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0.252,
Al2.698)2.951(Si)2.997 ����E �� "(Ca2.049, Mn0.008,

Mg0.002)2.059(Ti0.004, Fe3+
0.467, Al2.929)2.929(Si)2.455 ��,.
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)'Qp�!��7� ���1�
�9p��� �F �
1�P"  " �
#'@ �A&2�B�8  , H^�E C�D �	 -,&�(. . .:�S

�	)6,���@ � ,�#91
� 1����8  , H^�E l
�.�A&2�B�8  U@&
=U9 " �
#'@ �A&2�B�8 C�D� C,�,� ��J�C)�F 
7.1 � � 6 : Z x S � �

SiO2 S�/:: ��/:: xZ/:� 6�/ZR x�/ZR Zx/Z� S�/Z� �:/:S �/:: 
TiO2 ��:/R ��S/R ���/R �ZS/R �ZZ/R �::/R R�S/R �S�/R �:/R
Al2O3 x�/�� S6/�6 x�:/� :�:/� xS�/S ���/S S��/x �/�R :/�6 
FeO Sx/�6 xZ/�� :�6/S xRS/x :6�/x ��Z/Z �6�/Z ��x/S �� 
MnO ���/R �xZ/R R::/R R:�/R R66/R R��/R R::/R RS�/R ��/R
MgO ZS/�� xZ/�� �S�/�x :�/�S ��/�S �S/�� x�/�� �S/�x x/�� 
CaO �x/�R ��/�� 6ZS/�� R�/�� RS/�� �6/�� �S/�� �:/�� �� 
Na2O Z��/� S��/� ��:/� ��S/� �x�/� R��/� ���/� Z��/� x/�
K2O 6�/R �:�/R �S�/R �S�/R �x�/R �6:/R ���/R �S/R �:/R

Cr2O3 R�x/R RR�/R R R RZ6/R R�S/R R R66/R R:/R
Sum ��/�x S�/�x S��/�x xx/�x :�/�x Z�/�x Z�/�x 66/�x Z/�x 

y��, #F��-V��@, 
Si x6x/x ::�/x R::/S ��x/S �xS/S �Zx/S �Sx/S �:�/x :�:/x
Ti R66/R R�Z/R R�R/R R�S/R R�x/R R�Z/R R�R/R R��/R R�x/R
Al R:�/� 6Z:/� :Z�/� :R6/� �S�/� ���/� ���/� SR:/� 6Rx/�
Fe SRZ/� :�S/� ���/R S�R/R SxR/R x�:/R x��/R �:Z/R :xZ/�
Mn R�S/R R�R/R RRZ/R RRZ/R RR:/R RR6/R RRZ/R R�R/R R�x/R
Mg ZZZ/� S:�/� Z�R/6 xS�/6 Sx�/6 �6�/6 ���/6 :S�/6 S:�/�
Ca S6�/� S6R/� S�x/� xxx/� xSS/� xS�/� x��/� SR�/� S�R/�
Na S��/R Sx�/R Z��/R x��/R Z�:/R ZSR/R Z�:/R SRR/R S6:/R
K RZ�/R R:Z/R RZR/R R:�/R R:S/R R:�/R R:�/R R:�/R R::/R
Cr RR�/R RRR/R RRR/R RRR/R RRx/R RR�/R RRR/R RR:/R RRZ/R

Sum Z�/�Z Z:/�Z 6x/�Z 6:/�Z 6�/�Z ��/�Z �Z/�Z :x/�Z ZR/�Z 
Na(M4) �x�/R �SR/R �S:/R 66:/R 6�6/R 6��/R 6��/R ���/R ��R/R
T (C°) Z6S Z�Z ZR6 :�� :�� :�� :S: :�� Z�� 

�
#'@  U@&
=U9 
� � 6 : Z x � �

SiO2 RZ/�� 6�/�S xS/�S R�/�� R�/�� �R/�� SiO2 ���/SR RZ/S� 
TiO2 RZ/R R�/R RR/R Rx/R RR/R R6/R Al2O3 �S/�R Z��/�R 
Al2O3 ��/�R �Z/�R �:/�R :R/�R ZS/�� �6/�R FeO :S�/R 6RS/R
Cr2O3 RR/R RR/R RR/R R�/R R�/R RR/R MnO R RR�/R
FeO �:/�S :S/�R ��/�� �S/�� ��/�� Z6/�� MgO R�/R R�/R
MnO �S/R �Z/R �6/R �R/R ��/R ��/R CaO :�6/R Z�:/R
MgO ��/�� �Z/�� ��/�R RZ/�� ��/�R :6/�� Na2O ��/�� ��/�� 
CaO �Z/R R6/R R�/R R�/R R�/R R�/R K2O R�S/R R��/R
Total Z�/�S ��/�� �x/�S S�/�� R�/�� Z�/�� Total x/�R� S/�R6 

y��, #F�:-V��@, y��, #F�-V��@, 
Si �66/� S�6/� �R�/� ��:/� �6�/� ��S/� Si ��S/� ���/�
Ti RR:/R RR�/R RRR/R RRZ/R RRR/R RR�/R Al R�S/R R�R/R
Al 6�x/� :6�/� :�:/� :R�/� 66S/� 6��/� Fe2+ R�S/R R��/R
Cr RRR/R RRR/R RRR/R RRR/R RR�/R RRR/R Ca R��/R R�x/R

Fe2+ ZRS/� S::/� xR�/� Z��/� x�x/� ZZ:/� Na �6�/R ���/R
Mn R�:/R R��/R R�R/R R�S/R R��/R R�Z/R K RR�/R RR�/R
Mg ��Z/6 R�Z/6 �Z6/6 �:6/6 �SR/6 �R:/6 An ��/� �/�
Ca R�x/R RR6/R RR�/R RR�/R RR/R RR�/R Ab ��/�S R:/�S 
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�4*1�8 ���@ C�,j/��� C�D�,�&7�  , !��B.�, �F A&2�B]��[.

�4*3"�m3
#BSE��� "
��C��W#7�DC,�,� C��J�� )�FCP"  �� �1
�)� �u �k�, (B�8 "�A&2)� �� �G.(
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)'Qp�!��7� ���1�
�9p��� �F �
1�P"  " �
#'@ �A&2�B�8  , H^�E C�D �	 -,&�(. . .:��

�	)61�
1�P"  u"#9"#*�� 1����8  , H^�E l
�.� .

�
1�P"  

� � 6 : Z x S � � �R �� �� �6 �: �Z �x �S �� �� �R 

SiO2 S�/6S RZ/6� ��/6S �S/6S x�/6S �6/6S R6/6� ��/6S �S/6S Z6/6S xx/6S ��/6S RZ/6� RR/6� ��/6� SS/6S x�/6S ��/6x ZZ/6S 6�/6Z

TiO2 RS/R Rx/R Rx/R Rx/R Rx/R ��/R RS/R RZ/R R�/R R�/R RS/R RS/R �R/R RZ/R Rx/R �R/R R�/R RZ/R Rx/R R�/R

Al2O3 R6/�x �Z/�x �Z/�� �x/�� ��/�� :�/�S ��/�� :�/�� x�/�� xx/�� ��/�� ��/�� ��/�S ��/�S S�/�S �S/�x xx/�x Z6/�Z S�/�Z Z:/�:

Fe2O3 SZ/S �R/Z :x/Z �R/Z 6�/: ��/: �S/: �6/: 66/: �R/: :6/: :x/: ��/: xZ/: R�/Z :�/Z �x/Z R�/S �Z/x Sx/S

MnO ��/R ��/R �Z/R �6/R ��/R ��/R ��/R �R/R �R/R R�/R �R/R R�/R �:/R �:/R ��/R �Z/R ��/R �R/R �R/R R�/R

MgO R�/R R�/R R:/R R6/R R�/R R6/R R:/R RZ/R R:/R R�/R R6/R R:/R RZ/R R6/R R6/R R�/R R�/R R�/R R�/R �Z/6

CaO ��/�6 R�/�: ��/�6 ��/�: �x/�: �Z/�: 6x/�: ��/�: �6/�: �S/�: �S/�: �6/�: �:/�: ��/�: �:/�: �R/�: ��/�: ��/�6 �S/�6 ��/��

Na2O RR/R RR/R RR/R RR/R RR/R RR/R R�/R RR/R R�/R R�/R RR/R R�/R RR/R R�/R RR/R R�/R R�/R RR/R R�/R R�/R

K2O RR/R RR/R RR/R RR/R RR/R RR/R R�/R RR/R R�/R RR/R R�/R RR/R R�/R RR/R R�/R R�/R RR/R RR/R R�/R RR/R

Cr2O3 Rx/R R�/R R�/R Rx/R Rx/R R6/R R6/R RZ/R R�/R R6/R R6/R R�/R R�/R R�/R RR/R Rx/R R6/R R6/R R�/R R�/R

Total S6/�Z �R/�Z �Z/�Z �R/�Z :�/�Z �Z/�: ��/�Z Rx/�Z :R/�Z SR/�: x�/�: R�/�Z :x/�Z R�/�Z ��/�Z Z�/�: S6/�: SR/�6 6Z/�: ��/�R

��, #F yZ/��-V��@, 

Si R�/6 R:/6 RR/6 ��/� ��/� R�/6 ��/� RR/6 RR/6 ��/� R�/6 R�/6 R�/6 R�/6 R6/6 R6/6 R�/6 R�/6 R:/6 �6/�

Ti RR/R RR/R RR/R RR/R RR/R R�/R RR/R RR/R R�/R RR/R RR/R RR/R R�/R RR/R RR/R R�/R RR/R RR/R RR/R RR/R

Al :Z/� Z:/� x�/� x6/� x�/� Z�/� x�/� xx/� xS/� x�/� xZ/� x:/� x�/� x�/� xR/� ZZ/� Z�/� :Z/� :x/� :R/�

Fe3+ :S/R 6Z/R 6�/R 6�/R �x/R 6R/R �Z/R �Z/R �x/R �Z/R �S/R �S/R ��/R ��/R 6R/R 66/R 6x/R :6/R :�/R :�/R

Mn R�/R R�/R R�/R R�/R R�/R R�/R R�/R R�/R R�/R R�/R R�/R R�/R R�/R R�/R R�/R R�/R R�/R R�/R R�/R R�/R

Mg RR/R RR/R RR/R RR/R RR/R RR/R R�/R R�/R R�/R R�/R RR/R RR/R R�/R RR/R RR/R RR/R RR/R RR/R RR/R :R/R

Ca RZ/� RZ/� R6/� RZ/� RZ/� RS/� RZ/� Rx/� RZ/� Rx/� RS/� Rx/� Rx/� RS/� RZ/� RS/� R�/� R�/� R�/� S�/�

Na RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R

K RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R

Cr RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R RR/R

���� �+�* 
�
#'@��&$#$� �� �Q�� �F C�D��&7� �� gK&74� " ��
�9 CC�D

�� !)
� !)� -��#$�)�&� .-8 ��&7( A&�#	R2+
x R3+

y

2)IV (Si8-xAlx)O20(OH)16
VI(��, .A&�#	 �
, ��R2+

�FMg  "Fe2+"R3+�F Al3+"Fe3+��, !)� #9 .�
#'@ ��-

� �s��#M ���+��Q T&� �� �DCA,�)D�.@,]��Q" �+D ["
�� !)
� a
1��� O �D8�&� .G,#��L3 H��� s��#M ���+��Q 

VIAlVIAlSi-1Mg-1 �IVAlCr3+Si-1Mg-1 "IVAl2Ti4+Si-
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C�&7�Q&� �&*�&F ��'��D#F, �-ef� ���,#7( -,#
, ����� ���@ " ������&'F �'[� :�R

2Mg-1 ��, ]�R[.]�� �� #.+�F %"� T&� ���+��Q C�D

]�� �I#F " `�	��,#.�",F�.� C�D��, �zEU� HF�i �
 � .
��&7� �� %&� T&� ���+��Q HF�i -,)�M �!)� ���#F C�D

���� �zEU� .�,�&7� ��):k�, (-�+� s��#M ���+��Q )�"�

��, !)� !�,� .�
#'@�Q�� �F �.+$#F C�DN�F �� ��
�9 C-

�� �,#i )�"� �
, �
 �?8 C�D)�#�$ .C� T&� ���+��Q -

A,�)D�.@,]��Q" �+D [��G,#��L3 H�Al2Mg-3 �@ ��,
 ��,�)D�.@", G�;B^ ��]��Q" �+D [��[
, ���I C��	 `


��)�@ .�,�&7� ��):k�,(�� !)
� ��E�� "� H��� �@ )�&�

 ��, �2h� " �B�� C�.��)?= IVAl-(VIAl+2Ti+Cr .(
!#.�$!#.�$ �
 �B�� C�.�� C���I C��	 C)vacancy 

field(N�F �� �R2+�Q �
#'@ ���+�Ti �Cr "Al G�&^ 
-8 �� " ��.	#$ ���+��Q �DIVAl C�Q �F Si �.	#/� G�&^ 

��, .C� ���+��Q ���E �
, �� A,�)D�.@,]��Q" �+D [��
�
#'@ ��, !�,� W� �D]�R[.-�+� �2h� C�.�� �@ ���E ��
!)�D�C� ���+��Q %)( C��,�)D�.@,]��Q" �+D [��

�
#'@���D .���+��QFeMg-1���@ �� 1�� -&$#$� C�D
!#.�$ " ��, a�� ����F!�#.�$ C��F �@ ,� �
�D �	  , C,

 ���
�9 C��(,Fe "Mg�� H��� �)��,� �,#i )�&� .N
,1	, �F
�Q�� �,)�� ���&$#$� CMg/Fe�� N
,1	, �
#'@ )F�
 .

�,)�� �
,#F��F100Fe/(Fe+Mg+(Al+))�
#'@ C,#F C�D
  , #.+�F 12� �����
#'@!���I� C�D��, ���&2�B�8 C.

�Q�� N
,1	, �F �,)�� �
, ND�@ �F ���&$#$� CAl+

�F ��, �.�F,"�Q�� N
,1	, �F �@ C�&5 �,)�� ��&$#$� C
Al+�� ND�@ )F�
 .���+��QC� C�D A,�)D�.@,]�+D

��Q") [Am ( s��#M ")Tk (!#.�$ ��  , #.*M&@ C
���+��QFeMg-1�� W� )�D�.�
=&'@, �� �
#'@ C�D

��&7� �� G"�B.� ��,",#	 C,�,� ���)���k'.�� C�D)�, .�
,

! ,)�, �� " ]�� �F ���@�� !)
� ��1F �3 _�&.� C�D�&� .
��+� -,)�M ���@ ����E �F 1@#�  , -8 C�D, �� #��L3

���� .�,)�� A�h� C,#FFe �� -8 ����E �F ���@ 1@#�  , 
�")E��� a@ )^�� ��&.�,)��Mg |*( #F Fe �F 1@#�  , 

�")E �� ����E��� N
,1	, )^�� )F�
)A")Q�.(H*�

)u:(�
#'@ ��4i&� �,�&7� �� ,� ��&7� `
 H@ �7�� " �D
AFM�� -�+� )D� .��4i&�  , �'^�	 �F ]�� H@ �7��
�
#'@!)� a�� �D��, .�� -�+� �'b�� �
,�
#'@ �@ )D� �D

�? C�D �	  ,����E Hh� a
1���  , �����$ C�D)�"#�9 (
!)� H^�E)�, .�,)��Mg �Fe "Al�
#'@ ��&7� �
, �� K�F �D

�
V
"1�"#F " ���")�9� T&�  , ")�,)�:(]��[.C�.�,� ��
�/.�*�����$ C�D�
#'@ 1�� �D! ,)�, �F C�D !)
� 1
� C�D

��)�&� .���@ �
,���@  , #.+�F �D#	 C�D -��#$� �
1���"

!)� H�*+3 C,�,� "Al)�.�D a@ .�,)�� -�&F K�F �F �Q&3 �F
Fe "Mg���@ �
, �� �
#'@&3�, T&�  , ��D)�, .�
, ���#F

���@�� -�+� �D ���+��Q �@ )D�FeMg-1-8 �� s��#M "�D
��, !�,� W�):G �k�, .(


G��'GC �+�* 
�
#'@ �F !,#7D  U@&
=U9, "G")�9����  ��D��&7� CC�D
�� H�*+3 ,� !)� ���#F)D� .�Q�� N
,1	, �F ���&$#$� C

���@ C,&.;� �.	� K�F �(�F " \#m� G")�9, !"#$ C�D
�� �D U@&
=U9 ��3�&�8 �&�]�6[.���3�&�8 �,)�� N
,1	,

 �.
#.�
#9 �&2� �F !,#7D)peristerite gap) (��3�&�86�3

�Z��R(��,]�[.a
)�  , ��? !)� ���#F C�D U@&
=U9 -

-8 ��3�&�8 �,)�� " )�, �")E �� �D��/���, )A")Q�.(

H0� 
��
��� G,#��L3 CFe "Mg���@ �
, �� �� -�+� �D �@ )D�
 �,)��Fe���@ 1@#�  , �7� �F �
1�P"  " A&2�B�8 C�D

 �,)�� HF��� �� " �N
,1	, ���@ ����EAl����E �7� �F 
��, �.	�
 ND�@ .�,)�� a
)� C�"8��
 gU2i �*���MMg �� 

�� -�+� ND�@ ����E �7� �F A&2�B�8)D� .a
1��� �,)��

�
1�P"  ��-8 G,#��L3 " a@ �D���� ��
  -,)�M �D .#��L3
�Q���
#'@ �$)� ��? �F !,#7D ��&$#$� Ca
1���  , �D

,#7D!��, !�&F .��&7� �� -8 �&Q"? �@ C, ��, �D8  , ��
�� -�+�!)�8 �&Q&F a
1���  , ��? C�D �	 H
)23  , �@ )D�-

)�, .O ���&�#3  , ��? 1@#� �&Q" ����E " )�'2��&DC�D
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�4*9k�, (43��+��Q �,)�� �����DCs��#M )Ts ( "MgAl)AM (#'@ ��
��Du(4i&��#'@ �
��D),�
!#(� "�7�H@
��&7� `)!��.� (
�� �,�&7�AFM �(�,�&7�Si �F �2�� Fe#,#F C�,j/��� C#'@ 
��D]��[G(�7�
+��Q N���FeMg-1#'@ �� 
��D�(#Y
 &3 >
XFe/Mg 
F�#'@ �
B�8 " ��17D A&2
���(�,�&7�ACF�7� �
4i&� N���@ ���DCB�8 �A&2#'@ �
P"  " ��1
�� �F !,#7D �D�7�H@��&7�)!��.� .( 
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C�&7�Q&� �&*�&F ��'��D#F, �-ef� ���,#7( -,#
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