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Development of the first solid-medium deformation apparatus in Japan : A historical review

����*����� **

Mineo Kumazawa* and Ichiko Shimizu**

Abstract : The first solid-medium deformation apparatus (MK0/S) in Japan was devel-

oped at the Nagoya University in +30/. The apparatus was designed by one of the

author (M. Kumazawa) to study the crystallographic preferred orientation (CPO) of

olivine, which was thought to the cause of the seismic anisotropy in the upper mantle.

MK0/S enabled us to deform a large volume cylindrical sample (+* mm in diameter) at

high-temperature (over +***�) and high-pressure (up to + GPa in confining pressure

and , GPa in axial stress), and very low strain rate (as low as +*�1 sec�1). This apparatus

has yielded a series of important contributions to the rheology and the CPO’s of olivine

and spinel-type minerals, and deformation and recrystallization microstructures in

quartz as early as in +31*’s�+32*’s.

Key words : deformation experiments, solid-medium apparatus, crystallographic preferred

orientation (CPO), upper mantle, olivine, spinel

!"#�

���������	
�	�
��������
�����������	�
������� ��

���!
"��#$%&'�
�( ���)��
)*+,��-�&���.��/��0���1�
2��&�34�5+,( 6
��7���8�.�
�9:�2;% ��
<�=�>���� ?� + (
� , @ 06
$%.	�� +30/! ?"# .*!@ �
$AB%C�C��D��( &'
E&F( G()*
�$��+HI,+,��
�2� 6
J( +322!
�-K%C�L++,�-M�N���� ���0
O./01�>����P 
$2�QRS3%T4U
5 ?-�VW	XQRS3@ �$��6Y+,��(
78&#�I,+,��
�0.9���Z689[
\]R�.4( �:;�<^
_��=`�.a2�
>�:,��.9�� 6��bZ�( �
��MK

0/S &ac�&�#� MK0/S �6Y+,�9:d
!� .*!�e!'��(d��?@�8"A�(��
��0fBCg
��hM�2� #9�( i4��
��( ����jklDEm
Fn��
G
���

���oHI`
���2�� �p�0( `J�0
K:,��.���
Lq\rM'���'
sN(
��
+HtO"G(
uO
>�Pv'� +:�
�J
Q�( �,���w�+,��:Bx"RS�
yz{W'� .D( MK0/S 
|T\}U�~��
0�V
[
Wp ?RS�9( ,**0@ �X#4Y�� 


������$%

� ?G(@ ��=Z��
�������
0( $
AB%C�C��:"[��"# -0! ?+30+!@ 
 .

�( �\%C
]�E^_` �Cg��( J�%�%
C�a� 
���� -���b#�( �]�c+�
�Cg�\%C���	(J�d�%C�a� 9:e�
��z�].�=,`�� ?Bridgeman ��z�&
��%@ 
����"f�( gh� W¡¢
"£B
#��&9:¤�� 6,¥i( jk
_l��¦"
%�( m> /** MPa( =Z�§H¨ -* mm 
n=�
�
6Y.�"©�( ªo]p
«q�¬&.­®r
¬
sro01&6
¯tr�u.�"©�� ?Iida

et al., +301 ; Iida and Kumazawa, +31*@ �
�;ª
o]�Bp
�°|T&¬v|T0( 3w%C
xw
y±&6
zm
�²�$����+,��� 3w
%C
��"{f'�&&��( 6
K³"X�
�
�´>'��Z�0( |'"�µ��&��"}~&
'� ��[}~.��0�¶�tO�·���l'

*

**

,**/! +* � ,0�f�( ,**/! +, � ,,�f�
-K%C�C�`��¸¹C��
Institute of Geoscience, Shizuoka University, Shizuoka .,,

�2,/3, Japan

��%C%Cº�Cs��¹�¸��¹C�»
Department of Earth and Planetary Science, University of

Tokyo, Tokyo ++-�**--, Japan

& '

|T�°( � .3 [( /�+.( ,**0 ?Japanese Journal of Structural Geology, No. .3, /�+., ,**0@

¼ 5 ¼



������� ���	
���� �����
��
���� �����������
��������
��� !"#$�%
���&�'��	(� )*+,�
��
-�

�)./*0������$�% +30*���(�1!
+23+435�-��6���7$��� ����
���8�
����9�:;�<	�)*+,�

�
=6�(�$�% 6�(�$	�� >�?@��
A
	B�
CD!E
�F	
�GHI(JKL	
M��	
�% >���� ����NOP�����
��Q�A#7�� R�#F�GH S
<	�TK
�
(U#�V�<�����% >��!W��X�
�7Y��� �N"#�ZF�$[��J
\%��
]&'(^
�)*
���
% >=��_� +,

��
�-.V/(�J�(U#�� >��(-�0
�(�
% <7<� )*+,1�`2��3a�-b
�J�45`�R��Ac6
T7���#d=% #
7�� �
����=8e��f9�
:g��h$
i;j�%k
�<=�c6��<	-���_� �

�lm!*n�>o�����J�(U#� �po
�����% >��(� �<P
�-�q?0��i
��`2T7�R�r=������7� ?s�@t

<	ZF_r
% �����	�Auk7o�vA	
�BC�w�xR�7$��� �J���d7�(�
L�yJ#�po�% �&� Boyd and England

z+30*{ �|�}D�
~$��]�}�EF8?s�
Griggs et al. z+30*{� Heard z+30*{� Handin et al.

z+30*{ �r� Solenhofen limestone�R��`2�
8e?s� Carter et al. z+30.{ �r�2���]�}
?s�8eT7�R�,G�H<	
���� +30-�
�d�(� ��r=�?s
�GH�kF��I
�
L	
���=% �&� J��(`2
�]�}K�
�?s
�8e
������LM(-@<	
�
7$���� ���LM�N��O���P��#$
�%

��������	

��r=�Q��� >�n�����R�A$	�
ST�����OPGHU�r$	LM�?��V�
����( +30/�������% W�(Z>��
+30-��d7��X���P+P#��Y�����
z @�LM�N�{ ��¡�Z�x��¢£C5

¤F�����<�% ���� ���¡�x�6¥<
�
KF�(
7�
% �¡�x(��[¦�<	G
H\LM��N�R�§K$	
�% ]�¨©(?s

^ +_ �]�}8e?sLMMK0/S z`ª�P+P#�
ZF� @�«{% va(¬,¢*­�r�b}�®�4!¢
,£,¬%

^ ,_ ¯cde&8e?sLM° �fgJW�_�±<% ²
�_O�³´( + : ,./���� µh .*� 0¶�Ji���%
�·
�V����LM�(� ���
�A7�W�8¸��
�	
�%

¹jkl�mnº�»

¼ 6 ¼



���������� ���� ��	
 ��
���
������	���� ��
��������
�
�����������
  �!� ���"#���
�$%����&���'��()�*+���,�
�-!� �����./012345/6���7�
�	��� �� �!8� �9:�;<=
 ��">
?�)�*+�@#$�%&�=����'�;<=
���� A(BC)�*)�=
 ���+�,-�=
.DE�F/GH/-��� I��
��J���

��	K �L'=M� IN��K �/��9:����
*+7O0P���1Q��R=�S�TU=��
�'=

23�@45SVWEX�Y6Z�S7[�\]U
�= ��Y6Z�� �!� ^/_`VWEX�a8
�� bc� Z[de�fghi/./�j�k��
	�
��9l�:m; �;<�9l��n=op>�
mq�5r�'=�s�� �t=�Y6Z��uv?
!7�� ��7�@w�,� I��������U2
3���5SAx'�K �yz{=���'=
 �|
�� BC��U�ODQSD'�U	}S� �~EA

��U�FGSHO��U=
 I �U<�IJ|
M� K���LOMN�	9:�O�PU=��O�
	� o'�t����K �y'�� FGJM����
7�>QS�R��OM� ��n=mq�4�g_|
M� 
����:m�����������#
'
=
 �~FG�>yO�|'=M� ��23�Sc�
�U�|'=����
 ���~FG� IIJK �U
��O� �(T��/���~UVW��	 ��~U
VW��L9:��zQSkU��XYZ���[
�,**0� ��\�

!8�oQ|=����������'=
 �s�
;< �] -;� ] .;��� ������^�_��
�Y`�i/./Sabc�7b��d�	
 ���

f g_Oe�¡�¢£1F�Sfg��¤w	
 �
S�YeZ��f g_S w�¥QS,��M�

��M¤��¦Z�=�co� ��5S�th�=�
�o§i¦Z�cOfg
w	
  w��  w��S

] -; ¨jk©�:m;
 ªl�ml�«nk©S� w
¬wG/F/Oo'��Q� >p#�;���SF­�h®�
�q%¯z
w= �X��\�


] .; �V��Y6Z�S�	@4	°�:m;
 ± : 23��h; ����
 ²�cS�r�p�Ok³Mw�U	
 ´ : �cp�
LD-,2�µs¶
 ;<S�tu .*v ++· -*w�wxO�	


wXS\³	µy¨z¸9:23�¹��*+�º{»bK� ] .3�

¼ 7 ¼



���������	
��
������ ����
������������� ������	�	��
�� �	 -
�  !"� �#��$%&��
�'(
�� )��*"� +�,- ��(����� ��
.����/��'0�1�*2�34�'� ���
�'���5���6789�2����:!+;+
9'�2�� 	�<=��>*� �� +,*?
@�
���
 AB���*� +** MPa@��	�C��
�;�� )���*	�DE�F������ �G	
HEDE�"
!��I 3� IJKL�3"MN�
��� �EH
O��� �	 +
� �#��� ;P��
Q���$����� �����%&1� R����
S���Q��$�TU�1V��� '�*�WB�
���:9X!��
�(�)�*-����� +,
+* mm�Y-.���/��Z[<	1�0�1��
" I����� \	E��]2��
�(��/�
��
+-���2�34'�56*�U�F�*"� .
�9����� ^	7	7/ !� .�_E���.
*89*:0;�`a �-b.�:!N��I� ���
�� )4*���c*<���"0�� �=d/e
N��>f?@AX ghi�� !AB��#j
�
;�,k�l���� CD� m
�n	op�EF
��/�j
�;q� �Gr�Q��Qs N��t
HIJAX gKu�QLM�#��NeO� K�Lv
Q_
7	wPx�QylTQq�R� SAX gT!
�QNeq� "#UAX gCD� xV�QTQq� WH
XYAX gCD�Z[�QTQq�\]^�AX gCD�
z_�TQq� Ku�Q��QsQ N��`ab$
AX gCD� Px�QTQq (����� +4*,�
�� {
?E(L|%c*J���d}6�#' A
4��
+�34" +322�*\]AX�ef�g5�� `

ahiAX� "#&jAX� k~'lAX� -mno
AX gCD� �Gr�Q/�j
�q V*,����
�}cp !�]2'A4���� `ab$AX'(
)����Px�Q*�OA4�� �Gr�Q�"�
�#"� ,* GPa� ,***�9�-q*r"��"�*�
�/�j
 �Kumazawa, +31+, +31- ; Kumazawa et

al., +31, ; Masaki et al., +31/� 9 01* kms�{
?
Et�u�:��9+v�$ �Kumazawa et al., +31. ;

Kato and Kumamzawa, +32/ a, b ; Sawamoto, +311,

+320, +321� *wx���?�����IV����+
49,*��y��z+{|�r�!&��?�&Z
6	��� �Sumino et al., +310 ; Ohno, +310� (��-
}Q��# �Hashimoto et al., +313 ; Kawakami et

al., +32-�1
~;��*����Y-729��v�
�#)�1�"�Gr�QIV�.��� +����
Y-/&���/�"Px�Q�`aAX9Q ��
*�2�'4�����

���r�!&��?�&Z6	"�0R z+.�
��v!��9)���v���;�1��� )�
���9��6��":9X!+��#��*W4
� �)�O� 1�*���"�r��+5����
���2k���1�2�9�+9��������
/z+1��� 0�!)�3 {
?Ez+���
��3���Gr�Q���#"�W��'� +�
�9�4�5AX gCD� ���QTQq� "#UA
X� 1a$AX gCD� xV�QL����#_

7	�TQq V*,��� "����� "�*��
�:���� !� ,5"� �#*
~����
���
<
-�"�z+ �b:9 g:����v!
��"G�	�	�[��Q �&?	G	��

�� 9���� 0��Gr�Q�TQN��6��
AX g�TQ���;�*Neq '{|��/9�
��7��(�� �Sawamoto et al., +32. ; Wie-

dner et al., +32.�� +4*,����{
?E*�
;�I�5� ��6S��	7��9�5�U�+
9* ��� � "��c�Q*,��� ��v�
��/�F����2�� +4���{
?E�L
M!����v*�;����¡��	7'�4
¢� Y-72���v9��£�V4�"¤��
�� )+���¥�"� ¡��	7�E�9��9
�-+9* �� +4*���"� �¦v�!�3
c6*�-¡�� �[��&� �j
������
���� 8�§¨* ©�,-�

�������

0��e¡�{
?E+5�9��" +*ª+. secª+

@«�r¢��9:¡����'� ���%mE�
" +*ª1 secª+¬V�'£¤�3 ¥�9;¦���
�+*** mm�§�¨" +��­�/��� ;A' +***

®+*ª/¯*.*+ mmN�/W�� .��©�� +* mm

9��V� -�a* +����/��� 9��" +*ª1

secª+3V�* ���F-�+X +91�����
L�L �����ª°�«U���9±²;���
F�� �<"{
?E�����4!1� 95�U¤
³´�¬�F��"�"�F�­(�24¢� ;�*
�=®9�-«U����� �C�2�+�¯°�£
>*±µ�?®'���1��{�*�@6���
"��6¶²'�3�3v1��� )+�� + GPa

+,,**�F�9�-0�9��"C�6 ¯° �³�
���IV"� �2)-1 ��C�6 ¯°9�-
@A�´����� ������
����¯°"µ������U¢/�6*�C�
3N9·Z��'� µ����-I�5� }c6&?

9�B¶'·�3�23� ¸°��£¤�2 �
�0��1ª¹[
¸E>34� /* GPa�"�'º
B�'� +4"µ�¹&º
?�B¶'�2�+9�

»6C��»¼@e�

¼ 8 ¼



��������� ����	���
����	
�
�� �
��� ����� ��

����� ���
�
������ ������ �	�����!�
"#� ��$�"������%�&��'����
	()*� ������!����� (+,-� ���
	���
�� 
�� �./01234!��5�
�!�6�7$	�"�#%�8�9:;<� =�$
%(&)*<�'(�=� �6� )*$��� �>	

�?)@+,A%()*��-(� =./��<B
C�D8�<E01�� F2	�345G�����
��;H�I6�7� 89)���8��#:�;<
$�(=�;H�����
� =�$%��J�=�6K9�L%($��
� 
�>M� +* mm� ?N�O@ ,/ mm($��
� O�J� +,**P� O@A= +.* GPa� O@�= ,

GPa�BQR���S-
$��
� �!��� .T+*U,V,T+*U2 mm�sec� ���

)* +*U1 secU+!�R�($� WC /D��
� 
�
X8�	��E9�Y��6)9�<�Z
�F[\?�

G]^H�H_���IJ Griggs W+301� �`�*<
�
� W>M< - mm� 
K'L)a@Y< WUCLA

� Griggs�������b�*c��� +31*M�

�(����� �
d<*�N;�E9���*e7
9�OP��<�� ��
��Qb�f�RS
gh
(�T�89)� _i�()��Z�dj*k<��
���Z�l
��*��N9* WUVWm� XYn
� W,**0��� 	�����
����;aZ79��(
�8�����op[<�

��������	

�J�=�!����MK0/Sq��\��G'r
/34�	�]�^9]�
�da79�s_�t#
	Z`�ua$��(
������ ���vbw�
c�4
d�dj79���exfghy/z/s
W{|}3���<��J�=�!���������
"#�ijn� W+31+� 
k~N9*<�� ���A
= 2** MPa� �= , GPaR�� J� 3**�+***P� ��
� ,./T+*U-V0.*T+*U1 secU+���89� �l�O@
� +/�
k;�� <ad��
�
��/��/�
��b*k5� ��#��7 �*kl� �+**� �m5n�
�\�o9N9�� �97��!p��� Raleigh

W+302� �q)�A= /** MPa
kj� �*kl� �+**�
m5��J�����r��7s)��9*k5� =
���<
��$�(otN9�� uJ�
�vN9
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