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Abstract

We discuss elastostatic effects on Mt. Fuji, the tallest volcano in Japan, due to historic earthquakes in Japan. The 1707
Hoei eruption, which was the most explosive historic eruption of Mt. Fuji, occurred 49 days after the Hoei earthquake
(Mw 8.7) along the Nankai Trough. It was previously suggested that the Hoei earthquake induced compression of a
basaltic magma reservoir and unclamping of a dike-intruded region at depth, possibly triggering magma mixing and
the subsequent Plinian eruption. Here, we show that the 1707 Hoei earthquake was a special case of induced
volumetric strain and normal stress changes around the magma reservoir and pathway of Mt. Fuji. The 2011 Tohoku
earthquake (Mw 9), along the Japan Trench, dilated the magma reservoir. It has been proposed that dilation of a
magma reservoir drives the ascent of gas bubbles with magma and further depressurization, leading to a volcanic
eruption. In fact, seismicity notably increased around Mt. Fuji during the first month after the 2011 Tohoku earthquake,
even when we statistically exclude aftershocks, but the small amount of strain change (< 1 u strain) may have limited
the ascent of magma. For many historic earthquakes, the magma reservoir was compressed and the magma pathway
was wholly clamped. This type of interaction has little potential to mechanically trigger the deformation of a volcano.
Thus, Mt. Fuji may be less susceptible to elastostatic effects because of its location relative to the sources of large
tectonic earthquakes. As an exception, a possible local earthquake in the Fujikawa-kako fault zone could induce a large

1707 Hoei earthquake

amount of magma reservoir dilation beneath the southern flank of Mt. Fuiji.

Keywords: Volcano—earthquake interactions, Elastostatic deformation, Epidemic-type aftershock sequence model,
Boundary-element method simulation, Dike, Magma pathway, Magma reservoir, Mt. Fuji, 2011 Tohoku earthquake,

Introduction

Volcano—earthquake interactions have been discussed
mainly from a statistical perspective. A previous study
(Linde and Sacks 1998) found that the frequency of
volcanic eruptions tended to increase within 1 or
2 days after nearby large earthquakes. Another study
(Lemarchand and Grasso 2007) showed that volcanic
eruptions also increased before earthquakes and
proposed a conceptual model of regional tectonic
coupling between volcanoes and earthquakes. Such
reports are scientifically interesting; thus, we approach
this issue in terms of mechanical effects. In particular,
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we focus on the tallest volcano in Japan, Mt. Fuji
(3776 m).

A stratified basaltic volcano, Mt. Fuji has been
active for over 10,000 years (Miyaji 1988). The last
eruption from the summit was the Yufune-2 eruption,
around 2200 years ago (Suzuki and Fujii 2010), but
lateral eruptions are recorded in many historic docu-
ments and eruptive deposits (Koyama 1998). At least
10 lateral eruption events have occurred since the
eight century. The last reliable eruption report was
the 1707 Hoei eruption, which was extremely explo-
sive and ejected andesitic or dacitic material prior to
massive volumes of basaltic material (Tsuya 1955).
Mt. Fuji is located around the junction of the Eurasian
Plate (Amurian microplate), the North American Plate
(Okhotsk microplate), and the Philippine Sea Plate (Izu
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microplate), as shown in Fig. 1. Radial dikes beneath Mt.
Fuji mainly develop in a northwest—southeast alignment,
which may derive from collision between the Izu Peninsula
on the Philippine Sea Plate and the North American Plate
(Nakamura 1977; Ida 2009).

One of the largest eruptions of Mt. Fuji, the VEI 5 Hoei
eruption, occurred in 1707 as a lateral eruption in a region
of northwest—southeast striking dikes. At 49 days before
the eruption, a large interplate earthquake (Mw 8.7)
occurred at the interface between the Eurasian Plate and
the Philippine Sea Plate. A previous study (Nakamura
1975) discussed this issue and proposed that the large
earthquake reduced the minimum principal stress in the
region, leading to the lateral eruption.

On the basis of this example, a recent study (Chesley
et al. 2012) calculated elastostatic stress effects caused
by the 1707 Hoei earthquake and the 1703 Genroku
Kanto earthquake (Mw 8.2) beneath Mt. Fuji. They
translated the dike-intruded region along the north-
west—southeast direction into a simplified vertical plane
(hereinafter called the “dike plane”, as the main magma
pathway), as shown in Fig. 2, and estimated normal
stress changes perpendicular to this plane. Their results
suggest that both earthquakes clamped the dike plane at
shallow depths, but the 1707 Hoei earthquake also
unclamped the deeper dike plane, above a basaltic
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Fig. 1 Topographic map of the area around Mt. Fuji. The three
plates are the Eurasian Plate (Amurian microplate), the North
American Plate (Okhotsk microplate), and the Philippine Sea Plate
(Izu microplate); their names are abbreviated to EU, NA, and PH,
respectively. PH is subducting beneath EU and NA at the trenches
(toothed lines) and is colliding against NA at the base of Izu
Peninsula. The background digital elevation model was provided by
the Geospatial Information Authority of Japan. The grid size is 10 m
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Fig. 2 Close-up map of Mt. Fuji, showing fissure distributions and
locations of low-frequency earthquakes. The orange solid triangle
indicated the summit, the orange open triangle indicates Hoei-san

(a flank volcano produced by the Hoei eruption), and the black thin
lines are topographic contours at intervals of 1500 m. The thick gray line
represents the dike plane assumed by Chesley et al. (2012). The
southernmost point of this plane is located at 138° 49.68' E, 35°
15.18" N; the strike is N323° E; and the dike length is 13 km. The
dashed red line illustrates the eruptive fissure pattern compiled
by Takada et al. (2007). The blue diamonds indicate the epicenters of
the low-frequency earthquakes (over magnitude 1) during 2000-2014,
as determined by the Japan Meteorological Agency

magma reservoir (~20 km depth). The 1707 Hoei earth-
quake could have triggered the Plinian Hoei eruption of
Mt. Fuji due to the mixing of basaltic and more silicic
magmas via induced ascent of basaltic magma (Eichel-
berger 1980). Although elastodynamic stress changes by
seismic waves would also influence the magma reservoir
state (Manga and Brodsky 2006), the elastostatic model
sufficiently explains the features of the 1707 Hoei
eruption (Chesley et al. 2012). Since the amplitude and
frequency of seismic wave radiation depend strongly on
the heterogeneities of the source fault(s), it is difficult to
discuss the effects of dynamic stress changes due to his-
toric earthquakes.

Here, we note that the main dike region of Mt. Fuji
was not the only path of ascending magma near the sur-
face. For example, a geological study (Takada et al. 2007)
investigated eruptive fissure patterns at Mt. Fuji and
showed a spatially asymmetric distribution (Fig. 2).
Eruptive fissures are concentrated mainly in the direc-
tion of the dike plane (aligned northwest—southeast) but
are also distributed in other directions. This observation
implies that local stress heterogeneities other than the
collision-induced regional stress field (Ukawa 1991) can
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play an important role in constraining the locations of
eruptive fissures. Araragi et al. (2015) investigated the
anisotropic structure beneath Mt. Fuji by shear wave
splitting and found a radial pattern of fast polarization
directions toward the summit at depths shallower than
4 km, which reflects gravitational stress effects due to
mountain loads. In addition, (magmatic) deep low-
frequency earthquakes have occurred on the northeast
side of the volcanic edifice (Nakamichi et al. 2004),
seemingly located off the dike plane. An increase in
seismicity after the 2011 Tohoku earthquake (Enescu et
al. 2012) occurred along a different direction from that
of the dike plane.

In this study, we evaluate the elastostatic effects be-
neath Mt. Fuji due to large (Mw 8 or Mw 9 class) earth-
quakes in Japan. First, we calculate the volumetric strain
changes around the magma reservoir and the dike plane,
and the normal stress changes perpendicular to the dike
plane, using several scenarios modeled using historic
earthquakes near Mt. Fuji, to compare with two existing
hypotheses for eruption-triggering processes due to
earthquakes. Next, we calculate the elastostatic effects
for another direction (nearly north—south) along a weak
zone as a representative example of a possible magma
ascent path and discuss the response of the volcano sys-
tem in terms of compression/dilation of the magma res-
ervoir and clamping/unclamping of the magma pathway.
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Methods/Experimental

Elastostatic modeling of earthquake deformation

We evaluate strain and stress changes beneath Mt. Fuji
from fault dislocations of large (Mw 8 or Mw 9 class) earth-
quakes. To calculate the elastostatic effects, we take a clas-
sical boundary-element approach. A strain change tensor
Ag at an observation point due to an earthquake is given by

Ae = Gu (1)

fault

where G is a Green’s function tensor that includes the
effects of fault location, size, and strike/dip angle and
the Poisson’s ratio of the elastic material, and u is a
dislocation vector at each fault. We use the Green’s
function in a homogeneous elastic half-space for a rect-
angular fault (Okada 1992) with an assumed Poisson’s
ratio of 0.25.

We consider large earthquakes that occurred near Mt.
Fuji using simplified fault models as scenario earth-
quakes that could affect Mt. Fuji. Figure 3 presents five
such scenario earthquakes. The first is the 1707 Hoei
earthquake (Mw 8.7) along the Nankai Trough (Fig. 3a),
and the second is the 1703 Genroku Kanto earthquake
(Mw 8.2) along the Sagami Trough (Fig. 3b). Both were
previously modeled by Chesley et al. (2012). The third is
the 2011 Tohoku earthquake along the Japan Trench
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Fig. 3 Earthquake scenarios around Japan. The rectangles show five earthquake scenarios that could affect Mt. Fuji (black triangle). Two of them
(red dashed rectangles) are the same as those of Chesley et al. (2012), whereas the others (blue rectangles) are not. The corresponding fault
parameters are listed in Table 1. The vectors on the faults represent the movement directions of their hanging walls. a The 1707 Hoei earthquake
within the Nankai Trough, with five subfaults. b The 1703 Genroku Kanto earthquake within the Sagami Trough, with two subfaults. ¢ The 2011
Tohoku earthquake within the Japan Trench, with four subfaults. d The ISTL earthquake, with three subfaults. e The 1854 Ansei Tokai earthquake,
with two subfaults
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(Fig. 3c). In contrast to the three interplate thrust
earthquakes, the fourth (Fig. 3d) is the 762 (or 841) in-
land earthquake, roughly as large as Mw 8, along the
Itoigawa—Shizuoka Tectonic Line, which may have
repeated historically (Okumura 2001; Kondo et al. 2008);
herein, we call this the ISTL earthquake. The fifth
(Fig. 3e) is the 1854 Ansei Tokai earthquake (Mw 8.2),
which was once believed to have partly ruptured the
source fault of the 1707 Hoei earthquake (Ando 1975;
Ishibashi 2004) but was recently reevaluated as a unique
type of large earthquake, distinct from the Hoei earth-
quake (Seno 2012). Table 1 shows the fault parameters
for the scenario earthquakes.

Results and discussion

Elastostatic modeling of earthquake deformation

We first calculate the spatial distribution of the volumetric
strain changes (the sum of the normal components of the
tensor). The volumetric strain change around the magma
reservoir may relate to an increasing magma overpressure
effect (Walter and Amelung 2007) as a source of eruption.
Although the spatial distribution of the magma reservoir
beneath Mt. Fuji remains unclear, a seismic tomography
study (Nakamichi et al. 2007) revealed a high-Vp/Vs
anomaly around 15-25 km depth that is interpreted as a
zone of basaltic partial melting. Another study (Kinoshita
et al. 2015) used receiver function analysis to show a
seismic velocity contrast at 20—30 km depth, which can be
related to the bottom of the magma chamber. In addition,
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over 90 % of (magmatic) low-frequency earthquakes in
Fig. 2 occurred in a depth range of 10-20 km. Thus, we
focus on the strain changes at a depth of 20 km, treating
this as a typical value for the depth of a basaltic magma
reservoir beneath Mt Fuji.

Figure 4 shows a map view of volumetric strain
changes due to each earthquake scenario. Although we
do not know the precise geometry of the magma reser-
voir, it should be around or within the area below the
eruptive fissures. The calculated results show that three
earthquakes, (a), (b), and (e), cause compression around
the magma reservoir and the other earthquakes, (c) and
(d), cause dilation. The compressions are one order of
magnitude larger than the dilations. Figure 5 further
shows the volumetric strain changes in a vertical
cross-section along an extended dike plane (the main
pathway of Mt. Fuji's magma), where we extend the
dike plane in Chesley et al. (2012) from 13 km length
to 30 km.

Next, we calculate the normal stress changes for the
extended dike plane from the strain changes, assuming a
rigidity of 30 GPa. The normal stress change perpen-
dicular to the extended dike plane works as an opening
force for a magma pathway in terms of fracture mechan-
ics (Pollard and Segall 1987); Bonali et al. (2013) empha-
sized the importance of this effect. Figure 6 illustrates
the normal stress changes due to the five earthquakes.
In many cases, the extended dike plane is wholly
clamped. Only in the case of (c), the 2011 Tohoku

Table 1 Fault parameters used in this study. The parameters for (a) and (b) follow Chesley et al. (2012). Those for (c) are from a
geodetic study (Nishimura et al. 2011) including the largest aftershock. We set the parameters for (d) on the basis of underground
and surface fault geometry (Sato et al. 2004; Panayotopoulos et al. 2014). The parameters for (e) are from Ishibashi (1977)

Name Long? [° E] Lati? [°N] Depth? [km] Length [km] Width [km] Strike [] Dip [ Rake [] Slip [m]
(a)-1 138.706 35120 6.4 120 50 193 20 71 56
(a)3-2 138.235 33.823 4.1 205 100 246 10 113 70
(a)-3 136.074 33.006 7.8 155 100 251 12 113 56
(a)-4 134481 32614 10.1 135 120 250 8 113 9.2
(a)-5 133.130 32.200 10.0 70 80 250 8 118 9.2
(b)-1 139.748 34.836 20 85 50 315 30 153 6.7
(b)-2 140.360 34954 20 57 23 255 20 90 120
(-1 143.815 38.994 8.0 90 76 204 16 119 40.90
(c)-2 143494 38303 79 130 122 204 17 90 17.40
(-3 142.680 37.285 79 147 104 204 16 85 4.70
Q-4 141.777 36.106 8.7 59 61 211 26 104 3.76
(@)-1 137.840 36.570 0.0 230 30 13 14 90 10.0
(@)-2 137.950 36.240 0.0 346 30 346 14 90 10.0
(@)-3 138.074 36.125 0.0 10.8 15 347 90 0 9.0
(e)-1 138.730 35.140 20 115 70 198 34 71 4.0
(e)-2 138.130 33.900 30 150 100 245 24 113 40

Locations at the southern corner of an upper edge of a rectangular fault when the strike is 0°
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Fig. 4 a-e Map view of volumetric strain changes due to earthquakes. The dotted lines represent isograms of volumetric strain changes in each
of the five earthquake scenarios (Fig. 3) at a depth of 20 km beneath Mt. Fuji. The unit is 1 u strain. Positive values indicate dilation, and negative
values indicate compression. The orange solid triangle, orange open triangle, red broken line, and blue squares have the same meanings as in Fig. 2
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earthquake, is the extended dike plane totally
unclamped. As reported by Chesley et al. (2012), case (a)
shows that the 1707 Hoei earthquake caused unclamp-
ing in a deep region of the dike plane, which could have
triggered the Hoei eruption.

Two hypotheses that explain eruption triggering by
elastostatic deformation

We estimated two kinds of elastostatic effects: volumet-
ric strain changes around the basaltic magma reservoir
and normal stress changes perpendicular to the ex-
tended dike plane (the main pathway of Mt. Fuji’s
magma). Because we do not consider material contrasts
surrounding the magma reservoir, as in Fujita et al
(2013), the calculated values represent the mean fields of

peripheral domains. The magnitudes of the elastostatic
effects, around 1 MPa at most, are not negligible
beneath Mt. Fuji because the differential stress there
may be relatively small. For instance, Araragi et al
(2015) proposed that the maximum horizontal stress is
only 1.02x greater than lithostatic pressure. They raised
an example of a lithostatic pressure of 51.9 MPa at a
depth of 2.0 km, which means the difference between
the maximum horizontal stress and the lithostatic pres-
sure would be about 1 MPa at that depth.

A previous study of volcano—earthquake interactions
(Walter and Amelung 2007) proposed that dilation of
a magma reservoir initiates magma ascent, on the
basis of volcano eruption data after M >9 megathrust
earthquakes worldwide. That is, earthquake-induced



Hosono et al. Progress in Earth and Planetary Science (2016) 3:33

Page 6 of 13

(a) Hoei
NW SE [ustr]
= 0 - 12
£ 8
= 10 4
g 20 94
8 20 -
8
O 30 - - 2
15 5 5 15
Length [km]
(c) Tohoku
NW SE [ustr]
= 0 0.3
£ 02
= 10 0.1
g 20 0001
- 2
&) 230 T 1 ‘ 03
15 5 5 15
Length [km]
(e) Tokai
NW SE [ustr]
= 0 12
E 8
= 10 4
5 0
3 .20 Jé
0 39 12
15 5 5 15
Length [km]

Fig. 5 Volumetric strain changes due to earthquakes in a vertical cross-section along the extended dike plane. In parts a—e, the color contours
show the calculation results of volumetric strain changes from each of the five earthquake scenarios in Fig. 3 along the extended dike plane.
Positive values (brown colors) indicate dilation, and negative values (blue colors) indicate compression. Horizontal axes represent horizontal distance
from the summit. In the lower right subfigure, the location of the extended dike plane is shown by a thick gray line (see also Fig. 2). The southernmost
point of the extended dike plane is 138° 49.68' E, 35° 15.18" N; the strike is N323° E; and the length is 30 km
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dilation (depressurization) released dissolved volatile
gases (CO, and H,0), leading to volumetric expan-
sion of a magma reservoir. This process decreases the
density and viscosity of the magma, though the latter is
perhaps not necessarily as suggested by Bottinga and
Weill (1972) and Urbain et al. (1982). This, in turn, drives
the ascent of gas bubbles with magma, causing further
depressurization. In one possible scenario, this leads to
an eruption through a positive feedback loop (Walter
and Amelung 2007). Since the process of bubble nu-
cleation under sudden depressurization depends on
many factors (e.g., Toramaru 2014), the threshold level
and conditions for the beginning of this magma ascent
process remain unclear.

From this viewpoint and Fig. 5, only two earthquakes,
the Tohoku earthquake (c) and the ISTL earthquake (d),
have the potential to have initiated volcanic activity. At
present, we know that the 2011 Tohoku earthquake has

not yet triggered an eruption at Mt. Fuji. The reason for
this is probably that the amount of magma dilation was
small (<1 p strain) relative to known cases of volcanic
eruptions after M >9 megathrust earthquakes (Walter
and Amelung 2007) or that the magma state was not
favorable to drive the ascent for eruption (Fujita et al.
2013). Although the 2011 Tohoku earthquake did not
trigger an eruption at Mt. Fuji, one point to be noted is
that many earthquakes, including a Mw 5.9 earthquake
near Mt. Fuji, followed the 2011 Tohoku earthquake
(Enescu et al. 2012; Kumazawa and Ogata 2013). We will
statistically analyze these induced earthquakes in a later
section. The ISTL earthquake, which occurred in 762 or
841, also did not trigger an eruption at Mt. Fuji; simi-
larly, this is thought to be due to the small amount of
magma dilation.

In contrast, Nostro et al. (1998) proposed another
hypothesis linking volcanic eruptions with earthquakes
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at Mt. Vesuvius. They suggested that compression of a
magma reservoir and unclamping of a dike (magma
pathway) by earthquakes led to eruptions. From Figs. 5
and 6, we found no cases corresponding to this model
for Mt. Fuji, but the Hoei earthquake (a) was the closest
analog. The 1707 Hoei earthquake compressed the bas-
altic magma reservoir and partly unclamped the main
dike, especially in deeper regions, which might have
uplifted sufficient basaltic magma to trigger magma mix-
ing and the Plinian eruption 49 days after the Hoei
earthquake (Chesley et al. 2012). The case of the 1854
Tokai earthquake (e) is a similar situation, but unclamping
in the deep region of the main dike is almost negligible.
This might explain why the 1854 Tokai earthquake did
not trigger an eruption at Mt. Fuji. In addition, a recharge
time of only ~150 years might be too short, particularly
for another Plinian eruption. It is possible that the 1703
Kanto earthquake (b) did not lead to an eruption of Mt.

Fuji because of total clamping of the extended dike plane,
which tends to suppress magma ascent.

Note that compression of the magma reservoir itself
would not be enough to trigger an eruption. In three
cases of compressional strain changes around the
magma reservoir (Figs. 4a, b, e), the amounts of strain
changes are ~-3x10"% When we assume simple
spheres for the geometry of the magma reservoir, with
radii of 1 and 5 km, the volume changes of the magma
reservoir are ~ - 1.3 x 10* and - 1.6 x 10° m?, respect-
ively. These values are similar to those obtained by
Rikitake and Sato (1989), who proposed a model of vol-
canic eruptions triggered by magma reservoir compres-
sion due to earthquakes (Nakamura 1971). For instance,
using the above estimates of the volume changes of
the magma reservoir and cross-sectional area of a
vent (S), we can estimate the degree of magma head
ascent within the vent: we obtain a value of about
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2.6 x10° m® using the following scaling relation
(McNutt and Nishimura 2008):

§ — 10((0-46+VEI+0.08)-0.52)/0.29 (2)

where the VEI of the 1707 Hoei eruption was 5. Separately,
if we assume an ejecta volume (V) of about 1 km? for the
Hoei eruption, a scaling law between crater diameter (D)
and ejecta volume (Sato and Taniguchi 1997)

D =0.11V"* (3)

results in a crater diameter of D~6.6x 10> m and a
cross-sectional area of S ~ 1.4 x 10° m? (approximated as
a circle). On the basis of the above results, we estimate
the ascent of the magma head within the vent to be on
the order of 10> - 10° m. These small values seem in-
sufficient to trigger an eruption unless additional effects
occur, such as magma mixing.

In addition, the effects of dynamic stress changes,
which we do not examine in this study, may promote
eruption triggering (Manga and Brodsky 2006). We
acknowledge that elastodynamic effects alone could ex-
plain eruptions following distant large earthquakes many
hundreds of kilometers away, but there is no evidence of
elastodynamic effects exceeding the elastostatic effects
due to nearby earthquakes. As an example, Ichihara and
Brodsky (2006) revealed that rectified diffusion, one of
the popular physical mechanisms of elastodynamic
effects, causes pressure changes of at most 2x10™° of
initial values for seismic waves with typical amplitudes.
If this is true, then elastodynamic effects due to rectified
diffusion are negligible compared with the elastostatic
effects reported in this study. Moreover, it seems difficult
to explain the rarity of the 1707 Hoei case in terms of
elastodynamic effects compared with elastostatic effects.
In Fig. 11 and below, we further discuss volcano
responses to earthquake deformation.

Statistical analysis of seismicity after the 2011 Tohoku
earthquake

The 2011 Tohoku earthquake has not yet triggered an
eruption at Mt. Fuji, but seismicity levels beneath Mt.
Fuji have increased since the event (Enescu et al. 2012;
Kumazawa and Ogata 2013). A recent geophysical study
(Fujita et al. 2013) modeled an Mw 5.9 earthquake be-
neath Mt. Fuji on March 15, 2011 as occurring on a
strike-slip fault. This event followed the 2011 Tohoku
earthquake by 4 days, and many aftershocks occurred.
We show earthquakes near Mt. Fuji after the 2011 To-
hoku earthquake in Fig. 7. Those post-Tohoku earth-
quakes and (magmatic) low-frequency earthquakes in
2000-2014 seem to align nearly north—south, ie., in a
different direction to the extended dike plane described
in previous sections. Figure 8 illustrates the hypocentral
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Fig. 7 Close-up map of Mt. Fuji showing the locations of earthquakes
after the 2011 Tohoku event. This figure includes all elements from
Fig. 2 as a comparative overlay. Earthquake hypocenters (black circles)
show events during the period from the 2011 Tohoku earthquake

(11 March 2011) to 31 December 2014, with magnitudes 1.0 and
depths less than 30 km, as determined by the Japan Meteorological
Agency. The dike plane (thick gray line) extends to the northwest, as

in Figs. 5 and 6

depths of post-Tohoku and low-frequency earthquakes.
The depths of the former tend to be slightly shallower
than those of the latter.

Whether or not post-Tohoku seismicity reflects
magma movement at depth is scientifically interesting.
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Fig. 8 Histogram showing the hypocenter depths of post-Tohoku
earthquakes and low-frequency earthquakes (LFE) in Fig. 7. The black

stippled bars show the hypocenter depths of post-Tohoku earthquakes
(11 March 2011-31 December 2014). Blue bars show low-frequency

(magmatic) earthquakes on 1 January 2000-31 December 2014
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Here, we statistically analyze seismicity in 2011 for the
region shown in Fig. 7 using the ETAS (epidemic-type
aftershock sequence) model (Ogata 1988). Adopting an
ETAS model allows us to evaluate the background
seismicity rate p without the effects of aftershocks. A
seismological study by Llenos et al. (2009) proposed that
changes in y reflect alterations to aseismic stressing rates
around earthquake hypocenters. We now apply this
concept to seismicity around Mt. Fuji.

The ETAS model is briefly summarized as follows. (1)
Every earthquake causes its own aftershocks, obeying
the modified Omori law (Omori 1894; Utsu 1961) for
temporal decay. (2) Aftershock productivity shows an
exponential relationship with earthquake magnitude. (3)
Seismicity rate at time ¢ is the sum of prior aftershock
sequences and background seismicity rate. Thus, the
seismicity rate A(¢) is given by

At) = p+ ) K eHMim)

tist

(¢t + )

(4)

where p is the background seismicity rate, M; is the
magnitude of the ith earthquake, M, is the minimum
earthquake magnitude, and the other parameters
(K, ¢, a, p) are constants.

To estimate the model parameters, we use SASeis2006
(Ogata 2006), which estimates the five ETAS parameters
(#, K, ¢, a, p) by minimizing the value of the Akaike In-
formation Criterion (Akaike 1974) with a fast likelihood
algorithm (Ogata et al. 1993). For the actual parameter
estimation, we set M,=1.0 to remove small earth-
quakes from calculation of the Gutenberg—Richter law
(Gutenberg and Richter 1944) for seismic data in this
region. We also assume initial parameter values for the
estimation algorithm of (4, K, ¢, a, p) = (1, 1, 0.5, 1, 1.5).

Figure 9 shows the temporal evolution of the back-
ground seismicity rate y in 2011. The value of y from
the Tohoku earthquake (11 March 2011) until the next
month (~30 April 2011) is one order of magnitude larger
than that of the other periods. This fact suggests notable
aseismic stressing around the earthquake hypocenters,
since the background seismicity rate u reflects an aseis-
mic stress rate, possibly controlled by rate- and state-
dependent friction (Dieterich 1994), as proposed by
Llenos et al. (2009). This aseismic stressing and the hypo-
center depths (slightly shallower than for low-frequency
earthquakes) might reflect magma activity above the reser-
voir. The nearly north—south alignment, indicated from
the hypocenters of post-Tohoku seismicity and low-
frequency earthquakes (Fig. 7), suggests that magma
ascended slightly along a weak zone, namely the source
regions of the post-Tohoku earthquakes, including a Mw
59 fault and low-frequency earthquakes, similar to
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Fig. 9 Temporal evolution of the background seismicity rate u for
earthquakes in 2011 in the region shown in Fig. 7. Horizontal bars
represent the estimation period, and vertical bars represent error
ranges, calculated as the difference between results obtained using
a precursory period (from the beginning of 2011) to the target
period, and results obtained without using a precursory period. Note
that the 2011 Tohoku earthquake (Mw 9) occurred on 11 March
2011, and the largest-magnitude local earthquake (Mw ~6) in this
region occurred 4 days later. For reference, the background seismicity
rate ¢ in 2010 and 2012 was 0.03 and 0.09, respectively. The cutoff
magnitude used to estimate uis 1.0.
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transform-parallel dikes (Gudmundsson 2007). Although
it is unclear when the weak zone began to form, this could
be a representative magma pathway for past or future ac-
tivity. Herein, we call it “PPP” (possible pathway plane),
similar to the dike plane.

Figure 10 illustrates the normal stress changes per-
pendicular to the PPP due to the five earthquakes in
Fig. 3. For the cases of magma reservoir compression
in Fig. 5a, b, e, the PPP is totally clamped and so
may not favor the triggering of an eruption (see the
previous section). The stress change for the ISTL
earthquake (d) has a unique pattern, with unclamping
in the northern region and clamping in the southern
part. In case (c) (i.e.,, the 2011 Tohoku earthquake
and corresponding magma reservoir dilation), the PPP
is totally clamped in a way that differs from the (ex-
tended) dike plane. It is probable that dilation of the
magma reservoir had a weak positive effect on the
ascent process of gas bubbles, but clamping restrained
the bubble ascent, which then increased the stress in
the area that produced the local earthquakes. The fact
that the corresponding Mw 5.9 earthquake was a
strike-slip earthquake (Fujita et al. 2013) is not
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curious; for instance, a geodetic study reported dike-
triggered aseismic strike-slip in Tanzania (Himematsu
and Furuya 2015).

Why earthquakes now occur along the PPP instead of
the (extended) dike plane is an ongoing mystery. Recent
geophysical observations have found no evidence for
volcanic activity along the (extended) dike plane. One
possible hypothesis is that the main pathway of the
magma changed from the (extended) dike plane follow-
ing the 1707 Hoei eruption. Since the 1707 Hoei
eruption was the most explosive historic eruption of Mt.
Fuji, it might have changed the internal structure and
stress state around the volcanic edifice. Another hypoth-
esis is that the path of magma ascent fluctuates on rela-
tively short time scales, and the present pathway is not
along the (extended) dike plane. This hypothesis may be
supported by the star-like shape of the fissure distribu-
tion (e.g., Fig. 2), but what causes the fluctuations is
truly unknown. If such fluctuations are controlled by the

thermal diffusion system, then their time scales would
be far longer than those discussed in this study.

Implications for volcano response following earthquake-
induced deformation
Figure 11 shows the calculated results of elastostatic
changes around the magma reservoir and pathways
(extended dike plane and PPP). The right half of the figure
corresponds to the area of the former model of volcano—
earthquake interactions proposed by Walter and Amelung
(2007). The case of the 2011 Tohoku earthquake and
post-Tohoku seismicity along the PPP of Mt. Fuji fall into
this category. The upper left quadrant of the figure corre-
sponds to the hypothesis of Nostro et al. (1998). The case
of the 1707 Hoei earthquake and the subsequent Hoei
eruption in the deep part of the dike plane (leading to
magma mixing) are located in this part of the figure.

In many other cases, the magma reservoir was com-
pressed and the dike was wholly clamped (lower left
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Fig. 11 Changes in the volumetric strain and normal stress on the
dike plane and the PPP for the earthquakes shown in Fig. 3. The
horizontal axis represents the volumetric strain changes, and the
vertical axis represents the normal stress changes. The thick black
lines show the calculation results for the extended dike plane, and
the thin red lines show those for the PPP

quadrant in Fig. 11). It seems that the volcanic system
was not activated in these cases. This is because the
compression of the magma reservoir itself would not be
enough to trigger an eruption, as discussed in the previ-
ous sections. If other large earthquakes compressed the

Page 11 of 13

magma reservoir and unclamped the dike beneath Mt.
Fuji, the volcano system might respond acutely, as
discussed previously (Nostro et al. 1998). Likewise, if
another large tectonic earthquake dilated the magma
reservoir by an order of magnitude more than the 2011
Tohoku earthquake and the ISTL earthquake, then the
volcano system might possibly respond as proposed in a
previous study (Walter and Amelung 2007). However,
we cannot identify a tectonic earthquake large enough
to produce such dilation. This fact implies that the
magmatic system beneath Mt. Fuji is almost insu-
lated from the elastostatic influences of large tec-
tonic earthquakes.

Effects of other possible local events near Mt. Fuji

As a possible scenario, we examine another local earth-
quake near Mt. Fuji, along the Fujikawa-kako fault zone
(Lin et al. 2013), that is not a large tectonic earthquake.
This inland fault zone is located north of the source fault
of the Ansei Tokai earthquake and possibly is a northern
extension of the plate boundary (the left-hand boundary
in Fig. 1). We only consider the southern segment of the
fault zone (near the coast) described by a geological
study (Lin et al. 2013). Hereinafter, we will refer to this
as the FKFZ earthquake. We modeled the FKFZ earth-
quake as a west-dipping pure reverse fault with a dip
angle of 30° and a strike of N180° E. The length and
width of the fault are each 15 km, and the slip amount is
5 m. The location of the northern corner of the upper
edge is 138.6° E, 35.25° N, and the depth is 1 km. The
moment magnitude of this local earthquake is 7.0, with
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i
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Fig. 12 Volumetric strain changes and normal stress changes perpendicular to dikes due to an Fujikawa-kako fault zone (FKFZ) earthquake. The
upper figure shows isograms of volumetric strain changes at a depth of 20 km, as in Fig. 4, with the epicenters of low-frequency earthquakes (blue
squares) and post-Tohoku seismicity (black circles) superimposed. a, b The lower figures illustrate the normal stress changes perpendicular to the
extended dike plane (thick gray line in the upper figure), as in Fig. 6, and perpendicular to the PPP (thin gray line in the upper figure), as in Fig. 10
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an assumed rigidity of 30 GPa. Figure 12 shows the
calculation results.

Around the northern parts of the magma pathways
(both the extended dike plane and PPP), the magma res-
ervoir is compressed and the pathways are clamped,
similar to the effects of the 1703 Kanto earthquake on
the extended dike plane. As discussed in the previous
section, this does not favor eruption triggering. In con-
trast, the calculation results for the southern parts of the
magma pathways (both the extended dike plane and
PPP) are qualitatively similar to the case of the Tohoku
earthquake. Namely, the magma reservoir is dilated
while the extended dike plane is unclamped and the PPP
is clamped. We note that the values of the elastostatic
effects are somewhat larger than the case of the 2011
Tohoku earthquake. This local FKFZ earthquake may
have the power to trigger an eruption around the
southern parts of the magma pathways, following the
model of Walter and Amelung (2007).

Another possible seismic event that could affect Mt.
Fuji is one or more M7 slow slip events downdip of the
source fault of the Tokai earthquake (Ozawa et al. 2016).
Since the location of the slow slip events is near the
Tokai earthquake, the effects would be qualitatively
similar to, but orders of magnitude smaller than, the
Tokai earthquake (case (e) in the previous sections).

Conclusions

We estimated the elastostatic effects caused by large his-
toric and recent earthquakes in Japan around the magma
reservoir of Mt. Fuji, including two possible magma
pathways: a northwest—southeast-trending extended dike
plane and a north—south aligned possible pathway plane.
The 2011 Tohoku earthquake induced dilation of the
magma reservoir, but the small amount (<1 p strain)
would limit the potential for triggering eruption (Walter
and Amelung 2007). The 1707 Hoei eruption (the most
explosive historic eruption at Mt. Fuji), which followed
the Hoei earthquake by 49 days, may be a special case
that is consistent with the model of Nostro et al. (1998),
i.e., triggering due to magma ascent in the deep region
of the dike plane (Chesley et al. 2012). Many earthquake
scenarios are characterized by compression of the
magma reservoir and clamping of the magma pathway,
which is far from the conditions proposed by Walter
and Amelung (2007) and Nostro et al. (1998) for erup-
tions triggered by earthquakes. Given its location relative
to mature faults in Japan, Mt. Fuji may be less suscep-
tible to the elastostatic effects of tectonic large earth-
quakes. We also showed that a possible local earthquake
in the Fujikawa-kako fault zone can cause far greater
dilation of the magma reservoir than the 2011 Tohoku
earthquake beneath the southern flank of Mt. Fuji.
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