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Sample bb ba b^ b_ bn bp bm b� bc a` 

SiO2 �z/��  ��/��  �z/��  �W/��  �z/��  ��/��  �W/��  ��/��  cc/n`  Z�/�z  

TiO2 zW/z zz/z z�/z zW/z zW/z z�/z zW/z zZ/z zz/z zn/z

Al2O3 a^/` zz/z �Z/z ��/z ��/z a`/` �W/z �z/z ``/` bc/`

FeO m^/bm  zz/z mp/bm  �W/�Z  zz/�Z  __/bm  ^�/b�  �n/bm  ``/` _n/bm  

MnO ��/z zz/z ��/z Z�/z Z�/z m�/` �b/` mm/` ``/` mb/`

MgO W�/Z zz/z ��/Z ��/Z ��/Z m_/m np/m pn/m ``/` nb/m

CaO _b/a^  zz/z �p/a^  ��/��  �Z/��  nb/a^  cb/aa  ^_/a^  ``/` ac/a^  

Na2O `a/` zz/z `b/` `n/` `_/` `a/` `m/` `_/` ``/` n`/`

TOTAL ``/b`a  zz/z ``/b`a  c`/b`b  b`/b`a  p`/b``  a`/b`b  ^`/b`b  zz/z ``/b``  
�%9� !4B�W�5* #2j

Si cc/b ``/` ``/a ``/a ``/a c�/b c�/b cc/b ``/` cc/b

Al(IV) `b/` ``/` ``/` ``/` ``/` `b/` `b/` `b/` ``/` `b/`

Al(VI) ``/` ``/` ``/` `b/` `b/` ``/` ``/` ``/` ``/` ``/`

Ti ``a/` ``/` ``b/` ``a/` ``a/` ``b/` ``a/` ``/` ``a/` ``/`

Fe+2 nm/` ``/` nm/` nn/` n_/` nm/` p`/` n�/` ``/` nm/`

Mn `^/` ``/` `a/` `a/` `a/` `^/` `^/` `^/` ``/` `a/`

Mg __/` ``/` _b/` _n/` __/` _n/` __/` __/` ``/` __/`

Ca  

Mg+Fe+Mn `^/b ``/` cc/` `a/b `b/b `_/b `p/b `_/b ``/` `^/b

% Hd  `a/nn  ``/` cc/np  cc/n^  pc/n^  _m/n_  am/ap  ^a/nn  ``/` ^b/nn  

%Di 42/30 ``/` a^/_b  m`/_^  cc/_^  `n/_^  aa/_b  ap/_a  ``/` _a/_a  

%JO 2/68 ``/` m�/b ^b/a ^a/a _�/a n`/a _a/a ``/` a�/a

I���$ :*
��5 '���,8� �� �EB1$� ��*!8E  �,-4 �&�� k�9��: 
��5 �4��EBO*#�-5  = /#��$* .����" �,� �� �E9U6#�/�4

�,�6 {��*B(1�<!4 �+!5 �G �*�*� kM,8d�  M�4 B(1�0& �
/%1�E�� �� k�9��: �5 #�%*B�-5 �* #�1	!" �*!6 QG�*,5  � /�*
/<,�1$h4,�*!" �	�4 #K��/�,&)L0&_�(.

5!G#& V#8#��
����" �EB��,� $�!4��*�/�D L��& 
�-
�EB!�G 
�* ���@ �9��/�� �G ��/���*�/�D /R�� 
����" ��-
�E�
�4���*�/�D /R�� 
����" ���EB�4W�/Z��G��/�� 

�*�/�D /R��
����"  ��EB�W/���G��/Wz�*�/�D /R�� 
�
/%1�E)7 /<�(.����" �EB��U%� B5# � �,5!9B

�E�*�,8�B�G �$ �
�*�/�D 
�N�M,$ !" NG����$* #��
���  '
����" V#~!G �4 ���D���0$* B�E��-5 #�� 'ED K#�� 2�)��-

/E� �5�!1�"B5!G#9����D �!1�" ��B5!G#9�2��0$* B* 
'ED  s���#��$* )L0&n(]��c[.

E��J#5:*
��5 '��,8d� �!G
�5 '���*/4D �� kM,8d� �5 �$* 
�8EB��U%� �EB���0$* ��,[\ ��*�]�z���[.*
'��5���

5 2��0$*#�E�,-4 =�,R �4 �,5!9B4�k�9��:  2* *!	 �L0&
-5 �4 �*!8E#QJ �,%
L4�6 ��/E�)� �$*)L0&_��*(�5sO
����" �*-5  �E#O,%#'�5 ! �E0)G#�$* �/& L.�,<  

O*#� 2�)� = /�/%EB��G #7,-Y� !�EB'ED  �*� �4 ����!"�
���BJ�O #'�$* !G ]ba[.

�������$�� ��
�*$�!4����& �EB"�� #!�G !
� k�9�2*,G �G�.he* �*���� 

�<��B�,& B2��1	* +*/4 2��� �� ���D ��)	  �� D �$� �4
]b^[.$�!4��EB���& �EB"�� #��U%� !B5# � �,5!9B�"� -
�EB5QG�*,B����U%��EBO*#O* ����"  2��0$* = /#= /

��5 �4 �*!8E  2��0$*�*��
�$* �1	!" =�,R .
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�!(��4�#4 �B!�,4 �B��4D S$�6 �%(�� �-F�2*!
* �$�%& ���5  �$�%&�,-4 �z

��� K�
QFG V#~!G �
�,G �*�,8��� !10�* }�*�!OQ
� B�E )EPMA(����" O  #'�5 !B�E 5#���
���  �,�5!9B�����" V�#~!G ��4 ����D  
O#'�5 ! 2��0$*�-5 B�E#K'ED ��#�]Z��[.

�#5(L�1�
QFG �
����" �5 ��U%� B�E#�4 �,5!9 � } �
}�*�!OQ � !10�*�)EPMA()V�\!4wt.(% 

Sample _b _a _^ __ _n _p _m _� _c n` 

SiO2 W�/�W  z�/�W  ��/�W  �z/�Z  �Z/�W  ��/�Z  ��/�W  ��/�Z  _p/^p  ��/�Z  
TiO2 zz/z zz/z �Z/z ��/z ``/` z�/z zz/z z�/z ``/` z�/z
Al2O3 ��/Z z�/z �W/� ��/� ��/z ��/� Z�/Z ��/� `a/` ��/�
FeO �z/��  ��/��  Z�/��  z�/��  Z�/��  Zz/��  ��/��  ��/��  b`/ac  W�/��  
MnO ��/z z�/z �Z/z ��/z ��/z ��/z ��/z ��/z b�/` �Z/z
MgO zz/z z�/z zz/z zz/z z�/z z�/z z�/z z�/z `c/` z�/z
CaO z�/��  ��/��  ��/��  ��/��  ��/��  zW/.�� ��/��  ��/��  pm/^^  Z�/��  

TOTAL �z/��  Zz/��  �z/��  �z/�zz  m`/c�  �z/�zz  �z/��  �z/��  n`/cc  �z/�zz  

�%9� !4B���5* #2j

Si cc/n ��/W ��/W �z/W bm/p ��/W `a/p bn/p ��/W ``/p

Al(IV) `b/` zz/z zz/z zz/z zz/z zz/z zz/z zz/z zz/z zz/z

Al(VI) nb/b `b/` WW/z �Z/z `a/` Z�/z _c/b pn/` zz/z np/b
Ti zz/z zz/z z�/z z�/z ``/` `b/` ``/` `b/` ``/` ``/`

Fe+3 ^p/a Z�/� �z/� z�/� p�/^ �Z/� ��/� bp/^ Zz/� ��/�
Mn `p/` z�/z `n/` z�/z `a/` z�/z zZ/z `n/` z�/z zW/z
Mg ``/` `b/` ``/` ``/` `a/` z�/z z�/z `b/` z�/z z�/z
Ca b^/p b^/p c`/n mc/n `m/p ��/� z�/W cb/n z�/W zz/W

Al+Fe+Mn cn/^ m^/^ cb/^ ``/_ ma/^ cp/^ c^/^ �p/^ ma/^ `b/_

% Gr  m`/^�  aa/` Zz/�W  p`/ab  n�/` m`/b�  �z/�Z  c`/bp  ba/` c`/^�  

%Ad �`/nc  �z/��  �z/��  �z/ZZ  c`/c�  �z/�z  �z/Wz  c`/�b  �z/��  �z/��  

%SPs n_/b �W/z ��/� cm/` _c/` ��/� ma/b ab/b W�/z nc/b

!4�O
�B{%$��(�B���& �EB!#"�� ��U%� QG�*,5 ���~ �B
5#4!: �,5!9���	  � T,�  � �4 B)T,�A(��	 �$  B)T,�B(

L4�6���/%4B��/�,&.T,�A��	  � L��& �2,(4D ��"  �$*
)L0&p��*(�* *!	  �!GM�4 B�4 �9�� T,��
!(���&�EB
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/-<�����8& �����4 ����W �,5!9#5 �4!: 7�8& 2��0$* L#0)G �(�,(3 �$�!4. . .��

"��#��,� !$�!4�5 ��U%� �� #,5!94 ���*� ���,e
4 �0#'
__ ���&B"�� #!$�!4���/& ^b���& �4T,�A)� /\Zz(%

�1�4* /�* .* ��
'T,�4#SF\ !1)���&�EB"��#��	 *� !2,(4D 
0)G#;�9\ SF\  �$* ��*� L�EB��" B�� ��	 �4 �9�� 
�

 S5
3�� �#Q�$* .��	2,(4D � /\ �zNZzSF\ /R�� 
���&�E0)G *� #� LG��9. �4 �$* ��*��<�� B"/&!O �

)degree of filling(���&B"�� #� !
�$* ��.�*/dG _��,8� 
)�/�%��,8� L5�EB$�!4��/& (�4T,� B�$* �1�4* �5

*�*�B^��	2,(4DN/��< N��" /%1�E *� ���D /��< ��	 �5 
��E#9d0� L0& �4 ��L0&W;(0)G #�$* ��*� L.T,� ��
B�#Q�<��B"/&!O ��$M�4 � �
*!* �� 
� T,� '#�� ��	 Q
�
4#!1)
��*� *� SF\ ')7 /<�.(

���������MN!��4�$O�:$�!4��EB�
F%$��!"Q����
�-\!�B��!$ 
i
�-\!�  ��8F�* �B��!" 
�1	!" =�,R i-

/�* .*
'$�!4��� �ELINKAM(TMS 94), -196 ºC 
±600 ºC), +/-0.1 ºC �*,G �5 ��
*
��� ��F�
4#'��W N�G

Wzz+�$* �1	!" =�,R ���*� *� .��$�!4��EBi
��!$ 
���&�EB!#"�� T,� A�E QG�*,5 �� B��U%� B5#B��� ��,5!9

 |#1yG,
)Te(I%� �* �m`/^a I%� �G�b`/pb �<��
1��$#�*!( �$*)7 /<^.(
*
'�!1�"B��� �
� 2�)� �$�!4 �5 /E��*
'���&�E
5 ��#"��$ �4 �,5!9�$ �4 #S1� NaCl-H2O2�0�*�O
!

�#��� 2,3 ��B
G,#10#* �� K
$ '#� /\ S1�abN�<��-
B1��$ #�$* �*!( .*!4�%4
'!4 � h.NaCl|8� �B!(
� B�E

 �����&B���~ ��*� �,<  ��$]�����[.��� B; H ����

!@D
��	 ')
E ��#��E �/# �
E �#�-5 =*�/#S(*!4B���& -

�EB"�� #T,� !A7 /< �� ^�$* �/& �J*�* .�����&�EB
"��#!$�!4��/& ��*/dG _*�*� ��,8� B��� B
10G,#4 K#'
nnN�GnpN/%1�E*
���\ '�/%E� 2�)�B$ �,[\ #S1�

H2O-CaCl2�$*�%�8E #*�*� ��,8� /%3 'B��� B

10G,#K� /\ ��na-��/%&�4 * �
/%E� 2�)� ���\ '�

$ �,[\#K8� S1�H2O-NaCl-CaCl2��/&�4 ]bp[.
�E��� �� �/& �/E�)� =�	h1@*B
10G,# � �4 �$* '08� K

��#�� �/&�4 L#E ;,$� 7 * L#=*�/�EB�O�� 
��  �*/#+ � L
��*/�*BK3,5 ���&�EB"�� #!B��,� $�!4�� �5 �$* �-

�)G �� /�*,G# T !& ��O
2��E��	 ; H BE L�� #�E �/�#��
 
Gh0)� ��* *� 
/%5 ��F.

*!4B�,& �9$�Y� B���&�EB"��#��	  � !B�* ���I1$* �
$#;D S1� N!-5
�-5/#/&�4 !19$�%� �$* '08� S]b_[.�4

8E#�� '#L*!4BdG##�,& 'B���&�EB"�� #!T,� A�*
�*�,8�B�~B*!4 S1�#$B�E  � ��	B/6�	 �,-4 �J*�* K8� 
��/& �/& ���I1$* �$* ]b_[.���&�EB"��#T,� !AB*�*� 

'#4 B�,&p/b�Gp/b� /R�� ���  7��d� |8� +�de /%1�E 
~�\ �~��*B�,& '#
�O �G f$,1� �$���D )7 /<^.(�*�,8�

�,1$��,& �*/�� B���&�EB"�� #T,� !A��L0&m��*
�$* �/& �J*�*.

*!4BdG##� '#�,& 2*QB�����&�EBT,� B�* ��B�
7hY�* ��	 /��< )��E#�(�4$�!4���!" 
�$* �/& ���I1$* i.

�9$�Y�B�<�� B�,& B7,�!	 �* ���I1$* �4 7 /<  �E�EB
f$,G �/& �J*�*]bp[*!4 B$#�G  � S1��
;DN+�de K8� 

�$* �/& +�F�* �U@ �*/�� '1	!" !r� �� �4 .�1�
��*/�* �"#!B
����  
�,& �<�� !B��7 /<_��/& ��*� 2�)/�*.

���PxG,
!���&�EB"�� #� * !#�)P(.��* (���&�EBT,� A�4 a�� ��	 
��"  �.;(���&�EBT,� B�4 ^�� �/��< ��	 
���"  ��,� �hO 
�Q
9e#d�.
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�!(��4�#4 �B!�,4 �B��4D S$�6 �%(�� �-F�2*!
* �$�%& ���5  �$�%&�,-4 ��

�#5( F�1�  =�x�)�
�* LR�\ �$�!4��EB�
F%$���Q����& �EB"�� #T,� !A�E �"� �� B��U%� �QG�*,5 B4!: 7�8& �5#�,5!9.

���5�� �4MQ Te Tmi Th(V→L)0�	�� ����� 
(µm) 

��� ��@ 
(%) (°C) (°C) (°C) 

�	��

bNa� b` L0& 2 /4 V+L mn m`/^pN n`/^N n`/^ab m`/n
aNa� p L0& 2 /4 V+L mn m`/_nN a`/mN n`/an� m`/b`
^Na� p L0& 2 /4 V+L mn _pN a`/bN p`/a�_ b`/a
_Na� p L0& 2 /4 V+L �` b`/__N m`/_N b`/a�p _`/m
nNa� b` L0& 2 /4 V+L �` n`/^mN n`/bN ``/^`^ p`/a
pNa� m L0& 2 /4 V+L �` b`/_pN p`/_N a`/acb ^`/m
mNa� n I%��,-4� V+L �` N N n`/b�� N
�Na� � L0& 2 /4 V+L �` n`/_bN a`/bN _`/^`c b`/a
cNa� m & 2 /4L0 V+L �` m`/^aN �/`N ``/aba _`/b
b`Na� p L0& 2 /4 V+L mn ^`/_nN ^`/^N n`/aa� _`/n
bbNa� p L0& 2 /4 V+L mn c`/__N a`/_N ^`/a_b m`/p
_N^a ba L0& 2 /4 V+L mn p`/_cN a`/b_N b`/^`� ``/b�
nN^a m L0& 2 /4 V+L m` ^`/_mN p`/cN n`/^aa n`/b^
pN^a bp L0& 2 /4 V+L mn m`/n^N p`/b_N b`/a�^ ^`/b�
mN^a b` L0& 2 /4 V+L �` �`/_cN p`/mN _`/a�p a`/bb
�N^a bp L0& 2 /4 V+L mn ``/nbN p`/baN ``/^`` n`/bp
cN^a � L0& 2 /4 V+L mn �`/_cN ``/bnN b`/^`� p`/b�
b`N^a b_ L0& 2 /4 V+L mn m`/n^N m`/�N b`/aca n`/ba
baN^a b` L0& 2 /4 V+L mn �`/nnN ``/pN b`/bc_ a`/c
bN_n m L0& 2 /4 V+L m` ^`/nnN _`/b`N �`/_na _`/b_
nN_n a` L0& 2 /4 V+L �` b`/npN a`/b`N ``/a^` b`/b_
pN_n bp L0& 2 /4 V+L �` ^`/_mN c`/�N b`/^b^ m`/ba
mN_n ba I%��,-4� V+L �n p`/_�N a`/b`N ``/amp b`/b_
bbN_n ba L0& 2 /4 V+L+An �` p`/naN a`/b`N ``/^a� b`/b_
baN_n p L0& 2 /4 V+L _` b`/pbN p`/�N n``> _`/ba
b^N_n p L0& 2 /4 V+L �` N N ``/a^` N
b_N_n p L0& 2 /4 V+L �` N N n`/apn N
bnN_n p L0& 2 /4 V+L �` N N �`/ac` N

���R��* (�,1$ �*�,8���*/��B�,& B���&�EB"�� #T,� !A; �(�,1$ �*�,8���*/��B�,& B*!4 B���&�EB"�� #T,� !B� �(�*�,8�
�,1$���� B%(8E �*!4 B���&�EB"�� #T,� !A= �(�,1$ �*�,8����� B%(8E ����&�EB"�� #T,� !B.
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/-<�����8& �����4 ����W �,5!9#5 �4!: 7�8& 2��0$* L#0)G �(�,(3 �$�!4. . .��

�#5( G�1�  =�x�)�
�* LR�\ �$�!4��EB�
F%$���Q����& �EB"�� #!T,� B�E �"� �� B��U%� �QG�*,5 B5#4!: �,5!9�.
���5�� �4MQ Th(V→L) Th-Hl �����

0�	�� (µm) 
��� ��@ 

(%) (°C) (°C) 
�	��

bN^a bp L0& 2 /4 V+L+HI �` a`/a^c  �`/ac�  ^� 
aN^a a` L0& 2 /4 V+L+HI m` n`/abc  �`/apa  n`/^n  
^N^a bp L0& 2 /4 V+L+HI p` _`/aba  _`/an^  �`/^_  
bbN^a b` L0& 2 /4 V+L+HI mn m`/abp  _`/apn  p`/^n  
b^N^a m L0& 2 /4 V+L+HI m` _`/a_c  b`/^``  a`/^�  
b_N^a b` L0& 2 /4 V+L+HI �` ^`/a^b  ^bm m`/^c  
bnN^a � L0& 2 /4 V+L+HI �` n`/aab  �`/acp  ^� 
aN_n � L0& 2 /4 V+L+HI m` p`/anp  p`/a�n  ^m 
^N_n ba L0& 2 /4 V+L+HI �` a`/a`p  n`/amp  n`/^p  
_N_n b_ L0& 2 /4 V+L+HI m` m`/b�p  a`/amn  _`/^p  
�N_n b_ L0& 2 /4 V+L+HI �` ^`/a^�  a`/acb  n`/^m  
cN_n a` L0& 2 /4 V+L+HI c` m`/b�b  n`/a^m  ^_ 
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1��$#��� �* !185  �*!(B0)G #2��0$* 7,8d� L�EB�-\!� B

O#�$* �/� !) .*!4�%4
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O 2��0$* �-\!�#�/� !)��5 �4 ��EB4� �
�*�/�D ;D 

/#�O,
� N�)G L4�6 �
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 '1	!"4#!1)
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2D �� ��,8�B�E 5 ����0$*#� �,5!9�/�*,G !(��)� L#0)G 
�.,8F�B�
�*�/�D �� �
P!9�/E  B��� �* !185��z �<��-

B1��$ #/&�4 �*!( ]��[.� L�*,.
��B0)G �� #�O  L
�*/B
��5��EB���0$* �{%$ �� �EBG�%4!5 �� �5 /��*� ���@� �-
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�!(��4�#4 �B!�,4 �B��4D S$�6 �%(�� �-F�2*!
* �$�%& ���5  �$�%&�,-4 �W

Py
Po

C

Pf=0.5 Kb

XCO2=0.1
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Temperature (° C)

A
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C

���HU�O f4* �
�*/B��5 ��EB���0$* ����*�,8� ��� N!"
"/�Q��5* #2j.B�!1��"B0)�G #O 2��0�$* L�# �/� !)C�!1��"B0)�G #L
�/� !�O 2��0$* � 2�)� *� �/%E� .[d4�����" �* /��< 7,-Y� �5 �EB�*�/�D �* 
�N �\ /%1�E �M,$ !"Bp`�*�/�D /R�� 
/%1�E ��5f�	

 ��*!&
U���4 ��5 A�/�& ��*� 2�)�� ���IG L�4�6 #/%1��E !Ad=andradite, Hd=Hedenbergite, Wo=wollastonite, Mt=magnetite, 

Hem=hematite, Qtz=quartz, Cc=calcite, Ep=epidote, py=pyrite, Po=pyrrhotite)�* �E�!�]m�b�[.( 

* ��
B�*/
�O�� �-\!� '�	�98E�EB'ED B/
!-5 4 �*�#!1)
 �/&���5 �)�� V9$ B/#�5* B�E)�#1%(� (�$* �/& .
1%(�#!18�� �5 �
2* *!	  '!G
���5 'B0)G #�/%E� LB

5#*�*� ��$* �,5!9B)��< �	�4 #%���$!"� LR�\  � 
)��<#%��*�/�D T,� ����" 
��$*.

2* *!	 = /#O* '
!G��� *!	B�-\!� �� ����" ���$!"� 
5 �� �/� !�O#�,5!9�$*�4 ��,e B��,8� �* B�*/dG �� �5 -

B�E�1�4*  �4 ��U%�B �4 2��0$* = /#O* 
��U%� �� �jB
5#4!: �,5!9�����" +�8G k�9
!�G !185 �*/�� �4  = /#O* �4 �E

��5 �4��EB�/5)1%(�#�(�/& 2�$!"�/�* .Y� ��#f�EB
��5*
iO* �;D �4 �/& !	�4  #��$!"�  �$* 2* *!	 = /�

����"O* �4#��� �� = /BM�4 �
� T !& ��,& )�zz �G ��z 
1��$ �<��#�*!((]a`[%�8E#O* '#2��0$* �� 2��0$* = /-

�EB��5* s� 
i2* *!	 M,8d� �$!G �4 ����" i%5*   
O*#� �!& �4 = /
!]m[�$* .

Ca3(Fe, Al)Si3O12 + 5/4O2 + HCO3 = CaCO3 + Ca2

FeAl2Si3O12(OH) + 1/2Fe2O3

J �#Q
-5  �#QJ �,%
� �#O* �4 �*!8EQ#= / �-\!� �� �E
0)G �/� !�O#�/& L/�* .4 iE�5 �4 kM�81\*#��� !1)

�#�,%#15*�EB�1&� *B'�5 !#O ���$!"� !�* �� e  �E�
i%5* �
!�/& LR�\ /�*]ab[.

5Ca(Mg, Fe)5Si2O6 + 2H2O + 3CO2 = Ca2(Mg, 
Fe)5Si8O22(OH)2 + 3CaCO3 + 2SiO2

%�8E#��5 �.,8F� ��� iE�5 �4 '��EB1%(� #�-5 ��# �
��$!"� �* QG�*,5��*�/�D 
� LR�\ ��/�,& ]bc[.��L0&W

�/9G 
�QG�*,5 �4 ����" L�/5)1%(�#�(O*  #��*� 2�)� = /
�$* �/&.

3Ca3Fe2Si3O12 + 9CO2 = 9CaCO3 + 9SiO2 + ½ O2 +
2Fe3O4

�#�-5 ��
!-5 �
�#��5 �.,8F� QG�*,5 �#�� Q�-\!� !@* *B
 !�OB0)G #�/& L/�*.0)G #* L
��5 '��E!�* �� kM�81\*

� !
� i%5* �/&�4 ]ab[.
3Ca2(Mg, Fe)5Si8O22(OH)2 + 2Ca2Al3Si3O12(OH) + 
10CO2 + 8H2O = Al2(Mg, Fe)5Si3O11(OH)2 +
10CaCO3 + 2SiO2
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