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Crustal magma pathway beneath Aso caldera
inferred from three-dimensional electrical
resistivity structure
Maki Hata1, Shinichi Takakura1, Nobuo Matsushima1, Takeshi Hashimoto2, and Mitsuru Utsugi3

1National Institute of Advanced Industrial Science and Technology, Tsukuba, Japan, 2Institute of Seismology and
Volcanology, Faculty of Science, Hokkaido University, Sapporo, Japan, 3Aso Volcanological Laboratory, Institute for
Geothermal Sciences, Graduate School of Science, Kyoto University, Kumamoto, Japan

Abstract At Naka-dake cone, Aso caldera, Japan, volcanic activity is raised cyclically, an example of which
was a phreatomagmatic eruption in September 2015. Using a three-dimensional model of electrical
resistivity, we identify a magma pathway from a series of northward dipping conductive anomalies in the
upper crust beneath the caldera. Our resistivity model was created from magnetotelluric measurements
conducted in November–December 2015; thus, it provides the latest information about magma reservoir
geometry beneath the caldera. The center of the conductive anomalies shifts from the north of Naka-dake at
depths>10 km toward Naka-dake, along with a decrease in anomaly depths. Themelt fraction is estimated at
13–15% at ~2 km depth. Moreover, these anomalies are spatially correlated with the locations of earthquake
clusters, which are distributed within resistive blocks on the conductive anomalies in the northwest of
Naka-dake but distributed at the resistive sides of resistivity boundaries in the northeast.

1. Introduction

Aso, on the island of Kyushu in the Southwest Japan Arc (Figure 1), is one of the world’s largest calderas, with
a diameter of up to 25 km. The caldera was formed during 270–90 ka by four huge eruptions that produced
hundreds of cubic kilometers of pyroclastic deposits [e.g., Matsumoto et al., 1991; Ono et al., 1977].
Subsequently, a number of postcaldera cones/volcanoes formed in the central part of the caldera. Naka-dake
(Figure 1a), which is a complex stratovolcano consisting of basaltic andesite and andesite, has erupted since
the sixth century. Volcanic eruptions at Aso caldera have occurred only at Naka-dake’s northernmost crater
(the first crater) since 1933. Besides Aso, some of the world’s largest calderas, including Aira Caldera, and
numerous active Quaternary volcanoes, including Sakurajima, Kirishima, and Kuju volcanoes, are present in
Kyushu along the volcanic front related to subduction of the Philippine Sea Plate.

The surface activity at Naka-dake’s first crater is well known as a cyclical system comprising three main states:
(1) in the quietest state, the crater fills with a large amount of hot acidic water; (2) in the intermediate state,
thermal energy dries the crater lake and incandescent phenomena occur on the crater wall and floor; and (3)
in the most active state, the crater experiences Strombolian eruptions [e.g., Sudo, 2001]. A recent magmatic
eruption occurred in November 2014 after 22 years of quiescence, a phreatomagmatic eruption (the first in
21 years) occurred in September 2015, and an explosive eruption (the first in 27 years) occurred in
October 2016 with spewing volcanic ash 11,000m into the air. Prior to the eruptive activity, incandescent
phenomena were observed in 2000, mud eruptions occurred during 2003–2004 following a sharp reduction
of the water level of the crater lake, the disappearance and appearance of crater lakes were repeated after
that, and small phreatic eruptions were observed after 2011. Subsequently, the crater lake dried up gradu-
ally beginning in mid-2013, at which time volcanic activity began to increase. Thus, Naka-dake is considered
to keep an active state for the past 15 years.

The crustal structure beneath Aso caldera has been studied previously by electromagnetic and seismic
surveys. Seismic tomography of the crust has identified low-velocity anomalies beneath the caldera that
may correspond to magma chambers [e.g., Sudo and Kong, 2001; Abe et al., 2010]. Sudo and Kong [2001]
reported a spherical low-velocity anomaly centered at 6 km depth that flattens at 10 km depth to the west
of Naka-dake (Figure 1). Abe et al. [2010] reported a large, low S wave velocity layer at a depth of about
17 km, corresponding to the Conrad discontinuity in and around Aso caldera. These low-velocity anomalies
are thought to represent a magma chamber with a total volume of about 100 km3. Additionally,
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Geographical Survey Institute [2004] reported a sill-like deformation source inferred from GPS data at a depth
of 15.5 km beneath the caldera (Figure 1). Despite these promising seismic studies, the resolution of electrical
resistivity structures has been limited to depths shallower than about 5 km to focus on shallow structure
around the volcanic cones in the central part of the caldera [e.g., Hase et al., 2005; Kanda et al., 2008].
Studies of larger-scale (>10 km to several tens of kilometers) resistivity structures have reported that the crust
and upper mantle beneath Aso caldera are relatively resistive compared with those beneath the other

Figure 1. (a) Topographic map around Aso caldera showing 55 magnetotelluric (MT) sites (blue dots). Red triangles, white
outline, and black outline indicate the five main postcaldera cones, Naka-dake first crater, and the rim of Aso caldera,
respectively. The blue rectangle and red circle indicate an inferred sill-like deformation source at a depth of 15.5 km
[Geographical Survey Institute, 2004] and a spherical P velocity anomaly of<�15% at a depth of 6 km [Sudo and Kong, 2001].
Black lines represent grids in the three-dimensional inversion. Three sites, labeled a, b, and c, indicate the representative sites
used for sounding curves in Figure 2. (b) Location of Aso caldera (red square) on the island of Kyushu in the Japan Arc, with
plate boundaries indicated by lines and triangles indicating the direction of motion for each plate. Blue star indicates the
location of the remote reference site used in this study.
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subduction volcanoes in Kyushu [e.g., Handa, 2005; Hata et al., 2015]. However, the fine-scale (<10 km)
resistivity structure of the crust beneath Aso caldera remains unknown. Thus, further electromagnetic
investigation is required to assess the possible distributions of magma pathways and reservoirs. In this study,
we examine the electrical resistivity structure at depths of <20 km beneath Aso caldera, using a three-
dimensional inversion procedure.

2. Method
2.1. MT Surveys and Data

Electromagnetic soundings, including magnetotelluric (MT) surveys, are highly sensitive to even a few per-
cent fluid (aqueous fluid and/or melt), especially when fluids are interconnected [e.g., Hyndman and
Shearer, 1989]. Thus, MT methods are considered an important technique for detecting magma reservoirs.
We carried out an MT survey across Aso caldera from November to December 2015 using Phoenix
Geophysics Ltd. MTU-5A systems and obtained five-component electromagnetic data at 55 sites. MT sites
were arranged with a spacing of ~5 km, as shown in Figure 1a. Sites were more densely concentrated around
volcanic cones. The area immediately around the first crater could not be investigated, due to a restricted
access zone (2 km radius) imposed by the Aso Volcano Disaster Prevention Council. Data were recorded for
14 h, between 6 P.M. and 8A.M. on the following day, at sampling intervals of 15Hz or 2400Hz (0.067 s or
0.00042 s), then remote referenced against a site located 100 km from Aso caldera (Figure 1b). We used six
MT response functions, Z(r, T) and T(r, T), at periods ranging from 0.005 to 2380 s, to invert for resistivity
structure in three dimensions; Z(r, T) and T(r, T) are called the MT impedance and tipper, respectively [e.g.,
Cagniard, 1953]. The four components of the MT impedance tensor and the two components of the tipper
vector are given by

EX r; Tð Þ
EY r; Tð Þ
HZ r; Tð Þ

0
B@

1
CA ¼

ZXX r; Tð Þ ZXY r; Tð Þ
ZYX r; Tð Þ ZYY r; Tð Þ
TZX r; Tð Þ TZY r; Tð Þ

0
BB@

1
CCA HX r; Tð Þ

HY r; Tð Þ

 !
; (1)

where r denotes the site location, T denotes the period, EX(r, T) and EY(r, T) denote the horizontal components
of the electric field, and HX(r, T), HY(r, T), and HZ(r, T) denote the horizontal and vertical components of the
magnetic field.

2.2. Electrical Resistivity Modeling

We performed a three-dimensional inversion for crustal-scale electrical resistivity structure using the six MT
response functions for 55 sites with good signal-to-noise ratios. A parallel array of Intel Xeon™ CPUs, compris-
ing 28 processors with 512Gb memory, was used for the inversion procedure. The inversion used a parallel-
optimized DASOCC code that applied a data space method to reduce computation time [Siripunvaraporn and
Egbert, 2009]. Sixteen total periods were used in the inversion, for an inverted data array size of 55 × 12× 16.
The model space dimension was 1400× 1400× 1001.79 km and consisted of 106 × 100× 74 cells in the north
(X), east (Y), and down (Z) directions, respectively. The smallest horizontal cell size was 0.3 × 0.3 km around the
volcanic cones of Figure 1a; cell size increased with distance from the cones, to a maximum of 150 × 150 km.
In the Z direction, grid spacing of a thickness of 1.79 km at elevations above sea level was finely set to account
for topographic effects in the observed data. The thickness of 1.79 km was divided into 38 cells (grid spa-
cing × the number of cells): 0.01 km×3, 0.03 km×4, 0.06 km×25, 0.03 km×4, and 0.01 km×2 downward,
which were determined based on a digital elevation model from the Geospatial Information Authority of
Japan. Grid spacing below sea level was set to increase gradually from 10m in the top layer to 300 km in
the lowermost layer.

For the input resistivity model, all values were initialized to unfixed values of 80Ωm for land, a fixed value of
0.33Ωm for sea, and a fixed value of 100,000,000Ωm for air. The model fit to the observed data was deter-

mined using the root-mean-square (RMS) misfit, RMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN

i¼1
Cd

�2
i di � F m½ �i
� �2

=N
q

, where N is parameter

size (55 × 12× 16), d is observed data, F[m] is synthetic data (computed as the forward response of the
optimum model, m), and Cd is the data error. The inversion continued until either reaching a predetermined
maximum number of allowed iterations (in this study, 10) or a target RMS misfit (in this study, 1.0 ± 0.05).
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We applied a two-step procedure to MT response functions in this inversion analysis. In the first step, we
obtained a rough model by setting the error floors of the observed data to relatively large values. In the sec-
ond step, a well-constrained final model was obtained by setting error floors to smaller values and using the
rough model as a starting model. In the inversion code, the unconstrained function, which is used to seek the
smoothest/minimum norm model for an appropriate fit to the observed data, is given by

U m; λð Þ ¼ λ�1 d� F m½ �ð ÞTCd
�1 d� F m½ �ð Þ � χ2

n o
þ m�m0ð ÞTCm

�1 m�m0ð Þ; (2)

where m is the optimum resistivity model of dimension M (106 × 100× 74), λ�1 is a Lagrange multiplier, d is
the observed data of dimension N, F[m] is the forward response of the optimummodel, Cd is the data covar-
iance matrix, χ2 is the target value of the RMSmisfit,m0 is the prior model, Cm is the model covariance matrix,
and the superscript T denotes the transpose operator [Siripunvaraporn et al., 2005; Siripunvaraporn and
Egbert, 2009]. A fixed prior model, which is the same as the starting model, was used to constrain the solution
during the inversion procedure. Error floors in the first step were set to 20% for MT impedance tensors and
30% for tipper vectors; in the second step, they were reduced to 5% for MT impedance tensors and 10%
for tipper vectors.

We obtained RMS misfit values of 1.01 for the model of the first step and 2.09 for the final model of the sec-
ond step. Figures 2 and S1 in the supporting information show the fit between observed and synthetic data
for the final model: the fit in Figure 2 is based on sounding curves of the six MT response functions at three
representative sites, and the fit in Figure S1 is based on the phase tensors of the MT impedance tensors in
Caldwell et al. [2004] and the induction arrows of the tipper vectors in Parkinson [1962] at all sites for three
periods. The fits of the off-diagonal components of the MT impedance tensors (ZXY and ZYX) indicate com-
plete agreement, whereas the relative fits of the diagonal components (ZXX and ZYY) and tipper vectors
(TZX and TZY) vary with respect to ZXY and ZYX. Based on quantitative and visual evaluation of observed and
synthetic data for the final model by the RMSmisfit value and the sounding curves, we conclude that the syn-
thetic data give a good fit to the observed data overall.

3. Results and Discussion

Our three-dimensional electrical resistivity model clearly reveals an upwellingmagma-like conductive anomaly,
of which resistivity values show 1–40Ωm, around the Naka-dake first crater. Incidentally, resistivity values of the
upper crust beneath Aso caldera in the previous larger-scale resistivity model, which consisted of 5 km grid spa-
cing in the Z direction for the upper crust, indicate that the most conductive blocks of 3Ωm exist around the
northwest of Naka-dake and the most resistive blocks of ~3000Ωm exist around the southeast of the caldera
[Hata et al., 2015]. Figures 3 and 4 show three horizontal cross sections at depths of 2–2.5, 6–7, and 9–10 km
and six cross sections at depths of <20 km. Three of the cross sections (profiles A1, A2, and A3) are aligned
N60°W–S60°E; the other three (B1, B2, and B3) are perpendicular to this direction. All profiles traverse the central
volcanic cones across Aso caldera. Moreover, two profiles, A2 and B1, pass over the Naka-dake first crater. On all
vertical and horizontal cross sections, earthquake hypocenters determined by the Japan Meteorological
Agency (JMA) are plotted for two periods: June 2002 to December 2013 and January 2014 to April 2016.

3.1. Sensitivity Tests

We now examine whether the sensitivity of our inversion model is sufficient to resolve a series of conductive
anomalies (C1 and C2 on profiles A1, A2, B1, and B2) through three-dimensional forward modeling. For this
test, cells with resistivity values of<40Ωm in anomaly C1 (at depths of 1.5–13 km, with a north-south length
of 5.9 km and an east-west width of 3.3 km) were replaced by cells with resistivity values of 40Ωm. A similar
replacement procedure was applied to anomaly C2 (at depths of 0.04–3 km, with a north-south length of
2.4 km and an east-west width of 3.6 km), which seems to branch off from conductive anomaly C1 at depths
of<5 km. Figure S2 shows representative cross sections of replaced blocks in the two sensitivity test models.
RMS misfits for the sensitivity test models are 2.25 for C1 and 2.12 for C2; these are increases from the RMS
misfit of the final model (2.09). Significant changes in MT response functions are found in the sounding curves
of the off-diagonal impedance tensors (especially ZXY); a representative example of this is shown in Figure S2.
The synthetic sounding curves of the sensitivity test models depart from observed curves at long periods
(T> 10 s). Thus, the series of conductive anomalies appears to be a reliable feature.
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Figure 2. Sounding curves of the complex MT response functions (ZXX, ZXY, ZYX, ZYY, TZX, and TZY) for three representative sites (a, b, and c; Figure 1). Black lines and
diamonds with error bars indicate synthetic and observed data, respectively. Solid and open diamonds represent positive and negative values for MT impedance
tensors (ZXX, ZXY, ZYX, and ZYY), respectively.

Figure 3. Horizontal crosssectionsoftheelectricalresistivitymodelatdepthsof2.0–2.5,6.0–7.0,and9.0–10.0 km,withearthquakehypocentersdeterminedbytheJapan
MeteorologicalAgency (JMA).Pinkstars,black triangles, andblackoutline indicateMTsites,principalpostcalderacones,andtherimofAsocaldera, respectively.Theblue
rectangleandcircle indicate the inferredsill-likedeformationsourceat15.5 kmdepth [Geographical Survey Institute, 2004]andsphericalPvelocityanomalyof<�15%at
6 kmdepth [SudoandKong, 2001], respectively. Earthquakes that occurred between June 2002 and December 2013 are represented by black dots; earthquakes from
January 2014 to April 2016 are represented by red dots.
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3.2. Imaged Electrical Resistivity Structure

The series of significant conductive block anomalies (C1 and C2), which extend in a northward direction as
depth increases to about 15 km, can be seen on profiles A1, A2, B1, and B2 in the crust beneath Naka-dake.
These anomalies can be regarded as an upwelling magma pathway and reservoir in the upper crust. We
estimatedmelt fractions for the most conductive cell of the two conductive anomalies, 0.79Ωm at a depth of
4 km for C1 and 5.6Ωm at a depth of 2 km for C2. First, we calculated resistivity values of silicate melt using
SIGMELTS [Pommier and Le-Trong, 2011] then calculated melt fractions based on the resistivity values using
theHashin-Shtrikman upper bound [Hashin and Shtrikman, 1962]. For obtaining the resistivity values of silicate
melt beneath Naka-dake, we used the following results of chemical analyses of scoria samples ejected at
November 2014 eruption: the averaged chemical composition of groundmass (Na2O 3.26wt % and SiO2

58.62wt%) and the temperature (1113°C≈ 1386 K) andwater content (1.0–2.0wt.%) ofmagma based onmelt
inclusions (Geological Surveyof Japan, 2015; G. Saito, personal communication, 2015). Besides these values,we
adopted thegeneral lithostatic pressure (109.76MPaat adepthof 4 km for C1 and54.88MPa at adepthof 2 km
forC2)usingacontinental crust density of 2800 kg/m3 and the resistivity of surrounding material of 80Ωm
based on our final model. Finally, the resistivity values of silicate melt were estimated at 0.54–0.61Ωm for
C1 and 0.52–0.59Ωm for C2, and themelt fractions were estimated at 76–87% for themost conductive cell of
C1 and 13–14% for that of C2.

The magma pathway is considered a crucial factor in understanding volcanic activity at Naka-dake. The spa-
tial extent of this series of conductive anomalies is highly consistent with the low-velocity anomaly resolved
by Sudo and Kong [2001], and the conductive anomalies lie above the sill-like deformation source
[Geographical Survey Institute, 2004]. Thus, there is a possibility that the location and extent of the magma
reservoir have appeared and existed to be spatially stable for at least 15 years. Temporal patterns in earth-
quake clusters show little variation between the two periods mentioned above, despite the 15 year extent
of the JMA seismic catalog (see Figures 3 and 4). Incidentally, a significant earthquake cluster, which we
can see within the conductive anomaly C2 on profile A2, is distributed at depths of upper ~5 km. The earth-
quake cluster is considered to be triggered by pore pressure fluctuations associated with the magma.
Farquharson et al. [2016] reported through stressing experiments on volcanic rock (porous andesite) that
an increase of pore pressure can result in rock fracture even under a lithostatic pressure state and can assist
in the development of fractured zones surrounding the conduit, and the rock embrittlement can create tran-
sient outgassing pathways by linking fracture networks. Moreover, quasi-horizontal conductive blocks at
shallow depths (upper ~2 km) on all the cross sections are considered to mainly originate in altered rocks
[e.g., Kanda et al., 2008].

Another significant feature is an apparent spatial correlation between earthquake hypocenters and resistive
blocks on the north sides of the central volcanic cones. The hypocenters in the northwest are distributed at or
inside the resistiveblocks (profilesA1, A2, andA3; Figure4).On theother hand, practically all of thehypocenters
in thenortheast aredistributed at the resistive sides of theboundaries between resistive andconductive blocks
(profiles B1, B2, andB3, Figure4). Theearthquakes in thenortheast seem tooccur at the resistive sides along the
upper surface of the upwelling magma-like conductor. This suggests that the sides of resistive blocks can be
subjected to stress concentrations related to the earthquakes. Research on the relative deviatoric stress field
on Kyushu from the focalmechanisms of shallow earthquakes reported that the stress regime changes around
Aso [e.g., Matsumoto et al., 2015]. Thus, our three-dimensional electrical resistivity model appears to detect
subsurface variations in rock properties associated with the magma reservoir/pathway.

Comparison of our resistivity structure model with other resistivity structure models beneath subduction vol-
canoes with calderas is helpful to understanding the cause of spatial variations (conductive and resistive
anomalies) in our resistivity structure model and the cause of spatial correlations between those anomalies
and earthquake hypocenters. Ogawa et al. [2014] reported a vertical conductor, which extends to a depth
of ~5 km from a greater depth, in the upper crust beneath Naruko volcano with late Miocene collapse
calderas in the Northeastern Japan Arc. They also reported that a lower cutoff depth (<5 km) of the crustal
seismicity distribution is consistent with the top of the conductor. And then, they suggested that the conduc-
tor originates in saline fluids supplied by a partial melting zone at a greater depth, and the fluid reservoir is
capped by a self-sealed precipitate of silicate solution at the shallow depth of ~5 km. Taken together with
seismological data, vertical conductive zones, which support a model of hydrothermal convection, are
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revealed within the brittle (upper ~6–7 km) part of the crust beneath the Taupo volcanic zone with collapsed
calderas in New Zealand [Bertrand et al., 2012]. Namely, these spatial variations of the resistivity structures in
the crust beneath the subduction volcanoes are considered to be affected by not only magma (melt, aqueous
fluids, gas, and solid) but also temperature.

For comparison, seismic tomography and waveform modeling studies have reported an upper crustal
magma reservoir at depths of 5–17 km in the Yellowstone Caldera [e.g., Chu et al., 2010; Farrell et al., 2014].
Farrell et al. [2014] suggested that many of the extensive earthquake swarms in Yellowstone, which are dis-
tributed at the upper surface side of the magma reservoir, can be attributed to migrating magmatic fluids
(hydrothermal fluids and CO2-saturated gas) from the crustal magma reservoir. In the Long Valley Caldera,

Figure 4. Cross sections of three-dimensional electrical resistivity along six profiles (A1–3 and B1–3). Blue dots, black triangles, orange outline, and black outline indi-
cate MT sites, the five main postcaldera cones, Naka-dake first crater, and the rim of Aso caldera, respectively. The blue rectangle and red circle indicate the inferred
sill-like deformation source at 15.5 km depth [Geographical Survey Institute, 2004] and spherical P velocity anomaly of <�15% at 6 km depth [Sudo and Kong, 2001].
JMA earthquake hypocenters within 2 km of each profile line are indicated on cross sections: black dots correspond to earthquakes between June 2002 and
December 2013, and red dots correspond to earthquakes between January 2014 and April 2016. Gray triangles represent locations on the caldera rim. Blue lines at
15.5 km depth (on profiles A1, A2, B1, and B2) and red dashed line circles at 3–6 km depth (on profiles A2 and B2) indicate the sill-like deformation source and the
spherical P velocity anomaly along each profile lines, respectively.
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local earthquake tomography and receiver function analysis have revealed two low-velocity anomalies: an
elongate anomaly at a depth of 6 km and a broad anomaly at depths of 8–14 km beneath the caldera
[Seccia et al., 2011]. These low-velocity anomalies were also regarded as magma paths, in which the deep
magma body fed partial melt to the shallow magma body.

4. Conclusions

We resolved three-dimensional electrical resistivity structure beneath Aso caldera, Japan, using magnetotel-
luric data with an array geometry designed to detect magma reservoirs. Our model reveals a possible magma
pathway in the form of a significant series of conductive anomalies in the upper crust, extending north from
Naka-dake cone at depths of>10 km. The center of these anomalies gradually shifts toward Naka-dake to the
south, along with a decrease in anomaly depths. Themelt fractions were estimated at 79–87% at the depth of
4 km and 13–15% at the depth of 2 km. Moreover, the inferred magma pathway is spatially correlated with
earthquake hypocenters in and around Aso caldera during the past 15 years. Earthquakes occurred mainly
on the north sides of volcanic cones in the central part of the caldera. Importantly, earthquake clusters occur
within resistive blocks in the northwest but occur at the resistive sides of the boundaries between resistive
blocks and conductive blocks (i.e., the inferred magma pathway) in the northeast. Thus, our electrical resistiv-
ity model resolves well-supported structures that can be attributed to a northward dipping magma pathway
and/or reservoir beneath Aso caldera.
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