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3D Density Modeling with Gravity and Muon-Radiographic Observations in Showa-Shinzan
Lava Dome, Usu, Japan
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Abstract—We performed three-dimensional density modeling
of Showa-Shinzan lava dome, Usu, Japan, by joint inversion of the
gravity anomaly and recently obtained muon radiography data. Our
multilayer emulsion muon detector significantly reduces the
background noise in our measurements of the muon flux through
the dome. The high-quality muon data enables us to more accu-
rately reconstruct the density structure of the lava dome compared
with our own previous work. We find that the lava dome consists of
a cylindrical column of massive lava with a diameter of 300 m, and
that there is no evidence of magma intrusion in the shallow part of
the plateau, located east of the dome.

1. Introduction

Muon radiography is a recently developed method
that can be used to probe the internal density profile of
geophysical structures (Okubo and Tanaka 2012). The
method is based on measurements of the absorption of
cosmic-ray induced muons passing through matter.
Since the energy spectrum of muons has been well
studied and the muon penetration length as a function
of energy has been confirmed (Groom et al. 2001), the
attenuation of the muon flux can be used to derive the
column density of an object along muon trajectories.
Mt. Showa-Shinzan (Fig. 1), which is a target volcano
of the present study, has been surveyed with muon
radiography by Tanaka et al. (2007). The muon
detector used in the work is a four-layer stack of
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emulsion films, special photographic films for experi-
mental particle physics. The detector was exposed to
cosmic rays for three months at 500 m south of the
dome summit. The muon absorption rates obtained
from the detector allowed to reveal a two-dimensional
density profile of the volcano. With the publication of
this work, muon radiography has gained attention and
has been used for a variety of applications such as
monitoring of volcanoes (Lesparre etal. 2012;
Ambrosino et al. 2015), seismic faults (Tanaka et al.
2011), caves (Olah et al. 2012) and etc.

Gravity exploration is also used to determine the
density of geophysical structures. Therefore, the
combination of gravity anomalies and muon radiog-
raphy should give a stronger constraint on the density
profile than muon radiography alone. In our previous
paper (Nishiyama et al. 2014a), we proposed joint
inversion for determining the three-dimensional den-
sity profiles of volcanoes, and demonstrated the
feasibility using the muon radiography data of Tanaka
et al. (2007) and our own gravity data for Mt. Showa-
Shinzan. The resulting 3D density model revealed the
shape of the lava inside the mountain (see Figs. 2b, 3b).
However, there are two issues with the model: (i) an
unrealistically high density (~2800kg/m?) was
derived at the summit region of the dome, which is
inconsistent with the dacite (silicic) lava that comprises
the dome, (ii) the model suggests that high-density lava
was deflected 300 m to the south at around 300 m
above sea level (asl), but such a deflection is not sup-
ported by geological or geophysical observations.

We believe the problems with the previous density
model likely arose from the poor accuracy of the density
estimation based on muon radiography. In fact, recent
studies have shown that interference from background
particles (<1 GeV) can lead to systematic uncertainty in
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Figure 1
a Location of the Usu volcanic region. b Mt. Showa-Shinzan seen from the muon detector site. The mountain is characterized by a lava dome
and the plateau surrounding it. ¢ Free-air gravity anomaly values relative to the reference station. “M” shows the position of the new muon

detector and the two blue beams crossing at M show the viewing range of the muon radiography observation. “m

[Tt}

indicates the detector

position of Tanaka et al. (2007). d Average density determined from muon radiography (upper) and associated error (lower)

density estimation by muon detectors with low-energy
thresholds (Nishiyama et al. 2014b, 2016; Ambrosino
et al. 2015). Therefore, we obtained a new set of
observations at Showa-Shinzan, with the emulsion
detector configured to reduce the background particles.
The aim of the present paper is to update the 3D density
model using the new muon radiography data and to
discuss the mechanism of lava dome formation.

2. Method

Several studies have considered the joint inver-
sion of gravity anomaly and muon radiography data

(e.g. Davis and Oldenburg 2012; Nishiyama et al.
2014a; Jourde et al. 2015). The basic idea lying is
that one should find a density model which agrees
with the observed gravity and muon data simultane-
ously. Davis and Oldenburg (2012) and Nishiyama
et al. (2014a) have formulated this problem as a
linear inverse problem. When the volume of interest
is  discretized with  density
p;(j = 1,2,...,n), the gravity and muon data can be
written as linear combinations of the unknown den-

into n voxels

sity values. Specifically, the vertical component of
the gravity anomaly at the ith gravity station is then
expressed as
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Horizontal cross-sectional views of the density model at altitudes of 340, 300, 260 and 220 m asl (a this study, b previous work by Nishiyama
et al. (2014a)). A vertical cross-sectional view along the line S-N is given in Fig. 3
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Figure 3
Vertical cross sectional-views of the density model along the line
S-N shown in Fig. 2 (a this study, b previous work by Nishiyama
et al. (2014a))

Agi = Ag(xi, yi,zi) = Z Gijpj, (1)
j

where Gj; is the vertical gravity contribution of the jth
voxel to the ith gravity station for unit density. The
column-density (sometimes referred to as the density-
length or opacity in the literature) derived from muon
radiography, is written as

Xi=2 Ly @
J

where L; is the length of the ith muon trajectory
crossing the jth voxel. These two equations can be
simplified to

d = Ap, (3)

where d and A are the integrated data vector and
integrated design matrix:

(D)

Nishiyama et al. (2014a) have treated this inverse
problem through a Bayesian approach (Tarantola and
Nercessian 1984). Given the observed data dgps, the
solution of Eq. (3) is expressed as
_ 1\ -1
P =p+(ATCSACT) 'ATCq (dobs — Apy)
(5)

with covariance matrix written as
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C,=(@A"c'A+c), (6)

where py is an initial guess density, and C, and Cq
are covariance matrices for the initial guess and the
data. To cope with the illposedness of the problem, a
smoothing constraint is introduced on model param-
eters through an exponential covariance function:

Co(p,q) = o, exp(—d(p,q)/1), (7)

where ¢, is the magnitude of the uncertainty, / is the
correlation length and d(p, ¢) is the distance between
the pth and gth voxels.

The advantage of the above-mentioned method is
that one can obtain a solution with enough precisions
by simple matrix calculation. Furthermore, a lot of
effort is paid to develop a more comprehensive
inversion scheme. For instance, Jourde et al. (2015)
have developed an advanced treatment for the muon
flux data which varies non-linearly with density and
they have demonstrated the advantages of the joint
inversion through numerical simulation.

3. Data

3.1. Geological Setting

Mt. Showa-Shinzan is a parasitic cone of Usu
Volcano, located at the southern rim of Toya Caldera,
Hokkaido, Japan (Fig. 1a). Major historical eruptions
have been recorded in 1663, 1768, 1822, 1853, 1910,
1943, 1977 and 2000. Mt. Showa-Shinzan was
formed in the end of the event of 1943. The present
topography of the mountain is characterized by the
dome and the plateau (Fig. 1b). The diameter of the
dome is ~300 m and the altitude of the peak is
398 m. The gravity data were taken on the dome and
the plateau. The new muon detector was placed so
that the field of view encloses the dome and the
plateau. Details are given in the following
subsections.

3.2. Gravity Data

The gravity data used in this analysis was
collected by the authors in 2011 (see Nishiyama
et al. 2014a). A total of 30 gravity stations were used,
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giving a coverage of approximately 600 m x 600 m.
The position of each gravity station is measured by
GPS interferometry, and the horizontal and vertical
positioning is accurate to within 2-3 and 10 cm,
respectively. The free-air gravity anomaly is used for
data set of the inversion (Fig. 1c). Although Bouguer
anomaly is often used for geoexploration, the reason
for choice of the free-air anomaly is that it contains
the whole gravity effect from the sea level to the
surface, which has to be modeled in the inversion.

The calculation of the terrain response and the
matrix element (Gy) is done using a digital elevation
model (DEM) published by the Geospatial Informa-
tion Authority of Japan. The elevation data are given
every 0.2” for both longitude and latitude. The
accuracy of the elevation is Az = 3.2 m, because the
difference between the digital elevation and the
position of our 30 gravity stations from GPS
measurement is confirmed to follow a Gaussian
distribution with a standard deviation of 3.2m. The
dominant error in the inversion, therefore, arises from
the inaccuracy of the DEM on which the gravity
calculation relies. We estimate the magnitude of the
error to be 2pGAh ~ 300 pgal (gal = 107> ms~2 and
G is the gravitational constant) by calculating the
gravity from an infinite plate with an uniform density
of p =2100kg/m?.

3.3. Muon-Radiography Data

We performed a new muon radiography observa-
tion with a different setup from the previous
measurement by Tanaka et al. (2007). In the last
measurement, a stack of four emulsion films were
employed as a muon detector. However, recent
studies show that the observation with such a thin
detector would be severely contaminated by back-
ground noise arising from low-energy charged
particles. For instance, Ambrosino et al. (2015) have
suffered from an overwhelming background noise
because their detector did not have enough absorber.
Nishiyama et al. (2016) have identified that the
origins of those background particles are low-energy
(<1 GeV) protons, electrons and muons which hit the
detector independently of high-energy muons after
passing through the target mountain.
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To reduce the background contamination, we used an
improved multilayer detector with thin lead plates inserted
between emulsion films. Specifically, the detector consists
of 20 sheets of emulsion films and nine 1-mm-thick lead
plates. The charged particles with £ ~ 1 GeV are scat-
tered typically 5 mrad after passing through the lead
plate. Since the resolution of track angle recognition
with microscopes is better than 5 mrad, the trajectories
of the low-energy background particles can be iden-
tified and rejected for further analysis. The emulsion
film used in this exposure was OPERA type (Nakamura
et al. 2006), which was developed by a collaboration
between Nagoya University and FUJIFILM Corpora-
tion for a neutrino oscillation experiment called
OPERA (Oscillation Project with Emulsion-tRacking
Apparatus). The OPERA film consists of a 200-um-
thick plastic base and 50-um-thick sensitive layers of
emulsion poured on both sides of the base.

The new detector was installed 500 m west to the
dome summit at an altitude of 189 m. The coverage
volume of the muon paths is almost same from the
previous study (Fig. 1c). The effective area of the
detector is S = 104cm? and the observation time is
T = 1.45 x 107 sec (168 days, November 2011-May
2012). The exposure condition (ST = 1.5x%
10° m? sec) is also in the same order of magnitude
with the previous measurement ( ~4.5 x 10° m? sec).
After exposure, the emulsion films were chemically
developed, and the tracks recorded on them were read
using the ESS (European Scanning System; Arrabito
et al. 2006). Reconstruction of the tracks was
performed using the FEDRA (Framework for Emul-
sion Data Reconstruction and Analysis; Tioukov
et al. 2006) system. The reconstructed tracks were
then grouped into thirty rectangular bins and the
muon flux was estimated for each bin after efficiency
correction. The muon flux was then converted into
the average density along the radial direction from
the detector (Fig. 1d). We account for the statistic
fluctuation of the incoming muon flux in the density
error.

4. Result

We choose a priori parameters as follows: initial
density p, = 1900kg/m?, initial density error o, =
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Residuals between the observed and calculated data for a gravity data and b muon radiography data, normalized with each observation error
(a 300 pgal, b density estimation error shown in Fig. 1d multiplied by the length of a muon path)

300kg/m® and correlation length /= 100m. We
determined the initial density and corresponding error
from the mean and standard deviation of the density
values in the thirty bins of the muon radiography
image. Once these parameters were obtained, the
observed data were inverted for the density model
using Eq. (5). The resulting density model is shown in
Fig. 2a (horizontal cross sections). The vertical cross
section is shown in Fig. 3a and three dimensional
representation of the model is shown in Fig. 6.

The model explains the observed gravity and
muon data well (Fig. 4). For quantitative discussion,
we define chi-square values as differences between
observed and calculated data:

sznuon = (XObS - Lp/)TCcT,rlnuon(XObS - Lpl) (8)
and
Xérav = (Agobs — Gp/)TC;;rav (Agobs — Gp/)’ 9)

where Cymuon and Cgy gr,y are the covariance matrices
for muon radiography and gravity observations. The
result is sznuon = 21.3 (number of data is 30) and
Xérav = 14.0 (number of data is 30) (Fig. 4). Since
these are small and roughly equal to the degrees of
freedom of the data space, we may assume that our
model provides a good fit to the data. The estimation
error is given by the diagonal elements of the pos-
terior covariance matrix C', (Fig. 5a). The error is

about 200 kg/m? for most locations, and is improved
to approximately 150 kg/m? near the summit because
the gravity stations are densely distributed there. In
the eastern area of the uplifted plateau, where the
density of gravity stations is low, the density error is
no less than 300 kg/m3, which is almost the same as
the original error.

We evaluated the spatial resolution of the inver-
sion using a checkerboard reconstruction test. We
defined a density function p,, which consisted of
alternating high-density (pp;n = 2200kg/ m®) and
low-density (p,,,, = 1600kg/m®) voxels with hori-
zontal dimensions of 200m x 200m and vertical
dimension of 100 m (Fig. 5b). This 3D checkerboard
density pattern, superimposed on the topography of
the mountain enabled us to synthesize the data dyn,
i.e., the column density (X) for the thirty muon tra-
jectories and the gravity anomaly values (Ag) for the
thirty gravity stations. We generated Gaussian ran-
dom noise from the data covariance matrix (Cqy) and
added it to dgy,. The reconstructed density pattern is
shown in Fig. 5b. Although the checkerboard pattern
is not fully reproduced due to the correlation
assumption, the position and the amplitude of
anomaly are reproduced. Thus, the resolution of this
inversion in the horizontal and vertical directions is
better than 200 and 100 m, respectively. The reso-
lution is comparable to that of the previous work
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Figure 5
a Error associated with the 3D density model of the present study. b Checkerboard pattern used as input for the resolution test (left) and the
reconstructed density model (right)

(Nishiyama et al. 2014a), in spite of the different
position of the muon detectors (Fig. 6).
5. Discussion

The 3D density model derived from the present
work (Model A, Fig. 2a) is much more geophysically

reasonable than the previous 3D model (Model B,
Fig. 2b) in several respects. First, the density values
of the dome region (AH: 2.0-2.4 x 10*kg/m?) is
consistent to 2.32 x 10° kg/m?, the bulk density of
dacite lava on Mt. Showa-Shinzan (Nemoto et al.
1957). It also agrees with the terrain density of the
mountain body of Usu (2.2 x 10, kg/m?) estimated
from Bouguer anomaly analysis by Komazawa et al.
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Figure 6
Three-dimensional representation of the density model developed in this study. The positions of the gravity stations are shown with red solid
squares, and the muon trajectories are drawn with blue lines

(2010). On the other hand, the previous model
exhibited unacceptably higher density of 2.6-3.0 x
103 kg/m? in the region BH2. Considering that the
lava constituting the dome is hypersthene dacite (Oba
et al. 1983), these density values are too high to be
justified. The better values of rock density in the
present study are due to the improved accuracy of
muon radiography accomplished by our new detector,
because the coverage and exposure condition are
almost same with the previous muon observation.
Second, Model A reveals a high-density column (AH)
with a diameter of 300 m penetrating the center of the
dome from deep within the interior, while the pre-
vious study requires high density blocks to be
separated in two regions, BHI (2.4-2.6 x 103 kg/m’
at 220 m asl) and BH2 (2.6-3.0 x 10° kg/m3 at
340 m asl). The latter model leads to a strange and
interpretation that the lava suddenly
migrates horizontally by around 300 m at a height of
300 m asl.

unnatural

Since after the eruption and the morphographic
development of the dome were recorded by several
researchers (Minakami et al. 1951; Mimatsu 1962),
various ideas have been proposed for the mechanism
of lava dome formation. Nemoto et al. (1957) con-
cluded from several observations that the lava block
extends to below sea level and its diameter increases
with depth, where the visible portion is only “the tip
of the iceberg”. On the other hand, Nishida and
Miyajima (1984) claimed that the diameter of the
lava block remains constant with depth, based on
geomagnetic observations. A recent magnetotelluric
observation (Goto and Johmori 2014) suggests the
existence of a subspherical dacite intrusion (~ 400 m
across). The results of the present study (Model A)
are in agreement with Nishida and Miyajima (1984)
and Goto and Johmori (2014). Our model contradicts
with the hypothesis that the diameter of the lava
block increases with depth as proposed by Nemoto
et al. (1957). Our results would give clues also on
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how the plateau was formed. Several prior works
have proposed the existence of lava intrusion in the
eastern plateau to explain the huge deformation
(Nakamura and Mori 1949; Nemoto et al. 1957,
Nishida and Miyajima 1984). However, the present
study indicates an absence of massive lava at a
shallow depth since there is no corresponding region
of high density in our model. This conclusion agrees
with the recently compiled gravity surveys (Ko-
mazawa et al. 2010; Geological Survey of Japan
2013) and recent resistivity model (Goto and Johmori
2014). Goto and Johmori (2014) suggests that the
plateau was formed by the uplift of the ground and
lateral migration of pre-existing rocks and sediment
from the dome region. The present study supports the
notion from the viewpoints of density.

The density model of the present study is limited
above 200 m asl, because the muon radiography has
no sensitivity below the altitude of the detector.
However, the resolution of the deeper part would be
improved if muon data from several directions are
available, as numerically demonstrated by Jourde
et al. (2015). In near future, such a multi-directional
observation will be possible by emulsion film detec-
tors, since they are light and they do not require
power supply for operation.

6. Conclusion

The 3D density model of the Mt. Showa-Shinzan
lava dome was updated using a joint inversion anal-
ysis of the gravity anomaly and muon radiography
data obtained using a multilayer emulsion detector.
The results indicate that the lava dome has a cylin-
drical shape (300 m in diameter) of massive lava
block (2.0-2.4 x 10°kg/m?), and that there is no
intruding body at a shallow depth of the eastern
plateau. The results of this investigation clearly
demonstrates the usefulness of the multilayer emul-
sion detector for muon radiography.
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