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Shallow volcanic reservoirs and pathways 
beneath Aso caldera revealed using ambient 
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Abstract 

Imaging the shallow velocity structures beneath Aso caldera is necessary to further understand volcanism at the 
volcano and in the region. The network for monitoring Aso volcano has been progressively renewed and upgraded 
with denser and more modern instruments. We used approximately 4 years of seismic data recorded by a network of 
25 seismic stations to image S‑wave velocity (Vs) structures beneath Aso caldera with seismic noise interferometry. 
We calculated daily cross‑correlation functions (CCFs) of broadband and short‑period station pairs separately and 
then stacked CCFs monthly, to obtain the time‑domain empirical Green’s functions and corresponding Rayleigh‑wave 
phase‑velocity dispersion curves. Finally, we constructed 1–5‑s phase‑velocity maps interpolated from nodes spaced 
0.05° grid. The maps allow investigating crustal Vs structures between the surface and a depth of 6 km, likely related 
to shallow volcanic reservoirs and pathways. High velocities are found within the first kilometer of the crust beneath 
post‑caldera central cones. Low velocities in the center of the post‑caldera central cones extend from the surface to a 
depth of 1–2.5 km; we infer that the anomalies mark shallow hydrothermal reservoirs likely replenished by precipita‑
tion and hydrographic networks. The prevalence of high velocities below 3 km can be considered as consolidated 
igneous rock. Low‑velocity anomalies identified at depths of 5–6 km beneath the post‑caldera central cones could be 
a manifestation of magma accumulation. The low‑velocity belts situated at 2.5–5 km depths are likely pathways for 
the transfer of hydrothermal fluids, volcanic gases, or melting magma to the surface. The northern part of the caldera 
shows relevant lateral velocity variations, with low velocities and high velocities predominant in the east and west, 
respectively. Other low‑Vs anomalies appear near the surface to the west and northwest of Aso caldera.
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Introduction
Volcanic activity is generally associated with mag-
matic-hydrothermal systems, which can be investigated 
through imaging seismic velocity structures. In particu-
lar, S-wave velocity (Vs) structures are generally corre-
lated with hydrothermal fluid or magma distributions. 
In the early Twenty-first century, monumental insights 

have been gleaned from deriving information regarding 
substantial velocity structures from ambient seismic 
noise in various parts of the world (e.g., Shapiro et  al. 
2005; Lin et  al. 2007; Yang et  al. 2007; Bensen et  al. 
2008; Zheng et al. 2008; Nishida et al. 2009; Saygin and 
Kennett 2010; Kao et  al. 2013; Goutorbe et  al. 2015). 
Velocity structures can demonstrably be retrieved by 
cross-correlating ambient seismic noise signals with 
continuous and simultaneous recordings of seismic 
networks (e.g., Weaver 2005). The aperture and density 
of seismic stations have positive correlations with the 
depth and lateral resolution of the obtained velocity 
structures. Such investigations on active volcanoes have 
discovered magma chambers, hydrothermal reservoirs, 
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and temporal velocity variations related to volcanic 
activity. Examples include Asama and Naruko/Onikobe 
volcanic area in Japan (Nagaoka et  al. 2012; Tamura 
and Okada 2016), Piton de la Fournaise volcano on La 
Réunion island (Brenguier et  al. 2007), volcanic arc of 
Southern Peru (Ma et al. 2013), Colima Volcanic Com-
plex in Mexico (Escudero and Bandy 2017), and Tatun 
Volcano Group in Taiwan (Huang et al. 2017).

Aso volcano is situated at approximately the center of 
Kyushu and is one of the most active volcanoes in Japan 
(Fig. 1a). Four caldera-forming eruptions have occurred, 
and Aso-4 (~ 89  ka) formed the existing caldera, which 
has an approximate size of 18 km by 25 km in the E–W 
and N–S directions, respectively (e.g., Machida and Arai 
1983; Ono and Watanabe 1985; Fujii et  al. 2001). Since 
Aso-4, eruptions have been concentrated in the post-
caldera central cones. More than 17 cones were created 
on the surface, e.g., Takadake, Nakadake, Kishimadake, 
Komezuka and Kusasenrigahama (Fig.  1b). The largest 
pyroclastic eruption occurred at the Kusasenrigahama 
Volcano at approximately 30 ka, and the volcanic depos-
its have been well studied (e.g., Miyabuchi et  al. 2003; 
Miyabuchi 2009, 2011). Fumaroles, hot springs, and sur-
face geothermal activity can be observed on the south-
western flanks of the post-caldera central cones.

Aso volcano becomes active at intervals of approxi-
mately 10–20  years (e.g., Sudo 2001), and Nakadake is 
the most active cone within the historic times. The total 
craterous area of Nakadake comprises seven craters that 
are roughly aligned in a N–S direction (Japan Meteoro-
logical Agency; JMA 2013), and volcanic eruptions have 
been more frequently observed in the northernmost cra-
ter (i.e., the first crater of Nakadake). The major type of 
post-caldera eruption for Aso volcano is strombolian. 
Mud, phreatic, and phreatomagmatic eruptions have 
occasionally occurred when the volcano has been par-
ticularly active or unstable (Ikebe et  al. 2008). Recently, 
magmatic eruptions occurred from November 2014 to 
May 2015, followed by two major phreatomagmatic erup-
tions occurred on September 14, 2015, and October 8, 
2016 (e.g., Miyabuchi et al. 2018; Ishii et al. 2018).

Long-period tremors (LPTs) with dominant periods 
of 10–15  s have been observed originating from Aso 
volcano (Kawakatsu et  al. 1994; Kaneshima et  al. 1996; 
Kawakatsu et  al. 2000; Legrand et  al. 2000). LPTs were 
located at a depth of 1–1.5  km beneath the crater and 
were considered to be from a hydrothermal reservoir 
rather than a magma chamber, with the reservoir con-
taining cracks filled with volcanic fluids and gases that 
continuously resonate and generate the LPTs. The exist-
ence of this hydrothermal reservoir underneath the cra-
ter is also considered to be related to the occurrence of 
phreatic eruptions.

Investigations of the volcanism and magma plumbing 
system of Aso volcano in the shallow crust have primar-
ily been conducted through various methods. Kanda 
et  al. (2008) deployed magnetotelluric (MT) surveys to 
determine the electrical structures down to a depth of 
approximately 1  km and revealed a strongly conductive 
zone at several hundred meters depth beneath the first 
crater of Nakadake and surrounding area. Hata et  al. 
(2016) concluded three-dimensional (3-D) model of elec-
trical resistivity and identified a magma pathway in the 
upper crust beneath the caldera. On the other hand, find-
ings regarding seismic velocity and attenuation struc-
ture (Sudo 1991; Sudo and Kong 2001) have indicated 
that the magma chamber has a roughly spherical shape 
centered under Eboshidake at a depth of 6–10  km and 
exhibits low Vs, a high P-wave velocity (Vp)-to-Vs ratio, 
and high attenuation (low Q value). Yamamoto et  al. 
(1999) detected a crack-like conduit along the chain of 
craters that dipped toward the magma chamber. They 
suggested that volcanic gases, hydrothermal fluids, and 
pyroclastic fragments were being discharged along the 
conduit. Tsutsui et al. (2003) obtained 3-D Vp structures 
beneath the post-caldera central cones form the seismic 
data of a controlled-source experiment. Tsutsui and Sudo 
(2004) further detected seismic reflection voids, indicat-
ing high-temperature areas beneath the crater at a depth 
of 1.5–3.5 km and to the west of the crater at a depth of 
3.5–7  km. Additionally, Abe et  al. (2010, 2017) deter-
mined a deeper low-Vs zone near the Conrad discontinu-
ity by conducting receiver function analyses.

The aforementioned studies merely focused on either 
detailed images of subsurface structures under the post-
caldera central cones or large-scale crustal features 
beneath Aso caldera. The information is lacking regard-
ing the detailed shallow crustal Vs structures to image 
volcanic reservoirs and pathways. Since the basic theo-
rem of ambient seismic noise has been supported and is 
routinely used worldwide to investigate subsurface veloc-
ity structures, the methodology has not been applied to 
Aso caldera. The network for monitoring Aso volcano 
has been progressively upgraded to involve the use of 
more modern instruments. Continual improvement has 
also been observed in station density and the types of 
observations made. In this study, we used a seismic mon-
itoring network containing broadband (BB) and short-
period (SP) stations to report information regarding the 
ambient seismic noise. We constructed 1–5-s phase-
velocity maps interpolated from nodes spaced 0.05° 
grid. The maps allow investigating crustal Vs structures 
between the surface and a depth of 6 km. Finally, we cap-
tured images of shallow volcanic reservoirs and pathways 
beneath Aso caldera and compared them with the results 
of other studies.
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Fig. 1 Topography (Red Relief Image Map 2018) and the locations of seismic stations, five summits, and places in a the study region and b the 
post‑caldera central cones. The seismic network is composed of three sub‑networks, indicated by red circles (AVL BB stations), green circles (NIED 
and JMA BB stations), and yellow triangles (AVL SP stations). The inset shows the locations of the study regions (red box) in Kyushu
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Data and methods
Seismic network and data
The seismic monitoring network operated and main-
tained by the Aso Volcanological Laboratory (AVL) has 
been gradually updated with denser and more mod-
ern seismometers. Because SP seismometers have been 
replaced with BB seismometers at some stations, 8 BB 
(CMG-40T or STS-2; red circles in Fig.  1) and 12 SP 
(PK-110 or L-4C-3D; yellow triangles in Fig.  1) sensors 
were employed. A further 5 BB seismic stations equipped 
with STS-2 seismometers (green circles in Fig.  1)—the 
JNU station of the JMA and 4 stations operated by the 
National Research Institute for Earth Science and Disas-
ter Resilience (NIED; V-net: ASH and ASI; F-net: TKD 
and TMC)—were also selected to increase station and 
path density. In total, 25 seismic stations (corresponding 
to 13 BB and 12 SP seismometers) comprised the net-
work (Fig.  1). Interstation distances were much shorter 
(~ 1 to 2 km) near the Nakadake crater than in the area 
surrounding Aso caldera (~ 10 to 20  km). The seismic 
data set covered a time period of approximately 4 years, 
from November 1, 2009, to September 20, 2013. The 
selected period ended approximately 1  year before the 
most recent volcanic eruptions that began on November 
25, 2014.

Data processing
Figure 2 presents the data analysis procedures that were 
used, which were primarily based on those of Yao et al. 
(2006) and Huang et  al. (2010, 2017). Files of raw seis-
mic data were produced in the WIN format (WIN Sys-
tem 2017), and the data had a duration of 1  min and a 
sampling rate of 100 or 200 Hz. First, we converted the 
raw daily vertical component data from the WIN to the 
SAC (Seismic Analysis Code; SAC Manual 2017) format. 
SAC2000 (Goldstein et  al. 2003) was then employed to 
lower the sampling rate to 20  Hz and perform baseline 
corrections of the seismograms for the purpose of remov-
ing the mean and trend. Data quality and timing accuracy 
were preliminarily assessed so that data with suspected 
timing problems or spurious signals could be discarded. 
After data preparation, the daily cross-correlation func-
tion (CCF) was calculated for each station pair.

Daily CCFs were derived using one-bit cross-correla-
tion and spectral whitening for enhancing the spectral 
energy of ambient seismic noise; hence, the obtained 
CCFs exhibit a high signal-to-noise ratio (SNR). The basic 
concepts of these two methods have been verified and 
regularly utilized for research on ambient seismic noise 
(e.g., Larose et al. 2004; Shapiro and Campillo 2004; Yao 
et al. 2006; Yang et al. 2007; Yao et al. 2009; Cupillard and 
Capdeville 2010; Cupillard et al. 2011). The daily CCFs of 

the BB and SP station pairs were obtained separately and 
then stacked according to the month to retain coherent 
signals. Monthly CCFs were then further compared and 
stacked to acquire post-processing time-domain empiri-
cal Green’s functions (TDEGFs) and Rayleigh-wave 
phase-velocity dispersion curves.

The TDEGF was further derived from the time-deriva-
tive of the CCF (e.g., Sabra et al. 2005a, b; Yao et al. 2006; 
Lin et al. 2008). Regardless of whether the TDEGFs were 
symmetric or asymmetric (e.g., Sabra et al. 2005b; Stehly 
et al. 2006), we superimposed the components of positive 
and negative lag times onto the TDEGFs to enhance the 
coherent signals, as has been done in other studies (e.g., 
Lin et al. 2007; Yang et al. 2007). This approach prevents 
the artificial selection of positive or negative lag times 
and minimizes the possible effects of uneven seismic 
noise source distributions.

The phase image analysis and far-field approximation 
methods were employed to measure the Rayleigh-wave 
phase-velocity dispersion curves for each station pair 
(Yao et al. 2006). Phase image analysis enables selection 

Daily vertical component

Down-sampling to 20Hz

Baseline corrections (remove mean and trend)

Checking data quality

Raw data (WIN→SAC)

One-bit cross-correlation and spectral whitening

(checked and stacked) CCFs and TDEGFs

Rayleigh-wave phase-velocity dispersion curves

Rayleigh-wave phase-velocity maps (tomography)

Shallow crustal velocity structures

CMG-40T or STS-2
(remove instrument response)

BB (1-10 s) SP (0.2-5 s)

PK-110 L-4C-3D

Fig. 2 Data processing of ambient seismic noise analysis
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of an appropriate dispersion curve from the peaks that 
occur at different periods in the TDEGF. To ensure that 
the surface waves were fully generated between the sta-
tion pairs, we required that interstation distances be at 
least twice the wavelength of the propagating surface 
waves. Thus, the maximum period of the measured Ray-
leigh-wave phase-velocity dispersion curve in this study 
was closely correlated to interstation distance.

Before constructing phase-velocity maps, checkerboard 
resolution test (CRT) models at different scales were 
used to assess the lateral resolution of the obtained phase 
velocities. Subsequently, we applied the tomographic 
method proposed by Yao et  al. (2006) using a general-
ized least-squares algorithm for constructing phase-
velocity maps for periods of 1–5  s. The shallow crustal 
Vs structures were then constructed from the obtained 
phase-velocity maps. At every grid point inside the study 
regions, Rayleigh-wave phase-velocity dispersion curves 
were extracted from the obtained phase-velocity maps. 
The SURF program (Herrmann 1987, 2013) was then 
employed to derive 1-D Vs structures. Finally, possible 
candidates for volcanic reservoirs and pathways under-
neath Aso caldera were identified from the shallow crus-
tal Vs structure reconstructions.

Cross‑correlation functions
The BB stations had two types of seismometers, and the 
instrument responses (poles and zeros) of which had to 
be removed before CCFs could be calculated. The SP sta-
tions also possessed two types of seismometers, but the 
instrument responses of the PK-110 units were unobtain-
able. Thus, our only option was to separately calculate 
the SP CCFs for the two unit types without necessarily 
eliminating instrument responses (Fig.  2). Daily CCFs 
were calculated with a 100-s lag time in both the 1–10-s 
period band for the BB station pairs and 0.2–5-s period 
band for the SP station pairs. Figure 3 presents examples 
of monthly CCFs (i.e., stacked daily CCFs) for the BB sta-
tion pair HDK–TKD and SP station pair MGR–SUN. The 
results reveal numerous similarities between monthly 
CCFs during the study period.

Although conspicuously problematic data had already 
been removed before the calculation of the CCFs, a low 
SNR or temporary CCF variation was observed in some 
station pairs. Consequently, we eliminated the daily CCFs 
that exhibited considerable problems or time shifts and 
then restacked the monthly CCFs to achieve higher SNRs. 
Figure 4 presents three examples of problematic monthly 
CCFs (color heatmap) with their total and annual aver-
ages (black lines). The low SNR for CMG-UMA and the 
periodic signals for FKB-KSB are suspected to be due 
to instrumental problems. Temporal variation for JNU-
TKD appears to be a shift in the same direction at both 

positive and negative lags rather than symmetric shifts in 
both directions, and it could be attributed to temporary 
timing-accuracy failures (e.g., Stehly et  al. 2007; Sens-
Schönfelder 2008; Huang et  al. 2017). Although simple 
velocity change is expected to generate symmetric shifts, 
complex variations in underground velocity could also 
explain the moving in the same direction (e.g., Sabra 
et al. 2006; Sens-Schönfelder and Wegler 2006; De Plaen 
et al. 2016). To minimize these problems, we use stacked 
monthly CCFs for 4 years in the following analyses.

The stacked monthly CCFs were derived from 74 BB and 
31 SP station pairs to further obtain Rayleigh-wave phase-
velocity dispersion curves. Figure  5 displays the stacked 
monthly CCFs versus the interstation distance. Figure 5a 
reveals that the Rayleigh-wave signals of the BB station 
pairs mainly propagated with an apparent velocity between 
1.3 and 3.8  km/s. However, Fig.  5b shows no obvious 
velocity window for the SP station pairs. Possible reasons 
for this are that (1) the SP stations were heterogeneously 
distributed in the area surrounding the Nakadake crater 
and the eastern portion of Aso caldera (Fig. 1); and (2) the 
analyzed period bands of the SP CCFs were shorter, and 
ambient seismic signals are easily contaminated by human 
activities cannot fully propagate over long distances.

Directionality of ambient seismic noise sources
In theory, in an ideal situation, we would expect an iso-
tropic distribution of ambient seismic noise sources to 
obtain time-symmetric CCFs and TDEGFs (e.g., Roux 
et al. 2005). However, in practice, most cases have yielded 
asymmetric results because of the uneven distribution 
of ambient seismic noise sources, which mainly corre-
lated to microseisms generated by ocean wave interac-
tions with the seafloor or coastlines (e.g., Sabra et  al. 
2005b; Yao et al. 2006; Stehly et al. 2006; Lin et al. 2007; 
Huang et al. 2010). In Aso volcano, another consideration 
is LPTs, with dominant periods of 10–15  s, which have 
been observed as mentioned in the previous section. 
Consequently, we first attempted to understand the pos-
sible directionality of ambient seismic noise sources dur-
ing the study periods.

We referred to studies conducted by Stehly et al. (2006) 
and Huang et al. (2010) to determine the major directions 
of ambient seismic energy propagating through our net-
work using statistics of symmetry or asymmetry of the 
stacked monthly CCFs (Fig. 5), according to the orienta-
tions of station pairs. Every station pair constrained two 
opposite directions, and incident seismic energy was cal-
culated based on the amplitudes of the positive and nega-
tive lag times of the CCFs. Nevertheless, we could only 
detect the directionality of ambient seismic noise sources 
rather than the exact locations from which the ambi-
ent seismic energy was being generated. We separated 



Page 6 of 21Huang et al. Earth, Planets and Space          (2018) 70:169 

azimuth into 36 sectors, each at 10°, and specified that 
the signal be within the velocity window of 1.3–3.8 km/s 
(Fig. 5a) and that noise be within the velocity window of 
0.6–0.8 km/s to calculate SNR.

Figure  6a displays the azimuthal dependence of the 
normalized amplitudes of stacked monthly CCFs for 
BB, SP, and integrated BB and SP station pairs in Fig. 5, 
with SNR ≥ 5. Because SP stations were heterogene-
ously distributed, the detected incident seismic energy 
was restricted according to the orientations of the sta-
tion pairs. Figure 6a presents the general, wide azimuthal 
coverage and relatively isotropic distribution of ambient 
seismic noise sources during our study periods in Aso 
caldera, especially for the BB station pairs. The existence 

of high-SNR station pairs in various directions supports 
the dominance of a homogeneously distributed ambient 
seismic noise source in these station pairs, and we use 
these stations in the main analyses.

We wanted to further confirm that ambient seismic 
noise sources primarily originated from outside our seis-
mic network, rather than being dominated by LPTs gen-
erated by Aso volcano itself. Therefore, we took JNU and 
TKD as examples (Fig. 1a; two BB stations at the border 
of the seismic network) to exhibit the stacked monthly 
CCFs versus interstation distance with the associated 
station pairs. Figure  6b demonstrates the fairly time-
symmetric CCFs, and the positive lag time represents 
ambient seismic energy partially moving in the direction 
from JNU and TKD toward the other stations (sources 
outside of Aso caldera), which implies that the LPTs did 
not significantly dominate ambient seismic noise sources 
during our study periods. Possible explanations for this 
result include the following: (1) our seismic data set spans 
approximately 4 years with relatively calm volcanic activ-
ity and hence effects related to temporary volcanic activ-
ity could be minimized with long-term stacking to derive 
relatively stable CCFs and velocity structures, and (2) the 
dominant frequency of observed LPTs in Aso volcano 
was between 10 and 15 s, which are longer periods than 
our obtained CCFs for the station pairs of SP (0.2–5  s) 
and BB (1–10 s).

Rayleigh‑wave dispersion analyses and velocity 
structures
Phase‑velocity dispersion curves
The difference in elevation between station pairs 
directly correlated to the measurement of the Rayleigh-
wave phase-velocity dispersion curve. We specified the 
linear distance (dL) between two seismic stations as 
dL =

√

d
2
H
+ d

2
V

 , where dH is the (horizontal) intersta-

tion distance and dV is the (vertical) elevation differ-
ence. The maximal dV among the station pairs was 
approximately 1000  m for KAEB–TMC (a BB station 
pair; see Fig. 1) with heights of 1270 m for KAEB and 
285  m for TMC; nevertheless, dH was 35  km and the 
discrepancy in distance (dL − dH) was only 14  m 
(~ 0.04% of  dL). The maximal distance discrepancy was 
46 m (~ 1% of dL) for ASI–KAEB (a BB station pair) on 
the post-caldera central cones; however, because 
dH = 4.2  km, the distance was too short to measure 
phase velocities based on the far-field approximation. 
Overall, 64 BB and 31 SP station pairs were used to 

Fig. 3 Examples of monthly CCFs for a the BB station pair (HDK–TKD) 
with 100‑s lag time in the 1–10‑s period band and b the SP station 
pair (MGR–SUN) with 50‑s lag time in the 0.2–5‑s period band. Color 
heatmap correlates to the normalized amplitude of CCFs. Black lines 
indicate the total and annual average of the monthly CCFs. The data 
length (in months) is displayed in parentheses
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derive Rayleigh-wave phase-velocity dispersion curves 
(Fig. 7). More than 60% of the station pairs had a dis-
tance discrepancy of less than 5 m, that is, < 0.05% of dL. 
Accordingly, the possibility of bias related to elevation 
differences between station pairs was insignificant in 
our Rayleigh-wave phase-velocity measurements.

Figure 7 presents the measured Rayleigh-wave phase-
velocity dispersion curves with averages and stand-
ard deviations for the 64 BB station pairs in the 1–7-s 
period band (Fig. 7a) and 31 SP station pairs in the 0.2–
5-s period band (Fig. 7b). The average phase velocities 
for the SP station pairs exhibited large standard devia-
tions and were relatively low compared with those for 
the BB station pairs. The difference in average phase 
velocities reached a maximum of 0.47 km/s at 1  s and 
gradually decreased to a minimum of 0.05 km/s at 4.3 s. 
We integrated the results of the BB and SP station pairs 
(a total of 95 station pairs) for the 0.2–7-s period band, 
as displayed in Fig. 7c. Figure 7d presents the number 
of phase-velocity measurements for each period, with 
the most at 1.7 s and relatively high values in the 1–2-s 
period band. To retain an adequate number of paths, 

further analysis focused on the 1–5-s period band with 
phase-velocity measurements between 29 (at 5  s) and 
88 (at 1.7 s).

For a preliminary impression of the velocity distribu-
tions, we compared the obtained Rayleigh-wave phase-
velocity dispersion curves, as illustrated in Fig.  8. The 
selected station pairs had similar interstation distances 
to enable sampling of velocity structures at equivalent 
depths. Figure  8a presents the Rayleigh-wave phase-
velocity dispersion curves for five BB station pairs 
transecting different portions of the study region with 
approximate interstation distances of 50  km. Phase 
velocities were relatively high outside Aso caldera 
(NBR–TKD and TKD–TMC) and gradually decreased 
when approaching the post-caldera central cones 
(MAK–TKD), exhibiting a variance of approximately 
0.5  km/s. Figure  8b presents the dispersion curves for 
six station pairs, including BB and SP stations, with 
approximate interstation distances of 10  km across 
different parts of Aso caldera. High phase velocities 
characterized the east of the caldera (KSB–YJK) and 
the northwestern side of the caldera (FKB–YMD). By 

Fig. 4 Examples of problematic monthly CCFs with low SNR (CMG–UMA), periodic signals (FKB–KSB), or temporary time shifts (JNU–TKD) for two BB 
and one SP station pairs. Monthly CCFs a before and b after eliminating significantly problematic CCFs (inside red dashed boxes). Other illustrations 
are the same as those presented in Fig. 3
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contrast, low phase velocities prevailed in the post-cal-
dera central cones (MAK–UMA and KAW–MGR) and 
on the northeastern side of the caldera (YJK–YMD).

Path coverage and lateral resolution
Numerous instances of path coverage and normalized 
relative path density of the phase-velocity measure-
ments during four arbitrarily selected periods (i.e., 1.5, 
2.5, 3.5, and 4.5 s) are displayed in Fig. 9. Overall, > 80 
paths were observed at 1–2 s, ≥ 20 of which were con-
tributed by SP station pairs (Fig. 7d). Hence, relatively 
high path densities are present near the densely cov-
ered Nakadake crater (Fig. 9a). Although the number of 
paths decreases substantially at periods > 2  s, the path 
density gradually becomes more evenly distributed 
throughout the post-caldera central cones (Fig.  9b), 
inside the caldera, to the northwest of the caldera 
(Fig. 9c), and in most areas of the study region (Fig. 9d).

The input CRT models with three scales exhibited 
a velocity contrast of 1.5 ± 0.2  km/s for 0.025°, 0.05°, 
and 0.125° anomalies with 0.01°, 0.02°, and 0.05° grid 
spacing, respectively (Fig.  10). Figure  11 summarizes 
the recovery results gathered from these three CRT 
models for four different, arbitrarily selected peri-
ods. Figure  11a presents the recovery results yielded 
using the 0.025° CRT model for periods of 1.0, 1.3, 
1.6, and 1.9  s. Superior recoveries were initially con-
centrated near the Nakadake crater at 1.0 s and gradu-
ally reached their greatest extent over the post-caldera 
central cones at 1.9  s. Figure  11b presents the recov-
ery results obtained using the 0.05° model for periods 
of 1.5, 2.0, 2.5, and 3.0 s, indicating excellent recovery 
across most of Aso caldera. Finally, Fig.  11c displays 
the recovery results obtained using the 0.125° model 
for periods of 2.0, 3.0, 4.0, and 5.0  s, indicating that, 
apart from some margins, the entire study region was 
recovered.

Generally speaking, the lateral resolution of our Ray-
leigh-wave phase-velocity measurements could resolve 
the 0.025° anomaly in the neighboring Nakadake cra-
ter for periods of approximately 1.0 s, as well as 0.025° 
anomalies in the post-caldera central cones for periods 
of 1.3–1.9 s. For Aso caldera, the 0.05° anomaly could 
be recovered for periods of 2.0–3.0  s. Over all except 
the northern, southern, and eastern margins of the 
study region, the 0.125° anomaly could be recovered 
for periods of 3.0–5.0 s. The results obtained regarding 
path coverage and lateral resolution were used to con-
struct phase-velocity maps for the 1–5-s period band.

Phase‑velocity maps
Based on the favorable good recovery results obtained 
using the 0.125° CRT model with 0.05° grid spacing 
(Figs.  10c and 11c) for most of the study regions, we 

Fig. 5 Stacked monthly CCFs versus interstation distance for all 
station pairs: a 1–10‑s BB station pairs demonstrate the propagation 
of main Rayleigh‑wave signals with an apparent velocity window 
of 1.3–3.8 km/s (gray dashed lines); b 0.2–5‑s SP station pairs 
demonstrate Rayleigh‑wave signals without a distinct velocity 
window. Black triangles mark the maximum amplitude of CCFs on the 
positive‑time and negative‑time axes separately
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retained 0.05° grid spacing for construction of phase-
velocity distributions in the region 130.8–131.45°E and 
32.55–33.15°N. This resulted in 14 grid points in the lon-
gitudinal direction and 13 grid points in the latitudinal 
direction. Figures  12 and 13 display the phase-velocity 
maps derived for six and nine arbitrarily selected periods 
with disparate and identical velocity ranges to reveal pre-
dominant velocity patterns. The velocity perturbation for 
short periods was comparatively large (e.g., 1.9 km/s for 
1.0 s and 1.3 km/s for 5.0 s), indicating that greater veloc-
ity discrepancies existed at shallow depths.

For large-scale features, low velocities were domi-
nant in the northwest of Aso caldera and high 
velocities in the east and south. At periods ≥ 2.5  s 
(Figs.  12d–f and 13), low velocities were dominant 
in most of Aso caldera and were surrounded by high 
velocities. For relatively small-scale features, the 
northern part of the caldera exhibited lateral velocity 
variation, that is, low velocity predominated in the east 
and high velocity in the west (Figs. 12 and 13). At peri-
ods ≤ 1.5 s (Figs. 12a, b and 13), the post-caldera cen-
tral cones were characterized by high velocities, but a 

Fig. 6 Relatively homogeneous distribution of ambient seismic noise sources. a Azimuthal dependence of the stacked monthly CCFs presented 
in Fig. 5 on the normalized amplitudes. For BB station pairs in the 1–10‑s period band, SP station pairs in the 0.2–5‑s period band, and integrated 
BB and SP station pairs in the 1–3‑s period band. b Two examples of the stacked monthly CCFs versus interstation distance for the BB station pairs 
corresponding with JNU and TKD
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localized low-velocity anomaly was situated in the area 
surrounding Kusasenrigahama.

Shallow crustal Vs structures
We discretized the space with a layer thickness of 
0.5 km for the uppermost 6 km, and the deepest layer 
extends to the infinite depth homogeneously. As an 
initial model, we considered Vs = 2.0  km/s homoge-
neously for all grids. In accordance with the physical 
dispersion properties of surface waves (Kanamori and 
Anderson 1977), the other correlated parameters were 
selected to be Vp = 4.0  km/s, density = 2.3  g/cm3, and 
Poisson’s ratio = 0.28. Although the investigated Vs 
structures might be affected by different initial models, 
the final Vs structures obtained were similar, with dis-
crepancies < 1% (Huang et al. 2014, 2017).

Figure 14 displays four 6-km-deep Vs profiles obtained 
at different locations across Aso caldera. Figures 14a and 
b display two profiles transecting near the Nakadake 
crater in the latitudinal and longitudinal directions. The 
post-caldera central cones were characterized by high 
velocities (Vs > 3 km/s, H1) at surface depths of 1 km and 
were surrounded by low velocities (Vs < 2 km/s, L1) from 
the caldera surfaces to a depth of approximately 2.5 km. 
High velocities (Vs > 3  km/s, H2) prevailed below 3  km, 
but a remarkably low velocity (Vs < 2 km/s, L2) was dis-
covered at a depth of 5–6  km beneath the post-caldera 
central cones. Between L1 and L2 were some intercon-
nected low-velocity belts (Vs < 3 km/s, L3).

Figure 14c presents the profile transecting the northern 
part of the caldera in a latitudinal orientation. Consider-
able variations in lateral velocity were obtained beneath 

Fig. 7 Measured Rayleigh‑wave phase‑velocity dispersion curves: a BB station pairs; b SP station pairs; c integrated BB and SP station pairs. In a–c, 
the black lines indicate individual dispersion curves and the gray lines are the averages with standard deviations. d Number of phase‑velocity 
measurements in a–c for each period. Phase‑velocity maps were constructed from the 1–5‑s period band
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the northern part of the caldera; the east was character-
ized by low velocity and the west by high velocity. Fig-
ure  14d depicts the profile transecting the post-caldera 
central cones near Kusasenrigahama, the center of the 
post-caldera central cones, in a longitudinal orientation. 
The most prominent features in Figs. 14c and d were the 
sharp contrasts in velocity (H3 and L3) between the sur-
face and the depth of 6 km.

Additionally, Figs.  14a and d display one low-veloc-
ity anomaly (Vs < 2  km/s, L4) located at a depth of 

1–2 km beneath a local high velocity in the southwest of 
Kusasenrigahama. This low-velocity anomaly extended 
from L4 to the surface and was located approximately at 
Kusasenrigahama.

We further integrated all derived 1-D Vs structures into 
3-D Vs structures to gain a better understanding of the 
Vs distributions. Figure  15 presents two views of cross 
sections from the south and north, and the Vs structures 
are similar to that present in Fig. 14.

Fig. 8 Comparison of Rayleigh‑wave phase‑velocity dispersion curves of the selected station pairs for different paths: a five BB station pairs with 
approximate interstation distances of 50 km transect different portions of the study region; and b six BB and SP station pairs with approximate 
interstation distances of 10 km transect different portions of Aso caldera. The solid black line with circle markers represents the average 
Rayleigh‑wave phase‑velocity dispersion curve displayed in Fig. 7
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Discussion
The structures beneath the post‑caldera central cones
We analyzed ambient seismic noise signals to assess the 
Vs structures (Figs. 14 and 15) at a depth of 6 km beneath 
Aso caldera and in its vicinity. The post-caldera central 
cones are characterized by high velocities (H1) from the 
surface to a depth of 1 km, except surrounding Kusasen-
rigahama; low velocity prevails at the surface and extends 
to shallow low-velocity anomalies at depths of 1–2.5 km 
(L1 and L4). High velocities (H2) are dominant below 
3 km; nevertheless, here low-velocity anomalies (L2 and 
L3) still exist beneath the post-caldera central cones.

By summarizing the results and interpretations of other 
studies (e.g., Sudo 1991; Kaneshima et al. 1996; Sudo and 
Kong 2001; Tsutsui and Sudo 2004; Kanda et  al. 2008; 
Hata et  al. 2016; Sofyan et  al. 2016; Nobile et  al. 2017), 
we learnt that Vs structures are generally correlated with 
hydrothermal fluid or magma distributions. High veloci-
ties might correspond to rocks with high density or low 
temperature, porosity, and permeability, which in turn 
could indicate the presence of consolidated igneous rock. 
By comparison, low velocities might correspond to rocks 
with low density or high temperature, porosity, and per-
meability, similar to hydrothermal reservoirs containing 

Fig. 9 Path number, coverage, and normalized relative path density of the phase‑velocity measurements for four arbitrarily selected periods: a 1.5, 
b 2.5, c 3.5, and d 4.5 s. Regions without path coverage are masked
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fluids or pathways allowing the easy migration of vol-
canic gases, fluids, and magma to the surface. Therefore, 
H1 and H2 correspond to the presence of consolidated 
igneous rock; meanwhile, L1 and L4 can be assumed to 
be hydrothermal reservoirs correlated to the surface geo-
thermal activity observed on the first crater of Nakadake 
and on the southwestern flanks of the post-caldera cen-
tral cones.

Some studies have hypothesized LPTs at a depth of 
1–1.5  km beneath the Nakadake crater generated by 
hydrothermal reservoirs, which have their own corre-
lation with occasional phreatic eruptions (Kaneshima 
et  al. 1996; Kawakatsu et  al. 2000; Legrand et  al. 2000). 
However, these results were obtained by studies using 
seismic arrays with small apertures, concentrated near 
the Nakadake crater. Hence, such studies were limited to 
detecting hydrothermal reservoirs in the crater area at 
depths of 1–1.5 km. By contrast, we utilized more seismic 
stations across a larger area and achieved higher lateral 
resolution under the post-caldera central cones. Conse-
quently, we detected shallow low-velocity zones beneath 
the post-caldera central cones at depths of 1–2.5  km, 
which have been here suggested to be hydrothermal 
reservoirs.

In a seismic attenuation study, Sudo (1991) identi-
fied low-velocity materials located beneath the center 
of Aso caldera at a depth of approximately 6–9  km. 
Sudo and Kong (2001) specified that the lowest veloci-
ties (Vs = 2 km/s) indicated a magma chamber—roughly 
spherical in shape, centered at a depth of 6 km, and flat-
tened at 10 km—that was located between Kishimadake, 
Eboshidake, and Nakadake. Nobile et  al. (2017) used 
long-term InSAR (interferometric synthetic aperture 
radar) observations to suggest the existence of a mag-
matic source at a depth of 4–5  km beneath the center 
of Aso caldera. Hence, the low velocities (L2) located at 
depths of 5–6 km beneath the post-caldera central cones 
could indicate the top of magma reservoirs.

Other studies have observed cracks and passages 
exhibiting low velocities that could conceivably connect 
between the surfaces and volcanic reservoirs (Yamamoto 
et  al. 1999; Tsutsui and Sudo 2004). The low-velocity 
belts (L3) we detected at depths between 2.5 and 5  km 
are likely pathways allowing the passage of hydrothermal 
fluids, volcanic gases, and melting magma from deeper 
crust to the surface. Tsutsui and Sudo (2004) reported 
the presence of seismic reflection voids (i.e., regions with 
high temperature, high seismic attenuation, and low 
velocity) surrounding the crater area and the locations of 
these voids were comparable with those of our low-veloc-
ity anomalies. They also inferred the presence of a reflec-
tor horizon at a depth of 2 km, similar to our Vs = 3 km/s 

Fig. 10 Three CRT input models with velocity contrast between 
1.3 and 1.7 km/s: a 0.025° anomalies with 0.01° grid spacing; b 0.05° 
anomalies with 0.02° grid spacing; and c 0.125° anomalies with 0.05° 
grid spacing. Large circle at the center of the post‑caldera central 
cones is Kusasenrigahama as shown in Fig. 1
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Fig. 11 Recovery for the three CRT models displayed in Fig. 10 for four separately selected periods: a 0.025° CRT model for periods 1.0, 1.3, 1.6, and 
1.9 s; b 0.05° CRT model for periods 1.5, 2.0, 2.5, and 3.0 s; c 0.125° CRT model for periods 2.0, 3.0, 4.0, and 5.0 s
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Fig. 12 Phase‑velocity maps with individual velocity ranges for six arbitrarily selected periods: a 1.0, b 1.5, c 2.0, d 2.5, e 3.0, and f 4.5 s. The white 
circles signify BB stations and white triangles signify SP stations. Large circle at the center of the post‑caldera central cones is Kusasenrigahama as 
shown in Fig. 1
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interface; this could possibly be the top surface of pre-
Aso volcanic or basement rock.

Other parts of Aso caldera
The northern part of the caldera exhibits noteworthy 
variations in lateral velocity, with low velocities predom-
inately distributed in the east and high velocities in the 

west. The lateral velocity variation we discovered in the 
northern part of the caldera has also been observed in 
MT experiments. Kagiyama et al. (2016) measured high 
conductivity in the surface layer, especially at the Uchi-
nomaki hot spring area (Fig. 1a), which implied that the 
hydrothermal water supply originated in the deeper crust 
or Nakadake crater. Hata et al. (2016) also reported lateral 
discrepancies in electrical resistivity in the northern part 
of the caldera at a depth of approximately 2.0  km, and 
an extremely low resistivity was predominant beneath 
Nakadake at various depths.

Another relatively thick low-Vs anomaly was situated 
alongside the west–northwest surface of Aso caldera. 
Sudo and Kong (2001) discerned low velocity at a depth 
of 3  km near the western caldera wall at Tateno Val-
ley (Fig.  1a). The Oita–Kumamoto Tectonic Line is an 
important NE-SW structure across central Kyushu pass-
ing through Aso and other active volcanoes (e.g., Kamata 
and Kodama 1999; Kusumoto 2016). However, the Oita–
Kumamoto Tectonic Line in our Vs structures is less con-
spicuous than in those of other studies (e.g., Komazawa 
1995; Tsutsui and Sudo 2004), presumably because of 
the lower (0.125°) lateral resolution for our Vs structures 
along the Oita–Kumamoto Tectonic Line.

Regarding Bouguer anomalies, high gravity was 
more dominant outside of the caldera, whereas low 
gravity prevailed, with a steep gradient, inside of Aso 
caldera (Komazawa 1995). In contrast to our veloc-
ity distributions, high Vs (high density) anomalies 
characterized the outside of Aso caldera. Low-Vs 
(low density) anomalies were predominant inside of 
Aso caldera, especially under the post-caldera central 
cones, which act as volcanic conduits for hydrother-
mal and magmatic systems (i.e., low resistivity or high 
conductivity).

Summary of discussion
After imaging shallow volcanic reservoirs and pathways 
beneath Aso caldera, we confirm the agreement with 
other studies and further understand the structure of 
the volcano. Low-Vs anomalies are predominant under 
the post-caldera central cones, which act as volcanic 
conduits connect magma chambers located at depths of 
5–6 km with shallow hydrothermal reservoirs located at 
depths of 1–2.5 km. By contrast, high Vs anomalies char-
acterize the first kilometer of the crust beneath post-cal-
dera central cones, i.e., above the shallow hydrothermal 
reservoirs. When volcanic activity increases and energy 
cannot be released immediately, this could result in grad-
ual accumulation of pressure and occasionally occur-
rence of phreatic or phreatomagmatic eruptions. Besides, 

Fig. 13 Overlapping phase‑velocity maps for nine periods in the 
1–5‑s period band at 0.5‑s intervals. Velocity range is identical for all 
periods
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our Vs structures are generally comparable with electri-
cal resistivity and gravity studies. That is, low velocities 
correspond to rocks with low density and resistivity as 
hydrothermal reservoirs or pathways containing volcanic 
fluids; instead, high velocities correspond to rocks with 

high density and resistivity as consolidated igneous rock. 
Further investigations might be needed to understand 
the lateral velocity variation in the northern part of the 
caldera.

Fig. 14 Four Vs profiles transect Aso caldera at depth of 6 km: a 32.9°N across the Nakadake crater; b 131.1°E across the Nakadake crater; c 32.95°N 
across the northern part of the caldera; and d 131.05°E across post‑caldera central cones near Kusasenrigahama. Dashed lines mark the profile 
boundaries of Aso caldera, and crosses mark the locations of 0.05° grid points. H1–H3 and L1–L4 are the identified velocity anomalies
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Fig. 15 Two 3‑D Vs structures located 6 km beneath Aso caldera. Cross sections provide perspectives from the a south and b north. The black 
triangle marks the location of the Nakadake crater. Red shapes indicate Vs = 2.0 km/s and blue shapes indicate Vs = 4.0 km/s. H1–H3 and L1–L4 are 
the same velocity anomalies as displayed in Fig. 14
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Conclusions
Using analyses of ambient seismic noise signals, we 
derived crustal Vs structures at a depth of 6 km beneath 
Aso caldera. The seismic data set spanned a time period 
of approximately 4  years and was primarily collected 
from the network operated by the AVL, with some addi-
tional data from stations belonging to the NIED and 
JMA. In total, 25 seismic stations, 13 of which had BB 
and 12 of which had SP seismometers, were included 
in this network, with interstation distances of approxi-
mately 1–2 km near the Nakadake crater. The daily CCFs 
of the BB and SP station pairs were calculated separately 
with a 100-s lag time in the 1–10-s and 0.2–5-s period 
bands for the BB and SP station pairs, respectively. The 
stacked monthly CCFs were used to obtain the Rayleigh-
wave phase-velocity dispersion curves, and 1–5-s phase-
velocity maps were constructed with 0.05° grid spacing. 
The 6-km-deep crustal Vs structures beneath Aso caldera 
were then derived.

The post-caldera central cones are characterized by 
high velocities from the surface to a depth of 1 km. In the 
center of the post-caldera central cones, approximately 
at Kusasenrigahama, low velocities prevail at the surface 
and extend to major anomalies at depths of 1–2.5  km. 
These low-velocity anomalies can be assumed to be 
shallow hydrothermal reservoirs that might be related 
to surface geothermal activity; it is possible that these 
reservoirs are replenished by precipitation and hydro-
graphic networks within the caldera or through pathways 
connecting it to deeper earth. The prevalence of high 
velocities below 3  km can be considered to correspond 
to consolidated igneous rock. However, the low velocities 
identified at depths of 5–6 km beneath the post-caldera 
central cones might indicate the tops of magma cham-
bers. The low-velocity belts situated at 2.5–5 km depths 
are likely pathways for the transfer of hydrothermal flu-
ids, volcanic gases, or melting magma to the surface. The 
northern part of the caldera exhibits substantial lateral 
velocity variations, that is, low velocity predominates 
in the east and high velocity predominates in the west. 
Additionally, low Vs anomalies are identified adjacent to 
the western and northwestern surface of Aso caldera.
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