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off the Pacific coast of Tohoku earthquake 1
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[1] After the occurrence of the 2011 M,, 9.0 off the Pacific l state in the area of high sliﬁdd:ﬁé to a dynamic overshoot

coast of Tohoku earthquake, an unusual shallow normal- | beyond zero shear stress there, as implied by the occurrence
faulting earthquake sequence occurred near the Pacific | of normal-faulting aftershocks on the plate interface. The
coast at the Ibaraki-Fukushima prefectural border. We have | occurrence of this gigantic earthquake also influenced the
investigated why normal-faulting earthquakes were activated | tectonic stress fields throughout Japan, particularly in north-
| in northeast (NE) Japan, which is otherwise characterized | east Japan. For example, microearthquakes became active in
| by E-W compression. We computed the stress changes | volcanic regions, and several magnitude six or larger earth-
} associated with the mainshock on the basis of a finite fault | quakes occurred inland and off the coast in the Japan Sea
| slip model, which showed that the amount of additional | [Hirose et al., 2011].
| E-W tensional stresses in the study area was up to | MPa, | [3] Among the triggered earthquakes, a particularly
which might be too small to generate normal-faulting | unusual event was a shallow normal-faulting earthquake
| earthquakes in the pre-shock compressional stress regime. | sequence that occurred near the Pacific coast on the Ibaraki-
| We thus determined focal mechanisms of microearthquakes | Fukushima prefectural border, where background seismicity
| that occurred in the area before the mainshock, which | was low before the 2011 Tohoku earthquake (Figure 1). The
| indicated that the pre-shock stress field in the area showed a | sequence was characterized by swarm-like activity and
| normal-faulting stress regime in contrast to the overall | contained an M;7.0 earthquake on April 11 together with 24
| reverse-faulting regime in NE Japan. We concluded that | moderate-magnitude earthquakes (5.0 < M; < 6.4) as of 31
the 2011 Tohoku earthquake triggered the normal-faulting | December 2011. Here, M; is a magnitude determined by the
| earthquake sequence in a limited area in combination with | Japan Meteorological Agency (JMA) [Japan Meteorological
| a locally formed pre-shock normal-faulting stress regime. | Agency, 2004]. The IMA earthquake catalogue defined the
We also explored possible mechanisms for localization | rupture zone as 80 km-long along strike; most of the events
| of a normal-faulting stress field at the Ibaraki-Fukushima | occurred at depths shallower than 15 km. The focal
refectural border.)) Citation: Imanishi, K., R. Ando, and Y. mechanisms of these earthquakes were of normal-faulting
Kuwahara (2012), Unusual shallow normal-faulting earthquake type with roughly E-W or NW-SE extension directions
sequence in compressional northeast Japan activated after the 2011  (Figure 1b). This area has been previously shown to contain
off the Pacific coast of Tohoku earthquake, Geophys. Res. Lett., 39, active strike-slip- and normal-faulting faults; these are the

109306, doi:10.1029/2012GL051491. Itozawa and Yunotake faults, respectively, and are indicated
in Figure la [Research Group for Active Faults of Japan,
1. Introduction 1991]. Field surveys reveal that both faults were ruptured

during the M;7.0 earthquake and that their surface ruptures
[2] The M,, 9.0 off the Pacific coast of Tohoku earthquake  were made up of normal fault scarps with offsets of up to 2 m
(hereafter referred to as “Tohoku earthquake”) occurred on  [e.g., Otsubo et al., 2012]. This extensional feature revealed
March 11, 2011 at 14:46 JST in the western Pacific Ocean, by the normal-fault earthquakes is inconsistent with the
where the Pacific plate is subducting beneath northern Hon-  present-day overall stress field in northeast Japan, which is
shu at a rate of about 9 cm/yr (Figure 1a). This earthquake  characterized by a reverse-faulting regime with E-W com-
ruptured a 450 km-long in the NNE-SSW direction and  pression [Zoback, 1992; Kubo et al., 2002; Townend and
200-km-wide zone; it generated a large tsunami and caused  Zopack, 2006]. In fact, as illustrated in Figure la, the
great damage and loss of life in coastal areas. Inversion E-W compressional feature is indicated by the reverse-
analyses of seismic, geodetic, and tsunami data suggest that  faulting earthquakes approximately 70 km west of the
coseismic slip exceeded 30 m over a wide area [e.g., Fujii  [baraki-Fukushima prefectural border. The E-W compres-
et al, 2011; Loveless and Meade, 2011; Yoshida et al., sjon is also supported by the presence of folds and reverse
2011]. Ide et al. [2011] suggested a reversal of the stress  faults with strikes subparallel to the N-S direction [Research
Group for Active Faults of Japan, 1991].
[4] Kato et al. [2011] inferred that the stress field of the
" Geological Survey of Japan, Tsukuba, Japan, present study area abruptly changed from horizontal com-
pression to extension because trench-normal compressive

Corresponding author: K. Imanishi, Geological Survey of Japan, AIST stress within the overlying plate was reduced after the

Tsukuba Central 7, 1-1-1 Higashi, Tsukuba, Ibaraki 305-8567, J ‘ : .

(ii:la:i(%ni.zgtzo.jp) tgashi, Tsuiba, Tharakd P4 Tohoku earthquake. Although such a drastic change in stress
state could occur in places close to the high-slip patch
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00576/ 27201 2GL 051491 [Hasegawa et al., 2011; Ide et al., 2011], it is unclear why

L09306 1 of 7



L09306
(a) 140 _ 145
o ¢§/\/
38 . Mainshock’
F40°
Pacific
late
P I35°
0 20 40
Slip (m)

S SRS

140°

141°

IMANISHI ET AL.: TRIGGERED NORMAL-FAULTING EQ IN NE JAPAN

L09306

Ibaraki

) SRS

140°

141°

Figure 1. Spatial distribution of NIED F-net moment tensor solutions shallower than 15 km (a) before the 2011 Tohoku
earthquake (January 1, 2000-March 10, 2011) and (b) after the earthquake (March 11-December 31, 2011). Best double cou-
ple solutions with variance reduction of larger than 70 are projected onto the lower hemisphere using the equal-area projec-
tion. Different colors are used to differentiate reverse (green), strike-slip (red), and normal (blue) faulting mechanisms; the
triangle diagram with color scales is shown in Figure la. Orange circles show seismic activity shallower than 15 km based
on the JMA catalogue. Active faults are represented by blue lines. Inset in Figure 1a shows the plate tectonic setting and slip
distribution of the 2011 Tohoku earthquake [Yoshida et al., 2011]. Inset in Figure 1b shows the azimuthal distribution of
T-axes of earthquake focal mechanisms before (green) and after (black) the Tohoku earthquake, where focal mechanisms

before the Tohoku earthquake are shown in Figure 3.

such a mechanism should have operated in the case of this
study area, which is far from the plate boundary and the high-
slip patch.

[5] In this study, we first computed stress changes associ-
ated with the mainshock on the basis of a finite fault slip
model, which shows that the induced stresses alone could not
have triggered this sequence if the area was presently subject
to a reverse-faulting stress regime. We then determined the
pre-shock stress field of the Ibaraki-Fukushima prefectural
border using the focal mechanisms of microearthquakes that
occurred before the 2011 Tohoku earthquake; this reveals
that the area originally represented a normal-faulting regime.
As results, we conclude that the 2011 Tohoku earthquake
triggered the normal-faulting earthquake sequence in a lim-
ited area in combination with a local pre-shock normal-
faulting stress regime. Based on these results, we introduce a
model for localizing a normal-faulting stress field in the
specific region of northeast Japan.

2. Stress Transferred by the 2011 Tohoku
Earthquake

[6] In order to quantitatively investigate whether normal-
faulting type earthquakes were activated by the 2011 Tohoku
earthquake, we computed stress changes due to the main-
shock. Calculations were made in an elastic half-space fol-
lowing Okada [1992]; a shear modulus of 32 GPa and
Poisson’s ratio of 0.25 were assumed. We used the variable
slip model derived from inversion of regional strong motion

waveform data [Yoshida et al., 2011] (inset of Figure 1a), in
which the average rake vector 82.5°, the peak slip reaches 38
m, and the total seismic moment is 3.4 x 10?2 Nm WM, =
9.0). This model is generally consistent with other published
slip models based on teleseismic [e.g., Ide et al., 2011],
geodetic [e.g., Loveless and Meade, 2011], and tsunami data
[e.g., Fujii et al., 2011] where the high slip region is located
near the trench. Figure 2a shows the orientations of the
induced principal stresses at a depth of 8 km. The results
show that the stress changes associated with the 2011
Tohoku earthquake produced normal- and strike-slip-faulting
stress fields over a wide region, including the target area. The
minimum principal stress axes trend approximately E-W.
These results are not unexpected because tensional stress is
caused by the overriding plate being pulled eastward.
Figure 2b shows a map view of the deviatoric minimum
stress (hereafter referred to as “extensional stress™) at a depth
of 8 kmy; it indicates that an extensional stress of up to 1 MPa
was induced at the target area. Although the induced exten-
sional stress clearly favors the activation of normal-fault
earthquakes [Hiratsuka and Sato, 2011; Toda et al., 2011], a
key question is whether the induced stress could overcome a
pre-existing compressional reverse stress state. Much of the
data obtained from deep boreholes suggest that an appropri-
ate reference stress state for an intraplate continental upper
crust is governed by optimally oriented, cohesionless faults
under the conditions of hydrostatic pore pressure and Bye-
rlees’s friction law [e.g., Townend, 2006]. If so, a depth-
averaged differential stress of the upper crust could be
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Figure 2. Stress tensor changes at a depth of 8 km associ-
ated with the 2011 Tohoku earthquake. (a) Orientations of
induced principal stresses, where the bar length is propor-
tional to the projection of the stress orientation on the hori-
zontal component (the bar corresponding to a vertical
direction would have zero length). (b) Map view of exten-
sional stress at a depth of 8 km. The gray curve roughly repre-
sents the area of the normal-faulting earthquake sequence.

comparable to 150 MPa in a reverse fault stress regime,
which is high compared to the induced extensional stress.
Seno [1999] synthesized the principal stresses of Japanese
islands based on ridge push and slab pull forces of the sub-
ducting oceanic plate and force variations across the arc due
to crust/plate structural variation. The estimated differential
stress in Tohoku area is 32—50 MPa, which is also high
compared to our estimate of the induced extensional stress.
We infer that the stress changes alone could not trigger this
sequence if this area was presently subject to a reverse-
faulting stress regime.

3. Stress Field Along the Ibaraki-Fukushima
Prefectural Border Before the 2011 Tohoku
Earthquake

[7] For earthquakes that occurred in the target area before
the 2011 Tohoku earthquake, only one first-motion focal
mechanism solution exists in the JMA catalogue, and none
are in the F-net moment tensor solution catalogue (http://
www.fnet.bosai.go.jp/) by National Research Institute for
Earth Science and Disaster Prevention (NIED). This is
because earthquakes that occurred in the target area were
small in magnitude, so we determined the focal mechanism
solutions of microearthquakes in and around the target area
using the absolute body wave amplitude as well as the P-
wave polarity. The same approach was used in our previous
studies [e.g., Imanishi et al., 2011] and shown to be effective
for small earthquakes, even if the number of P-wave polari-
ties is insufficient.

[8] We analyzed earthquakes occurring before the 2011
Tohoku event with magnitude (M;) larger than 1.5, focal
depths less than 20 km, and at least 8 P-wave polarities. The
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data for this analysis came from the regional high-sensitivity
seismic stations. In total, we obtained 26 focal mechanisms
of earthquakes that occurred between 2003 and 2010.
Figure 3a shows the spatial distributions of the focal
mechanisms in four different depth ranges together with the
seismicity of the normal-faulting earthquake sequence as a
reference. In every depth section, earthquakes located outside
and at the western margin of the sequence (marked “a” in
Figure 3a) are characterized by reverse-faulting, strike-slip
faulting, or a mixture of both components, and the P-axis
trended in the E-W direction approximately. This feature is
consistent with the general tectonic trend in northeast Japan
as described above (see also Figure 1a). In contrast, earth-
quakes located within the source region of the normal-
faulting earthquake sequence (marked “b” in Figure 3a)
exhibit normal-faulting, strike-slip faulting, or a mixture of
both. The spatial distribution of the T-axis azimuth is similar
to that after the Tohoku earthquake; namely a gradual
clockwise rotation of the T-axis from south to north
(Figure 1b). This extensional feature is clearly different from
that of the general tectonic trend in northeast Japan. In the
paper of Kato et al. [2011], only four events all with reverse-
faulting components are shown to represent the stress state in
the source region of the normal-faulting earthquake sequence
before the 2011 Tohoku event. The focal mechanisms of the
same events were determined in this study and certainly
represent reverse-faulting with the P-axis oriented in the
E-W direction (four events marked with “a” at the deepest
depth section in Figure 3a). In contrast to Kato et al. [2011],
we consider these earthquakes to represent stress fields out-
side the source region of the sequence because they were
located near the western margin of the normal-faulting
earthquake sequence at depths deeper than 16 km.

[s] Using the focal mechanism solutions determined in the
present study, we have calculated the stress field in the target
area before the 2011 Tohoku earthquake by applying the
inversion method of Michael [1984]. The actual procedure
we used was the same as that by Imanishi et al. [2011]. Here
we only use the focal mechanisms marked with “b” in
Figure 3a. The results of the stress tensor inversion are shown
in Figure 3b. The 95% confidence regions of the stress
orientations are relatively large because of the small number
of mechanisms available. However, in spite of these large
uncertainties, the stress tensor inversion reveals that the tar-
get area was characterized by a normal-faulting stress regime
with the minimum principal stress S3 oriented in the NW—SE
direction subhorizontally. It should be emphasized that the
pre-Tohoku earthquake stress field in the target area was a
normal-faulting regime, which is an important factor in terms
of the activation of the normal-faulting earthquake sequence.
We conclude that the stress changes associated with the 2011
Tohoku earthquake could have triggered the normal-faulting
earthquake sequence at the Ibaraki-Fukushima prefectural
border in combination with the estimated pre-shock normal-
faulting stress regime.

4. Explanatory Model of a Normal-Faulting Stress
Field in the Study Area

[10] The stress tensor inversion reveals that the pre-
Tohoku earthquake stress field at the Ibaraki-Fukushima
prefectural border was originally under a normal-faulting
stress regime. Generally such an extensional regime is known
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Figure 3. (a) Focal mechanism solutions of microearthquakes determined in the present study that occurred before the 2011
Tohoku earthquake (lower hemisphere, equal-area projection). The same triangle diagram as that of Figure 1 is used to dif-
ferentiate faulting types. A mechanism marked with asterisk is also listed in the JMA catalogue; this is almost the same as that
determined by JMA. The alphabetical letters “a” or “b” denote events which are outside or within the source area of the
normal-faulting earthquake sequence. (b) Stress tensor inversion result. (top) Principal stress axes with their 95% confi-
dence regions plotted on lower hemisphere stereonets. (middle) Misfit angle for the data with respect to the best stress
tensor determined by the stress tensor inversion. Here, the misfit angle represents the angle between the tangential traction
predicted by the best solution and the observed slip direction on each plane determined from the focal mechanism.
(bottom) Histogram of stress ratio ¢ = (S, — S3)/(S; — S;) that belongs to the 95% confidence region.

to exist in high mountain belts such as the Tibetan plateau
and high Andes [e.g., Zoback, 1992], where the mountains
relief and crustal roots (negative Bouguer anomaly) produce
extensional stresses. However, the same mechanism cannot
explain the normal-faulting stress field in the study area
because the altitude (which averages about 500 m above
mean sea level) is much lower than those mountain belts.
Furthermore, the Bouguer anomaly in the area is positive
[Makino et al., 1995], which is opposite to the situation in
high mountain belts. An increase in vertical stress may have
produced a component of normal faulting in the area,
although it was limited to the near-surface region. Instead of
these possible mechanisms, we here present another mecha-
nism that can possibly form a normal-faulting stress field
over a shallow seismogenic zone at the Ibaraki-Fukushima
prefectural border, based on the seismicity distribution pat-
tern and spatial extent of the normal-faulting earthquake
sequence.

[11] Figure 4a shows trench-perpendicular cross-sections
of aftershocks created by the JMA catalogue. Although the
hypocentral accuracy of the JMA catalogue decreases for the
offshore due to the geometry of the land-based seismic

network, the aftershock distribution clearly delineates low-
angle landward-dipping alignments for every cross-section
corresponding to the plate boundary. We also observe low-
angle seaward-dipping alignments, especially for cross-
sections E-E’, which is located above the plate boundary.
Seismic activity in the alignment commenced after the 2011
Tohoku earthquake. The upward extension of the alignment
in cross-section E-E' connects with the area of the normal-
faulting earthquake sequence, which was also identified by
the background seismicity.

[12] The above observations favor the hypothesis that the
alignment represents a weak zone compared to the sur-
rounding region and that a displacement along the alignment
(hereafter referred to as a “branching fault”) occurred during
or shortly after the mainshock. We represent the geometry of
the branching fault as a 60 km x 70 km fault with a strike of
20° and dip of 20° (blue square and line, respectively, in
Figure 4a) based on the seismicity distribution pattern and
spatial extent of the normal-faulting earthquake sequence.
Analysis of the Coulomb stress change (ACFF) indicates that
the low-angle interplate earthquake promote normal-faulting
slip along the branching fault and inhibited reverse-faulting
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Figure 4. (a) Vertical cross-sections of aftershocks (March 11-December 31, 2011) on the basis of the JMA catalogue
(orange circles). Aftershocks with a magnitude greater than 2 are plotted. The locations of each section are shown by green
rectangles on the map. The blue square on the map and line in cross-section E-E' define the geometry of a branching normal
fault. Gray broken lines represent the upper boundary of the subducted Pacific plate [Kita et al., 2010; Nakajima and
Hasegawa, 2006]. Yellow and red stars correspond to the location of the 2011 Tohoku earthquake and the M;7.0 normal-
faulting earthquake on April 11, 2011. (b) Stress tensor changes at a depth of 8 km associated with the normal-faulting slip
along the branching fault. (left) Orientations of induced principal stresses. (right) Map view of extensional stress.

slip, so the rake angle is assumed to be —90°. We calculate
the stress changes due to slip on the branching fault using the
same approach as in section 2. Here, we assume 1 m of slip
on the fault for the sake of convenience in the absence of
information regarding the amount of slip. Figure 4b shows
the computed stress tensor changes at a depth of 8 km. For the
Ibaraki-Fukushima prefectural border, the pattern of the
computed stress field represents a normal-faulting regime,
which is consistent with the observational evidence. The
magnitude of the computed extensional stress is also shown
in Figure 4b, where the extensional stress is localized to the
Ibaraki-Fukushima prefectural border due to stress concen-
tration. This model explains the gradual clockwise rotation of

the tensional axis from south to north, which was observed
both before and after the Tohoku earthquake (see Figure 1b).

[13] Figures 2 and 4b suggest that interplate earthquakes
as well as normal fault displacements along the branching
fault form normal-faulting stress fields at shallow depths over
a wide area. We infer that normal-faulting stress fields will be
more or less cancelled by the E-W compressional stress due
to tectonic loading and that most regions will return to the
regional stress field with time. However, it will take much
longer time for the stress concentration region to return to the
regional stress field. If the induced normal-faulting stress and
tectonic loading stress do not completely cancel each other,
normal-fault stresses at shallow depths accumulate over
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several earthquake cycles. This scenario may explain why a
specific region of northeast Japan is characterized by a
normal-faulting stress field.

[14] The ACFF analysis implies that slip on the branching
fault was closely linked with that on the interplate earth-
quake. Similar normal-faulting also occurred after the 2010
M,, 8.8 Maule megathrust earthquake in south-central Chile
[Farias et al., 2011]. In the present case, there is no direct
evidence to suggest normal fault slip along the branching
fault during the mainshock or large aftershocks, although
earthquakes around the seaward-dipping alignment generally
have normal-faulting mechanisms (NIED F-net moment
tensor solutions). However, we cannot rule out branching
normal fault failure during mainshock faulting because the
source inversion generally retrieves the slip distribution by
assuming a fault geometry and a sense of slip a priori.
Detailed analysis of the entire rupture process of the main-
shock will be part of future work.

5. Discussions and Conclusion

[15] We have demonstrated that stress changes caused by
the 2011 Tohoku earthquake combined with a pre-shock
normal-faulting stress regime could have triggered the nor-
mal-faulting earthquake sequence at the Ibaraki-Fukushima
prefectural border. This contradicts the interpretation of Kato
et al. [2011], who argued that a reversal of stress state
occurred as a result of the Tohoku earthquake. By inverting
focal mechanism data before and after the 2011 Tohoku
earthquake, Yoshida et al. [2012] inferred that stress regime
drastically changed over inland areas of northem Tohoku
together with the present study area. However, more con-
sideration needs to be given to ensure that spatial variations
in stress can be ruled out, because pre- and post-earthquake
stress estimates are not always derived from earthquakes that
occutred at the same location in space as shown in Figure 2 of
Yoshida et al. [2012]. One of the main contributions of this
paper is the demonstration that unless the stress fields before
the Tohoku earthquake is carefully examined some stress
states after the Tohoku earthquake will be misinterpreted as
such temporal changes in stress regime. ‘

[16] If we look at other coastal areas in convergent tectonic
settings, several observations exist that suggest the same
extensional feature as the Ibaraki-Fukushima prefectural
border. For example, Yamamoto et al. [2004] conducted in-
situ stress measurements on the Pacific coast between 39°N
and 40.5°N (the Sanriku area) and found that the area is
characterized by tensional stresses trending N—S or NE-SW.
Neogene deformation in the northern Chilean forearc (21°-
25°S) is known to be dominated by structures indicating
extension in the direction of plate convergence, where
numerous normal faults and open cracks occur both onshore
and offshore [e.g., Loveless et al., 2010]. In the Hikurangi
subduction margin along the Raukumara Peninsula of New
Zealand (37.5°-39.5°S), microearthquakes with a normal-
faulting component occur in the upper crust of the overlying
plate in conjunction with the presence of Neogene exten-
sional structures [e.g., Reyners and McGinty, 1999].

[17] We have explored a possible scenario, the branching
normal fault hypothesis, to explain the localization of a nor-
mal-faulting stress field at the Ibaraki-Fukushima prefectural
border and account for the features of the observed T-axis
distribution. In the Sanriku area, we can also identify
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earthquake clusters above the plate boundary in the back-
ground and post-mainshock seismicity (see cross-section B—
B’ in Figure 4a), although the post-shock seismicity is not as
active as that along cross-section E~E'. The extensional stress
field formed along the coast of the Sanriku area may there-
fore be explained by a stress concentration associated with
past repeated normal-fault slips along a branching fault. A
curvature effect of the subduction plate interface [e.g.,
Hashimoto and Matsu ura, 2006] also provides a mechanism
for producing extensional stresses. Furthermore, the effect of
upper plate bending is a candidate explanation since convex
upward bending can produce large tension locally for the
shallower side of the plate that exceeds horizontal compres-
sion due to subduction [e.g., Turcotte and Schubert, 2002].
The seaward-dipping alignment of the upper plate seismicity
may imply such bending has maximum curvature around the
currently targeted coastal area. Other models have been
proposed to explain the presence of extensional structures,
including long-term extension and uplift caused by subduc-
tion erosion in both northern Chile and the Raukumara Pen-
insula of New Zealand [Reyners and McGinty, 1999; von
Huene et al., 1999] and strains associated with interseismic
locking on the plate boundary in northern Chile [Loveless et
al., 2010]. The distance scales over which extensional stress
actually appears are less than several hundred kilometers,
while some of the mechanisms described above would affect
areas of greater dimensions. It is important to examine further
which model or combination of models is better applicable to
the north Chile and Raukumara Peninsula cases as well as the
current target of the Pacific subduction zone.
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