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Abstract

The M;ya9.0 Tohoku-Oki mega-thrust earthquake was followed by two large interplate earthquakes (Mjus7.4 and 7.6)
that occurred around the northern and southern ends of the mainshock source area within 30 min. We derived the rupture
processes of the mainshock and the two M7-class aftershocks using the K-NET and KiK-net strong-motion waveform
data. A curved fault model for each event was constructed from the geometry of the upper surface of the Pacific plate. The
mainshock analysis revealed a complex rupture with a very large slip and a long duration in the shallow part, repeated
rupture events in the deeper part, and slow southern rupture propagation. Meanwhile, the rupture processes of the two M7-
class aftershocks were relatively simple in space and time. The slip areas of the mainshock, the two large aftershocks, the
locations of the thrust-type earthquakes and the slow earthquakes (tectonic tremors and very-low-frequency earthquakes)
were complementary. The northern one of the two large aftershocks occurred in the region where previous earthquakes
with similar magnitudes had occurred, whereas the southern one was the largest earthquake in the region and no large

earthquake had evidently ruptured its large slip area in the past approximately nine decades.

Key words: Source rupture process, Tohoku-Oki earthquake, Iwate-Oki earthquake, Ibaraki-Oki earthquake, Curved fault
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Introduction

The Tohoku-Oki mega-thrust earthquake of March 11,
2011, significantly impacted various fields of Japanese
society. To understand the nature of this disastrous
earthquake, many researches on the source rupture process
have been performed using various geophysical datasets .
A general feature of the rupture process derived using the
low-frequency strong-motionz), teleseismic®, GNSS®,

3) waveforms, or crustal deformation data® is that

tsunami
there were large slips off Miyagi prefecture (Miyagi-Oki
region) between the hypocenter’s neighbor and the Japan
Trench. The papers cited here are some examples and more
results can be found in the aforementioned review!. The
moment magnitude (My) derived by these studies varies
between 9.0 and 9.1. In our previous paper?-”, we derived

the rupture process from the strong-motion data assuming

a rectangular fault model and discussed the relationship
between the rupture model and the wave radiation process.
The results showed that the Miyagi-Oki region, which had
the largest slip in the shallow part, experienced a significant
rupture event from the shallow part to the deeper part
approximately 60 s after the initial break. This rupture of
the whole area generated the notable phase found in the
velocity waveforms at the southern Iwate, Miyagi, and
northern Fukushima prefecture regions. Furthermore, in
the Miyagi-OKki region, the shallower part generated a
very low-frequency content (< 0.02 Hz) of the notable
velocity phase, whereas the deeper slip largely contributed
to the higher content in the analyzed frequency range
(0.01-0.125 Hz). This indicates that the difference in the
locations of the wave radiations depending on its frequency
was found for the lower frequency range than that revealed
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from the comparison of the slip distribution with the
results of the backprojection analyses of higher frequency
waveforms®, the source models for the broadband strong-
motion simulation”, or the direct observation of the original
acceleration®).

After the Tohoku-Oki event, the seismicity in and
around its source area was highly increased. Among these
earthquakes, two large thrust aftershocks having magnitudes
greater than 7.0 occurred in the northern and southern
parts of the Tohoku-Oki source area within 30 min of the
mainshock (Fig. 1). The northern aftershock took place off
Iwate prefecture (Iwate-Oki region) at 15:08 (JST=UTC+9),
22 min after the mainshock. The Japan Meteorological
Agency (JMA) reported its magnitude (My,) to be 7.4 and
My, determined by the National Research Institute for Earth
Science and Disaster Resilience (NIED) using the regional
broadband seismograph network named F-net'” was also
7.4. At 15:15, the southern aftershock occurred off Ibaraki
prefecture (Ibaraki-Oki region), with My, of 7.6 and F-net
My of 7.8. This event was the largest aftershock of the
Tohoku-Oki earthquake. There had been no earthquakes with
a registered My, of larger than 7.2 off the Pacific coast of
the Tohoku and Kanto regions since the My,7.6 Sanriku-
Haruka-Oki earthquake in 1994. These two aftershocks are
significant considering the source characteristics and strong-
motion generation of subduction-zone interplate earthquakes.
Particularly, the southern one, i.e., the Ibaraki-Oki event,
brought large shakings to the Kanto region, and also caused
severe liquefaction together with the mainshock'". However,
the characteristics of these aftershocks were not sufficiently
examined, hidden by the great impact of the Tohoku-Oki
mainshock. Therefore, it is important to capture the rupture
behaviors of these large aftershocks as well as the mainshock
by taking a consistent analysis procedure for each earthquake.

The source area of these earthquakes extended such a vast
area of approximately 500 km x 200 km that the strike and dip
angles changed not so drastically but surely over the whole
area of the Tohoku-Oki earthquake sequence. Therefore, it
is desirable to derive the rupture models using curved faults
that fully consider the plate geometry for examination of
the spatial relationship among the earthquakes or further
ground motion simulation using realistic three-dimensional
underground structure models. In this study, we inferred the
rupture processes of the 2011 Tohoku-Oki earthquake and
its two M7-class aftershocks on the same plate interface
model and examined the relationship among the earthquake
sequence. K-NET and KiK-net by NIED, strong-motion
networks deployed all over Japan'?*'¥, recorded plenty
of good-quality strong-motion waveforms for these three
earthquakes. The waveforms of the two aftershocks could be
influenced by the mainshock seismic waves. For example, a
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Fig. 1 Geometry of the upper surface of the Pacific plate
(thin and dashed contours) and fault models used
for the source inversion analysis (bold polygons).
The thin solid contour lines denote the depths from
10 km to 100 km by 10 km and the dashed ones
denote the depths from 15 km to 95 km by 10 km.

centroid moment tensor (CMT) analysis using the teleseismic
data had difficulty in analyzing early aftershocks and could
not determine the solution of the Iwate-Oki aftershock due
to “the mainshock’s strong excitation of long-period, slowly
attenuating overtone modes” '¥. Meanwhile, as such a very
low-frequency content was less dominant in the regional
strong-motion waveforms, the strong-motion dataset from
K-NET and KiK-net can provide the valuable information on
the spatio-temporal rupture behavior of the two aftershocks
as well as the mainshock. We therefore used these strong-
motion data for the source inversion analysis in this study.

2. Source Inversion Analysis Using a Curved Fault Model
The three earthquakes to be analyzed occurred between the
subducting Pacific plate and the overriding continental plate.
The geometry of the upper surface of the Pacific plate used in
this study (Fig. 1) was based on the Japan Integrated Velocity
Structure Model (JIVSM)'?, which was constructed from a
compilation of the geological and geophysical exploration
data, and modification with the observed seismic waveforms
and spectra, following a standardized procedure'®. The



Table 1 Hypocenter information and fault models of the three earthquakes analyzed in this study. ("Information by the JMA)
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Mainshock Iwate-Oki Ibaraki-Oki
Origin time (JST)* 14:46:18 15:08:53 15:15:34
Epicenter* 38.1035°N, 142.8610°E 39.8207°N, 142.7668°E 36.1208°N, 141.2525°E
Magnitude* 9.0 7.4 7.6
Depth of the Pacific plate at 16.4 km 28.7 km 29.9 km
epicenter
Horizontal interval of subfault |20 km 6 km 10 km

Depth interval of subfault with
depth range in parenthesis

1.6 km (8.8-12 km)
2.65 km (12-14.65 km)
3.5 km (14.65-18.15 km)

1.5 km (18.95-32.45 km)
1.55 km (32.45-35.55 km)
1.6 km (35.55-38.75 km)

2 km (15.5-21.55 km)
2.5 km (21.55-24.05 km)
3.5 km (24.05-31.05 km)

4.15 km (18.15-22.3 km)
5.2 km (22.3-27.5 km)

7 km (27.5-34.5 km)

9.1 km (34.4-52.7 km)

4 km (31.05-43.05 km)

geometry of the Pacific plate at shallower depths was
constrained mainly by the geophysical exploration results.

The original JIVSM dataset describes the plate geometry
by the depths at each horizontal grid. To flexibly construct
fault models of the three interplate earthquakes from the
plate model, we first made depth contours, and then selected
representative points on the surface whose latitudes were
within 35°N and 40.5°N. The representative points were
selected so that their horizontal locations corresponded to
the points at which the straight lines representing the plate-
dipping directions at the regions intersected the contours
of representative depths. The number of the straight lines
was 56 and the representative depths ranged from 8 km to
80 km basically in increments of 2 km, except for shallow
regions where the dip angle is very low. The representative
point set also included the points on the plate surface at the
JMA epicentral location of the three analyzed earthquakes
(Table 1). As a result, the numbers of the representative
depths and representative points were 38 and 2,128. After
this, a curved surface that passes through the representative
points was generated using the non-uniform B-spline'?.
Using the two parameters « and v (0 < u, v < 1), any point on
the surface can be described as equation (1).

P(u,v) = (x(u, v),y(u,v), z(u, v))

= X S N GON D)y
Here, N,, denotes a B-spline basis function of m degrees, and
q denotes a control point. Subscripts i and j are the indexes
for the u# and v directions. Note that the control points are
different from the representative points extracted to generate
the curved surface. They are usually located outside of the
surface and can be derived by solving simultaneous equations

made from representative points and end point condition. In
this study, we used third-degree B-spline functions (m=3).
The u direction was assigned to the horizontal direction on
the fault, i.e., along-strike direction, and the v direction was
assigned to the vertical downward direction. Therefore, the
constant v corresponds to the iso-depth contour. An advantage
of using equation (1) is that we can strictly generate local
geometry at any point on the fault. The strike angle is derived
as an angle between a vector s calculated from equation (2)
and a horizontal axis to the north.

s=0P/ou (2

The dip angle is derived as an angle between the normal
vector n calculated from equation (3) and a vertical axis.

n = (8P/du x dP/dv)/||0P/du x dP /av|| 3)

Area S can be calculated using equation (4).

S = [loP/du x 8P /0v|dudv 4)

We employed the multi-time-window linear waveform
inversion scheme'®!?). In this inversion scheme, a rupture
process is discretized spatially into subfaults and temporally
into time windows at the subfaults. Thus, the spatio-temporal
seismic moment on the fault is linearly related to the strong-
motion waveforms via Green’s functions according to the
representation theorem. We assumed that each subfault
comprised 25 point sources at which the Green’s function
was calculated, by aligning five point sources on each of
the five depth contours, for consideration of the rupture
propagation effect inside the subfaults®”. To construct fault
models for the inversion analysis from the plate model
represented by the non-uniform B-spline, we generated the
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Fig. 2 Overhead view of the curved fault model constructed
for the mainshock inversion analysis observed from (a)
south with high depression angle, (b) south with low
depression angle, and (c) southwest. The circles denote
point sources colored according to the depths and the
white lines denote the boundaries of the subfaults.

point sources at a prescribed uniform horizontal interval
for each iso-depth contour sampled at prescribed depths.
This was done by sequentially searching parameter u that
reproduces the point separated by the prescribed distance
from the neighboring point with fixed v in equation (1). The
generation of point sources started from the representative
point located at the JMA epicenter, which was assumed as
the rupture starting point. Subfaults were then generated by
grouping these point sources. In this procedure, the same

horizontal length or along-strike length of the subfault could
be set over the entire fault model. Meanwhile, the subfault
width or along-dip length could not be constant as the dip
angle varies along the iso-depth contours. The overhead view
of the constructed fault model for the mainshock is shown in
Fig. 2. The subfaults at the northern and southern ends have
more point sources than 5 x 5 to fill the assumed fault area
with equally-spaced points along the strike direction. Table 1
shows the information of the fault models of the three
analyzed earthquakes.

We used an isosceles triangle as a time window or
temporal basis of inversion analysis, which was convolved
with the Green’s function as the source time function. A
first time window at each point source was set at a time
prescribed by a sphere expanding from the rupture starting
point with a constant velocity (7). The following successive
time windows were aligned at an interval of a half of the
time-window duration. The Green’s functions were calculated
using the discrete wavenumber method?" and the reflection
and transmission matrix method®? on the assumption of a
one-dimensional underground structure model. The structure
model was the same as that used in our previous papers>”,
which was constructed for each observation station.

The kinematic source rupture process was derived by
solving equation (5) for the spatio-temporal moment rate, m.

G

(3s)m=(5)

G is a matrix comprising Green’s function corresponding

(&)

to each time window of each subfault, and d denotes the
data vector. The inversion data in this study was the S-wave
portion of the strong-motion velocity waveforms, normalized
by the maximum amplitude of three-component data for each
station. The non-negative least squares method®> was used
to stabilize the inversion by limiting a slip angle variation.
A reference slip angle at each subfault was obtained by
projecting the slip direction indicated by the moment tensor
solution onto the plane spanned by the strike and dip angles
at the point. We produced the other stabilizing constraint by
adding matrix S that makes the slip amount and direction
vary smoothly in space and time?. The smoothing strength A
has sometimes been determined by Bayesian approach**->;
however, this approach often results in a weaker strength
than expected®®. Therefore, we chose the smoothing strength
that provided a reasonable result regarding waveform fitting,

roughness of the slip distribution, and seismic moment.

3. M;,149.0 Tohoku-Oki Mainshock
3.1 Data and Analysis

We used the same strong-motion dataset as our previous
study using the rectangular fault model®*”). The dataset
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comprises the three-component velocity waveforms
bandpass-filtered between 0.01 and 0.125 Hz at the 10
K-NET surface stations and 26 KiK-net borehole stations
(Fig. 3). The records for the inversion started 10 s before
the S-wave arrival time. Their durations varied among the
stations depending on the length of triggered data and the
amplitudes of the later phases.

The construction procedure of the curved fault model
of the mainshock and its geometry were described in the
previous section and in Fig. 2. The subfaults were intended
to have a horizontal length of 20 km and an along-dip width
greater than 20 km (Table 1). Near the northern and southern
ends of the fault, the horizontal length tends to be greater
than 20 km. In addition, the along-dip width around these
ends may be smaller than 20 km due to a steeper dip angle
than that in the central area of the fault.

27 presented a distinguishing rupture

Our previous papers
pattern of the Tohoku-Oki event in the Miyagi-Oki region,
where the slip continued for a very long duration in the
shallow part, and the two rupture events occurred around the
hypocenter and down to deeper part. To fully describe such
a complex rupture process, it is necessary for time windows
to cover a sufficiently long, possible slip duration. However,
allowing a long slip duration over an entire fault possibly
results in over-parameterization and produces unrealistic
slips. Therefore, we first performed an inversion allowing
93-s slip duration after the first time window starting time
prescribed by Vr for the whole fault area, by assigning 30
time windows, each of which had a 6-s duration separated
by 3 s. In this preliminary analysis, the inversion with Vr
= 3.2 km/s provided the smallest residual value among the
inversions with V7 ranging from 2.0 km/s to 4.0 km/s in
increments of 0.4 km/s. The inversion result indicates that
it is desirable to assume a longer slip duration for subfaults
around the rupture starting point, whereas that for the
subfaults in the northern and southern parts can be reduced.
In addition, the slip of the southern subfaults started much
later than the first time window starting time described by V7,
suggesting slower rupture propagation.

Considering these rupture characteristics found in the
preliminary analysis, we performed the inversion using the
different number of time windows and a variable velocity Vr
depending on the location of the subfaults. Fig. 3 shows the
first time window starting time and an allowed maximum
duration for each subfault. /> was 3.2 km/s for the subfaults
whose latitudes are greater than 37.9°N. For the southern
subfaults, the first time window starting time was calculated
using Vr of 3.2 km/s up to 70 km from the rupture starting
point and a slower V7 of 2.3 km/s beyond 70 km. We allowed
a 108-s slip duration for the subfault of the rupture starting
point because the longer slip duration had been required for
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Fig. 3 Strong-motion stations (triangles), first time window
starting time (solid contours on fault model with
bold numerals), and allowed maximum slip duration
in seconds (numerals on fault model) used for the
mainshock inversion analysis. A star denotes the
rupture starting subfault. The dashed contours with
italic numerals are the first time window starting times
calculated from V7 of 3.2 km/s over the entire fault.

subfaults around the rupture starting point in the preliminary
analysis. The allowed slip duration or the number of time
windows was decreased with the distance from the rupture
starting subfault. Then, it was shorter than 70 s at the
subfaults in the northern and southern ends.
3.2 Result

Fig. 4 shows the derived mainshock rupture model,
in terms of (a) the total slip distribution, (b) the rupture
progression process, and (c) the slip velocity time function
of each subfault. From the panel of the total slip (Fig. 4a),
large slips were observed for the Miyagi-Oki region, where
the hypocenter was located. The shallower part of the region
had a larger slip, which reached the maximum slip of 59 m.
A relatively large slip of 10 m was estimated off Fukushima
prefecture (Fukushima-Oki region) at depths deeper than
the rupture starting point. The total seismic moment of this



Report of the National Research Institute for Earth Science and Disaster Resilience, No. 84; January, 2020

(b)

0-10s 10-20s 20-30s 30-40s

70-80s

50-60 s 6Q-70 s
) 7
A ] A | ,,
Y, 7 b7
90-100s . 110-120s

150-160 s

120-130 s 130-140 s

¢
. /8
35° . . ‘ T ‘
140° 141° 142" 143 144°
B — [ - )
0 10 20 30 40 50 60
(©) N
North Along strike direction South
Shallow — —
c & ; ZAN SV T TN 2N 2N SN SO SO W R W
o A LAINALN] LA LA A .
E. IO AN i
q’ H 2
© PV WA AN / ! :
(@)] i i H H H i
Sl i il A LA AR AT AL AL Al il LA la il o e T L
< — | [‘E
Deep La l =| ; ; [n;] g
T (] 40 [)

20 30 40 50 60

Fig. 4 (a) Total slip distribution and (b) rupture progression process, and (c) slip velocity time functions of each subfault
with the total slip distribution in the background, derived for the mainshock. A star denotes the rupture starting
point. The contour intervals for the slip distribution and rupture progression process are 5 m and 2 m, respectively.
The direction of the arrows in (a) denotes the slip direction of the hanging wall side.

slip model is 5.57 x 10?2 Nm (My9.1). For the temporal
rupture evolution in Fig. 4b, the first 40-s rupture, which at
first propagated to the shallow part and then reversed to the
deeper part, was relatively small. From 40 s after the initial
break, the shallower slip started to grow in the Miyagi-Oki
region, and was maximum at approximately 80 s. This

shallower rupture continued for as long as 70 s, as seen in the
slip velocity functions (Fig. 4¢). Together with this shallow
and long rupture event, the rupture expanded to the deeper
part from 60 s after the initial break, reaching the deepest
edge between 70 s and 80 s. Thus, the two rupture events
can be recognized in the Miyagi-Oki region at depths of
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Fig. 5 Comparison between the observed and the synthetic waveforms for the mainshock.
the rupture starting point or deeper. After 100 s, the rupture Nevertheless, the main characteristics of the rupture pattern
propagated southward through the Fukushima-Oki and were consistent between the two models. One interesting
Ibaraki-Oki regions. The panel of the slip velocity function feature of the mainshock rupture found in the two models is
shows that this southern rupture propagation occurred later that the slip direction of the shallow large slip area appears
than the first time window starting times, which were set to to radiate out from the largest slip as a center. Namely, the
be slower than the northern and central parts of the fault. The slip directions at the northern and southern subfaults rotated
rupture model reproduced the synthetic waveforms, which counterclockwise and clockwise, respectively, although
fit the observation fairly well from the northern to southern the rotation of the northern slip is not so clear in the slip
stations (Fig. 5). model of this study. This feature has also been found in the
Overall, the estimated slips were relatively larger than slip distribution derived in other studies?®. An intuitive
those of the rupture model derived from a rectangular fault speculation on the reason of this feature is that the area
model?”?. In addition, the significant rupture of the shallow neighboring the very large slip rotated and formed such a
large slip area started earlier for the curved fault model than slip pattern. The slip model deduced using the geodetic data
for the rectangular fault model. This is probably because including the seafloor observation® had a very large shallow
the shallow large slip area for the curved fault model was slip in a more concentrated area, which may be better
located further from the land, and an earlier slip occurrence resolved by using the data just above the slip area than this
was required for the seismic waves from the shallow slip study. A strong contrast in the slip amount may form such a

along the Japan Trench to arrive at the same time as that from radial pattern in the slip direction.
the closer shallow slip area of the rectangular fault model.



Report of the National Research Institute for Earth Science and Disaster Resilience, No. 84; January, 2020

4. M\47.4 Iwate-OKki Aftershock
4.1 Data and Analysis

The velocity waveforms of the three K-NET surface and 15
KiK-net borehole stations along the east coast of the Tohoku
district from the Aomori to Miyagi prefectures were used for
the inversion analysis of the M7.4 Iwate-Oki aftershock in
the northern part of the Tohoku-Oki source area (Fig. 6a).
They were bandpass filtered between 0.01 and 0.167 Hz. The
distances from the epicenter to the used stations ranged from
60 km to 200 km. Although the original acceleration records
contained several phases from the smaller earthquakes,
particularly at the southern stations; these phases disappeared
after the bandpass filtering.

The assumed fault model spanned approximately 55 km
along the strike and 80 km along the dip (Figs. 1 and 6a).
The model was divided into subfaults, the horizontal and
along-dip intervals of which are 6 km and approximately 6
km, respectively (Table 1). A 10.5-s slip after the first time
window starting time was allowed for all the subfaults by
using the six time windows with 3.0-s durations.

4.2 Result

The inversion results from various V7 values show that the
faster Vr of up to 5 km/s presented the smaller residual value.
This situation sometimes occurs in the inversion analysis
using multiple time windows?”. As the slip distributions
were similar and the reduction of the residual values became
small among the inversions using Vr of 3.6 km/s or faster,
the result derived using Vr of 3.6 km/s was chosen as the
preferred rupture model of the Iwate-Oki aftershock. The
results are summarized in Fig. 6. The slip distribution in
Fig. 6a shows that a large slip area extended around the
hypocenter, particularly to the shallower part of the rupture
starting point. A maximum slip of 3.7 m was derived for the
southern subfault next to the rupture starting subfault. The
seismic moment is 1.54 x 10?° Nm (My,7.4). Fig. 6b shows
that the main rupture started 2 s after the initial break to the
south of the rupture starting point. The rupture propagated
to the shallower part and continued for approximately 10 s,
breaking the large slip area found in Fig. 6a. It can be seen
from Fig. 6¢ that the large slip area had the slip velocity
function that initiated with a peak and rapidly decayed as an
exponential function. Fig. 6d shows the comparison between
the observed and synthetic waveforms used in the inversion.
The waveform data used here are relatively simple and seem
to be less affected by the secondary waves or waves due to
other earthquakes. The synthetic waveforms fit the observed
ones fairly well.

A few studies?®?% have published the source model of the
Iwate-Oki aftershock, using the static displacement recorded
by GNSS on land. The estimated rectangular fault model

28)

with a uniform slip™ was located at almost the same location

as the large slip area found in this study. In the heterogeneous
slip model?”, the slips were distributed over wider areas,
probably because they were derived using much larger
subfaults. Nevertheless, the large slip area derived in this
study is located within the largest slip contour of the model
from the GNSS data®® and the two results are considered
consistent.

5. MyyA7.6 Ibaraki-Oki Aftershock
5.1 Data and Analysis

For the analysis of the Ibaraki-Oki aftershock, we used the
strong-motion data of the 5 K-NET surface stations and 14
KiK-net borehole stations, which were located within 170
km from the epicenter (Fig. 7a). The analyzed frequency
range was between 0.01 and 0.125 Hz. The high-frequency
limit of the frequency range, 0.125 Hz, was lower than that
for the Iwate-Oki aftershock analysis, and the same as the
Tohoku-Oki mainshock analysis. This limit was selected
to avoid the effect of the later secondary-generated phases,
which appear in the waveforms of the southern stations
located on the deep sedimentary basin. The dimensions of the
fault model were approximately 90 km along the strike by
80 km along the dip (Figs. 1 and 7a). The subfault size was
approximately 10 km x 10 km (Table 1). The preliminary
examination suggested that a relatively long slip duration
is necessary for the area at and around the rupture starting
point. Therefore, a 26-s slip was allowed by assigning 12
time windows with 4-s durations to the subfaults. As for the
mainshock analysis, the allowed maximum slip durations, i.e.,
the number of time windows, were reduced for the subfaults
located further from the rupture starting point near the fault
edges. Then, we set a 22-s slip duration for the second
outer subfaults and an 18-s slip duration for the outermost
subfaults.
5.2 Result

The result derived using Vr of 2.8 km/s was chosen as the
preferred rupture model because it gave the smallest residual
value among the results with J7 ranging from 2.0 to 4.0 km/s.
Fig. 7 shows the derived rupture model of the Ibaraki-Oki
aftershock. The derived slip distribution in Fig. 7a shows one
large slip peak located in the shallower part, to the southeast
of the rupture starting point. The large slip area appears as
an ellipse with an extended part to the southern direction.
The maximum slip was 9.3 m and the seismic moment was
1.04 x 10*' Nm (My7.9). The moment magnitudes derived
by moment tensor inversion were 7.8 from F-net or 7.9 from
the Global CMT project'®. The rupture progression shown
in Fig. 7b indicates that after the small initial 5-s rupture,
the rupture propagated to the southeast and became large
after 10 s, continuing on the above-mentioned elliptical
area until approximately 30 s after the initial break. The
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Fig. 6 Inversion result derived for the Iwate-Oki aftershock. (a) Slip distribution together with the strong-motion stations
used in the inversion. The contour interval is 0.74 m. (b) Rupture progression in terms of slip amount every 2 s.
The contour interval is 0.28 m. (c) Slip velocity time functions of each subfault with the total slip distribution in
the background. (d) Comparison between the observed waveforms in black and the synthetic waveforms in red.

slip-velocity functions of the subfaults in this elliptical large
slip area reached a peak at the head of the function (Fig. 7¢),
particularly for the subfaults located at the edge of the slip
area. Fig. 7d shows the comparison between the observed
and the synthetic waveforms. The relatively simple observed

waveforms were well reproduced by the synthetics.

Some studies derived the source model of the Ibaraki-Oki
aftershock from the static displacements observed on land.
A rectangular fault model proposed based on the geodetic
data®® well corresponded to the large slip area derived in this
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Fig. 7 Inversion result derived for the Ibaraki-Oki aftershock. (a) Slip distribution together with the strong-motion stations
used in the inversion. The contour interval is 1.88 m. (b) Rupture progression in terms of slip amount every 2.5 s.
The contour interval is 0.48 m. (c) Slip velocity time functions of each subfault with the total slip distribution in the
background. (d) Comparison between the observed waveforms in black and the synthetic waveforms in red.

study. Heterogeneous slip models derived from the geodetic
data®®% were consistent with the results in this study,
although we could not compare them in detail because of the
coarse parametrization in these analyses using the geodetic
data, as is the case for the Iwate-Oki aftershock. The spatio-

temporal slip distribution of the Ibaraki-Oki aftershock
was derived from the joint inversion of the strong-motion
waveforms and the GNSS static displacements®". The
slip model®" had a large slip area located to the southeast
of the rupture starting point, similar to the result in this
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study; however, the shape of the large slip area, which did
not include the area around the rupture staring point, was
somewhat different from that derived in this study. One
possible reason for the difference is that the study®" used a
shorter maximum slip duration (16 s) than that of this study
(26 s) for the subfaults around the rupture starting point.
This may be supported by a more recent study using a new
inversion framework and Green’s function considering
a three-dimensional underground structure model*?. By
allowing a 20-s slip duration, the study®? derived a large slip
area extending from the rupture starting point, as is the case
for the result of this study. The spatio-temporal source model
was also derived from the back projection of 0.1-1.0 Hz
strong-motion waveforms using the dense array in the
Kanto district®®. The result’® showed that the large energy
release occurred to the north of the rupture starting point and
propagated landward from 9 to 21 s after the origin time,
which is substantially different from the rupture pattern found
in our result and other waveform inversion results’"3?. The
difference of the analyzed frequency range may be one of
the reasons of this discrepancy, which is the marked nature
found for the Tohoku-Oki mainshock®-®), reflecting a
depth-dependent variation of the subduction-zone interplate

earthquakes¥.

6. Discussions
Fig. 8 compares the slip distributions of the three
earthquakes, and the location of the past large earthquakes
(Mpa=>7.0) from 1922 to the foreshock of the Tohoku-Oki
event (11:45, March 9, 2011, Myy,7.3) denoted by the blue
circles based on the hypocenter catalog determined by the
JMA. Each circle occupies the area equivalent to the rupture
area for its magnitude, roughly calculated from the scaling
relationship for subduction-zone earthquakes®>. The spatial
distribution of large earthquakes suggested by a figure
similar to Fig. 8 motivated a modeling of the Tohoku-Oki
mainshock rupture growth as a result of the multiscale
ruptures of existing slip patches*®. In addition, based on
the F-net moment tensor catalog from 1997 to September
2019, we plotted the earthquakes whose source mechanism
and depth were consistent with those of the Pacific plate at
the location of their epicenter. The maximum differences
between the selected thrust earthquakes and the upper surface
of the Pacific plate were 20° for the strike and dip angles, and
20 km for the depth. The selected earthquakes should have
a rake angle that differed from the pure dip slip angle within
25°. The thrust earthquakes were divided into three groups
according to the origin time. The three groups respectively
include the earthquakes that occurred from 1997 until just
before the foreshock of the Tohoku-Oki event, those from the
foreshock until just before the mainshock, and those after the
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Fig. 8 Comparison of the slip distribution of the three
analyzed earthquakes together with the large
earthquakes (M;ua>7.0) that occurred since
1922 until just before the Tohoku-Oki foreshock
(blue circles), the earthquakes that have source
mechanisms and depths are consistent with the
Pacific plate from 1997 to September 2019, and two
types of slow earthquakes (orange dots: very-low-
frequency earthquakes from January 2014 to August
2018, pink dots: tectonic tremors from August 2016
to August 2018)*". The blue circles have areas
equivalent to the rupture area in terms of magnitude.
The beachballs are colored according to the period
of the earthquake occurrence.

Ibaraki-Oki aftershock.

The large slip areas of the two aftershocks are located close
to but outside the 5-m contour line of the mainshock slip.
The slip areas of the mainshock and the two aftershocks are
complementary, given that a slip of 5 m for the mainshock
is relatively small considering uncertainties of slips and a
possibility of wider estimated slip areas than the actual ones
due to the smoothing constraint. Many pre-foreshock thrust
earthquakes (light blue beachballs in Fig. 8) occurred in the
Miyagi-Oki and Fukushima-Oki regions in which a ~25-m
slip was estimated for the mainshock, although there were

no such earthquakes in the shallower larger slip area. The
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foreshock sequence (green beachballs), which has been
considered precursory activity of the mainshock®”*®), is
found in the area where the pre-foreshock activity was low
and the larger slip was estimated for the mainshock. The
thrust aftershocks (purple beachballs) tend to have occurred
near the 10-m mainshock slip contours, in the northern and
southern source areas at the mainshock hypocentral depth
(~15 km), and in the deeper edges of the mainshock fault.
The seismicity of the thrust aftershocks is notable around
the slip areas of the two M7 aftershocks, but few are found
just within the slip areas. These observations suggest that
the complimentary nature prevails in smaller interplate
earthquakes as well as among the mainshock and the two
large aftershocks.

From the lessons of the Tohoku-Oki earthquake and
tsunami disasters, the dense seafloor observation network
named S-net comprised seismometers and pressure gauges
was constructed and operated in the Pacific Ocean along the
Japan Trench by NIED*?. Taking advantage of the seafloor
observation, tectonic tremor activities along the Japan
Trench, which had not been directly observed before, have
recently been detected using S-net data*®*"). To examine the
relationship between the rupture models derived in this study
and slow earthquakes, the location of these tectonic tremors
detected for two years since August 2016 and the very-low-
frequency earthquakes from January 2014 to August
2018 404D:42) are also plotted in Fig. 8. The tectonic tremors
occurred in both the Iwate-Oki and Ibaraki-Oki regions at
10-20 km depth contours of the Pacific plate interface. The
slip areas of the two M7-class aftershocks were located at
deeper regions than the tectonic tremors. For the Ibaraki-Oki
aftershock, the top of the large slip area even seems to be
delimited by the tremor activity area. The very-low-frequency
earthquakes are located outside of the slip areas of the two
aftershocks. As a result, the complementarity between the
large slip areas and slow earthquakes, which has already been
found for the mainshock and the past earthquakes*", was also
found for the two M7-class aftershocks.

Fig. 8 shows that near the slip area of the Iwate-Oki
aftershock, My 7.2 and 7.1 earthquakes occurred in 1960
and 1989, respectively. The rupture processes of these
previous earthquakes, which have a source mechanism
consistent with interplate earthquakes, were estimated from
waveform inversion*?). Fig. 9a compares the slip distributions
of these earthquakes* and the 2011 Iwate-Oki aftershock.
While the hypocenters were located to the east of the 2011
event, the large slip areas of the previous earthquakes almost
overlap the large slip area of the 2011 Iwate-Oki aftershock.
Meanwhile, the magnitude and slip amplitude of the 2011
event were a little larger than those of the previous ones,
as My, of the 1960 and 1989 events were 7.0 and 7.0-7.3,

respectively*®. A time interval from the previous earthquake
was slightly shorter for the 2011 aftershock than for the
1989 earthquake. The 2011 Iwate-Oki aftershock may
have occurred and been hastened as a consequence of the
stimulation of the area where earthquakes with similar size
have occurred by the Tohoku-Oki earthquake.

A few M7-class earthquakes are plotted in and around
the slip area of the Ibaraki-Oki aftershock in Fig. 8. The
circle denoting the 1923 event overlaps the slip area of the
2011 event; however, the 1923 event is too old for further
examination of the relationship with the 2011 event. Fig. 9b
shows the comparison among the slip distributions of the
1982 event*®, 2008 event*”, and 2011 event. The slip areas
of the two previous earthquakes slightly overlap the large
slip area of the 2011 aftershock but do not correspond to its
peak slip area. The magnitude of the 2011 event was much
larger than those of the other two events. For the Ibaraki-Oki
aftershock, the Tohoku-Oki mainshock may have triggered
the earthquake in neighboring areas that had been preparing
to rupture in a different pattern from that found in the
Iwate-Oki region.

To highlight the rupture characteristics of the two M7-class
aftershocks, we compared them with the previous significant
interplate earthquake with similar magnitude in the other
regions in Japan analyzed using the strong-motion data.
The 1978 Miyagi-Oki earthquake occurred between the
subducting Pacific plate and overriding plate with My, of
7.4, which is the same situation as the Iwate-Oki aftershock.

The rupture process of this interplate earthquake was well

1982 (M7.0)

(a) (b)

1989 (M7.1
: M7 1960 M7.2)

40"
36"

142°

14‘1'
Fig. 9 Comparison of the slip distributions between the
2011 Tohoku-Oki aftershocks (thin contour line
with gray color contour) and the past significant
earthquakes read from the previous source inversion
studies**49_ Stars denote the rupture starting point
of the past earthquakes (a) Iwate-Oki aftershock
compared with the 1960 event* (dotted contours
with a gray star) and the 1989 event*® (solid contours
with a black star). (b) Ibaraki-Oki earthquake
compared with the 1982 event*? (dotted contours
with a gray star) and 2008 event*> (solid contours
with a black star).
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examined using the strong-motion records®®. While the slip
model of the Iwate-Oki aftershock can be characterized by
one slip patch, the 1978 Miyagi-Oki earthquake has one
major slip area together with some moderate slips areas that
were not negligible, as the moderate slip areas corresponded
to slip areas of the repeated My,7.2 event in 2005 2. The slip
model of the Iwate-Oki aftershock was simpler and more
compact than the 1978 Miyagi-Oki earthquake. The rupture
progression of the Iwate-Oki aftershock was also simpler and
ceased in a shorter duration.

For the Ibaraki-Oki aftershock, one comparable interplate
event in Japan is the 1923 Kanto earthquake, which occurred
between the subducting Philippine Sea plate and the
overriding plate in the southern Kanto region, to the south of
the Tokyo metropolitan area. Although it is an old event, the
spatio-temporal rupture process was examined*®, in which
the moment magnitude was estimated to be 8.0 (1.1 x 10°!
Nm) from the joint inversion of the geodetic, teleseismic,
and strong-motion data. The slip distribution*® indicated that
the Kanto earthquake had two large slip peaks, which were
approximately 60 km apart. It took approximately 40 s to
rupture the two slip areas. As seen in Fig. 7, the Ibaraki-Oki
aftershock had one large slip area that ruptured within 25 s.
Its rupture process is, then, considered simpler than the 1923
Kanto earthquake.

We take another example for the comparison with the
Ibaraki-Oki aftershock. The 1994 Sanriku-Haruka-Oki
earthquake was an My7.7 interplate event that occurred to the
north of the Tohoku-Oki mainshock source area between the
Pacific and continental plates. An inversion analysis using

strong-motion data*”

showed a complex rupture process of
the Sanriku-Haruka-Oki earthquake, in which the rupture
evolved through some stages propagating along more than
120 km and continued for nearly 60 s, despite its smaller
magnitude than the Ibaraki-Oki aftershock. The comparisons
above suggest that the rupture of the two large aftershocks of
the Tohoku-Oki earthquakes tend to be simple regarding their

magnitudes.

7. Conclusions

The rupture processes of the Tohoku-Oki mainshock and
the two M7-class aftershocks were deduced from the strong-
motion data considering the Pacific plate geometry. Although
the main characteristics of the mainshock rupture derived
from the rectangular fault were found for the curved fault
result, the use of the curved fault enabled further examination
of the Tohoku-Oki earthquake, such as the waveform
simulation and/or source inversion using a three-dimensional
underground structure model. We found similar and different
characteristics between the two large aftershocks. The former
is their simple spatio-temporal rupture process compared

with interplate earthquakes of similar magnitude. The latter
is the relationship of the rupture area with those of the
previous earthquakes in the region. The Iwate-Oki aftershock
ruptured the same area as previous earthquakes with similar
magnitudes whereas the Ibaraki-Oki aftershock was the
largest earthquakes rupturing the area where no significant
earthquakes occurred in the past approximately 90 years. For
the Ibaraki-Oki aftershock, the derived rupture process was
evidently different from the source model from the higher-
frequency strong motions, suggesting the possibility of the
different wave radiation depending on the frequency band,
which is an interesting topic for further study. In addition,
recent studies using the new seafloor observation networks
revealed a notable feature between the large earthquakes
and slow earthquakes, which would provide a new scope of
research on subduction-zone earthquakes.
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