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SUMMARY
Seismicity around the Hakone volcano was activated just after the arrival of surface waves caused by the 2011 off the
Pacific coast of Tohoku Earthquake. Most of these triggered earthquakes had similar distribution to prior occasional
swarm activities. In order to image electrical properties around such seismic events, we carried out audio-frequency
magnetotelluric (AMT) measurements at 39 sites in December 2011 (Yoshimura et al., 2012). The spatial distribution of
the induction vectors and the phase tensor ellipses suggests that conductive bodies may lie beneath the remarkable
regions around which the seismicity increased abruptly just after the occurrence of the Tohoku Earthquake.
In this study, we conducted 3D modeling of dense AMT/MT data (Yoshimura et al., 2012; Ogawa et al., 2012), to
figure out electrical characteristics around the triggered seismicity. The full components the impedance tensors at 51
sites in total were inverted using the code developed by Siripunvaraporn et al. [2005]. Significant characteristics of the
obtained three-dimensional resistivity model are: (1) the most of the triggered earthquakes, which occurred shallower
than a depth of 4km, seem to align along resistivity structural boundaries; (2) surface conductive blocks, in which there
were very few earthquakes, were observed beneath not only fumarolic areas but geothermal non-active regions.
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INTRODUCTION
After the occurrence of the 2011 off the Pacific coast of
Tohoku Earthquake, at 14:46 JST (5:46 UT) on March
11 with a moment magnitude (Mw) of 9.0, seismic
activities increased in several inland areas (e.g. JMA,
2011). Seismic activity in Hakone volcano, which is
located at the northern end of the Izu-Mariana volcanic
arc in central Japan, was one of the activated areas.
Yukutake et al. (2011) reported that more than 1600
earthquakes were observed in the caldera of Hakone
volcano from March 11 to April 2, and most of these
events occurred at the almost same regions of occasional
swarm-like activities in past years (Yukutake et al.,
2010). Yukutake et al. (2012) re-analyzed seismograms
and determined high-resolution hypocenter locations,
approximately 1800 events, within one month just after
the mainshock of the great Tohoku Earthquake by using
the double-difference method. The distribution of such
activated earthquakes (Figure 1) clearly shows that most
of the epicenters are found along the N-S direction and
converge on several clusters.
In order to reveal the relationship between the
characteristics of the triggered earthquakes and structural

heterogeneity, we carried out audio-frequency
magnetotelluric (AMT) measurements around Hakone
volcano and performed a three-dimensional inversion.
MT DATA
In December 2011, AMT (10,400 – 0.35 Hz) data were
observed at 39 sites in and around the caldera of Hakone
volcano (Yoshimura et al., 2012; Figure 1). In this
campaign, we used five-component AMT instruments
(MTU5A system; Phoenix Geophysics Ltd.). We
calculated MT responses using only nighttime data
(00:00 – 04:00 Local Time), avoiding artificial noises
due to electrical power lines, buildings and leakage
currents from DC electric railways. Additionally, we
applied the remote reference technique for reducing the
noises (Gamble et al., 1979). As additional data, we used
wideband (320Hz – 3,000sec) MT data at 12 sites
obtained by Ogawa et al. (2012). In this study, MT
responses of 51 sites in total were used for threedimensional MT inversions. In spite of careful
treatments for noise reduction, the effects of noise were
still seen on the longer parts of the responses (< 1 Hz) at
the several measurement sites. Thus we determined to
have use of the frequency range from 780 Hz to 1.02 Hz.
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Figure 1. Distribution of earthquake hypocenters
occurred within one month just after the mainshock of
the great Tohoku Earthquake and observation sites of
AMT (Yoshimura et al., 2012) and wideband MT
(Ogawa et al., 2012) indicated as black and blue
triangles, respectively. Plotted earthquakes were
determined by Yukutake et al. (2012), shown as circles
scaled to magnitude and colored to depth. Gray solid and
dashed circles with labels show the remarkable
earthquake clusters.
INDUCTION VECTORS AND PHASE TENSOR
ELLIPSES
Prior to three-dimensional modeling, we carried out the
phase tensor analysis (Caldwell et al., 2004) to see the
tendency of the MT responses. Figure 2 shows spatial
distributions of the phase tensor ellipses and the real part
of the induction vectors (Parkinson’s convention) for
frequency bands of 13.7 and 2.81 Hz. On the higher
frequency, it is clear that the induction vectors point to
the seismic clusters A, B and D, which are indicated in
Figure 1. On the other hand, most of the induction
vectors, which appear in the lower frequency, swing
round to the eastern outer edge of the high seismicity
zone of N-S orientation. Additionally, the principal axes
of the phase tensor ellipses, which are close to the
seismic clusters, are perpendicular or parallel to the outer
boundary of the high seismicity zone.
3D INVERSION MODELING AND RESULTS
The three-dimensional inversion code WSINV3DMT
(Siripunvaraporn et al., 2005) was used in this study. For
this inversion, the full components of the impedance
tensor in 11 periods (320 – 1.02 Hz) at 51 sites were

Figure 2. Spatial distributions of the real induction
vectors (red arrows) and the phase tensor ellipses for
frequency bands of 13.7 and 2.81 Hz are shown. The
induction vectors point towards zones of conductors.
Phase tensor ellipses are shown with their principal axes.
inverted. In several previous three-dimensional inversion
studies, the error floor of the diagonal term was set
higher level than the off-diagonal term as to achieve
good convergence. However, this manner may
undervalue the three-dimensional information included
in the diagonal term. Thus, in this study, we set error
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floors of 5% for both of off-diagonal and diagonal terms
without following cases.

present study enabled us to resolve the fine and lateral
heterogeneous electrical structure.

 Case of one-dimensionality:
λPhaseTensor < 0.1
 Special case of two-dimensionality:
βPhaseTensor < 3° and D*<±5°
D*: angle between model grid and αPhaseTensor

Next, we point out the major features of the obtained
model. Beneath around several geothermal (fumarolic)
areas, conductive blocks which appear at shallow levels
(< 1km) were detected. In spite of the presence of the
seismic clusters below such conductors, there were very
few earthquakes inside the conductive blocks attributed
to hydrothermally altered zone. On the other hand,
shallower conductive zones were also estimated around
geothermal non-active regions just above other seismic
clusters. It is highly probable that these shallower
conductors play the role of cap against upwelling
geothermal fluids.

As the results of the phase tensor analysis (Caldwell et
al., 2004; Bibby et al., 2005) both on site-by-site and
period-by-period basis, we assigned the minimum error
bar to 100% for diagonal terms in the cases of above
situations. Bad quality data were also downweighted by
increasing their error bars. The model space consists of
64(x-)×46(y-)×36(z-direction; including 7 air layers)
blocks. The minimum horizontal size of blocks was
400m ×400m. As initial and prior models, the electrical
resistivities of the blocks situated in land, and land crust,
lake and sea water were set 100 Ωm, 137Ωm and 0.22
Ω m, respectively. The lake and sea blocks, whose
values based on actual measurements, were fixed during
iterations. After 10 iterations, we obtained 1st model and
its RMS misfit reduced from 13.66 (initial model) to
5.94. As the next step, we updated the initial and prior
models using 1st model. Then we obtained an optimal
model whose RMS misfit improved to 3.64.

Another significant aspect is confirmed on the lateral
heterogeneity in the context of the seismicities. The most
of the triggered earthquakes, which occurred shallower
than a depth of 4km, seem to align along edges or areas
just inside the relatively resistive block. Such relatively
resistive block is located beneath around the areas of “E”
and “A” in Figure 1, and its western edge reach the area
of “D”. This result suggests that the lateral heterogeneity
could have controlled the seismicities.
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