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Abstract 

Volcanic tremor is often observed to be associated with an increase in volcanic activity and during periods approach-
ing eruptions. It is therefore of crucial importance to study this phenomenon. The opening of a new vent and subse-
quent ash–gas emissions was observed in the active crater (Nakadake crater) of Aso volcano, Japan, in January 2014. 
These events were considered to be associated with phreatomagmatic activity similar to the small events of 2003–
2005. During the period from December 2013 to January 2014, a significant variation in the amplitude of continuous 
seismic tremors was observed corresponding to surficial volcanic activity. We estimated the tremor source locations 
for this two-month period by a three-dimensional grid search using the tremor amplitude ratio of 5–10 Hz band-pass 
filtered waveforms. The estimated source locations were distributed in a roughly cylindrical region (100–150 m in 
diameter) ranging from the ground surface to a depth of 400 m. Migration of the estimated source location was also 
identified and was associated with changes in volcanic activity. We assumed that the source locations coincided with 
a conduit system of the volcano, consisting of networks of fractures. This area is likely situated above the crack-like 
conduit proposed in previous studies. Before the 2014 event, an increase in gas-dominated volcanic fluid first caused 
an enlargement of the conduit zone, followed by the migration of further magmatic fluid through other pathways, 
which resulted in a subsequent ash–gas emission. Although we do not have sufficient information to discuss the 
causal relationship between these processes, it seems reasonable that continuous tremors might change the conduit 
conditions.
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Introduction
Volcanic tremors, which usually have frequencies from 1 
to 9 Hz (McNutt 1992), are a sustained seismic oscillating 
signal, the duration of which ranges from minutes to days, 
months, or even longer in some cases. This phenomenon 
is often observed to be associated with an increase in 
volcanic activity and during periods approaching erup-
tions (e.g., Thompson et al. 2002; Almendros et al. 2007). 
It is therefore of crucial importance to monitor volcanic 
tremors in order to forecast future eruptions, although 
the exact physical mechanisms causing such tremors 

remain unclear and continue to be a subject of consider-
able debate. Tracking of the source location of volcanic 
tremors is one of the most critical and vital pieces of 
information with regard to volcanic hazard assessment.

Volcanic tremors have an emergent onset and an indis-
cernible phase arrival during oscillations. These charac-
teristics make it impossible to correctly determine the 
source location of the tremor using the conventional 
approach to hypocenter determination. In order to over-
come this drawback, Battaglia and Aki (2003) proposed 
a novel technique based on the spatial distribution of 
tremor amplitudes in a network consisting of a lim-
ited number of stations. This is often referred to as the 
amplitude source location (ASL) method (Kumagai et al. 
2010). A fundamental assumption of the ASL method 
is that seismic waves associated with tremors observed 
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at stations are a result of multiple scattering due to het-
erogeneity during seismic wave propagation. The validity 
of this assumption has been confirmed for the high-fre-
quency band, i.e., > 5 Hz (Kumagai et al. 2010; Morioka 
et al. 2017). To date, a number of studies have applied the 
ASL method to volcanic tremors at, for example, Piton de 
la Fournaise volcano (Battaglia and Aki 2003), Etna vol-
cano (Patanè et al. 2008), Cotopaxi and Tungurahua vol-
canoes (Kumagai et al. 2010), and Meakan-dake volcano 
(Ogiso and Yomogida 2012).

At the Nakadake crater of Aso volcano in the southwest 
of Japan (Fig. 1), notable magmatic eruptions, including 
frequent Strombolian explosions and voluminous ash 
venting, started in November 2014 and lasted until May 
2015 (Yokoo and Miyabuchi 2015). Approximately one 

year in advance of these eruptions, in a two-month period 
from December 2013 to January 2014, we observed the 
opening of a new vent inside the crater and several ash–
gas emissions, both of which occurred with significant 
changes in tremor amplitude (Figs. 2 and 3). We regarded 
these phenomena as the first and precursory anomalies 
for the latest magmatic eruptions. In the present study, in 
order to investigate this precursory activity, we estimated 
the source location of the observed volcanic tremors by 
applying an approach similar to the ASL method (Taisne 
et  al. 2011). We hypothesized that continuous tremors 
(CTs) have a close relation to fluid transport processes 
in the shallow conduit system at Aso volcano. Based on 
our results for the spatiotemporal variation of the tremor 
source locations, we inferred the distribution of volcanic 
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Fig. 1 Observation sites at Aso volcano, Japan. a Map of Aso volcano (Aso caldera) in Japan. b Five seismic stations around the active Nakadake 
crater of Aso volcano. Solid and open circles represent short-period and broadband seismometers, respectively. c Enlarged view around the active 
crater. The two black squares with fields-of-view indicate locations at which the photographs in Fig. 2 were taken
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fluid pathways and the undergoing processes beneath 
and just off the crater at the time of the activity.

Ash–gas emissions in January 2014 at Aso volcano
In calm periods, the active crater (Nakadake crater) of 
Aso volcano hosts a hot acidic crater lake (Figs. 1, 2a). The 
lake is maintained by a balance of incoming and outgoing 
fluids (Terada et al. 2012). The inlet of the fluid is mainly 
supplied from deeper regions (more than 90% in both 
mass and energy), and the effect of precipitation is minor. 
The amount of hot water in the lake began to decrease in 
late 2012 and ultimately disappeared in December 2013 
(Fig. 2b), probably because of an imbalance in the energy 
and material budget (Terada and Hashimoto 2017).

After a week of bad weather, a new vent ( < 10 m in 
diameter) was first observed on the crater floor on 2 Jan-
uary 2014 (Fig. 2c). High-temperature gas jets glowed in 
the vent at night. In tandem with the opening of the new 
vent, there was an increase in the SO2 flux discharged 
from the crater to > 1, 000 tons/day (Japan Meteorologi-
cal Agency 2014), compared to the normal flux of < 300 
to 500 tons/day during calm periods (Fig. 3c). However, 
there was no apparent evidence of ash dispersion associ-
ated with this event around the vent on 7 January.

On 13 January, a small amount of ash was first emit-
ted from the vent (Fig.  2d, e), which was estimated to 
be 100 tons in total (Miyabuchi, Personal Communica-
tion, 2014). This amount was more significant than that 
associated with previous events. For example, less than 
40 tons of eruptive mass were ejected during the events 
that occurred from 2003 to 2005 (Miyabuchi et al. 2008). 
More than five ash–gas emissions successively occurred 
from 27 January 2014 until the end of February 2014. 
We believe that these were phreatomagmatic eruptions, 
just like the small events that occurred from 2003 to 
2005 (Miyabuchi et al. 2008). At approximately the same 
time in late January, the numbers of long-period (LP) 
and very-long-period (VLP) events beneath the volcano 
increased temporarily (Fig.  3a, b; Japan Meteorological 
Agency 2014). After returning to the normal level, no 
remarkable seismic activity, except for bursts in July, was 
observed before the start of the series of the 2014–2015 
eruptions on 25 November 2014 (Yokoo and Miyabuchi 
2015).

In association with this volcanic activity that preceded 
the ash–gas emissions in January 2014, we observed an 
unprecedented and drastic time evolution of tremor 
amplitude (Fig. 3c). In order to clarify the processes that 
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Fig. 2 Snapshots of the active crater from the west and southwest rim. a A volcanic lake was observed inside the Nakadake crater on 20 January 
2013. A fumarolic region behind the lake (right-hand side of the image) was located on the southern crater wall. The orientation of the image is 
indicated by N, E, and S (see Fig. 1c). b On 25 December 2013, water was no longer present in the crater. c A new vent (indicated by the white circle) 
glows at the crater floor, similar to the southern crater wall (2 January 2014). Note that brightness, contrast, and sharpness of this picture have been 
adjusted in order to emphasize the glow. d The ashy plume was from the center of the crater (23 January 2014). This photograph was taken from 
3 km west of the crater. e, f Visible and corresponding infrared thermal images after ash–gas emissions on 13 January 2014. High-temperature 
( > 550◦C ) volcanic gas with a minor amount of ash particles was emitted from a vent at the crater center
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occurred beneath the crater, we focus on these signals 
obtained during the two-month period from December 
2013 to January 2014 in the following sections.

Data
We used the vertical component of the seismograms 
recorded at five stations deployed around the active 
Nakadake crater. Short-period seismometers (Katsush-
ima PK-110V; flat response at 1.5–50 Hz) were installed 
at three of the stations, SUN, TAK, and KAF (closed cir-
cles in Fig.  1b). The other stations, UMAB and KAEB 
(open circles in Fig.  1b) were equipped with broadband 
seismometers (Guralp CMG-40T; flat response in 30 s to 
50 Hz). The sampling frequency for the seismograms was 
100 Hz at all of the stations.

Figure  4 shows 10-min seismograms at SUN and 
UMAB for four different days in our study period, i.e., 
15 December and 1, 15, and 25 January, as indicated in 
Fig. 3. The upper and middle traces in each diagram show 
the > 1.5 Hz seismograms at both stations. The < 0.1 Hz 

waveforms at UMAB are also shown in the bottom trace. 
There is a significant difference in the amplitude of the 
> 1.5 Hz signals on the four different days. These high-
frequency signals correspond to CTs, as reported by Tak-
agi et al. (2006). According to Takagi et al. (2006, 2009), 
the frequency of the CTs observed at Aso volcano in 
1999 through 2003 was generally high at 3–10 Hz. Simi-
lar peak frequencies (2–10 Hz) were observed at stations 
SUN, TAK, and KAF (Fig. 5a). In contrast, two dominant 
frequency bands at around 2–4 Hz and 6–12 Hz were 
observed at KAEB (Fig. 5b). The spectrogram of UMAB 
was not very clear.

Several types of volcanic seismic signals were always 
observed at Aso volcano, whether or not the level of vol-
canic activity was high. For instance, when the CT ampli-
tude was low (Fig. 4c), bursts occurred at 08:26 and 08:32 
in the upper two traces. They were attributed to both LP 
and short-period (SP) events (dominant at 2 and 10 Hz, 
respectively; Yamamoto 2004; Mori et al. 2008) in asso-
ciation with the VLP events (Mori et al. 2008; Yamamoto 
et  al. 1999) seen in the bottom trace. Identification of 
these LP and SP events was hampered by the significant 
CT amplitude (Fig.  4a, b), although larger VLP events 
occurred at 22:19 on 15 December and at 7:27 on 1 Janu-
ary compared to the 15 January case (Fig. 4c).

We calculated the root-mean-squared (RMS) ampli-
tude of CTs at all stations (frequency: 5–10 Hz; window 
length: 30 min with an overlap of 50%), and the ampli-
tude ratio between seismic stations pairs for the two-
month period of December 2013 to January 2014. For 
this calculation, we adopted a longer time window than 
those in previous studies (e.g., Taisne et  al. 2011; Ogiso 
and Yomogida 2012), in order to increase the likelihood 
that the records were not disturbed by unexpected sig-
nals, such as LP and SP events and regional earthquakes. 
However, we could not completely remove the effects of 
these earthquakes after 21 January when we observed 
substantial increases in LP seismicity (Figs. 3a, 4d; Japan 
Meteorological Agency 2014). We therefore excluded this 
time period from our analysis.

There are similar amplitude trends in the records for 
all stations, as shown in Fig. 6a. The SUN data are iden-
tical to that calculated from the unfiltered data (Fig. 3c). 
The amplitude ratio used the SUN data as a reference is 
shown in Fig. 6b, as an example. Based on the time evolu-
tion of the amplitude and the amplitude ratios (Fig. 6), as 
described below, we divided the analysis period between 
December 2013 and January 2014 into five stages, labeled 
I through V. 

Stage I  The RMS amplitude increased gradu-
ally until 22 December. The ratio was 
approximately constant at all stations. The 
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Fig. 3 Seismicity and amplitude variation of volcanic tremors. a, b 
Daily numbers of LP and VLP events at Aso volcano for a three-month 
observation period reported by Japan Meteorological Agency (2014). 
c Change in the root-mean-squared amplitude of the seismic record 
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amplitude ratios at KAF and KAEB, both 
of which were closer to the crater ( < 500 m 
away; Fig. 1), were several times larger than 
those at TAK and UMAB ( > 800 m away).

Stage II  The amplitude increased rapidly until 29 
December. At the end of this phase on 30 
December, the RMS amplitude decreased 
sharply. The amplitude ratio at KAF 
increased, while that at KAEB decreased. 
The ratios at UMAB (and probably TAK) 
were stable, although the TAK values were 
slightly smaller than that in Stage I.

Stage III  The amplitude was stable at a relatively high 
value for three days and then decreased 
again on 2–3 January, when the new vent 
was found (Fig.  2c). No significant differ-
ence in the trend of the amplitude ratio from 
Stage II was observed.

Stage IV  Similar to Stage I, a gradual increase in the 
RMS amplitude was observed. However, 
on 13 January, when the first ash emis-
sion occurred (Fig.  2e, f ), a small decrease 
in amplitude occurred, resulting in the 
same level as that at the beginning of this 
stage. The amplitude ratios for both KAF 
and KAEB were lower compared to those 
in Stage I. No significant changes could be 
observed for either TAK or UMAB.

Stage V  The RMS amplitudes were relatively steady 
around their smallest values from 13–20 
January. The ratios at both KAF and KAEB 
became higher and exhibited substantial 
fluctuations. From the middle to the end 
of this stage, the ratio at TAK and UMAB 
began to converge.
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Fig. 4 Waveforms of continuous tremors. Waveforms of continuous tremors recorded at a 22:15–22:25 on 15 December 2013, b 7:25–7:35 on 1 
January 2014, c 8:25–8:35 on 15 January 2014, and d 11:55–12:05 on 25 January 2014. The traces, from top to bottom, are a 1.5-Hz high-pass vertical 
seismogram at SUN, a 1.5-Hz high-pass vertical seismogram, and a 0.1-Hz low-pass vertical seismogram at UMAB
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Methods
We used the amplitude ratio for locating the source of 
CTs (Taisne et  al. 2011), which is a similar approach to 
the ASL method (Battaglia and Aki 2003; Kumagai et al. 
2010). In the calculation, we assumed that CTs at 5–10 
Hz are composed of scattered S-waves, and that they are 
radiated isotropically from the source. With regard to 
the first assumption, Kumagai et  al. (2010) showed that 
volcanic tremors are likely to be dominated by S-waves 
because a large amount of P- to S-wave conversion 
occurs due to multiple scattering inside volcanoes. Even 
though we could not identify the exact wave type asso-
ciated with the observed signals from featureless par-
ticle motions, we confirmed that they were not direct 
P-waves. The second assumption is also due to the highly 
heterogeneous structure inside volcanoes, which gives 
rise to a short length of the mean free path for seismic 
waves, i.e., 100–200 m for 4–16 Hz waves (Shimizu and 
Ueki 1983; Wegler and Lühr 2001; Wegler 2003; Pruden-
cio et  al. 2015). This indicates that seismic waves tend 
to be scattered shortly after they are produced, which is 
consistent with the (pseudo-)isotropic radiation pattern 
for the scattered S-waves.

Under the assumption of isotropic radiation of scat-
tered S-waves, the theoretical amplitude at the i-th sta-
tion (in m/s; slant distance from a source is ri km ) is 
expressed as follows (Battaglia and Aki 2003; Kumagai 
et al. 2010):

where A0 is the seismic amplitude at the source ( m2/s ), 
f is the frequency (Hz), Q is the quality factor, V is the 
S-wave velocity (km/s), and Si is the site amplifica-
tion factor described in the next paragraph. The tremor 
amplitude ratio between the i-th station and the j-th sta-
tion is

This amplitude ratio is only a function of the source-
station distance r when we fix the other parameters. We 
choose f = 7.5 Hz (corresponding to 5- to 10-Hz band 
data), Q = 50 (Sudo 1991), and V = 1.12 km/s (calcu-
lated from the P-wave velocity (1.91 km/s) and the P- to 
S-wave velocity ratio (1.704) Sudo and Kong 2001; Sudo 
et al. 2002).

The site amplification factor Si was calculated by the 
coda normalization method (Phillips and Aki 1986). 
We selected 153 earthquakes listed in a catalog of the 
Japan Meteorological Agency ( M ≥ 2.0 ; from May 2011 
to June 2012). Their hypocentral distances were 10–200 
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km from Aso volcano, and their back azimuths were 
equally distributed in all directions. According to Ogiso 
and Yomogida (2012, 2015), we used 5- to 10-Hz band-
passed seismograms in a 10-s time window twice after 
the arrival of the S-wave. The S-wave travel times were 
calculated using the table of Ueno et al. (2002). Table 1 
shows the results of the calculations in the form of a 
ratio based on that for the SUN station.

To locate the CT sources, a three-dimensional grid 
search using the observed amplitude ratio A′obs

ij  was 
applied so as to minimize the normalized residual ǫ:

where Np is the number of station pairs. In the present 
study, we chose four or five stations to be used, so that Np 
was 6 or 10. We regarded the grid point at which the nor-
malized residual took a minimum value ( ǫmin ≤ 1.67 ) as 
the CT source location. The threshold value of ǫmin that 
we chose was equivalent to the error level in Jones et al. 
(2013), who examined the validity of the ASL method 
by comparing the locations of known seismic sources 
(shots) and inverted locations using the amplitudes 
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Table 1 Site amplification factors referenced to SUN

TAK KAF UMAB KAEB

Site amplification factor 1.118 0.919 0.959 1.309

Standard deviation 0.191 0.223 0.236 0.329

Numbers of analyzed seismic events 95 63 88 77
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at six stations. The grid search region was 1500 m 
(N-S)× 1500 m (E-W)× 1200 m (depth) around the cra-
ter, with a 25-m increment in all directions.

Results
An example of our CT source estimation results is shown 
in Fig. 7, where we used the data in Stage I (13:00 on 15 
December 2013). The estimated source location is at 
a depth of 200 m beneath the crater ( ǫmin = 1.08 ). This 
corresponds to the upper end of the crack-like conduit, 
where repeated VLP events usually occur (Yamamoto 
et  al. 1999). The residual pattern in the NS cross sec-
tion extends more widely than that in EW cross section. 
This pattern is due to the limited distribution of our five 
seismic stations (Figs.  1, 7), suggesting that it would be 
better for more precise source location to place at least 
one more station between the crater and either SUN or 
UMAB.

During the two-month period from December 2013 to 
January 2014, we estimated the source location of CTs 
every 15 min. The time evolution of both the depth and 
the horizontal position are compiled in Fig.  8. To plot 
the horizontal position, we used components both paral-
lel and perpendicular to the strike direction of the crack, 
N28◦W (Fig. 7; Yamamoto et al. 1999). In the following, 
we refer to these components as the NS and EW compo-
nents, respectively. The source is situated consistently at 
a depth of 200 m throughout Stages I to III. However, in 
Stage IV, the source depth suddenly drops to 400 m and 
then gradually returns to ∼ 200 m . During Stage V, the 
source position fluctuates within the shallowest depth of 
0–200 m. The estimated source position in a map view is, 
on the whole, ∼ 100 m southwest from the center of the 

UMAB

TAK

SUN

KAF

KAEB

ε

1 km

131.07 131.08 131.09 131.10

131.07 131.08 131.09 131.10

Yamamoto et al. (1999)

-400 0 400 800

32.89

32.87

32.88

32.89

32.87

32.88

-400

800

400

0

longitude

longitude

de
pt

h 
(m

)

depth (m)

la
tit

ud
e latitude

Fig. 7 Example distribution of the computed residual for source 
estimation. Distribution of the calculated normalized residual ǫ at 
13:00 on 15 December 2013. In the map view, the estimated source 
location of continuous tremors is situated inside the crater, where 
two black lines cross. The cross sections in the NS and EW directions 
are along these lines. The crack-like conduit in which the source 
of repeated VLP events proposed by Yamamoto et al. (1999) is also 
shown by the gray rectangle and lines in the map and the cross 
sections, respectively

a

b

c

0

600

400

200

-200

400

-400

-200

0

200

400

-400

-200

0

200

1-Dec 8-Dec 12-Dec 22-Dec 29-Dec 5-Jan 12-Jan 19-Jan

1-Dec 8-Dec 12-Dec 22-Dec 29-Dec 5-Jan 12-Jan 19-Jan

de
pt

h 
(m

)
di

st
an

ce
 (

m
)

di
st

an
ce

 (
m

)

N28oW

N62oE

S28oE

S62oW

VegatsVIegatsIIIegatsIIegatsIegats

Fig. 8 Time evolution of tremor source locations. a The estimated source depth from the bottom of the crater center is plotted by black (10 station 
pairs) and gray (six station pairs) dots. The four vertical lines represent the boundaries between each stage. b, c The horizontal locations are plotted 
in parallel and perpendicular to the strike direction of the crack (Yamamoto et al. 1999). The zero indicates the crater center



Page 9 of 15Ichimura et al. Earth, Planets and Space  (2018) 70:125 

crater (Fig.  9a). Although westward, and then eastward 
shifting occurs during Stages II through III and Stages IV 
through V, respectively, the horizontal location is more 
stable to within ±160 m in the NS component (Fig.  8b) 
and ±120 m in the EW component (Fig. 8c). For all stages 
of the analyzed period, the estimated CT source locations 
are likely to be distributed in an inclined roughly cylin-
drical region beneath the crater (Fig.  9). Most of these 
locations are situated above the top portion of the crack 
reported by Yamamoto et al. (1999). No significant differ-
ences between the number of station pairs (6 or 10) used 
for the calculation were found (Fig. 8).

Discussion
In the present study, we located the CT sources at Aso 
volcano in the period from December 2013 to January 
2014 using the seismic amplitude records from five sta-
tions (Fig.  1). We found that the sources were distrib-
uted from the surface to a depth of ∼ 400 m beneath the 
active crater (Fig. 9). Migration of the sources could also 
be identified in the analyzed period (Fig. 8). In this sec-
tion, from the spatiotemporal distribution of these source 
locations, we briefly discuss a pathway for the volcanic 
fluids at Aso volcano and the source processes beneath 
the crater from 2013 to 2014.
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Our result shows that the CT sources were apparently 
distributed beneath the active crater (Fig.  9). However, 
the horizontal position was ∼ 100 m south of the center 
of the crater. We consider that this offset is valid because 
it is consistent with the results of an array analysis of CTs 
(Takagi et al. 2006, 2009). A fumarolic zone at the south-
ern crater wall (Fig. 2a) might also be evidence of this off-
set. Moreover, we found that the sources extended from 
the ground surface to a depth of ∼ 400 m . The source 
locations appear to be confined within a region with 
an inclined roughly cylindrical shape (Fig.  10). Assum-
ing this to be the case, we approximated the diameter at 
different depths based on the cross-sectional area. The 
cross-sectional circular area was estimated by summing 
the different source grids ( 25× 25 m2 each). The result-
ing diameter was 100–150 m, and there was no signifi-
cant change with depth (Fig.  10a). By connecting the 
epicenters of these circles, the dip angle of the cylindri-
cal region was found to be 80.7◦ . The lower part of the 
cylindrical source region coincides with the uppermost 
portion of the large crack-like conduit (2.5 km in length 

and 1.0 km in width) reported by Yamamoto et al. (1999) 
where repeated VLP events occur (Figs.  3, 4). The esti-
mated dip angle for the CT source ∼ 81◦ is practically the 
same as that for the crack ( 85◦ ), which implies that the 
CT source is closely related to the existing crack.

According to the model proposed by Yamamoto (2004) 
and Yamamoto et  al. (1999), the large crack situated 
beneath the CT sources is part of a transportation system 
of gas-dominated volcanic fluid. The fluid flows upwards 
toward the crater, probably from the magma reservoir 
situated at a depth of 6 km (Sudo and Kong 2001; Nobile 
et al. 2017). Therefore, we believe that most of the shal-
low CT source regions lie in the final section of the fluid 
pathway to the crater. Before approaching the crater, the 
volcanic fluid at the top portion of the crack may flow 
horizontally and become concentrated near the central 
region, despite a deviation of ∼ 100 m from the crater 
center (Figs. 9a, 10e).

We believe that this region of the pathway consists of 
complex plexus structures, and perhaps networks of 
fractures with different sizes. This is consistent with the 
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results obtained by an AMT survey (Kanda et al. 2008), 
in which a low-resistivity region ( 100 to 100.5 �m ) was 
observed at depths of 0–400 m beneath the crater. High-
temperature volcanic fluid (dominated by magmatic gas) 
infiltrates the sedimentary rocks because of their high 
permeability, which likely causes a decrease in the resis-
tivity of the rocks (Komori et al. 2010). The diameter of 
100–150 m for the roughly cylindrical pathway is approx-
imately equal to that of the actual crater floor (Fig.  9a), 
whose area was estimated to be ∼ 1× 104 m2 based on 
digital surface modeling performed in 2007 (Terada et al. 
2008). This coincidence in size suggests that the fluid 
supply to the volcanic lake can occur by seepage from 
the entire area of the crater bottom, whether or not the 
primary pathway, similar to the vent observed in Janu-
ary 2013 (Fig. 2c–e), is open. This is supported by the fact 
that several water remnants and steaming areas were dis-
tributed over the entire crater floor when most of the lake 
water had disappeared (Fig. 2b).

Some studies have associated source processes with 
the generation of volcanic tremors (e.g., Chouet 1988; 
Iwamura and Kaneshima 2005; Neuberg et  al. 2005). 
However, tremors are often thought to be related to the 
movement of volcanic fluids (magma and gas) through 
pathways such as conduits, dikes, and fissures. Julian 
(1994) proposed a simple theoretical model of the tremor 
in which fluid movement in a channel causes oscilla-
tion of the elastic walls of the path. A similar process 

with tremor-like seismic signatures has been reproduced 
in laboratory experiments on rock deformation (Ben-
son et al. 2008; Burlini et al. 2007). Based on the results, 
tremors can occur when fluids move into the preexisting 
crack or fracture networks that have newly resulted from 
rock failure. The observed complex shape of the pathways 
in the specimen is also responsible for tremor generation, 
as postulated in the literature (Julian 1994). Following 
these models, we consider that movement of fluid related 
to volcanic gas could generate the CTs observed during 
the analysis period.

To investigate the processes of fluid migration at Aso 
volcano from 2013 to 2014, in addition to analyzing 
the CT source locations (Fig.  8), we derived the source 
amplitude A0 in 15-min time windows using the follow-
ing equation:

where Ns is the number of stations, which is assumed 
to be four or five in our case. The results of this estima-
tion are shown in Fig. 11. The trend of the source ampli-
tude during the two-month period is quite similar to 
the observed RMS amplitude at the stations (Fig.  6a). 
We consider that these changes are strongly reflected 
in the actual progression of volcanic processes beneath 
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the crater. The increase in the source amplitude during 
Stages I through III is thought to be related to an increase 
in the flow of volcanic fluid toward the opening of the 
eruption vent. At these times, we actually observed an 
increase in the SO2 discharge rate (Figs. 3c, 11). Since the 
upward fluid supply increased, the pathways might have 
expanded in order to accommodate the higher flux. On 
the other hand, after the opening of the vent (Stages IV 
and V), the source amplitude decreased in a stepwise 
manner to a low level (Fig.  11). However, the SO2 dis-
charge rate remained quite high at ∼ 1, 500 tons/day , 
which was evidence that transport pathways for the vol-
canic fluid had been established, so that no significant 
source amplitude could be estimated.

The results of the present study allow us to interpret 
sequential processes beneath the active crater of Aso vol-
cano leading up to the ash–gas emissions in January 2014 
in association with volcanic fluid migration. They can be 
summarized as follows. 

Stage I  In this stage, the amount of gas-dominated 
volcanic fluid transported from depth to the 
crater had gradually increased as compared 
to that in the period before analysis. This 
supply of the fluid led to an expansion of the 
zone of fluid pathways (probably aggregation 
of fractures) especially in a shallow portion 
(depth: ∼ 200 m ) between the crater floor 
and the upper edge of the crack-like con-
duit (Fig. 11). We could observe this process 
of CT generation with a gradual increase in 
amplitude. The rise of fluid supply is also 
indicated by a continuation of the gradual 
increase in the SO2 discharge rate (Figs.  3c 
and 11).

Stage II  A more considerable amount of fluid was 
supplied to the system. SO2 degassing con-
tinued to increase and achieved a high level 
of ∼ 1, 000 tons/day (Figs.  3c, 11). This 
supply caused the entire pathway area to 
expand further, which may explain why the 
increase in the CT amplitude became more 
significant at this stage (Fig. 11). No change 
in the source depth of around 100 to 300 
m was evident. At the end of this stage, we 
observed a sharp decrease in the amplitude, 
which suggests that stresses associated with 
fluid flows became too low. This decrease in 
amplitude could occur when the size of the 
pathway becomes sufficient to transport the 
fluid therein. We infer that the vent, i.e., the 
exit of the pathway, may have indeed opened 

on 30 December 2013 although a new vent 
was first observed on 2 January 2014 after 
bad weather conditions (Fig. 2c; at the end of 
Stage III).

Stage III  We observed that the tremor amplitude 
remained at a higher level and the esti-
mated source depth was approximately the 
same as that in Stage II (Fig. 11). Therefore, 
we consider that the pathway area was still 
enlarging in order to transport the fluid in 
a manner similar to Stage II. At the end of 
this stage, the path system for the volcanic 
fluid beneath the crater was wholly estab-
lished. The vent size was enlarged to < 10 m 
(Fig. 2c), which again led to a sharp decrease 
in the tremor amplitude (Fig. 11) although a 
high level of SO2 degassing was still observed 
(Figs. 3c, 11).

Stage IV  The highest SO2 discharge rate of 
1500 tons/day was recorded during this 
period (Figs.  3c, 11), which indicates that 
a significant amount of volcanic fluid was 
still being supplied from below. Since the 
first ash–gas emission (100 tons of ash; 
Miyabuchi, Personal Communication, 2014) 
occurred on 13 January (Fig. 2e), at the end 
of this stage, we consider that the fluid was 
more magmatic than in previous stages. 
From this viewpoint, the CT source location 
may be noteworthy, in that the source depth 
(200–400 m; Fig.  11) evidently coincided 
with the uppermost part of the crack. How-
ever, there was some lateral divergence from 
the crack (Fig.  9b), and the source depth 
shows apparent upward migration with 
some back and forth fluctuations (Fig.  11). 
In order to explain these results, one possi-
ble scenario is that a process forming a new 
route for the volcanic fluid leading to the 13 
January event occurred just beside the exist-
ing crack (west side) (Fig. 10). A phenome-
non similar to a tremor, cyclic forward and 
backward migration, was recorded in asso-
ciation with a dike propagation (Caudron 
et  al. 2018). At Aso volcano, no different 
VLP events were observed even when mag-
matic eruptions occurred (Sandanbata et al. 
2015), and those during periods with a sus-
tained crater lake. This suggests that there 
are several (isolated) pathways beneath the 
crater (one is for magmatic fluid without 
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VLP events, i.e., the new west route; and 
the other is for a great deal of gaseous fluid 
related to repeated VLP events, i.e., the 
crack). At a depth of < 200 m above the 
confluence point between these pathways, 
the fluid path was already large enough to 
accommodate the fluid for the 13 January 
event. This is the reason why no CT source 
location was determined before the erup-
tion. However, we cannot precisely explain 
why this kind of process to form a new 
pathway did not generate a significant CT 
amplitude, as in Stages II and III (Fig.  11). 
A more accurate picture of the conduit sys-
tem of Aso volcano should also be obtained. 
Once the ash–gas emission occurred at the 
end of this stage, the pressure decreased in 
the pathway and thus the tremor amplitude 
decreased to the background level (Fig. 11).

Stage V  During this stage, from 13 to 20 January, 
the tremor amplitude was significantly 
small (Fig.  11). The spectral character of 
the recorded signals was somewhat differ-
ent from that in the previous stages (Fig. 5). 
This indicates that the seismograms in this 
stage did not include particular CT signals 
and were likely composed of signals associ-
ated with strong gas jetting from the vent 
(McKee et al. 2017). Detection of gas jetting 
is why the source locations were determined 
to be at much shallower depths around the 
ground surface (Fig.  11). An open conduit 
system maintained the highest SO2 dis-
charge rate of ∼ 1500 tons/day (Figs.  3c, 
11). Since the conduit system had been 
established, subsequent ash–gas emissions 
smoothly occurred in more than five events 
during the next ten days (Japan Meteorolog-
ical Agency 2014).

Based on the results of analysis on the CTs, we clari-
fied the pathway distribution for the volcanic fluid 
beneath the crater at Aso volcano. We also showed that 
the location of CT sources is undoubtedly crucial in 
capturing subsurface processes concerning fluid migra-
tion and so must be monitored. A similar increase in 
tremor activities to this 2013–2014 event has been 
observed at Aso volcano on several instances, before 
the small ash–gas emission in 2011, during the series 
of magmatic eruptions in 2014–2015, and before some 
phreatic and phreatomagmatic explosions in 2016. In 

order to clarify the causal relationship between the con-
duit process and CT, further analyses of these events 
are required. An improved understanding of the fluid 
transport processes in shallow conduit systems at the 
volcano may lead to more effective hazard mitigation.

Conclusion
We estimated the source locations of continuous trem-
ors at Aso volcano over a two-month period preceding 
ash–gas emissions in January 2014. We used temporal 
variations in the seismic amplitude ratio observed at 
just five stations around the active crater. The sources 
were estimated to be distributed from the ground sur-
face to a depth of 400 m beneath the crater. We infer 
that the tremor source area is a region of fracture net-
works in which gas-dominated volcanic fluid is always 
transported to the crater in order to sustain the crater 
lake. This gas-dominated fluid is supplied from a deep 
area through a large crack that exists just beneath the 
source region of the tremors. The estimated source 
locations for the continuous tremors were also found 
to migrate in association with surficial volcanic activ-
ity. In particular, during the ten-day period leading up 
to the start of the ash–gas emissions (small phreato-
magmatic eruptions), the sources were situated at the 
deepest position during the analysis period and beside 
the crack position. We speculated that this spatial dis-
crepancy between the source locations and the crack 
might be caused by the formation of new pathways by 
more magmatic fluid supplied directly from the magma 
chamber. Based on the results of the present study, we 
found that signals associated with continuous tremors 
related to the eruptive activity have the potential to be 
used to interpret the fluid dynamics inside a volcano. 
Therefore, from the standpoint of eruption forecasting, 
continuous tremors should be carefully monitored to 
track their source locations, especially when new path-
ways have been established.
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