
������ ���	
	

� �
� 


� � �

�
� �

� � �
� �

� � � �� � �
� � � � ��

� �
� �

� � �� � �
�

�� �����������
���� !"#$%&

' ( )* ' ( )*

+,- . /01234 '56 '�5
789:;<=>?@A �BCD EF G H2AIJ"+AK�; LMN#"+$%&AOPQ
RASTUVWX.YZ[9:\ ]^_`Y ab c6�d4"+efgh�ij kl9mn.op q
gH�risR" a. �IJts"+[agJ� �u`v"+w.xCD yz{ \|}A
Dj~/g�6i234 �� ' N� � .h�j +,;N �56��: �A�
�; 'AIJ[aAK 78�A�A ���� �/���i234 OP ~A/��
T� � aw.C32"+.efD 789:�� ���ijef A� ; ����� � &���
32�12"+wU���� �+,A��.h�j ¡gij �A¢ '�£¤N¥ sIJ"+[a
 !"#$%& ef�ijIJ"+A ¦ gJ�D '� !A§¨s© ª«gef�i2
¬A ­; \ ~i56N�®¯. /°�D2  !/9:[a.±²t�$%³4~/A´ µg¶·

� � � � �¸ ¸ ¸ ¸

¹ ¹

º < L » h ¼ � � ½ � �

¹ ¹

�

� �

�
��

�
	
 �

� 
 � � � � �
� �

� � � � �
�

�
� � �

� � � � �  !

��

� � � � �

	 	 	 	 	



 ��

�������	
���


�������������������
��� !����	�"#

�

� �

ONDA TO UKUTAKE ARADA OSHIDA

( )

Hot Springs Research Institute of Kanagawa Prefec-

The Hot Springs Research Institute (HSRI) has developed seismic observation network in Hakone volcano

since . In the first decade of the observation by the HSRI, hypocenters were determined by using S-P times

and the Omori equation and were confined in the Owakudani geo-thermal area. This is remarkable, because

earthquakes are known to occur in an extended area in the Hakone caldera recently. In this paper, we try to

clarify whether the past hypocenters are real. For the purpose we introduce a fitness value to estimate the most

probable location of swarm activity based on the S-P times. First, we calculate synthetic S-P times from every

grid point that covers the Hakone caldera with a spacing of m for all observation sites. Then, Root Mean

Square (RMS) between observed S-P times for each earthquake in a certain swarm activity and the synthetic S-P

times is calculated for all the grid points. The fitness value given to grid points is defined as the summation of the

inverse RMS for all earthquakes belonging to the swarm activity concerned. It is considered that the grid points

with large fitness values exhibit the most probable area of the swarm activity. From the analysis we found that

earthquakes in the period of s occurred in an extended region from Mt. Kintoki to Motohakone, not confined

to the Owakudani area. Some of the swarms seem to have occurred near Lake Ashi. In conclusion, we think

that hypocentral distribution of swarm earthquakes in the past is not much di erent from that in recent years and

swarm activities in the Hakone caldera have occurred in a similar way at almost the same region since s.

: Earthquake swarms, Hakone volcano, Historical earthquake distributions
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Fig. . Tectonic setting around the study area is shownS-P

P S

Kanagawa Pref. Solid circles and squares indicate
WIN observation sites at the present and those in ’s,

S-P
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GPS

in the top panel and the bottom panel shows

observation sites of the seismograph network of

the Hot Springs Research Institute (HSRI) of

respectively. Dotted line shows caldera somma.

Thick dotted lines indicate plate boundaries of the

Philippine Sea Plate and solid lines represent active

faults. A shadowed area represents central corn.

Gray lines indicate contour lines at m interval.
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Fig. . Distribution of hypocenters relocated by Honda
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Fig. . Hypocentral distribution of swarm earthquakes occurred in the period from to . The central

panel is the map view. The left panel is the cross section in which earthquakes in region A are projected.

The right panel is same as the left panel except that earthquakes in region B are projected. Gray circles

represent the earthquakes occurred in the swarm activity which was the largest one since . Black

circles show the swarm earthquakes except for those in . Remarkable swarm activities are classified into

clusters indicated from (a) to (l). Occurrence data of each activity is shown in Fig. . Hypocenters of

these earthquakes are determined based on the Double Di erence method (Waldhauser and Ellsworth, ).
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Fig. . (a) Hypocentral distribution of earthquakes determined by HSRI routine analysis in the period of

temporary observation (Jun. -Apr. ). (b) Solid circles show earthquakes for which RMS between

S-P time of the observation and any one of the old record of S-Ps is less than . sec. Open circles

represent hypocenters of the corresponding earthquakes determined by the conventional method that was used

in ’s (after Honda and Ito, ).
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the period from to . We adopted those O-C

Joint Hypocenter Determination Kissling

(Yukutake, a

used as the site correction at each station in ’s.

6

Table . O-C residuals of P- and S-wave arrival times

These O-C residuals are estimated from data ob-

served at stations of recent observation network in

residuals, which are obtained for the nearest station

belonging to same geological structure, as the site

corrections for old stations listed in the table.

Fig. . Frequency distributions of S-P times at KZY

for swarm activities occurred in the period from

to . Swarm activity (a) has the smallest

average S-P times and activity (l) has the largest

value. Locations of swarm activities are shown in

Fig. . Occurrence date, total number of earth-

quakes and average of S-P times are given at the

top of each histogram.

Fig. . An example of the conventional method for an earthquake in Sep. , . The black star

indicates epicenter obtained by the routine analysis. White stars are epicenters obtained with the

conventional method. The left and center panels are results by data of the temporary observation at

old sites (solid circles) only, and the right panel is those by data of old sites together with data of SSN

and KIN. Omori’s coe cient used for the examples are shown in the left top of each panel.
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Fig. . Velocity structure model used for the calcula-
m tion of S-P times (after, Yukutake a).

Fig. . Distribution of fitness values obtained by using S-P data observed in ’s. Open circles show

epicenters of earthquakes shown in Fig. b whose depths enter within m from the depth indicated at the

top of each map. Fitness values are normalized by its maximum value in each depth range. The max of the

absolute fitness values in each depth range is given at the bottom of each panel. Note that distribution of the

fitness value is similar to the epicentral distribution of earthquakes at depths shallower than m.
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Fig. . Frequency distributions of the distance between the hypocenter determined by the routine analysis and

the grids that satisfy the fitness criterion. Note that the hypocenters were relocated with the velocity

structure and site corrections shown in Fig. and table , respectively. The averages and standard

deviations are given in meters at the left top of each panel.

Fig. . Maximum distance distributions of grids on which fitness values are assinged. The distance is supposed

to indicate the resolution in each of the direction. The averages and standard deviations are given in km at

the right top of each panel.
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Fig. . S-P time distribution at KKY for earthquakes

represent S-P times for earthquakes whose locations

S-P 9

in . Histograms of S-P times for each of

three-month periods are shown in (a)-(d). That

for the whole year is shown in (e). Gray bars

were determined based on the Omori equation.
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(l) (k) depth of m and in the west coast of Lake

Ashi at the depth of m.
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Fig. . Same as Fig. except for the events in .
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Fig. . Same as Fig. except for the events in .

S-P

RMS .

S-P NNT

.

. .

S-P NNT

NNT

S-P

KKY

m m

S-P

. . OWD for events in December .

m

. . . .

a, b

m

KKY S-P KKY

+0

+31*

+/ ++ +31-

+31/ +,

- /

* */ -

++

* +

* // * 0/ -

-

+

+2

+31-

+3** ,.** + -

+

. 0 * . * 0 +31-

.**

+302 +31*

1* * . * 2 * 2 + ,

+302 +31* ,* + -

+002 03 ,+

+3 -

+31* +.**

+31*



���� �

� � � �

�
	


 	
� 	



	

	
	



	
	 


	 � 	 �
	 	


 �
	


 � 	
	

 	 	

�
	




	 	 
 � 	
	

	 
 	 
 	
	

	 
 	

 	 	

� 
� � �� � ���� �� �

� ������ !"#$%&'()"*
+,&��-$ ."/012�3-45 6�7
8�9:�;<�=45�>?@ABCD� 7

!�'()"8B@� ���EFG%5HI
JKLMB5N O" 6PQR,&���STB T
-T UV�WX/0�126�Y� � ��
K !PZ&��D�[ \;<T-MB��-$
]^$_ ^%�[ \PY`�T5 6��abc
de(f�XgM12PhT@B&�>?$%&

. .�12� �� ���ij
klPF&� .�m �noKF$%& ,Mp
� ��K !� !�126K=
q 0rsR�t5/0�uv� wj� x�y 
0rKsN$%@BMB !�'()"8B@
� ��Kz_-8{�HIJ��|(}KMB�
�-$[ \< �~_XgB/0PhT@B&�QR
g%& !�'()"8B@� .�m�
6�B�����=&K ��MK$ ��/0"*
+,&-�R,&���STB B�%"T@�
.� !�'()K.�P��@���=&

��-$ [ \< K�5&126�=45�>?$
%&

���� .�"��T5��/0"8B@ , � �126��M$� QRg%50r6��g
�����������B�>?P�T_��T � ^�0r6< ��<��T5��/012��g

@ 0r6�QRP�45 ^��  �%¡�� ¢ kl�x£7¤T@B&A�"#?& ¡5 Y¥¦§
"=&A�"[ \"/0K¨YT@B5���M_ ©��� 6"���/0K��TMB�B45�ª�
.�"]B@�«�¬-$­®¯ °±²;<¡�³ �<�12�m �=& . � .-$

B´µ�/0K��T@B5��Kk-45 ¶ " .¡����/0�0r6"8B@ [ \�·¸
���QRT5���¹���5&126P��@º /»C¼�M_°±²;<=&B�Y¥¦§©� ½"

� � � �

�
�

� �

�
� �

	

� 


�

� 


�
�

�
� �

	 

�

� �

� � �

�

Fig. . Distributions of fitness values at various depths

12

Fig. . Same as Fig. except for the events in .
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Fig. . Histograms of S-P times for (a) the events in
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Fig. . Histogram of magnitude for earthquakes in

Fig. . Source regions of swarm activities obtained the period from through . Magnitudes

in this paper. The year of the events and depth of these earthquakes are obtained by the Tsuboi’s

of major activity are shown in the panel. formula using displacement amplitudes.

Fig. . Histograms of magnitude for earthquakes in each of the activities shown in Fig. .
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