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Volcanic magma reservoir imaged 
as a low‑density body beneath Aso volcano 
that terminated the 2016 Kumamoto 
earthquake rupture
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Abstract 

We resolve the density structure of a possible magma reservoir beneath Aso, an active volcano on Kyushu Island, 
Japan, by inverting gravity data. In the context of the resolved structure, we discuss the relationship between the fault 
rupture of the 2016 Kumamoto earthquake and Aso volcano. Low-density bodies were resolved beneath central Aso 
volcano using a three-dimensional inversion with an assumed density contrast of ±0.3 g/cm3. The resultant location 
of the southern low-density body is consistent with a magma reservoir reported in previous studies. No Kumamoto 
aftershocks occur in the southern low-density body; this aseismic anomaly may indicate a ductile feature due to high 
temperatures and/or the presence of partial melt. Comparisons of the location of the southern low-density body 
with rupture models of the mainshock, obtained from teleseismic waveform and InSAR data, suggest that the rupture 
terminus overlaps the southern low-density body. The ductile features of a magma reservoir could have terminated 
rupture propagation. On the other hand, a northern low-density body is resolved in the Asodani area, where evidence 
of current volcanic activity is scarce and aftershock activity is high. The northern low-density body might, therefore, 
be derived from a thick caldera fill in the Asodani area, or correspond to mush magma or a high-crystallinity magma 
reservoir that could be the remnant of an ancient intrusion.
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Background
The 2016 Kumamoto earthquake (MJMA 7.3) occurred on 
April 16, 2016, at 01:25 Japan Standard Time (JST, UTC 
+9) in the Kumamoto region, Kyushu Island, southwest-
ern Japan. The epicenter (32.76°N, 130.76°E) and hypo-
central depth (12 km below sea level) determined by the 
Japan Meteorological Agency (JMA) are very close to 
Aso volcano, the largest active volcano with a large cal-
dera (15 × 25 km) in Japan (Fig. 1). The rupture process 
of the 2016 Kumamoto earthquake was resolved by Yagi 
et  al. (2016): Rupture initiated at the hypocenter on the 

southwest part of the focal plane and propagated east 
for about 17 s. The area of maximum slip, with a value of 
~5.7 m, was centered ~10 km northeast of the epicenter. 
The effective slip area was about 40 km long and 15 km 
wide, and the total seismic moment was 5.1 × 1019 Nm 
(Mw =  7.0). Aftershock distributions and focal mecha-
nism determined by Yagi et  al. (2016) indicate that the 
2016 Kumamoto earthquake occurred along an active 
strike-slip fault known as the Futagawa Fault (Research 
Group for Active Faults of Japan 1991), which belongs to 
the Oita–Kumamoto Tectonic Line (OKTL) (e.g., Kamata 
and Kodama 1994) and comprises the principal shear 
zone on Kyushu island (Matsumoto et  al. 2015). Rup-
ture propagation terminated near the southwest side of 
Aso volcano (Yagi et al. 2016); co-seismic surface defor-
mation observed by Interferometric Synthetic Aperture 
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Radar (InSAR) also clearly terminated at Aso volcano 
(e.g., Geospatial Information Authority of Japan 2016a, b) 
(Additional file 1: Figure S1). These observations suggest 
that Aso volcano influenced the rupture. Consequently, 
the relationship between the 2016 Kumamoto earthquake 
and Aso volcano can be studied as an example of interac-
tions between fault rupture during large earthquakes and 
active volcanoes. 

Aso volcano formed through a series of four large 
explosive eruptions at ca. 70,000–80,000 years ago (Ono 
and Watanabe 1985). Central Kyushu, where Aso volcano 
is located, is characterized by a high heat flow (Ehara, 
1984). Magnetic anomaly data suggest the existence of a 
high-temperature zone (T > 500 °C) around Aso (Okubo 
and Shibuya 1993; Okubo et  al. 1997). Temperatures 
below 1500 m depth are estimated to be >200  °C in the 
Yunotani region (New Energy and Industrial Technology 
Development Organization 1996). However, the detailed 
thermal structure around Aso volcano is poorly under-
stood, although some thermal gradient measurements 

have been undertaken in the area (e.g., Tanaka et  al. 
2004). Fumarolic activity has been continuously observed 
at Nakadake cone, the only active caldera cone in Aso 
volcano (e.g., Mori and Notsu 2008). A zone of low seis-
mic velocity at 5–6 km below Nakadake has been previ-
ously interpreted as a shallow magma reservoir (Sudo 
and Kong 2001). The location of a modeled deflation 
source beneath Kusasenri area, resolved from ground 
deformation data, coincides with a low-velocity zone that 
may represent the magma reservoir (Sudo et  al. 2006). 
Aso volcano erupted at Nakadake on October 8, 2016, at 
01:46 JST (Japan Meteorological Agency 2016a), though 
there has been no remarkable activity at Aso volcano 
during the 4+ months since the 2016 Kumamoto earth-
quake except for very small eruptions on April 16 and 
May 1, 2016 (Japan Meteorological Agency 2016b, c). The 
large eruption on October 8, 2016, which sent a column 
of smoke and ash 11,000  m into the air, was the largest 
eruption of Aso volcano in 36 years (Japan Meteorologi-
cal Agency 2016a).
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Fig. 1  Epicenter and aftershocks of the 2016 Kumamoto earthquake and Bouguer anomaly of the study area. a Epicenter and aftershocks of the 
2016 Kumamoto earthquake as determined by the Japan Meteorological Agency (JMA). The white star indicates the epicenter of the main shock. 
Also shown are aftershocks that occurred in the first 3 days after the mainshock (red circles). Solid black rectangles (Faults A and B) indicate surface 
projections of fault geometries determined by Yagi et al. (2016) and Geospatial Information Authority of Japan (2016b), respectively (Table 1). b 
Topography of the study area. Red circles and solid black rectangles indicate aftershocks and fault geometries, respectively, as in (a). Diamonds indi-
cate geothermal gradient (Tanaka et al. 2004). c Bouguer anomaly of the study area. The Bouguer anomaly is calculated with a reduced density of 
2.3 g/cm3. White dots indicate the reference point used to calculate the Bouguer anomaly and for the gravity inversion (Fig. 2)

Table 1  Geometry of Aso area faults

Coordinates correspond to the top-left part of each fault model
a  Yagi et al. (2016)
b   Geospatial Information Authority of Japan (2016b)

Longitude (°) Latitude (°) Depth to top (km) Length (km) Width (km) Strike (°) Dip (°)

Fault Aa 131.183 32.957 −0.9 56 18 234 64

Fault Bb 130.975 32.883 0.2 5.1 6.6 56 62
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The principal aim of this study is to discuss the rela-
tionship between the 2016 Kumamoto earthquake and 
volcanic structures at Aso, as inferred from the density 
structure beneath Aso volcano. Previous gravity studies 
have revealed the existence of low-density bodies at Aso 
volcano at depths of >5  km below sea level (Komazawa 
1995). One such body is situated in nearly the same loca-
tion as a zone of high seismic attenuation discovered 
by Sudo (1988, 1991) and is thought to relate to a shal-
low reservoir of partial melt (Komazawa 1995; Sudo and 
Kong 2001). However, the three-dimensional shape of 
the deep low-density body beneath Aso volcano remains 
poorly understood, because the only previous gravity 
study (Komazawa 1995) conducted a two-dimensional 
inversion along just a single profile (NW–SE). We resolve 
the low-density body in three dimensions using a gravity 
inversion based on the method of Camacho et al. (2011) 
and discuss the relationship between the 2016 Kuma-
moto earthquake and the inferred magma reservoir.

Data and methods
Our data set consists of gravity data compiled by the 
Geological Survey of Japan (Komazawa et al. 2013; New 
Energy and Industrial Technology Development Organi-
zation 2013; Metal Mining Agency of Japan 2013). All 
measured gravity data were referenced to the Japan Grav-
ity Standardization Net 1971 (JGSN75), which is based 
on the International Gravity Standardization Net 1971 
(IGSN71); normal gravities were estimated using Grav-
ity Formula  1980. The WGS-84 datum, based on the 
GRS80 ellipsoid, was used for all calculations. The pro-
cedure involves a calculation scheme with formulations 

for normal gravity, free-air reduction, atmospheric cor-
rection, lithospheric correction, and Bouguer correc-
tion (Komazawa 1998). A terrain correction was applied 
by assuming an annular prism model (Komazawa 1988) 
with digital elevation model (DEM) data, supplied by the 
Geospatial Information Authority of Japan. The mesh 
size of the DEM used here is 250 m for the far field and 
50  m for the near field, ensuring sufficient accuracy for 
the inversion. These corrections guarantee an accuracy 
of ~0.5  mGal (Geological Survey of Japan 2013). The 
density of the surface layer in the area around Aso vol-
cano was estimated to be 2.2–2.3  g/cm3 by Komazawa 
(1995). Thus, a value of 2.3 g/cm3 was used to compute 
the Bouguer and terrain corrections in this study. The 
Bouguer gravity anomaly map is depicted in Fig  1c. A 
total of 512 measurements of observed gravity data were 
selected for the inversion (Figs.  1c, 2a). The study area 
is small enough that regional trends (e.g., related to the 
subducting Philippine Sea Plate) can be neglected. Thus, 
we assumed a homogeneous density profile for the back-
ground; i.e., we did not remove regional trends from the 
observed gravity field before conducting the inversion.

The gravity inversion was conducted primarily to 
resolve the geometry of the low-density body or bodies 
that produce the observed gravity field. We employed 
the three-dimensional gravity inversion technique of 
Camacho et  al. (2011), which can invert for arbitrar-
ily shaped anomaly structures by treating them as com-
posites of multiple bodies with simple geometries. The 
method requires prescribed density contrasts, a homo-
geneity parameter, a balance factor, and a grid size. The 
homogeneity parameter defines the pattern of density 
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Fig. 2  Comparison between observed and modeled Bouguer anomalies. a Observed, b modeled, c residuals at measurement points
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transitions across the boundaries of anomalous bod-
ies. For high values of the homogeneity parameter, the 
boundaries appear smoothed and diluted, with densities 
close to extremal values found toward the center of the 
body and decreasing toward the periphery (see Camacho 
et al. 2011 for details). The balance factor defines model 
smoothness. We determined an optimal value for the bal-
ance factor that satisfies the conditions of zero autocorre-
lations among residuals with respect to mutual distances 
between measurement points (Camacho et al. 2007). The 
reason for adopting this balance factor is the assumption 
that an essential characteristic of the noise is the lack of a 
spatial correlation between values; indeed, correlated sig-
nals would constitute significant components, worthy of 
inversion (Camacho et al. 2007).

Results and discussion
Parameters for the gravity inversion
We selected the following parameters by assuming a gen-
eral melt-rich magma reservoir, since the exact proper-
ties beneath Aso volcano are unclear. The prescribed 
densities are −0.3 g/cm3 for low-density bodies, +0.3 g/
cm3 for high-density bodies, and 0  g/cm3 for neutral-
density bodies (i.e., the background). This density con-
trast is assumed to represent the low-density material 
as a mixture of 50% melt with some gas and 50% solid 
crystals, at which ratio the rheology shifts from viscous 
to rigid (Marsh 1996). At the same time, we considered 
basaltic andesite and granite to represent the high- and 
moderate-density material, respectively. The homogene-
ity parameter is 0.2, which results in abrupt transitions in 
density across the boundaries of the resultant anomalous 
bodies, e.g., the boundary between a magma reservoir 
and the surrounding rock. The mean grid length in the 
inversion model was set to 500 m; this is the finest grid 
size that can be inverted in a reasonable amount of com-
puting time using our algorithm and hardware (using an 
Intel Xeon E5-1620 CPU with 16.0 GB RAM). The bot-
tom and top of the model were set to 15  km below sea 
level and 0.6 km above sea level, respectively. The optimal 
value determined for the balance factor was 47.46.

With the parameters given above, the calculated model 
produces a synthetic gravity field that is a good fit to the 
observed gravity field (Fig. 2). The standard deviation of 
0.74  mGal for the residual values is comparable to the 
inherent inaccuracy in the gravity measurements them-
selves. The large misfit values are located mainly in the 
densely sampled area of Asodani. This could have been 
caused by a short-wavelength Bouguer anomaly derived 
from shallow, fine-scale density structures, smaller than 
the grid size of the inversion model; however, shallow, 
ultra-fine-scale features are not the focus of this study.

We performed gravity inversions with several param-
eter sets to investigate the robustness of the inversion 
result with respect to parameter choices (i.e., prescribed 
density contrasts, homogeneity, and mean grid length). 
Variations in parameters are tested one by one, based on 
the basic model (i.e., ±0.3  g/cm3, homogeneity param-
eter 0.2, and mean grid length 500 m). Density contrasts 
tested include variations of ±0.15, ±0.20, ±0.25, ±0.35, 
and ±0.40 g/cm3 (Additional file 2: Figure S2; Additional 
file 4: Table S1); homogeneity parameters tested include 
0.4, 0.6, and 0.8 (Additional file 3: Figure S3; Additional 
file 5: Table S2); and mean grid lengths tested include 750 
and 1000 m (Additional file 4: Figure S4; Additional file 5: 
Table S3).

The result of the gravity inversion with several param-
eter sets revealed the robustness of the central posi-
tion and the shape of the gravity anomaly, although the 
density contrast, homogeneity, and grid size affect the 
apparent size of the density anomaly, its sharpness, and 
the model resolution, respectively. Therefore, we con-
clude that the location of the density anomaly is robust 
with respect to our gravity inversion, although the exact 
boundaries of the density anomaly can be changed some-
what by varying the input parameters.

Density structures and their interpretations
Our gravity inversion imaged both low- and high-den-
sity structures beneath Aso volcano (Fig.  3). The hori-
zontal location of the low-density structure beneath 
Kusasenri, Nakadake, and Asodani is consistent with the 
low-density body resolved by Komazawa (1995), who 
ascribed the low-density structures to a magma reser-
voir or magma-related structure. The high-density struc-
ture beneath Nekodake is thought to be derived from the 
basaltic andesite composing Nekodake (Ono and Watan-
abe 1985).

The location of the southern low-density body (SLDB) 
corresponds to the active magma reservoir inferred 
from seismic velocity (Sudo and Kong 2001) and ground 
deformation (Sudo et  al. 2006). Fumarolic activity has 
been continuously observed and the large eruption 
occurred five months after the 2016 Kumamoto earth-
quake at Nakadake, where the SLDB is located (Mori 
and Notsu 2008; Japan Meteorological Agency 2016a). 
Therefore, the SLDB is thought to correspond to the 
magma reservoir that feeds the ongoing surface activ-
ity. The persistence of volcanic activity at Nakadake sup-
ports the existence of an active magma reservoir at the 
SLDB, and the low density of the inferred magma reser-
voir is thought to result from light materials (melt with 
some gas) in heavier materials (phenocrysts) (e.g., Ryan 
1987). The resolved low-density structure improves our 
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understanding of the thermal structure in this area, since 
the magma reservoir is assumed to be the heat source.

There is no evidence of current volcanic activity, includ-
ing ground deformation or fumaroles, in the Asodani 
area, where the northern low-density body (NLDB) is 
located. The Asodani area has a wide, thick caldera fill 
comprising low-density material (Ono and Watanabe 
1985; New Energy and Industrial Technology Develop-
ment Organization 1996). The interpretation that low-
density sediments fill the caldera is also supported by the 
short-wavelength component of the Bouguer anomaly, 
which reflects the shallow density structure (Komazawa 
1995). Such material is rare on Kusasenri and Nakadake 
cones, i.e., above the SLDB. A large amount of low-den-
sity sediment at shallow depths might explain the imaged 
low-density body beneath Asodani. Another interpreta-
tion of the NLDB could be residues of an ancient magma 
reservoir, such as that which drove the caldera-forming 
eruption (or one corresponding to older activity).

The 2016 Kumamoto earthquake and the low‑density body
We now discuss the relationship between the SLDB, 
which we assume is a shallow magma reservoir, after-
shocks, and the rupture process of the 2016 Kumamoto 
earthquake. Neither the aftershocks of the 2016 Kuma-
moto earthquake nor seismicity before the earthquake 
occurs in the SLDB, though seismicity has been observed 
surrounding this body (Fig. 3). The location of the SLDB 
is consistent with the area where the mainshock rupture 
terminates and the edge of the fault models (Figs.  4, 5). 

The rupture terminus inferred from the waveform inver-
sion of Yagi et al. (2016) overlaps the SLDB at Fault A in 
Fig. 1. The fault terminus at the SLDB (Fault B in Fig. 1) 
is also consistent with the ground surface deformation in 
Aso caldera obtained from InSAR data (Fig. 5). Note that 
Fault B makes up one-sixth of the NE side of the total 
fault model (Geospatial Information Authority of Japan 
2016b). Fault B crosses Aso caldera as a pure strike-slip 
fault (Geospatial Information Authority of Japan 2016b), 
and the SLDB is situated at the edge of the extensional 
direction of the fault slip region in the caldera.

The aseismicity of the SLDB may reflect the high tem-
perature and/or ductile rheology of the SLDB. Aseismic 
magma reservoirs have been reported at a number of 
other volcanoes, including Mount St. Helens, WA, USA 
(Moran 1994), and Mt. Etna, Italy (Patanè et  al. 2003). 
The boundary between the shallow seismic zone and the 
deep aseismic zone is known as the cutoff depth (Sibson 
1984; Ito 1990) and is interpreted as the brittle–ductile 
transition in the crust (Brace and Kohlstedt 1980; Sib-
son 1982). Previous studies suggest a close relationship 
between cutoff depth and thermal structure, although 
an exact value for the former depends on many factors, 
including temperature, pore fluid pressure, and strain 
rate (Kobayashi 1977; Sibson 1986; Tse and Rice 1986; 
Pasquale et  al. 1997; Scholz 1998). Therefore, the cut-
off depth in Japan is shallow near active volcanoes with 
areas of high heat flow (Ito 1993; Omuralieva et al. 2012). 
Magnetic anomaly data suggest the existence of a high-
temperature zone (T  >  500  °C) beneath Aso volcano 
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(Okubo and Shibuya 1993; Okubo et al. 1997). Thus, the 
high temperature of the magma reservoir results in the 
aseismicity of the SLDB. Furthermore, the mixture of 
gas, melt, and crystals that causes the low density of the 
SLDB also contributes to the aseismicity. The presence 
of gas and melt controls the viscous–brittle transition in 
solids (Cordonnier et al. 2012; Pistone et al. 2015), and a 
magma reservoir with a high melt fraction behaves as a 
viscous fluid (Lejeune and Richet 1995). The rheology of 
a melt-rich magma reservoir is also consistent with the 
aseismicity within the SLDB.

The termination of the rupture in the Aso caldera is 
affected by the magma reservoir imaged as the SLDB. 
Yagi et  al. (2016) obtained a maximum slip area stably 
centered around 10  km northeast of the epicenter, and 
this position was robust to assumed model parameters, 
leading to the suggestion that the high temperature of the 
magma reservoir might promote plastic deformation and 
inhibit dynamic rupture propagation (e.g., Scholz 1998). 
Our results support this interpretation, as the location of 
the magma reservoir is consistent with the rupture ter-
mination area. Furthermore, the viscous rheology of the 
mixture of gas, melt, and crystals, which causes the low 
density of the SLDB, also contributes to the termina-
tion of the rupture: A viscous rheology inhibits rupture 
beneath the caldera. The location of the SLDB explains 
the terminus of the rupture (Fig. 4) and suggests that the 
fault in Aso caldera (Fault B) is unlikely to slip or prop-
agate (Fig.  5). In fact, other fault models (Himematsu 
and Furuya 2016) can explain the ground deformation 

observed by ALOS-2/PALSAR-2 without any faults in 
Aso caldera, where Fault B is proposed to occur.

It is interesting that aftershock activity, possibly trig-
gered by perturbation of the stress field, is high in the 
NLDB. Seismicity before the 2016 Kumamoto earth-
quake was also observed in the NLDB. The absence of 
obvious volcanic activity in the Asodani area, including 
steam emissions, suggests that the NLDB is not a high-
temperature zone; indeed, the presence of seismicity 
indicates that it is brittle. Lower-temperature condi-
tions promote the crystallization and solidification of 
partial melt in the magma reservoir during cooling; 
thus, the NLDB is thought to be a mush magma, where 
crystallinity is high (Marsh 1996), or a very high-crys-
tallinity magma reservoir. Mush magma has a critical 
point in crystallinity (50–55%), at which the rheology 
shifts from viscous to rigid (Marsh 1996). The high 
seismicity of aftershocks in the NLDB suggests a brit-
tle rheology and a very high-crystallinity magma reser-
voir, which could be the remnant of an ancient magma 
reservoir. Otherwise, the mush magma beneath the 
Asodani area may not be needed if the large amount of 
low-density sediment at shallow depths in the Asodani 
area could generate such a low-density body in the 
inversion process.

Conclusions
Using three-dimensional inversion of gravity data, we 
resolved a low-density structure that likely represents the 
active magma reservoir of Aso volcano, the presence of 
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which is thought to have terminated the rupture of the 
2016 Kumamoto earthquake. The location of the SLDB 
is consistent with the position of a shallow magma res-
ervoir reported in previous studies. Consequently, the 
SLDB is a low-density magma reservoir composed of 
light materials (partial melt and gas) beneath Aso vol-
cano. The absence of seismicity in the SLDB, including 
aftershocks, indicates the high temperature and/or duc-
tile nature of the magma reservoir; these aseismic char-
acteristics explain why the 2016 Kumamoto earthquake 
rupture terminated here. The fault beneath Aso volcano 
that caused the observed local ground deformation was 
prevented from extending to the northeast by this reser-
voir. We, therefore, conclude that the magma reservoir(s) 
beneath Aso volcano strongly influenced the rupture 
process and aftershock patterns of the 2016 Kumamoto 
earthquake. A future study will examine the relationship 
between the 2016 Kumamoto earthquake and the large 
eruption of Aso volcano at Nakadake (where the SLDB is 
located) following the earthquake.

The NLDB was resolved in the Asodani area, where evi-
dence for present-day volcanic activity is scarce. There-
fore, the NLDB might result from thick sediment filling 
the caldera, or mush magma or a very high-crystallinity 
magma reservoir representing the residue of an ancient 
magma reservoir. The high aftershock activity observed 
in the NLDB area is supposed to reflect the volcanic 
structure beneath Asodani.

Imaging a magma reservoir based only on gravity data 
has limitations. The exact boundaries of the density 
anomaly cannot be determined, owing to the uncertainty 
of the parameters in this study. Combining this data set 
with other geophysical observations (e.g., resistivity, seis-
mic velocity) will improve the images of the magma res-
ervoir and the fault; hence, the relationship between the 
fault and magma reservoir will be discussed more quanti-
tatively in future work.
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