t� �t/� �j/� �t/� th/� ��/�
Cr2O3 ��/� ��/� ��/� ��/� �j/� jj/ ��/ ��/�
FeO ��/� ��/t� ��/�t ��/� ��/� �� �� �k/�
MnO �l/� ��/j ��/� ��/ ��/ �t/� ��/� h�/�
MgO ��/� �k/� ��/� �� �t j�/ t�/ ��/�
CaO ll/� �k/h ��/� k�/� k�/� t� tj ��/

Na2O ��/� ��/� ��/� ��/ �t/ tk/� t�/� k�
K2O ��/� ��/� ��/� �� �� ��/� ��/h ��/�
Sum b�/ k�/�� h�/�� kh/� ��/� t�/ ��/� ��/�
(O) ��� �t �t �k/� ��/� �� ��/� �j/

Si � �h/k ��/k ��/� ��/� ��/� j�/� ��
Al bl/� ��/� ��/� �h/ ��/ k�/� ��/ �

Fe3+ ll/� �j/� t�/� �� �� �j/ �� ��/

Fe2+ ��/� ��/� ��/j t� t� �k t� �
Ti ��/� �t/� ��/� ��/h �j/h t� �h/� ��/

Cr ��/� ��/� �/�� ��/� �t/� j�/� �k/� �
Mn ��/� k�/� j�/� ��/� ��/� ��/t t�/� ��/

Mg ��/� tt/� t�/� �k/j t�/j t�/� �j/t �
Ca ��/� t�/� t�/� ��/� ��/� h�/t ��/� �k/

Na lb/� ��/� ��/� ��/� ��/� �j/� ��/� �
K ��/� ��/� ��/� �h/� �h/� ��/� �j/� ��/

Sum ��/� �� �� k�/t ��/t �j/� �j/� �
Al[IV] ��/b ��/t �/t ��/� �h/� k�/� �j/� ��/

Al[VI] hk/� ��/� ��/� �t/� h�/� ��/� �
Mg/Mg+Fe �k/� �k/� ��/� ��/� jt/� ��/� ��/

Al/Al+Fe3++Cr3+ �t/� ��/� ��/�k ��/�k ��/� jk/�k �
(K+Na)A k�/�k ��/� �j/�

Na/Na+K+Ca k�/� kt/� ��/

K/Ca+K+Na k�/� �h/� ��/� �t/� �h/� �
Ca/K+Na+Ca �t/� �k/� �h/� ��/

Alm jt/� h�/�j ��/�h ��/� jk/� �
Prp ��/� ��/h k�/� �h/� ��/

Sps ��/� ��/j ��/� �k/� �
Grs ��/t� �/�� �j/� h�/� ��/�
And ��/� j�/� hh/�
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95.9J ��*�� �>"-&���` �C~�� ��2F*( �23 �`�P ��t

K�@-�2; G9#-A:�(4��Fe3+��J ��)(9� �*� S
�< "J >�#.�:� 
40 .;"$-��; \-��>K�@ -�2; G9#-%�� �(�9D� �� A4/J>]��[

�� �("m 4/2#��9? c"6�+ �� "6'-J �"-+)B50-a  �.(
;"$-��; \-��>H0�P �DH. �J �6�? )( 4/2#��9? -(�(� �>

f$HH--�HHJ =("-HHw,` ����HH.( .�(4HH��Ca;"$ �� HH-HH? \�6� 
a.p.f.u.)��/�(JHHH-;"$ �� C@ �(4HHH�� )( "6'HHH-HHH0�P \-�
a.p.f.u.)b�/�(�HHH.( .��HHH��
"Na;"$ �� HHH- �6�HHH? \
a.p.f.u.)��/�(��� �� 
H0�P �J ��-�a.p.f.u.) ��/�(s�6#�H� 

J-�.( "6' .�?�(�9D�>Ti \�HP "HJ Si *Al \�HP "HJ Si�
]��[*
+u-��>��� * ��'	 >��; 1-&��H-� -�H�>H/2#��9? �� 4

��&/.>A��; !.-2-��; =�5-�96&/-�2. ��$ S�R/� �(�-C�D
� C�'� (��4?�)B50-b, c  �.(

K�@-/�*"	 G9HH#HH-,
1:G*4HH`�;"$ HH-��; \-�HH�>K�@ -G9HH#
/�*"	-,
2. ��$ S�R/� �� 1-H� C�'H� (� C�D�4H?� .G9H�"	

��6M�.>S
�< "J �b$�; -* C9���;( -�9H#� �"	 �J CuFe3+

.( %40 �#.�:��.%�� SH
�< "HJ 4H/J>]��[;"$ H-��; \-�H�>
K�@-/�*"	 G9#-,
,W$ 1
��; %40 �-�96&/-�H.( �)B5H0-d  
�.(����
"Mg (= Mg/Fe + Mg) �J "J("J l/��$�b/��H.( .
;"$HH-HH0 \-D-��
��; -�HH�>K�@ -�HH2; G9HH#-K�@ * A-G9HH#

/�*"	-,
��&/. �� 1>A��; !.-2-��; =�5-�96&/-�S�R/� �(�
 2H. ��$-�D�H?�(�9D� �� C>Hv2v� �Mg-Ca-(Fe + Mn) *

Mg-Al-(Fe + Mn) �.( %40 %�(� C�'� )B50l.(
�HH���+ :;"$HH- HHJ �HH���+ \�� * B5HH0HH
�) �� �HH�(� ,-SHH/

6.YJ9�("+-"�$ A
;"$ )( =*�K6� s�#-	�9< ����+ \-�HJ �.YJ*"
 w9H< �	�J�;-6H.YJ92-A)%4�*"�H< C9H+"+� �H���+ (�H.( .
��HHHH��
")ppm��/�(Ca *)ppmb�/�(Mn �HHHH���+ �� 

	�9<-J �.YJ*" H- � �H���+ )( "6' H
 �H�(� ,)ppm�/�Ca =  *
ppml�/�Mn =  (�) ��-/S6.YJ9�("+ -A%�9J H�*���H��
"
Mg ( �� 
��; 1-���� �� ��
w,` "�f$--� C�'� "�4?�)G*4`
�(.

��
=(a) ;"$ -��; \-��>K�@ -�2; G9#-,W$ A
��&/. �� %40 �>A��; !.-2-"J �Q��R� ��9� =�5%�� S
�< 4/J>]��[(b,c);"$ -��; \-�H�>
,W$ 4/2#��9?
�?�(�9D� �� %40 �>Ti-Al *Ti-Si ]�l[(d) ;"$ -��; \-��>K�@ -/�*"	 G9#-,
��&/. �� 1>A��; !.-2-�HQ��R� ��9H� =�5 ��

 �(�9D�]��[.
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�
�-D-0 \-;"$ �.�"J V
("0 *P-T? >��-��; * �-�96&/-��; B-5'$ �� %("D. . .���

��
K;"$ -��; \-��>K�@ -/�*"	 G9#-,
K�@ * 1-�2; G9#-;"$ �(�9D� �� A-#�Mg-Ca-(Fe+Mn) *Mg+Al2O3-(Fe+Mn) . 

_/. 4?(90 6	�J * �6M�/0�� C�'� �HJ ����+ �; 4?��-
� * B50
�) �� ��(� ,-6H.YJ9�("+ SH/-��J AH
��
��; )( -�H�>
�*( ����+-�* �.( ��	�9< �H���+ -Hi �H.YJ*"�("	 
�?4H/>
�9+"+���<5'$ %4�*"-%40 B4�( .;"$ H- H0 \-D-��
��; -�H�>

=�9HHO �HHJ %4�*"�HH< �HH���+Grs16.9-24.0Alm58.3-68.6Sps7.0-

13.3Py2.5-5.0 �.( .�(�4�@
(�(� �>���� 
�HJ "HJ("J "%�/�!l/�
�.( .;"$-H0 \-D-��
��; -�H�>��&/H. �� �H���+ >AH��; !
.-2-��; =�5-�96&/-�2. ��$ S�R/� �(�-H?�(�9D� �� C�D�>

HHHHv2v��Prp-Alm-Sps *Prp-Grs-Sps%�(� C�'HHHH� 4HHHH0
)B50b.(

XY<
)Y;9 :;"$-��; \-��>XY< 
,W$ )Y;9
%40 �
* ��HM(9/5
 �(4HH��K2O�HHJ -w�HH< ��-1a.p.f.u.) ��/�!��/�(�HH.( .

;"$HH-XY< \HH
 �(�9HHD� �� )Y;9An-Or-Ab�HH� %4HH
� �9HH0
)B50�.(

�2;-�:�2;-2O( =�/J"; )�	 ����&/. �� >A��; !.-2-=�5
�HH.( �HHQ��R� ��9HH� .�HH2; G9HH�"	-SHH
�< "HHJ ��$�HH; -* C9�

�;(-�H.( %4H�@ �H.� �J Cu .��H��
"Fe *Mg ��; �� -�H�>
�2;-,W$ �
$"$ �HJ %4H0 �H-�*4HP �� \wt% �/l!�/�*

wt%�/�!�/��.( .G*4`�;"$ -��; \-��>,W$ 
�� %40 �
��&/HH.>AHH��; !HH.-2-��; =�5-�96&/HH-��HH�$ �HH�R/� �(� 

2.-� C�'� (� C�D�4?�.
. E��6�( H- H0 ^6�-D-��
("HJ \H.�/� >�HD� 
;"$ UH-\

0-D-��
��; -��>,W$ H
��&/H. �� %4H0 �>AH��; !H.-2-=�5
��;-�96&/-�2. ��$ S�R/� �(�-C�D *�D�
;"$ U-�HQD` \
��;-��>��&/. >A��; !H.-2-��; =�5-�96&/ H-��(�9HD� �� �(�
;"$-HH#�HH`( )( B5'HH6� >(,CaO, Na2O, Fe2O3, FeO, 

MnO, MgO, SiO2, TiO2, H2O, CO2, Al2O3<-7H-%4
�.( .("J>%��. . C40 "$-H� ^6��)�H	 C9��Hm SH
�< "HJ C(9H$

5'$-%4/?� B�?�
�*4:� �(4Q$ �� V�	 �; >�9H`* �H?)�	 )( 
� * �4��(�-5'$ ,-%4H/?� B�H?�
��H�� �H; 
�H?)�	 �� �H��@ ">
�9+"+���J-��.( ^; ��. )( H- ��HP ^6� "Hx ( C*4HJ �
�H5/

f$--">�?)�	 VJ(*� �� >m�J -( %4��D
�9H0 ��HW .("J�H/J
�� �HJ 1
("HJ )�H	 C9��Hm 16	"H+ "o�>. C4H0 %��H. H-H0 ^6�-D-��


��&/.>) =�9O �J ��Q��R� ��9� 
%�"x BD3 "(
^:
�!TiO2��&/. �� >A��; !.-2-�?)�	 �� �Q��R� ��9� =�5>
$-��6-892O( �(��/��� $ 4-��6-( * �
/D2-M~ �-* �H.( %4H0 %"

����
;"$ �� C@ "-��; \-��>,W$ 
�.( ^; %40 �.�(4�� )( (��
TiO2. �� -^
�"x �09< ^'� ^6� .

�!Fe2O32O( =�9O �J �<( �� -��H�� * ��(� �9`* =*4
C@ "
��; ��-��>K�@ -,W$ ����+ * G9#
�.( ^; %40 �.Cr2O3��
��;-��>,W$ 
�9H`* %4H0 ���(4H� .'H��` �"H	 �HJ-/�H
�9�

Fe2O3*Al2O3��5'H$ C(9$-%4H/?� B�H?>	"� �H. -H6�
Al2O3*Fe2O3��+)�. �(�9D� �� (�>�	"+ "o� �� ^? �J .

�!5'$ -%4/?� B�?>Fe *Mg�?)�	 �� >K�@ -�H���+ * �G9#
 '��` �"	 �J 4��(� �9�P-/�
�9�Fe *Mg ��( C(9$ H
 *� 1

5'$-�J (� %4/?� B�	"+ "o� �� ^? .MnO ���� ��
�� ^H; "
��;��?>/�*"	 H-,
K�@ * �H���+ 1-��(� �9�HP G9H# .5'H$-B

%4/?��?>	"� *� -6�MgO, FeO, MnO� (� �^H? �HJ C(9$
��+)�. �(�9D� ��>�(� C�'� .

l!Na2O��HH�� �� 
'HH��` =�9HHO �HHJ ^HH; "-/��HHJ CaO �� 
5'$-M"J B���; )( �XY< 4H/��� �? H
 )Y;9 K�@ *-�;"H0 �G9H#

 �.( %�"x .( �HJ �`9$ �J
XY< �H5/ H
 ��HD$ �� )Y;9��H39DW� 
��;���&/. �� ��?>� ���(� �9`* �Q��R� ��9� �5'H$ C(9H$-B

c4/?�Na2O#�@ ���H
�< 9�3 =�9O �J (� H-)�H	 C(9H/3 �HJ �
	�e(�("J >. 1
( -�	"+ "o� �� ^6�.
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95.9J ��*�� �>"-&���` �C~�� ��2F*( �23 �`�P ��j

��
L,W$ ����+ >��-��; \-;"$ >�?�(�9D� �� %40 �
Prp-Alm-Sps *Prp-Grs-Sps.

��
M�#-;"$ �(�9D� >*� "J %40 �
,W$ )Y;9
XY< >��-��; \-;"$ Or-Ab-An.

b!("J >(
��; �5/-��>CO2�2; 4/��� �(� -��; * �-��>�(4HJ@ 
K�@ 4/���-�D� �(�9D� �� (� G9#
?� U-H� �"H	 ^�H/;-�H; ^

;"$-	 �2O( \%��0 )� C9+"+� >�?H2O*CO2%�9J 4�( .
�!��&/H. >(�(� �HQ��R� ��9HH� C9H+"+� >�HH2; * ,$�(9H; -�

C(*("	 1
("J�/J 4�(SiO2�2; *-�� (� ��H?)�	 =�9O �J C(9$>
	�e(�. �� -�(� C�'� ^6�.

("J�/J
T�HJ ��(9H� 16	"H+ "Ho� �� �HJ 1��; �H39DW�-�H�>
C9+"+� ;"$ *-\0-D-��
��; -����&/. ��>A��;!.-2-=�5

��;-�96&/-�2H. ��$ S�R/� �(�-C�D H� (� �. �HJ C(9H$ H- ^6�
0-D-��
CAF 9{H$ �J
">�(�"HJ��; )( -�H�>#�@ �,$�(9H; H-��

H2O*CO2�D� 
�(� U)B50�.(
f6�-�?">5'$ -. �� %4H/?� BH-$�HQ��R� ^6����&/H. >
A��;!.-2-r)( 4/$��#3 =�5 

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

��;-�96&/-��&/. �� �>A��; !.-2-BHO�P �Q��R� ��9� =�5
��'HH/;(*>�HH.( �HH���+ ��HH50 .< U/HH;(*HH-���/'>("HHJ >

5'$-��; B-�96&/-��&/. �� �>A��; !.-2-�Q��R� ��9� =�5
 r)( �.( =��#3 

Gr + Prp + CO2 + H2O = An + Cum + Cal 

HHJ �HH.(� �DHH. �HHJ T�HHJ U/HH;(*�HH.( %("HHD? �HH�� U?�HH; �.
XY<
�2; �)Y;9-��; * ��-�96&/-6	�HJ G��HQ$ �J ���) �� -SH/

6.YJ9�("+-5'$ A-��J * �.( %40 B
�>J =�9O �J ����+ �-
� * B50
m�J =�9O �J ��(� ,-H� %4?�'H� C@ �� %4H��D��9H0 .

w9< �	�J �J ����+�;-6.YJ92-(�(� A>(
CX925/�?>)( C(*("	 
��;-��>2;�-XY< * ,$�(9; ��
�H.( �H�(� �0�� s�6#�� )Y;9 .

6'+"J U/;(*�5'$ -w9< �	�J �J ����+ B�;-6H.YJ92-�HJ A
) =�9O
< "-� ���/'�r�90 

An + Prg + Qtz + CO2 = Prp + Ab + Cal + H2O
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�
�-D-0 \-;"$ �.�"J V
("0 *P-T? >��-��; * �-�96&/-��; B-5'$ �� %("D. . .��k

(
("0 �� U/;(* 1
�.( %�(� �� ��� * ��'	 U?�; V.�9�HP
��;-��>K�@ �(4J@ -���� �� G9#
�J "�2; �T-�HJ %("HD? C(*("	 �
5'$-��; B-��><(-$ * =*4-��6-��; �39DW� �� �-��>A��; !
.-2-=�5�?>%��0 ~9K� c4/?� C�'� ��Q��R� ��9� H/F >�?�)(

H2Oi�("	 
�?4/>�9+"+� ��Q��R� ��9� S�R/� �� %4�*"�< 
�.(.


��#�N���
�O 
�� �J H- ��H; �9H#� B��H?>,D? H
m�J ��-("H0 )( %4H��D
n*( V

�9+"+����H?��#��-� �H?)�	 )( \H.�/� >m�J -��; �� %4H��D-�H�>
	�9<-�HHH�R/� * �HHH.YJ*" HHH0 >4HHH/J-D-��
��; �� -�HHH�>
	�9<-,W$ �.YJ*"
("0 �%40 �
VP-T �9H+"+� �<H-* %4�*"'

�9HH+"+� n*(���&/HH. �� >AHH��; !HH.-2-�HHQ��R� ��9HH� =�5
��-� ]�'�.

("0
VP-T �9H+"+� �( %��K6H.( �HJ %4�*"�H< �*� )�H?>
�HH�� 1-HH�)!�9�"$ SHH���"J * G9HHDQ� �W/.��'HH	 
��HH/-5�

THERMOCALC Q$ --40 1.("0
�H�� V�
)( %��K6H.( �HJ 
y/.���Fe-Mg J-��; 1-��>��; * ����+ -�96&/-�W/�D? �

VH.9$ %40]��[�*4HP �� oC��� 4H0 �#H.�:� .y/H.���
����+!��;-�96&/-�W/�HD? S
�< "J �]�l[�*4HP �� (� �H�� 

oCb�� Q$ --� 1�4/; .� �"Hi )(
�W/�HD? )( %��K6H.( "H& 
]����l[("J >��; -�H�>�H���+ )	�9<-�H.YJ*" (4H/2#��9? *

,D?
$"$ �J ��-�?��� �J \>oCl��*oCllb�.( ��+)�. .
(
��H�� �� =*�HK$ 1
�H?��� ">("HJ %4H0 �#H.�:� >��; -�H�>

,D?
����+ ��!��;-�96&/-����+ * �!� �� 4H/2#��9? y/H.�� 
]��[V.9$ ]�[�H.( �6	"+ �("m �:J ��9� .( ^H�� SH65� H
 1

�W/�D? �� �; �.(]��[���� 
("J �RM ">�H���+ y/.��� !
��;-�96&/-����+ y/.��� )( "6D; �!�H.( 4/2#��9? .("J�H/J
1

���� �� =*�K$
�H?��� ">��&/H. �� %4H0 �#H.�:� >AH��; !
.-2-�� )( %��K6.( �J �Q��R� ��9� S�R/� =�5��W/.�>���H#$ �

����+!��;-�96&/-����+ * �!�� �J 4/2#��9?-'��` B-/��H?>
<-7-$�; c4-�9�K�@ ��6M�H. �� -�H2; G9H#-��� �� AH
�HJ ��

'��`-/�"�$ 
�$*� s�#�
��; �� -�96&/-�.( �.
�6� T�J ��(9� 16	"+ "o� �� �J
y/H.��� )( %4H�@ �.� �J y

�HH���+!��;-�96&/HH-��� �� �HH
�HH6� �HHJ ��
y�HH���+ y/HH.��� !
("J 4/2#��9?>��&/. >��; -�96&/-�)( �Q��R� ��9� ��R/� �(�

�RM>"6D; >�H.( �(��9HM"J ]�[.��&/H. y/H.���>��9H� 
$ �(4�� �*� �J �Q��R�-��6-;"$ �� 89-��; \-�96&/-SH
�< "J �

�W/�D?]�b[��� >oCkk� � �.� �J (��"�$ �H; 4?�
s�H#
 ���� �J�'�
"HJ %4H0 �#H.�:� "(>$ �(4H�� -��H6-;"$ �� 89H-\

,D? 4/2#��9?
�.( ��)oCkh� T =.( 
K�@ y/.��'	 )( %��K6.(-�W/�D? S
�< "J G9#�?>]���H$ 

��[$"$ �J H-("H0 �HJ \
��'H	 Vkbar h/kP =�kbarh�/�*
kbar �h/�!��/k��(� ��(9HH�D? .("HH0
VP-T�9HH+"+� �

U/H;(* S
�< "J ,-� ��9D� C�D? �� %4�*"�< �H?>���HQ$ ��HJ * �
SHH���"J )( %��K6HH.(THERMOCALC  ]��[%�(� �HHJ�HH?>

�9�"$
��/-5�]��[40 �#.�:� �.����
("J �-��Q	 ">��; -���

XY<
H���"J )( %��K6H.( �HJ 4H/2#��9? * ����+ �)Y;9S]��[AX

r)( 4/$��#3 

Grs = ��/� , Py = ���/� , Alm = tt/� , Tr = ���/� ,

Prg = ��/� , Ts = ���/� , An = �k/� , Ab = kh/�.

�H-��Q	��/�Cum = *���/�Gru = G9H�"	 SH
�< "HJ a-X 
]��[40 �#.�:� .�9� "�; SRJ(����3( �� �-��Q	 *>w�H�� �

5'$-%4/?� B�?>K�@ -/�*"	 G9#-,
) =�9O �J 1
�.( ":

(Magnesian cummingtonite) □Mg2Mg3Mg2Si4Si4O22(OH)2
a (Cum) = X□AX2

MgM4X3
MgM13X2

MgM2X4
SiT2 

Grunerite                              □Fe2Fe3Fe2Si4Si4O22(OH)2
a (Gru) = X□AX2

FeM4X3
FeM13X2

FeM2X4
SiT2 

�2; �-��Q	-40 �6	"+ "o� �� 4P(* �J "J("J ,$�(9; * �.
("J ��� * ��'	 =�#.�:� ��>H09< ^'H� ���H�� )( 
�HRM ">

0���;"$ )( -��D6P( \�<-7H-��H�� �C9H+"+� c��H0 )�H	 c4
"
XCO2 *XH2O�?)�	 =�9O �J >w�$ *� �%40 �"	 4�(.
("0
VP-T ��&/. �� >A��; !.-2-,H-� �Q��R� ��9� =�5

 �"HH	 �HHJXCO2 = 0.5*XH2O = 0.5AHH��;9�"$ SHH���"J �HHJ 
40 �#.�:� .��'/;(*>���Q$ �5'$ �J -%4/?� B�?�
�����+ )( 

K�@-XY< �G9#
�)Y;9�2;-("J ,$�(9; * �>��; �39DW� -���
�J
6	�J G��Q$�;"$ *-#�4H0 �#H.�:� .U/H;(* %�H+��9M"J �H?>

���Q$����� ��(�9D� �� 
� ]�'� (� ��� * ��'	 "�4/; .��H��
"
c"6�+ �� ���oCb��!lb�-f$ -�� "4/x)B50�.(

�6�
y� C�'� ����� �; 4?�
("HJ %4H0 �#.�:� ">("H0 
V
6.( �J ��� ���� )( "6D; \2F( A��;9�"$ S���"J )( %��K
�#.�:� "
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����+ �W/.��� 1-�) S
�< "J %40!��;-�96&/ H- �(4H�� * �Ti 
;"$ ��-��; \-�96&/-�.( 4/2#��9? * �.

�RM 16	"+ "o� �� �J>�H6� �� "6D; 
)( %4H�@ �H.� �HJ y
����+ y/.���!��;-�96&/-��� *-�H?��� ,>�H.� �HJ �J�'H� 


�< "J %4�@ S�(4��Ti;"$ �� -��; \-��>K�@ -,W$ G9#
�%4H0 �
� "o� �J�HD; (� �?��� A��;9�"$ �x 4.��w�H< -1�(4H�� )( "H$

Qm(*�� C�'� �4?� .

����
��'H/;(* SH
�< "HJ %4H0 �#.�:� ��'	 ">���HQ$ ��HJ 
"�$ A��;9�"$ S���"J )( %��K6.(
�J s�# kbar�/�±k/���(9H�D?

 ��(�)B50�(( �;
6� 1�
��H�� �J y
SH
�< "HJ %4H0 �#H.�:� "
y/.���Al K�@ �� -�W/�HD? )( %��K6H.( �HJ G9#]���H$ ��[
��+)�.�.( .

��
PAH��; >��&/. �� C9+"+� >��-��; \-;"$ U
�D�!^6�H-. >*� C�D-2H. �H�$ SH�R/� =�5-2-H.(CAF) .SiO2�Ab �CO2*H2O

4/6�? �	�e( >�?)�	.

��
QA��; >��&/. �� %4�*"�< ��9+"+� ��'	 * ��� �#
"�$ V
("0 1--Q$!�-�96&/-��; =�5-2-. ����"J )( %��K6.( �J C�D-2. ��$ S�R/� �(�
A��;9�"$.
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VP-T �9+"+� n*( ���&/. �� >A��; !.-2-��9H� =�5

 �� �J ��Q��R�-�9+"+� B�4H0 %4�*"�H< 
��; �H39DW� �4-�H�>
�9+"+� n*( �� C9+"+���*� �J �?>��� !��H; �W/.��'H	 �-

.�/0�Q$ BJ�m --D� 1�40�J.
!�9+"+� ���&/. �� %4�*"�< >A��; !.-2-�H�$ S�R/� =�5
2.-�9+"+� n*( G�#�� �J C�D�+4�@ T�J �J ��#$�( �� *���&/. 

("0 ��
�.( %�(� �� ��� * ��'	 U?�; V.
!��; �9�P -�96&/-/. �� ���&>AH��; C9H+"+� !H.-2-=�5

 ��'/;(* BO�P �Q��R� ��9�>�*( ����+ ��50 -("H0 �� �
V
�9HH+"+���HH.( %4�*"�HH< .��JHH
�>��; �HHJ %("HHD? �HH���+ -�HH�>

,D?HH
��; ��-�96&/HH-�HH2; ��-XY< * �HH
�) �� )Y;9-SHH/
6.YJ9�("+-( A
�$ (� %4
4< 1-
� 4�4/; .��'/;(*><-���/'>

("J>5'$ -��; B-�96&/-�,D? ,-� 
6��(
K�@ 1-�	 G9H# H- )( "
�2;-�?)�	 �J (� ^>/F��H2; )( -�H2; BHv� ^-4H/2#��9? * �
`9$-� ��4/x.
!5'$ -w9H< �	�J �J ����+ B�;-6H.YJ92-(�(� A>�H�
~9K� >
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XY<
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