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KI |�/0 #�); 3)�%/!: �� =)S =�H �e���Z� . =J)Z4� =�H
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. #��Z" �
�!B!Z" Z)f
>!	 =�H =�ZH)pH�Eh �Z�� .(3I
�����1 �)" �H .KI &
% �e �L�I '% 
%/Z" '% /g�Z�� �Z��$!� =�ZH O

#�.� M%/!!�; %W� � 2��H &!�' �^G1 =)S 3I =%�� �H  Z�%);
�����1 /� )^� &
% �� ��%W$� /g% ����/0 =�H.

9:�E�
>L; i!e/; j
'); �%�)B� ����0 ��./�,�% |'%�/: >
� =�H ����0 i!e/; �� ���I ��
��� . �.�' =�H ���Z�S =�ZH�%�)B� /Z� 3��fZ1% =�H
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	'A #F#�%� �R1�^� . ����0 ��./�,�% |'%�/: >
� �
>L; =�H v�1%/� =���Q�1 D)�/	 =��3]!�e% .
�[ �6�-���YpLabel (%) 
8�/6X 8�/6X �6/6� X8/6X 8p/6X [6/6[ SiO2

Y6/YY�/Y-[/YYY/YY-/YY-/YTiO2

[Y/Y-6/X8p/[8-/-66/Y�Y/�Al2O3

[-/-� X6/-6 [8/�p X�/-� -8/-- ��/-� FeO 
X�/Y�p/YpX/Y�8/YX�/Y88/YMnO 
�Y/YYY/YYY/YYY/YY-/YY-/YMgO 
86/68 Yp/6X �p/68 [�/6[ [�/68 XY/68 CaO 
[�/pp pp/pp pp/pp pp/pp p[/pp p�/pp Total 

3)!;�? �
�: /� �H-83]!�?% Label (ppm) 
6�/���/�-�/�66/�6[/�6�/�Si 
YY/YYY/YY-/YYY/YYY/YY�/YTi 
-�/YY[/�8p/�XY/YY�/Y-6/YAl 
-[/88Y/6[p/-p-/66[/8��/8Fe2+ 
[�/Y�Y/Y�8/YYp/YY�/YY�/YMn 
YY/YYY/YYY/YY/YYY/YYX/YMg 
Xp/�X8/�68/��Y/���/��Y/�Ca 
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9:�H��G2� =)$�% ����0 �� ���1)� = 2� .�' =�H .�1%� '% ���.� ��./�,�% |'%�/: >
�)���H (�P ��)�!"�U (�1% ��	/0 (�L�%.

;���
%�� 
���Z? &
% �Q�" .�' �� �!A%)*
% F�� #�!1 =�)�2� =�H�)*�

 1� &!�.% �?  2��H K�!B? �Z
 =>Z?/� 3%/Z
% �� 3I �Z� ���!�
 3%/
% /1%/1)a(�1% .�Z
>L; '% ���Z? &
% �
�1�2" =%/� =�ZH

  " ��	/0 _Be �H�$�1� .);/: �L21 |%/:X(�Z0 &!���� 
�Z1% .�' 3��f1% �� �!A)*
% �)S. M�Rg% =%/� .# Z
� �Z,��2P

�� �)")Vf"o(��)B� |%/: =)$�% �� k~��e �!A%)*
% ���Q =
: ��)B� ��%� ��%)�BH jS/� |%/ .���? &
% /��!� �1�/� =%/�

 =N/�% ='�1% S '%(EDS) �*!1. �� =EPMA �Z�	/0 _ZBe 
 " .|.�EDS �Z1% iZ1�2� ��!�Z� j
/1 �4!e >!���I =%/� .

#�); �!A%)*
% ��)B� /
)l; . �
>L; �Z�	� VZ!*^; D�ZQ�% �Z� =%
 �� # 
� 3I �� &�e./!: �)")Vf"��.(
>L; &
% = �BH��H

&�ZZe./!: . �ZZ!A%)*
% ���ZZ��I �
�!B!ZZ" iZZ!e/; �ZZ� _ZZ
�>�

)�
N/R� H(Z�� Z"��.�ZG�� �Z
>L; '% �Z�%�% �� �Z�)B� .� =%
 �Z
�:/� ���e &
% =���Q�1 D)�/	 = �R1�^� =%/� �!A%)*
%u/�

�1% # " #��4�1% 3]!�e%)D. Sr.(��)B� �
>L; �Z!A%)*
% =
V
'/�]p[D. S �� >!� r�
��� =%/� �1% # �I �.

I� ���< �;���-� 
���e &
% �:)f1./f!� M% H��� '% 9: �Z
>L; ��H =�ZHEDS 

����0 �� �H%/BH �� &�e./!: . ��
�%� �I =�H �Z1�/� ��)� �H
  2�	/0 �%/<)Vf"��.(�
>L; �Z�)B� =7Z�� '% �)f�Z� =%

���e �% Z�� 3��fZ1% =>Z*	 # " ='�1Fe2O3�Z; %� q�/r� %.
Cu �; %� ppmrurso �1% #�%� 3��� .= !
�; 9� �% �� &
%

 �
/!:)f��e �)S. /�)�*�!5 jd��� �� # " # H��� (�1%.
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% ��)B� ��)B� �� 3I =jS/� =.
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9:�BK/
)l;BSE �!A%)*
% '% )�Q&".� =/��e (&�e./!: D�Q�% ��)#/!; =/��e�Q (�
>L; .=�HEDS3I �H.

#	'A>#�%� .�' �Z!A%)*
% �Z�)B� .� '% �Z"'%�/: >
� =�H)�.�(��Z
��� .�Z�)B� �Z� 3I =���Z��e �Z!A%)*
% =Cu-Au VZ
'/� ��Z!H�� �Z:%��$
% �
)Core , Rime (]p[.

-�Rime Core Label (%) 
p�/-� pp/-� 8[/-p Y-/-p SiO2

YY/YY6/YY�/YY�/YTiO2

pX/Y[p/YYY/YY�/YAl2O3

[p/8� 6X/8p p�/X6 p8/X6 FeO 
Y�/Y��/Y�Y/Y��/YMgO 
6�/�6 p/�6 �6/�6 [6/�6 CaO 
8X/X��/-Y�/�p[/YMnO 
Y�/YY�/YYY/YYY/YNa2O 
Y�/YYY/YYY/YYY/YK2O 
�X/pX p�Total 

/� 3)!;�? �
�:X/�3]!�?% 
Yp/-Y�/-Y�/-p�/�Si 
YY/YY�/YYY/YYY/YTi 
Y�/YY�/YYY/�YY/YAl 
�-/-pX/-p�/�p�/-Fe2+

YY/YY�/YY�/YY�/YMg 
Y6/�Y�/�p�/YYY/�Ca 
6-/Y�[/YY�/YYY/YY�/YMn 
Y�/YYY/YYY/YYY/YNa 
YY/YYY/YYY/YYY/YK
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% �1�2" ���? . �1�2"�)*� �*L� ���

9:� BB='�	 O�%.� �%�)B�Log fO2-T �� XCO2 = 0.1 ���	 .u�������1 =%/� ��� =Ca-Fe-Si-C-O-H ]6[.
L�<�	 ��� 	 ��
D!D� ��.���� 

F2Z1 �� D��h; D)lU �'�	 &!�%)< v�1% /� �� 3)Z0/0� =�ZH
 ����Tmax 3�,�% ��)0/0� O
%/" &
/;T�� �� �2h
 ��Z1% /
W:

 �� D��Zh; O
%/Z" D/Z�2? =�ZH�)�?�	 �Z� �S); �� �L2
% �� %W�
 �1�/� ��)� {d�2� ��)0/0����.% �� �Ze �	/0 /y��� 3%);

 #��" /!g�; ��)0/0� =.�U ��	�
 3�
/S =�HSiO2.Fe2O3/� 
F21 3��fZ1% �� �
N/R� ZH 7
% Z!: ��/L2� �fHI =�H =�ZH

 �1% # " =����/0�]�Y[.
2Fe3O4 + 6CaCO3 + 12SiO2 = 6CaFeSi2O6 +
�!�2$� �!�*e �
N/R� H  
6CO2 + O2

�Z!�2$� . >;�%)Ze ��!�Z*e �Z� &�e./!: �"�:./	 �e �L�I '%
)ne(��)B� �� �1% ��f"I �:)f1./f!� =�H .b)Z	 72Ze%. %W�

 (�0 �� � .�' 3��fZ1% �� >!� ��0/� Vf" �� &!�: =�H #�%� �
�ZZ1% .�ZZ� 3]!�ZZe% ��!ZZ1�0)	 7
%>ZZ	% �ZZ� �� �ZZ*^� M�)ZZ5
7Z�� ����0 �&�e./!: '% �Z2ZC =�ZH =��� �Z� ��
�%� �I =�H

# Z" V!ZfZ�Z; �
N/R� H  Z�%]��[.
4CaFeSi2O6 + 2CaCO3 + O2 = 2Ca3Fe2Si3O12 +
����0 �
N/R� H 

2SiO2 + 2CO2

�1�/� ��/L; =�H]�-[.�� 3]!�?% �? �1% #�%� 3���  Z�%);
#'�ZZ1 ��=CaFeSi2O6='�ZZ� %� �ZZ���; 7ZZ�� &�ZZe./!:)2!*e 

�
�%� �I 7
% !: �� /
' 72?%. /��2� . #�/? .�' 3��fZ1% =�ZH
 "�� /g��.

9CaFeSi2O6 + 2O2 = 3Ca3Fe2Si3O12 + 9SiO2 +
�
N/R� H ����0 

Fe3O4

�!�2$� 
�� 72e%. &
% �%� &�Ze./!: . ����0 �� �!�2$� �H%/BH  �%);

 �Z!S); �=/!Q�Z; VfZ" ��  2P/H  Z2? .�Z��e ��	�Z!BH =�ZH
�+)BL� �� = !4�)1 '% � �%  2P/H .�' &�e./!: Z ����0 =

���e V!,�; =%/� ��1% �!S); V��< �W$H� &
% = !4�)Z1 =�H
�� Z
�� #��Z" �� �Z��e =�ZH  Z1/� ��Z!U% �Z��U �Z� '�Z1 .��Ze

��!U% �� �Z���0 Z &�Ze./!:)2!*e �Z+)BL� �Z� #��" &
% ='�1
 �� (�L�% 3��f1% �� �BH &
% . �/!0 3]!�Ze% �
��%); �*+ �ZA%'

#'�1 &�e./!: �
N/R� H =#��" �� �S%)� �� �H �Z��e =�ZH '�Z1
�1% .���� 3�)� ���g �/	 ��pHZ1 VZe 3%>Z!� .VZU  !4�)

 ���Ze �!�~U �D)*^� �� # " �� �Z
�: M%>Z*	 = !4�)Z1 =�ZH
 �Z� &!
�: 7
��e% O!^� �� �R�� ��!U% O!^�  Z
I .&
%/��Z2�

���e �� = !4�)1 =�H O!^� '/� �� ��)Q ��  2�%); ��!U% =�H
 ����� 7
��e% . �)":

SO4
-2 → S-2 + 2O2

�A�!U% 3)
 �L!�� ��S-2 3)!;�e �� � =>*	 =�H ��!	/� .(M) 
�*BS '%Pb �Zn �Cu���e . # " 72e%. ��%. = !4�)Z1 =�ZH

�Q�1  H%)Q %�.
(M+2) + S-2 → MS 

 �Z1�/� �
�Z�� �� 3I ��%)�BH . /z�U M% H��� v�1% /� =�ZH
 .�' 3��fZ1% �� 9� = !4�)1 ���e V!f�; �*e�)d �� ��/L;

72e%. �� ��R;�% �� %�b)	 \)� '% ��!U% Z 7
��e% =�H�1% .
=J)4� �)}U >Z!� . �Z!A%)*
% �Z� #%/ZBH �Z
 . �� �Z!�2$� =�H

VfZZ" 72ZZe%. �!�ZZ*e . >;�%)ZZe �f!��N%��ZZ: �ZZH%/BH =/ZZ!0
�� ���2�!: &!2P %� �!A%)*
%  2e]p[:

Magnetite + Calcite + Quartz + H2O = Ilvaite + 
CO2 + O2

�1�/� ���? =�H �� 3��� .�' ����,1% =�H ��)B� �1�2"  ZH�
 Vf" �? &�Ze./!: =��� �� �!A%)*
% =/!0 �Z1�/� �Z� �ZH =�ZH
F21 �1% # " (�L�% .�' �� ��Q�2" .�Z!? . nZ? . �$�)Z$P

 72e%. &
% 3��f1% �� 3%/$�H.]:  2P O1); �H �Z*��� =�ZH
�1% # " ���2�!: >!�:

��% (VfZ" /Z
' 72Ze%. �Z� �ZA%/��< ���1/0� (�$2H �!A%)*
%
 �1% ��	/0]�6[:

4Fe2+CaSi2O6 + 2H+ + 2CO2 + 2O2 =
�
N/R� H 

2CaFe2+Fe3+(Si2O7)O(OH) + 4SiO2 +2CaCO3 + ½
�!A%)*
% 

H2O
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K(c� ���f�%]�8[�Z� �Z!A%)*
% V!,�Z; =%/Z� %� /
' 72e%. 
�� �
N/R� H �/Q ��
��?% O
%/" �� �!�2$� =�S &BZz /Z;

�1% #�/e ���2�!: ��� 7
%>	%:
CaFe2+[SiO3]2 + 0.5Fe2+Fe2

3+O4 + (0.5 Fe(OH)2) =
CaFe2

2+Fe3+(Si2O7)O(OH)  
 �!A%)*
% 

�1�/� &
% v�1% /� �� �!A%)*
% ���? �!h<)� �� �S); �� . =�H
��)B� �Z� /Zy� �Z� &!2P .�' ����,1% =�H �Z?  Z1� 7
% Z!:

 ����0 =��� �� �!A%)*
% �1% #�)� >!� �H .�� %� /
' 72e%. %W�-
�/? ���2�!: 3%);:

Ca3Fe2
+3(SiO4)3 + 2.5 Fe (OH)2 + 2CO2 =

�
�%� �I 
CaFe2

2+Fe+3[Si2O7] O (OH) + 0.5 Fe2+Fe2
+3O4 +

�!A%)*
% 
SiO2 + 2CaCO3 + 2H2

>;�%)e �!�*e 
72e%. �*U/� �� ��	�
 (�L�% =�H 3��f1% # �./�!: =)V!f�Z;

 ����0 . &�e./!: (CO2�� �1% # �I �)S. .72e%. '% T�� =�H
 &�/Ze \)� �ZA%�')Decarbonation (  2��ZH]�8[.�Z� n!Z�%�

XCO272e%. �� �	�z% 0'�� =�H ���)retrograde ( �e/Z"
 �1% #�/? .72Ze%. '% �ZQ/� � Z" # H��Z� �Ze ��)0 3I =�ZH

Vf"�!A%)*
% =/!0CO2#�/e c/l�  �% .|/Z� �� �Z	/d '%-
�
>L; �2".� �� �:)f1./f!� =�H &�e./!: =. �!�*e �� �H

 �� >;�%)e �Z� # 
� V��e �
 ���� M�)5 �)Z" .�Z� 9Z: 3%)Z;
 )0/0� =/!Q�; (�0 �� �? �40 �
 3 " {!<� VB+ �;�.�L� ��

 �./QCO2/
' ���0'�� 72e%. . �1% ��	/$� (�L�% ��)Q �� 
&�e./!: �
>L; =%/� #'�Z1 �� �H �Z!�.% =�ZH)�� �Ze �Z�)0 3I

|/��� # 
� �:)f1./f!� =�H�)" (�1% �)l; V��< :
6CaFeSi2O6 + 6CO2 + O2 = 2Fe3O4 + CaCO3 +

�!�2$� �!�*e�
N/R� H 
12SiO2

>;�%)e 

���B�U% O
%/" &!!h; =%/�P-T-X �� �����1 3%); =Ca-Fe-
Si-C-O-H �ZBH �e %/P ��	/0 /y��� %� ���Ze =��)Z� =�ZH

 �� =�S �����1 &
% �� �1�/�  �/!0]6[.�Z
�:/� �%�)ZB� &
% =
u/�. ���	 ���)*!e XCO2 = 0.1&ZfB� �Ze �Z1% # Z" �Z2� 
% "�R� .�' 3��f1% O
%/" 3�BH k��!<� �1 .F2Z1 �)ZS. �Z�.

 �fHI 3��>!�(XCO2 ~ 0.1)V,Z" >Z!� .�� 3��fZ1% =/Z!0
c�f" #�)Z; '% �.� _HI F21 ���Q =�H�}	 . �H {Z!B+ =�ZH

)ne ���	 (��%)Z�BH # Z" �Z�	/0 /Zy��� O
%/" �� =�. U �;
��%�.

#��.%/	 �� ��
��� �� �
N/R� H )ZQ ���1/0� =�H �� �fO2

&!
�: '% /;T�Z� =�ZH��� �� . �Z1% �% Z
�: /Z;°C�r��r�u �Z� 
�
�%� ZZ�I +>;�%)ZZe +#'% ZZ�% �ZZ� ���ZZ� ��!�ZZ*e =fO2�� . �

&!
�: =�H��� �!�*e �� /; +>;�%)e +# Z" &!�Z��S �Z!�2$�
�1% .72e%. .�' 3��f1% �� OZ�%.� {
/d '% /!Q% ���0/� =�H

 � �2".� �� �:)f1./f!� �A�!��e �1% # " # 
 .&Z
% =��� %W�
 �Z� %� ���Z1/0� ��)0 �. ZU �� 3%)Z;°C��� �Z	/0 /Zy��� .

#/��0 �
�%� �I #�/��0 =�% 
�: ='% %� =%��� �Z; °Cq�� .
�u��;�u�=Log fO2�� 3���  H�)V,"��(.�� �
�%� �I

�+)BL� �!�)�1T. =+�� �
N/R� H°Cuu� T >)�Z� ����
fO2(�%)e �)}U �� �Z� &!�Z��S >; �)Z" .&!Z2P �Ze �ZL�I '%

���1/0� �e �1% &
% /� ���2�!: �1% # �� # 
� .�' �� �
�H
 '% /�Be V!f�; =���°Cuu� �Z1% #�)Z� .7
% Z!: ��)Z� ��

 �ZZ� ��ZZ1% .�' #]ZZ
. ���ZZe �ZZe �ZZ!A%)*
%�ZZ1�/� =�ZZH]�X[
�ZZ� 3)ZZ1.��1)0�/ZZe #��ZZ"% 3%)ZZ; .7H.]ZZ: . #�/R��ZZ� =�ZZH

3%/$
�]�-[%� 3��� #��" =T�� ���	 �� �? �1% #� �!A%)*
% =
/
' �R
/�; =��� ��°C�q� #/��0 �� .=FO2�Z1% �% Z
�: 

)Vf"��.(#/��0 &
%  !
�; �� &!Z�' '% #��4�1% �� ��
��� =�
=��� ��
/*e �L21���r�� �; °Cru� # Z�I �Z1� �Z� >Z!� 

�1%]p[.
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 ��; �): 3%/
% �1�2" ���? . �1�2"�)*� �*L� ���

9:�BF#/��0 �%�)B� e =�% 
�: =���3]!�e% /g�� ���	 �� ��R;�% �� �*��� =�H]�-[.PH2O = 1 kb 72e%. =%/� ���e =.�U �e �
�H =�ZH
 �% �I)M. !:% '% /!C �� ( 2��H.

3��fZZ1% �.�ZZL� =�ZZH/�/� �ZZ+)BL� =%�%� .�' =�ZZH iZZ��C =
�!�)�/; +�Z���0 +�Z!��
..'. +�!�Z*e + 2��ZH >;�%)Ze .

�� �� /y� D)Bh� �?  1� &
/; 72Ze%. �Z!�)�/; V!f�; |.� 
 "�� /
']��[.

5CaMg(CO3)2 + 8SiO2 + H2O →
�!�)�.� 

Ca2Mg5Si8O22(OH)2 + 3CaCO3 + 7CO2
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