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%; <%@ �2�6��;,3$��?+� $%@ T��	 +���( J�h? Gh�.+0
,U

 <*!3 GP@�� 0h
� �h"�L 5�h4�*�h2� + �h��hX-� 0�h4�
�h? 
� ����hhY�hh"�,hh6�56��;,hh3 GhhL(� �2���hh45,:
.+0hh�G�(�

&'.��3( $%@ G.��=-�,5J���(,:
.+0�G,? �!8# �63(�5
(
)�3�4 �X-� .�X-��45,:
.+0�/6�&@ �� G��45GhL(� 

6��;,3�2��!��� �!"�. GH�F �4 h
 6��;,h3 ��*( )e[�h2N 5�h4
$%@ J�P@ )�?*�� + �4 5�46��;,3�2���4�3( .

��?*[a�[��( T!� h�	���h? �h-� W�!hH �h4�
����hY �h. 
%2b
�� ,6� )123�4�
�h? �/6�hP@ �h45O,6�h- 
�h6	� 
&'.�G3( $%@ �.(,?�2?
? )�� ,���%3� �h: &'h.���h?*[ G
a�[��hh#!89� �� T!hh�5�!hh-,-� ��hh45"hh3 �hh�. �hh? <�8�
(,	
�4%25��!h-,-� "&h@,-� +��h45�h�R2� �6�h?(+ %h@�? .

*( GhH�F ���3,-� ?�h�,-��h45�h? �6�h?(+ $�!h. }!ha� �h45
�(,-��!6�%5�,&"8# +�*�6L�3 )�)�-��!hL )�hb �G�- +

�/6�&@ (� *( ]V�86F(
��. G�(!# ,/��� �(`- ,G�P'h. �h-�-
�45T!��a�[ ��?*[/6�&@ �� �123 �45��R2� �3(.

���
��#�����2>"�?: >'� �?� �?��: X(XRD) '����?
 
�
�����"� (Raman spectroscopy) 

�3�2@ �!�2� �?�
� + ��h?*[ 
,h/ �%h2b
6���h45&'h. �G
$%24�56��;,3 �2����!8� ��4�4�
12h3 *( �h4�
���h�� �h: 

<[ Z*�� ? ]m�p �4�p� �!���3�,?�O+� *( $��a63( �? �!? $%@ 
09.
�5XRD 3�,? ��!� ��	,- �(,p )G&h@ r+u.($�(�-
�45$*(%�( -�,5�� $%@ 12h3 �h45��!h� h3�,?��h? W�!hH

�hh4!/�(5��hh�� �hh? B2:(,hh; 
f�'hh� ,d�Ө+I(intensity) 
$%h@ $�(� <�'�(%h� .�'h.�,: ��h?*[ f
.+0 h�a�[ �G�+ T!h�

�%2b
���45����(0
h6�[ + ���!- h
 6��;,h3 �� ��2���h4 �h?
�hhhhhhhh���,? *( $��a6hhhhhhhh3(�hhhhhhhh45���hhhhhhhh: �,.!5:

DIFFRACPlus Eva (Bruker Analytical X-ray system) 
+MACDIFF (4.2.5) 

(Petschik,R.2000)http://servermac.geologie.uni-
frankfurt.de/Staff/Hompages/Petschick/RainerE.html)(

�	,-  �9�( .����,?5DIFFRACPlus Eva>�3( ,? ��h�� 
,d
+Ө��"p5�6�?(+ �?� %2b
���456��;,3 �)�h�!8� �� �h45

09.
�? (� $%@ ��h4�(�!8� W�!H5hRL �h� f�'h� �%h2: .
G&@r�"p�45��3�2@ �>�3( ,? $%@ ��h�� 
,d+Ө�6�h?(+ 

a�[ ��?*[ �?�,: �T!�
.+0�h6�[ + G��!- h
6��;,h3 �� ��2��
@�� <�'� (� ���%4�.��!8� ��5a�[ ��?*[�T!� ��!�,. h� �

����
( ��Fm� G?�p ,5(� 123 *( &'. ��3( $�(� G)G&h@ r
c�((.
�"p�45��3�2@ �$%@ �6�?(+ �? �%2b
���456��;,h3 �2��h? 

����,? *( $��a63(5DIFFRAC Plus Eva�6� �? 
? ��$%�[ �3�
 �hh���,? *(MACDIFF ]m��hh: �(!hh�84�hh� <�'hh� �%hh4� .��

��(!�5�:�"p h@!�84 �4�h� <�'h� ��'h. %h24��p� fh��
�%2b
���45�;,3 6��2��3( G&'� .(,?5�'. �\!hRL f

p� h� B2:(,hh; ��%h2b
���hh456��;,h3 ���hh�� �� �hh: )
,Ө
hh@!�84�%hh��(� *(�(0hh	(  ,hh�WIN-METRIC from 

Siemens Analytical X-ray system %@ $��a63(.

6 �I�"p�45��3�2@ �>�3( ,? $%@ ���� 
,d+Ө�6�?(+ �? )c�( (�!�,.��� �(�(� 123 5a�[ ��?*[ ��T!�)e(,:
.+0�h6�[ + G��!- h
�
6��;,3 ���2���45"3 ��. �<�8.
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%"=j�$��8@ �����? ����z ���: �3�,?�� <�8�"3 ��. ��!-,-� �#!89� �� ��?*[ �3�2@. . .��z

�8� B2:(,; \!RL
��2%(representative) �h4,6�(��; 5unit 
cell + $%@ ��3�S� $%h@ $%4�'h�5(observed) �� �(�!h8� 
�45Өw,= W%@ �? ����
<�I�� �G&@z�3( $%@ $��+[ .
(
G&@ ); \!RL (,h? B2:(,5�h4,6�(��; 5�!"h3 ���h3�S� 

h6�[ $%@ $%4�'� + $%@��!- h
� �����(0 h
 ,: + �
.+0 h� �� G
��!8��45��!� 3�,?�(�� <�'� �%4�.(,h? B2:(,h; \!RL5

��:��h45h3�,?�? $%h@ h�h6�[ �h? ,6'��!- h
� + ����(0 h
 �
�(!hh�84�,: + �6hh@(� 
.+0hh���hh�� �� G
,�hh3�2@ _hh: �
%hh@ .
�(%��56�[ ��!- h
 ( �� �h
12h3 )�h= �h4
0/
� )���(0 h
 + �

,:
.+0��3( $%@ G)G&@uc�((.6�[��!-
,�. �
? ]���*( ,6'
CD 6��;,3 %H�� �2��<%h@@h���&'h. (� �h4�h� G�%h4�

)G&@ue.(G&h@ u�h= �
0/
2�h6�[ ��!- h
 ��h�� �� �
,
�?��0= ���3+ �?��"����(0
,: + �
.+0�h� <�'h� (� G�%h4� .

����
,: ,
.+0�� + G���(0
��!8� �� ��45h@,? �? $%h@ h�,6'
 �3()G&@uW(.
(
���� �? ��-*�3 )
�!� ,5Z*�h� ���h�� �� $%h@ $%4�'� 

(hh
�hh�!8� )�4�hh3.(,hh?58�( ��'hh. �� <�hh2�p� fhh� I(!hh�( �
�%2b
6���456��;,3 ��)?�e�h2 �h45,: �h? \!h?,� 
.+0 h� �G

����(0
6�[ + ���!- 
O+� �? �?�923 e�2�<��(��.��%@ )
)G&@�+�.(

���������� ����� #�'@�A�� ����� ' 6������� �� ��C
������23�� ��� ���� 

!�� ����� #�'@�6:,:
.+0���h: W�!H �? G��h45�h
0�h�(�
&'.�$%24� G5�*�� + �2��X-� 0�45$%22: ,; 5/6�h&@ �-
�456��;,3 �2���!� �3�,?��	,- �(,p )T+%= n.(

T!�,	 ��: �h3�2@ �,:
.+0 h�G�h4509. h
(*( �h? $%h@ �5u
.�:�+ <!��:( ��3( $%@ ��3�S� <K .h@ ��6L�h3�8���h: �
�4509. 
( �? $%@ �
W�!H )�3(:

(Mg2.41-2.78 Fe0.0-0.35 Cr0-0.02 Al0.0-0.21)3
M (Si1.95-2.00 

Al0-0.05)2
TO5(OH)4

,:
.+0�(�(� G5���� 
V�? ,5wt%)r�/tsx�w/tt(MgO+
)wt%. tr/rtx�v/tC (SiO2��hhh�� + $�!hhh? 
,Al2O3<[ �� 

�h?���h; ���Gh?�p + )_'hb h@!;��h3( )wt%vD/nxnD/D.(
Cr2O3,: �� 
.+0����� �� G
�0= ,��3( .(
+ )
-K�]V�86F( 

�? ":�;!2��( + _h: )�:+, h�!
:,. �� <(+(,h	 )h��!.+,; ^h��
	��(,6�+(�<[ 7�6�?(+�3( .]wt[���� 
_h: ,Cr2O3�� ��h@

�
���456��;,3 �:,. �? (� )�W�� ��@,3�( *( h�!
�!.+,; )h��
$�(� ����%�( .

!A�� ����� ���C :a�[ ��?*[��? T!� �h. �-� $%22: ,; W�!H
 �� ,6� %2b ����Y��R2��45@,? �F�� ��(5&'h. �$%h@ G

�3( .$�(��45@�8���h: ��h45a�[ ��h?*[ J,h�� ��� T!h�
T+%= n$%@ ��(�( (%�.

6 �J�4,6�(��; B2:(,; \!RL5�!"3 �6�[ $%@ $%4�'� + $%@ ��3�S� ��!- 
� �����(0
,: + �
.+0��� G)c�( (6��;,3�2�$�!. �(5�)e(
6��;,3�2�@ �����)�(6��;,3�2�@ ��}!a� �	�? �? ��56�[ <[ �� �: ��!- 
? ��W�!H�0= ��?3+��"5����(0
,: + �
+0.�'��= G�$%@ )
��3()W(6��;,3�2�(�(� �5,:
.+0�G.�	( ML �(� $%@ ��3�S� B2:(,; \!RL ��(�!8� �� )�;�
2�($%@ $%4�'� B2:(,; \!RL *()V�?�
(
� (%=�%2:.
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<}~� ��"N+( �"# �=�F <(,
( �3�2@ ���: + �3�2@�!"? �"9� ���

6 �K)e + c�( (?�e�2923�,: <��(�
.+0�6��;,3 �� G�2���45,:
.+0�G"3 ��. �(��<�8.

6 �L?�e�2923�6��;,3 I(!�( <��(� �6��;,3 �� )�2�@ �����45"3 ��. �<�8)c�( (6�[��!- 
+ �)e(����(0
�.

a�[ T!�,	�>�3( ,? T!�nv.�: �+ <!wt�:( _.( ���3�S� <K
�3( $%@ .�.��:,. W(,�����: �� ��45a�[ �09. T!�
$%@ �
�3( _: .:,.�a�[ ^�>�3( ,? T!�!8��(� Mg/Mg+Fe2+

�? ���� Si ]wt[�� $,6�-5�!�,. ��� �(,p�-�%�, .

� ����9��:�?� �
���?����� �� �?23��?�� ��?�� 
������ 

6��;,3�2���45$�!. (5�h4 �h	�? �h? 5	�!�+�!h3 ���h?,N �+
�6�?
� ��6��;,3 �2��=�� <%@ 
.�63( ��7�,;
.+%���h45
�+(�&'. ��$%@ G%�( .4�(%L��5%�? 5h��$�!h. T�h�6�( �h45

6��;,3�2�6��* �R3 �? ���� �#�? )[���"&@,-� �<[ �� �h4
 �3( $%@ .��: %4(!@ >�3( ,?�3�2@�+ �
h-K��h456	�h? �+

�
��6L�3056��;,3 �2���45��!� 3�,?���"&h@,-� <(!h.�
<[G&@ ���F +� �� (� �4`;
�	,- ,�� �� $%22&@ + ,:

� ??����6 ??� M??:#�(Ductile):(hh
"&hh@,-� I!hh� )���
6��;,3�2�@ �����45��R2� �h45h@,? �F�� h��(5$%4�'h� 

���!@ .L,?���: %4(!@ *( �h3�2@�6	�h? +��(%hL� ,h? T(� 
"&@,-��G&@`;
( �� ,
123 )*( %2.���# �4 :(a) 68h3/�,5

*(!�5��: ��456�[ ��!- 
�SaH �(5�? G&@T!�j/���"�-
,6� ? �:�!�"H( ��?�*( ,6'CD%(
123 )&'h. (� �4�$�(� G
+�#�?,?
-%�<[ �� �3( $%@ �4.(b)��: ��45.�T!h� �? $,
u/n��"��!? G&@ �? �: ,6� 
&'. )�$%@ G%�()G&h@ t�.(

(c) ��:��45�?': W�!H��SaH + $%(5W(*(!h� �h? ,?h
-%�
6��;,3 ���2�&'. ���3( $%@ G)G&@t�(.(d) �@� �
��
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%"=j�$��8@ �����? ����z ���: �3�,?�� <�8�"3 ��. ��!-,-� �#!89� �� ��?*[ �3�2@. . .���

6��;,3�': �? )�-%�+� *( �83 6��;,h3 �� �2��$%4�'h� �h4
���!@)G&@t�(.

� ??����./

 ??� (Britle):(hh
 "&hh@,-� I!hh� )���
6��;,3�2���45,:
.+0�G�(���R2��45@,? �"S� �$%4�'h� 

���!@ .(a) (
(�(� ��/23 )5	�!; ��3m:+,�45�h@�� �h�(�
02/�
$*(%�( �� �5���"��* �� ,6���2�h
0*( G&'h6� �h�(�
,:
.+0�� �G���(0
02/� + �
�/�!�+���6�h4 %2)G&h@ t�(.

(b) ,: 
.+0�	 G�,�5�?!��� W�!H
�X-� + �(5/6�&@ ��45
	�!; GL(���3m:+, �* + �4��25�
0��(�5123 (�$�,h: ,;

 �3()G&@t�(.(c) �@���(�45�
0�(+(,	 ��(��,: *( 
.+0�G
� +���(0
�* �� ���25'��= �6�[ )��!-
�3( $%@ �.

6 ���3�239��:�� �
�������� �� �23�?�� ��?�� 
������ 
�.����: �#!89� W(,�6��;,3 �	�? + �4�2���4T�h�6�( T!� ��

 e�.*�? <[ *( �; +$%24�5(,@ 
"&@,-� M�+�.��W(, + �h�� 
<[ �� ��'	 �4�3( .>�3( ,?3�,?��h4512h3 ��h/�5��h: ��

3�2@�6	�? ��"&@,-� +�6��;,3 �� �2���45"h3 ��. ��<�8
G&@-�,5�456��;,3 �2��*( �4*�N[ &'h. ��h= �h. G
/�,5��

�* �R3�)�; �"F,� �3 �� ��3( $%@ ���2':
nx�"F,� 5(
�6��
&'h. +�6��;,h3 G�2���h45$�!h. (5g��

�"F,�5�( T+( �!
; + )�� �? )�:+,�0��(
+ �/
,: �
.+0 h� �h? G
�	�? � ��@
��%�. 
$%@ G%�()G&@sc�(.(� %2b
���45

����(0
,: + �
.+0�G�?�; ����
h? + $�!h? )��6�h� �!h��*( _
��3,-���(�!
�4��� �� )5�;�
*( ,. )tDD �h=�� 56��h3 �-
�(,-]wr[+
�rDD�=�� 56��3 ��(,-]wu[&'.�� G�%�!@ .
&'hh.���;,hh3 G6�2���hh45$�!hh. (5hh� (� �<(!hh. *�hhN[ �hh"F,�
6��;,3�2��=�� <%@ )<+%?�*�)6L�3�(�	,- ,�� �� .

wx�"F,� 5"&@,-� �`; G&@
�� ,�63(�5��R2��45@,? �
F����(5&'. +�6��;,3 G�2�@ �����4:�"F,� ��56�[  +� �
�!-
�= �
0/
� )���(0
+ �/
,: �
.+0 h� 6��;,h3 + $%h@ G�2��
@����? �4�83-�,5*(!� 56�[ ��!-
&'. ���h3( $%@ G
)G&@se.(6�[��!- 
��%2b
���h? V�h? �h��56��;,h3 �)

�4��� �� + $�!?5,�. ,.V�? 
]��wuD �. vDD �=�� 56��3 ��(,-
�;hh
�hh3( �(% ]wu[.�; >�hh3( ,hh?hh
�(%5hh6�[ ��!-hh
 I!hh� + �

"&@,-��6��;,3 ��2�@ �����45��!h� h3�,?��"&h@,-��
G&@`;
,��(,@ 
V�? ]�6��� M5�h�� + ��'	 ]wv[Gh8S6� (�
$%@%�( .��(
6��;,3 �"F,� )�2���45$�!. (5�;&'. *( �G

�� %hh��= �hh��F ���6hh3(�5�hh�R2��hh45hh@,? �F�� hh�( �5*(
�63!;5��6S. ��6@!- +5��p!	 ���(,@ 
"&@,-� M�G&@-

`;
�* �R3 �? ,�T��6�( )
�6	�+6��;,3 �2�@ ����( �� �4
)
.�( �"H�	&'. \���$%@ G%�( .

tx�"F,� 5"&@,-� ��� $%22&h@ �6h3(� �h�R2� �h45h@,? �
"S��&'h. +�6��;,h3 G�2���h45,:
.+0 h� �(� G:�h�(�( ��5
�=
/�,56��;,3 ��2���45,:
.+0�G(,h@ �� �(�
"&h@,-� M�

(,@ �� $%22&@
��� + _: �8# M5�;�
&'. )�@ G�h	�? + $%
63m:�.�:�&'. + 7�,: G
.+0 h� �h-� G(5*(6h@,3��h45<[

�3( .( ��
6��;,3 �"F,� )�62�@ ����? �4�'h�? �!���h?-
3+��"5,:
.+0��= G
0/
$%h@ )%h�( .6	�h? %4(!h@ �h6��(���
L,?���!8� *( � <�'� �4�hL,? �h: %4��6��;,h3 *( �2���h45
$�!.(5?��6�� �!��_3+ �?��"5,:
.+0��= G
0/
$%@ )%h�(

 ( <+%?
�S. ]m�p �&2��.�,�h=
0/
2�h6�[ *�h	 ��!- h
�(,hp �
%2@�? �6	,-)G&@sW.(��? �6��(
�5�	�? � ��@
��( �� 
)

123 � <�'� �4�(,	 �h: %h4�
�4%h25'h��= �2��h? h3+��"5
,:
.+0��3( $�!? fp�� G)G&@sW.(

(,?�2?
>�3( ,? )3�,?��45123 ��/� 5��h: ��h3�2@�+
6	�?�6��;,3 �� �2���h45"h3 �h�. �<�8�h?�h� ,h���%h3� 
�=
/�,56��;,3 �2��(,@ *( �4
G&@ M`;
�. $%22&h@ �? ,h�� ,

( �� �: �6	�
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