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Abstract. High-resolution tomographic images of the crust
and upper mantle in and around the area of the 2011 Iwaki
earthquake (M 7.0) and the Fukushima nuclear power plant
are determined by inverting a large number of high-quality
arrival times with both the finite-frequency and ray tomog-
raphy methods. The Iwaki earthquake and its aftershocks
mainly occurred in a boundary zone with strong variations
in seismic velocity and Poisson’s ratio. Prominent low-
velocity and high Poisson’s ratio zones are revealed under the
Iwaki source area and the Fukushima nuclear power plant,
which may reflect fluids released from the dehydration of
the subducting Pacific slab under Northeast Japan. The 2011
Tohoku-oki earthquake (Mw 9.0) caused static stress transfer
in the overriding Okhotsk plate, resulting in the seismicity
in the Iwaki source area that significantly increased immedi-
ately following the Tohoku-oki mainshock. Our results sug-
gest that the Iwaki earthquake was triggered by the ascend-
ing fluids from the Pacific slab dehydration and the stress
variation induced by the Tohoku-oki mainshock. The simi-
lar structures under the Iwaki source area and the Fukushima
nuclear power plant suggest that the security of the nuclear
power plant site should be strengthened to withstand poten-
tial large earthquakes in the future.

1 Introduction

The subduction of the Pacific plate beneath the Okhotsk plate
causes intense seismicity in the Northeastern (NE) Japan arc.
The great Tohoku-oki earthquake (Mw 9.0) occurred on 11
March 2011 in the NE Japan forearc region and it was the
largest recorded earthquake ever to hit Japan (Fig. 1a). It has
caused large variations in stress field not only near the source

zone but also in regions far away from the epicenter, and so
the seismic activity in the crust of the overriding plate west of
the source area has increased significantly after the Tohoku-
oki mainshock that ruptured the megathrust zone beneath the
Pacific Ocean (Okada et al., 2011).

The Iwaki earthquake (M 7.0) occurred in a previous seis-
micity gap on 11 April 2011 and it was one of the ma-
jor aftershocks following the Tohoku-oki mainshock and the
strongest one hit the Japan land area. This large crustal
earthquake occurred at a depth of 6.4 km and was located
about 200 km southwest of the Tohoku-oki mainshock. It
was caused by normal faulting with some strike-slip com-
ponent along the Idosawa fault (Fig. 1b). About 11-km
long coseismic surface ruptures were recognized along the
Idosawa fault, which are interpreted as a surface mani-
festation of the fault reactivation associated with the nor-
mal faulting event (http://en.wikipedia.org/wiki/April2011
Fukushimaearthquake). This normal-faulting earthquake is
in contrast to the compressional stress regime in NE Japan
and may reflect enhanced extensional stress on the overrid-
ing block induced by the Tohoku-oki mainshock (Ishiyama
et al., 2011). The variations in stress field give rise to high
seismicity in the area where the 2011 Iwaki earthquake took
place. In the area (inset blue box in Fig. 1b), there were only
1215 crustal events recorded by the dense Japanese seismic
network during 3 June 2002 to 11 March 2011, whereas the
number was increased to 24 108 following the Tohoku-oki
mainshock till 27 October 2011, including 23 crustal earth-
quakes with M≥ 5.0 (Fig. 1b).

The disabled Fukushima nuclear power plant (FNPP),
which has suffered major damage from the Tohoku-oki earth-
quake and the subsequent tsunami, is located about 60 km
northeast of the Iwaki earthquake epicenter (Fig. 1). The
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Fig. 1. (a) The surface topography and tectonic setting in and
around the Japan Islands. The black box shows the present study
area enlarged in(b). The purple star represents the great Tohoku-
oki earthquake (Mw 9.0) on 11 March 2011. The red lines show the
major plate boundaries.(b) The present study area. The blue box
shows the area where the 2011 Iwaki earthquake (M 7.0) occurred
and the Fukushima nuclear power plant is located. The open circles
show the relatively large aftershocks (M> 5.0) of the Iwaki earth-
quake. The curved red and black lines denote the active faults. The
grey crosses represent the grid nodes set up for the tomographic in-
version. The red star and square in(b) denote the Iwaki earthquake
epicenter and the Fukushima nuclear power plant (FNPP), respec-
tively. The black triangles indicate the active arc volcanoes.

consequent Fukushima nuclear disaster has captured the
world’s attention and is already influencing the future devel-
opment and usage of nuclear power. It has posed serious
challenges regarding the security, site selection and design
critique of nuclear power plants, especially in seismically
active regions. Because FNPP is located close to the Iwaki
source area, it is necessary and important to investigate the
genesis of the Iwaki earthquake and seismotectonics of the
region.

Seismic tomography is a powerful tool to map out struc-
tural heterogeneities in the crust and upper mantle. The
increased seismicity and the dense seismic network in and
around the Iwaki source area provide us with a valuable data
set for studying the crust and upper mantle structure in this
area, which may improve our understanding of seismotec-
tonics and subduction dynamics. In addition, the results
will provide important information on the FNPP site secu-
rity, which will prove useful for reviewing seismic safety of
the existing nuclear plants and other nuclear facilities on the
Japan Islands.

2 Data and method

In this study, we used a large number of P and S wave
arrival-time data from 6506 earthquakes during a period from
June 2002 to October 2011, which were recorded by the
combined seismic network in Japan (known as the JMA
Unified Catalogue) (Zhao et al., 2011) including the High-
Sensitivity Seismic Network, Japan Meteorological Agency
(JMA) Seismic Network, and the Japan National University
Seismic Network (Fig. 2). These earthquakes were carefully
selected based on the following criteria: (1) all the events
(M > 1.5) were recorded by more than 30 seismic stations;
(2) to keep a uniform distribution of hypocenter locations
and avoid the event clustering, we divide the study area
(the blue box in Fig. 1b) into 3 km× 3 km× 0.75 km blocks
and divide the surrounding region (outside of the blue box)
into 12 km× 12 km× 3 km blocks, and we selected only one
event in each block that was recorded by the maximal number
of stations; (3) both shallow and intermediate-depth events
are selected; (4) the uncertainty in the hypocentral location
is <4.0 km. As a result, 6506 events were selected that were
recorded by 132 seismic stations in the study area (Fig. 2).
These events generated 199 363 P-wave and 184 919 S-wave
arrival times that were used in the tomographic inversions.

To conduct the tomographic inversion, we set up grid
nodes in the study area (Fig. 1b). The horizontal grid interval
is 0.08◦ in the Iwaki earthquake and FNPP area (the blue box
in Fig. 1b) and 0.15◦ in the surrounding region. The vertical
grid interval is 5–10 km in the crust and 20–30 km in the up-
per mantle. Following the previous tomographic studies of
the NE Japan arc (e.g., Zhao et al., 1992, 2011; Huang et
al., 2011), the starting velocity model contains the subduct-
ing Pacific slab that has P and S wave velocities 4 % faster
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Fig. 2. (a–c)Hypocentral distribution of the 6506 earthquakes (gray dots) used in this study. The blue box in(a) indicates the area where
the 2011 M 7.0 Iwaki earthquake (red star) occurred and the Fukushima nuclear power plant (red square) is located. The purple dots denote
the relatively large aftershocks (M> 5.0) of the Iwaki earthquake.(d) Distribution of the 132 seismic stations (black inverse triangle) used
in this study.

than those of the normal mantle, and the depth variations of
the Conrad and Moho discontinuities and the upper bound-
ary of the subducting Pacific slab are taken into account in
the model parameterization.

We employed the ray and finite-frequency tomography
methods (Zhao et al., 1992; Tong et al., 2011) to deter-
mine the 3-D seismic velocity structure in the study area.
Hypocenter parameters and 3-D velocity variations were ob-
tained simultaneously. After the Vp and Vs images were
determined, the Poisson’s ratio (σ) image was determined
using the relation(VP /VS)2

= 2(1−σ)/(1− 2σ) (Zhao et
al., 1996). To obtain a reliable Poisson’s ratio result, it is
important to determine both Vp and Vs structures precisely.
In this work we used nearly the same amount of P and S
wave data in the inversion, and so the ray path coverage is
almost the same for both Vp and Vs models. Therefore the

amplitudes of velocity anomalies are well recovered for both
Vp and Vs structures, which results in a reliable image of
Poisson’s ratio. To show the effectiveness of the two tomo-
graphic methods and make a valid comparison, we adopted
the same grid, data set and damping and smoothing regu-
larizations for both the finite-frequency and ray tomographic
inversions. The optimal damping and smoothing parameters
are determined from detailed analyses of the trade-off be-
tween the data variance reduction and the model smoothness
for both Vp and the Vs models. The optimal regularization
parameters are found to be almost the same for the ray and
finite-frequency inversions. The damping and smoothing pa-
rameters are 5.0 and 0.1 for the Vp inversion, and they are
6.0 and 0.1 for the Vs inversion.
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Fig. 3. Map views of the finite-frequency P-wave tomography in the crust under the Iwaki earthquake and Fukushima nuclear power plant
area. The layer depth is shown below each map. Red and blue colors denote low and high velocities, respectively. The velocity perturbation
(in %) scale is shown at the bottom. The brown lines denote the active faults.

3 Resolution and tomographic results

We made detailed resolution analyses to assess the reliability
of the tomographic results (see Figs. S1–S8 in the auxiliary
material). We also adopted the structural similarity (SSIM)
index defined by Tong et al. (2011) to compare the synthetic
model and the inverted model quantitatively. These results
indicate that our data set can well resolve the 3-D velocity
structure and both the finite-frequency and ray tomography
methods have a similar satisfactory performance in recov-
ering the velocity anomalies (see Table S1 in the auxiliary
material). The 3-D crustal velocity model in the Iwaki earth-
quake and FNPP area was determined reliably with a resolu-
tion of 8–10 km, while in the surrounding area the resolution
scale is 15–30 km in the crust and upper mantle.

Large Vp and Vs variations up to 6 % and Poisson’s ra-
tio (σ) variation of up to 10 % are revealed in the study
area (Figs. 3–5). Map views of the tomographic results in-
dicate that strong lateral heterogeneities exist in the present
study area (Figs. 3 and 4). The Iwaki earthquake and its af-
tershocks mainly occurred in a boundary zone with strong
variations in seismic velocity and Poisson’s ratio (Figs. 3–5).
In the source zone of the 2011 Iwaki earthquake, a promi-
nent low-Vp anomaly exists in the upper crust and it extends
down to the lower crust and uppermost mantle, whereas low-
Vs and high-σ are visible in the lower crust and uppermost
mantle under the hypocenters of the Iwaki mainshock and
major aftershocks (Fig. 5a–f). Interestingly, a low-Vp, low-
Vs and high-σ anomaly exists in the crust beneath FNPP,
and the low-velocity (low-V) zone extends down to the up-
permost mantle (Fig. 5g–i). Low-V anomalies are revealed
clearly in the crust and upper-mantle wedge under the active
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Fig. 4. The same as Fig. 3 but for the finite-frequency S-wave tomography.

arc volcanoes in the study area (Fig. 6), which reflect arc
magmas caused by fluids from the slab dehydration and cor-
ner flow in the mantle wedge (e.g., Hasegawa and Zhao,
1994; Zhao et al., 1992; Huang et al., 2011). Under the
Iwaki hypocenter, a low-Vp zone is visible in the lower crust
and upper-mantle wedge and it extends down to the top of
the subducting Pacific slab (Fig. 6a). A thin, vertical low-V
anomaly exists in the lower crust and upper mantle beneath
FNPP, and the anomaly is connected with the Pacific slab
(Fig. 6b, d).

The overall patterns of velocity variations revealed by
the finite-frequency and ray tomographic inversions are the
same, except that the finite-frequency tomography gener-
ates slightly larger amplitudes of velocity perturbations. The
structural similarity (SSIM) indices between the ray and
finite-frequency models are greater than 93 % for all the
depth levels, which quantitatively demonstrates the consis-
tency of the two models (Table S2).

4 Discussion and conclusions

Following the 2011 Tohoku-oki mainshock, normal-fault-
type aftershocks occurred widely in the overriding plate due
to a tensional stress change caused by the mainshock co-
seismic slip (Asano et al., 2011). A comparison of the fo-
cal mechanisms recorded before and after the 2011 Tohoku-
oki earthquake suggests that the stress field changed abruptly
from horizontal compression to extension in the Iwaki source
area (Kato et al., 2011). Imanishi et al. (2011) estimated
that the E-W extensional stress with a few MPa was exerted
to the study area and argued that the stress changes alone
could not trigger this normal-faulting earthquake sequence.
The Idosawa fault where the Iwaki earthquake occurred is
a pre-existing normal dip-slip fault (http://riodb02.ibase.aist.
go.jp/activefault/indexe.html). An effective mechanism to
weaken the strength of this fault should be considered in dis-
cussing the factors that affected the initiation of the Iwaki
earthquake and its aftershocks. One mechanism of reducing
the fault strength is the existence of crustal fluids.
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Fig. 5. Vertical cross-sections of P wave velocity, S wave velocity, and Poisson’s ratio images obtained with the finite-frequency tomography
method along the lines AB(a–c), CD (d–f) and EF(g–i) as shown on the inset map. The vertical exaggeration is 1:1. Small white dots
denote the events (most are the aftershocks of the Iwaki earthquake) during 11 March 2011 to 27 October 2011, which are located within
8-km width along each profile. The star symbols denote the Iwaki mainshock (M 7.0) hypocenter at 6.4 km depth, while the open circles
show the relatively large Iwaki aftershocks (M> 5.0). The square symbols represent the Fukushima nuclear power plant. The two dashed
lines denote the Conrad and Moho discontinuities. Red color denotes low velocity and high Poisson’s ratio, while blue color represents high
velocity and low Poisson’s ratio. The scales for the velocity and Poisson’s ratio perturbations (in %) are shown at the bottom.
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Fig. 6. Vertical cross-sections of(a, b) P-wave and(c, d) S-wave velocity images obtained with the finite-frequency tomography method
along the profiles AB and CD as shown on the inset map. The vertical exaggeration is 1:1. Small white dots denote the events during 3 June
2002 to 27 October 2011, which are located within 20-km width along each profile. The purple star and square symbols denote the 2011
Iwaki mainshock (M 7.0) hypocenter and the Fukushima nuclear power plant, respectively. The red triangles represent the active volcanoes.
The three dashed lines denote the Conrad and Moho discontinuities and the upper boundary of the subducting Pacific slab. Red and blue
colors denote low and high velocities, respectively. The velocity perturbation (in %) scale is shown at the bottom.

In this work we determined detailed tomographic images
in the Iwaki earthquake and FNPP area using both the finite-
frequency and ray tomography methods. This was achieved
because of the availability of large amount of aftershock data
recorded by the dense seismic network in Japan. The tomo-
graphic results generated by the finite-frequency and ray to-
mography methods are essentially the same, which is quanti-
tatively verified by the SSIM indices. In and around the Iwaki

earthquake area, significant low-V and high-σ anomalies are
revealed in the crust and upper mantle (Figs. 3–6). Because
the Iwaki earthquake occurred in the NE Japan forearc and
about 70 km away from the volcanic front (Fig. 1), the low-V
and high-σ anomaly may not represent arc magma but crustal
fluids that affected the rupture nucleation, similar to the seis-
mogenic process that happened in the source area of the 1995
Kobe earthquake (Zhao et al., 1996, 2010; Salah and Zhao,
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2003; Tong et al., 2011). As the Pacific plate subducts, the
temperature and pressure in the subducting slab gradually in-
crease, causing hydrated minerals within the slab to undergo
dehydration decomposition. This process generates aqueous
fluids which are less dense than the surrounding rock and
so can migrate upward. In the forearc region, the fluids can
move up to the overlying crust. When the fluids enter an ac-
tive fault (such as the Idosawa fault) in the crust, fault-zone
frictions will decrease. This process, together with the ex-
ertion of horizontally extensional stress regime, induced by
the Tohoku-oki mainshock, caused reactivation of the Ido-
sawa normal fault, leading to the 2011 Iwaki earthquake and
its aftershocks. Previous studies have found that crustal flu-
ids were involved in several large crustal earthquakes in the
Japan Islands (e.g., Wang and Zhao, 2006a, b; Gupta et al.,
2009; Zhao et al., 2010; Cheng et al., 2011; Padhy et al.,
2011). It was suggested that fluids also affected the nucle-
ation of large interplate earthquakes in the megathrust zone,
such as the 2011 Tohoku-oki earthquake sequence (Zhao et
al., 2011).

The low-V zones in the uppermost mantle under the vol-
canic front and back-arc areas (Fig. 6) are the manifesta-
tion of mantle diapirs associated with the ascending flow of
subduction-induced convection in the mantle wedge and de-
hydration reactions in the subducting slab (Hasegawa and
Zhao, 1994; Iwamori and Zhao, 2000; Zhao et al., 1992,
2010). In the forearc region, the temperature is low; hence
magma cannot be produced and the low-V and high-σ zones
mainly indicate the existence of fluids. Under the volcanic
front and back arc areas, the gradually increased temperature
and the continuous occurrence of dehydration down to about
200 km depth result in partial melting in the mantle wedge.
The melt and water incorporated into the upwelling flow ei-
ther butt up against the bottom of the crust or penetrate into
the crust. Figure 6 shows a good spatial correlation between
the active arc volcanoes and prominent low-V anomalies im-
mediately beneath, indicating that magma may pass through
along the low-V zones to form the active volcanoes.

Similar to the Iwaki hypocenter, FNPP is also located
above a low-V and high-σ anomaly. Based on the above
discussion, the anomaly under FNPP may be also associated
with the ascending fluids from the subducting Pacific slab.
Compared with the high seismicity in the Iwaki source area
after the Tohoku-oki earthquake, the seismicity in the FNPP
area is relatively low (Fig. 2). The possible reason is that in
the FNPP area, reverse faults exist and the horizontal com-
pressional stress there could amount to∼100 MPa (Iman-
ishi et al., 2011). The static stress transfer induced by the
Tohoku-oki earthquake was estimated to be a few MPa at
most, which is too small to alter the stress regime and in-
crease seismicity in the FNPP area. However, the ascending
fluids have likely reduced the strength of the faults in the
FNPP area, such as the reverse Namie fault (Fig. 1b). The
compressional stress regime is therefore expected to con-
tinue to build up in the overriding plate in NE Japan, which

has potential to cause reactivation of the reverse faults and
therein generate large crustal earthquakes, such as the 2008
Iwate-Miyagi earthquake that occurred about 200 km north
of FNPP (Cheng et al., 2011) and the 2007 Niigata earth-
quake (M 6.8) in the back-arc area of NE Japan (Xia et al.,
2008). Therefore, much attention should be paid to the FNPP
seismic safety in the near future.

Supplementary material related to this
article is available online at:
http://www.solid-earth.net/3/43/2012/
se-3-43-2012-supplement.pdf.
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