
 
 
 
 

 
 
 
 

 

 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 

2 2  
 

 
  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

  



 - 1 - 

 

 

56 km DRE: 21 km
10 km

 5 10 km 
15 km

 
 
(1)  

 
 
(2) MT  

3
MT 3

118
 



 - 2 - 

 

P S

 
5 6

11

4 5 km

12 330  
1990

20 km Hi-net
km

2.1
2.1

 

 
  



 - 3 - 

 
2.1  
   

 
Okada et al. (2015)   6 km  20 km 

Matsubara and Obara 
(2011) 

  0.1  
 2.5 km 

 ( 0 10 km) 
 5 km 

 ( 10 40 km) 

 0.2  
 5 km 

 ( 0 10 km) 
10 km 

( 10 40 km) 
Matsubara et al. (2008)   0.1  

 5 km 
 ( 40 km) 

 0.2  
 10 km 

 ( 40 km) 
 

 
 

 
2.1

JDXnet
 

  



 - 4 - 

2.1  

2.1.1  

Zhao et al., 1994

2.2
4.3 km, 4 km 30 km

-1.2, 2.0, 6.0, 10.0, 14.0, 18.0, 22.0, 26.0, 30.0 
km  4 km 225.0 km

 
 Um and Thurber, 1987

 Prodvin and 
Lecomte (1991) 

1/10 ( 0.4 km)
1/5  

 

 

2.2  



 - 5 - 

2.1.2  

2011 2018
1.8

2.3
2011

600  
2.1

10 km
12

2.2 2.4
T01 T04 2011

 
 

 
2.3

2011 2018 M1.8
 



 - 6 - 

 
2.2  

    
T01 40.3053 140.8381 238 
T02 40.2914 140.6891 156 
T03 40.1881 140.8168 231 
T04 40.3958 140.7524 306 
T05 40.4424 140.6818 233 
T06 40.5171 140.7462 313 
T07 40.5105 140.8804 1010 
T08 40.4938 141.0052 893 
T09 40.3785 140.9759 536 
T10 40.3812 140.5964 220 
T11 40.5709 140.8362 817 
T12 40.3862 141.1131 229 

 
 

 
 

2.4 T01 T12
 

 



 - 7 - 

2.1.3  

Hasegawa et al., 1978 5
0.05 Vp/Vs

P S P  
2.5

17 km   17 km
(a) (b)

× 2.6
2.5 (b)

(a)
 

 

 

2.5 17 km   17 km
(a) (b)  



 - 8 - 

 

 

2.6 2.5 8.6 km   8.6 km  
 

-5

 
2.7 (a) 6.0 km (b) 10.0 km

8.6 km   8.6 km

(a)  88  -4.40
(b)  75 -3.73  

2.8 4.3 km   
4.3 km

2.7



 - 9 - 

(a)  
77 -3.85 (b)  63 -3.15  

 

  

2.7 8.6 km 
 -5  (a) 6.0 km  (b) 8.0 km  

 

  

2.8 2.7 4.3 km 
 



 - 10 - 

10 km

5 km

 
P S P

S Vp/Vs P S

 
 
2.2  

 Nishida et al., 2008 Nagaoka et al., 2012

×

2.4

 

2.9 JMA2001 , 2002

CR S b

5 10 km 10
 

1
 

 



 - 11 - 

 
2.9 JMA2001

S b P a

 
 

P S
P

Langston, 1979
±

P PS
Ammon, 1991

Kawakatsu and Watada, 2007
Abe et al., 2017  

× Hi-net N.KOSH
× AO.UTB 20

× V.TWHK
V.TWYS 2016 12

× 2.1

 
  



 - 12 - 

 
 
Abe, Y., T. Ohkura, T. Shibutani, K. Hirahara, S. Yoshikawa, and H. Inoue (2017), 

Low-velocity zones in the crust beneath Aso caldera, Kyushu, Japan, derived from 
receiver function analyses. J. Geophys. Res., 122, 2013 2033. 

Ammon, C. J. (1991), The isolation of receiver effects from teleseismic P waveforms. 
Bull. Seism. Soc. Am., 81, 2504-2510. 

Hasegawa, A,, N. Umino, A. Takagi (1978), Double-planed structure of the deep seismic 
zone in the northeastern Japan arc. Tectonophysics, 47, 43 58. 

Kawakatsu, H. and S. Watada (2007), Seismic evidence for deep-water transportation in 
the mantle. Science, 316, 1468-1471. 

Langston, C. A. (1979), Structure under Mount Rainier, Washington, inferred from 
teleseismic body waves. J. Geophys. Res., 84, 4749-4762. 

Matsubara, M. and K. Obara (2011), The 2011 off the Pacific coast of Tohoku 
Earthquake related to a strong velocity gradient with the Pacific plate. Earth, 
Planets, Space. 63. 663-667. 

Matsubara, M., K. Obara, and K. Kasahara (2008), Three-dimensional P- and S-wave 
velocity structures beneath the Japan Islands obtained by high-density seismic 
stations by seismic tomography. Tectonophysics, 454, 86 103. 

Nagaoka, Y., K. Nishida, Y. Aoki, M. Takeo, and T. Ohminato (2012), Seismic imaging of 
magma chamber beneath an active volcano. Earth Planet. Sci. Lett., 333-334, 1-8. 

Nishida, K. and H. Kawakatsu and K. Obara (2008), Three-dimensional crustal S wave 
velocity structure in Japan using microseismic data recorded by Hi-net tiltmeters. 
J. Geophys. Res., 113, B10302. 

Okada, T., T. Matsuzawa, N. Umino, K. Yoshida, A. Hasegawa, H. Takahashi, T. Yamada,  
M. Kosuga, T. Takeda, A. Kato, T. Igarashi, K. Obara, S. Sakai, A. Saiga, T. Iidaka,  
T. Iwasaki, N. Hirata, N. Tsumura, Y. Yamanaka, T. Terakawa, H. Nakamichi, T. 
Okuda,  S. Horikawa, H. Katao, T. Miura, A. Kubo, T. Matsushima, K. Goto, and 
H. Miyamachi (2015), Hypocenter migration and crustal seismic velocity 
distribution observed for the inland earthquake swarms induced by the 2011 
Tohoku Oki earthquake in NE Japan: implications for crustal fluid distribution 
and crustal permeability. Geofluids, 15, 293-309. 



 - 13 - 

Prodvin, P. and I. Lecomte (1991), Finite difference computation of traveltimes in very 
contrasted velocity models: a massively parallel approach and its associated tools. 
Geophys. J. Int., 105, 271-284. 

Um, J., and C. Thurber (1987), A fast algorithm for two-point seismic ray tracing. Bull. 
Seismol. Soc. Am., 77, 972–986. 

Zhao, D., A. Hasegawa, and H. Kanamori (1994), Deep structure of Japan subduction 
zone as derived from local, regional and teleseismic events. J. Geophys. Res., 99, 
22,313–22,329. 

, , , ,  (2002), 
. , 65, 123-134. 

  



 - 14 - 

 



ρMT ×  
 

915 VEI5
2013

μ 10 m

2016 °

μ

°

μ

 
15 

km

2

 
  



3.1  
3.1.1 MT  

km
MT

MT

 

!
"#(%)
"'(%)

( = *
+##(%) +#'(%)
+'#(%) +''(%)

, !
-#(%)
-'(%)

(                 (1) 

./	12(%) = 3+12(%)3
4
/(27%8)                        (2) 

912(%) = :;<(+12(%))                             (3) 
Ei (f ) Hi (f ) Zij (f )

(MT ) i, j = x, y x y
f a ij(f ) 912(f )

8 T GD T n
17 20 056346032 8 T r T 8

c T Ts t 9 M 8
c To 8vM o 9

  T c a i 8t - c
a l 9

Δ  

*
+##(%) +#'(%)
+'#(%) +''(%)

, ≡ *
>##(%) >#'(%)
>'#(%) >''(%)

, + @A *
B##(%) B#'(%)
B'#(%) B''(%)

,       (4) 

 

C(%) ≡ *
>##(%) >#'(%)
>'#(%) >''(%)

,
DE

*
B##(%) B#'(%)
B'#(%) B''(%)

, ≡ *
Φ##(%) Φ#'(%)
Φ'#(%) Φ''(%)

,        (5) 

im Xij Yij i, j = x, y
1

 

C(%) = !
cos	(J − L) −sin	(J − L)
sin	(J − L) cos	(J − L)

(
O

!
ΦP/# 0
0 ΦP1R

( !
cos	(J + L) −sin	(J + L)
sin	(J + L) cos	(J + L)

(   (6) 

α =
E

4
arctan	(

WXYZWYX

WXXDWYY
)                           (7) 

β =
E

4
arctan	(

WXYDWYX

WXXZWYY
)                           (8) 



3.1

MT

ΦP/# = ΦP1R 1 ΦP/# ≠ ΦP1R

0 2 ΦP/# ΦP1R +90
≠0 3 1

 
Φ4 = arctan	(]ΦP/#ΦP1R)                        (9) 

MT 2
C^ 	C_

(Peacock et al., 2012)  
∆Ca1bb = c − (CE

DEC_)                         (10) 
I 2 2 CE

DE CE ∆Ca1bb

2
∆Ca1bb 2

∆Ca1bb

2  
MT

°

3 MT

 
 

3.1.2  
x y z

40 28’ 140 53’ ( 3.2 )
δ z=0 x y=[-218 km, 218 km] z=[-154 km, 500 km]

x 58 y 58 z 64 3.2 4
δ 3.5 z>=0 δ  

( ) (
5

3.6 3.7 5 km x-y
δ 5 km 10 km 2

1 m 5 km α 5 km
3.6 3.7 5 10 km



125 1000 km3 915 2.1 km3 

2013 5 10 km
mush 915

10 km
5 km

200 m 5 m
2011 δ 3.8

δ

z=0
0.3 m δ 3.9 10

500 m  
 

3.1.3  
δ 5 km 11 11

3.2 3 3 118 MT
2048 0.015625  ( 64 Hz)

18  
MT

Siripunvaraporn et al. (2005) Siripunvaraporn and Egbert (2009) 3
WSINV3D WSINV3D Staggered Grid

3 Smith, 1996
3

 

3 118 MT
 3.1 (9) 2  2

(10) 2

( )

(1) Zij d3+#'+'#3 5 %

ΦP/# ΦP1R  

∆Φ
E

4
	
|fWghX|Z|fWgij|

fW
                            (11) 

max min 2 ΦP/#

ΦP1R 1 5 %
 

 



3.1.4  
WSINV3D

 
k = (lmno − lp/q)

Orl
DE(lmno − lp/q) + s

DE(t −tu)
DErt

DE(t −tu)   (12) 
d MT

obs cal m °

m0

Cd Cm

° 1
2 1

°

° m dcal m
(18 )

2 118 18
MT Zij

d3+#'+'#3 5 % 1

Hx, Hy

5 % 1
m0 °

m
(normalized root mean squared misfit

RMS misfit) 1.0 RMS misfit  

vwx	A@y%@z = 	
E

{
d(lmno − lp/q)Orl

DE(lmno − lp/q)            (13) 

N RMS misfit 1 WSINV3D
RMS misfit 1 =1

Ω Φ α

AMD Opteron 6386SE RC 
Server Calm ° 2018  
  



 

 

 
3.1. N E  

 

 
3.2. δ z=0 δ x

y δ

( 118 )  
 



 

3.3.  δ

 

 
3.4. δ x-y δ

 
 



 
3.5. z>=0 δ z , 

x y  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.6. 1 10 km (2019)
α 5:4 1 m

5 m 200 m
500 m  

H:V = 5:4 
��2019� 6� 1��11� 30���

��2016� 10� 1��2019� 5� 31���

����	���

1 Ωm

5 Ωm

1 Ωm

500 Ωm

1 Ωm

500 Ωm



  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.7. 3.6 1 5 km  

 
3.8. 200 m

5 m  

H:V = 5:4 
��2019� 6� 1��11� 30���

��2016� 10� 1��2019� 5� 31���

����	���

1 Ωm

5 Ωm

500 Ωm
1 Ωm

1 
Ωm

500 Ωm



 
3.9. δ

0.3 m  

 

3.10. 3.9 δ  
 



3.2  
3.2.1  

3.11 10 km
3.6 3.1 (9) 2 (10)

δ 3.12 1 5 km
3.7

max  
3.11 256 8 Hz μ

128
4 Hz 1 128

2 decade
1 10 km

 
3.12 1 5 km

2 4 Hz
32 8 Hz

μ 1
5 km  

max>> min 3.11 3.12 2 3.11
16 8 Hz 2 50

16 8 Hz
2 40 50 3.12

40 50
40 50  

 
3.2.2  

3.13 15 1 10 km
3.1.4 Δ ×

3.13 δ

3.14 δ 3.15 δ

WSINV3D 1 RMS misfit 1.0
=1 RMS misfit 0.871 2

× 1 m
20 m 1 10 km

5 km
°

1 10 km



 
3.16 18 1 5 km

1 RMS misfit 1.0 =1 RMS misfit 0.824

200 
m 500 m 1 μ

1
5 km  

  



 

 

3.11. 2 3.6
2 )(10)

2048 512 2  



3.11. 256 64  



 

 

 

3.11. 32 8  
 



 

 

 

 

3.11. 4 1  
 



 

 

 
3.11. 2 8 Hz  

 
 



 

 

 
3.11. 16 64 Hz  

 
 



 

 

 
3.12. 3.11 3.7 2048 512

 
 



 
 

 
 

 
3.12. 256 64  

 



 

 

 

3.12. 32 8  



 

 

 

3.12. 4 1  
 
 



 

 

 

3.12. 2 8 Hz  
 
 



 

 

 
3.12. 16 64 Hz  

 
 
 



3.13. 3.6 δ

( 0.15 7.5 km) μ 450 m 500 m
μ  



 

3.13. 8.5 19.5 km  
 
 



 
3.13. 21.0 25.0 km  

  



3.14. 3.13 δ ( 15.62 -1.88 km)
2.5 km  



 
 
 
 
 
 
 
 

3.14. -3.12 -15.62 km  
 
  



3.15. 3.14 δ ( -15.63 1.88 km)  
 



   
 
 
 
 
 
 
 

 
3.15. 3.12 15.62 km  

 
  



 
3.16. 3.13 3.7 0.15 7.5 km

  
 



3.16. ) 8.5 19.5 km  
 
 



3.17. 3.16 δ ( 10.62 -6.88 km)  



3.17. -8.12 -10.62 km  
 
  



 

3.18. 3.17 δ ( -10.62 6.88 km)  



3.18. ) 8.12 10.62 km  
 
  



 
 

, 2016, , , 61 (2), 345-365. 
λ 2011

β 22 34-40ρ 
, 2013, 4 ρ 352-360ρ 
, 2019, 145 6-2 <https://www.data.jma.go.jp/

svd/vois/data/tokyo/STOCK/kaisetsu/CCPVE/shiryo/145/145_6-2.pdf> pp.28. 

Peacock, J. R., S. Thiel, P. Reid, G. Heinson, 2012, Magnetotelluric monitoring of a fluid 
injection: Example from an enhanced geothermal system, Geophys. Res. Lett., 39, 
L18403 

Siripunvaraporn, W., G. Egbert, Y. Lenbury, M. Uyeshima, 2005, Three-dimensional 
magnetotellutic inversion: data-space method, Phys. Earth Planet. Inter., 150, 3-14. 

Siripunvaraporn, W., G. Egbert, 2009, WSINV3DMT Vertical magnetic field transfer 
function inversion and parallel implementation, Phys. Earth Planet. Inter., 173, 
317-329. 

Smith, T. J., 1996, Conservative modeling of 3-D electromagnetic fields, Part I: 
Properties and error analysis, Geophysics, 61 (5), 1308-1318. 

 



 - 53 - 

ïíÅÛ 
 
Xc¸°x¼D�¬� 5ð10 km ��q�*)/=4<d°808�!(��R,»º

����hèªÕ®©ëhèªÝ�5:0<7-AÖ�@hèª{©Ö�@>1A6Aã

�Ö�ìY MT©�j��hD¡Þ����Ò��k@½Ó�[å,Ð��HD�&��
ÅÛ	�'*�� 
hèªÕ®©���2.1.3Ä�¿��&���Xc¸/=4<¼D�808�!(ëJÝ
�êiì	 10 kme�À��¦|�^�~	(,��l]��*��/=4<bÜ���
�Ì�hèÕ®È,wá� 10}À�Õ®,ÆÇ�)����*,�R�Ý�Pyß,�
q�)��\Ë��)�	S����B��808�!(�n
�	 5 kme�HD�
v��l]��/=4<bÜ�äCÕ®±�",·��808�!(�n
�%ÏÁß�

ÙM�%%fæ��)�	T����!��hèª{©%>1A6Aã��&)Ö��

���$�Xc¸/=4<bÜ���ØqzhèÕ®È�Õ®±s�	J��#�808�

!(��R��#��Ì�Õ®�r��à�â�+�)�ØÕ®±�4A3ÏÁ	�Ò�

�)��ka���r¶\Ë���)Ì�Õ®±�NÑh±����$�×Å�,¿��� 
MT©���3.2.2Ä�¿��&���808�!(ëJ¤��Kì	îÜ 10 km�Â�
K��*��.?6A2;?Ö��&��J¤��K,.9A2?0�
)$�����¤

��O��Qµ�J��¶rº�Õ®4A3�'808�!(��)�_��TU��


��	�J¤��êi��²��½\Ë��)�É�'*)��'�vÔ¢�îÜ 5 km�
808�!(,�q��l]���¤��K�.9A2?0ÍK	fæ��)�	S�

���Xc¸/=4<�&��¦§/=4<�l]�¯��� MT Õ®,Ð+�����
V����808�!(�.9A2?0�fæ��)� 
BÎº��9=5%¦���og��hèªÝ�ëPªY SªÝ�ì�ç¥Iu�ë¤
��ì�¹�)�é,F��³�¤��O�«K�o_%mW�&�����Z��)��

�B���¤��¡Þ�q��¹����²%1=�&�� Ã��´,��)¡Þ��q

�E����)�#�hèpº�¡ÞÚ��Å��t¤,Ð��	E\£��)���	

���Xc¸/=4<¼D��q�*)808�ÏÁ´¨�ÙM��#���Ì�hèÕ®

±�&)hèpºÕ®@Ú��¯����) MT Õ®,`#�ç¾¥pºÚ��GÊ,L
·�)�Ò	�)� 
  



 - 54 - 

 


