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Characteristics and Factors of the Earthquakes around the Northern Ibaraki Prefecture and the Coastal
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ABSTRACT: Earthquakes have occurred actively around northern part of Ibaraki Prefecture and coastal area
of Fukushima Prefecture since the 2011 off the Pacific coast of Tohoku Earthquake (My9.0). Most of these
earthquakes had the normal fault mechanisms, which was unusual for inland eastern Japan. At the largest
event of the earthquake activity, two fault planes slipped: Shionohira Fault and Yunodake Fault. The time lag
of these origin times between both fault slips was calculated to be about 5.9 seconds. We analyzed the source
process of six major events, including the largest event, with near-field strong motion waveforms. Then, the
SAR interferometly (InSAR) image and the hypocenters distribution of aftershocks were considered for
setting fault plane parameters. The result of the largest shock was adjusted by some field survey reports. The
moments of both fault planes of the largest events were roughly the same, though the surface displacement
amount of Shionohira Fault was larger than that of Yunodake Fault, because the main slip area was located in
the shallow zone on Shionohira Fault, whereas it was in the deeper zone on Yunodake Fault. Based on these
fault models, ACFFs from the previous to the next event’s fault plane were solved, and each event occurrence
was explained as viewed from ACFF. Additionally, we tried stress tensor inversions by the fault parameters
for the source process analysis and CMT mechanisms, explaining the relationship between this activity and
stress changes by the My9.0 event. There are some examples of similar cases which are not limited to Japan:
inland seismic activities appear in particular areas after megathrust earthquakes, making it necessary to more

carefully reveal the universality of the relationship between megathrust earthquakes and inland activities.
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Fig. 1 Epicenter map and M-T diagram.

The earthquakes that were shallower than 20 km
with M;>3.0 within 3 months from the origin time
of the 2011 off the Pacific coast of Tohoku
Earthquake (14:46 on March 11 to June 11) were
plotted on the map. The blue circles are the
epicenters of events occurring before the main
shock on April 11, while the red circles are those
occurring after the main shock. The graph below
shows the M-T diagram in the map area with colors
identical to the map. Small dots with lengthwise
lines indicate each event, and the sequential line
graph shows the cumulative number of events.
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Fig. 2 Comparison of aftershock activities of inland

earthquakes in Japan.
The cumulative numbers of aftershocks are equal to
or greater than M;3.0. The chosen events are
various shallow inland earthquakes occurring since
1980 having JMA magnitudes of main shocks
between 6.8 and 7.3. The horizontal axis denotes
the time after the origin time of each main shock.
Although the Mid Niigata Prefecture Earthquake in
2004 was generally known as an event with very
active aftershocks, the number of aftershocks 60
days after this event was about 1.6 times that of the
2004 event.
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Fig. 3 Distribution of the focal mechanisms.
The focal mechanisms of earthquakes where the
hypocenters were shallower than 20 km with
M;>3.2 within 3 months from the origin time of the
2011 off the Pacific coast of Tohoku Earthquake
(14:46 on March 11 to June 11) are plotted. The
black ones are CMT, while the gray ones are the
focal mechanisms estimated by P-wave initial
motions. Most are normal types in every
magnitude.
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Fig. 4 Triangle diagrams of the focal mechanisms.
Triangle diagrams of the focal mechanisms were
prepared by CMT analysis with My>4.5 events
from March 11 to the end of 2011. We selected
events (a) that occurred exclusively in the area of
Fig. 1, (b) crustal events that occurred in eastern
Japan (34° N < latitude < 41° N; 136° E <
longitude <141 ° E; Depth < 20km) except
aftershocks of the 2011 off the Pacific coast of
Tohoku Earthquake and events occurring in the area
of Fig. 1.
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Fig. 5 Fault lines and outcrop distribution.
The circles drawn over the fault lines organized by
Nakata and Imaizumi (2002) are outcrops reported
by Wakisaka et al. (2011). The white star indicates
the epicenter of main shock.
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Fig. 6 The hypocenter distribution of aftershocks of

the main shock relocated by the DD method.
The hypocenters of the earthquakes occurring from
the origin time of main shock (17:16 on April 11) to
11:00 on April 13 were plotted. These were
relocated by the Double Difference (DD) Method.
The black circles indicate hypocenters of events
occurring before the M;6.4 event at 14:07 on April
12. The gray circles indicate hypocenters after the
M;6.4 event. The left figure below is a cross
section inside of pentagon on the map. The strike of
the projection plane shown as A-B is set
perpendicular to the strike of Shionohira Fault
(N161° E). The seismic plane was noticed between
two arrows. The right figure below is inside the
rectangle, whose projection plane shown as C-D is
perpendicular to the strike of Yunodake Fault
(N128° E). Similarly the seismic plane was noticed
between the arrows.
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Fig. 7 The SAR interferometry image of hypocentral

area of main shock.
The SAR interferometry image was analyzed using
images photographed by ALOS (Ando, 2012). One
image stripe shows an 11.8cm slide along the
satellite’s line of sight. We can detect the fault line
on the land surface of the main shock. The dark red
line indicates Shionohira Fault, while the dark blue
line indicates Yunodake Fault. The red star is the
relocated epicenter, which is the rupture start point
on the Shionohira Fault. The blue one is the rupture
starting point on Yunodake Fault. The small white
stars indicate the epicenters of the events occurring
at 07:11 on March 23 and at 14:07 on April 12.
Electric reference stations of the Geospatial
Information Authority of Japan (GSI) are plotted as
small red circles.
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Fig. 8 The waveforms of main shock.
UD component waveforms observed by Hi-net seismometers (NIED’s high-sensitivity seismograph network) are
arranged in short-distance order from the hypocenter of the first shock corresponds to Shionohira Fault. The initial P
and S waves excited by the first shock are highlighted in red with red arrows. In the same way, those due to the second
shock corresponding to Yunodake Fault are highlighted in blue. Seven waveforms are shown in (a), which were
observed at the stations north of the hypocenter; those at southern stations are shown in (b). These waveforms were
reduced to 6.0 km/s by the hypocenter. The station map is (c). Station colors indicate the time lag between the initial
times of P or S waves from the first shock and those of the second shock observed at each station.
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Fig. 9 The fault model of main shock.

Two squares indicate the fault planes for source
process analysis; intersection lines with the ground
surface are represented by broken lines. Red and
blue correspond to Shionohira and Yunodake
segments. The stars on each fault indicate the
hypocenters of both segments. Crosses near each
segment’s intersection lines are outcrops reported
by Wakisaka et al. (2011). Additionally, aftershock
hypocenters occurring between main shock and
largest aftershock relocated by the DD method are
plotted.
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Table 1

Hypocenters and fault parameters of both segments of the main shock occurring at 17:16 on April 11.

These were relocated not only by the arrival time of seismic waveforms but also by the hypocenters distributions of

aftershocks by the DD method and the ground deformation calculated by SAR interferogram analysis (Ando, 2012).

Fault Time Latitude | Longitude | Depth | Strike Dip Slip Fault length | Fault width
Shionohira | 17:16:12.0 |36.944° | 140.667° 6.1km 161 57 -70 17.5km 15km
Yunodake 17:16:17.9 | 36.989° | 140.696° 9.6km 128 51 -70 20km 15km

Table 2 List of events whose source processes were analyzed in this paper.

Dates and times indicate the origin time of each event. Latitude, longitude and depth in the upper half of each cell
indicate the hypocenters of the JMA unified catalog; those in the lower half indicate the hypocenters relocated by the
DD method. For the source process analysis described in this paper, hypocenters relocated by the DD method were
adopted. My was calculated by JMA centroid moment tensor analysis. Fault parameters (strike, dip, slip angle) for the
source process analysis were collected by the hypocenter distributions of aftershocks by the DD method or CMT
analysis. Additionally, those methods were written. Furthermore the ground deformation calculated by SAR
interferogram analysis (Ando, 2012) was used to estimate the fault parameters of the main shock. Vy is the maximum
rupture velocity on the fault for the source process analysis. The numbers of stations in whose waveforms were used
for inversion are described in the final cell of each row.

Date | Time | Latitude | Longitude | Depth | Myjya | Mw | Strike | Dip | Slip Method Vr(km/s) | Stations
3/19 | 18:56 | 36.784° | 140.572° 54km | 6.1 | 5.8 150 45 | -81 | Aftershocks 2.5 20
36.785° | 140.576° 6.2km
3/23 | 07:12 | 37.085° | 140.787° 7.6km | 6.0 | 5.7 | 197 53 | -89 | Aftershocks 2.2 20
37.079° 140.801° 8.9km
3/23 | 07:36 | 37.063° 140.771° 7.3km | 5.8 5.4 156 50 | -123 CMT 2.5 20
37.060° 140.783° 8.5km
4/11 | 17:16 | 36.946° | 140.673° 6.4km | 7.0 | 6.6 | (Look at Table 1) | Aftershocks | 2.2 /2.0 19
& InSAR
4/11 | 20:42 | 36.960° | 140.635° | 10.6km | 5.9 | 5.4 | 273 42 | -81 CMT 2.5 20
36.967° | 140.634° 9.4km
4/12 | 14:07 | 37.053° | 140.644° | 15.1km | 6.4 | 5.9 170 40 58 | Aftershocks 2.0 26
37.053° | 140.644° | 15.5km
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Fig. 10 Station distribution.
The gray and white circles indicate the K-NET and
KiK-net stations of NIED, respectively. The black
circles indicate JMA stations. All stations for using
source process analysis having at least one event
have been plotted. Stars are the epicenters of the
events listed in Table 2.
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Table 3 Structure for the source process analysis.

The upper boundary depths of each layer are shown.

Vp and Vg are the velocities of P and S waves. p
and Q are the density and quality factors. Vp, Vg

and p are cited from Matsubara and Obara (2011).

Suitable inland values were given to Q factors. In
this analysis, Q factors have little effect on
calculations because the lengths between the
hypocenters and each station were short.

Y 2B RBIFALERIC B

No. | Depth Vp Vs 0 Qp | Qs
(km) | (km/s) | (km/s) | (kg/m’)
1 0.0 | 537 | 294 | 2600 | 350|175
2 25 | 552 | 3.05 | 2630 | 400 | 200
3 50 | 5.68 | 320 | 2670 | 400 | 200
4 7.5 | 5.84 | 339 | 2700 | 400 | 200
5 | 100 | 6.07 | 3.56 | 2750 | 400 | 200
6 | 150 | 633 | 3.69 | 2800 | 400 | 200
7 | 200 | 654 | 3.79 | 2830 | 500 | 250
8 | 250 | 675 | 3.92 | 2870 | 500 | 250
9 | 30.0 | 7.03 | 4.12 | 2900 | 500 | 250
10 | 350 | 7.90 | 4.48 3250 | 600 | 300

ERELEL THTLZEYIE L. WiEmaEE
+o/rEBICSE L. EL, ShEEORKE S
&, EmARE, A EFmE B2 2km L EE LTE. &
To/NWETERN, R, T30 A 0P HEITR—
STV DHR, T AEHYME D 45 O
T/ REICRRDEEZIY 55 & L.

Wikg/N\T A= EREDR, H/NBEOT Y &
R 2 BRI, multiple time window 3% VT,
RFZE[ D90 B3 6 NT e 2 K9 el &z
oA v N—=Va vE{Tol (Io& 21X, Ide et al,
1996) . ¢~V BHAMOWE NS ZRET H /37 A —
2 DAEIE ABIC 23 fie/IMZ 72 % & 9 123& A 72 (Fukahata
etal., 2003). T XV f{X, CMT fFDOT XY A5+
45° LUNICINE 5 £ 9 IR L7 (Lawson and
Hanson, 1974). &/t D 7V — o BHUE, BE#IE
% FE 5y 4 (Bouchon, 1981) (2480, KU - Filfk
$:17% (Kennet and Kerry, 1979) % W CTEHE L 7.
3Fﬁﬁﬂtﬁi§§0)§ﬁﬁgii:ﬁﬁi (1985) D HFIEIZ L D BE
U 7. HiES R 8 L 4% 3% 13 Matsubara and Obara (2011)
a:;oﬂ% LMz 5 EIZ L, Table 3 (TR K
EREIE S L.

Wikg LT~ BB 2HEE, BEENS D

RETO SPHED 7 ENZHT=D 2.5km/sec LT &

% HURIE B O R & & D ER

mABHEOHEMER L. FRTHARE, KEEICK
Lfﬁﬁﬁfﬁfﬁméﬁv\wgﬂ> ﬁzw“ﬂbﬁféé

B, E— x/r@mmm THETRSHED
_kﬁvﬁéhf: F]J*%zozzmmwchu
ELHE L’Cﬁﬂ‘hbt.
ARBIZOWTIE, 32 HiTRDIZWIE T A —%
Y LT R T o 2. BRI RN
ZTRTTRYPMAE Y, 59 BBITE /&4
WEZTRATHETXONBEDL L L. £ 03—
3 NEDNTIE, TOEXEE T A —F &>
BINRBICBITHE—A Y MERODERADLETE
BLTWb=0, BiBOWIRNEMEIZ > TH 0
B L.

42 AEDODWHBETILOETELER

KB OIRMN OFE R % Fig. 11-4 K& X Table 4 (12~
KEDOS S, W/ FWREMOEWEFTT 2m ML
DT PRHEFE SN TR -l (2012) R
e (2012) 2SEE L2 shR W O E K OV
NEEMNREET 5. L <IT, SAR T ¥ S % (Fig.
7) T, MACICE NS B W o R THi 3R
BALDNKRE N EBFMDN, ARFEHTE R T W
EOFR EFMTETRERTROBHELENATND.
—J5, B BB O TR0 T EICERVGATICR D
IR, TS HREMTIE 1m 28X 5 H
REMITHE SR TRV L EFAT S, mkE
LT OBBITZEN TN My6.57 £ 658 TH D,
FIREECH - 7-.

SR (2012) (IAMAT & FARICHE 2 EWE &5/
e 2 ZE L T HGR ER U T > D R IR AR & iR
FrLTns. iﬁ/%ﬁ@fﬁﬂi BIROLR LD E
WO T2m ZHZH5T RV EZROTEY, Kl
JAMATRER L K< T 5. L#L%/%ME@
DT R OB LA S ITWE AL I ALE L, ARk
ﬁ&é.it,a%(mu)@ﬁmgﬁwfmwm
BT ZNZ My6.53 & 630 TH Y, i/ FH)E
PNIAG & FBRECTH DM, B/ ERECIEARR
o b/hE<hoTng.

SR (2012) 1%, AH 1.25~33 DN Foir 7
A NVE—F AL TEY, KEHr A 5~20 )
KO BRNEROEREZFHAL THhEh, mEOH
DEAFEHIIMAFRBRETH Y, BEKOENICLD
PHE R OBEWVIZBELICS W, £z, 2 FEE



BRIEHEE 78 B 1~2 &

Table 4 Results of source process analysis.
Fault lengths and widths were obtained by inversion repeatedly; that is, fault planes were widely set at the start and
were struck off sub-faults not contributing moment release gradually. Rupture continuations were defined as the
period between the origin time (rupture start time) and the time the moment rate was about one-tenth of the peak. Each
value of the main shock occurring at 17:36 on April 11 was described as two individual segments. Additionally, the
rupture continuation and My were described as chain fault movement of the main shock.

Date Time Fault length | Fault width | Rupture continuation | Maximum slip amount My
3/19 18:56 16 km 14 km 5 sec 09 m 5.98
3/23 07:12 10 km 12 km 5 sec 0.6 m 5.83
3/23 07:36 8 km 6 km <2 sec 0.3m 5.41
4/11 17:16 Total 15 sec 6.77
Shionohira Fault 17.5km 15 km 9 sec 2.4 m 6.57
Yunodake Fault 20 km 15 km 9 sec 1.8 m 6.58
4/11 20:42 8 km 8 km <2 sec 0.4 m 5.49
4/12 14:07 14 km 12 km 6 sec 2.5m 6.03
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140730 140740 Fig. 11-1 Results of the source process analysis of the event
(b) occurring at 18:56 on March 19.
‘ ‘ (d) (a) The slip amount distribution on the fault. The contour

interval is 0.1m. The sky blue colored crosses are the centers
of sub-faults and the white star is the epicenter. The gray
circles show the epicenters of events with M;>2.0 occurring
within 24 hours. (b) Moment rate functions. (c) Observed
waveforms (black) and theoretical waveforms (red) at each
stations. The three waveforms indicate the vertical,
0 5 10 north-south and east-west components from the left. Vertical

Time from origin time (sec) axes were set in individual stations according to peak
amplitudes; scales (cm per sec) are shown on the right.
Waveforms at 12 stations in near order from the epicenter are
shown. (d) Mechanism. The adopted fault plane for analysis is
highlighted in red and the parameters (strike, dip, slip) are

(150, 45, -81)

described.
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contour interval is 0.15m.

| (197, 53, -89)
10

5
Time from origin time (sec)



BRIEHEE 78 B 1~2 &

(a) (c)
[ ]
FKS011 ud FKSO11 ns FKS011 ew 1BRH13 ud IBRH13 ns IBRH13 ew
o
. E w/\!\,«. a\/\y.,% E
37 05' | i ¥ s s
[ o °
« (e ° FKS012 ud FKS012 ns FKS012 ew FKS015 ud FKS015 ns FKS015 ew
{7
\\\ A A MA“"“ ‘f 4JV\,«~ LA VNV%A——‘ |§
° ° o FKSH14 ud FKSH14 ns FKSH14 ew FKS014 ud FKSO14 ns FKSO014 ew
° O \W... o Mﬂ/\,_- o
. o W_ A\:P,AA”,« ‘g AP |g
e FKS013 ud FKS013 ns FKS013 ew FKSH11 ud FKSH11 ns FKSH11 ew
37°00' 04 Aq}'\,—————A oﬁy&-——ﬁ p S
03 E FKSH12 ud FKSH12 ns FKSH12 ew FKS017 ud FKS017 ns FKS017 ew
joX L]
02 5 W A A s W Y |5
B km k g
ot 5 0 5 10
= FKS009 ud FKS009 ns FKS009 ew FKSH19 ud FKSH19 ns FKSH19 ew
0.0
‘ E vW\,,h A
S
140" 45' 140° 50' s

10 sec
Fig. 11-3 Results of the source process analysis of the event
occurring at 07:36 on March 23.
The forms of each figure are the same as Fig. 11-1. (a) The
contour interval is 0.1m. The slip amount distribution of the
event at 07:12 on March 23 is indicated by the dotted lines.
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Fig.

11-4 Results of the source process analysis of the main shock occurring at 17:16 on

April 11.

The forms of figure (a), (c) and (d) are the same as Fig. 11-1. (a) The contour interval is
0.4m. The light red star indicates the epicenter and the light blue star indicates the
location where the rupture started on Yunodake Fault. (b) The moment release on
Shionohira Fault is shown in red, while that of Yunodake Fault is shown in blue. The
gray colored graph shows the total moment release. (e) Slip distributions on the faults
seen from the front of each fault were put in because Yunodake Fault is hidden in (a).
The arrows indicate the slip directions of the hanging walls as seen from footwalls.
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Fig. 11-5 Results of the source process analysis of the event
occurring at 20:42 on April 11.
The forms of each figure are the same as Fig. 11-1. (a)
The contour interval is 0.1m. The dotted lines indicate the
slip distribution of the main shock.
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Fig. 11-6 Results of the source process analysis of the largest
aftershock occurring at 14:07 on April 12.
The forms of each figure are the same as Fig. 11-1. (a)
The contour interval is 0.3m. The dotted lines indicate the
slip distribution of the main shock.
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ACFF
(%107

Fig. 12 A CFF on Yunodake Fault induced by the slip of Shionohira Fault
Coulomb Failure Function (A CFF) at 5.8 seconds after the origin time of slip on Shionohira Fault. Warm colors
indicate A CFF plus, while cold colors indicate it minus. Brown squares represent the fault planes of Shionohira Fault
and white circles are the points where the slips started on Yunodake Fault. (a) Result of calculation with frictional
coefficient of 0.8. (b) That of 0.4. This value (per 10°) was normalized with the modulus of rigidity in crust. If the

modulus of rigidity was 30 GPa, ACFF needed to be multiplied by 3x10'°.
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Fig. 13 Calculation of ACFF

These figures show the Coulomb Failure Function (ACFF) when each event occurred. For instance, the top left and center
figures show ACFF which the 2011 off the Pacific coast of Tohoku Earthquake (My9.0) and its afterslip since March 18
have affected the fault plane same as the fault parameters of the March 19 event (Mw5.8). Similarly, the top right
figure shows ACFF for 07:12 on March 23 event (My5.7) due to the preceding events. Warm colors indicate ACFF
plus, while cold colors indicate it minus. White circles represent the epicenters of each event and brown rectangles
represent the fault planes. As in Fig. 12, this value (per 10°°) was normalized with the modulus of rigidity in crust.
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Table 5 A CFF on each event due to preceding events.
The modulus of rigidity is assumed 30GPa in this

table.
Date and Time A CFF Note

3/19 18:56 +5.0x10° Pa

3/23 07:12 +6.8x10° Pa

3/23 07:36 +6.7x10° Pa

4/11 17:16 +5.6x10° Pa Main shock

4/11 20:42 The hypocenter was located in
the border zone between the
plus and minus area of A CFF.

4/12 14:07 The hypocenter was located on
the border zone between the
plus and minus area of A CFF.
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FUAL Hl D7 AP R 3 4 (8] o0 M TR RAE 3 R B
IZOWTH, ACFF &b LICHMa21To7. K -
fi (2012) K OVKAE - fl (2011) (2 & 0 sRALHG K
EPEIPHIEE O MERF T XD L RBT Y DET AN
BoNTHWED, Zbn 3 A 19 H 18 KE 56 43D
WEIZEH 25 ACFF 27l L7=. &iC, HAL#)5 K
EEEHHE (RPT0EET) L3 H 19 A 18k
56 sy OWHIEEA,3 H 23 H 07 Kf 12 5y OHIEIZ S %
% ACFF Zalfli L7z, LAFRIBEIC, ZEiLE TIC3AE
L7 BN KIZH AT S HIERICH 2 5 A CFF % IHK
K-,

3 A 19 H 18 I 56 43 D REIRALER D MR (2% %
ACFF % F#E T DB, HALH T AP35 I Hi 78 o 1
BRI RVIZIMAC, 3 A 18 HO03KFETORYT
RYEFNEMH L. BUF, 3 A 23 H07 K125
K07 B 36 5y OHIBICHOWCHET DX, 3 A
2HOBKETORYTXVET LE, 4 7 11 HLL
BeDHBIZOWTEHET 25T, 4 A 14 A 03 K
TORDTRVETVEH W, 728, 4 A 11 H»
LT 14 BIZRKRORANZHI227-0, 4 A 14 H
ETORMTRVETIANLA4H 11 HOREIZH T
% ACFF %3R5 DI E XY TR0, 4 A
11 B2 14 BOMIZRH TRV ETVICKELE
YD EOMMBSIRELTRLY, UBO#ER
W EEEZ T VWEEZDBND.

ACFF OFFRIX 5.1.1 & RARICATo 7. WNIBEEHE
FRENT 04 & L7, fMHTHRE R % Fig. 13 X O Table 5
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Fig. 14 The focal mechanisms used for stress tensor

inversion.
The mechanisms colored red and blue were used for
stress tensor inversion. The earthquakes for which
fault models were obtained in this report are
painted red and the other earthquakes are painted
blue. The gray earthquake (maximum aftershock)
was excluded from the inversion.
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Fig. 15 Stress status and principle stress axes.

Stress states of My>4.8 events drawn by the red
and blue mechanisms in Fig. 14. Stereograms
drawn as large circles are the lower hemispheres.
The small squares in each stereogram show each
stress state. The positions of small squares indicate
01 or o3 orientation. The colors of each square
indicate stress ratio in 0.1 intervals. The tails on the
left stereograms indicate the azimuth and the
plunge angles of the stress statue of o ; from that
of o ;. Those on the right sterecograms indicate
those of o ; from those of o 3. The red circles
show the representative directions that the
variances of misfit angles were minimal.

2Rk AarE AL J7 M2 B A& R0 1F W@ B oo B g i Lkt
L TCREREMD ACFF % 5 2 7= (B -1Ej#E, 2011) .
FORD, KEFTOZEMEIZHNT S ACFFIIET
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0.5-0.7MPa D IEfli & & 5. HERIIW I L 2 s 5
OHERITZRBELE 10°Pa £ —F—LEDbhTEY
(7= & 2 X880, 1995), ACFF X% O+ Kk
SAZEDDL, WL Y —u VIR O THAA
BThD. ABEUBEOHEIZOWTIE, AEICLD
IEHEE b RESEET L. 411 H20W 42450
ML 4 H 12 AOHRRRBEOBERIT, WThbE
o OHBEOROWE /T A —&IZxt4 % ACFF @
SR T D EADOERAMAEICH 7. 5.1.1 THR
Nl BY, BHEA— MU LEOEMEE TN
HOACFF OTEAZHETLHZ L1, WHETHD.
L2L, WTFRIZ2WTH ACFF b b T %
AIREMEEZ TR L TV 5.

52 EEILAE
521 WATVIYNLALANN—=D3aY

& B IR 5 KB E T o MEIR T O’ EIS 15 2
HT D012, KRBT CMT E Wiz hT vy
WA N—T g UEFER L. RATIZIE, Yamaji
(2000), Otsubo and Yamaji (2006) | & % % E i fif
MrikxE Huviz.

& e B RIR IR 20T T, 42 Fig. 1 O#BEHN
THALH G K EFEMMEBEBORENS 3 » HRIZHEAE
L7-HIFED CMT fgz AW CIT 21T - 7=, 72k,
LABE D AT CIEHMBE OB L 2 EA DT 21Tk
W7o, KOHEONSRMEETED D L, Xt
M/ & 72 B OIS IR BB IS RE RN e & D Al g
PERH L, ARIEBEIRAEOIENHOHE L L Tl
BIRER RN R BERANRAEL S, BUTH
D FMRER T TICLUEORENT 21T - o5, Wi e
RN/ LN T 2T, REOHK (My6.7)
DOV T=F a— ROEN 2.0 RiEOME (My4.8
PLE) TR - THITICH WD Z &I L. 2B, 5.1.2
Tk _7z L0, HALHITT KT L & OV O 4
HEBNIRKRKREICEZDHACFF XA LY, KK
RBEABIZLE DRI 7 — v Vs BN 72T
NWIERET HREEDE» T B XN HMET
bDH. DEY, HALHG K EVEMHIERIC X 2R
PRGN B DIEAL & A Bl O FETE B O BR E T 5
BRI, RKRBEMATSRIIMZ D2 L IEAFEY T
DB END, RENLH Uiz, ATV HEE
X 11 HETH D (Fig. 14) 2%, AREILHE 7 FWrfEm
&G WIS & ATt & LicTo, FEEW

WX 12HIBCToH 5. BIFIBBRANT 217 - 72 6 HE OF
B2 o0oWBEENENE 1 DOMMBELHZ D)
IZ DWW TIE Table 2 IZ/R L7 Wi X T A — & &,
FNLIS D 6 HIFEIZOWTIL CMT g% 7=,
FT, EE RHBEORBEREME D LT, FHIER
DI ITIREE A Kk L= (Fig. 15). 728, Table 2 ®
Wrig R T A —4 & f Wiz EIC oW TiE, Akt
B2 Wi IZ DWW T B BT DM EITRVD, T
Ak, Table2 T/RLTZEIZMA T, £i &k n
W 1 O % SR THE L7, TR i KIS T
JEfE# (o) 12, AR E/NG T ERMESE (o5) (T
XIET 5. ZZTIH/PREE I, EEICERIELE
SOOWEE O (4 12 RO % BHIEM O R 24
WriEm Oy RS 2 72T, 7277 UIE U HE o i e
HEBREZLIITERY) ol b L{F@PTE
DISNY OShiEhe TDIs k) oz Thsn. =
IT, BALESSOETOMBHEROWE T A —F %
WRTHIENERRDOENL ZERMRTHD. B
ERIZIE, 5 >ENENOWBE IR LT, A%
POMFESNDFW T (TR0 MA) EEEOTAR
D DFEMN 20° OHFPATHRD B AL WVRLIITERSL S
o, Fl, WEHOHEZ SHS>LLTWVDIR, i
WIS HT o I A R —= g VOB EETDHE L
T Yamaji et al. (2011) 3#ELE L2 TH L. 272 L,
T T ORI 20 C T D 25,344 @Y B DT,
PRS- AEBELTH, BoNDIEIRED S
H—IEBIC RS, FIT, Bonflr oA
RHEEZ, 60,000 /3% — > DS IJRBED iz T
EOTWE, IS LD RERER L2 —
720 & Fig. 15ICFERLTWVWS. fRELT, L%
COHBEZHDPACTE ZNREBETBRRICKR TSN
22k, Tay FENTWA/NSRMNAII
BHENFIGITREZ RLTWD. AOEWITES
Z )

(D=(O'2—0'3)/(0'1—0'3) (1

Thd. HxOUAENLHMONDERIL, o, PK
FOETREZR S IXZNICHIET D o5 OIS IIREE
EZRLTEY, FAMIXEROFNT, ERGIXE
MOESTHhoLbLEND. Fig. 15 %2R 5&, o i
IR BT A, o5 8RR 5 1 & T
WL ERGhoT.
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TITIHESIE, REOHEBORESKIE T A —
FeETHPATED o, @M Wo @z RD, ISHE5
EZP SN L. MOFHEIL, CMT # (GEIR I 7
MraEiToHBIZ OV TIHELREZZDOE) ©F
LATWVWDETRYMAL, T THOLNDICNENG
WS N LTS IO MEDZE(I AT 4 v M)
WZE DI L7z, CMT fECIE 2 fiii 0 5 H & H 5
Wi 2RSS D I H RN DT, LB
OEImTI AT 4 v MR 200 L FThIIE, TD
MR DR EHERIE, BSOS HEN OB TE
b0 LB L. BIFEBBEMHT 21T o7 6 #iFEIC
DVWTIE, EBFERBRMNT CIRE LLEIZ2ONTO I
A7 4y FAN 200 LT THD LI ICHIFIZHL
. RI0HMEDS b TL OMEIZONT
SRAT7 4y MR 200 KLY, NOFHED I
A7 4y MAOBRFEHNRE /NS RDI8 5%
e & A 7p LTz

AT ORGSO 0 B A KoMl %, Fig. 1512
RKELRBROHTRT. ZOME IS Z L TIZART.

o 1 : (azimuth, plunge) = (317° , 84° )
0 3 : (azimuth, plunge) = (213° , 1° )
0, : (azimuth, plunge) = (123° ,6° )
P :04

KO FISEAE RS &, 3 A 23 H 07 KF 36 471
B4 LT My5.4 OMBOI 27 4 v FAIE 23° T
HolM, TNLHNOHEBEOI 27 v AT 20°
UFCThol. 3HA23HOTHRF1230OHE (I X7
4y M 18 ) L 07 HE36 5 DHIE (A 23° ) RO
4 11 H 20 FF 42 oM ([F20° ) 1%, o;#hA
HALR-EREEFMICH D L XITI AT 4 MAN
NS 7D R O BRIR A& B T B ko Ak HUE
T, LA E X o5 RO ER S T
THREMERHD. Lo LWnTnicE L, KEMICE
o3 B EbEALTMTIE RN ENG0 o
7.

522 BAAOBEREOTI b=y U ERK

4 8l D HU R TE B) O F A FRNZ DU T kR 2 22 R
WRENTWS. =& x2I0E, FEEHINRAIZEH
(2011) 1%, ALH )7 K IEPEI IR O R0 D,
T R S 2K IR IR 20 T o s 2 Ay I T T S B B
CHEEL, ZOEEER T RoGAIL, BT
Blo8R 0 OFSHNAET D & L. )-8 (2011,

138°E

140°E 142°E

Fig. 16 Earthquake activities since 1885.
A map of the earthquakes whose depths are
shallower than 30 km. The gray symbols indicate
epicenters of earthquakes occurring before the 2011
off the Pacific coast of Tohoku Earthquake, while
the black symbols indicate those occurring after.

2012a, 2012b) I, HALHLT KSEPEdHIGEIC K 5 T
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(a) %teady strain changes

(b) Strain changes by M,,9.0 event

574

36" =

Megathrust event

Fig. 17 Schematic depiction of strain changes in the Tohoku region before and after the My9.0 event.
(a) Steady strain changes before the 2011 off the Pacific coast of Tohoku Earthquake (the My9.0 event). Because of
the subduction of the Pacific Plate and the coupling between the Pacific Plate and the land plate, the land had been
compressed. Therefore, compressive strain had been accumulated in the northern and mid Tohoku region. In
south-eastern Tohoku region including Fukushima Prefecture, little strain change had been observed. (b) Strain
changes by the My9.0 event. Compression of land plate was released and the strain changes of the land converted E-W
extension. These figures are referred to GSI (2008, 2011). However lengths and directions of arrows of these figures

are qualitative, not strict.

M CIEBAR SR, 52,1 THOLIT o BT
R EbEAFTH TN ENRTREINTEY,
5.2.1 THLNIGAEIIE - 1B (2011) OFHLHA
EFJE L.

53 Wit AEEAMALERMBAICHITTOMIEET
EEAERIELI-EH

E P GE (2011) 1% GPS BRI HHIGLEZ b & 1T,
200044 H & 2011 4F 4 BT —2nb, HARFE
DOTHEAEZRD TV D, AL 7 K7 M E
W2 &0, BALHDT RS A & B B M 5 LIS AT T o
Mg (MERdbiE 36-38° ) TIE, AAdVE 5 HICEE
ERMEOTHENE L. WALH 5 oA
38-40° DOFF TIX, 0T AL IO ME#A LT —
WhHMCH D, —J7, FR 20 4 (2008 4) &F -
E AR E I AR D, 2007 4 4 A 25 2008 4F 4
AT TOOTHZE( (E P, 2008) 23K
ey D E R OTHEE R L TWD ERET
% &, Ak 36-38° oMk TIZOT AL IThE <,
A 38-40° O CIEREEMDO OT HENH -
EBExOLRA.

H LHAAROHBENO O T RILEE N R OT HE
ftoEECTEbIND ERET H &, dufk 38-40°

— 19

OEPH TG ML OO T ARERL
TW2Z &2, 2003 457 A 26 A O E R
DOHIFER, FRK 20 £ (2008 4F) AT - RN
BEIE, OTAE2Miid 2&EB & LTHATE 5.
—J5C, HALHLIT 0 B BE B T AL E IS 2 T
sk I, #AbH G ALER IS R T O AR O RN
SV OIZHEREBIS SRR I T, Rk
FFRLEFh B DLRT O & 100 AL B2z v, H
T M;6.5 DL EDBEE 2 IR IR AE L Tniedio
7= (Fig. 16, 17(a)) .

BUALH T K SERE M E O A KV, AL i 38-40°
OFEPA I, AT — mE A7 M9k T A RO K & 7p
OFTHEMNAEL, R TEEINTWIZOT A
D—ENEEINTZEBEZLND. O, [FHl
ko HI N CIE,  LART XV B 7 A T 7 il A& R
W BRI OMBENIEAELICK K Ro TS L FHE
N5, BICFEHE ISV T, BAbHs KR R
DFAEND 2011 FERETIZRAELEZM4.00L Eoih
BIFLUTObOIZES S (Fig. 18) :

(i) HALH 7 RIFEFEMHIEOFEND 6 REF LI
WCHA LD O (1) « Bk G Ve
BOMEK A BRI S 7 ATREME SN
Exbndld, LTLHO0THRERET)
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Fig. 18 Epicenter map of shallow earthquakes and

focal mechanisms around the Tohoku region.
The M;>4.0 earthquakes from 1995 to the end of
2011 were plotted on the map that the depths of the
hypocenters were shallower than 20 km. The gray
circles indicate the epicenters of events occurring
before the 2011 off the Pacific coast of Tohoku
Earthquake (the My9.0 event) and the black circles
indicate those occurring within 6 hours of the
Mw9.0 event. The gray circles indicate those
occurring 6 hours or more after the My9.0 event.
The focal mechanisms are the results of CMT
calculations. If CMTs could not be analyzed, focal
mechanisms calculated by particle motions were
plotted. The dotted-line’s rectangle is the area of
Fig. 1.

WL LHHTE R L bbaRn

(i) R 20 4 (2008 4£) & F - HHAEERME O
HRE (L) KRB O =B AR OFHIEA
HLIXMLTWBEBXLND®D, LT LY
FALH T AR O O B0 IE TR B2 & 3
AcEied L bibln

(iii) FKH I (Fig. 18 OB A OFEN) TIHAE LM
& (5 E) « FEEBAMDK O &7 R O ff
Wb A T — R R 5 S8R ) il A R
WChY, HALH G K EEHRMERZ OO A
EALEZ KL TWDAREEND 5

—7J7, dtfE 36-38° OHIFATIE, WEEMDOE

AEFOEFEHROTHOEREN NS Inolz. 2D

7%, HAbH G AEIC R NE, b b LR DA
BOHBENRAE LT WREICH 72, HILHG X
SEEEP IR IS L0 P T AR A o K & 2RO
PFHREANECZ EITX Y, HIEHMICE iz
BOHBEN L RA LTS Ko HESERD 5.
SEOHEIEILZ OB NEIC LV BIHATE 50
RetENH 5 (Fig. 17(b)).

6 SEOMEIBOLEMEICET 5K
6.1 [EFHELEDLE

AEOMBIRE & FkIZ, 7L — MREAMOE K
R AR ICNPED Mk N CHHE R BN B ET D
BRHD. 2oL, SHEOMELFRERIC, HARM
ﬁ@fv~%nﬁfhm8&§uimﬂ%#%$b
OBy AUNIC, ZOEFEEH b4 300km L
W@W%@ﬂEWTMwsﬁﬁuhﬁﬂ DHAE L
TFHELE AT, YT HMELSL LT, 1896
FEOPNE=ReHE DK 2 7 A PBRITHAE L 7 B H
B, 1944 FORMEBHEON 1 r AZICHEELE
SWHENR IO TWS (2 & 21, B3, 2011).
R HIEE X 1896 4F 8 A 31 H 17 B 06 1T A L
7= M7.2 OHETH Y, KHOME FTIIFUE L 72
S (PR 46, 1897). LI (1896, 1897) ©H D
FEIC LD &, R g (Gl E) 2 4& U,
AREIZHNH 8 A 23 HE HISH AT EIEE A3 A 5
v, 8 H23 H 15K 5645 ¢& 8 A 31 A 16 Ik 42 73iC
E AL TV D BKETIE, 8 H 31 BIZ 53 [,
9A1HIZAEDIENEZLET 2EFOREBHEDN H
> 7.

%Mw X, BERATEIEE A oo R TAE O
R IZBLT W2 28, RIENIEE - 72O HG =Rk
ENL2r AU ERBE LB THY, RICHFBHE
EeIniE, 2 r ARMEFRES N 22070 2 & D
LS50,

¥ 7~, Tanioka and Satake (1996) i’JZE)EH‘ZL‘EVE
HBOWIEE T Va6, B R o W E im g o
T ACFF ZRiz. PP HE @mFEMiMM
(1896) DA, #AH - i (1980) DA b ¥
FAT, EM210° , HEHAMA 607, 04 90° (T
BOE L7e. EEPIHE OB O 13 Skm & RE L7
ﬁ,_n;0§9&<@5wiﬁ<bf% iz 2] iy
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Fig. 19 ACFF on the Rikuu Earthquake due to the

Meiji Sanriku Earthquake.
This value (per 10°) is normalized with the
modulus of rigidity. If the modulus of rigidity was
30 GPa in the crust, A CFF must be multiplied by
3x10'°. For instance, around the epicentral area of
the Rikuu Earthquake, which is enclosed in a red
circle, the value in this figure is about -3x107 and
A CFF is about -9x10°Pa. The fault model of the
Meiji Sanriku Earthquake by Tanioka and Satake
(1996) was adopted. The fault parameters for the
Rikuu Earthquake were set to 210deg. of strike,
60deg. of dip, and 90deg. of rake with reference to
Yamazaki (1896) and Matsuda et al. (1980).

BiL 04 & Lz, %% Fig. 1935R7. 511287
LEHE LRI, P oEiTRIvERTHE L L)
DTHD. I HFENOREIMERD 30GPa & T T A
CFF 38 (-9x10°Paf2JE) &7, KOS A2k
TIEEEPHE O E TR DN NI BRI
7. BIVR S REHE L EPHIEBOBRICOVWTIE, 4
5] D4 o R R 18 V) 7 & ZRIRIRALER IZ 6 1 D R TR &)
DRI BFPIIR NN -TeLEF XD,

6.2 =iAMIELDHR

SHIEEIE 194545 1 A 13 H 03 BF 38/ ic AL
72 Mj6.8 ODHIETH Y, EIFEL TEROREERNR
60% % B 2 5%, FMWENEZA Uiz, TRIEENE & kS
WG D 2 S DOWEIZIN - THIR 2 Hi R W e % 4=

U7z, BFEEEZ CIE, i 12 A 8 HIZ M4.5
OHENFAET 5%, MBEBEHSAIER/LL, 1 A 11
H 14 B 57 012X M)5.7 ORTE™RAE L. KER

B AR oD CTIEFE T, 30 HEIZ M4.5 L EDOREN 45
AR S~ ZHiX2011 44 H 11 BIZRAELE

detaCFF
(10E-6)

Fig. 20

A CFF on the Mikawa Earthquake due to the
Tonankai Earthquake.

The normalization method is the same as that for
Fig. 19. The red circle indicates the epicenter of the
Mikawa Earthquake. The fault model of the
Tonankai Earthquake by Yamanaka (2006) and the
fault parameters for the Mikawa Earthquake by
Takano and Kimata (2009) were adopted. A CFF
around the hypocenter of Mikawa earthquake was
about +0.06MPa when the modulus of rigidity was
30GPa in the crust.

LElIOHE (30 BRI M4.5 LLEOSREE 47 [BI#]
P ACVCET 5. =fHEE, 194 F 12 47 HO
TR i R O % AR L1 s © A0 T MBS B AN TS Rk
LTEY, REFH D THERETH-THT, &
[ DOHIEE & @S 5.

6.1 CIAARIC, BmMEHIE = HE O E €T
M KIET ACFF 2K 7-. W EIC >V T,
(1972), Ando (1975), Inouchi and Sato
(1975), #H M (1979), #&F: (1980) , Ishibashi (1981),
Iwasaki (1981), Sagiya and Thatcher (1999), Kikuchi
et al. (2003), Ichinose et al. (2003), & [ « 535 (2004),
it (2004, 2006) HEDOWIEET L BEHNTND
2, T2 TIRaaMREI Y 2 b & IT Kikuchi et al.
(2003) DORBEHEZ P Lz F (2006) OET NV
ZEM L. = #EICSWTIE, Ando (1974),
% (1987), Kakehi and Iwata (1992), LI (2004),
FA - Al (2005), = - KBk (2009) ZEOWiEE T
A&V, ZITEARBESMEMRENOW S & Kk
b ELHHT D ETF - A (2009) OET L EZEM
Liz. YUEEOBENLHZE 2 5L, ZiHEOERO

Kanamori
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Fig. 21 Aftershock activities of the Maui Earthquake

in Chile (My8.8).
The M>4.5 earthquakes in which the depths of
hypocenters were shallower than 100 km within 60
days from the origin time of the Maui Earthquake
in Chile (15:34, February 27 to April 27 on JST)
were plotted on the map. The blue circles indicate
the epicenters of events occurring in the small
rectangular area. The graph below shows the time
series of events occurring in the large dotted
rectangular area on the map. The colors have the
same meanings as those on the map. Small dots
with lengthwise lines indicate each event. The solid
black line is the cumulative number of events
occurring in small rectangular area on the map
painted blue. The dotted brown line shows it
occurred in large dotted rectangular area except in
the small rectangular area painted red. Additionally
the focal mechanisms of My>6.5 earthquakes are
shown. Although the focal mechanisms of the main
shock (Mw8.8 event), the March 5 event, and the
March 16 event were thrust type, those of two
events occurring in small rectangular area were
normal fault type. Hypocenters and focal
mechanisms were obtained by USGS PDE
(Preliminary Determination of Epicenters) and
Global CMT.
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Fig. 22 A CFF on two inland earthquakes due to the

Maui Earthquake in Chile (My38.8).
The normalization method is the same as Fig. 19.
(a) is the figure about the Mw6.9 earthquake
occurring at 23:39 on March 11 and (b) is about the
My 7.0 one occurring at 23:55 on the same day. The
white circles in each figure indicate the epicenters
of the inland earthquakes. The fault model of the
Maui Earthquake by JMA (2010) and the fault
parameters of inland earthquakes by Global CMT
were adopted. The fault planes for analysis are
highlighted in red. A CFF around the hypocenter of
each inland earthquake was about +0.5 to 1.0 MPa
when the modulus of rigidity was 30GPa in the
crust.

EIICOWTH km OFEWEFEin T 2 OIXE 22,
ETexFrwFhoeFT Ao CHLEBmITHMEICEL
THEY, HoOWBEITZEVNEY 10km THDHZ &%
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K% Fig. 20 1279, AN OMIPE#ED 30GPa & 1K
ETAUE, ZITHIEE O B JE D O A CFF 1% 6X 10%Pa
BEOEfE L7, 5.1.2 LRKIZEZ S &L,
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W R A% 30GPa & ARE T A, PBED 2 Mgk DRI
J&32 0 A CFF 1% 5~10X10°Pa FEFE D IEAE & 72 > /2.
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OOIEIMICIILLTORET 25 E N H -7 -
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\ZE Al % i @ T, R B AR LA TR
W IANCE hZ fr T e T sE) Lix i
ROLBOELDNE.

4. ERIOFTL— FNNTHRAET D EFERMEL, 7

L— MERMBEICL D ACFF THATRTH 5.
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Table 6 Inland seismic activities after My = 8.0 megathrust earthquakes around the world.

Megathrust earthquake (ME) Inland seismic activities occurred within 2 months of the
Date (UTC) Epicenter My | megathrust earthquake (ME)
1995/7/30 | Near coast of northern Chile 8.0 | None.
1995/10/9 | Near coast of Mexico 8.0 | None.
1996/2/17 | Papua region, Indonesia 8.2 | After one day, a My6.5 event with normal fault and My6.4 event

with strike slip fault occurred within 100km of the fault area of the
ME. (From 1976 to 2012, aside from the aforementioned events,
only two My>6.0 events have occurred in this area.)

2001/6/23 | Near coast of Peru 8.4 | None.
2003/9/25 | Hokkaido region, Japan 8.0 | None.
(The Tokachi-oki Earthquake
in 2003)
2004/12/26 | Sumatra region, Indonesia 9.0 | Starting two days after the ME, more than 100 My=>5.0

earthquakes have occurred in or around the Nicobar Islands. The
largest event (My5.9) occurred after 52 days. (This was the most
conspicuous activity since the 1970s in the area from Northern
Sumatra to the Andaman Islands, except for around the plate
boundary.)

2005/3/28 | Sumatra region, Indonesia 8.6 | Starting immediately after the ME, nine m,>4.5 earthquakes have
occurred within 150km of the fault area of the ME. After 14 hours,
an My5.5 event with a strike slip fault occurred. (From 1976 to
2012, only nine My>5.5 events have occurred.)

2006/5/3 Tonga 8.0 | None.
2006/11/15 | Kuril Islands 8.3 | None.
2007/4/1 Solomon Islands 8.1 | None.
2007/9/12 | Sumatra region, Indonesia 8.5 | Starting immediately after the ME, five m,>4.5 earthquakes have

occurred within 150km of the fault area of the ME. After two days,
a My5.3 event with strike slip fault occurred. (From 1976 to 2012,
aside from the aforementioned events, only 14 Mw>4.5 events
have occurred.)

2010/2/27 | Offshore Chile 8.8 | After 12 days, My6.9 and 7.0 events with normal faults occurred.
(Maui Earthquake) See Fig. 21.

2011/3/11 | Tohoku region, Japan 9.0 | After 31 days, My6.7 events with normal faults occurred. See Fig.
(The 2011 off the Pacific 1 and 3.

coast of Tohoku Earthquake)

This table displays all My = 8.0 megathrust earthquakes occurring after 1995 around the world. Mys of 2003/9/25 and
2011/3/11 events are referenced from JMA CMT solutions. Those of the other events are from Global CMT. mys are
from USGS PDE. Fault areas are referenced from YCU/EIC/NGY seismology note (Kikuchi and Yamanaka).
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