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Abstract

Although forecasting an occurrence of phreatic eruption is very difficult, it has been reported that some precursory
activities often precede these eruptions at several volcanoes. In this study, we observed seismic activities before
and during the 2008 phreatic eruption at Meakan-dake volcano, eastern Hokkaido, Japan, by using broadband
seismometers and surface mount-type tiltmeters. The precursory increase in seismicity began in late September
about 2 months before the first eruption on November 18. After several rises and falls in seismicity in October
and in early November, a small volcanic tremor was observed early on November 16. Although the original velocity
seismogram of the tremor generally appeared to be spindle shaped, an outstanding ramp function appeared in the
displacement seismogram obtained by simple integration. Since the ramp function appeared only in the horizontal
components and continued for about 3 min, which is sufficiently longer than the natural period of the seismometer,
we regarded the ramp function as an expression of the tilting motions of seismic stations that was quantitatively
confirmed by the strong similarity between horizontal displacement seismograms and tilt data from co-located
biaxial tiltmeter. Azimuthal distribution of three tilting vectors obtained from broadband seismograms was not
consistent with a simple spherical source but rather strongly suggested a vertical dike under the crater. In this study,
we confirmed that an almost vertical single dike effectively explains the observed tilting vectors. The estimated volume
increase in the dike was 4-5 x 10* m?. The strike direction of the dike is highly consistent with the alignment of the
hydrothermal area on and around the volcano. Our dike model also partially explains the changes in global navigation
satellite system (GNSS) measurement and in groundwater levels reported in previous research. Since a similar
deformation coincided with a volcanic tremor preceding the 2006 eruption, we interpret that this must be an
important preparatory process of phreatic eruptions at Meakan-dake volcano.

Keywords: Phreatic eruption; Precursory activity; Hydrothermal system; Ground deformation; Volcanic tremor;
Broadband seismometer; Tilt response; Meakan-dake volcano

Background

Meakan-dake volcano (1499 m), situated on the west-
ern edge of Akan caldera, is an active volcano in
Hokkaido. Since the first recorded eruption in 1955,
this volcano has emitted small eruptions repeatedly
from the summit craters (e.g., Sakuma and Murase
1957; Yokoyama et al. 1976; Kasahara 1988). All of the
eruptive activities observed at Meakan-dake during the
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historical age were phreatic eruptions (Yokoyama et al.
1976; Ishimaru et al. 2009).

Phreatic eruption is defined as an explosion of a con-
fined pocket of steam and gas with no direct involve-
ment of fresh magma (e.g., Barberi et al. 1992). It
occasionally appears as a prologue of magmatic erup-
tions (e.g., Matsumoto et al. 2013; Nakamichi et al.
2013) and also occurs without any associated magmatic
eruptions such as those of Meakan-dake. The basic
process of phreatic eruption is believed to be concerned
with a rapid state change in the shallow hydrothermal
system triggered by an increase in heat supply to under-
ground water or a decrease in confining pressure of a

© 2015 Aoyama and Oshima. This is an Open Access article distributed under the terms of the Creative Commons Attribution
License (http:/creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly credited.


http://crossmark.crossref.org/dialog/?doi=10.1186/s40623-015-0289-9&domain=pdf
mailto:aoyama@uvo.sci.hokudai.ac.jp
http://creativecommons.org/licenses/by/4.0

Aoyama and Oshima Earth, Planets and Space (2015) 67:119

shallow superheated aquifer (e.g., Barberi et al. 1992;
Germanovich and Lowell 1995). Several mechanisms for
phreatic eruption have been proposed on the basis of
field survey and theoretical consideration (e.g., Feuillard
et al. 1983; Mastin 1991; Germanovich and Lowell
1995). However, the physical processes of phreatic
eruption are still not fully understood.

Although phreatic eruption does not blow out juvenile
magma, it is a highly explosive phenomenon and thus
wreaks severe damages to the adjacent areas of the
crater by strong blasts, volcanic bombs, and heavy ash
falls. To reduce the risks of volcanic disaster, in addition
to gaining a better understanding of the physical pro-
cesses of phreatic eruption, elucidation of the prepara-
tory processes of eruption is required. Barberi et al.
(1992) compiled the precursory activities of phreatic
eruptions reported in scientific papers and found that al-
most two thirds of the compiled events accompanied
some sort of precursory variation in seismicity and in
the chemical components of underground water. Al-
though they concluded that phreatic eruptions have pre-
cursory phenomena, they also indicated the difficulties
in singling out specific precursors of eruptions based on
the available data. Even if an adequate number of instru-
ments for physical monitoring were used on and around
the intended volcano, it would be generally difficult to
evaluate future activities from the observed data up to a
given time. Therefore, acquiring a sufficient number of
experiences at many volcanoes is indispensable for
extracting the common features of phreatic eruption to
effectively understand its preparatory processes.

Despite their minuscule magnitudes of eruption, seismic
swarms and volcanic tremors often preceded the phreatic
eruptions at Meakan-dake volcano (Japan Meteorological
Agency 2013). The 2006 eruption was the first event re-
corded in the monitoring of a sequence of seismic activity
toward the eruption at Meakan-dake by using a broadband
seismometer. Aoyama and Oshima (2008) reported that an
unusual, very long-period horizontal displacement was
superimposed on the volcanic tremor that occurred almost
1 month before the eruption. They interpreted this activity
as a tilt motion excited by the deflation of an isotropic
source assumed to exist below the summit crater. Preced-
ing the last eruption in November 2008, several seismic ac-
tivities were observed as precursory phenomena. Similar to
the 2006 activity, we found a very long-period signal super-
imposed on the volcanic tremor, which occurred 2 days be-
fore the eruption. In this study, we analyze the precursory
long-period signal that preceded the 2008 eruption to gain
greater understanding of the preparatory process of the
phreatic explosions at Meakan-dake volcano. Since the data
available for our analysis are quite limited because of a
small number of observations, our objective here is to give
a realistic and conceivable image of the precursory activity
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of the phreatic explosion rather than to precisely estimate
the geometrical configuration of the source that excited the
long-period signal.

Methods

Recent activities and the 2008 eruption of Meakan-dake
volcano

Meakan-dake volcano is a volcanic complex of eight small
volcanoes that erupted from independent conduits (Wada
1991). Major volcanic edifices include Naka-Machineshiri,
Pon-Machineshiri, and Akan-fuji, and fumarolic activ-
ity is evident in the craters of Naka-Machineshiri and
Pon-Machineshiri (Fig. 1). Naka-Machineshiri is the
biggest and oldest edifice and consists mainly of da-
citic and andesitic lava and lava domes. Formation of
the Pon-Machineshiri edifice began around 7 ka on the
southern flank of Naka-Machineshiri. Akan-fuji is the
youngest edifice and emitted repeated magmatic eruptions
between 2.5 and 1 ka. After the activity of Akan-fuji, re-
peated phreatic eruptions and pyroclastic activity pro-
duced the present summit craters of Pon-Machineshiri
and Naka-Machineshiri (Wada 1998).

The first recorded eruption at Meakan-dake volcano
occurred at the southern rim of the summit crater of
Pon-Machineshiri on November 19, 1955 (e.g., Sakuma
and Murase 1957; Murase 1957). Since then, small phre-
atic eruptions had been repeated at Pon-Machineshiri
and Naka-Machineshiri until 1966 (Yokoyama et al
1976). Early geophysical works successfully noted pre-
ceding increases in seismic activity prior to phreatic
eruptions in 1956 and 1959 (e.g., Sakuma and Murase
1957; Murase et al. 1960). After a dormant period of
about 22 years, small phreatic eruptions occurred again
in 1988 in the craters produced by the 1955 eruption
(Kasahara 1988). Then, the volcano experienced five ac-
tive periods of small phreatic eruptions in 1988, 1996,
1998, 2006, and 2008. Except for the 1998 activity, seis-
mic swarms or volcanic tremors preceded the eruptive
activities by a few months (Fig. 2). Therefore, temporal
fluctuation in seismic activity has been a good indicator
of volcanic unrest at Meakan-dake volcano.

Precursory activity of the 2008 eruption, the first seis-
mic swarm, began in the evening of September 26 al-
most 52 days before the eruption. In the afternoon of
September 29, a volcanic tremor 4 min in duration oc-
curred, followed by an abrupt increase in the frequency
of occurrence of volcanic earthquakes. The first swarm
continued for almost 4 days until September 30. After a
small increase in seismicity on October 12, the second
seismic swarm emerged from October 19 to 28. The
seismicity of the second swarm was weaker than that of
the first swarm, and volcanic tremors were not observed
during this period. The third seismic swarm was then
observed from November 9 to 12. The daily rate of
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Fig. 1 Contour map and station distribution around Meakan-dake volcano.
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used in this study was obtained. Outlined inverted triangles express seismic stations with short-period seismometers operated by Sapporo District
Meteorological Observatory, Japan Meteorological Agency. Dotted circles show summit crater areas of Naka-Machineshiri and Pon-Machineshiri.
There are several craters within the Pon-Machineshiri crater. The 2008 eruption occurred at the 96-1 crater on the southern rim of the
Pon-Machineshiri crater. The 2006 eruption opened new pits in the northwestern rim of the Akanuma crater, on the opposite side of the
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Black circles indicate broadband seismic stations from which the data

volcanic earthquakes increased to more than 200 on
November 11. After a temporary lull in seismicity, a sec-
ond remarkable volcanic tremor occurred at 00:56 JST
on November 16. This tremor continued for about 30
min but was smaller in amplitude than the first one
occurring on September 29. Subsequently, volcanic
tremors of long duration were intermittently observed
from November 17 to 19. During the daytime on
November 18, a volcano monitoring video camera at
Sapporo District Meteorological Observatory, Japan
Meteorological Agency, hereafter referred to as JMA
Sapporo, detected through wisps of clouds substantial
ash covering the snow surface on the southern slope of
Pon-Machineshiri. Although no seismic or infrasonic
signal indicated the occurrence of an explosion, it was
concluded that the first phreatic eruption occurred be-
fore dawn on November 18, based on visual observa-
tion, weather conditions, and tremor activity. About 10

days later, a phreatic eruption occurred again on
November 28. The total amount of volcanic ejecta dis-
charged during the 2008 eruptive activity was estimated
by field survey to be about 12,000 tons (Ishimaru et al.
2009), which is almost the same as that of the 2006
eruption at 9000 tons (Hirose et al. 2007a), almost one
third that of the 1996 eruption at 36,000 tons (Hirose
et al. 2007b), and almost 11 times that of the 1998
eruption at 1100 tons (Hirose et al. 2007b).

A preliminary report on the 2008 eruption by Ishimaru
et al. (2009) indicated that the volcanic ash consisted
mainly of rounded particles of andesitic rock. Since no
fragments of pumice from juvenile magma were present,
they concluded that the ash deposits exhibited features of
phreatic eruption. They also reported a small step-like ex-
tension of a few millimeters in the relative location
between the global navigation satellite system (GNSS) re-
ceivers installed across the Pon-Machineshiri crater.
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Fig. 2 Daily frequency of volcanic earthquakes at Meakan-dake volcano. The top graph shows long-term seismicity since 1973 recorded by
Sapporo Meteorological Observatory, Japan Meteorological Agency. Five recent eruptions are included in this period. The middle graph
expresses medium-term seismicity since 2005, which includes the eruptions in 2006 and 2008. The bottom graph shows short-term seismicity
during 4 months from September to December 2008. Gray triangles at the top of each graph express eruptive activities. No evident increase in
seismicity was observed prior to the eruption in 1998. However, intense seismic activities with no subsequent eruption have been observed

Although this change was not associated with the
eruptions of November 18 and 28, it was observed on
November 16, the same day that the second remarkable
volcanic tremor occurred. Coinciding with the tremor, a
step-like increase in groundwater level was also observed
at their observational well in Akanko Onsen, which is
about 8 km northeast (NE) of Meakan-dake. These obser-
vations by Ishimaru et al. (2009) strongly suggest ground
deformation coincident with the tremor on November 16.

Seismic observation and data

Meakan-dake volcano has been designated as an active
volcano to be monitored continuously by the Coordin-
ating Committee for the Prediction of Volcanic Erup-
tions. JMA Sapporo began seismic monitoring at the
northwest (NW) foot of Meakan-dake volcano in 1973.
The number of seismic stations operated by JMA
Sapporo has been increased in phases since 2000, and
hypocenter determination of volcanic earthquakes began
as routine analysis in 2004. Although JMA Sapporo in-
creased the number of stations, instruments installed at
the JMA stations are mainly short-period seismometers
and low-frequency microphones; therefore, its monitoring
network lacks the ability to observe slow phenomena of

longer than a few seconds. To detect long-period events,
the Institute of Seismology and Volcanology, Hokkaido
University, hereafter referred to as ISV, operates a broad-
band seismometer at Meakan Onsen, hereafter referred to
as MEA, which is about 2.0 km N'W of Pon-Machineshiri.
In response to the phreatic eruption in March 2006
(Aoyama and Oshima 2008), ISV added two broadband
seismic stations during the summer season in 2006 (Fig. 1).
To improve the azimuthal coverage, new stations, sta-
tions ONT and FPS, were installed at the southwest
(SW) flank of Pon-Machineshiri and at NE flank of
Naka-Machineshiri, respectively. During the active
period in 2008, Giiralp CMG-40T broadband seismom-
eters (flat velocity response, 0.033-50 Hz) were oper-
ated at all three stations. The sensor outputs were
digitized by a Hakusan LT8500 data converter with 22-
bit precision at a sampling rate of 200 Hz at MEA in
addition to a Hakusan LS7000XT data converter with
24-bit precision at sampling rates of 100 Hz at ONT
and 200 Hz at FPS. These outputs were then transmit-
ted to ISV through radio transmission and telephone
lines. A surface mount-type biaxial tiltmeter, Applied
Geomechanics T701-2A, was also installed at MEA and
EPS together with CMG-40T, which enabled us to
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examine the tilt effects on seismograms. Outputs from
the tiltmeter were digitized with 18-bit precision at a
sampling rate of 1 Hz at MEA and with 24-bit precision
at a sampling rate of 200 Hz at FPS.

As previously mentioned, two remarkable volcanic
tremors occurred before the first eruption on November
18: the first at 14:11 JST on September 29 and the second
at 00:56 JST on November 16. The maximum amplitude
of ground displacement recorded by a short-period
seismometer at station JMAB which is operated by JMA
Sapporo was 2.4 um for the first tremor and 0.5 pm for
the second. Both events were successfully observed by the
broadband seismometers and tiltmeters installed at the
three stations. We investigated the seismic and tilt data to
determine the existence of long-period signals that may
suggest ground tilt motion at the station by following the
same procedure as that reported by Aoyama and Oshima
(2008). Despite the large amplitude of seismic tremor, we
were unable to detect a notable long-period signal exceed-
ing the background noise level in the broadband seismic
traces of the first tremor. However, it was confirmed that
the small second tremor occurring on November 16 con-
tained an unusual long-period signal, particularly in the
horizontal components. This long-period signal appeared
almost coincidentally at all three stations. Figure 3 shows
the waveforms recorded at MEA and ONT by the CMG-
40T seismometer and the T701-2A biaxial bubble tiltme-
ter (MEA only). It is clear that a volcanic tremor began
around 00:56 JST in all components of the velocity traces.
However, it was quite difficult to recognize the tremor sig-
nal in the displacement traces obtained by simple integra-
tion after removal of the direct current (DC) component
from the velocity traces. Instead, long-period signals such
as that of the ramp function appeared in the east—west
(EW) component of displacement traces at ONT. We de-
tected similar fluctuation in the EW component of dis-
placement and tilt traces at MEA at almost the same time.
It should be noted that the displacement seismogram of
CMG-40T and the tilt waveform obtained by T701-2A are
quite similar. As is shown subsequently, the horizontal
displacement of a seismometer is proportional to the tilt
angle in a frequency range lower than the natural fre-
quency of the seismometer. Since the duration of this sig-
nal was about 3 min, which is significantly longer than the
natural period of CMG-40T at 30 s, the change in hori-
zontal displacement does not express the pure transla-
tional motion but rather reflects the ground tilt.

Estimation of tilt motion from seismogram data

When the ground at a monitoring station inclines,
the tiltmeter and the horizontal components of the
seismometer are affected by the change in gravita-
tional acceleration. Following the formulation given
by Graizer (2006), Aoyama (2008) presented a quantitative
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relationship between the velocity response function and
the tilt response function of a CMG-40T seismometer and
confirmed its validity by conducting a laboratory experi-
ment. The relation can be expressed as

Cr(0) ==45C\(0) &y

where Cr(w) is the tilt step response function, C (o) is
the velocity impulse response function, g is the gravita-
tional acceleration, and w is the angular frequency of the
input signal. C,(w) for the CMG-40T seismometer can
be calculated by using the distribution of poles and
zeros, p; and z; (i = 1-3) as

(iw-21) (iw-22) (iw-23)
(iw-py)(iw-p,) (i0-p;)

Cy(w) = -0.314 (2)

Substituting the pole and zero values given by the
manufacturer in this equation (e.g., Table 2 of Aoyama
and Oshima 2008) and taking the low-frequency limit,
we can obtain a theoretical conversion value of 0.223
mm/prad (=4.48 prad/mm). Using this value, the appar-
ent displacement of the seismogram due to tilting mo-
tion can be transferred to the angle of tilt change in the
frequency range of w < < wy, where wy is the natural an-
gular frequency of the seismometer. The same relation-
ship between the seismometer displacement and tilt
change was also reported by Genco and Ripepe (2010),
in which this relationship was applied to extract the tilt
motion due to precursory inflation of a Strombolian
eruption from the CMG-40T seismogram. Takeo et al.
(2013) also applied this method to obtain tilt motion
prior to Vulcanian eruptions at Shinmoe-dake volcano
in 2011.

Particle orbits projected on the horizontal plane dur-
ing the gray-shaded period in Fig. 3 are shown in Fig. 4.
Tilting vectors can be obtained from these particle or-
bits by using the conversion value given above. The dir-
ection of apparent horizontal displacement corresponds
to the uplift direction; hence, the eastward displace-
ment observed at ONT represents an uplift of the east-
ern side of the station. The direction of uplift and
amplitude of tilt change at the three seismic stations
are estimated by connecting a straight line between
start and end points of each particle orbit in Fig. 4 as
N288° E/0.14 prad at MEA, N83° E/0.48 prad at ONT,
and N222° E/0.13 prad at FPS. Although the orbits at
MEA and FPS have some minor deviations from a
straight line, and variations of tilt direction within a few
degrees are conceivable, the comprehensive tilt motions
are well represented by the linear tilt vectors shown in
Fig. 4. Arrows in the map view in Fig. 5 express the
spatial distribution of the tilt change.
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Fig. 3 Waveforms of the volcanic tremor on November 16, 2008. Top panel shows seismic and tilting data obtained by a broadband seismometer
and tiltmeter at station MEA. For seismic data, displacement waveforms obtained by a simple integration of the original velocity seismogram are
also displayed. The bottom panel shows the seismogram operated at ONT. The horizontal axis expresses local time in Japan on November 16.

A spindle-shaped signal of volcanic tremor in the velocity waveforms at around 1:00 is evident. However, a clear ramp function appears in the
horizontal components of the displacement waveforms. During the period, indicated by gray shading, large apparent eastward displacement was
observed at ONT. At the same time, relatively small but discemible displacement was also recorded at MEA. It should be noted that the horizontal
displacement waveforms closely resemble tilting waveforms recorded by a tiltmeter

Estimation of deformation source

Spatial distribution of tilt motions implies a clue to the
geometric configuration of a deformation source. Two
stations, ONT on the SW flank and FPS on the NE
flank, indicate uplift of the summit area, whereas MEA
on the NW flank shows subsidence of the summit direc-
tion. Such variation of the observed tilt motions may be

explained by a non-isotropic source having azimuthal
dependence on the surface deformation. Here, because
we have only three tilt vectors, a single deformation
source with simple configuration should be considered.
Simple volumetric sources commonly assumed in the
analysis of volcano deformation include spheres, pipes,
dikes, and sills (e.g., Lisowski 2007). Although non-
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volumetric faulting can generate crustal deformation, it
is unlikely to continue fault motion up to a few minutes
at a shallow depth of a volcano. Among these candidates
of simple deformation source, spherical and vertical pipe
sources were excluded because these sources produce
only axisymmetric surface deformation. Although an in-
clined pipe source and sill-like source can generate non-

axisymmetric deformation, it is difficult to reproduce the
reversal polarity of tilting motion at MEA. However, an
expanding vertical dike striking in the N'W-southeast
(SE) direction located under the Pon-Machineshiri crater
could explain a spatial pattern of the observed tilt
changes including the reverse polarity at MEA. There-
fore, we assumed a dike below the crater as the single
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Fig. 5 Map view of the observed tilting vectors. Upward dipping directions are shown by arrows. Although the vectors at ONT and FPS almost
point to the Pon-Machineshiri crater area, subsidence of crater direction was observed at MEA
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deformation source and estimated its depth, strike, dip,
length, width, and opening by using the grid search
approach.

The theoretical tilting motion was calculated by the
analytical expression given in Okada (1992). Since a
shallow source is expected, station elevation was consid-
ered in the calculation by varying the source depth rela-
tive to each station (Williams and Wadge 1998). To
treat small tilt changes at MEA and FPS in the same
manner as the large change at ONT, the fitness of calcu-
lated and observed tilt vectors was evaluated by using
the squared sum of normalized residuals:

3 2
(OT?C,'—STJC,‘)
E =
Z_: ( OTx? *

i=1

(OTyl_STyz)2> (3)

OTy?

where OTx; and OTy; are the observed tilt changes in x
and y directions at the i-th station, respectively, and STx;
and STy; are the calculated tilt changes in x and y direc-
tions at the i-th station, respectively.

The centroid of the rectangular dike was assumed to
be located just below the 96-1 crater (E144.0090°,
N43.3825°) on the SE edge of the Pon-Machineshiri
crater from which volcanic materials were ejected in the
2008 eruption (Ishimaru et al. 2009). To find the best-fit
parameters, we divided the search into three steps in-
cluding a rough search in wide parameter ranges and
two finer searches in narrow ranges. In the first rough
estimation, we assumed a purely vertical dike and chan-
ged the dike parameters in the range of 0.1-1.9 km
below sea level (bsl) for the dike centroid depth D (0.2
km step), N110° E-N130° E for the strike direction ®
(2° step), 0.2—4.2 km for the dike length L in the strike
direction (0.4 km step), 0.2—1.4 km for the dike width W
in the dip direction (0.2 km step), and 1.0-5.0 cm for
the dike opening U (1.0 cm step). The second fine
search was performed around the best solution of the
first step with the changing dip angle §. Parameter
ranges include D =0.1-0.5 km bsl (0.02 km step), ¢ =
N110° E-N125° E (1° step), 6 =70°-90° (2° step), L=
0.2-4.0 km (0.2 km step), W=0.2-1.4 km (0.2 km step),
and U =1.0-5.0 cm (1 cm step). In the third step, we
found the final fitting solution by changing the parame-
ters around the solution of the second step as D every
0.01 km in 0.26-0.29 km bsl, ¢ and & every 1° in 80°-90°
and 120°-126°, L and W every 0.1 km in 0.2-4.0 km and
0.2-1.6 km, and U every 0.1 cm in 0.4-3.0 cm.

Results and discussion

We obtained the best-fit solution at D=0.27 km bsl,
¢ =N122°E, § =84°, L=3.2 km, W=1.2 km, and U/=1.3
cm. Figure 6a shows observed and calculated tilt vectors
of the final fitting in the map view (case 1). A single dike
below the 96-1 crater well reproduced the observed tilt
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directions and amplitudes at the three stations around
the volcano. The volumetric change due to the dike
opening became about AV =5.0 x 10* m>.,

To examine the effect of horizontal location of the dike
centroid on the estimated parameters, we performed an
additional search in the same manner by assuming a dike
below Akanuma crater (E144.0064°, N43.3856°), which is
the largest crater in Pon-Machineshiri. New pits opened
at the NW perimeter of this crater during the 2006
eruption (Aoyama and Oshima 2008). In this case, the
best-fit solution was obtained as a combination of param-
eters of D=0.26 km bsl, ¢ =N119°E, § =87°, L =2.3 km,
W=06 km, and U=28 cm. A comparison of the
observed and calculated tilt vectors is shown in Fig. 6b
(case 2). In both cases of fitting, an almost vertical dike di-
rected toward MEA was estimated to reproduce subsid-
ence in the summit direction at MEA. The length of the
dike became shorter in the second case because the as-
sumed location of dike centroid is closer to MEA than
that in the first case. However, the volumetric change of
the dike in the second case was about AV =3.9 x 10* m?,
which is almost the same as that in the first case.

According to these parameter searches, we quantita-
tively confirmed that a single dike below the Pon-
Machineshiri crater effectively explains the tilt motion
observed during the volcanic tremor on November 16.
Since we have only three tilt datasets for this event, we
did not pursue a better solution for minimizing the re-
sidual by making the searching grid step finer.

Meakan-dake volcano experienced a phreatic eruption
of similar size in March 2006. Almost 1 month prior to
the eruption on March 21 of that year, the first precur-
sory seismic swarm began (Aoyama and Oshima 2008).
During the swarm period, two volcanic tremors were
identified, one of which was accompanied by a long-
period signal in the horizontal component of the broad-
band seismogram at MEA. The seismometer CMG-40T
at MEA was continuously operated without relocation
and replacement from 2006 to 2008. Thus, we can dir-
ectly compare the tilt signal overlapped with the vol-
canic tremors.

The downward dipping vector at MEA for the 2006
event was approximately toward the summit crater
area, as was the case for the 2008 event. The tilt ampli-
tude was calculated as 0.94 prad from the apparent dis-
placement offset of 0.21 mm (Aoyama and Oshima
2008), which is about 6.7 times larger than that of the
tilt in the 2008 event at ~0.142 prad at MEA. The sig-
nal duration of the tilting motion in the 2006 event was
about 1 min, whereas it was about 3 min in the 2008
event. Since MEA was the only broadband seismic sta-
tion operated in 2006, the tilt change in the 2006 event
was explained by deflation of the spherical source lo-
cated beneath the Pon-Machineshiri crater (Aoyama
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and Oshima 2008). This deflation was considered as a
result of phase change of the volcanic fluid and fluid
migration at the source area.

The 2008 event was successfully observed at three sta-
tions. Moreover, we confirmed that an inflation of the
dike oriented in the NW-SE direction below the Pon-
Machineshiri crater effectively explains the observed tilt
vectors in this study. The fact that the tilt vectors at
MEA in 2006 and 2008 showed almost the same direc-
tion suggests the possibility that the dike estimated from
the 2008 activity can also explain the tilt vector observed
in 2006. Unfortunately, however, we were unable to de-
termine which source configuration, dike or sphere, is
better for the 2006 data because of the limited number
of recorded data. It is expected that future activity at
Meakan-dake volcano will provide an opportunity for
obtaining a more concrete understanding of the precur-
sory deformation source below the Pon-Machineshiri
crater.

In addition to the summit active craters of Pon-
Machineshiri and Naka-Machineshiri, several fuming
grounds and flowing hot springs are distributed around
the volcano. Figure 7 shows a map view of these fea-
tures in which a few linear distributions of craters, fum-
ing grounds, and hot springs crossing the volcanic
edifice are evident. Yuno-taki hot spring, one of the
tourist spots near Meakan-dake, is located about 3 km
SW of Pon-Machineshiri. In the opposite direction of
the volcano, fuming grounds are present on the NE
slope about 2 km northeast of Naka-Machineshiri.
More specifically, Yuno-taki, Pon-Machineshiri, Naka-
Machineshiri, and the NE fuming grounds are aligned

in the NE-SW direction. The other two alignments are
in the NW-SE direction, one of which passes through
the Pon-Machineshiri crater. In the summit area of
Pon-Machineshiri, the 2006 Akanuma and 96-1 craters
almost align in the NW-SE direction. Meakan Onsen
hot spring is located on the extended line of this align-
ment. A hot spring at the eastern foot of the volcano
can be regarded as belonging to a NW-SE orientation
passing through Naka-Machineshiri. These alignments
generally resemble conjugate structures and may reflect
a hydrothermal system beneath the volcano. In Fig. 7,
we also show a horizontal projection of the estimated
dike (case 1). The dike direction is highly consistent
with the alignment of craters and hot springs passing
through Pon-Machineshiri in the NW-SE direction.
This fact also suggests the existence of hydrothermal
structures at this location.

Ogiso and Yomogita (2012) attempted to estimate the
source location of the precursory tremors of the 2008 ac-
tivity by using the spatial distribution of seismic ampli-
tudes recorded at short-period seismic stations of JMA
Sapporo. They used the method developed by Battaglia
and Aki (2003) and Kumagai et al. (2010) to analyze three
tremors occurring on September 29, November 16, and
November 17-19. According to their results, despite the
site amplification correction using coda waves of local
earthquakes, the estimated locations of the tremor sources
were shifted southward about 1 km from the summit ra-
ther than appearing just below the Pon-Machineshiri
crater (e.g., Figure 15 in Ogiso and Yomogita 2012). They
examined the shift by using the dataset of volcano tectonic
(VT) earthquakes that are routinely analyzed by manual
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selection of P and S arrivals and confirmed that a similar
location shift appeared when they applied the same ana-
lysis to VT earthquakes estimated below the Pon-
Machineshiri crater (Figure 8 in Ogiso and Yomogita
2012). In light of this location shift, the source location of
the volcanic tremor on November 16 shown in Figure 15
in Ogiso and Yomogita (2012) can be regarded as close to
the Pon-Machineshiri crater, which is the assumed loca-
tion of the centroid of the dike in this study.

According to temporal changes in seismic amplitude ra-
tio among JMA stations, Ogiso and Yomogita (2012) di-
vided the November 16 tremor into three phases. Phase 1
includes the first 4 min from the beginning of the tremor
(0:57-1:01 JST). During this phase, the amplitude of the
tremor gradually increases. Phase 2 includes the next 4
min during the amplitude decreasing stage (1:01-1:05
JST), and phase 3 includes the later part (after 1:05 JST).
The tilt change in this study began around 0:59 JST and
continued for about 3 min, corresponding to the transi-
tion between phases 1 and 2. During this transition, Ogiso
and Yomogita (2012) estimated a change in source depth
to the deeper part. However, we were unable to find an
evident phase to reflect the transition in the tilt records.

Almost at the same time as the occurrence of the
November 16 volcanic tremor, very local surface deform-
ation was observed around the Pon-Machineshiri crater,
as was an increase in groundwater level at Akanko
Onsen (Ishimaru et al. 2009). The local deformation
around the crater was detected by GNSS receivers in-
stalled at the north and south sides of the crater, iden-
tified respectively as NSY and PMN (Fig. 8). The
horizontal distance between these two receivers is about
1.0 km. The southern receiver at PMN moved about 4
mm westward and about 1 mm northward relative to
the northern receiver at NSY. The observed motion is
represented by a blue arrow in Fig. 8. Based on the dike
opening model in this study, we estimated the theoret-
ical relative motion between these GNSS stations. The
red arrow in Fig. 8 shows the expected motion from
our model (case 1). The vector directions were quite
consistent, although the scale of the red arrow in the
figure is smaller than that of the blue arrow by 1 order
of magnitude. To explain this motion more effectively
than the single dike theory estimated here, the opening
displacement of the dike must have been larger by 1
order of magnitude. However, such a large aperture is
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inconsistent with our tilt data observed at the three sta-
tions. For this deformation, Ishimaru et al. (2009) re-
ported that the relative motion between GNSS stations
occurred at around 2:00 JST on November 16. If the
time of deformation given by Ishimaru et al. (2009) is
exact, a 1-h delay of ground deformation is present
from the volcanic tremor that we analyzed. To check
their description, we carefully examined seismic and
geodetic data from our monitoring stations, although
but no notable signal was identified at around 2:00 JST.
Additionally, the sampling interval of the graph of
temporal variation in the GNSS baseline shown by
Ishimaru et al. (2009) appeared to be one dataset per
hour. Therefore, we conclude that the temporal incon-
sistency between the tremor and the GNSS data arose
from the low temporal resolution of GNSS data. The
difference in magnitude of the motion vector may have
been caused by a topographic effect or an uncertainty
of a heterogeneous underground structure that was not
evaluated in our forward calculation.

A step change in groundwater level was observed at
AK1 well at Akanko Onsen during 1:00-1:30 JST on
November 16, which is almost the same time as that
of the volcanic tremor (Ishimaru et al. 2009). Long

duration of the water level change in the well can be at-
tributed to the dispersion property of underground
water in the permeable layer around the well. Recently, a
proportionality factor between the changes in water level
at this well and in ambient volumetric strain was esti-
mated on the basis of the M2 tidal constituent as 3.42
mm/107® strain (Takahashi et al. 2012). By using this
factor, the observed increase in water level of about 3
cm at the AK1 well was transferred to changes in volu-
metric strain of about 88 nstrain of compression. Based
on our dike model (case 1), the expected change in volu-
metric strain at Akanko Onsen, about 8 km NE of
Meakan-dake volcano, is 18 nstrain of compression. Al-
though this value is about one fifth of the observed
value, the theoretical change in strain is fairly consistent
with the observed water level change at AK1 despite the
uncertainty of the heterogeneous underground structure.
These results also support our simple dike model.

The ground deformation analyzed in this study is con-
sidered to be one of the preparatory processes of phre-
atic activities because the opening of the dike occurred
at a shallow depth only 2 days prior to the first eruption.
At Meakan-dake volcano, the preparatory processes usu-
ally began a few months before the eruption, which
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appeared as an increase in seismicity observed in 1988,
1996, 2006, and 2008. From the recent phreatic erup-
tions in 2006 and 2008, in addition to an increase in
seismicity, it is confirmed that small ground deformation
preceded the eruptions. Although increases in seismicity
without following surface activities were sometimes ob-
served at Meakan-dake, we have not observed detectable
ground deformation during such isolated periods of seis-
mic unrest. Ground deformation coinciding with an in-
crease in seismicity can be considered as an indication
of progress in the preparation processes toward phreatic
eruptions; therefore, we can conclude that such activity
is an important precursory signal of phreatic eruption,
especially in Meakan-dake. The results of this study pro-
vide the following conceivable theory of volcanic activity.
For the 2008 eruption, preparatory accumulation of ther-
mal energy began in late September during the first seis-
mic swarm. When sufficient energy was accumulated at
a certain depth, the precursory dike opening was in-
duced beneath the Pon-Machineshiri crater at around
1:00 JST on November 16. Two days later, a small phre-
atic eruption occurred at the 96-1 crater on the SE per-
imeter of the Pon-Machineshiri crater.

Conclusions

We successfully observed precursory volcano deform-
ation of small phreatic eruptions at Meakan-dake vol-
cano in November 2008. The deformation occurred
along with a small volcanic tremor, which is the same as
that occurring in February 2006. The observed tilt
changes at three stations were effectively explained by
an almost vertical opening dike beneath the summit of
the Pon-Machineshiri crater with a volume increase of
4-5 x 10* m®, The NW-SE strike of this is highly con-
sistent with the alignment of active craters and hot
springs on and around the volcano. This coincidence
strongly suggests that hydrothermally weak structures
beneath the volcano were activated prior to the eruption.
The model estimated in this study should be re-
examined at the next occurrence of such activity.

Tilt changes detected at Meakan-dake were quite
small, on the order of 1 prad or less. This may be a
lower limit in magnitude for extracting significant sig-
nals from the original data, particularly for surface sta-
tions constructed in convenient locations. However, if
adequate monitoring systems are developed around the
volcano, it is expected that we can observe small de-
formation indicating unrest of underground hydrother-
mal systems prior to phreatic eruptions. We strongly
expect that similar precursory ground deformation will
be found at other active volcanoes. Increasing the num-
ber of examples of precursory phenomena will help to
reduce the risk of disaster from phreatic eruptions.
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