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Abstract Crustal deformation by the M,, 9.0 megathrust
Tohoku earthquake causes the extension over a wide region
of the Japanese mainland. In addition, a triggered M,, 5.9
East Shizuoka earthquake on March 15 occurred beneath the
south flank, just above the magma system of Mount Fuji. To
access whether these earthquakes might trigger the eruption,
we calculated the stress and pressure changes below Mount
Fuji. Among the three plausible mechanisms of earthquake—
volcano interactions, we calculate the static stress change
around volcano using finite element method, based on the
seismic fault models of Tohoku and East Shizuoka earth-
quakes. Both Japanese mainland and Mount Fuji region are
modeled by seismic tomography result, and the topographic
effect is also included. The differential stress given to Mount
Fuji magma reservoir, which is assumed to be located to be
in the hypocentral area of deep long period earthquakes at
the depth of 15 km, is estimated to be the order of about
0.001-0.01 and 0.1-1 MPa at the boundary region between
magma reservoir and surrounding medium. This pressure
change is about 0.2 % of the lithostatic pressure (367.5 MPa
at 15 km depth), but is enough to trigger an eruptions in case
the magma is ready to erupt. For Mount Fuji, there is no
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evidence so far that these earthquakes and crustal deforma-
tions did reactivate the volcano, considering the seismicity
of deep long period earthquakes.
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Introduction

The relationship between large earthquakes and eruptions
has been widely discussed. In 1835, the Minchinmavida and
Cerro Yanteles volcanoes in Chile erupted within 1 day after
an M,, 8.1 earthquake (Manga and Broadsky 2006). Cordon
Caulle volcano, located 240 km from the megathrust Chile
earthquake (M,, 9.5) in 1960, began to erupt 38 h after; this
was its first eruption in 16 years (Lara et al. 2004). Three
other volcanoes erupted during the following 3 years, one as
far away as 500 km. After the Kamchatka earthquake (M,
9.0) in 1952, six volcanoes erupted in three successive
years, some for the first time in history. Similarly, Karymsky
Volcano and Akademia Nauk Volcano also erupted just
2 days after the 1996 Kamchatka peninsula earthquake
about 10-20 km to the south (Walter 2007). In 1992, a huge
eruption of Pinatubo in the Philippines occurred 11 months
after the M,, 7.8 Luzon earthquake 100 km away (Bautisa et
al. 1996). Recent Sumatra earthquakes in 2004 (M,, 9.3) and
2005 (M,, 8.7) also disturbed the volcanic chains around
Sumatra and the Andaman region (Walter and Amelung
2007). No significant volcanic activity occurred for a few
days after the M,, 9.3 earthquake, except for a mud volcano
in the Andaman Islands (Mellors et al. 2007). However, the
second major earthquake (M,, 8.7) on March 28 triggered an
eruption of the Talang volcano, Krakatoa, within 12 days
(Walter and Amelung 2007). Two days after the M,, 6.7
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aftershock on April 12, 2005, certain abnormal activities of
the Talang and Tangkubuanparahu volcanoes were detected
and small eruptions were observed (Walter and Amelung
2007). Barren Island, India, began to erupt 5 months after
the main shock (Walter and Amelung 2007). Also, subma-
rine volcanoes in the Nicobar Islands became active 1 month
after the main shock (Walter and Amelung 2007).

The last eruption of Mount Fuji, Japan, in 1707, was also
considered to have relation with a major thrust earthquake in
this area (Koyama 2002, 2007). In 1704, 3 years before the
1707 eruption, seismic swarms were observed 35 days after
the Genroku Kanto earthquake (M, 8.1) occurred 100 km to
the east, but no eruption occurred. Historical records indicate
local seismic swarms around Mount Fuji and the Hoei Tokai-
Nankai earthquake (M,, 8.6) in September 1707, occurring
200 km to the southwest on October 28. Beginning on De-
cember 3, seismic swarms were observed several times per
day and dozens of earthquakes were felt from December 15;
Mount Fuji then began to erupt, and earthquakes were also
associated with the eruption from December 16.

Some conceptual models relating earthquakes and volca-
nic eruption have been proposed. If the stress and strain
around the volcanic system increases due to an earthquake,
magma is squeezed and goes up through the fractures, and
this may lead to an eruption (e.g., Nakamura 1977; Nostro et
al. 1998). However, a decrease in stress and strain field
around the magma system can also disturb the magma
activity. When the pressure in the magma is reduced, bubble
formation is promoted. The expansion of a magma chamber
may rupture the surrounding rock and make cracks, through
which magma can migrate upward (e.g., Marzocchi et al.
1993; Hill et al. 1993; Linde et al. 1994). In addition, the
expanding stress field around the magma system also pro-
motes to create more paths for magma, allowing it to rise
more easily than before. Stress changes caused by large
earthquakes can be categorized into three models (Hill et
al. 2002): static stress change, quasistatic stress change, and
dynamic stress change. Static stress change can be evaluated
as the difference between the pre-earthquake and post-
earthquake stress fields. This stress change is produced by
the dislocation of a seismic fault but is effective only in the
region close to the fault, since the magnitude of stress
change attenuates by 1/, where 7 is the distance from the
earthquake fault. Quasistatic stress change is caused by the
viscoelastic relaxation of the lower crusts and the upper
mantle around the earthquake fault. The lag time preceding
an eruption due to static and quasistatic mechanisms is on
the order of months to years. Dynamic stress change is
related to seismic waves, which attenuate by /7%, or to
surface seismic waves, which attenuate by 1/ The lag time
is minutes to hours. Seismic waves can create new bubbles
by pressure perturbation to excite volcanic eruption (e.g.,
Walter et al. 2009). The critical excess pressure to create
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Fig. 1 Epicenters of earthquakes triggered by the Tohoku megathrust
earthquake. The fault region of the Tohoku megathrust earthquake is
500x200 km, and Mount Fuji is located 200 km to the southwest. The
M,, 5.9 East Shizuoka earthquake occurred on March 15, 2011, 4 days
after the Tohoku megathrust earthquake

new seeds of bubbles is estimated to exceed 100 MPa for
homogeneous creation and a few 1 MPa for heterogeneous
creation (Navon and Lyakhovsky 1998). This mechanism
also depends highly on the state of the magma. Sumita and
Manga (2008) studied the rheological characteristics of sus-
pensions subject to seismic wave perturbation and the pos-
sibility of volcanic eruptions being triggered. From another

Table 1 Fault parameters of the Tohoku and East Shizuoka earth-
quakes. Parameters for the Tohoku earthquake are from Ozawa et al.
(2011). Those for the East Shizuoka earthquake were obtained by
inversions from GPS and tiltmeter data from the GEONET and NIED
networks, applying the method of Ueda et al. (2005)

Parameters Tohoku 1 Tohoku 2 East Shizuoka
Latitude 38.80 N 3733 N 353161 N
Longitude 144.00 E 142.80 E 138.7130 E
Depth (top), km 5.1 17 7

Length, km 186 194 6

Width, km 129 88 8

Strike, degrees 203 203 24

Dip, degrees 16 15 80

Rake, degrees 101 83 20
Dislocation, m 24.7 6.1 0.86
Magnitude 8.8 8.3 6.0
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point of view, Linde and Sacks (1998) and Manga and
Broadsky (2006) present a statistical evaluation of the rela-
tion between earthquakes and volcanic eruptions.

Characteristics of Tohoku megathrust and East
Shizuoka earthquakes

On March 11, 2011, the Tohoku megathrust earthquake M,,
9.0 (also called the Off the Pacific Coast of Tohoku earth-
quake) in Japan ruptured an area as large as 500200 km?
along the subduction zone of the Pacific plate (Asano et al.

2011) and disturbed the tectonic field of a wide area of the
eastern Japanese mainland (Fig. 1). In addition, ground defor-
mation caused by the Tohoku earthquake triggered numerous
aftershocks and triggered earthquakes (e.g., the North Nagano
earthquake (M,, 6.3), the off-Akita earthquake (,, 6.2) on
March 12, and the North Ibaraki earthquake (44, 5.8) on
March 19; Toda et al. 2011). The seismicity at about 20
volcanoes in Japan increased shortly after this megathrust
earthquake, but no eruptions occurred (Japan Meteorological
Agency 2011). Mount Fuji also exhibited the increase of
local volcano—tectonic earthquakes and a triggered earth-
quake occurred, the East Shizuoka earthquake M,, 5.9 on

Fig. 2 Seismicity around 35.6° 356
Mount Fuji in 2010 and 2011.
Red circles hypocenters of DLP
events, blue circles tectonic
earthquakes. The East Shizuoka
earthquake (March 15, 2011) 355" LAY 355
occurred on the south flank of
Mount Fuji at a depth of 12 km.
DLP activity was spasmodic
and did not change significantly
even after the East Shizuoka 35.4° 354
earthquake. Remote aftershocks
were recorded in the AS region
(dashed circle)
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March 15, 4 days after the Tohoku megathrust earthquake,
beneath the south flank of Mount Fuji, located 300 km
southwest of the southern edge of the megathrust fault.
This earthquake was caused by brittle failure inside the
Eurasian plate, where many tectonic (i.e., not volcanic)
earthquakes (less than M,, 2) had been observed. The
hypocenter of this earthquake is very close to the magmatic
system of Mount Fuji, so it is feared that Mount Fuji may
start to erupt. But there have been no clear such signals
suggesting the triggering of volcanic activity on Mount Fuji
as increasing deep long-period earthquakes and crustal
deformations 1 year after the earthquake.

Mount Fuji is located above a complex area where the
Pacific and Philippine Sea Plates (PHS) subduct beneath
the Eurasian plate. Many reports discuss the distribution
of the three plates’ boundaries; however, the detailed
structure of the plates and the magma system around
Mount Fuji is still unclear (e.g., Nishimura et al. 2007).
Historical eruptive craters are aligned NW-SE passing
the summit, due to the maximum principal tectonic stress
in this direction (Nakamura 1977). No eruptions have
occurred since 1707, but an abnormal increase in deep

long period (DLP) events occurred in 2000 and 2001,
shortly after the 2000 Miyakejima volcano eruption and
numerous crustal deformations around the Izu—Bonin vol-
canoes 100 km to the southeast (Ukawa 2005). After this
seismic swarm, we recorded no specific seismic or geo-
detic activity up to 2011.

This study evaluates the disturbance of the Mount Fuji
magma system caused by the Tohoku and East Shizuoka
earthquakes, and discusses possible mechanisms leading
to an eruption of Mount Fuji. Among the proposed
mechanisms relating earthquakes and volcanic eruptions,
we will focus on static stress changes in this paper as a
first step, since our analysis will concentrate on mid-
long-term effects and evaluate the possibility of volcanic
eruption in future. Static—stress change can cause the
change of magma condition and such a succeeding state
changes like bubbling due to depressurization may occur
with some time delays and this may be related the
eruption. The complex rupture propagation occurring
along the fault has also been considered recently by,
e.g., Simons et al. (2011) and Koketsu et al. (2011),
and we briefly consider this fault model in Appendix.

- 355

-35.3°

!
15 20 25 30

352° | @° NIED m3075]
, ® GEONET(GS!) 4
9.
oF T T T
5| horizontal displacemen

— obs. 1cm

- 0 KT (kD)
° epth (km
g

— o3

Eql = cal. 1cm

4

Sis| °

°a o

820t
25
30 | o |
138.5° 138.6° 138.7° 138.8°

Fig. 3 Inversion result of the source fault of the East Shizuoka earth-
quake. We estimated the dislocation of an 86 c¢cm fault source of 6x
6 km fault with a strike of N24E, depth of 7 km, dip of 80, and rake of
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In addition, our study has not yet considered the post-
seismic crustal deformation (Marzocchi et al. 2003). This
viscoelastic deformation in longer time scale would produce
stress concentration around the boundary of crust and mag-
ma system and this may lead to an eruption.

Modeling procedures

We evaluate static crustal stress change due to earth-
quakes around a volcanic system in two steps. First, we
identify the seismic fault parameters of the earthquakes
by inverting the observation data. Second, we calculate
the stress perturbations on a magmatic system using the
finite element method.

Seismic fault parameters of Tohoku and East Shizuoka
earthquakes

The fault parameters of the Tohoku megathrust earth-
quake were estimated by Ozawa et al. (2011) using the
Japan-wide Global Positioning System (GPS) network,
GEO-NET (Table 1). To evaluate stress changes around
the Mount Fuji region by finite element method (FEM),
we apply these fault parameters in the next section.

To determine source fault of the East Shizuoka earth-
quake, we performed an inversion analysis of the
ground deformation data from GPS and tiltmeters using
the generic algorithm method (Ueda et al. 2005). We
determined the best-fit fault model to be almost strike-
slip with some reverse components, located a few kilo-
meters south of the summit trending from depths of 7—
12 km (Figs. 2 and 3). The dislocation was 86 cm
toward the NNE with a strike of 24°, dip of 80°, and
rake of 20° (Table 1). Aftershocks of the East Shizuoka
earthquake also occurred along this fault.

FEM modeling

We defined two areas to numerically simulate crustal defor-
mation, i.e., the wide Japan area of 1,826 km EW x2,000 km
NS and 400 km UD divided into 100% 120% 30 meshes, and
the local Fuji area of 40 km EW x40 km NSx40 km UD
area is divided into 56x56 x50 meshes. The EW, NS, and
bottom boundaries of the wide Japan area are replaced by
“infinite elements” to remove the effect of reflection by
boundaries (Han and Wu 1985; Wolf and Song 1996). The
horizontal and bottom boundaries of the Fuji area are
assigned to connect the calculated results for a wide area
at each node. We also include the effect of topography and
the seismic velocity structure discussed by Matsubara et al.

(2008). From the result of seismic tomography, we obtain
Vp and Vs at each element. The density p can be estimated from
Vp through the empirical equation by Birch (1961), derived
from the laboratory experiments. The elastic moduli and Poisson
ratios at each element can be also calculated by Vp, Vs, and p.
Loading is calculated at the seismic-fault elements, but gravity is
not considered. The quantitative effects of the topography and
heterogeneity of the crust are given in the Appendix.

displacement EW(x)

| T T T T T m
0 10 20

Gmax

RETERTIRTINNR ARRRAAR RN ARARTRRARETED
0.04 04 0.8 1 2 20 MPa

Fig. 4 Displacements EW(x) and maximum principal stress op,,x due
to the Tohoku earthquake as calculated by the finite element method.
The lines suggest the direction of maximum principal stress. The
source fault parameters are based on the inversion result of Ozawa et
al. (2011). The Mount Fuji region is indicated as a square in the central
part of the figure. The unit for the displacement (stress) is meter (Mega
Pascal)
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Fig. 5 a Displacements of EW
(x), NS(y), and UD(z)
components around Mount Fuji
as calculated by the finite
element method for the Tohoku,
East Shizuoka earthquakes, and
for the sum of the two
earthquakes. The seismic wave
velocity structure around the
Mount Fuji region is based on
Nakamichi et al. (2007) and we
assume a spherical magma
reservoir whose center is 1.4 km
NE of the summit at a depth of
15 km with a radius of 3,000 m,
where the upper part of DLP
event hypocenters region is
located. In b, the maximum and
minimum principal stresses and
the differential stresses are
depicted. The /ines in the oy
and o,,;, distributions indicate
their directions. Those in og;¢
indicate the o, directions. The
unit for the displacement (stress)
are meters (megapascal). In ¢, the
average stress, equal to (o +
Omid T Omin)/3 and volumetric
strain are depicted. The dashed
circles indicate the region of
magma reservoir
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Fig. 5 (continued)

As for the magma properties in the subsurface volcanic
plumbing system of Mount Fuji, Nakamichi et al. (2007)
indicates a low Vp (P wave velocity), low Vs (S wave
velocity), and low Vp/Vs anomaly at depths of 7-17 km;
and a low Vp, low Vs, and high Vp/Vs anomaly at depths of
15-25 km. The former suggests the existence of supercriti-
cal volatile fluids (H,0 and CO,) and the latter suggests the
accumulation of basaltic melts. Based on these facts, we
assume a simple spherical magma reservoir 1.4 km north-
east of the summit of Mount Fuji, with a center depth of
15 km below sea level and a radius of 3,000 m,
corresponding to the source region of DLP events. This is
an assumption of the depth that gives the maximum effect to
the magma reservoir and the sensitivity of the depth is
discussed in Appendix. The Poisson’s ratio in this magma
region is estimated as 0.24 based on the inversion result of
Vp/Vs=1.7 in the DLP area of Mount Fuji by Nakamichi et

Tohoku eq.

Ave. Stress Volumetric strain
[0.04MPa 2e-6
-0 0
-0.04 -2e-6

East-Shizuoka eq.

0.5MPa

-0.5

Total

2e-5

-2e-5

al. (2007). We applied these settings to calculate stress and
displacement changes using FEM code, Advance/FrontSTR
(Kikuchi and Dong 2011; Toda 2011), and visualized the
numerical results using Paraview (www.paraview.org).

Results of numerical simulation

Figure 4 depicts the calculated EW displacement and max-
imum principal stress change due to the Tohoku earthquake
over the entire Japanese mainland. These results are consis-
tent with the observations and analysis of Ozawa et al.
(2011). The Mount Fuji area is depicted as a square in the
bottom part. Figure 5a presents the calculated distributions
of displacements around Mount Fuji for the Tohoku, East
Shizuoka earthquake, and the total displacements of two
earthquakes. The displacement due to the Tohoku
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Fig. 6 Displacement and
maximum principal stress opax
vectors inside the magma
reservoir in response to Tohoku
and East Shizuoka earthquakes.
The color indicates the
magnitude of o, and the
length of the vector corresponds
to the magnitude of
displacement in the top plates

-/

20000

10000

earthquake (Fig. 5a, top) is about 0.1 m EW(x), 0.02 m NS
(y), and 0.01 m UD(z); the eastward movement is thus
significant. For the East Shizuoka earthquake (Fig. 5a, mid-
dle), the fault is depicted as a square located just above a
spherical reservoir. The EW(x) and NS(y) displacement
patterns are coincident with the observation in Fig. 3. The
UD(z) displacement suggests that the surface of the assumed
spherical reservoir elevates more than 0.01 m in the western
part and lowers less than 0.01 m in the eastern part.
Figure 5a, bottom, indicates the sum of the displacements
caused by the two earthquakes, but it is noted that we
calculate only static stress change and do not consider
temporal changes by post-seismic crustal deformation.
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Figure 5b lists the maximum (0,,y), minimum (0 ,;,) prin-
cipal stresses, and the differential stress (og4;) in the left,
middle and right columns, respectively, for the Tohoku and
East Shizuoka earthquakes as well as the total change. The
distribution of the differential stress suggests where a frac-
ture is likely to occur. For Tohoku earthquake, the axis of
Omax 18 iIn NE-SW direction and the significant oy of the
order of 0.1 MPa are identified at the top and bottom (a little
bit east) boundary of the assumed spherical magma reser-
voir. For the East Shizuoka earthquake, the seismic fault is
located to the southwest above the magma reservoir and the
upper hemisphere feels the og;r as large as 1.6 MPa in
maximum. This suggests that the fault movement of the
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Fig. 7 Seismicity around 35.6°

Mount Fuji from 1996 to 2011.
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East Shizuoka earthquake pushed down the upper part of the
magma reservoir. The total effect is mainly governed by the
East Shizuoka earthquake. Figure 5c summarizes the aver-
age stress, equal t0 (0max + Omid T Omin)/3, and volumetric
strain. The signs of positive average stress and volumetric
strain correspond to the stress from inside to outside and
expansive strain, respectively. The stress changes inside the
magma reservoir are in the order of 0.01 MPa, which is also
identified in Fig. 10 of Appendix, and the significant stress
disturbance is concentrated at the boundary between magma
reservoir and the surrounding medium.

In addition, we will evaluate the stress changes in magma
reservoir. We assume a spherical magma reservoir with

Poisson’s ratio of 0.24. In Fig. 6, we plot the vectors of
displacement and o0,,x changes inside the magma reservoir
caused by Tohoku and East Shizuoka earthquakes. For
Tohoku earthquake, all portions are almost uniformly pulled
toward east. For East Shizuoka earthquake, the distributions of
vectors are more complicated. The deformation is significant
in the upper hemisphere, and the eastern hemisphere expands
toward east and the western hemisphere moved upward. So
the deformation and perturbation are not uniform and depend
on the position in and surface of the magma reservoir. Total
volume change of the magma reservoir is about 0.05 and
—0.05 m® for Tohoku and East Shizuoka earthquake, respec-
tively, almost negligible. However, the deformation within the

@ Springer
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magma reservoir |0.002MPa
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Fig. 8 Stress change due to the seismic swarm and ground deforma-
tion off the Izu peninsula in 2000. The source fault parameters are from
Nishimura et al. (2001)

magma region is heterogeneous, and hence local vol-
ume changes might still play a role in triggering an
eruption.

displacement x
displacement y
displacement z

0.01

20 0 o
depth, km

Fig. 9 Sensitivity of FEM numerically simulated crustal deformation on the
heterogeneity and topography. The lefi plate illustrates the distribution of
displacement and stress for a homogeneous medium with no topography; the
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Discussion

We obtained stress changes of 0.001-1 MPa caused by the
Tohoku and East Shizuoka earthquakes on the magma
system beneath Mount Fuji, and these stress perturbations
are concentrated at the boundaries between magma reser-
voir and surrounding elastic medium. Our interest is in
whether these disturbances are sufficient to excite the
magma and trigger an eruption. Here, we consider two
kinds of processes leading to an eruption. The first pro-
cess is the promotion of bubbling due to depressurization.
Expansive crustal deformation reduces the magma pres-
sure. This depressurization process promotes exsolving of
volatile components like H,O and CO, from liquid phase
into gas phase, and thus the total gas volume increases
(Papale and Polacci 1999; Hill and Prejean 2005; Liu et
al. 2005; Wallece 2005; Walter and Amelung 2007). If the
magma reservoir is a closed system and is too hard to
expand further or to fracture the surroundings, the gas

displacement x
displacement y
displacement z

2 0 o
depth, km
right plates illustrate that for a heterogeneous medium with topography. In
the figure, displacements 0, 1, and 2 correspond to the EW, NS, and UD
components, and e is equal to the sum of oy, oyy, and o,
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component changes back into liquid phase again due to
the increase of pressure, that is, this will be a negative
feedback cycle. In contrast, if the magma plumbing sys-
tem is open or has weak walls that are easily expanded or
fractured, the increased pressure makes paths for the mag-
ma to migrate, and thus the pressure of the magma will be
further reduced, and bubbling is accelerated. This is a
positive feedback process. The second process involves
the stress change in the surrounding rocks. Cracks and/or
faults close to the magma system would be unstable due
to stress perturbation; this is easy to occur when oyg;s is
large. These failures can become paths through which
magma flows up to trigger an eruption. The lag times
between earthquakes and volcanic eruptions may reflect
the delays due to these successive processes.

The static stress change caused by the East Shizuoka
earthquake was on the order of 0.1-1 MPa at the boundary
of magma reservoir, and this is sufficient to trigger earth-
quakes (Walter et al. 2007, 2009). The lithostatic pressure at
the depth of 15 km is about 367.5 MPa; therefore, the
perturbation of 1 MPa is only about 0.2 %. So the more

important point is whether the magma has enough potential
to erupt or not. We have not yet confident measures to
evaluate the eruptive potential of subsurface magma, but
the activity of DLP events and some ground deformation
are the key observations. A scenario to trigger an eruption is
possible when the magma is ready to erupt. The stress
change at the boundary may trigger brittle failures, creating
paths through which magma can rise, and if the magma gets
enough buoyancy to arrive at the ground surface, an erup-
tion will occur. The static stress change of the main Tohoku
earthquake is estimated to have been on the order of 0.001—
0.01 MPa. This is less than the magnitude required to break
new faults but could trigger some perturbation in unstable
faults or in the hydrothermal and magmatic systems.

It is considered that a DLP event suggests the subsurface
migration of magma, and thus is an important signal for
capturing abnormal volcanic activity. As mentioned previ-
ously, no eruptions of Mount Fuji have occurred since 1707,
however, subsurface magmatic activity has been indicated by
DLP events (Ukawa 2005). Figure 7 presents the seismic
activity around Mount Fuji from 1996 to 2011. In 2000 and
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2001, Mount Fuji experienced enormous DLP swarms. They
began in August 2000, 2 months after the Miyakejima volcano
eruption and consisted of five M,, 6 earthquakes, 36 M,, 5, and
550 M,, 4 earthquakes in 2 months, 160 km south of Mount
Fuji. Nishimura et al. (2001) obtained seismic and aseismic
sources of this crustal deformation caused by magma migra-
tion in the northern Izu Islands. Based on their parameters, we
calculated disturbances of the Mount Fuji magma system by
FEM (Fig. 8). The estimated stress change is on the order of
10~*MPa, which is only 0.01 of that due to the East Shizuoka
earthquake, and this stress change is considered to be too
small to trigger an eruption.

Here, it is again noted that, in total, 400 DLP events
occurred in 2000 and 2001, and that this is more than the
number that occurred during the 20 years from 1980 to 1999.
The coupling between the Mount Fuji magmatic system and
the PHS is important in analyzing the magmatism of Mount
Fuji. Melt generation is linked with the subduction of PHS in
view of water supply rate (Turner et al. 2000). This is origi-
nated in fluid release from subducting oceanic crust into
mantle wedge, as well as the remelting of subducted

sediments toward subduction zones. But this time range is
from hundreds kyr (thousand years) to myr (million years), so
we infer that the stress change caused by the perturbation of
PHS subduction disturbs the pre-existing magma located from
upper boundary of PHS toward Moho discontinuity beneath
Mount Fuji. The increase of DLP events in 2000 and 2001
may reflect this perturbation. However, in 2011, the distur-
bances caused by the Tohoku and the East Shizuoka earth-
quakes were not directly related to PHS subduction or DLP
events. The DLP seismicity shows no significant differences
bounding Tohoku and East Shizuoka earthquakes, regardless
of the static stress changes we calculated. Therefore, there is
no evidence of reactivation and Mount Fuji is not close to
being ready to erupt at this moment.

Conclusions
The Tohoku megathrust earthquake and its triggered M,, 5.9

East Shizuoka earthquake beneath Mount Fuji imposed
significant perturbations on the magma plumbing system.

displacement EW(x)
0 10 20 m

Fig. 11 Disturbance by Tohoku earthquake calculated by the fault
model of Koketsu et al. (2011), obtained by joint inversion of tele-
seismic, strong motion, geodetic and Tsunami data. The fault plane is
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divided into 80 segments with individual displacement. The distur-
bance around Mount Fuji is not significantly different from those by
the fault model of Ozawa et al. (2011) in Figs. 3 and 4
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The deformation of the magma system is calculated
based on finite-element modeling of the Japanese main-
land and the Mount Fuji region based on the seismic
tomography and fault parameters of the Tohoku and
East Shizuoka earthquakes. The stress changes at the
magma reservoir were extensive: on the order of
0.001-0.01 MPa for the Tohoku earthquake and of
0.1-1 MPa for the East Shizuoka earthquake. These
static stress changes are sufficient to promote new frac-
tures at the wall of magma reservoir and magma injec-
tion, however, the magma beneath Mount Fuji does not
seem to have enough potential to erupt at this moment.
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Appendix: sensitivity of simulation results

Our numerical simulation using FEM depends on the
assumptions underlying the model. In our analysis, we use
seismic fault parameters derived from the inversion of the
observation data and the physical properties of the crust and
magma are based on the results of seismic tomography. This
appendix briefly discusses the sensitivity of our numerical
simulation results with respect to three points: (1) the het-
erogeneity and topography of the crust, (2) the depth of
magma reservoir, and (3) the fault model of Tohoku
earthquake.

The heterogeneity and topography of the crust

Figure 9 presents examples of simulations of crustal defor-
mation for a homogeneous medium with a no-topography
model and for a heterogeneous medium with a topography
model. The displacements and stress (in the figure we depict
the trace of the stress tensor) suggest different profiles. For
example, the peak of EW(x) displacement in the
homogeneous-no-topography model is about 0.018 m,
whereas that in the heterogeneous topography model is
about 0.014 m. The estimated stress changes are on the
same order, but the stress trace in the homogenous model
has a peak of 0.16 MPa, while that in the heterogeneous model
is about 0.06 MPa, less than half of the former case. Therefore,
it is better to include the heterogeneity and the actual topog-
raphy, though we can discuss the order of the stress changes in
spite of the ambiguity of the crustal structure.

The depth of magma reservoir

The magma plumbing system beneath Mount Fuji is not
clear but we assume it from hypocenter distribution and
seismic tomography results. One of the most important
factors is the depth of the magma reservoir, so we evaluate
how the stress field depends on it. Figure 10 shows the EW
cross section of og;r distribution by East Shizuoka earth-
quake beneath the summit (left) and the vertical distribution
of stress components passing the center of magma reservoir
(right). We assume two depths of magma reservoir as (a)
15 km and (b) 20 km. The red dashed circles correspond to
the boundary of magma reservoir and it is noted that the ;¢
takes the maximum above the reservoir about (a) 1.35 MPa
and (b) 1.28 MPa, respectively. Thus, the stress given to the
magma system is effective to its depth.

The fault model of Tohoku megathrust earthquake

For the evaluation of stress field change due to Tohoku
earthquake, we applied the fault model by Ozawa et al.
(2011), which is inverted by the GPS data and the displace-
ments are constant on each of two major faults. Recent
analysis by Simons et al. (2011) suggests detail slip distri-
butions on the fault. Similarly, Koketsu et al. (2011)
reported a fault model obtained by joint inversion of tele-
seismic, strong motion, geodetic and Tsunami data. In their
model, the fault region is divided into 80 segments with
individual displacement. As in Fig. 11, the Tohoku area has
different displacement and stress distributions from those
obtained as in Fig. 4 by Ozawa et al. (2011), but the stress
distribution around Mount Fuji region has no significant
difference, comparing Fig. 11 bottom with Fig. 5 top, since
Mount Fuji is distant enough from Tohoku region.
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