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using the GNSS coordinate time series
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Abstract

Long-term deformation of Kusatsu-Shirane and Asama volcanoes in central Japan were investigated using Global
Navigation Satellite System (GNSS) measurements. Large postseismic deformation caused by the 2011 Tohoku
earthquake—which obscures the long-term volcanic deformation—was effectively removed by approximating the
postseismic and other recent tectonic deformation in terms of quadrature of the geographical eastings/northings.
Subsequently, deformation source parameters were estimated by the Markov Chain Monte Carlo (MCMC) method
and linear inversion, employing an analytical model that calculates the deformation from an arbitrary oriented pro-
late/oblate spheroid. The deformation source of Kusatsu-Shirane volcano was found to be a sill-like oblate spheroid
located a few kilometers northwest of the Yugama crater at a depth of approximately 4 km, while that of Asama was
also estimated to be a sill-like oblate spheroid beneath the western flank of the edifice at a depth of approximately
12km, along with the previously reported shallow east-west striking dike at a depth of approximately 1 km. It was
revealed that (1) volume changes of the Kusatsu-Shirane deformation source and the shallow deformation source of
Asama were correlated with the volcanic activities of the corresponding volcanoes, and (2) the Asama deep source

has been steadily losing volume, which may indicate that the volcano will experience fewer eruptions in the near

future.
Keywords: Kusatsu-Shirane volcano, Asama volcano, Global Navigation Satellite System, Crustal deformation, Oblate
spheroid

Introduction beforehand and prepare for the ongoing hazard (e.g., Wil-

Monitoring of volcanic deformation is a powerful tool to
assess a potential volcanic hazard. Volcanic deformation
may be a manifestation of pressure or volume changes
in underlying magma chambers (e.g., Ozawa et al. 2004),
may sometimes be related to intrusions in the form of
diking (e.g., Hotta et al. 2016), or inflation/deflation of
hydrothermal sources (e.g., Kobayashi et al. 2018). Many
volcanoes exhibit deformation prior to eruption; moni-
toring the deformation allows us to anticipate the crisis
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liams-Jones et al. 2002).

Kusatsu-Shirane volcano is an active volcano located in
central Japan (Figs. 1, 2). It is a composite volcano with
notable groups of pyroclastic cones named Shirane-san,
Ainomine, and Motoshirane-san starting from north to
south (Fig. 2a). All historic eruptions up to 2018 were
phreatic eruptions in the Shirane-san region with a vol-
canic explosivity index (VEI) (Newhall and Self 1982) of 1
or 2 (Japan Meteorological Agency 2013).

A summary of recent volcanic activities in the Shi-
rane-san area, as per the Japan Meteorological Agency
(Japan Meteorological Agency 2021a), is as follows: in
2014, the number of volcanic earthquakes around the
Yugama crater and the area to the south of it increased
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Fig. 1 Location of the studied area and distribution of GNSS observation sites. Inset shows the study area. The arrow shows the approximate
motion of the Pacific Plate with respect to the North American Plate calculated using the NNR-Morvel 56 model (Argus et al. 2011). Active volcanoes
are shown as triangles. Circles represent GNSS sites used in the study. Gray circles are those more than 20 km away from Kusatsu-Shirane and Asama

volcanoes that are used to estimate parameters representing tectonic deformation

from March to mid-August, and magnetic changes sug-
gesting thermal demagnetization of rocks under the
Yugama crater were observed from May to July. Infla-
tion of a shallow source was observed from May to the
end of November 2015 (Terada et al. 2021). In 2018, the
number of volcanic earthquakes around the Yugama
crater increased in April, and thermal demagnetization
of rocks under the Yugama crater was observed from
April to July. In addition, grayish water was observed

in the Yugama crater from June to July. Inflation of a
shallow source was observed from the end of April till
the end of August. The number of volcanic earthquakes
around the Yugama crater increased again in Septem-
ber. Since then, volcanic tremors, grayish water in the
Yugama crater, and inflation of a shallow source have
been observed several times.

In 2018, a phreatic eruption occurred at the Kag-
amiike-kita pyroclastic cone in Motoshirane-san, which
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Fig. 2 Enlarged maps around Kusatsu-Shirane and Asama volcanoes. a Enlarged map around Kusatsu-Shirane volcano. Locations of three notable
groups of pyroclastic cones, namely, Shirane-san, Ainomine, Motoshirane-san, are plotted. Locations of two notable craters, namely, Yugama and
Kagami-ike, are also shown. White circles denote the locations of GNSS observation sites. b Enlarged map around Asama volcano. Locations of three
volcanoes that consist of Asama volcano, namely, Maekakeyama, Kurofuyama, and Hotokenoiwa, are shown. The location of the Kamayama crater,
which is currently the most active crater in Asama volcano, is also shown. White circles denote the locations of GNSS observation sites
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is adjacent to the Kagami-ike crater (Fig. 2a), with one
reported casualty (e.g., Himematsu et al. 2020).

Asama volcano is one of the most active volcanoes in
central Japan, located approximately 25 km south of the
Kusatsu-Shirane volcano (Figs. 1, 2). It is a composite vol-
cano that consists of three volcanoes, Kurofu, Hotokeiwa,
and Maekake in order of age (Fig. 2b). Maekake is the
youngest which started erupting approximately 10,000
years ago; its current activities are concentrated at the
Kamayama crater (Japan Meteorological Agency 2013). It
has experienced significant explosive eruptions (VEI>4)
in 1108, 1128, and 1783 (e.g., Japan Meteorological
Agency 2013; Yasui and Koyaguchi 2004).

A summary of recent volcanic activities in the Asama
volcano, as per the Japan Meteorological Agency (Japan
Meteorological Agency 2021b), is as follows: From 2015
till 2018, the volcanic activity of the Asama volcano was
elevated, resulting in an increase in the number of vol-
canic earthquakes, and enhanced fumarolic activities and
SO, emissions. During the period, Asama volcano expe-
rienced two small eruptions in June 2015. In June 2020
, the volcanic activity was elevated again, resulting in
the increase in the number of volcanic earthquakes and
enhanced amounts of SOs.

In recent years, dense networks of geophysical obser-
vation systems including GNSS and tiltmeters have been
deployed around these volcanoes by the Geospatial
Information Authority of Japan (GSI), Japan Meteoro-
logical Agency (JMA), and the National Research Insti-
tute for Earth Science and Disaster Resilience (NIED)
among others. Data from these networks, combined with
the application of physical models, suggest that volcanic
unrest in these volcanoes is often accompanied by infla-
tion of shallow reservoirs or intrusion of a dike in the
shallow part of the volcanic edifice. For example, the
unrest of the Yugama crater in the Shirane-san cone in
Kusatsu-Shirane volcano in 2014 and 2018 was accom-
panied by the inflation of a shallow reservoir, possibly in
the form of a sill, beneath the Yugama crater at approxi-
mately 1.2—1.5 km above sea level. It resulted in deforma-
tion that was detected by tiltmeter and repeated GNSS
surveys in the proximity of the Yugama crater (Japan
Meteorological Agency 2018a; Terada et al. 2021; Tseng
et al. 2020). Asama volcano has experienced small erup-
tions in 2004 and 2009 (Japan Meteorological Agency
2013). During these periods of eruption, the western part
of the volcano exhibited north—south extension, which
was interpreted as a manifestation of the intrusion of an
east—west striking dike whose top was a few kilometers
below ground surface as revealed by continuous GNSS
observation (Takeo et al. 2006; Aoki et al. 2013).

The existence of deeper sources, possibly a magma
chamber that feeds heat, gas or magma to the shallower
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chambers, has been suggested by deformation detected
by continuous GNSS (e.g., Japan Meteorological Agency
2018b) in the case of the Kusatsu-Shirane volcano. It has
also been suggested by deformation detected through
leveling survey in the case of the Asama volcano (Murase
et al. 2007). However, for either volcano, the long-term
behavior of such sources, especially relevance with the
changes of the shallower chambers has not been clarified.

One of the difficulties in unraveling the behavior of
deep sources, especially in the long term, lies in the treat-
ment of tectonic deformation. Due to the coupling of
the subducting Pacific Plate and the overriding North
American Plate, this area was subjected to a north—east
contraction of approximately 0.2 ppm/year prior to the
Tohoku earthquake in 2011 (e.g., Sagiya et al. 2000).
Following the earthquake, this area was subjected to a
northeast—southwest extension exceeding 0.3 ppm/year
in 2013 and decaying with time owing to the postseismic
deformation after the Tohoku earthquake (e.g., Geospa-
tial Information Authority of Japan 2014). As an example,
the extension of 0.3 ppm/year is equivalent to 3 mm for
a 10-km baseline. This value is unacceptably large when
one deals with subtle volcanic deformation (~ 1 cm)
detected using a widely spanning GNSS network whose
range is typically a few tens of kilometers.

Hence, in this study, I first address the removal of the
tectonic deformation from the observed GNSS coor-
dinate time series. Then, with the processed coordinate
time series, I determine the possible source locations of
Kusatsu-Shirane and Asama volcanoes using the Markov
Chain Monte Carlo (MCMC) method (e.g., Munekane
et al. 2016), employing an analytical model that calcu-
lates the deformation from an arbitrary oriented prolate/
oblate spheroid (Cervelli 2013). Finally, I estimate the
strengths of the estimated sources in terms of volume
changes using linear inversion, and discuss the relation-
ship between the estimated strengths and volcanic activi-
ties of both volcanoes.

Data and methods

I used the GNSS dual-frequency receivers deployed by
GSI, JMA, and NIED within a rectangular area span-
ning 1° x 1° with both volcanoes located in its central
area (Fig. 1). I processed the GNSS data using Precise
Point Positioning (Zumberge et al. 1997) to obtain a daily
GNSS coordinate time series. First, the GNSS ephemeris
and clocks are estimated using the MADOCA software
(Takasu 2013): the PPP analysis is then conducted using
the RTKLIB (Takasu 2020) with the estimated ephemeris
and clocks. The GNSS coordinate time series cover the
period 2013-2020. They were resampled into 30-day bins
to mitigate noises (97 epochs in total).
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Removal of tectonic deformation

As stated in the introduction, the removal of tectonic
deformation is critical in evaluating the long-term
behavior of volcanic sources. A common strategy rep-
resents tectonic deformation through linear trends,
and estimates these trends with the GNSS coordinate
time series, when volcanic activities are not observed.
However, this strategy may not work in this study as
the tectonic deformation cannot be represented by
linear trends as they are affected by postseismic defor-
mation related to the Tohoku earthquake (e.g., Tobita
2016). Hence, in this study, I adopted representation of
tectonic deformation by a low-order polynomial (e.g.,
Murakami 2005; Takayama and Yoshida 2007; Nakao
et al. 2013).

The order of the polynomial was determined so that
the resulting polynomial adequately represented tec-
tonic deformation while avoiding overfitting. Consid-
ering the complexity of the tectonic deformation in
the studied region, which is dominated by postseismic
deformation from the Tohoku earthquake (Geospatial
Information Authority of Japan 2014), I selected a sec-
ond-degree polynomial to represent tectonic deforma-
tion. In this case, tectonic deformation was represented
by the following equation:

Tj =ajj1 + ajp Ax + s Ay + e Ax

) (1)
+ ajjs AxAy + ajis Ay”,

where Tj; represents the tectonic deformation for the
ith component at the jth epoch, and Ax, Ay represent a
northward and eastward distance from a reference point,
respectively. Note that the parameters corresponding
to Ax? and Ay? are added to the Murakami’s formula to
make the equation quadratic for better representing tec-
tonic deformation.

The GNSS coordinate time series of stations that are
at least 20 km away from the center of each volcano
(gray circles in Fig. 1) are used to estimate the coeffi-
cients of Eq. (1) at each epoch. To enhance the stabil-
ity of the estimating process, the temporal gradient of
each coefficient is constrained—that is, the equation is
solved as follows:

d G

0| _ | BeHe

0= |BvHN |™ @
0 BuHy

where d and G represent the displacement data and the
geometrical factor defined in Eq. (1), and H; (i=E, N, U)
are temporal gradient operators for parameters repre-
senting the East, North and Up components, respectively.
m denotes the model parameters defined in Eq. (1). §;
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(i=E, N, U) are hyper-parameters representing the East,
North and Up components, respectively, which will be
determined to minimize the Akaike Bayesian Informa-
tion Criteria (ABIC) (Akaike 1980) described by the fol-
lowing equation:

ABIC(m, 8) = Nlogs(m) —log| »  A7H/Hj|
i=E,N,U

+10glGTG + ) IHIHi,
i=E,N,U

(3)

where

sm) = (d—Gm)"(d—Gm)+ > p'm"HHm.
i=E,N,U
4)

Equation (2) is first solved with the least-square method
for fixed ﬁ}%, ,61%,, ,Bf,:

th=(G'G+ Y AH/H)'G'd,
i=E,N,U

(5)

where m represents estimated parameter values. Then
ABIC(m, ﬂ%,ﬁﬁ,ﬁa) is calculated by replacing m with
m in Eq. (3). This procedure is repeated for variables
ﬂ%, ,3]%[, ﬂfl to conduct a grid search for minimizing ABIC,
and the estimated parameter values for which ABIC is
minimum are adopted.

Determination of source positions/geometries by MCMC
The GNSS coordinate time series within 20 km of
Kusatsu-Shirane and Asama volcanoes (white circles
in Fig. 1) are used to determine source positions/geom-
etries. First, I remove tectonic deformation estimated
using Eq. (1) from these coordinate time series. Next, to
reduce the computational burden of the MCMC defor-
mation source analysis, I further downsampled the defor-
mation data by keeping the data at epoch #17 (May 2014)
and then every fifth epoch after the first, up to epoch
#92 (June 2020) (16 epochs in total). Then the MCMC
deformation modeling analysis is conducted on selected
epochs to determine source positions/geometries and
strengths in terms of volume changes. Source positions/
geometries are assumed to be common for all periods.
Details of source models employed in the MCMC defor-
mation modeling analysis are descried in the following
subsection; the MCMC method employed in this study is
described in detail in a previous study (Munekane et al.
2016).

In the MCMC deformation source analysis, I applied
the varying-depth model proposed by Williams and
Wadge (1998) to include the effects of topography with
a homogeneous half-space model, in which a different
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source depth is assumed at each point for which a solu-
tion is desired.

The Kusatsu-Shirane source

To represent the deformation source around Kusatsu-
Shirane volcano, I used an analytical model for an
arbitrarily oriented spheroid with a point-source approxi-
mation where the ratio of the horizontal axis to the ver-
tical axis (axis ratio) is estimated, instead of considering
the absolute semi-axis dimensions (Cervelli 2013; Xue
et al. 2020). This source is intended to represent a deep
source that is supposed to be located in the north or
north-western part of the Yugama crater (Japan Mete-
orological Agency 2018b). Notably, there exists a shal-
low sill-like source in the proximity of the Yugama crater
at approximately 1.2-1.5 km above the sea level (Japan
Meteorological Agency 2018a; Terada et al. 2021). I
assumed that the deformation caused by this source is
negligible at the GNSS stations considered in this study,
and have excluded this source in the MCMC estimation.
The validity of this assumption is discussed later.

Asama sources

I used a shallow dike to represent the expansion source
that was frequently observed at the western flank dur-
ing times of volcanic unrest (e.g., Takeo et al. 2006; Aoki
et al. 2013). I adopted the source parameters from Takeo
et al. (2006) to represent the source, and estimated only
strengths in the analysis. Furthermore, the analytical
model for an arbitrarily oriented spheroid with a point-
source approximation (Cervelli 2013; Xue et al. 2020) was
adopted to represent a possible deep source (e.g., Murase
et al. 2007).

Linear inversion for source strengths

After determining parameters regarding positions/geom-
etries source parameters for the Kusatsu-Shirane and
Asama sources, the strengths parameters, in terms of
volume change, were evaluated using linear inversion.
All the data were used for this process. The strengths
were subject to temporal gradient constraint to stabilize
the estimated parameters; that is, I solved the following
equations:

d G

0] _ | BoHo

o~ | pH |™ ©)
0 B2Hy

where d and G denote the deformation data and Green’s
functions, respectively. H;j(i =0,1,2) represents the
smoothing matrix which gives the temporal gradient
of strengths for the ith source, and B;(i = 0, 1,2) corre-
spond to a hyperparameter. The indices 0, 1, 2 represent
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the Kusatsu-Shirane, Asama shallow (dike), and Asama
deep sources, respectively. m represents a vector contain-
ing m7,, which stands for the strength of the ith source at
epoch j.

Note that in the calculation of the Green’s functions G,
I applied the varying-depth model proposed by Williams
and Wadge (1998) to include the effects of topography
with a homogeneous half-space model.

Equation (6) is solved similarly to Eq. (2). Namely, Eq.
(6) is first solved with the least-square method for fixed
p?:

h=(G'G+ > BH[H)'G'4,
i=0,1,2

(7)

where m is the solution for Eq. (6).
The ABIC for the corresponding solution is given by
replacing m with m in the following equation:

ABIC(m, 8) = Nlogs(m) —log| > B7H]Hj|
i=0,1,2

(8)
+1oglG'G+ Y BIH[H|,
i=0,1,2
where
sm) = (d—Gm)"(d—Gm)+ >  p/m"H/H;m.

i=0,1,2
)
This procedure is repeated for variables B3, 87,5 to
conduct a grid search for minimizing ABIC and the esti-
mated parameter values for which ABIC is minimum are
adopted.

Results

Removal of tectonic deformation

Figure 3 shows the selected GNSS coordinate time series
at non-volcanic and volcanic sites (whole GNSS coor-
dinate time series are shown in Additional file 1: Figure
Sla, b. It can be seen that the coordinate time series
agree well with estimated tectonic deformation for non-
volcanic sites. At volcanic sites, some deviations between
GNSS coordinate time series and tectonic deforma-
tion can be observed. For example, some deviations are
observed during 2013-2015 and after 2018 in the north—
south components at the site kshv, which are of volcanic
origin as explained later. To evaluate the goodness of the
fit, I estimated the reduced x2, which is defined as

obs __ Cal

_ ZV’“ ,

ndeg i1

(10)

where 7 and ngeg are the number of the observed defor-
mation data and the degree of freedom, respectively. x"bs
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Fig. 3 GNSS coordinate time series and estimated tectonic deformation at selected sites. Black circles denote GNSS coordinate time series and solid
red squares represent tectonic deformation estimated using Eq. (1). Error bars on black circles represent one sigma observation errors. Complete
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represents the ith observed deformation, and xfal repre-

sents the ith model-calculated deformation, respectively.
o; stands for error for x;’bs. The reduced x2 is calculated
to be 2.76 for non-volcanic sites.

The optimum values of 8; (i=E, N, U) are found to be
(,3]%,/3]%[, ﬁ%,) = (10., 30.,30.). The cross-sections of ABIC
for each axis at the optimal point are given in Additional
file 1: Figure Slc.

Source determination by MCMC

Table 1 shows the estimated parameters for the source
near the Kusatsu-Shirane volcano. It is located a few kilo-
meters west of the Yugama crater at a depth of approx-
imately 4 km (Fig. 4a). It is to be noted that the source
is a highly oblate spheroid (axis ratio is over 200) with a
dip angle close to 90°, which may be approximated as the
penny-shaped crack (Fialko et al. 2001).

Figure 4a shows the location of the source, and
Fig. 4b shows observed and calculated snapshots of
deformation between May 2014 (epoch #17) and June
2020 (epoch #92).

Table 2 shows the estimated parameters for the
sources under the Asama volcano. In Table 2, source
parameters representing a shallow expansion source of
the volcano (Takeo et al. 2006), fixed during the inver-
sion, are also shown. A deep source is found under the
western flank of the Asama volcano at approximately 12
km depth, which is also a highly oblate spheroid (axis
ratio is over 100) with dip angle close to 90°, that may
be approximated to a penny-shaped crack (Fialko et al.
2001).

Figure 5a shows the location of the sources and
Fig. 5b shows the observed and calculated deformation
between May 2014 and June 2020.

The reduced x? (Eq. 10) is 2.30. The corner plot repre-
senting the posterior PDF of the estimated parameters
is given in Additional file 2: Figure S2. Note that only
parameters related to the source positions/geometries
are plotted for brevity.

Estimation of strengths

Figure 6 shows the estimated strengths in terms of vol-
ume changes for sources under Kusatsu-Shirane and
Asama volcanoes.
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Fig. 4 Location of the estimated source, and observed and calculated deformation at sites around the Kusatsu-Shirane volcano. a Location of

the estimated source. The estimated source is represented with a star. An accompanying solid ellipse represents an error ellipse (one sigma).

White circles represent the location of the observation sites. b Observed and calculated deformation. Observed and calculated deformation are
represented by black and red arrows, respectively. The top three panels show horizontal deformation for three periods (from May 2014 [epoch #17]
to May 2016 [epoch #42], May 2016 [epoch #42] to June 2018 [epoch 67], June 2018 [epoch #67] to June 2020 [epoch #92]) and the bottom three
panels indicate vertical deformation. Error ellipses reflect one sigma observation errors

138.6°




Munekane Earth, Planets and Space (2021) 73:192 Page 9 of 15
Table 1 Estimated source parameters for the Kusatsu-Shirane source
Lon (°) Lat (°) Depth (km) Axis ratio Strike (°) Dip (°)
138520 36.656 43 201.9 40.1 745
Lower bound 138511 36.646 3.1 173.7 21.1 67.7
Upper bound 138526 36.663 6.4 270.6 99.3 84.8
Lower and upper bounds represent 95% credible intervals
Table 2 Estimated source parameters for Asama sources
Shallow source Lon (°) Lat (°) Depth (km) Length (km) Width (km) Strike (°) Dip (°)
138.500 36.408 0.5 4.1 2.1 296 101
Deep source Lon (°) Lat (°) Depth (km) Axis ratio Strike (°) Dip (°)
138473 36.436 123 149.6 74 69.8
Lower bound 138470 36430 1.2 135.0 44 68.3
Upper bound 138.484 36.445 134 176.1 184 729

Lower and upper bounds represent 95% credible intervals. Figures in bold represent values fixed in the MCMC analysis

The volume of the Kusatsu-Shirane source shows a
steep increase of approximately 5 x 10°m? from the end
of 2013 to the middle of 2015. Subsequently, the volume
slightly decreases (~ 1 x 10°m3) from the middle of
2015 to the end of 2017, and finally gradually increases
by approximately 2.5 x 10°m? by mid-2020.

The volume changes of the shallow source of the
Asama volcano are generally small, and show an oscilla-
tory pattern. The source lost approximately 0.2 x 10°m3
in volume from 2013 through 2014. It then underwent
oscillatory inflation from the beginning of 2015 to the
beginning of 2018 (~ 0.2 x 10°m?), after which it lost
volume till mid-2020 (~ 0.2 x 10°m?) to regain volume
till the end of the period for which data are available
(November 2020).

The deep source of the Asama volcano shows a gen-
eral deflation with a plateau from the beginning of 2015
to the end of 2017. It lost approximately 20 x 10°m? in
volume during the analysis period.

Figure 7 shows the observed and calculated coordi-
nate time series for selected sites (whole GNSS coor-
dinate time series are given in Additional file 3: Figure
S3a, b. Reasonable fits between observed and calculated
coordinate time series are observed. The reduced x?2
(Eq. 10) is calculated to be 2.61.

The optimum values of 8; (=0, 1, 2) are found to be
(/35,,312,,322) = (60.,300.,6.). The cross-sections of ABIC
for each axis at the optimum point are given in Addi-
tional file 3: Figure S3c.

Discussion and conclusions

The Kusatsu-Shirane source

Figure 6a shows that the Kusatsu-Shirane source is gener-
ally inflating since 2013, with distinct inflation from late
2013 to 2015, and late 2017 onward. I observed the corre-
sponding enhancement of volcanic activities around the
Yugama crater in 2014 and 2018 onward as summarized
in the introduction.

I suggest this correlation implies that the Kusatsu-
Shirane source acts as a heat-source for the shallow
source that triggers volcanic activity. In fact, previous
works (Matsunaga et al. 2020a, b) presented the three-
dimensional electrical resistivity structure under the
Kusatsu-Shirane volcano. They found a widely spread-
ing conductor (C2a) at a depth of approximately 1-1.5
km observed over an area stretching from the Yugama
crater to Motoshirane-san, which has been interpreted
as a large-scale hydrothermal fluid reservoir. Further,
Matsunaga et al. (2020b) revealed the deep extension of
the C2a conductor at least up to the depth of (7.5 km)
(C2b), which they interpreted as a possible magma cham-
ber that drives hydrothermal fluid migration in the C2a
conductor. Considering this structural information, the
deep source revealed in this study may be interpreted as
a magma chamber that corresponds to the C2b conduc-
tor in Matsunaga et al. (2020b). This source may provide
additional heat to the shallow hydrothermal fluid reser-
voir during its inflation period that corresponds to the
C2a conductor (Matsunaga et al. 2020a, b) to trigger the
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source. Legends are the same as Fig. 4a. b Observed and calculated deformation. Legends are the same as Fig. 4b

volcanic activities at the Yugama crater and possibly at
the Motoshirane-san.

Asama sources

In Fig. 6b, it can be observed that the volume change
of the Asama shallow source shows an oscillatory pat-
tern and inflation occurred from the beginning of 2015
through the beginning of 2018 with a short period of
deflation in late 2016. Inflation was observed again in
mid-2020. Correspondingly, I observed the enhanced
volcanic activities in the Asama volcano, as summarized
in the introduction. This correspondence supports the
view that the shallow source, a nearly east-west-trending
dike, acts as a magma deposit, triggering various volcanic
anomalies such as increase in volcanic earthquakes (Aoki
etal. 2013).

Aoki et al. (2013) reported the S-wave velocity struc-
ture in and around the Asama volcano and found the
widely spread low-velocity zone under the western flank
of the volcano at a depth of 5-10 km, which was inter-
preted as a magma chamber that feeds magma to the
shallow dike. The deep source identified in my study was
located at the bottom of the low-velocity zone. Hence, I
may consider the source as a part of the magma chamber
from which the magma migrates upward without causing
considerable deformation.

Furthermore, Murase et al. (2007) found a deep source
located under the western flank of the Asama volcano at
a depth of 6-8 km from the leveling data between 1902—
2005. The horizontal location of this source is within the
margin of error of the deep source in this study. However,
there is a notable difference in the geometries of the two
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sources (sphere vs. spheroid) and the depth (6—8 km vs.
12 km). It requires further investigation to determine if
these sources may be considered the same. It is noted
that in Murase et al. (2007), the authors did not take into
account the effect of the topography, which could be a
possible cause of the discrepancy in the estimated depth.
In case these two refer to the same source, the volume
changes of the source as revealed in Fig. 6b may have an
important role in volcanic monitoring since Murase et al.
(2007) claim that the temporal changes in the pressure
or volume of the source exhibit a strong positive corre-
lation with the eruption frequency, implying that Asama
volcano might experience reduced eruptive activities in
the near future because the volume of the deep source
rapidly decreased during the study period (2013-2020),
as experienced in the period 1943-1967 when fewer vol-
canic eruptions were observed. For disaster mitigation, it
may be important to monitor the volume changes of the
deep source using GNSS to estimate inflation, which may
be an indicator of the rekindling of volcanic activities.
Then what physical mechanism is causing the deep
source to reduce in volume with time? One of the candi-
dates is degassing. Kazahaya et al. (2015) investigated the
magma budget of the shallow magma plumbing system

of Asama volcano, and pointed out that to explain the
large volume of degassed magma (4 x 108 to 9 x 108m3
from 1975 to 2011), a significant amount of magma was
likely supplied to the shallow dike-like conduit from
the mid-crustal magma reservoir while the degassed
magma descended back to the mid-crustal magma reser-
voir. The deep source in my study likely corresponds to
the supposed mid-crustal magma reservoir in Kazahaya
et al. (2015) and it loses its volume through this magma
exchange with the shallow source.

Possibility of close relationships between magma systems

Given the proximity of the two volcanoes, it would be
interesting to discuss the possibility that both magma
systems are fed by the same magma source and inter-
act. For example, Brothelande et al. (2018) used the
GPS time series and deformation modeling to show
that Aira caldera and Kirishima, two adjacent vol-
canic centers in south Kyushu, Japan, interacted during
Kirishima unrest in 2011. Namely, whereas the magma
source under the Aira caldera had been inflating stead-
ily, it deflated during the eruption of Kirishima in 2011.
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They interpreted the deflation as the result of magma
withdrawal from the Aira source through a common
deep reservoir. It is interesting to see if this type of
inter-connectivity can be seen in other mutually adja-
cent volcanic systems.

In Fig. 6a, b, I showed the volume changes of the
Kusatsu-Shirane source and the Asama deep source,
respectively. If these sources are interconnected
through a common deep reservoir, it is expected that
both changes would positively correlate. However, from
Fig. 6a, b, one can see that the Kusatsu-Shirane source
is generally inflating while the Asama deep source is
generally deflating. Hence, it may be conjectured that
both sources are not currently interconnected though
it is not sufficient to exclude the existence of a common
deep reservoir. In a previous study (Brothelande et al.
2018), the authors note that the volcanic systems are
not connected all the time because magma pathways
open and close. Hence, at this point, it may be equally

probable that the magma pathway from Kusatsu and
Asama is temporarily closed or it does not exist at all.

Influence of 2018 Motoshirane-san eruption and inflation
of a shallow source in the vicinity of the Yugama crater
Here, I evaluate the magnitude of the deformation from
deformation sources omitted in this study, to see their
impacts on our model estimations.

The first is the deformation caused by the 2018 erup-
tion of the Motoshirane-san. Himematsu et al. (2020)
reported that co- and post-eruptive deformation which
is localized around the Kagami-ike crater. Here, I
evaluate co- and post-eruptive deformation expected
at our GNSS observation sites based on the defor-
mation model presented in Himematsu et al. (2020),
whose parameters are summarized in Additional file 4:
Table S1. As a result, I found that the maximum co- and
post-eruptive horizontal deformation was as small as 2
mm at j423 and the maximum vertical deformation is
0.4 mm at j423. Since these magnitudes are well within
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the error bars of the deformation observed at respec-
tive sites (Additional file 3: Figure S3a), I may conclude
that the deformation caused by the 2018 Motoshirane-
san eruption is safely ignored in our model estimation.

The second is the deformation caused by inflation of a
shallow source in the vicinity of the Yugama crater in the
Shirane-san area (Fig. 2a). When volcanic activities at the
Yugama crater increased in 2014 and 2018, deformation
caused by inflation of the source were detected by tiltme-
ters and repeated GNSS surveys in the proximity of the
Yugama crater (e.g., Japan Meteorological Agency 2020).

Regarding the 2014 unrest, Terada et al. (2021) pre-
sented the physical model based on the changes in tilt-
meters, whose parameters are summarized in Additional
file 5: Table S2. I evaluated the expected deformation on
our GNSS sites based on the proposed model, and found
that the maximum horizontal and vertical displacement
on out GNSS sites caused by the shallow source during
the 2014 unrest are as small as 1.1 mm at j423 and 0.4 mm
at j424, respectively. Concerning the 2018 unrest, though
no model has been proposed, it is reported that the mag-
nitude was much smaller (more than a factor of two)
than the 2014 unrest in terms of observed tilt changes
(e.g., Japan Meteorological Agency 2020). Hence, I may
conclude that the deformation at out GNSS sites caused
by the shallow source during the analysis period will not
exceed 2 mm in the horizontal components and 1 mm in
the vertical component, which is well within the error
bars of the deformation at the relevant sites and hence
may be safely ignored.

Effect of viscoelastic rheology

In this study, I assumed that the deformation sources
were spheroidal cavities embedded in a homogene-
ous elastic half-space. However, previous studies have
shown that viscoelastic rheology may affect the amount
and time history of observed deformation (e.g., Newman
et al. 2001; Yamasaki et al. 2018).

Newman et al. (2001) employed a viscoelastic shell
model with a spherical pressure source surrounded
by a concentric, spherical, Maxwell viscoelastic shell
in an elastic full/half-space (e.g, Dragoni and Mag-
nanensi 1989). In contrast, Yamasaki et al. (2018)
investigated an oblate-spheroidal sill embedded in a
two-layered medium that consisted of an elastic layer
underlain by a viscoelastic layer. Both models have com-
mon features as follows: (1) uplift caused by instantane-
ous inflation will be followed by subsidence even if the
source strength remains constant, which may lead to
overestimation of volume decreases in the pure elastic
model, and (2) during gradual inflation, the magnitude
of inflation-induced uplift will be reduced by the relax-
ation, which may lead to underestimation of volume
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increases in the pure elastic model. Hence, a volume
decrease following a volume increase, as observed dur-
ing 2016-2017 in the Kusatsu source (Fig. 6a), may be
overestimated. Additionally, the total volume increase,
as observed during 2014 in the Kusatsu source (Fig. 6a),
may be underestimated, because of the viscoelastic
relaxation. Hence, detailed quantitative interpretation
of the volume changes of a source needs to include the
effect of viscoelastic rheology.

Abbreviations

JMA: Japan Meteorological Agency; NIED: National Research Institute for
Earth Science and Disaster Resilience; GSI: Geospatial Information Authority
of Japan; MCMC: Markov Chain Monte Carlo method; VEI: Volcanic explosivity
index.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540623-021-01512-2.

Additional file 1: Figure S1. GNSS coordinate time series and estimated
tectonic deformation at all sites. a, b GNSS coordinate time series and
estimated tectonic deformation at all sites. Legends are the same as for
Fig. 3. @ Non-volcanic sites (gray circles in Fig. 1), and b volcanic sites (black
circles in Fig. 1). ¢ The cross-sections of ABIC for each axis at the optimal
point.

Additional file 2: Figure S2. Corner plot for the MCMC inversion. Corner
plot for the MCMC inversion representing the posterior PDF of the esti-
mated parameters. Note that only parameters related to the source posi-
tions/geometries are plotted. Parameters with index O are those related
to the Kusatsu-Shirane source, and those with index 2 are those related to
the Asama deep source.

Additional file 3: Figure S3. Observed and calculated GNSS coordinate
time series at all sites after linear inversion. a, b Observed and calculated
GNSS coordinate time series at selected sites after linear inversion. a GNSS
coordinate time series at sites around Kusatsu-Shirane volcano. b Those
for sites around Asama volcano. Legends are the same as for Fig. 7. ¢ The
cross-sections of ABIC for each axis at the optimal point.

Additional file 4: Table S1. Source parameters for coeruptive and
posteruptive deformations of Motoshiranesan volcano in 2018 after
Himematsu et al. (2020). Position of the dislocation source is represented
by its top-left.

Additional file 5: Table S2. Source parameters for a shallow source under
the Yugama crater in the 2014 unrest (Terada et al. 2021). Position of the
opening dike is represented by its top-left.

Acknowledgements

The author is thankful for the fruitful discussion with Akihiko Terada and Yasuo
Matsunaga at the Volcanic Fluid Research Center, Tokyo Institute of Technol-
ogy. Part of the GNSS data used in this study was provided by JMA and NIED.
Some of the figures are drawn using the Generic Mapping Tool (GMT) (Wessel
etal. 2019). The author appreciates the editor (Yasuo Ogawa) and three
reviewers (James Hickey and two anonymous) for their insightful comments
which help to improve the quality of the paper.

Authors’ contributions
HM designed the research, performed analyses, and wrote the article. The
author read and approved the final manuscript.

Funding
Not applicable.


https://doi.org/10.1186/s40623-021-01512-2
https://doi.org/10.1186/s40623-021-01512-2

Munekane Earth, Planets and Space (2021) 73:192

Availability of data and materials
GNSS data used in this study are available upon request from the respective
agencies.

Declarations

Competing interests
The authors declare that they have no competing interests.

Received: 15 April 2021 Accepted: 4 September 2021
Published online: 19 October 2021

References

Akaike H (1980) Likelihood and the Bayes procedure. Traboj Estad Invest
Operat 31:143-166. https://doi.org/10.1007/BF02888350

Aoki Y, Takeo M, Ohminato T, Nagaoka Y, Nishida K (2013) Magma pathway and
its structural controls of Asama Volcano, Japan. Geol Soc Lond Special
Publ 380:67-84. https://doi.org/10.1144/SP380.6

Argus DF, Gordon RG, DeMets C (2011) Geologically current motion of 56
plates relative to the no-net-rotation reference frame. Geochem Geophys
Geosyst 12:Q11001. https://doi.org/10.1029/2011GC003751

Brothelande E, Amelung F, Yunjin Z, Wdowinski S (2018) Geodetic evidence for
interconnectivity between Aira and Kirishima magmatic systems, Japan.
SciRep 8:9811. https://doi.org/10.1038/541598-018-28026-4

Cervelli PF (2013) Analytical expressions for deformation from an arbitrarily
oriented spheroid in a half-space. Eos Trans AGU 2013:V44C-06

Dragoni M, Magnanensi C (1989) Displacement and stress produced by a
pressurized, spherical magma chamber, surrounded by a viscoelastic
shell. Phys Earth Planet Inter 56:316-328. https://doi.org/10.1016/0031-
9201(89)90166-0

Fialko Y, Khazan Y, Simons M (2001) Deformation due to a pressurized hori-
zontal circular crack in an elastic half-space, with applications to volcano
geodesy. Geophys J Int 146:181-190. https://doi.org/10.1046/j.1365-
246X.2001.00452.x

Geospatial Information Authority of Japan (2014) Crustal deformations of
entire Japan. In: Report of coordinating committee for earthquake pre-
diction 91. https://cais.gsi.go.jp/YOCHIREN/report/kaihou91/01_03.pdf.
Accessed 20 Jan 2021

Himematsu Y, Ozawa T, Aoki Y (2020) Coeruptive and posteruptive crustal
deformation associated with the 2018 Kusatsu-Shirane phreatic eruption
based on PALSAR-2 time series analysis. Earth Planets Space 72:116.
https://doi.org/10.1186/540623-020-01247-6

Hotta K, Iguchi M, Tameguri T (2016) Rapid dike intrusion into Sakurajima
volcano on August 15, 2015, as detected by multi-parameter ground
deformation observations. Earth Planets Space 68:68. https://doi.org/10.
1186/540623-016-0450-0

Japan Meteorological Agency (2013) National catalog of the active volcanoes
in Japan, 4th edn. https://www.datajma.gojp/svd/vois/data/tokyo/
STOCK/souran_eng/menu.htm. Accessed 19 Jan 2021 (English version)

Japan Meteorological Agency (2018a) Volcanic activity of the Kusatsu-
Shiranesan volcano (January 2017-June (2017) In: Report of coordinating

committee for prediction of volcanic eruption 127. https.//www.datajma.
go.jp/svd/vois/data/tokyo/STOCK/kaisetsu/CPVE/Report/127/kaiho_127_

08.pdf. Accessed 20 Jan 2021 (in Japanese)
Japan Meteorological Agency (2018b) Volcanic activity of the Kusatsu-Shirane-
san volcano (June 2018-September (2018) In: Report of coordinating

committee for prediction of volcanic eruption 131. https://www.datajma.
go.jp/svd/vois/data/tokyo/STOCK/kaisetsu/CPVE/Report/131/kaiho_131_

12.pdf. Accessed 20 Jan 2021 (in Japanese)

Japan Meteorological Agency (2020) Volcanic activity of the Kusatsu-Shi-
ranesan volcano (June 2020-November (2020) In: Report of the 147th
coordinating committee for prediction of volcanic eruption 147. https://
www.data,jma.go.jp/svd/vois/data/tokyo/STOCK/kaisetsu/CPVE/shiryo/
147/147_1_1.pdf. Accessed 19 Feb 2021 (in Japanese)

Japan Meteorological Agency (2021a) Volcanic activity of the Kusatsu-Shirane-
san volcano in historical era. https://www.data,jma.go.jp/svd/vois/data/
tokyo/305_Kusatsu-Shiranesan/305_history.html. Accessed 11 Mar 2021
(in Japanese)

Page 14 of 15

Japan Meteorological Agency (2021b) Volcanic activity of Asama volcano
in historical era. https://www.data,jma.go.jp/svd/vois/data/tokyo/306_
Asamayama/306_history.html. Accessed 11 Mar 2021 (in Japanese)

Kazahaya R, Aoki Y, Shinohara H (2015) Budget of shallow magma plumbing
system at Asama volcano, Japan, revealed by ground deformation and
volcanic gas studies. J Geophys Res 120:2961-2973. https://doi.org/10.
0002/2014JB011715

Kobayashi T, Morishita Y, Munekane H (2018) First detection of precursory
ground inflation of a small phreatic eruption by InSAR. Earth Planet Sci
Lett 491:244-254. https://doi.org/10.1016/j.epsl.2018.03.041

Matsunaga Y, Kanda W, Takakura S, Koyama T, Saito Z, Seki K, Suzuki A, Kishita
T, Kinoshita Y, Ogawa Y (2020a) Magmatic hydrothermal system inferred
from the resistivity structure of Kusatsu-Shirane volcano. J Volcanol Geo-
therm Res. https://doi.org/10.1016/jjvolgeores.2019.106742

Matsunaga Y, Kanda W, Koyama T, Takakura S, Nishizawa T (2020b) 3-D
resistivity structure model around Kusatsu-Shirane volcano revealed by
broadband magnetotellurics. In: Paper presented at the AGU Fall Meet-
ing, Online, 1-17 December 2020

Munekane H, Oikawa J, Kobayashi T (2016) Mechanisms of step-like tilt
changes and very long period seismic signals during the 2000 Miyake-
jima eruption: insights from kinematic GPS. J Geophys Res Solid Earth
121:2932-2946. https://doi.org/10.1002/2016JB012795

Murakami M (2005) Magma plumbing system of the Asama volcano
inferred from continuous measurements of GPS. Bull Volcanol Soc Jpn
50:347-361. https://doi.org/10.18940/kazan.50.5_347 (in Japanese with
English abstract)

Murase M, Ono K, Ito T, Miyajima R (2007) Time-dependent model for volume
changes in pressure sources at Asama volcano, central Japan due to
vertical deformations detected by precise leveling during 1902-2005. J
Volcanol Geotherm Res 164:54-75. https://doi.org/10.1016/j.volgeores.
2007.04.001

Nakao S, Morita Y, Yakiwara H, Oikawa J, Ueda H, Takahashi H, Ohta Y, Matsu-
shimaT, Iguchi M (2013) Volume change of the magma reservoir relating
to the 2011 Kirisima Shinmoe-dake eruption-charging, discharging and
recharging process inferred from GPS measurements. Earth Planet Space
65:505-515. https://doi.org/10.5047/eps.2013.05.017

Newhall CG, Self S (1982) The volcano explosivity index (VEI): an estimate of
explosive magnitude for historical volcanism. J Geophys Res 87:1231-
1238. https://doi.org/10.1186/540623-016-0450-0

Newman AV, Dixon TH, Ofoegbu G, Dixon JE (2001) Geodetic and seismic
constraints on recent activity at Long Valley Caldera, California: evidence
for viscoelastic rheology. J Volcanol Geoterm Res 105:183-206. https://
doi.org/10.1016/S0377-0273(00)00255-9

Ozawa S, Miyazaki S, Nishimura T, Murakami M, Kaidzu M, Imakiire T, Ji X (2004)
Creep, dike intrusion, and magma chamber deflation model for the 2000
Miyake eruption and the Izu islands earthquake. J Geophys Res Solid
Earth 109:802410. https://doi.org/10.1029/2003JB002601

Sagiya T, Miyazaki S, Tada T (2000) Continuous GPS array and present-day
crustal deformation of Japan. Pure Appl Geophys 157:2303-2322. https://
doi.org/10.1007/PL00022507

Takasu T (2013) Development of multi-GNSS orbit and clock determination
software MADOCA. In: Paper presented at the 5th Asia Oceania Regional
Workshop on GNSS, Hanoi, 1-3 December 2013

Takasu T (2020) RTKLIB: an open software program package for GNSS position-
ing. http://www.rtklib.com. Accessed 19 Jan 2021

Takayama H, Yoshida A (2007) Crustal deformation in Kyushu derived from
GEONET data. J Geophys Res 112:B06413. https://doi.org/10.1029/2006J
B004690

Takeo M, Aoki Y, Ohminato T, Yamamoto M (2006) Magma supply path
beneath Mt. Asama volcano, Japan. Geophys Res Lett 33:L.15310. https://
doi.org/10.1029/2006GL026247

Terada A, Kanda W, Ogawa Y, Yamada T, Yamamoto M, Ohkura T, Aoyama H,
Tsutsui T, Onizawa S (2021) The 2018 phreatic eruption at Mt. Motoshi-
rane of Kusatsu-Shirane volcano, Japan: eruption and intrusion of hydro-
thermal fluid observed by a borehole tiltmeter network. Earth Planets
Space 73(157):1-17. https://doi.org/10.1186/540623-021-01475-4

Tobita M (2016) Combined logarithmic and exponential function model for
fitting postseismic GNSS time series after 2011 Tohoku-Oki earthquake.
Earth Planets Space 68:41. https://doi.org/10.1186/540623-016-0422-4

Tseng KH, Ogawa Y, Nurhasan, Tank SB, Ujihara N, Honkura Y, Terada A, Usui Y,
Kanda W (2020) Anatomy of active volcanic edifice at the Kusatsu-Shirane


https://doi.org/10.1007/BF02888350
https://doi.org/10.1144/SP380.6
https://doi.org/10.1029/2011GC003751
https://doi.org/10.1038/s41598-018-28026-4
https://doi.org/10.1016/0031-9201(89)90166-0
https://doi.org/10.1016/0031-9201(89)90166-0
https://doi.org/10.1046/j.1365-246X.2001.00452.x
https://doi.org/10.1046/j.1365-246X.2001.00452.x
https://cais.gsi.go.jp/YOCHIREN/report/kaihou91/01_03.pdf
https://doi.org/10.1186/s40623-020-01247-6
https://doi.org/10.1186/s40623-016-0450-0
https://doi.org/10.1186/s40623-016-0450-0
https://www.data.jma.go.jp/svd/vois/data/tokyo/STOCK/souran_eng/menu.htm
https://www.data.jma.go.jp/svd/vois/data/tokyo/STOCK/souran_eng/menu.htm
https://www.data.jma.go.jp/svd/vois/data/tokyo/STOCK/kaisetsu/CPVE/Report/127/kaiho_127_08.pdf
https://www.data.jma.go.jp/svd/vois/data/tokyo/STOCK/kaisetsu/CPVE/Report/127/kaiho_127_08.pdf
https://www.data.jma.go.jp/svd/vois/data/tokyo/STOCK/kaisetsu/CPVE/Report/127/kaiho_127_08.pdf
https://www.data.jma.go.jp/svd/vois/data/tokyo/STOCK/kaisetsu/CPVE/Report/131/kaiho_131_12.pdf
https://www.data.jma.go.jp/svd/vois/data/tokyo/STOCK/kaisetsu/CPVE/Report/131/kaiho_131_12.pdf
https://www.data.jma.go.jp/svd/vois/data/tokyo/STOCK/kaisetsu/CPVE/Report/131/kaiho_131_12.pdf
https://www.data.jma.go.jp/svd/vois/data/tokyo/STOCK/kaisetsu/CPVE/shiryo/147/147_1_1.pdf
https://www.data.jma.go.jp/svd/vois/data/tokyo/STOCK/kaisetsu/CPVE/shiryo/147/147_1_1.pdf
https://www.data.jma.go.jp/svd/vois/data/tokyo/STOCK/kaisetsu/CPVE/shiryo/147/147_1_1.pdf
https://www.data.jma.go.jp/svd/vois/data/tokyo/305_Kusatsu-Shiranesan/305_history.html
https://www.data.jma.go.jp/svd/vois/data/tokyo/305_Kusatsu-Shiranesan/305_history.html
https://www.data.jma.go.jp/svd/vois/data/tokyo/306_Asamayama/306_history.html
https://www.data.jma.go.jp/svd/vois/data/tokyo/306_Asamayama/306_history.html
https://doi.org/10.0002/2014JB011715
https://doi.org/10.0002/2014JB011715
https://doi.org/10.1016/j.epsl.2018.03.041
https://doi.org/10.1016/j.jvolgeores.2019.106742
https://doi.org/10.1002/2016JB012795
https://doi.org/10.18940/kazan.50.5_347
https://doi.org/10.1016/j.volgeores.2007.04.001
https://doi.org/10.1016/j.volgeores.2007.04.001
https://doi.org/10.5047/eps.2013.05.017
https://doi.org/10.1186/s40623-016-0450-0
https://doi.org/10.1016/S0377-0273(00)00255-9
https://doi.org/10.1016/S0377-0273(00)00255-9
https://doi.org/10.1029/2003JB002601
https://doi.org/10.1007/PL00022507
https://doi.org/10.1007/PL00022507
http://www.rtklib.com
https://doi.org/10.1029/2006JB004690
https://doi.org/10.1029/2006JB004690
https://doi.org/10.1029/2006GL026247
https://doi.org/10.1029/2006GL026247
https://doi.org/10.1186/s40623-021-01475-4
https://doi.org/10.1186/s40623-016-0422-4

Munekane Earth, Planets and Space (2021) 73:192

volcano Japan, by Magnetotellurics: hydrothermal implications for
volcanic unrests. Earth Planet Space 72:161. https://doi.org/10.1186/
$40623-020-01283-2

Wessel P, Luis JF, Uieda L, Scharroo R, Wobbe F, Smith WHF, Tian D (2019) The
generic mapping tools version 6. Geochem Geophys Geosyst 20:5556—
5564. https://doi.org/10.1029/2019GC008515

Williams CA, Wadge G (1998) The effects of topography on magma chamber
deformation models: application to Mt. Etna and radar interferometry.
Geophys Res Lett 25:1549-1552. https://doi.org/10.1029/98GL01136

Williams-Jones G, Rymer H (2002) Detecting volcanic eruption precursors: a
new method using gravity and deformation measurements. J Volcanol
Geotherm Res 113:379-389. https://doi.org/10.1016/S0377-0273(01)
00272-4

Xue X, Freymueller J, Lu Z (2020) Modeling the posteruptive deformation at
Okmok based on the GPS and InSAR time series: changes in the shallow
magma storage system. J Geophys Res Solid Earth 125:e2019JB017801.
https://doi.org/10.1029/2019JB017801

Yamasaki T, Kobayashi T, Write T, Fukahata Y (2018) Viscoelastic crustal deforma-
tion by magmatic intrusion: a case study in the Kutcharo caldera, eastern

Page 15 of 15

Japan. J Volcanol Geoterm Res 349:128-145. https://doi.org/10.1016/j.
jvolgeores.2017.10.011

Yasui M, Koyaguchi T (2004) Sequence and eruptive style of the 1783 eruption
of Asama Volcano, central Japan: a case study of an andesitic explosive
eruption generating fountain-fed lava flow, pumice fall scoria flow and
forming a cone. Bull Volcanol 66:243-262. https://doi.org/10.1007/
s00445-003-0308-8

Zumberge JF, Heflin MB, Jefferson DC, Watkins MM, Webb FH (1997) Precise
point positioning for the efficient and robust analysis of GPS data from
large networks. J Geophys Res Solid Earth 102:5005-5017. https://doi.
0rg/10.1029/96JB03860

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1186/s40623-020-01283-2
https://doi.org/10.1186/s40623-020-01283-2
https://doi.org/10.1029/2019GC008515
https://doi.org/10.1029/98GL01136
https://doi.org/10.1016/S0377-0273(01)00272-4
https://doi.org/10.1016/S0377-0273(01)00272-4
https://doi.org/10.1029/2019JB017801
https://doi.org/10.1016/j.jvolgeores.2017.10.011
https://doi.org/10.1016/j.jvolgeores.2017.10.011
https://doi.org/10.1007/s00445-003-0308-8
https://doi.org/10.1007/s00445-003-0308-8
https://doi.org/10.1029/96JB03860
https://doi.org/10.1029/96JB03860

	Modeling long-term volcanic deformation at Kusatsu-Shirane and Asama volcanoes, Japan, using the GNSS coordinate time series
	Abstract 
	Introduction
	Data and methods
	Removal of tectonic deformation
	Determination of source positionsgeometries by MCMC
	The Kusatsu-Shirane source
	Asama sources


	Linear inversion for source strengths
	Results
	Removal of tectonic deformation
	Source determination by MCMC
	Estimation of strengths

	Discussion and conclusions
	The Kusatsu-Shirane source
	Asama sources
	Possibility of close relationships between magma systems
	Influence of 2018 Motoshirane-san eruption and inflation of a shallow source in the vicinity of the Yugama crater
	Effect of viscoelastic rheology

	Acknowledgements
	References




