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SUMMARY

To obtain an internal S-wave velocity structure, we conducted a passive seismic campaign
with 21 1-Hz seismometers on and around the Showa-Shinzan lava dome, which emerged dur-
ing the 1943—-1945 eruption of Usu Volcano, Japan. Before the campaign, we calibrated seis-
mometers and found slight phase-response differences between seismometers of less than 1-2

degrees. After the campaign, we extracted seismic wavefield by taking cross-correlations of
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vertical-component ambient noise records between seismic sites. We developed a new method
to measure phase-velocities of the Rayleigh wave automatically by assuming layered struc-
ture and finally obtained one-dimensional S-wave velocity models in summit, roof and base
regions. The obtained S-wave velocity right beneath the intruded lava dome is higher than that
in surrounding areas by a few tens of percent down to a few hundred meters below sea level,
indicating narrow but deep existence of the root of the lava dome. The obtained S-wave ve-
locity at depths shallower than ~50 m inside the lava dome in the summit area was ~1 km/s,
significantly lower than that predicted from the density of 2.3 x 10% kg/m? estimated in pre-
vious muon-radiography studies and a conventional scaling, indicating the effect of cracking

in the lava dome.
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1 INTRODUCTION

Underground structures beneath volcanic regions are essential to understand the magmatic sys-
tems not only for the past eruption processes but also for the possible future eruptions. The shal-
low structure, such as the high-velocity conduit, has been estimated by active seismic refraction
surveys in various areas to obtain P-wave velocity models (e.g., Aoki et al. 2009). For obtaining
deep structures, such as the low-velocity body corresponding to the magma chamber, tomography
studies have used local seismicity (e.g., Huang et al. 2015), whose spatial and temporal resolutions
strongly depend on the seismicity itself.

Recently developed ambient noise seismic interferometry enables us to extract seismic wave-
field, especially the surface waves, between two seismic sites as if the source at one station and
the recorder is at the other (e.g., Campillo and Roux 2015; Nakata et al. 2019). The ambient noise
tomography is especially useful to fill the gap between depth resolutions of active source imaging
and tomography with local seismicity (e.g., Masterlark et al. 2010; Nagaoka et al. 2012; Jaxybu-
latov et al. 2014), although the strong lateral heterogeneity in volcanic regions requires careful
treatment for the phase-velocity measurement and S-wave velocity inversion.

Another recent geophysical development in the volcanic regions is density imaging by muon
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radiography. This method uses muon, an elemental particle from the upper space, which can pass
through volcanoes with a loss of a number of the particles proportional to the length of the path and
the average density. By observing the muon flux loss as a function of incident angle and azimuths
from the detector, a two-dimensional density profile can be obtained (Tanaka et al. 2007; Tanaka
and Yokoyama 2008; Carbone et al. 2014). By even combining surface gravity measurements,
three-dimensional density imaging is even possible (Nishiyama et al. 2014, 2017).

Both seismic interferometry and muon radiography are passive observations and suitable for
monitoring temporal changes of seismic velocities (Brenguier et al. 2008) and densities (Tanaka
et al. 2014; Jourde et al. 2016) in shallow depths of volcanic regions. The comparison between
these two different measurements has been, however, not conducted yet or limited even under
the time-independent assumptions. The scaling between density and S-wave velocity is also not
well known in shallow volcanic regions except for limited areas (Onizawa et al. 2002). To initiate
the collaborations between the seismic interferometry and muon radiography, in this study, we
conducted a passive seismic survey to estimate S-wave velocity models inside the Showa-Shinzan
lava dome in Japan (Fig. 1), where previous studies obtained three-dimensional density models
(Nishiyama et al. 2014, 2017).

This paper first describes the detail of the Showa-Shinzan lava dome (Section 2), the seismic
survey itself, and its calibration (Section 3). The calibration was required because the expected
travel time between stations was small, and the reliability of sensor response was unknown, as
the details will be described in Section 3. We then describe the surface-wave extraction from
ambient noise by seismic interferometry, a newly developed algorithm to automatically measure
average phase velocities in the highly heterogeneous area (Section 4), and determinations of one-
dimensional S-wave velocity models in a relatively homogeneous three areas (Section 5). We
finally discuss the uniqueness of our new method, how deep and wide the root of the lava dome is
from the obtained S-wave models, and scaling between S-wave and density in a shallow, hot, and
dense lava dome (Section 6).

Although the dataset should be capable of inferring three-dimensional seismic velocity vari-

ations, we faced several problems, including short interstation distance on the small mountain,
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the strong inhomogeneity within the small area and additional technical difficulties. We therefore
focus on one-dimensional models to mainly discuss the relationship between S-wave velocity and
density in this area (Section 6.3), discuss the detailed difficulty of obtaining a three-dimensional

model (Section 6.4), and leave the three-dimensional modelling for a separate study.

2 USU VOLCANO AND THE SHOWA-SHINZAN LAVA DOME

Usu Volcano is one of the arc volcanoes in the Japanese islands associated with the subduction of
the Pacific plate (Fig. 1). The volcano sits near the rim of the Toya caldera (Fig. 1) that was formed
circa 112,000-115,000 years ago (e.g., Miyabuchi et al. 2014). Usu Volcano formed about 30,000
years ago after a quiescence of Toya caldera for more than 60,000 years. After its formation, the
volcano was dormant until the first eruption in historical time in 1663 with a Volcanic Explosive
Index (VEI; Newhall and Self 1982) of 5. Recent eruptions after 1663 took place in 1769 (VEI=4),
1822 (VEI=4), 1853 (VEI=4), 1910 (VEI=2), 1943-1945 (VEI=2), 1977-1982 (VEI=3), and 2000
(VEI=2). Volcanism of Usu Volcano is characterized by the emergence of silicic magmatism with
6874 wt of SiO, (e.g., Tomiya and Takahashi 2005) not only at the summit but also on the
flank. Indeed, while lava domes associated with 1977-1982 eruption emerged at the summit, those
associated with 1910, 1943-1945, and 2000 eruptions emerged from northern, eastern, and western
flanks, respectively. The geological map of Usu volcano is available in Soya et al. (2007).

The Showa-Shinzan lava dome emerged during the 1943—1945 eruption. It is the only dome
with a mound among lava domes that recently emerged in Usu Volcano, consisting of a dome
outcrop without vegetation around the summit with a maximum elevation of 398 m, north (north-
western) and east roofs with vegetation at elevations of ~250 m (Fig. 1c and Fig. 2). Based on
seismic and geodetic observations associated with the eruption by Minakami et al. (1951) and
Kizawa (1957, 1958), Yokoyama and Seino (2000) and Yokoyama (2002, 2004) suggested that
1943-1945 unrest is divided into four stages: intense seismicity, magma migration, explosions,
and dome forming.

The eruption was preceded by a swarm of earthquakes from 28 December 1943 at Yanagi-

hara (YH; Fig. 1b), with the largest earthquake of M 5.0 on 9 January 1944 at a depth of 11 km
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(Kizawa 1958). Seismicity was highest in the first period of the seismic swarm, waning over time.
Yokoyama and Seino (2000) and Yokoyama (2002, 2004) suggested that intruded magma up to
~1 km below sea level drove the seismic swarm. They also suggested that an eruption did not
take place at the time because the depth at the top of the intruded magma is far below that of the
aquifer. Indeed, the earthquakes there in July 1944 are located at depths between 1.5 and 5.0 km
(Minakami et al. 1951). The area around YH was uplifted by 23 meters in the first four months
since the onset of the seismic swarm and by 60 meters by May 1945 (Minakami et al. 1951).

The magma then migrated northward by about 2 km to Fukaba (FB; Fig. 1b) before the first
eruption on 23 June 1944 to generate a mound there. The eruption was phreatomagmatic, leading
Yokoyama and Seino (2000) and Yokoyama (2002, 2004) to suggest that the eruption resulted from
an interaction of ascended magma with groundwater. Eruptions continued until early December
1944, when a solidified lava spine appeared at the top of the mound.

A series of eruptions gave way to dome forming by the end of 1944. The dome forming uplifted
the surface with a rate up to 0.5 m/day between May and October 1945 (Yokoyama and Seino
2000). By the end of 1945, the lava dome and the mound grew to the height of 280 and 170 m from
the base with the lava dome’s diameter approximately 300 m. The total volume of the emerged lava
dome is about 2.2 x 107 m? above the mound, and the total volume of deformation is 2.3 x 10% m3.

After the eruption, the dome has been subsiding at least since the 1960s (e.g., Yokoyama and
Seino 2000; Wang and Aoki 2019). Recent space geodetic observations reveal that Showa-Shinzan
has been subsiding more or less constantly with a rate of about 16 mm/yr in the last ~25 years
(Aoyama et al. 2009; Wang and Aoki 2019). Wang and Aoki (2019) suggested that this subsidence
is due to the thermal contraction of the emerged lava dome. Indeed, the heat brought at the time
of the dome emergence has not been wholly released; the temperature of the fumarole was still
190 °C as of early 1997, decreasing from 1000 °C in 1945 and ~500 °C in 1960 (Minakami et al.
1951; Yokoyama and Seino 2000).

The temperature of 1000 C° at the fumarole right after the emergence of the dome suggests
that the intruded lava must have been at least partially molten because it is the temperature above

the solidus of dacite (e.g., Holtz et al. 2001). On the other hand, the river gravel on the intruded
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lava dome suggests that its surface must have been solidified or viscous enough to carry the river
gravel upon intrusion.

The structure of the Showa-Shinzan lava dome has been investigated for decades. An early
comprehensive survey by Nemoto ef al. (1957) found a local positive Bouguer gravity anomaly of
up to 1 mgal in Showa-Shinzan. They also inferred that the lava dome has a P-wave velocity as
high as about 4 km/s at around sea level or ~400 m beneath the summit, in contrast to 1.7-1.9 km/s
around it at the same depth level. These observations suggest that the intruded material during the
1943-1945 eruption is more rigid than the surroundings. A few decades later, Miyamachi et al.
(1987) utilized explosions by a firework in 1984 to find that the P-wave velocity inside the lava
dome decreased to 1.8-2.2 km/s, although the velocity is still higher than surrounding bodies.
They interpreted this velocity decrease as due to thermal metamorphism.

Nishida and Miyajima (1984) suggested the existence of a column-like intruded magma above
the Curie temperature (560°C) based on magnetic surveys. Geochemical measurements of fu-
maroles led Symonds et al. (1996) and Hernandez et al. (2006) to suggest that the mound, as
well as the lava, consists of magma intruded during the 1943—-1945 eruption. However, Goto and
Johmori (2014) suggested from the resistivity structure that the sizable magma with a diameter
of ~400 m exists only beneath the lava dome as a quasi-spherical body, and the mound does not
contain magma. This suggestion is consistent with Nishida and Miyajima (1984), who did not find
any high-temperature body above the Curie temperature beneath the mound.

Recent developments in muon radiography allow us to delineate detailed density variation
beneath the lava dome. Tanaka ef al. (2007) and Tanaka and Yokoyama (2008) delineated a two-
dimensional density variation beneath the lava dome from a single muon detector to find a high-
density body with a diameter of about 400 m beneath the lava dome. This high-density body
represents the intruded magma, consistent with the resistivity structure (Goto and Johmori 2014).
More recently, Nishiyama et al. (2014) combined muon radiography with gravity measurements
at the surface to make the density distribution three-dimensional. Nishiyama et al. (2017) further
added a second muon detector to improve the precision of the image. They imaged a subspherical

high-density body with density up to ~ 2.6 x 10 kg/m? which is inferred as the lava dome.
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Since the S-wave velocity models in the lava dome have not been estimated in previous studies,
we conducted a passive seismic survey to obtain S-wave velocity models and compare them with

density models obtained in previous studies.

3 SEISMIC CAMPAIGN, SENSOR CALIBRATIONS AND NOISE
CHARACTERISTICS

We deployed 21 1-Hz seismometers, UO1-U21 (Lennartz 3D Lite Mark III; Fig. 1c and Table 1),
around the Showa-Shinzan lava dome on 8—10 May 2018 and retrieved them on 6-8 June 2018.
Seismic waveforms were recorded by Hakusan LS8800 data loggers with a dynamic range of 24
bits and a sampling frequency of 200 Hz. The seismometer and data logger’s energy consumption
is so low that a seismic site could survive for about a month with eight Panasonic EVOLTA D
batteries under the conditions of daily minimum and maximum atmospheric temperature of 5—
10°C and 15-20°C, respectively. Each seismometer was buried, when possible, to avoid cultural or
unwanted noises as much as possible. We also utilized the seismic site V.USSW (Fig. 1c and Table
1) with another 1-Hz seismometer operated by Japan Meteorological Agency for the analysis.

While Figures 3a, b and Table 2 show the nominal frequency response of 1-Hz seismometers
that we deployed in the campaign (Lennartz 3D Lite Mark III). There is no frequency response
information for each instrument provided by the production company, unlike the cases in broad-
band seismometers. Since the typical interstation distance is short of ~400 m comparable to the
wavelength at 2 Hz, 20-degree relative phase-response error can cause ~ 20/360 = ~ 6% error in
phase-velocity measurements. If the uncertainty of natural frequency itself is large, for example,
the error in phase response can be especially large around the natural frequency where phase de-
pendence on frequency is large. For these reasons, we calibrated instrumental responses of 1-Hz
seismomters at Earthquake Research Institute, the University of Tokyo, between 26 March and 10
April 2018. A broadband seismometer (Giiralp CMG-3T) with a natural frequency of 120 s is used
as a reference.

We used a one-day record on 27 March 2018 because the day was seismically quiet. First,

we divided the whole one-day record into 10-minute segments. Second, a segment is accepted for
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further analysis only if the maximum amplitude of the seismogram of each 1-Hz seismometer is
between 0.5 and 2 times that of the broadband seismometer. This procedure is to avoid glitches
in the seismogram of the 1-Hz seismometers. Third, the Hanning taper is applied to the accepted
segments. With an assumption that the broadband seismometer recorded the true ground motion,

the spectrum of the 7 th 1-Hz seismometer at the j th segment Xij (f) can be represented by
X! (w) = Ri(w)Y (), ()

where Y7 (w) represents the spectrum of the referenced broadband seismometer at the j th segment.

R; is the response function of the ¢ th seismometer given by
Aeinw?)
(w? — 2hwi — wWd)(w — wy)’

Ri(w) = (2)

where h is the dumping constant, wy is the natural frequency of about 1 Hz, w; is the other cut-off
frequency, and 7 is time delay. We perturb these parameters from the initial values; the initial value
of wy, wy and h are given by the catalog (h = \/5/2, wo = 27 (rad/s), and w; = 1.083 (rad/s)). We
also assumed that the other initial values as 7 = 0.015 (s), and A = 1.0.

We inferred five parameters, wy, w1, h, A, and 7 by minimizing the squared spectrum difference
S between that from the 1-Hz seismometers and predicted from the broadband sensor over the

frequency band of w,,;, = 0.27 (0.1 Hz) to wyq, = 37 (1.5 Hz):

Wmazx
S =

Wmin

> 1X (W) = Ri(w)Y (w) Pdew. 3)

Figures 3c-h denote the amplitude and phase responses of the seismometers to the nominal
response in the catalogue, indicating that the phase difference among seismometers reaches about
5° between 0.1 and 1 Hz. Although the corresponding phase-velocity error is not so large of 1—
2%, correction of the frequency response for each sensor enables us to measure the phase with
a precision smaller than 1°, and allows us to utilize the phase information in the ambient noise
cross-correlations.

For understanding the characteristics of ambient noise in our dataset, we plotted the spectral
contents of each seismic record. Figure 4 shows an example of spectral density functions of seismic
sites at the summit (U06), at the roof (U18), and at the base (U07), which are least to most suscep-

tible to cultural activity. They indicate that all sites recorded signals down to ~0.1 Hz, suggesting
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that extracting the wavefield higher than 0.1 Hz is possible. The noise level of all sites between 0.1
and 10 Hz is between the low and high noise models (Peterson 1993) for all components (Fig. 4).
Figure 5 shows spectrograms of the same sites as Figure 4, clearly indicating that all sites ex-
hibit diurnal variations in noise amplitude, especially below 10 Hz. These variations are likely due
to cultural activitybecause the Showa-Shinzan area is a sightseeing area, and human activity will
not be lower at the weekend compared to weekdays. The noise levels at these sites are comparable
during the daytime, but those at U18 and UO7, which are located closer to cultural activity, are
higher than U06 at night. This observation might indicate that cultural activity is not negligible,
even at night. The strong noise, on May 18-21, for example, have a correlation between below
1 Hz and above 10 Hz. This might correspond to natural noise such as oceanic disturbances below

1 Hz and wind disturbances above 10 Hz.

4 PHASE-VELOCITY MEASUREMENT

This section describes phase-velocity measurements, including the methods. To measure phase
velocities, we use one of the conventional seismic interferometry methods but with assuming lay-
ered structures. As a result, we obtain average phase velocities of the fundamental-mode Rayleigh
wave at three areas: summit, roof (east roof in Figure 2) and base.

To extract seismic wavefield between two seismic sites, we take spatial auto correlation (SPAC)
of seismic records (e.g., Aki 1957; Takeo et al. 2013). The SPAC method is very similar to seis-
mic interferometry in terms of calculating cross spectra, which is equivalent to calculating cross-
correlation functions to extract empirical Green’s function between stations (Shapiro and Campillo
2004) by seismic interferometry. Unlike phase-velocity measurement for each pair of stations in
ambient noise tomography, however, the SPAC method will measure phase-velocity velocities for
each group of seismic stations.

For the calculation of cross spectra, the vertical components of the whole dataset were first
down-sampled to 20 Hz and divided into segments of 102.4 seconds with overlaps of 51.2 seconds.
We then rejected segments whose mean-square amplitude at 1-5 Hz is more than 10 times that of

the former segment to avoid contamination of deterministic signals such as earthquakes. After
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these procedures, we took ensemble averages of the cross spectrum of vertical records of 7 th and

7 th site by spectral whitening method (Bensen et al. 2007) as

obs w) = M
Sy (W) <\Fz(w)HFJ(W)‘>

“4)
where Fj(w) denotes the seismic record of the i th site in the frequency domain, w represents
angular frequency, * denotes the complex conjugate, and () denotes the ensemble average of 102.4-
s segments.

Figures 6a, 7a, and 8a represent extracted wavefield in time domain aligned with interstation
distance at the summit, roof, and base areas, respectively, showing that the wave propagation
within at least a few hundred meters can be extracted at the summit and roof areas, and more
than one kilometre at the base. For clarification of the signals, waveforms for each region are
filtered at the range where uncertainties of phase-velocity measurements (described later) are lower
than 0.1 km/s. We should note that the quality of each waveform is not enough to measure phase
velocity for each pair of stations and conduct ambient noise tomography. The short interstation
distance equivalent to the wavelength also makes the measurement for each pair difficult. We,
therefore, focus on measuring average phase velocities for each areas by the SPAC method (Aki
1957), which is capable of measuring phase velocities in the frequency domain even if the quality
of each cross spectrum is low and when the interstation distance is equivalent to the wavelength.

Assuming a laterally homogeneous medium, the cross spectrum (equation 4) between seismo-

grams obtained at two sites depends on interstation distance between the ¢ th and j th site d;; and

the phase velocity of the Rayleigh wave c is given by the SPAC method (Aki 1957) as

S;;‘Odel(w, c) = Aw)Jy (MCZ”> . (5)

where Jj is the Bessel function of the first kind at the Oth order. A(w) is a constant representing the

source intensity estimated by a least-squares fitting for each frequency. The residual between the

real component of the observed cross spectrum, Re [S;’jbs (w, c)} , and the modelled cross spectrum,

S;?Odel(w, ¢), as a function of phase velocity and angular frequency can be defined by

X jwi(w) {Re {Sio]bs(w)} wi; (w) — Smedel(w, c)}2 ©
X wii(w) {Re [S%bs(w)] wi_jl(w)}2 '

R(w,c) =
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where w;;(w) corrects the amplitude variation due to the normalization in equation (4) as (Takeo

et al. 2013)

wij(w) = <M1’F]w>> (7)

Figures 6¢, 7c, and 8c show residuals as a function of frequency and phase velocity. In principle,
phase-velocity measurement is possible by connecting those with the smallest residuals at each
frequency. However, this approach would make the modelled dispersion physically unrealistic due
to 27 ambiguity and low quality of data. Therefore, we assumed a layered structure as follows to
obtain physically realistic dispersion curves.

The S-wave velocity structure is modelled with seven layers within the shallowest 1 km, and
constant at depths below 1 km (Table 3). The layer thicknesses are almost equal intervals in log
scale by considering the shape of surface-wave sensitivity kernels. The S-wave velocities greater
than 300 km and the attenuation structure are fixed to the Preliminary Earth Reference Model
(PREM; Dziewonski and Anderson 1981). S-wave velocity scales the P-wave velocity and density,
according to Brocher (2005). The phase velocity corresponding to the modelled velocity structure
c(w) = ¢(w; B) is calculated by DISPERSO (Saito 1988), where (3 denotes the model parameter
vector, i.e., S-wave velocities at 8 layers. The S-wave velocity at each layer is constrained to be
larger than 80% of that of the layer directly above to avoid numerical instability at high frequen-
cies.

We then inverted for the optimum model parameters 3° and phase velocity model c°(w; 3°),

that minimize the frequency-integrated misfit

Fi(8") = [~ R, el 8°)do, ®
by the simulated annealing of Cauchy distribution (Ingber 1989; Nam et al. 2004). We obtained
100 phase velocity models c!(w;3Y)), - -, c'*(w; B'%)) by bootstrapping station pairs (Efron
1979) and estimated the standard deviation Ac(w).

The seismic structure of Showa-Shinzan is so heterogeneous that we cannot employ equation
(5) to obtain a one-dimensional reference velocity of the whole area of interest. We thus divided

the whole region into three areas, summit, roof and base to derive the Rayleigh wave dispersion



12 A. Takeo, K. Nishida et al.

for each area (Figs. 6b, 7b, and 8b). Figures 6¢, 7¢, and 8c denote the distribution of R(w,c) and
the measured phase velocities for each area. Figure 9a depicts the phase velocities of all areas. The
corresponding tentative S-wave velocity models are shown in Figure Al.

Figure 9a indicates that phase velocities are well constrained (Ac < 0.1 km/s) at a frequency
range of 2.3-8 Hz at the summit area, 1.1-3.3 Hz at the roof area, and 1.0-1.9 Hz at the base
area. The phase velocity of the Rayleigh wave at the summit is the highest of the three with about
1.5 km/s at 2 Hz and 1 km/s at 4 Hz, implying that the intruded lava represents a high-velocity
body. The base area exhibits the lowest phase velocity of the Rayleigh wave with about 1 km/s at
1 Hz and 0.7 km/s at 2 Hz. The phase velocity at the roof area is between the summit and base
areas with about 1.2 km/s at 1 Hz and 0.8 km/s at 3 Hz.

Figures 6d, 7d, and 8d show sensitivity of S-wave velocity anomaly to the phase velocity
anomaly of Rayleigh wave at 1, 2, 4 and 8 Hz for the models corresponding to the optimum phase
velocity ®(w). Although the frequency ranges of the accurate phase-velocity measurements are
different between areas, the corresponding depth range of high sensitivity is similar: 20500 m be-
low the surface at the summit area (Fig. 6d), 10-500 m below the surface at the roof area (Fig. 7d),
and 50-500 m below the surface at the base area (Fig. 8d). The stronger heterogeneity at depths
shallower than ~10-50 m for each area might have caused incoherence phases between differ-
ent pairs of stations, and large uncertainties of phase-velocity measurements at high frequencies

(Fig. 6c, Fig. 7c and Fig. 8c).

S ONE-DIMENSIONAL S-WAVE VELOCITY MODELS

During the phase-velocity measurement, we assumed layered structures (Fig. A1). Since the struc-
tures are tentative as described in Appendix A, we obtain final models by only using phase-velocity
measurements obtained in the previous section and by further introducing a vertical smoothing pa-
rameter, ¢, as described in Appendix B.

Figure 9b shows final S-wave velocity models corresponding to € = 0.1. The depths are cor-
rected for the average elevation for each area (Figs. 6e, 7e, and 8e). The distribution of surface

relief along paths in Figure 7e indicates that the assumption of a one-dimensional structure is valid



Showa-Shinzan S-wave Modelling 13
for the roof area, but those in Figures 6e and 8e indicate that a careful treatment is necessary at
the summit and base areas. We consider that the obtained phase velocities are just an average of
heterogeneous volcanic area.

The inversion allowed us to delineate the S-wave velocity structure down to ~500 m from the
surface for each area, as already seen in sensitivity kernels (Figs. 6d, 7d, and 8d). As expected
from the phase velocity dispersion of the Rayleigh wave, the summit area exhibits the highest S-
wave velocity with ~2 km/s at sea level, whereas the base area exhibits the lowest S-wave velocity
with ~1 km/s at sea level. The S-wave velocity at the roof area is intermediate down to ~100 m
below sea level and comparable to that at the base area at greater depths. These results do not
depend on the choice of ¢, as shown in Figures A2d—f. At depths greater than ~500 m from the
surface, we recognize the non-negligible effect of vertical smoothing. At this depth range, S-wave
velocity becomes lower with ¢ = 1 (Fig. A2f) than that with ¢ = 0.1 (Fig. 9b and Fig. A2e) due to
insufficient phase velocity measurements at lower frequencies and stronger vertical smoothing.

The boundary between layers is sharp due to our assumption of the layered structure. Most
of the boundaries have no physical meaning because the uncertainty of estimated S-wave velocity
values overlaps between adjacent layers. The boundary at a depth of 100 m from the surface for
the summit region (red in Fig. 9b), however, seems significant compared to the uncertainties even
with a lower smoothing parameter (Fig. A2d). The meaning of this boundary will be discussed in

Section 6.3.

6 DISCUSSION
6.1 Phase-Velocity Measurement Method

For the ambient noise analyses at periods longer than ~10 s, various automatic phase-velocity
measuring method has been developed, such as spatial auto-correlation method (Aki 1957) or zero
crossing (Ekstrom et al. 2009), and used for regional ambient noise tomography studies. There
have been, however, still technical difficulties for the phase-velocity measurement in the highly
heterogeneous regions, especially at frequencies higher than ~0.1 Hz. At high frequencies, the

interstation distance becomes much larger than the wavelengths, which causes high attenuation
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and low SN ratio of the extracted surface-wave signals, and causes severe problems of the phase
unwrapping ambiguity (e.g., Liu et al. 2016). The strong dispersion at high frequencies further
makes the phase ambiguity serious and hamper the group-velocity measurement. For example,
in oceanic regions, previous studies carefully prepared spline functions for each region, whose
intervals depend on the frequency, to measure multi-mode phase velocities (Takeo et al. 2013,
2014).

This study, therefore, developed an original method to measure average phase velocities of
surface waves from cross-correlation functions by assuming layered structures. This approach is
similar to those for the analyses of teleseismic surface waves at periods longer than ~30 s to an-
alyze multi-mode waveforms (Yoshizawa and Kennet 2002) or to stably measure phase-velocities
from noisy records of ocean bottom seismometers (Takeo et al. 2018).

The new method allowed us to stably measure phase velocities with bootstrap uncertainties less
than ~0.1 km/s (Fig. 9a) without carefully preparing spline functions for each region. It also en-
abled us to avoided non-physical oscillations due to insufficient quality of data at certain frequen-
cies (recognized as high residual vertical columns in Fig. 6¢, 7c, and 8c). The phase unwrapping
ambiguity is solved automatically in the frequency range, which can be recognized as the range
with low bootstrap uncertainties. On the other hand, large uncertainties in higher frequencies partly
correspond to the difficulty of unwrapping even with the assumptions of layered structures.

The method is applied to measure average phase velocities for several pairs of stations (Fig. 6b,
7b, and 8b) in this study. Although the same method is applicable to the phase-velocity measure-
ment for each path, the uncertainty evaluation must be done differently. Moreover, the signal-to-
noise ratios of each cross-correlation function (Fig. 6a, 7a, and 8a) are insufficient for the phase-
velocity measurement of each path. We focused on averaging phase-velocity measurements at
three regions, leaving the three-dimensional tomography for a separate study. The one-dimensional
models still allow us to discuss the structure beneath the lava dome and the correspondence be-

tween S-wave velocities and densities, as described below.
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6.2 S-wave Velocity Models

Our results show that the S-wave velocity at the summit area is significantly higher than the sur-
rounding roof and base areas from the top to a depth of ~200 m below sea level. The shallow high-
velocity body above sea level represents the lava dome formed during the 1943—-1945 eruption and
then slowly cooled. This is consistent with insights gained from previous seismic explorations
(Nemoto et al. 1957; Miyamachi et al. 1987), muon radiography (Tanaka et al. 2007; Tanaka and
Yokoyama 2008; Nishiyama et al. 2014, 2017), gravity anomaly (Nemoto et al. 1957), and resis-
tivity structure (Goto and Johmori 2014). The deep high-velocity body below sea level represents
the root of the lava dome, i.e., the solidified magma intruded during the 1943-1945 eruption and
then slowly cooled. This is again consistent with previous studies that have sensitivities to deeper
depths: seismic explorations (Nemoto et al.), and resistivity structure (Goto and Johmori 2014).

The average S-wave velocity at the roof area is not as high as the summit area but higher than
the base area. This velocity structure may indicate that the first few hundred meters beneath the
roof area contain some portion of intruded magma as a high-velocity body, as fumarole tempera-
ture measurements suggest (Symonds et al. 1996; Hernandez et al. 2006). These results suggest
that the narrow root of the lava dome existing directly beneath the summit with a minor effect on
the rocks beneath the roof area.

We should also note that our S-wave velocity structure at the base area is roughly consistent
with the regional seismic structure in Japan Seismic Hazard Information Station (http:/www.j-
shis.bosai.go.jp/map/?lang=en). In this regional structure model, the S-wave velocity around Showa-
Shinzan at a depth of 30 m is 300-400 m/s, and it reaches 1 km/s at a depth of 300—400 m and

2 km/s at a depth of ~800 m.

6.3 Density and S-wave Velocity

We compare our results with the latest three-dimensional density model in the Showa-Shinzan
obtained from the combination of muon radiography and gravity measurements by Nishiyama
et al. (2017; N2017 hereafter). The elevation range of the model is 210-380 m above sea level,

roughly corresponding to a depth range of 0—100 m below the surface at the summit area and 0-
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40 m below the surface of the roof area. Since we used the scaling relationship between density,
P-wave velocity, and S-wave velocity by Brocher (2005; B2005 hereafter), our preferred models
in Figure 9b also have corresponding densities.

We first consider the density of the roof area’s surface, where the value is estimated to be
1.5-1.7x10? kg/m? in N2017 and 1.7-2.0x 103 kg/m3 in our model (red squares in Fig. 10a). To
evaluate whether models with a low-density body can fit phase velocity measurements, we con-
ducted an inversion by constraining the density at the uppermost layer (0—20 m from the surface)
to be 1.6x 10 kg/m?, or the S-wave velocity of 0.27 km/s, and by introducing the smoothing term
in equation (B.1) only from the second layer. The obtained structure can still fit phase velocity
measurements (green triangles in Fig. 10a), indicating that the near-surface S-wave velocity and
density in the roof area is extremely low.

We next consider density in the summit area, which is 2.0-2.1x10% kg/m? in our model (red
in Fig. 10b) and ~2.1x10? kg/m? at the surface to ~2.3x10% kg/m? inside by N2017. Similar
to the roof area, we fixed densities in the top three layers: 2.1x10? kg/m? at depths of 0-20 m,
2.2x10% kg/m? at depths of 20-50 m, and 2.3 x 103 kg/m? at depths of 50-100 m. We inverted for
the S-wave velocities by introducing the smoothing term in equation (B.1) only to the 4 th layer
or below. Green triangles in Figure 10b show that the obtained structure does not fit with phase-
velocity measurements, indicating that the B2005 scaling between density and seismic velocities
is inappropriate to reconcile with our phase-velocity measurements with the N2017 model. There-
fore, we performed another inversion by fixing the density at the top three layers, freely searching
S-wave velocities without scaling with density, applying the smoothing for all layers. Here the
P-wave velocity is scaled with the S-wave velocity by B2005. Blue diamonds in Figure 10b show
that the obtained model fits well with phase-velocity measurements.

These results indicate that the S-wave velocity at the summit is ~1 km/s, ~45% lower than
that expected from the N2007 density model with the B2005 scaling as summarized in Figure
11. One possible cause of the S-wave velocity reduction is cracking in the dome that effectively
reduces S-wave velocity compared to density. Hudson (1980, 1981) theoretically demonstrated

that the inclusion of infinitely thin fluid-filled cracks reduces only S-wave velocities. Another
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possible cause is the different rock types. The main composition of Showa-Shinzan is dacite,
whereas B2005 scaling is based on a variety of rocks. Gaunt et al. (2016) showed dacite sampled
at Mt. St. Helens whose density is 2.5x10% kg/m?, and S-wave velocity is ~1.5 km/s (Fig. 11) for
a rock with connected porosity of 6%. The S-wave velocity is much lower than that expected from
the density and B2005 scaling. This tendency is consistent with our results, although we cannot
isolate the effects of rock type and crack density from this sample.

Since we expect high temperatures beneath the summit area from the ongoing fumarolic ac-
tivities (Fig. 2), we also focus on S-wave velocity reduction of up to ~15% at high temperature
compared to that at room temperature for the dacite sample (Gaunt et al. 2016; Fig. 11). The in-
terpretation of attributing S-wave velocity reduction to high temperature, however, conflicts with
our result of sudden velocity increase at a depth of ~100 m below the surface (red in Fig. 9b and
Fig. 10b) because the velocity should not increase at this depth if the temperature is still high in
the dome but is cooled from the surface. Higher crack density near the surface is more likely to
explain the low S-wave velocity near the surface. We thus conclude that the cracks should explain

the inconsistency between B2005 scaling, N2017 density model, and our result.

6.4 Prospects

Although we attempted to conduct ambient noise tomography, several technical problems arose.
To obtain a three-dimensional S-wave velocity model, we need to address the following things.
First, we need to improve the SN ratio of surface waves extracted in cross-correlation functions
(Fig. 6a, 7a and 8a) to measure phase velocities for each pair of stations. Changing the normaliza-
tion method during the calculation of cross spectrum or cross-correlation functions might work,
but several approaches (e.g., Bensen ef al. 2007) do not succeed at this moment. The strong lat-
eral heterogeneity may cause strong scattering, and hence the low SN. Second, we need to over-
come the fact that the available frequency range of phase-velocity measurements depends on areas
(Fig. 9a) and even on paths due to short interstation distances and strong lateral heterogeneity
compared to the wavelengths. This situation makes the conventional phase-velocity mapping and

ambient noise tomography difficult. Third, we need to consider the effect of rugged topography
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around Showa-Shinzan (Fig. 1c). The conventional correction of topography (Snieder 1986) is not
applicable because it assumes a homogeneous S-wave velocity near the surface. The numerical
or theoretical consideration for shallow structure with topography (e.g., Wang et al. 2012) is re-
quired. To overcome these difficulties, for example, we might need to construct an initial velocity
structure with the one-dimensional models obtained in this study and rugged topography, and then
iteratively update towards the final velocity model by waveform fitting.

While we observed three-component seismic motion in our seismic campaign, we only used
vertical records to extract the propagation of the Rayleigh wave by taking cross-correlations of
seismic records. By extracting the spectral ratio between horizontal and vertical components of
the Rayleigh wave, the shallow structure might be possible to constrain. Moreover, utilizing hori-
zontal records will allow us to extract the wavefield of the Love wave, although the analysis will be
complicated by the ray bending and scattering of the Love wave stronger than that of the Rayleigh
wave. Because the Rayleigh and Love wavefield lead to the velocity of SV and SH waves, re-
spectively, utilizing both Rayleigh and Love waves enable us to infer anisotropic characteristics of
the lava dome and surrounding materials assuming transverse isotropy. Such information gives us
insights into the lava dome’s finer structure, such as whether the lava is horizontally or vertically
layered (e.g., Jaxybulatov et al. 2014).

The three-dimensional velocity structure thus obtained can be combined with three-dimensional
density structures derived from muon radiography and gravity measurements, as we have discussed
above. This also has the potential to infer elastic constants, gaining more insights into the material

property of the lava dome and surroundings.

7 CONCLUSION

We conducted a seismic campaign with 21 1-Hz seismometers in the Showa-Shinzan lava dome,
which emerged during the 1943-1945 eruption of Usu Volcano, Japan (Section 2). Before the
campaign, we calibrated seismometers to be deployed on the field for their frequency response.
The calibration demonstrates that the data down to 0.1 Hz can be used for the analysis in this

study. Also, we confirmed that the frequency response of the seismometers varies only slightly
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between them. For example, the phase response varies only less than 1-2 degrees between the
seismometers (Section 3). The obtained vertical seismic record was cross-correlated to extract
the seismic wavefield between seismic sites. The obtained cross-correlation functions gave us
dispersion of the Rayleigh wave in three relatively homogeneous areas (Section 4), then obtained
one-dimensional S-wave velocities down to a few hundred meters below sea level (Section 5). The
new phase-velocity measurement method enabled us to automatically measure phase velocities in
heterogeneous regions by assuming layered structures (Section 6.1). The S-wave velocity in the
dome beneath the summit area is higher than surrounding areas by a few tens of percent down
to a depth of ~200 m below sea level, consistent with previous studies and indicating the root of
the lava dome (Section 6.2). The obtained S-wave velocity inside the dome of ~1 km/s is much
slower than that expected from a density value of ~2.3x10? kg/m? (Nishiyama et al. 2017) and
a conventional scaling law (Brocher 2005), indicating the effect of cracking in the shallow lava
dome (Section 6.3).

Further studies are required to gain more information on the lava dome’s seismic structure
from the observed seismic data. For example, taking rugged topography and lateral heterogeneity
into account will extract the wavefield more accurately, leading to a delineation of an accurate
three-dimensional seismic velocity structure. Also, utilizing both vertical and horizontal records
will allow us to extract information on seismic anisotropy, thereby gaining information on a finer

structure inside the lava dome and the roof area (Section 6.4).
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Table 1. Coordinate of seismic sites.

Code

Latitude (°)

Showa-Shinzan S-wave Modelling

Longitude (°) Altitude (m)

U01
uo02
uo03
Uo4
uo5
uo6
uo7
uo8
u09
U10
Ull
Ul2
Ul13
uUl4
U15
ule6
u17
Ul18
U19
U20
U21
V.USSW

42.5413
42.5446
42.5435
42.5432
42.5411
42.5429
42.5497
42.5450
42.5446
42.5424
42.5410
42.5442
42.5408
42.5434
42.5408
42.5413
42.5452
42.5422
42.5372
42.5419
42.5425
42.5367

140.8638
140.8633
140.8625
140.8657
140.8682
140.8646
140.8635
140.8670
140.8655
140.8717
140.8699
140.8712
140.8659
140.8678
140.8567
140.8756
140.8684
140.8672
140.8646
140.8621
140.8684
140.8720

294
306
285
333
248
380
125
249
278
225
245
237
270
255
193
70
251
252
147
249
248
47
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Table 2. Nominal poles of Lennartz 3D Lite Mark III. Because it has triple zeros at the origin, the location

of zeros is not shown in the table.

Pole number Value
1 —4.4444 + 4.4444;
2 —4.4444 — 4.4444;
3 —1.0830
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Table 3. Layers assumed during the phase-velocity measurement and structural inversion.

Depth of layer bottom Search range for Vg (km/s)
20, 50, 100, 200, 300 and 500 m 0.2-3
1 km 0.2-4
300 km 1-5
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Figure 1. (a) Map of eastern Japan, in which the location of Usu Volcano is shown. (b) Map of Usu Volcano
with a contour interval of 100 m. Diamond, star, triangle, and rectangle symbols denote vents of the 1910,
1943-1945, 1977-1982, and 2000 eruptions. YH and FB denote Yanagihara and Futaba, where the initial
and subsequent uplift, respectively, took place before the dome emergence during the 1943—-1945 eruption.
Light gray area is the south end of Lake Toya corresponding to the Toya caldera. A rectangle marks the area

of (c). (c) Spatial distribution of temporary seismic sites with a contour interval of 10 m.
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(b)

steam

east roof

Figure 2. Photo of the the Showa-Shinzan lava dome including dome outcrop (summit) without vegetation,
roofs with vegetation taken from (a) sky around station V.USSW and (b) a sightseeing spot around station

U19 (Fig. 1c). Ongoing steam can be seen near the summit.
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Figure 3. (a,b) The phase and amplitude of the nominal instrumental response of Lennartz 3D Lite Mark III
deployed in the seismic campaign. (c,e,g) The relative phases of the calibrated response, arg[R;(w)/Ro(w)],
for the vertical, east-west and north-south components with respect to the nominal response. (d,f,h) The

relative amplitudes of the calibrated response, |R;(w)/Ro(w)|, for the vertical, east-west and north-south

A. Takeo, K. Nishida et al.
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Figure 4. The probability distribution at each frequency obtained from power spectral densities for time
windows of 81.92 s at T.U06 (summit), T.UO7 (base) and T.U18 (roof) (McNamara and Buland 2004).
The panels plot vertical (U), east-west (E), and north-south (N) components. The reddish colors represent
a higher probability. The spectra below 1 Hz are similar because the origin of the noise below 1 Hz is
ocean swells. Between 1 and 10 Hz, two peaks for each probability distribution correspond to daytime and
nighttime because the primary origin of the spectrum is the cultural noise. The high noise with a dominant
frequency of 10 Hz at T.U06 could be attributed to the traffic noise. Thick grey lines are low and high noise
models by Peterson (1993).
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Figure 5. Spectrograms at stations T.U06 (summit), T.UO7 (base) and T.U18 (roof), respectively. The panels
plot vertical (U), east-west (E), and north-south (N) components. In all sites, the noise level is higher during

the daytime and lower at night.
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Figure 6. Phase velocity analysis for the summit. (a) Vertical-component cross-correlations of ambient
noise filtered at 2.3-8.0 Hz aligned by the horizontal distance between stations. (b) Red triangles and lines
mark stations used and station-pairs used, respectively. (¢) Normalized misfit as a function of frequency and
assumed phase velocity. The solid curve is the bootstrap average of phase-velocity measurement. Error bars
are the uncertainties given by the one standard deviation of 100 bootstrap solutions. White-filled circles
are measurements with an error of less than 0.1 km/s. We only plot limited number of measurements (one-
third of measurements used in the velocity inversion). (d) The sensitivity of S-wave velocity perturbation
to Rayleigh wave phase velocity at 1 (dashed blue line), 2 (dotted red line), 4 (solid green line), and 8
(black chain line) Hz. (e) Histogram of surface elevation every 10 m for all paths between station pairs. The

horizontal red line shows the average elevation.
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Figure 7. Same as Figure 6 but for the roof area and the waveforms filtered at 1.0-3.7 Hz. The sensitivity

at 8 Hz is not shown because phase velocity is not precisely measured at the frequency.
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Figure 8. Same as Figure 7 but for the base area and waveforms filtered at 1.0-2.3 Hz.
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Figure 9. (a) Bootstrap average of phase-velocity measurements in a frequency range of 0.5-8 Hz at the
summit (red squares), roof (green triangles), and base (blue diamonds) areas. The values are same as those
in Figures 6¢—8c. (b) Bootstrap averages of final S-wave velocity models corresponding to € = 0.1 (solid
lines) and the one standard deviation of 100 bootstrap solutions (shaded colors). The surface depth for each

area is set to the average elevation shown in Figures 6e-8e.
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Figure 10. Modeled phase velocities and corresponding S-wave velocity and density models in the roof (a)
and summit (b) areas for three different conditions: no assumption of density as in the model in Figure 9b
(red squares) , density is fixed to Nishiyama et al. (2017)’s model (green triangles) , and density is fixed
without scaling between density and S-wave velocity (blue diamonds). The last model is only shown for
the summit area. All models are obtained with € = 0.1. The surface depth is the same as Figure 9b. The
circles and error bars are bootstrap averages and one standard deviation, respectively. The horizontal ranges

of each figure are different between roof and summit areas.
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Figure 11. Summary of S-wave velocity to density scaling. Solid curve is the scaling by Brocher (2005).
Star and diamod are values obtained in this study and by Nishiyama et al. (2017) for the dome beneath the
summit area, and shallowmost part beneath the roof area, respectively. Circles are those obtained for dacite

samples from Mt. St. Helens by Gaunt et al. (2016) at two different temperatures.
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Figure A1l. Bootstrap averages of textcolorredtentative S-wave velocity models during phase-velocity mea-
surements (solid lines) and the one standard deviation of 100 bootstrap solutions (shaded colors). The sur-

face depth is as same as Figure 9b.

APPENDIX A: TENTATIVE STRUCTURES

In section 4, we assumed layered structures during phase-velocity measurement. In general, this
kind of tentative structure fluctuates strongly due to tradeoff between adjacent layers (e.g., Yoshizawa
and Kennet 2002; Takeo et al. 2018). Figure A1 shows tentative structures corresponding to phase-
velocity measurements in Figure 9a. Since we assumed a monotonic increase of S-wave velocity
with depth, those tentative models’ uncertainties are small enough to recognize some structural
differences between areas. However, the models are still nominal, and the model uncertainties
depend on the choice of the allowed maximum S-wave velocity of a layer relative to that one
layer above. In contrast, the modelled phase velocities are robust and fit well with the observations
with small residuals (Fig. 6¢, 7, and 8c). We, therefore, employ those modelled phase velocities to

obtain final models as described in Section 5 and Appendix B.
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APPENDIX B: MODEL REGULARIZATION

We assume layered structures to obtain final S-wave velocity models. The details of layer defini-
tions and the scaling between S-wave velocity, P-wave velocity and density are as same as those
used during phase-velocity measurements (Section 4). There are only two differences: the cost
function and the vertical smoothing parameter, £, which control and reduce the model uncertain-
ties. The method follows Takeo ef al. (2013) as described below.

We define cost function as

o > [Camoder (wi) — &/ (wi)]” +ed (WH - Vi>2 B-D
2T N Ac(w;) i i o |

where /N is the number of phase-velocity measurements used in the inversion, and V§ is S-wave
velocity in the sth layer. The measurements are taken by equal intervals in log frequency. The
second term is only summed for layers in the crust. We obtained 100 models corresponding to 100
phase-velocity curves for each area, from which we calculated the average and standard deviation
of S-wave velocities for each layer to define model uncertainties.

Figures A2a—c show the tradeoff between the average model uncertainty in the crust and the
normalized misfit (the first term of equation B.1) as a function of . Figures A2d—f also show
S-wave velocity models for € of 0.01, 0.1 and 1. We prefer € = 0.1, which gives the normalized

misfit less than 0.1 and the average model uncertainty less than 0.3 km/s for all three areas.
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Figure A2. (a—c) Normalized misfit (red white-filled circles) and average model uncertainty in the crust

(black-filled circles) for the summit, roof and base areas as a function of smoothing parameter <. (d—f) One-

dimensional S-wave velocity of the summit (red squares), roof (green diamonds), and base (blue squares)

areas for assumed ¢ of 0.01, 0.1, and 1. Our preferred model is ¢ = 0.1. The surface depth is as same as

Figure 9b. Moreover, the panel (e) is equivalent to Figure 9b.



