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Abstract We developed a newmethod to classify the faulting types of small earthquakes using interevent
waveform similarity and applied it to earthquakes in the northeast Japan subduction zone. In the method, we
used separate time windows for P and Swaves and established a relationship betweenwaveform similarity and
differences in focal mechanisms from event pairs whose focal mechanisms we know. Then we applied the
relationship to many pairs of such focal-mechanism-known events (5607 from the moment tensor catalogue
and 3623 events from the interplate repeating earthquakes catalogue) and focal-mechanism-unknown events
for the period from 1984 to 2013. As a result, 8984 earthquakes were newly classified into interplate (N=5401),
noninterplate thrust (N=631), normal (N=1070), and strike-slip faulting earthquakes (N=165). From the new
data set, which doubles the number of mechanism types, we confirmed that there have been almost no
interplate earthquakes in the area of large coseismic slip of the Tohoku-oki earthquake since that event. We also
saw that this trend continued until at least the end of 2013, suggesting a nearly complete stress release and
slow interplate stress recovery. The abundant interplate aftershocks also indicate the precise spatial extent of
postsesimic slip, which is usually difficult to obtain from land-based geodetic data. The postseismic slip also
suggests stress concentration at the asperities of the 1968 Tokachi-oki (M7.9) and 1994 Sanriku-oki (M7.6)
earthquakes. The present-day faulting types offshore Tohoku correlated well with the static-stress change from
the Tohoku-oki earthquake, suggesting a stress state change during the earthquake cycle of
megathrust earthquakes.

1. Introduction

On 11 March 2011 14:46 (JST), the great Tohoku-oki earthquake (Mw9.0) struck northeastern Japan. A number
of studies using seismic waveform data, onshore and offshore geodetic data, or tsunami waveform data [e.g.,
Ide et al., 2011; Iinuma et al., 2012; Satake et al., 2013] have revealed an area with concentrated large coseismic
slip near the Japan trench, off Miyagi Prefecture and the vast source area along the Japan trench.

The Tohoku-oki earthquake brought stress changes and consequent seismicity changes in and around the
source region [e.g., Toda et al., 2011; Hasegawa et al., 2011; Okada et al., 2011]. For example, in the area that
underwent large coseismic slip during the 2011 Tohoku-oki earthquake, the number of interplate and
repeating earthquakes has been reported as having dramatically decreased after the M9 earthquake [e.g.,
Asano et al., 2011; Kato and Igarashi, 2012; Uchida and Matsuzawa, 2013]. At the same time a large number
of normal faulting earthquakes has occurred in the same area [e.g., Asano et al., 2011; Obana et al., 2012;
Hardebeck, 2012]. To gain a deep understanding of the Tohoku-oki earthquake and to improve practical
earthquake hazard estimation in the subduction zone, it is important to know how the seismicity around
the source area is characterized and how it changed after the great earthquake.

Focal-mechanism information reveals earthquakes’ faulting style and is useful in interpreting earthquake gen-
erating stress and tectonics [e.g., Ito et al., 2004; Asano et al., 2011]. In general, focal mechanisms are evaluated
usingmoment tensor (MT) solutions or Pwave first motions, but it is difficult to estimate them for small offshore
earthquakes due to insufficient station coverage and/or the waveform data’s poor signal-to-noise ratios.

Template events or waveform similarity is often used to detect unknown events [e.g., Peng and Zhao, 2009;
Kato et al., 2012; Kato and Nakagawa, 2014] and repeating earthquakes [e.g., Poupinet et al., 1984; Uchida
and Matsuzawa, 2013]. Waveform similarity assures small interevent distances and similar focal mechanisms

NAKAMURA ET AL. FAULTING TYPES NEAR THE TOHOKU-OKI EARTHQUAKE 1

PUBLICATIONS
Journal of Geophysical Research: Solid Earth

RESEARCH ARTICLE
10.1002/2015JB012584

Key Points:
• Faulting types of small earthquakes
are classified based on waveform
similarity

• Interplate seismicity shows locked and
slipping areas after the M9 earthquake

• Faulting type distribution is consistent
with the stress due to the main shock

Supporting Information:
• Supporting Information S1
• Data Set S1

Correspondence to:
W. Nakamura,
w_nakamura@met.kishou.go.jp

Citation:
Nakamura, W., N. Uchida, and
T. Matsuzawa (2016), Spatial distribution
of the faulting types of small
earthquakes around the 2011 Tohoku-
oki earthquake: A comprehensive
search using template events,
J. Geophys. Res. Solid Earth, 121,
doi:10.1002/2015JB012584.

Received 8 OCT 2015
Accepted 18 MAR 2016
Accepted article online 25 MAR 2016

©2016. American Geophysical Union.
All Rights Reserved.

http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9356
http://dx.doi.org/10.1002/2015JB012584
http://dx.doi.org/10.1002/2015JB012584
http://dx.doi.org/10.1002/2015JB012584
http://dx.doi.org/10.1002/2015JB012584
http://dx.doi.org/10.1002/2015JB012584
http://dx.doi.org/10.1002/2015JB012584
http://dx.doi.org/10.1002/2015JB012584


[Menke et al., 1990; Menke, 1999; Nakahara, 2004]. In this study, we developed a new method that
evaluates waveform similarity to classify the faulting types of small offshore earthquakes whose focal
mechanisms are unknown based on conventional methods. We examined the empirical relationship
between the degree of difference in focal mechanisms and waveform cross-correlation coefficients of
earthquake pairs with known focal mechanisms. In the relationship, we determined a threshold of cross-
correlation coefficient above which we can consider them to have similar mechanisms. Then based on
the cross-correlation threshold, we classified the faulting types of events with unknown focal mechanisms,
using those with known mechanisms as templates. Using the results of the classification, we discuss the
spatial distribution of faulting types before and after the 2011 Tohoku-oki earthquake. This discussion
takes the earthquakes’ relocated hypocenters into account using the double-difference tomography
method [Zhang and Thurber, 2003, 2006] based on a simple 3-D velocity structure. We also examine the
spatial distribution of postseismic slip and off-fault seismicity based on the focal mechanisms and coseis-
mic stress changes.

2. Relationship Between Focal Mechanism Difference and Waveform Similarity

At a station where the recording system has not changed, seismograms recorded depend on source
processes, ray paths, medium changes, and time-dependent noises. An example of earthquakes that exhibit
nearly identical waveforms is a group of repeating earthquakes that occur at the same patch on a fault [e.g.,
Ellsworth, 1995; Uchida and Matsuzawa, 2013]. Their focal mechanisms and locations are almost identical.
Waveform correlation can be used to ensure that the sources have the same focal mechanism even if they
are slightly separated or space [e.g., Menke et al., 1990; Nakahara, 2004].

To evaluate the relationship between focal mechanism differences and waveform similarities, we used F-net
(Broadband Seismograph Network) focal mechanism data. The F-net focal mechanisms are determined by
the National Research Institute for Earth Science and Disaster Prevention (NIED) using broadband seismo-
graph data and a moment tensor inversion method [Dreger and Helmberger, 1993; Fukuyama et al., 1998].
To ensure the quality of themechanism solutions, we selected 5608 focal mechanisms whose variance reduc-
tions are larger than 0.8 to use as earthquakes with known focal mechanisms (Figure 1a); the validity of using
0.8 as the selection criteria was confirmed using repeating earthquake data. For the waveform data to eval-
uate waveform similarities, the seismograms from the seismic network of Hokkaido University, Hirosaki
University, Tohoku University, and the University of Tokyo were used (Figure 1a). This station distribution
of these seismic networks are sparse compared to the High-Sensitivity Seismograph Network (Hi-net), but
digital waveform data from these networks are available for the longer time period (from 1984) than Hi-net.
The seismic network are mostly consist of short period (1Hz) seismometers and sampled at 100Hz. Most of
the seismic stations are located in vaults or boreholes. For the evaluation of the relationship between focal
mechanism differences and waveform similarities, we analyzed the period from 2002 to 2013 which is the
period F-net focal mechanisms are available. No waveform data were available at some stations for 2–14 days
after the occurrence of the Tohoku-oki earthquake due to electric power and data transmission problems
caused by the earthquake.

The similarity of the waveforms and focal mechanisms of two events are quantified, respectively, by their
cross-correlation coefficient (CC) and the minimum 3-D rotation angle (hereafter “Kagan’s angle”) [Kagan,
1991] between them. We calculated CC values for P and Swaves separately to reduce the effect of differences
in S-P times. The optimal window lengths were determined so as to maximize the number of newmechanism
types detected and to minimize misidentification. This will be described in the last part of this section in
detail. Whenwe calculated the CCs, we used waveforms in as low a frequency band as possible because lower
frequency waveforms are less affected by interevent distances, [e.g., Menke et al., 1990; Menke, 1999;
Nakahara, 2004] but are still sensitive to differences in focal mechanism. We adopted 0.1–2.0 Hz band-pass
filters for the waveforms. However, low-frequency waveform sometimes does not have enough amplitude
compared to microseisms for small earthquakes whose mechanism type we are intending to classify.
Therefore, when the signal-to-noise ratio (SNR) of the frequency band was less than 2.0, we adopted
1.0–4.0 Hz, 2.0–8.0 Hz, and 4.0–16.0 Hz band-pass filters for waveforms one after another until the SNR
exceeded 2.0. In the calculation, SNR is defined as the amplitude ratio between the waveform in a range from
1.0 s before to 2.0 s after the P wave onset (signal) and the waveform in a range from 6.0 s to 2.0 s before the
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onset (noise). If the SNR for a 4.0–16.0 Hz filtered waveformwas less than 2.0, it was no longer used in the later
analysis. In the final result described in section 4, the percentage of used frequency band are 58.1, 31.1, 8.0
and 2.8% for 0.1–2.0 Hz, 1.0–4.0 Hz, 2.0–8.0 Hz, and 4.0–16.0 Hz, respectively. The specific cross-correlation
coefficient (CC) of an event pair is defined as the average of cross-correlation coefficients for P waves
(CCp) and S waves (CCs):

CC ¼ CCpþ CCsð Þ=2:

The CCp comes from the vertical component seismograms while the CCs is evaluated by averaging the cross-
correlation coefficients of the two orthogonal horizontal components. We finally averaged CC for 10 stations
from highest CC value. If the number of available stations are less than three, the event pair was not used for
the later analysis.

Examples of waveforms of earthquakes located in the open square observed at station MY3 (Figure 1a) are
shown in Figure 2. The first waveform is the reference event that occurred on 19 October 2006. In this case,
the third and ninth waveforms are similar (CC>=0.64) to the first waveform and their focal mechanisms are
also similar (Kagan’s angle< 30). On the other hands, the eighth waveform, for the event on 12 November
2010 is apparently different from the first one and the focal mechanisms of the two events are not similar.
The other events’ waveform similarities and Kagan’s angles are between these two extremes.

Figure 3a shows an example of the relationship among CC, interevent distance, and Kagan’s angles for 792
earthquakes that occurred off Miyagi (Figure 3c) from 2002 to 2013. We found that event pairs with large

(a) (b)

Figure 1. Distribution of earthquakes that are used as initial template events. (a) Focal mechanisms of earthquakes in the northeastern Japan subduction zone from
October 1997 to December 2013 reported in the F-net catalogue. Color indicates the focal depth of the earthquake. White squares delineated by black lines are
seismic stations used for the calculations of the waveform cross correlation that are operated by Hokkaido University, Hirosaki University, Tohoku University, and the
University of Tokyo. Waveforms of some events located in the offshore black square are shown in Figure 2. (b) Locations of repeating earthquakes detected by
Uchida and Matsuzawa [2013]. Color indicates focal depth. The red line indicates the downdip limit of interplate earthquakes [Igarashi et al., 2001; Kita et al., 2010;
Uchida et al., 2009]. Black lines represent the Japan trench and northeast limit of the subducted Philippine Sea Plate [Uchida et al., 2009].
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CC values always have small Kagan’s angles and small interevent distances (Figure 3a). We set CC value
thresholds for several regions including the off-Miyagi area in order to select earthquakes with similar focal
mechanisms. To determine the proper CC threshold, we used event pairs whose Kagan’s angles were
smaller than 30°. In Figure 3a, N1 represents the number of event pairs (Group 1) whose cross-correlation
coefficients are larger than a given CC value (CC0) as indicated by the gray box; N2 shows the number of
event pairs (Group 2) whose Kagan’s angles are smaller than 30° and whose cross-correlation coefficients
are larger than CC0. Note that Group 2 is a subset of Group 1. We then increased the CC0 value by 0.01
increments from 0.00 to 1.00 and selected the CC0 threshold where the ratio of N2 to N1 first exceeded
0.9. This means if an event pair has a CC larger than the threshold, there is a 90% probability that its
Kagan’s angle is 30° or smaller.

In order to obtain as many classified events as possible, we searched for P and S wave time window lengths
that maximize the number of pairs in N2 (Figure 3b) using the events located off Miyagi Prefecture. From a
grid search from 1.0 s to 5.0 s, we found that a time window of 4.0 s is best for P waves and 3.5 s is best for S
waves for events offshore Miyagi (Figure 3b). The CC threshold for the best time windows is 0.65. N2 tends
to be larger with longer time windows (Figure 3b), but to avoid contaminating the P wave time window
with S waves, we searched for the best time window length shorter than 5 s. We sought and determined
thresholds for other regions using the same procedure. The resulting thresholds range from 0.60 to
0.66 (Figure 3c).

Figure 2. Examples of waveforms and focal mechanisms of earthquakes that occurred in the area indicated by black square
in Figure 1a. The waveform is up-down component observed at station MY3 (Figure 1a). The first event (top waveform in
the figure) is the reference event for calculating CC values. Black bidirectional arrows indicate 4.0 and 3.5 s time windows
for calculation of CC values for P and S waves, respectively. Waveforms are filtered at a pass band of 0.1–2.0 Hz. Origin time,
magnitude, and horizontal distance from the reference event are labeled to the left of the waveforms and F-net focal
mechanisms, Kagan angles, and CC values are shown to the right.
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3. Classification of Small Earthquakes’
Faulting Types

By using the CC threshold determined in the previous
section, we classified earthquakes with magnitude 3 or
larger in the NE Japan subduction zone (Figure 1) into
several faulting type groups. The waveform data are
from the same seismic networks as for the CC thresh-
old determination (Figure 1a), but longer time period
(from July 1984 to December 2013) are used for the
classification. We used 5607 events with known focal
mechanisms from the F-net data spanning 1997 to
December 2013 (Figure 1a) and 3623 repeating earth-
quake from July 1984 to December 2011 (Figure 1b)
[Uchida and Matsuzawa, 2013] as template events.
We interpret repeating earthquakes as representing
repeated slips of patches or asperities on plate bound-
ary faults. Themagnitude of repeating earthquakes are
M≥ 2.5 and M≥ 4.0 for the period before and after the
2011 Tohoku-oki earthquake, respectively.

We calculated CC values for every pair of events that
were separated by less than 20 km horizontally, and
where the faulting type of one event (template event)
was known but the other (target event) was not. First,
we found 7723 events that had CC values larger than
the threshold when paired with events with known
mechanisms. We then used these 7723 events as
new template events and iterated the process until
no new event pairs had CC values exceeding the
threshold. In this way we were able to newly classify
a total of 8984 events. The process usually finished
within four iterations. This iterative process may accu-
mulate focal-mechanism difference from the original
template and does not guarantee that the selected
event has Kagan’s angle smaller than 30° with 90%
probability. However, we confirmed that this effect
is small and the newly classified events have focal
mechanisms that are similar to their respective initial
template events (see supporting information).

(a)

(b)

(c)

Figure 3. Procedure for determining parameters to classify
faulting types from waveform similarities. (a) Relationship
between Kagan’s angle and CC for event pairs off Miyagi
(Figure 3c). Color indicates the interevent horizontal
distance of each earthquake pair. N1 is the number of pairs
(Group 1) whose CCs are larger than value CC0, and N2 is the
number of pairs (Group 2) that belong to Group 1 and whose
Kagan’s angles are less than 30°. (b) Dependence of N2 on
the P and S wave time window lengths. Color and solid
contours indicate the N2 value calculated from the time
window lengths for P waves (abscissa) and S waves (ordi-
nate). Dashed contours indicate CC thresholds for each time
window set. (c) CC thresholds for respective regions for the
time window of 4.0 s (P wave) and 3.5 s (S wave). Color and
contour represent the slip deficit on the plate boundary
before the Tohoku-oki earthquake [Suwa et al., 2006].
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We classified the newly obtained events
into normal, thrust, strike-slip, and other
faulting types based on the triangle dia-
gram introduced by Frohlich [1992]. The
following criteria were thus adopted when
classifying the faulting types.

Thrust faulting type: sin2δT> 0.59
Normal faulting type: sin2δP> 0.75

Strike-slip faulting type: sin2δB> 0.75

Here, δT, δP, and δB are the plunges of
the T axis, P axis, and B axis of the earth-
quake, respectively. We classified thrust
faulting-type events into interplate and
noninterplate events by comparing their
focal mechanisms with theoretical focal
mechanisms on the plate boundary. For
this classification we used a simple
method that if the following value (dM)
is greater than 0.75, we regard the target
event as an interplate-type earthquake
[Abers and Gephart, 2001; Kato and
Igarashi, 2012].

dM ¼ 0:5
n

p1�p2
� �2 þ t1�t2� �2

� p1�t2� �2 � p2�t1� �2o

Here p1 and t1 are the vectors of the P
and T axes of theoretical focal mechan-
isms, and p2 and t2 are ones of the target
event. Note that if the in situ depth of the
plate boundary is shallower than 20 km,
we applied a threshold of dM> 0.50 due
to insufficient constraint on the dip angle
of focal mechanisms in the area.

The theoretical interplate-type focal
mechanism was calculated by taking the
spatial variation in the relative plate
motion [Sella et al., 2002] and plate geo-
metry into account [Nakajima and
Hasegawa, 2006; Uchida et al., 2010; Kita
et al., 2010] at a 0.05° grid spacing on
the plate boundary. Of the 8984 new
events, this process resulted in classifying
6032 as thrust faulting, 1070 as normal
faulting, 165 as strike-slip faulting, and
1717 as other faulting-type events as
shown in Figure 4. Most of the events
belonging to the thrust faulting type

(91.7%) were interplate-type earthquakes. The magnitudes of newly identified events (shown in red in
Figure 4c) range mostly fromM3.0 toM4.0. In that range, there were only small numbers of faulting-type data
in the original catalogue (Figure 4c). Faulting-type earthquakes (original template events and newly detected

Figure 4. Characteristics of faulting types obtained in this study. (a) Pie
chart for all the faulting-type data (original templates and newly classi-
fied events). (b) Triangle diagram [Frohlich, 1992] for earthquakes used
in this study. Symbol color is the same as in Figure 4a. (c) Frequency
distribution of earthquake magnitude for original templates and newly
classified events. Gray and blue areas, respectively, indicate repeating
earthquakes and earthquakes with F-net focal mechanisms used as
template events in this study. Red area indicates the earthquakes that
are newly classified into several faulting types in this study.
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events, N= 18,214) make up 25% of those studied here (M ≥ 3.0). The origin time, location, and magnitudes of
each faulting types are listed in the supporting information.

4. Results
4.1. Faulting-Type Distribution Before the Tohoku-Oki Earthquake

Figure 5a shows the spatial distribution of earthquakes whose faulting types are classified in this study (circles)
and original template F-net data and repeating earthquakes (squares) for the period from July 1984 to 11March
2011, 14:45 JST (just before the 2011 Tohoku-oki earthquake).

The distribution shows relatively sparse interplate events off Miyagi and Fukushima prefectures. In that area,
a large slip deficit (strong interplate coupling) was estimated using geodetic data before the Tohoku-oki
earthquake (Figure 3c) [e.g., Suwa et al., 2006; Loveless and Meade, 2010]. Comparing this distribution with
the slip areas of M> 7 interplate earthquakes since 1930, including the 1968M7.9, the 1994M7.6 (yellow
area) [Nagai et al., 2001; Yamanaka and Kikuchi, 2004], theM7.3 foreshock of the Tohoku-oki earthquake (light
blue area) [Ohta et al., 2012], and the Tohoku-oki earthquake [Iinuma et al., 2012], shows that most of the
small interplate earthquakes classified in this study are located outside of the main slip areas (Figure 5a).
Low interplate seismicity in the area of large coseismic slip of the Tohoku-oki earthquake is particularly
noticeable. In the zone of minor coseismic slip (outside the main slip areas of theM> 7 earthquakes), however,
small interplate earthquakes do occur.

(a) (b)

Figure 5. Spatial distributions of event faulting types (a) before (July 1984 to 11 March 2011, 14:45) and (b) after (11 March 2011, 14:46 to December 2013) the
Tohoku-oki earthquake. Squares and circles indicate original template events (F-net focal mechanisms and repeating earthquakes) and events newly classified in
this study, respectively. Blue, red, green, gray, and white symbols indicate interplate, noninterplate thrust faulting, normal faulting, strike-slip faulting, and other
faulting-type events, respectively. Contours show slip distributions of major interplate events [Yamanaka and Kikuchi, 2003, 2004; Iinuma et al., 2012; Ohta et al.,
2012]. Red and black lines are the same as those in Figure 1b. In Figure 5a, main source areas for the 1994 Sanriku-oki earthquake (M7.6) and the largest foreshock
(M7.3) of the Tohoku-oki earthquake are shown by yellow and light blue areas, respectively. Black ellipsoids (regions (A)–(D)) indicate earthquake clusters including
aftershock areas of the 2003M7.1 (D) and 2005M7.2 (A) intraplate earthquakes. In Figure 5b, the area with coseismic slip of ≥30m from the Tohoku-oki earthquake
[Iinuma et al., 2012] is light blue. The slip areas for two large aftershocks on 11 March 2011 (M7.4,M7.7) are shown by gray-filled contours [Kubo et al., 2013;Muto et al.,
2014]. Black ellipsoids (regions (E)–(H)) indicate earthquake clusters including aftershocks of the major intraplate earthquakes that occurred at 15:25 JST, 11 March
2011 (M7.5), on 14 March (M6.9), and 7 December (M7.3) 2012. Stars indicate epicenters of major earthquakes.
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The noninterplate thrust faulting events (red squares and circles) are sparsely distributed, except for the
cluster indicated by an ellipsoid (region (D) in Figure 5a) near the Miyagi coastline, most of which are
aftershocks of an intraplate event (M7.1) that occurred in the subducting slab on 26 May 2003 (red star in
Figure 5a).

Normal faulting events (green squares and circles) are also sparse, but there are some event clusters (regions
(A)–(C) in Figure 5a). Most of the events in the outer trench ellipsoid (region (A) in Figure 5a) are aftershocks of
a large normal faulting event (M7.2) on 15 November 2005 (green star in Figure 5a). The clustering of events
in region (B) is also prominent, but there are no earthquakes whose magnitudes are larger than 6.0 in the
period from 1984 to 2011. There have been no significant earthquakes in this area since the beginning of
the JMA’s catalogue (1923). Most of the events far off the east coast of Aomori Prefecture (region (C) in
Figure 5a) were distributed relatively sparsely. In this region, the largest aftershock (M7.5) of the 1968
Tokachi-oki earthquake (M7.9) was a normal-faulting-type event [Nakajima, 1974]. Thus, these normal
faulting events may indicate long-lasting aftershock activities more than two decades after the occurrence
of theM7.5 large normal faulting event, or they may indicate some stress heterogeneity in the region related
to plate bending at the Hokkaido corner. Strike-slip faulting events (gray squares and circles) rarely occurred
in this period.

4.2. Faulting Type Distribution After the 2011 Tohoku-Oki Earthquake

Figure 5b shows the spatial distribution of faulting types from 11 March 2011, 14:46 JST to 31 December 2013
(after the Tohoku-oki earthquake). It shows nearly no interplate earthquakes (blue squares and circles) in the
area that underwent large coseismic slip during the Tohoku-oki earthquake (light blue area in Figure 5b,
slip ≥ 30m), while there are many interplate earthquakes in surrounding areas. Interplate earthquakes are
also inactive near the source of two large interplate aftershocks (M7.4, M7.6) on 11 March 2011 (blue stars
and dark gray area in Figure 5b).

There is more normal faulting activity after the Tohoku-oki earthquake (green) than in the period before it
throughout the study area (Figure 5). This implies that a tensional stress field has dominated after the
earthquake. The normal faulting events have mainly occurred to the west of the Tohoku-oki earthquake’s
coseismic slip area (contour off Iwate to Kanto, 36–39.5° N) and near the Japan Trench (thin black line). The
prominent normal faulting earthquake clusters near the Japan and Kuril trenches include large normal
faulting events (green stars) at 15:25, 11 March 2011 (M7.5) in region E, on 14 March 2012 (M6.9) in region
G and 7 December 2012 (M7.3) in region F.

Thrust faulting events (red) mainly occurred to the west of the Tohoku-oki earthquake’s slip area (Figure 5b).
They include a large thrust intraplate event on 7 April 2011 (M7.1) (red star in Figure 5b) and its aftershocks.
An event on 7 December 2012 (M7.3) that occurred near the Japan Trench (green star in Figure 5b) is consid-
ered to be a doublet or composed of multiple intraplate events occurring within a few seconds: i.e., a deeper
thrust faulting event followed by a shallower normal faulting event [e.g., Harada et al., 2013; Lay et al., 2013].
However, we could not find any deeper thrust faulting earthquakes in that region in this study, probably due
to the lack of thrust faulting template events in the F-net catalogue there.

Strike-slip faulting events (gray) occur sparsely in and around the Tohoku-oki earthquake area, but small clus-
ters of strike-slip faulting events are located east of its hypocenter (region H) where anM7.3 strike-slip earth-
quake occurred on 10 July 2011 (Figure 5b).

It is already discussed that stress state after the Tohoku-oki earthquake was significantly changed after the
Tohoku-oki earthquake from themoment tensor solutions [e.g., Asano et al., 2011] and stress tensor inversion
[e.g., Hasegawa et al., 2011]. Our result shows the clear change in mechanism type distribution from very
large number of faulting type data.

4.3. Hypocenter Relocation in the 2011 Tohoku-Oki Earthquake Rupture Area

Precise locations of earthquake hypocenters are important when discussing the faulting type distribution
of off-fault earthquakes. However, the locations of small offshore earthquakes, especially their depths,
which are estimated from local on-land station data, sometimes have systematic errors due to insuffi-
cient azimuthal station coverage and the difference between actual and modeled velocity structures. To
obtain better locations, we relocated the hypocenters using the double-difference tomography method
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[Zhang and Thurber, 2003, 2006] and a 3-D velocity structure for earthquakes located near the source area
of the Tohoku-oki earthquake. Here we only estimated hypocenter locations and did not change the velo-
city structure in the inversion. The heterogeneous velocity structure offshore was taken into account by a
simple 3-D velocity structure. The velocity structure is based on previous studies of land areas [Hasegawa
et al., 1978], forearc areas [Hino et al., 2000], and oceanic plates [Hino et al., 2009; Shiina et al., 2013]. The
land and forearc areas are defined by their range of plate boundary depths (10–40 km for forearc areas
and 50 km or larger for land as shown in Figure 6a [Nakajima and Hasegawa, 2006; Kita et al., 2010]). The
portion between these areas is linearly interpolated. We used 216 seismic stations located in the Tohoku
and Hokkaido regions (Figure 6b), and 1,703,365 P and 1,337,326 S wave arrival time data integrated by
the Japan Meteorological Agency.

Cross sections (depth distribution) of faulting types across the large coseismic slip area off Miyagi Prefecture
and north of the large coseismic slip area off Iwate Prefecture (rectangular areas, Figure 6b) show that normal

(a)

Figure 6. Earthquake relocation and depth distribution of earthquakes. (a) Pwave velocity model across trench perpendicular
cross section showing regions with different velocity structures. The land and forearc areas are determined by the depth of
the plate boundary. (b) Distribution of seismic stations used to relocate hypocenters. Contours are the coseismic slip dis-
tribution of the Tohoku-oki earthquake [Iinuma et al., 2012], 1968 Tokachi-oki and 1994 Sanriku-oki earthquakes [Nagai et al.,
2001; Yamanaka and Kikuchi, 2004]. Cross section off (c) Iwate and (d) Iwate and (e) Miyagi prefectures before the Tohoku-oki
earthquake (rectangular regions in Figure 6b). Cross section off (f) Miyagi prefectures after the Tohoku-oki earthquake
(rectangular regions in Figure 6b). Colors in Figures 6c–6f indicate faulting types in the samemanner as in Figure 5. The gray
lines connect the initial hypocenters (no symbol) and relocated hypocenters (colored circles). Black line and gray dashed line
in Figures 6c–6f indicate plate boundary estimated in this study and by Nakajima and Hasegawa [2006], respectively.
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faulting earthquakes in the offshore region were relocated at shallower depths than in the original catalo-
gue (Figures 6d and 6f). This is consistent with depth determinations by sP depth phase [Gamage et al.,
2009] and temporal ocean bottom seismometer (OBS) data analyses for the earthquakes in the area [e.g.,
Hino et al., 2009; Obana et al., 2012, 2013; Yamamoto et al., 2014]. We also found that most of the normal
faulting events (green) in the horizontal range of 0–150 km are located in the upper plate after the
Tohoku-oki earthquake (Figures 6d and 6f). Earthquakes classified as interplate types in this study (blue)
were relocated under the model plate boundary (dashed line), especially near the Iwate and Miyagi coast-
line, although there are some outliers (Figures 6c–6f). Therefore, we defined a modified plate boundary
based on the relocations performed in this study (thick black line in Figures 6c–6f). Most thrust faulting
earthquakes (red) occurred beneath the interplate earthquakes near the coastline (Figure 6f), and the
strike-slip faulting earthquakes (gray) seem to be located at or near the area where the normal faulting
earthquakes occur (Figure 6f). The region off Iwate Prefecture, which is located outside of the large coseis-
mic slip area of the Tohoku-oki earthquake, is dominated by interplate earthquakes before and after the
Tohoku-oki earthquake (Figures 6c and 6d), except for some recent normal faulting events in the horizontal
range of 100–150 km (Figure 6d).

Figure 7. Histogram of earthquakes’ depth relative to the plate model [Nakajima and Hasegawa, 2006; Kita et al., 2010]
(gray dashed line in Figures 6c–6f) for (a, b) trenchward and (c, d) landward areas of offshore Miyagi (Figure 6b). The
relative depth is calculated for the absolute differences between the event depth and in situ depth of the plate model. The
trenchward and landward areas are shown by two rectangles in Figure 6b and are areas where the model plate boundary
depth is shallower than 25 km and deeper than 25 km, respectively. Figures 7a and 7c show distributions before the
Tohoku-oki earthquake. Figures 7b and 7d show distributions after it. Earthquakes colored gray are other faulting-type
events that are not classified as thrust, normal, or strike slip.

Journal of Geophysical Research: Solid Earth 10.1002/2015JB012584

NAKAMURA ET AL. FAULTING TYPES NEAR THE TOHOKU-OKI EARTHQUAKE 10



4.4. Depth Distribution of Faulting Types in and Around the Coseismic Slip Area

Offshore seismicity in subduction zones is sometimes assumed to be interplate earthquakes when there is no
available focal mechanism data. However, our results show that 38% of such earthquakes belong to other
faulting types. Thrust faulting earthquakes are mostly occurring in the incoming plate (Figures 6d and 6f).
Normal faulting earthquakes before the Tohoku-oki earthquake are prominent in the outer trench area.
This probably indicates bending stress in the subducting plate. Normal faulting events became prominent
in a wider area after the Tohoku-oki earthquake (Figure 5), and they occur in both the upper and lower plates
after that event (Figures 6d and 6f). This suggests the strong effect of stress changes due to the large coseis-
mic slip of the Tohoku-oki earthquake as discussed by Hasegawa et al. [2011].

To explore the relative location of normal and thrust faulting events, we made histograms of earthquake
depth relative to the plate boundary depth for each faulting type for relocated events before and after
the Tohoku-oki earthquake (Figure 7). The results show that normal faulting earthquakes in the tren-
chward region are predominantly in the incoming Pacific plate (plus areas in the distance, deeper than
the interplate events) before and after the Tohoku-oki earthquake (Figures 7a and 7b). Note that the
interplate earthquakes (blue) are quite widely scattered (±15 km) around the plate boundary depth,
probably due to poor depth constraint in this far-offshore area, but still it is clear that the ranges in
which normal faulting and interplate events occur are different. In the landward region where the in situ
plate boundary depth is about 25 km to 60 km, thrust faulting earthquakes are predominant about
10 km deeper than the peak of the interplate earthquakes before and after the Tohoku-oki earthquake
(Figure 7c and 7d). Interestingly, the normal faulting events appeared at shallower depths than the
interplate earthquakes after the Tohoku-oki earthquake (Figure 7d), probably due to the change of
stress field accompanying the coseismic slip of the Tohoku-oki earthquake. The differences in the peak
depth of each of the faulting types relative to the interplate earthquakes, comparing near-shore and
far-offshore regions, indicate that there are different dominating stress fields in each area since the
Tohoku-oki earthquake.

(a) (b)

Figure 8. Distribution of the density of interplate earthquakes (a) just before (January 2011 to 11 March 2011, 14:45) and (b) after (11 March 2011, 14:46 to December
2013) the Tohoku-oki earthquake. Yellow contours show the coseismic slip distribution of pastM ≥ 7 interplate earthquakes [Nagai et al., 2001; Yamanaka and Kikuchi,
2003, 2004;Murotani, 2003;Ohta et al., 2012]. Gray solid and black dashed lines in Figure 8b are the coseismic slip distribution [Iinuma et al., 2012] and postseismic slip
distribution [Sun and Wang, 2015] of the Tohoku-oki earthquake, respectively.
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5. Discussion
5.1. Activities of Interplate Earthquakes Before and After the Tohoku-Oki Earthquake

We examine the distribution of interplate earthquakes before and after the Tohoku-oki earthquake and their
relationship with the slip areas of large interplate earthquakes. Figures 8a and 8b show the density of inter-
plate earthquakes along the plate boundary before and after the Tohoku-oki earthquake. The density’s
pattern is similar for the periods before and after the Tohoku-oki earthquake except for that in the vicinity
of the area that underwent coseismic slip during the Tohoku-oki earthquake (Figures 8a and 8b). Areas of
low interplate earthquake density (shown in blue) are located in coseismic slip areas of past M> 7 earth-
quakes (yellow contours) [Nagai et al., 2001; Murotani, 2003; Yamanaka and Kikuchi, 2003, 2004; Ohta et al.,
2012] and the Tohoku-oki earthquake (gray contours) [Iinuma et al., 2012], while high-density areas (red
colors) are located around the coseismic slip areas. The phenomenon that aftershocks generally occur around
the large slip area has been known in previous studies [e.g., Mendoza and Hartzell, 1988]; the result in this
study shows these observations very clearly. The high-density areas can be interpreted as areas where
small- to middle-sized asperities (locked patches) on the plate boundary are dominant and overall interplate
locking is relatively small.

To explore the temporal change of interplate seismicity intensity before and after the Tohoku-oki earthquake
more precisely, we calculated the ratios of interplate earthquake densities (Figures 9a and 9b) normalized by
time (i.e., the ratio of earthquake occurrence rate after the Tohoku-oki earthquake to the rate before).
Figures 9a and 9b show the density ratio with coseismic and postseismic slip distributions, respectively.
The result shows a clear contrast between areas where interplate earthquakes were highly activated (red)
and suppressed (blue). The transition from suppressed areas off Miyagi Prefecture to activated areas probably
represents the extent of the coseismic slip. This has been discussed in previous studies using focal

Figure 9. (a) Occurrence ratios of interplate earthquakes after the Tohoku-oki earthquake to that before the earthquake. The black contour is the coseismic slip
distribution of the main shock [Iinuma et al., 2012] and its two large interplate aftershocks [Kubo et al., 2013; Muto et al., 2014]. The green line is the outer edge of
the coseismic slip area of the Tohoku-oki earthquake [Kato and Igarashi, 2012]. The yellow lines are the outer edge of activating area of interplate earthquakes whose
occurrence ratio is 5 times higher than that before the Tohoku-oki earthquake. (b) The same as Figure 8a but showing the coseismic slip distributions of M ≥ 7
interplate earthquakes (black contours) [Nagai et al., 2001; Yamanaka and Kikuchi, 2003, 2004; Murotani, 2003; Kubo et al., 2013] and the postseismic slip area of the
Tohoku-oki earthquake (black dashed line) [Sun et al., 2014].
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mechanisms [Kato and Igarashi, 2012] (green line in Figure 9a) and seismicity from OBS observations
[Nakatani et al., 2015]. The narrow suppressed areas (blue) connect the large slip area off Miyagi Prefecture
and the largest (M7.6) aftershock that occurred 29min after the Tohoku-oki earthquake [Kubo et al., 2013]
(black contour). There are also areas where seismicity were highly activated to the southwest of the north-
eastern edge of the subducted Philippine Sea Plate (yellow line in Figure 9a), suggesting the influence of
stress changes due to the M9 Tohoku-oki main shock as well as the largest aftershock (contour). Highly acti-
vated areas of interplate earthquake also correspond to the area of large postseismic slip of the Tohoku-oki
earthquake (black dashed contours in Figure 9b) [Sun and Wang, 2015], especially off Iwate Prefecture.
Furthermore, the northern limit of the highly activated area corresponds to the southern part of the large
coseismic slip of the 1994 Sanriku-oki earthquake (M7.6) [Nagai et al., 2001] and 1968 Tokachi-oki earthquake
(M7.9) [Yamanaka and Kikuchi, 2004]. This suggests that postseismic slip increases stress on these asperities
that probably locked after the earthquakes. In total, these results suggest the following processes on the

Figure 10. (a) Schematic figure of the location of static stress changes shown in Figures 10b and 10c. (b) Coulomb stress changes for upper plate (above 10 km from
the plate boundary) normal faulting earthquakes. The earthquakes 5 to 15 km above the plate boundary were plotted here. (c) Coulomb stress changes for lower
plate (below 10 km from the plate boundary) normal faulting earthquakes. The earthquakes 5 to 15 km below the plate boundary were plotted here. The focal
mechanism of receiver faults are shown in the bottom right of each figure. Please seemain text for details of the receiver faults and assumed constants for calculating
Coulomb stress changes. The contour interval in Figures 10b and 10c is 1MPa.
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plate boundary. (1) In the coseismic slip
area, interplate seismicity dramatically
decreased, probably due to shear stress
release on the plate boundary. (2)
Outside of the coseismic slip area off
Aomori Prefecture to the Kanto district,
interplate seismicity increased, probably
due to stress concentrations around the
large coseismic slip area and postseismic
slip in the area.

It is usually difficult to estimate the spa-
tial extent of offshore coseismic slip with
high spatial resolution from onshore
geodetic data. The geodetic data easily
result in a biased slip distribution due
to a trade-off between the distance and
slip amount. The activity changes of
interplate events are independent data
and clearly delineate the spatial extent
of coseismic and postseismic slip.

5.2. Aftershock Mechanism Type
Distribution and Coulomb Stress
Changes Due To the Tohoku-Oki
Earthquake

To explore the unique distribution of
mechanism types, we examined the rela-
tionship between static stress changes
due to the Tohoku-oki earthquake and
three-dimensional distributions of the
earthquake faulting types after that
event. We estimated the Coulomb stress
changes with an analytical solution of
displacement due to faulting in an elastic
half space [Okada, 1992] using the

following parameters: rigidity of 30GPa, Poisson’s ratio of 0.25, and apparent coefficient of friction of 0.4.
The input slip model for the Tohoku-oki earthquake’s slip [Iinuma et al., 2012] was divided into 10 km×10 km
segments. We set the following typical focal mechanisms as receiver faults: a normal faulting event that
occurred in the outer trench region 39min after the Tohoku-oki earthquake (M7.5; latitude, longitude, depth
= 144.89, 37.84, 34.0; strike, dip, rake = 194, 49, �89), a thrust faulting event that occurred on 7 April 2011,
23:32 (M7.1; latitude, longitude, depth = 141.92, 38.20, 65.7; strike, dip, rake = 20, 40, 81), and a strike-slip fault-
ing event that occurred on 10 July 2011, 09:57; (M7.3, latitude, longitude, depth = 143.51, 38.03, 34.0; strike,
dip, rake = 64, 84, 16). These receiver mechanisms are plotted in Figures 10 and 11. The Coulomb stress
changes for 10 km above and below the plate boundary (Figure 10a) for normal faulting receiver faults indi-
cate that positive static stress change is distributed in a broad area above the coseismic slip area (Figure 10b)
and below the coseismic slip area near the Japan Trench (Figure 10c). A nearly opposite-signed stress change
can be seen for thrust faulting-type earthquakes in the subducting plate (Figures S2 and S3 in the supporting
information). The cross-section for stress change also shows that most normal faulting and thrust faulting
events that occurred after the Tohoku-oki earthquake are located in the positive area of static stress change
(Figures 11a and 11b). For strike-slip faulting events that occurred after the Tohoku-oki earthquake, however,
there is no clear correlation with static stress changes (Figure 11c). This weak correlation could possibly be
explained by variation of receiver fault mechanisms, the effects of post seismic slip [e.g., Ozawa et al.,
2012] or viscoelastic relaxation [e.g., Sun et al., 2014; Sun and Wang, 2015]. Many earthquakes have occurred

Figure 11. Cross section of Coulomb stress changes for (a) normal
faulting, (b) thrust faulting assuming 40° dip, and (c) strike-slip faulting
earthquakes offshore Miyagi Prefecture (rectangle area in Figure 10c).
Colored circles are the hypocenters of earthquakes within the rectangle
area shown in Figure 10c for each receiver faulting type relocated in this
study. The focal mechanisms in the figures are for receiver faulting
earthquakes viewed in the cross section in Figure 10c. The contour
interval is the same as in Figure 10.
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long after the main shock, such as the
M7.1 normal faulting earthquake that
occurred on 26 October 2013. To discuss
the relationship between the focal
mechanisms of aftershocks and stress
change in detail, it is necessary to
evaluate post-seismic stress changes.
Nevertheless, the drastic change in the
near-source focal mechanisms before
and after the Tohoku-oki earthquake
and the good correlation between the
stress change and thrust- and normal-
faulting earthquakes suggest that the
present-day normal and thrust earth-
quake distribution near the plate bound-
ary is strongly influenced by static stress
changes from the Tohoku-oki earthquake,
most likely due to low ambient differential
stress [Hasegawa et al., 2011; Hardebeck,
2012]. The focal mechanism distribution
clearly reflects that the stress state
around the slip area that probably chan-
ged during the great earthquake’s cycle.

5.3. Model of the Mechanism Type
Distribution and Its Temporal Change

Figure 12 summarizes the distribution of
focal mechanism types before and after

the Tohoku-oki earthquake across the main slip area. Before the Tohoku-oki earthquake, interplate earth-
quakes were located in a wide area along the plate boundary, except for the near-trench area (Figure 12,
top). This period captured the seismicity just before a great interplate earthquake in its earthquake cycle. It
suggests interseismic (or preseismic) slip in the slip zone of the Tohoku-oki earthquake. There was an inter-
mediate amount of coseismic slip in this interseismic slip zone in the Tohoku-oki earthquake as shown in
Figure 12 (middle). After the Tohoku-oki earthquake, interplate earthquakes in the large and intermediate
coseismic slip areas mostly ceased and prominent seismicity appeared in the upper and lower plates and
the plate boundary outside of the slip area (Figure 12, bottom). The first of these two phenomena can be
explained by coseismic stress release on the plate boundary as discussed in section 5.1. The second can be
explained by intense stress redistribution in the upper and lower plates due to large coseismic slip that
occurred in the Tohoku-oki earthquake as discussed in sections 5.2. Nearly complete stress drop in the source
area of the Tohoku-oki earthquake is suggested from the dip angle of maximum compressive stress near the
plate boundary [Hasegawa et al., 2011]. The widespread normal faulting mechanisms in the subducting plate,
not just in the overriding forearc suggest dominance of extensional stress after the Tohoku-oki earthquake.
The coseismic changes in focal mechanisms and earthquake distribution before and after the Tohoku-oki
earthquake suggest that the mechanism type and distribution around the source area of a megathrust earth-
quake is not steady during its earthquake cycle.

6. Conclusion

We found that there is a good correlation between the degree of similarity of focal mechanisms and waveforms
of earthquake pairs in the NE Japan subduction zone. Using this relationship, we classified the faulting types of
earthquakes whose focal mechanisms were unknown into interplate, thrust, normal, and strike-slip events.
The results show that interplate earthquakes dominate in the study region (62%), but there are considerable
numbers of earthquakes with other faulting types. This is an important observation when discussing offshore
seismicity. The 8984 events that were newly classified in this study doubles the number of events with known

Figure 12. Schematic figure showing earthquake distributions (a) before
and (c) after the Tohoku-oki earthquake. Blue, red, and green areas are
the locations of interplate, thrust faulting, and normal faulting earth-
quakes, respectively. The blue star is the hypocenter of the Tohoku-oki
earthquake. (b) Trench perpendicular slip distribution of the Tohoku-oki
earthquake offshore Miyagi Prefecture (the center of the rectangle in
Figure 6b) from the model in Iinuma et al. [2012].
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mechanism types in this area. The spatial distribution of mechanism types revealed the following characteris-
tics. (1) Interplate earthquakes are distributed in a complementary fashion with the main coseismic slip areas
of M> 7 interplate earthquakes. (2) After the 2011 Tohoku-oki earthquake, very few interplate earthquakes
occurred in areas where it produced middle to large coseismic slip up through the end of 2013. (3) The activa-
tion of interplate earthquakes around the coseismic slip area show the spatial extent of postseismic slip that
may cause major additional interplate aftershocks in the asperities of historical earthquakes. (4) Taking into
account the position of hypocenters relocated using a double-difference method with a 3-D velocity structure,
the spatial distributions of focal mechanisms near the Tohoku-oki earthquake after the earthquake are well
explained by the static stress changes accompanying the Tohoku-oki earthquake.

In total, the focal mechanism types from the template search and earthquake relocation characterized present
seismicity and interplate coupling condition that changed dramatically in the area offshore Tohoku when the
2011 Tohoku-oki earthquake occurred, producing heterogeneous stress distribution around its source.
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