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Abstract It is important to assess the likely rupture characteristics of future megathrust earthquakes. One
approach is to study the spatiotemporal variation of geophysical properties in active subduction zones. We
explore this idea by examining stress drops of 1563 small earthquakes (Mw 3.0–4.5) shallower than 80 km in
the Tohoku-oki region before the 2011 Tohoku-oki earthquake. Although individual stress drop estimates
exhibit considerable scatter, we find a strong increase in stress drop with depth between 30 km and 60 km,
whereas stress drops for shallower and deeper events, respectively, are nearly constant. We also identify lateral
variations in stress drop along strike. Higher-than-average stress drops are found in East Aomori-oki and
Miyagi-oki, whereas Sanriku-oki is a moderate stress drop area. The high stress drop zone in Miyagi-oki
is located just south of the large slip area of the 2011 Tohoku-oki earthquake, and possibly acted as a barrier
to further rupture propagation during the event. In addition, the frequency dependence of the seismic
radiation observed during the main shock, with proportionally higher frequencies coming from the deeper
parts of the fault, mimics the depth dependence we see in small earthquakes in the same region. These results
imply that smaller pre-main shock earthquakes can provide insight into the fault properties and consequent
rupture processes of future megathrust earthquakes.

1. Introduction

The 2011 Tohoku-oki earthquake (Mw 9.0) striking Northeast Japan had a huge human and scientific impact.
Seismologists have used the unprecedented quantity and quality of near- and far-field data to understand
this earthquake and apply its lessons to other megathrust earthquakes. Thanks to a number of slip
inversions [e.g., Ide et al., 2011; Koketsu et al., 2011; Lay et al., 2011; Ozawa et al., 2011; Shao et al., 2011;
Suzuki et al., 2011; Yagi and Fukahata, 2011; Evans and Meade, 2012; Iinuma et al., 2012; Uchide, 2013] and
backprojection studies [e.g., Koper et al., 2011; Meng et al., 2011; Simons et al., 2011; Wang and Mori, 2011;
Yao et al., 2011; Kiser and Ishii, 2012; Maercklin et al., 2012; Roten et al., 2012; Yao et al., 2012], we have good
constraints on the coseismic process of the 2011 Tohoku-oki earthquake. A highlight of the findings is at least
30m of fault slip near the Japan Trench, although the backprojection images from high-frequency teleseismic
seismograms (e.g., 0.1–1Hz) indicate that the seismic radiation at high frequencies came from areas close
to Honshu Island, i.e., the deeper portion of the plate interface.

Additional constraints on the 2011 Tohoku-oki earthquake include geological studies to reveal the long-term
history of earthquakes and geophysical studies to investigate interseismic and coseismic mechanisms. The Japan
Trench Fast Drilling Project examined the rocks of the shallow plate interface in the Tohoku-oki region from
the fault core obtained by seafloor drilling [Chester et al., 2013] and found low coseismic friction from laboratory
experiments [Ujiie et al., 2013] and in situ temperature measurements [Fulton et al., 2013]. Lin et al. [2013]
investigated borehole breakouts to infer drastic stress changes in the frontal prism caused by a nearly complete
stress drop in the main shock. The geophysical studies examine parameters resolved on and around the plate
interface. Reports now constrain the coupling rate on the plate interface [Uchida and Matsuzawa, 2011, 2013],
resolve a low P wave velocity anomaly above the plate interface [Zhao et al., 2011], and suggest a decade-scale
decrease of Gutenberg-Richter b value in the large slip area of the 2011 Tohoku-oki earthquake [Nanjo et al., 2012].

The stress drops of small earthquakes provide geophysical information on the fault properties in various
ways. In this paper, we consider stress drops of small earthquakes, defined as the average change in shear
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stress over the rupture area based on a circular crack model. A number of studies [e.g., Kanamori and Anderson,
1975] have found that the stress drops of intraplate earthquakes are larger than those of interplate earthquakes.
Analyses of seismic networks enable us to investigate the spatial variations of stress drops in specific regions
in order to understand the details of fault properties. Hardebeck and Aron [2009] suggested, based on a stress
drop analysis of earthquakes on the Hayward Fault, Northern California, that stress drops of small earthquakes are
correlated with the applied shear stress, but not with rock strength. They also found higher stress drops for
earthquakes around a locked patch than those in creeping sections. For earthquakes around an injection well,
a spatial variation of stress drops is correlated with pore pressure [Goertz-Allmann et al., 2011]. On the other
hand, the correlation of stress drops of aftershocks with large slip patches is still ambiguous: both positive
[Shearer et al., 2006; Allmann and Shearer, 2007; Yamada et al., 2010] and negative [Shearer et al., 2006;
Allmann and Shearer, 2007] correlations have been observed.

This paper studies the spatial and temporal distribution of the stress drops of small earthquakes (Mw 3.0–4.5)
in the Tohoku-oki region before the 2011 Tohoku-oki earthquake and their relationship to the rupture
process of the main shock. Our analysis approach is similar to that recently applied by Oth [2013] to study
earthquake stress drops across Japan, but we focus on the offshore Tohoku region inmore detail. Stress drops
in the Tohoku-oki region were studied a decade ago by Yamashita et al. [2004]; here we examine more recent
data using the borehole seismic network, Hi-net of the National Research Institute of Earth Science and
Disaster Prevention (NIED), Japan. Other relevant studies include those of moderate to large earthquakes that
found that deeper earthquakes have shorter source durations relative to magnitude [Bilek and Lay, 1999;
Bilek et al., 2012] and larger stress drops [Ye et al., 2013] in the Tohoku-oki region. Compared to these studies,
we examine a larger number of smaller earthquakes to obtain a more detailed spatiotemporal description of
stress drop variations, which will help us to resolve spatial variations in fault properties.
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Figure 1. Map of the study area. The circles are epicenters of the earthquakes we study, and their colors indicate depth. The
purple squares are the locations of the seismic stations we use and their areas are proportional to the number of events
recorded. The black contours are every 10m for the slip distribution of the 2011 Tohoku-oki earthquake [Uchide, 2013].
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2. Data

Figure 1 shows the stations and events used in our study. We obtain seismograms from 151 borehole
seismometers of Hi-net [Okada et al., 2004] of NIED. Twenty of these stations that record the most events are
listed in Table 1 and the complete station list is available in the supporting information. We choose
earthquakes shallower than 80 km, over East Aomori-oki, Sanriku-oki, Miyagi-oki, and Fukushima-oki, with
Japan Meteorological Agency (JMA) magnitudes (Mj) of 3.0 to 6.0, from April 2004, using Hi-net data available
online, to 5:45 (UTC) 11 March 2011, 1 min before the 2011 Tohoku-oki earthquake. We limit the event depth,

because we are most interested in interplate
earthquakes, which will be appropriate for comparing
with the 2011 Tohoku-oki earthquake. However,
we initially examine all earthquakes, including
intraplate events, in order to stabilize the analysis by
gathering more earthquakes. We require the
earthquakes to have picked P arrivals from the JMA
Unified Earthquake Catalog at five or more stations,
resulting in 3044 earthquakes for our analysis.

We use 2.56 s windows of the P arrival as well as a
pre-P noise window. We require the average signal
amplitude spectra in 0.5–2Hz, 2–8Hz, and 8–32Hz
passbands to be at least 5 times larger than the noise
spectra. There are 2475 earthquakes that passed
these signal-to-noise ratio criteria.

3. Method

We apply the spectral analysis method described by
Shearer et al. [2006] to this data set. The logarithm
of the observed displacement spectrum, dij(f ), for
event i and station j is written as

dij fð Þ ¼ ei fð Þ þ sj fð Þ þ tk i; jð Þ fð Þ þ rij fð Þ; (1)

where ei, sj, tk(i,j), and rij are the event, station,
traveltime, and residual terms, respectively. The

Table 1. List of Hi-net Stations Used in This Study

Station Name Latitude Longitude # of Events

1 N.SZGH 38.6416 141.4428 924
2 N.TOWH 38.7860 141.3254 758
3 N.KKWH 38.9207 141.6377 744
4 N.KAKH 38.5158 141.3421 735
5 N.YMDH 39.4734 141.9336 696
6 N.RZTH 39.0307 141.5320 680
7 N.KANH 39.6442 141.5977 671
8 N.MKJH 37.4703 140.7227 634
9 N.KMIH 39.2741 141.8233 614
10 N.IWZH 39.8020 141.6520 585
11 N.FSWH 38.8654 141.3512 531
12 N.HTAH 37.2169 140.5703 515
13 N.NGUH 37.1616 140.0930 491
14 N.KMAH 37.6636 140.5974 487
15 N.TROH 39.7435 141.9087 444
16 N.NHWH 40.2611 141.1709 430
17 N.KJSH 40.0861 141.7120 423
18 N.KZMH 39.9398 141.5492 369
19 N.KHEH 40.1533 141.4245 369
20 N.KASH 39.4630 141.6775 369
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Figure 2. Comparison between relative log moment from
the low-frequency average of the event terms and the
moment magnitude from the NIED F-net CMT solutions.
Red circles and lines are the median of the moment
magnitude in 0.1-log-magnitude bins and the regression
line, respectively. The root mean square of the misfit in the
range between 0.0 and 1.0 of the relative log moment is
0.21. The area above unit relative log moment is shaded,
because the seismic moment is poorly estimated from the
2.56 s P wave windows.
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event term includes the relative source
spectrum, the station term includes
the site effect and instrument response,
and the traveltime term includes the
geometrical spreading and anelastic
attenuation. This decomposition is done
separately for each frequency.

Since the event terms only provide
relative moment rate spectra, we need

to calibrate them. For the low-frequency part, we calibrate them in a slightly different way than Shearer
et al. [2006], by using the seismic moment from NIED F-net Centroid Moment Tensor (CMT) solutions.
Since the NIED F-net CMT solutions are available for only 603 of the earthquakes, we obtain a regression
line of the relative seismic moment to the absolute seismic moment using earthquakes with the CMT
solutions, and apply the regression line for all events. The relative seismic moment is calculated from the
logarithmic average of the third, fourth, and fifth lowest frequency points (i.e., 0.78Hz, 1.17Hz, and 1.56Hz,
respectively) of the event term spectra. We fit the relative log moment and the moment magnitude with a line
with a slope of 2/3, following the definition of the moment magnitude:Mw= (2/3)(log10Mo � 9.1), whereMo is
the seismic moment in N m [Kanamori, 1977]. Plots of F-net moment versus our estimated relative moment
(Figure 2) show that our relative moments are unreliable for Mw> 4.5 events, presumably because these large
moments cannot be recovered from a 2.56 s window. We therefore exclude Mw> 4.5 events from further

analysis. We then fit a regression line:Mw ¼ 2=3ð Þ log10eMo þ 3:53, where eMo is the relative seismicmoment. This
regression line is then applied to estimate absolute moment from our relative moment estimates for all of
the events (i.e., not just those with F-net moments).

For higher frequencies, we calibrate the relative source spectra by assuming that the stacked spectra in
0.2-magnitude bins follow the ω� 2 model with a constant stress drop. The displacement spectrum, u(f ), is
written as

u fð Þ ¼ Ω0

1þ f=f cð Þ2 (2)

whereΩ0 is the low-frequency amplitude and fc is the average corner frequency, which is related to the stress
drop, Δσ, assuming a circular crack model [Madariaga, 1976], by

f c ¼ 0:42vs

Mo=Δσð Þ1=3
; (3)

where vs is the shear wave velocity, which in general will depend on the event depth. This study assumes
a 1-D shear wave velocity structure (Table 2) after an average velocity structure [Zhao et al., 1992].

Table 2. ShearWave Velocity Structure After an Average Velocity Structure
[Zhao et al., 1992]

Depth (km) vs (km/s)

0–10 3.25–3.49
10–20 3.49–3.74
20–32 3.74–4.07
32–50 4.41–4.43
50–100 4.43–4.50
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Figure 3. Estimated stress drops versus event depth. The dots and large symbols denote the stress drops of individual
events and the median of the stress drops in 5 km event depth bins, respectively. (a) All results. (b) The stress drop of
earthquakes with NIED F-net CMT solutions. Green and gray colors indicate the interplate and other events, respectively.
We slightly shift the green and gray symbols for the median stress drop in order to avoid symbol overlap.
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The empirical Green’s function (EGF) is then defined as the single calibration spectra, which, when
subtracted from the different binned source spectra, provides the best overall fit to the constant stress
drop model.

For earthquakes with estimated moment magnitudes between 3.1 and 4.4, we estimate the absolute
moment rate spectra using the EGF calibration, fit their corner frequencies with theω� 2 model (equation (2)),
and estimate stress drops by applying the circular crack model (equation (3)).

(a)

(c)

(b)

(d)

Figure 4. Spatial distribution of the stress drops of near-plate small earthquakes. (a) Stress drops of individual events.
(b) Median of stress drops of small earthquakes in a 0.2° grid. Only grids with five or more events are filled. (c) Stress
drop deviation, the ratio of stress drop to the median stress drop in 5 km depth bins. (d) Median of the stress drop
deviation in a 0.2° grid. The 10 m contours in Figures 4b and 4d indicate the slip distribution of the 2011 Tohoku-oki
earthquake [Uchide, 2013]. Only grids with five or more events are filled. The dashed boxes indicate the Miyagi-oki high
stress drop zone.
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4. Results

We succeeded in obtaining the moment rate spectra and estimated stress drops for 1563 earthquakes. In
order to examine large-scale variations of the stress drops in space or time, we take the median of stress
drops in bins, rather than the average, to provide representative stress drops, since themedian is less affected
by outliers. The most obvious spatial variation that we observe is a strong increase in median stress drop with
depth between 30 km and 60 km, although large scatter is observed for single events (Figure 3a). The stress
drops of earthquakes shallower than 30km and deeper than 60 km do not show clear depth dependence.
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Figure 5. Depth and magnitude dependency of the frequency content of the moment rate spectra in (a) 0.5–1 Hz,
(b) 1–2 Hz, (c) 2–4 Hz, (d) 4–8 Hz, (e) 8–16 Hz, and (f ) 16–32 Hz. The small open circles are moment rates of individual
events. The solid circles and bars indicate median values and median absolute deviations, respectively, of logarithms of
the moment rate in 20 km depth and 0.2 magnitude bins.
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Note that these results do not assume a constant rupture velocity with depth; rather we have used shear
velocities from the 1-D velocity-depth model (Table 2) in equation (3) for the stress drop.

Since it is difficult to distinguish interplate and other earthquakes solely from the earthquake catalog
mainly because of uncertainties in the event depths, we classify interplate earthquakes both by event
depth and CMT solutions. First we select 1191 “near-plate” earthquakes within 10 km from the plate
interface model [Nakajima and Hasegawa, 2006; Hirose et al., 2008; Nakajima et al., 2009; Kita et al., 2010].
Then we classify the near-plate events into interplate earthquakes and off-plate events using the F-net
CMT solutions that are available for 524 earthquakes of those we studied. We regard earthquakes as
interplate if their focal mechanism is within 25° of Kagan’s angle [Kagan, 1991] from pure reverse
faulting on the plate interface, i.e., the strike and dip angles from the plate interface, and 90° of the rake
angle. Using this criterion, which is more restrictive than that in Asano et al. [2011], 209 of 524 earthquakes
are defined as interplate earthquakes. Since we do not see any systematic differences between the stress
drops of the interplate earthquakes and the off-plate events (Figure 3b), we do not distinguish them further,
but discuss the entire near-plate population as a whole. It is unclear how many of the small earthquakes

we study occurred on exactly the same fault as the
Tohoku-oki earthquake.

The spatial distributions of the stress drops are
shown in Figure 4. Since we see a clear dependence
of the median stress drop on event depth, to
accentuate lateral variations at similar depths, we
normalize the stress drops by the median stress
drops of earthquakes in 5 km depth bins (Figures 4c
and 4d). In order to clarify the large-scale variations,
we take median values in 0.2° grids that contain
five or more events (Figures 4b and 4d). This reveals
two prominent high stress drop zones: East Aomori-
oki and Miyagi-oki. In contrast, Sanriku-oki is a
moderate or relatively low stress drop zone. The
Miyagi-oki high stress drop zone is located on the
southern rim of the large slip area of the 2011
Tohoku-oki earthquake.

The frequency content of the spectra as a function of
Mw is shown in Figure 5. As expected, amplitude
grows as a function of moment. At lower frequencies,
the amplitudes are identical for different event
depths, because they are directly related to the
seismic moment. At higher frequencies, it is clear that
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the deeper earthquakes radiate more energy
than the shallow earthquakes. This is also indicated
by the depth dependency of the estimated stress
drops, but Figure 5 is a more direct observation of
the higher frequencies radiated by the deep
earthquakes because it does not assume any
particular source model.

The stress drop deviations do not exhibit any clear
temporal trends (Figure 6), including the 2 days
of foreshock activity of the 2011 Tohoku-oki
earthquake (Figure 6b). The absolute value of the
stress drops during the 2 day foreshock period is
relatively low, but this is consistent with their shallow
event depths. Finally, our data set does not show a
clear deviation from magnitude-independent stress
drop (Figure 7). It should be noted that there is large
scatter in stress drop even among nearby events,

which has been seen in other stress drop studies [e.g., Imanishi and Ellsworth, 2006; Shearer et al., 2006]. Some of
this scatter may be attributed to measurement uncertainties and errors, but it is likely that a considerable
component reflects real variations in stress drop caused by heterogeneous prestress and faulting complexity.

5. Discussion

Could the apparent depth dependence of the stress drop be some kind of processing artifact, i.e., can we be
sure that stress drop truly does increase with depth? One possible source of bias is the shear wave velocity.
Inaccuracies in the velocity structure (Table 2) could affect the stress drop estimation, because the estimated
stress drop is inversely proportional to the cube of the shear wave velocity (equation (3)). However, it is very
unlikely that the shear wave velocity errors exceed 25% according to tomography studies [e.g., Zhao et al.,
1992]; thus, uncertainties in velocity cause stress drop errors of less than a factor of 2, much less than the
observed nearly an order of magnitude increase in stress drop with depth. Therefore, it is impossible to explain
the depth dependency of apparent stress drop only from possible inaccuracies of the depth-dependent shear
wave velocity.

Another factor that may bias stress drop estimates is the traveltime terms, because they include a quality
factor (Q) correction that affects the high-frequency falloff in the spectra. Because the station distribution is
one-sided, errors in Q could introduce distance-dependent errors that could cause a depth dependence
of stress drop. We evaluate the accuracy of the traveltime terms by testing whether they are consistent with a
reasonable constant Qp value. We search for the best fitting Qp value that fits the traveltime terms over 2–30 s
in traveltime and 1–16Hz in frequency. The resulting Qp= 620 value fits the traveltime terms very well
(Figure 8). This Qp value is comparable to published attenuation models [Tsumura et al., 2000; Takahashi,
2012]. This suggests the path effect is reasonable and is not biasing the source spectral estimates.

The overall depth dependency of the stress drop was also found by prior studies [Oth, 2013; Ye et al., 2013].
A possible contributor to the depth dependence is that the confining pressure increases with depth
making faults stronger and able to store more shear stress. However, exactly how an increase in absolute
stress relates to stress drop and why the stress drop change would occur mainly between 30 and 60 km
depth (Figure 3) is not clear and warrants further study. The fact that the deeper earthquakes have larger
stress drops is consistent with findings that the deeper earthquakes are richer in high frequencies than
the shallow earthquakes (Figure 5) and have longer durations relative to magnitude [Bilek and Lay, 1999; Bilek
et al., 2012]. This is apparently similar to observations for the radiation behavior of the main shock [e.g., Koper
et al., 2011; Meng et al., 2011; Simons et al., 2011; Wang and Mori, 2011; Yao et al., 2011; Kiser and Ishii, 2012;
Maercklin et al., 2012; Roten et al., 2012; Yao et al., 2012], although the origin of this depth dependence is unclear.
Since high-frequency seismic waves are radiated from spatial variability in rupture velocity [e.g., Spudich
and Frazer, 1984; Pulido and Dalguer, 2009;Uchide et al., 2013], the depth dependency of high-frequency radiation
of small earthquakes may reflect differences in the roughness of fault properties.
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We suggest that the Miyagi-oki high stress drop zone located near the southern edge of the large slip area of
the 2011 Tohoku-oki earthquake (the blue dashed boxes in Figure 4d) is probably relatively strong, since
it has been reported that earthquakes in a locked zone tend to have larger stress drops than those in a
creeping zone [Hardebeck and Aron, 2009]. If so, this zone possibly acted as a barrier during the 2011
Tohoku-oki earthquake. The small earthquakes have only ruptured a small part of this zone, which is likely
recovering strength by healing mechanisms [e.g., Marone, 1998]; therefore this zone is likely still strong.
On the other hand, the Sanriku-oki area showsmoderate stress drops, surrounded by the East Aomori-oki and
Miyagi-oki high stress drop zones, while repeating earthquakes have large stress drops [Uchida et al., 2012].
The seismicity there is relatively low [Ye et al., 2012]. This suggests relatively weak coupling and a weak
fault, but the correspondence of the stress drops of small earthquakes to the slip rate over the study area
[Uchida and Matsuzawa, 2013] is not clear.

The seismic observations, including the spatial distribution of stress drops, the anomalies of the seismic wave
velocity of the hanging plate [Zhao et al., 2011], the plate motion inferred from repeating earthquakes
[Uchida and Matsuzawa, 2013], and the fluctuations of the b value of the magnitude-frequency distribution
just before the main shock [Nanjo et al., 2012], suggest spatial variations of fault properties and provide
clues regarding likely rupture behavior during larger megathrust earthquakes, though the specific relationship
of these observations to the state of the fault is still ambiguous and should be further studied by a variety
of approaches.

6. Conclusions

In order to study the fault properties of the plate interface in theTohoku-oki region and their implications for the
2011 Tohoku-oki earthquake, we investigated small earthquakes (Mw 3.0–4.5) shallower than 80 km before
the 2011 Tohoku-oki earthquake. For earthquakes between 30 and 60 km of depth, stress drops inferred from
source spectra increase strongly with earthquake depth, while those of shallower and deeper earthquakes do
not show clear depth dependency. Stress drops of interplate and off-plate earthquakes classified using CMT
solutions are not systematically different. High stress drop zones are found in East Aomori-oki and Miyagi-oki,
whereas the stress drops are moderate in Sanriku-oki. The Miyagi-oki high stress drop zone is located to the
south of the large slip patch of the 2011 Tohoku-oki earthquake and may have acted as a barrier for the
main shock rupture. The fact that the deeper earthquakes radiate more high frequency energy is apparently
similar to the frequency-dependent radiation in the 2011 Tohoku-oki earthquakes, though the physical
mechanism of these observations should be further investigated. Small earthquakes provide clues to assess
fault properties and the resultant rupture processes of future megathrust events.
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