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1. Introduction
Active hydrothermal systems develop during repose periods of volcanoes within the first kilometers of their 
edifices when ascending hot magmatic fluids (liquid or gas) encounter meteoric water recharge and/or 
seawater. Free convection and forced circulation occur, leading to surface manifestations such as fumaroles 
and hot springs.

Intensive volcanic hazards are associated with pervasive hydrothermal systems. Phreatic and phreatomag-
matic eruptions represent the most common hazards occurring when hot magmatic fluids or magma are 
injected into a pre-existing hydrothermal system (Heiken & Wohletz, 1987; Stix, 2018). Pore-water is flashed 
creating an overpressure until the potential rupture of host-rock, leading to a sudden explosive eruption 
(e.g., Mannen et al., 2019; Yamaoka et al., 2016). Other hydrothermal-related hazards exist without neces-
sarily involving magmatic origin. Indeed, long-term host-rock interactions between heat, water, and mag-
matic fluids lead to numerous modifications of the physical-chemical properties of host rocks and fluids. 
Percolation of hot and acidic fluids (<400°C) dissolves host-rock primary minerals and precipitates low-per-
meability clay minerals (Pirajno, 2008). Such alteration products create a barrier to the flow of fluids (called 

Abstract Phreatic and phreatomagmatic eruptions represent some of the greatest hazards occurring 
on volcanoes. They result from complex interactions at a depth between rock, water, and magmatic fluids. 
Understanding and assessing such processes remain a challenging task, notably because a large-scale 
characterization of volcanic edifices is often lacking. Here we focused on Miyakejima Island, an inhabited 
8-km-wide stratovolcano with regular phreatomagmatic activity. We imaged its plumbing system through 
a combination of four geophysical techniques: magnetotellurics, seismicity, self-potential, and thermal 
image. We thus propose the first comprehensive interpretation of the volcanic island in terms of rock 
properties, temperature, fluid content, and fluid flow. We identify a shallow aquifer lying above a clay 
cap (<1 km depth) and reveal its relation with magmatic-tectonic features and past eruptive activity. At 
greater depths (2–4.5 km), we infer a seismogenic resistive region interpreted as a magmatic gas-rich 
reservoir (≥370°C). From this reservoir, gases rise through a fractured conduit before being released in the 
fumarolic area at ∼180°C. During their ascent, these hot fluids cross a ∼1.2-km-long liquid-dominated 
zone causing local steam explosions. Such magmatic-hydrothermal interaction elucidates (i) the origin 
of the long-period seismic events and (ii) the mixing mechanism between magmatic and hydrothermal 
fluids, which was previously observed in the geochemical signature of fumaroles. Our results demonstrate 
that combining multidisciplinary large-scale methods is a relevant approach to better understand volcanic 
systems, with implications for monitoring strategies.
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cap rock) which can locally increase the pore-fluid pressure. If the pressure significantly exceeds that of 
the internal edifice, a hydrothermal explosion may occur (Browne & Lawless, 2001; Hedenquist & Hen-
ley, 1985). The combination of low mechanical properties of altered deposits in conjunction with fluid-pore 
pressurization can enhance flank instability, and may ultimately cause tsunamigenic edifice collapse and 
lateral blast explosions (e.g., López & and Williams, 1993; Siebert et al., 1987).

Numerical modeling applied on hydrothermal systems have been widely developed in recent decades to 
describe fluid circulation (e.g., Aizawa et  al.,  2009; Ingebritsen et  al.,  2010; Ishido,  2004), and to study 
changes in subsoil properties (e.g., temperature, pressure, fluid-phase), in response to hydrogeological or 
magmatic perturbations (e.g., Ball et al., 2018; Chiodini et al., 2016; Hurwitz et al., 2003; Petrillo et al., 2019; 
Reid, 2004; Scott, 2020). These simulations showed a large influence of geological, tectonic, and boundary 
conditions settings (e.g., topography, rainfall) on the resulting hydrothermal structure. Hence, incorporat-
ing such information into models is a critical point to reduce their uncertainties, and enhance the compre-
hension of hydrothermal dynamics on volcanoes.

Subsoil characterization of magmatic-hydrothermal systems is classically obtained by measuring the elec-
trical resistivity of rocks, due to its high sensitivity to fluid content, ionic charge of the pore water, tempera-
ture, and clay minerals (e.g., Roberts et al., 2001; Waff & Weill, 1975). Magnetotellurics (MT) is a geophysi-
cal method used to retrieve deep electrical resistivity distribution of volcanic edifices (e.g., Hata et al., 2018; 
Ogawa et al., 2014), while audio-magnetotellurics, time domain electromagnetic, and direct-current resis-
tivity techniques are employed to investigate shallower regions (e.g., Dumont et al., 2019; Hogg et al., 2017; 
Kanda et al., 2019; Minami et al., 2018; Revil et al., 2010; Rosas-Carbajal et al., 2016). When joined with 
seismic hypocenter locations (e.g., long-period events, see Text S1), electrical resistivity models can reveal 
magmatic-hydrothermal fluid paths and interactions (e.g., Hill et al., 2009; Matsunaga et al., 2020; Peacock 
et al., 2016; Usui et al., 2016). In addition, subaerial mappings including self-potential (Text S2), soil temper-
ature, and CO2 flux are often used to delineate shallow fluid circulation, and thus better interpret electrical 
resistivity models (e.g., Byrdina et al., 2014; Finizola et al., 2009; Gresse et al., 2017). In general, the upper 
part of a conductive hydrothermal plume is correlated with positive self-potential, thermal, and degassing 
anomalies (e.g., Aizawa, 2004; Revil et al., 2008).

Despite considerable progress to better understand volcanic edifices over the last century, fatal recent vol-
canic hazards (e.g., eruption of Mt Ontake in 2014 and White Island in 2019) originating from magmat-
ic-hydrothermal interactions have outlined that their assessment remains limited. One of the reasons ex-
plaining this gap comes from the incomplete knowledge of volcanic structures at a large scale. Indeed, most 
studies using electrical resistivity methods only image shallow hydrothermal zones (<2 km depth) or deep 
magmatic structures (>5 km depth). Consequently, the complete subsoil range of magmatic-hydrothermal 
systems is often missing. Broadband MT, applied in the last ∼3 decades, appears as one of the most capable 
methods to fill this gap, due to its sensitivity to both shallow and deep conductivity structures (e.g., Aizawa 
et al., 2004; Bedrosian et al., 2018; Heise et al., 2016; Hill et al., 2009; Piña-Varas et al., 2015). However, MT 
studies rarely provide sufficient attention to characterizing the nature of electrical resistivity, partly because 
additional subsoil-subsurface information is often incomplete or absent.

In this study, we focus on Miyakejima volcano, an 8-km wide island in the Pacific Ocean for the following 
reasons. First, this volcano has a short eruptive cycle (∼20 years) with an extensive hydrothermal system pos-
ing a significant threat to the local population (4,000 residents in 2000). Second, the small size of the island 
facilitates the spatial coverage and the collection of data during fieldwork. Finally, Miyakejima has been in-
deed widely studied by geophysical methods, especially in terms of temporal variation of electrical resistivi-
ty (Zlotnicki et al., 2003), seismicity (e.g., Kobayashi et al., 2012; Uhira et al., 2005), geomagnetic (e.g., Sasai 
et al., 1997), self-potential (e.g., Kuwano et al., 2015; Sasai et al., 1997), GNSS (e.g., Munekane et al., 2016), 
synthetic aperture radar [e.g., Ozawa and Ueda, 2011], and gravity signals [e.g., Furuya et al., 2003]. How-
ever, a large-scale deterministic image of its structure remains lacking, which makes it difficult to properly 
understand and assess the role of its hydrothermal system involved in past phreato-magmatic eruptions. In 
addition, the Miyakejima plumbing system underwent significant modification during the 2000 A.D. erup-
tion. Thus its future eruptive dynamics are likely to change, and it requires further evaluation.
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We present here the first general image of Miyakejima's plumbing system down to 4.5 km depth, inferred 
from broadband MT, seismic hypocenters distribution, together with subaerial mappings: self-potential, 
and infrared thermal image. We propose a coherent interpretation of the volcanic edifice in terms of rock 
properties, temperature, fluid content, and fluid flow, allowing us to precisely characterize magmatic-hy-
drothermal interactions.

2. Geological Settings
Miyakejima is a basaltic-andesitic stratovolcano located in the Pacific Ocean, 180 km to the south of Tokyo 
in the Izu-Bonin volcanic arc (Figure 1a). The volcanic edifice rises from the seafloor of 500 m below sea 
level (bsl), and stands at 775 m above sea level (asl). The island has a sub-circular shape with a diameter of 
∼8 km with an area extent of 55 km2.

The formation of Miyakejima subaerial edifice can be divided into three periods, both ended by the forma-
tion of a new caldera (Tsukui & Suzuki, 1998; Tsukui et al., 2001):

 1)  The pre-Kuwanokitaira caldera period (>10 ka). Miyakejima oldest deposits (i.e. pyroclastic rocks and 
lavas) are observed on the western side of the island (Figure 1c, red layers). This stage ended with the 
creation of the Kuwanokitaira caldera (∼4.5 km across), which may be associated with a phreatomag-
matic eruption (Geshi et al., 2019).

 2)  The pre-Hatchodaira caldera period (∼10–2.7 ka). After ∼3 ka of repose period, volcanic activity re-
sumed with the eruption of lava flows, scoria, and pyroclastic deposits that infilled the Kuwanokitaira 
caldera and formed a new stratocone (Figure 1c, brown layers). Finally, a second major collapse event 
generated the Hatchodaira caldera, 2 km across (Geshi & Oikawa, 2016).

 3)  The post-Hatchodaira caldera period (2.7 ka–2000 A.D.). Volcanic activity occurred within the 
Hatchodaira caldera, and formed a central stratocone (Mt. Oyama) composed of lava and scoria. How-
ever, most events erupted outside the caldera, along fissure systems-oriented in an SW–NE direction 
that is roughly perpendicular to the maximal regional compressive stress (Geshi & Oikawa, 2016). In 
several episodes, dikes encountered aquifers leading to phreatomagmatic eruptions (e.g., Furumio maar 
and Suoana-Kazahaya maars, Figure 1c). After regular eruptions occurring every ∼20 years (1940, 1962, 
1983, Figure S1), the last event took place in A.D. 2000. Volcanic activity was initiated by a minor sub-
marine eruption (Kaneko et al., 2005), and a lateral dike migration toward Kozushima Island (Murase 
et al., 2006; Uhira et al., 2005) (Figure S2a). These events were simultaneously followed by an asymmet-
ric collapse of the stratocone (Furuya et al., 2003; Geshi, 2009), creating the 2000 A.D. caldera (1.7 km 
across, and ∼500 m deep, Figures 1b and 1c). Concurrently, deep-seated basaltic magma rose to shallow 
levels, and several phreatomagmatic eruptions occurred within the new caldera (Nakada et al., 2005; 
Saito et al., 2005). Finally, an intense degassing activity (up to ∼400 kt of H2O, ∼50 kt of SO2 and ∼26 
kt of CO2 per day) started in the caldera through the newly-created fumarolic region, and progressively 
decreased over the following decades (Kazahaya et al., 2004; Matsushima, 2005; Shinohara et al., 2017) 
(Figures 1b and S3a).

According to geochemical studies, eruptions at Miyakejima were historically supplied by two magmatic 
reservoirs (Amma-Miyasaka and Nakagawa, 2003; Yokoyama et al., 2003): a deep-seated basaltic chamber at 
7–10 km bsl (SiO2 = 48–52 wt %), and a shallow andesitic chamber at 2–5 km bsl (SiO2 = 52–63 wt %). While 
most eruptions originated from a mixture of these two magmatic sources, a few recent events only involved 
magmas derived from the shallow andesitic reservoir (1835, 1962, 1983). However in 2000 A.D., analysis of 
eruptive deposits and gas composition indicates that the deep basaltic magma has erupted independently 
for the first time in at least 600 years (Amma-Miyasaka & Nakagawa, 2003; Geshi & Shinohara, 2010; Saito 
et al., 2010; Shinohara et al., 2017). Indeed, the shallow reservoir inferred in the SW part of the island (Fig-
ure 1c), is assumed to have been partially drained by the submarine eruption and the subsequent dike prop-
agation toward Kozushima Island (Nishimura et al., 2001; Ueda et al., 2005) (Figure S2a). Recent geodesic 
and seismicity observations indicate however a residual or renewed activity at the location of the ancient 
andesitic reservoir (Morita & Ohminato, 2020).
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Figure 1. Miyakejima volcano (Japan) and its structural-geological context. (a) Overview of the Japanese archipelago and the Izu-Bonin volcanic arc. 
(b) Locations of magnetotelluric stations (black triangles), broadband seismometers (black hexagons), and self-potential measurements (blue points), (c) 
Simplified geological map overlain with topography showing the three main volcanic activity periods, together with fumaroles and springs (red and purple 
points, respectively). Colored stars indicate mechanical sources and depth associated to the shallow magmatic chamber inferred by several studies: Kuwano 
et al. [2015] from transient self-potential signal, Nishimura et al. [2002] from GPS data, Kobayashi et al. [2012] from velocity waveforms inversion using very-
long-period events, Kumagai et al. [2001] and Kikuchi et al. [2001] from very long period seismic pulse. Maps were created using Esri ArcGIS 10.3 software 
(http://www.esri.com) with free digital elevation models: upper panel used the ASTER GDEM land model (https://asterweb.jpl.nasa.gov/gdem.asp) and 
the GEBCO bathymetry model (https://download.gebco.net/); bottom panels topography was obtained with the 5-m resolution digital elevation model of 
Miyakejima from the Geospatial Information Authority of Japan (https://www.gsi.go.jp/kiban). The geological map of Miyakejima used the free geographic 
information system database published by Tsukui et al. [2005], and was complemented with springs location from Sato et al. [2006].
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3. Material and Methods
3.1. Magnetotellurics

3.1.1. Method

The MT method determines the subsurface electrical resistivity ρ (Ω·m) (or its inverse, electrical conductiv-
ity σ in S·m−1) by measuring, on Earth's surface, natural variations of electric and magnetic fields induced 
by remote natural sources (e.g., solar wind, lightning). Two types of complex transfer functions can be ob-
tained from the frequency-domain ratios of these time series. First, the second-order impedance tensor Z 
(mV·km−1·nT−1) represents the ratio of electric field E (mV·km−1) and magnetic fields B (nT) components 
at a given frequency f (Hz), expressed as:
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And second, the geomagnetic transfer functions T (dimensionless) indicates the ratio of the vertical mag-
netic field to the horizontal magnetic field and is given by:
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where x, y, z subscripts denote components of northward, eastward, and downward directions, respectively. 
Each Z component can be described with its magnitude by an apparent electrical resistivity ρa:
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and by its phase φ (°):

      ,ij ijf arg Z f (4)

where i and j correspond to either x or y components.

In order to characterize MT transfer function data, induction vector (Parkinson, 1962) and phase tensor 
ellipse (Caldwell et al., 2004) can be represented for each frequency. The induction vector is expressed with 
the real part of T as follows:

        


, .x yTreal f Real T f Real T f (5)

The induction vector infers a lateral change in the electrical resistivity structure. It corresponds to the pro-
jection of the normal vector of a local plane of magnetic field variation on the horizontal xy plane, and it 
points toward high current concentration (i.e., conductive zones).

Phase tensor method is useful to investigate regional electrical resistivity structure because it is a galvanic 
distortion-free measure preserving phase information. This second order tensor   is expressed as:

  1 ,X Y (6)

with X and Y corresponding to the real and imaginary parts of Z, respectively. This tensor can be graphically 
represented as an ellipse, where the major and minor axis (max and min) indicate orientations of resistivity 
gradients. In order to provide information on the vertical resistivity gradient, the geometric mean of the 
phase tensor axes 2 (°) can be calculated as:

    1
2 ,max mintan (7)
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Information on the regional resistivity asymmetry can be obtained by calculating the phase tensor skew 
angle β (°); a rotational invariant defined as:

 
 






 
 
 
 

11 tan ,
2

sk
tr

 (8)

where  sk  and  tr  represent the skew and the trace of the phase tensor, respectively.

3.1.2. Acquisition, Processing, and Inversion

A Broadband MT survey was conducted at 13 sites in Miyakejima, between June and August 2012. Twelve 
MT stations were distributed along a SW–NE transect, while one station was located on the west part of 
the 2000 A.D. caldera (Figure 1b). Originally, one additional MT station was installed within the Furumio 
maar. Unfortunately, this station has been discarded from this study due to cultural noise, probably origi-
nating from a nearby water pumping station as reported by Arai (1978). Electric and magnetic time-series 
were recorded at 32 Hz and 1,024 Hz using Pb–PbCl electrodes (∼20 m spacing) and broadband induction 
coil magnetometers MFS (Metronix), respectively. All-time series were collected using an ADU data logger 
(Metronix) and their timestamps were synchronized by GPS clocks.

MT transfer functions were calculated with the bounded influence, remote reference processing algorithm 
(BIRRP code) from Chave and Thomson (2003). For this purpose, two reference stations were employed. To 
process frequencies below 0.1 Hz, we used the 1 Hz geomagnetic time-series from the Kakioka Magnetic 
Observatory (free data portal http://www.kakioka-jma.go.jp/en/), located 250 km NNE of Miyakejima. In 
contrast, high frequencies were obtained with the 32 Hz and 1,024 Hz time-series from Sakurajima refer-
ence station, located 880 km SW of Miyakejima (Time-series details in Figure S4). In order to improve the 
transfer function quality, days where H-Alpha solar flare index activity (Özgüç et al., 2003) was null were 
removed from the processing (National Oceanic and Atmospheric Administration, https://www.ngdc.noaa.
gov). Next, observed response functions Z and T were selected at 17 frequencies (0.0005–96 Hz), and out-
liers were removed (e.g., large error bars and anomalous deviations) from apparent resistivity and phase, 
and geomagnetic transfer functions (Figure 2). Finally, the resulting dataset consisted of 2,390 observations. 
Phase tensor ellipses and induction vectors are reported in Figure 3 with horizontal sections for four fre-
quencies. In addition, all ellipses colored with 2  and β are presented in Figure S5.

The 3-D electrical resistivity model of Miyakejima was obtained by inverting MT response functions using 
the 3-D finite-difference inversion code WSINV3DMT (Siripunvaraporn & Egbert, 2009). The inverse prob-
lem was classically solved by minimizing the Occam's style function  ,U m , using first-order isotropic 
spatial derivative with deterministic smoothing constraints:

                            
1 1 1 2

0 0, ,
TT

U m dm m m C m m d F m C d F m (9)

where, d are the observed data of dimension N (13 sites×12 responses×17 frequencies), m and m0 represent 
the logarithmic of the resistivity model m and the prior resistivity model respectively, T subscript is the 
transpose of the matrix, Cm  and Cd are the model covariance matrix and the data covariance matrix, respec-
tively, F[m] contains the synthetic data of the forward model response, and λ is the regularization param-
eter which is automatically updated at each iterative step to reduce  ,U m  (Siripunvaraporn et al., 2005). 
Inversion converges for a significant large N when the normalized root-mean square (RMS) reaches 1:
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The model space dimension was constructed with 362,952 elements (71 × 71 × 72 cells) extending on a 200-
km cube (Figure 4). In the central part of the domain, the mesh size was fixed to 200 m in the xy direction, 
and 30 m in the z direction. This discretization ensures accurate modeling of Miyakejima topography and 
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bathymetry while keeping a minimum of two cells between adjacent MT stations. The initial resistivity 
model was set to 100 Ω·m for land, 107 Ω·m for air, and 0.2 Ω·m for seawater (average value around Miyake-
jima latitude at 0–1,000 m depth, using the data set of ocean conductivity from Tyler et al. (2017).

A two-steps inversion was performed by incrementally lowering the data error floor using a prior resistivity 
model. This approach mitigated local minimum effects with potentially unreliable structures, and helped to 
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Figure 2. Comparisons of SW–NE pseudo-sections of apparent resistivity and phase between observed data (left panels) and calculated data (right panels) from 
the best fitting electrical resistivity model. (a) Observed and calculated apparent resistivity ρa (Ω·m) for Zxy and Zyx components. (b) Observed and calculated 
phase φ (°) for Zxy and Zyx components. Data are reported for 17 frequencies (0.0005–96 Hz). Discarded observed data were associated with large error bars to 
avoid any influence during the inversion. This figure was created using MATLAB software (www.mathworks.com).
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accelerate the model convergence (Hata et al., 2017). The first inversion 
with four iterations was conducted assuming large error floors,  ,Z TErr f , 
for response functions (Siripunvaraporn & Egbert, 2009):

        % ,Z xy yxZErr f Err Z f Z f (11)

        % ² ² ,T zx zyTErr f Err T f T f (12)

where ErrZ% and ErrT%were set to 20% and 30% respectively. Next, a sec-
ond inversion with six iterations was carried out by taking the final re-
sistivity distribution from the first step, as the initial and prior model. In 
this second step, the error floor was reduced to 15% and 20% for ErrZ% and 
for ErrT% respectively. After numerous tests with a careful inspection of 
results at each iteration, we decided to select the third iteration as the best 
model to prevent over fitting the data. Indeed, this iteration accurately 
matches the observations, while providing a plausible electrical resistiv-
ity structure (Figure 5). Hence, the final electrical resistivity model was 
obtained after a total of seven iterations, with the lowest normalized RMS 
value of our inversion procedure equal to 1.76 (Figure S6).

The WSINV3DMT code does not explicitly account for galvanic distor-
tion produced by near-surface heterogeneities. In Miyakejima, no abrupt 
changes were observed in apparent resistivity in each site, compared with 
adjacent sites (Figure  2), which indicates that the static-shift effect re-
mains limited.

In order to determine the sensitivity of the best fitting resistivity model, 
we followed an approach similar to Yoshimura et al. 2018). First, the ab-
solute sensitivity matrix (Jacobian, L1 norm) of the best fitting resistivity 
model was extracted following Siripunvaraporn (2012) procedure:

 





1

1 , , ,
i N

i
Frequency Site Number of response

N
J (13)

where     mJ F m is the sensitivity (Jacobian) matrix. Next, the sensi-
tivity density distribution was calculated by dividing the absolute sensi-
tivity values of each element by their volume. This step was important 
to reduce bias introduced by large elements in the absolute sensitivity 
matrix, which made it impossible to distinguish between constrained 
and unconstrained areas (Schwalenberg et al., 2002). Finally, histogram 
densities were plotted for the central and the external mesh domain (Fig-
ure  S7). High sensitivity values were only located in the upper central 
domain near MT stations, while lower values were associated with back-
ground regions. This sharp contrast can be seen with the bimodal distri-
butions intersecting at 10−7. We, therefore, set this value as the sensitivity 
limit of the final resistivity model.

In addition, forward models were carried out on each identified resistivi-
ty unit to check their robustness (Text S3).

3.2. Thermal Infrared Satellite Image

The surface temperature map of Miyakejima volcano was estimated from 
satellite remote sensing data. Two spectral radiance images were used 
due to their sensitivity to different temperature ranges. First, low-surface 
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Figure 3. Phase tensor ellipses and induction vectors (Parkinson's 
convention) between observed data (left panels) and calculated data (right 
panels) from the best fitting electrical resistivity model. (a-d) Comparison 
of phase tensor ellipses and induction vectors at 96 Hz, 8 Hz, 0.5 Hz, and 
0.002 Hz, respectively. Phase tensor ellipses are colored by the geometric 
mean 2 (°), and normalized by the maximum phase value max. Ellipses 
axis corresponds to the map orientation, and accounts for the magnetic 
declination at Miyakejima (−6.5° in 2012). Black squares indicate missing 
phase tensor ellipses due to discarded observed data. Phase tensor ellipses 
and induction vectors are superimposed on the Miyakejima digital 
elevation model hillshade. The latter was created from the free 5-m 
resolution digital elevation model (reference in Figure 1).



Journal of Geophysical Research: Solid Earth

temperatures (−30–+50°C) were recovered from the ASTER sensor, long-wave infrared (TIR) band 14 
(10.95–11.65 µm, 90-m spatial resolution). Second, high thermal anomalies (+90–+260°C) were obtained 
from the Landsat-7 ETM+ sensor, short-wave infrared (SWIR) band 7 (2.09–2.350 µm, 30-m resolution). To 
recover a representative thermal map associated with the 2012 MT survey, the closest ASTER and Landsat-7 
cloud-free images were selected through the Earth Explorer USGS free data portal (https://earthexplorer.
usgs.gov/). The ASTER TIR night-time image corresponded to January 31, 2012, 12:53 UTC. No night-time 
images were available for the Landsat-7 SWIR band, therefore, the closest day-time image used was on 
November 23, 2011, 01:10 UTC. For each spectral radiance image, land surface temperature  t  (K), was 
calculated through the inverse Planck Function (Planck, 1900):

 

 








 
 
 
 

2
5

1

,

ln 1

ct
c
R

 (14)

where c1 = 1.191042 × 108 (W·m−2·sr−1·μm4) and c2 = 1.42387752 × 104 (K·μm) are two constants, and λ 
(μm) is the wavelength of the surface-emitted radiance  R  (W·m−2·sr−1·μm−1). To retrieve  R , correc-
tions of calibrated at-satellite radiance  

inR  for atmospheric and emissivity effects were performed follow-
ing Harris (2013) procedure for SWIR (day-time) and TIR (night-time) images, as follows:

 
     

   
  


   

   
 
 

SWIR ,
in R scatR R R

R (15)
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Figure 4. 3-D model space used for the inversion of the 2012 magnetotelluric data. Ocean is represented with the turquoise blue region on the right panel, 
while land is colored by elevation. Magnetotelluric stations are reported with black triangles. The 3-D mesh of Miyakejima volcano was constructed using the 
open-source VTK format (https://vtk.org/).

https://earthexplorer.usgs.gov/
https://earthexplorer.usgs.gov/
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TIR ,
in UR R

R (16)

where  scatR  is the back-scattered solar radiance,  UR  represents the atmosphere up-welling radiance, 
and     is the atmospheric transmittance (dimensionless). These parameters were estimated using the 
radiative transfer code MODTRAN assuming a model of mid-latitude winter atmosphere at an altitude of 
300 m. The surface-reflected radiance  RR  was obtained following the method described by Harris (2013), 
while surface emissivity     (dimensionless) was retrieved using Sobrino et al. (1990) equation:

           1 ,v v s vP P C (17)

where v and  s  correspond to emissivity values of bare soil and full vegetation pixels set at 0.880 and 
0.990, respectively. Emissivity map also accounted for surface water value set to 0.995 at Furumio crater 
lake (Figure S8a). The map of fractional vegetation cover Pv (Figure S8b) was determined through Carlson 
and Ripley (1997) formula:

 
    

2

,s
v

V s

NDVI NDVIP
NDVI NDVI

 (18)

in which NDVIs and NDVIV are threshold values of the normalized difference vegetation index (NDVI), 
defined for bare soil and vegetation at 0.2 and 0.5, respectively (Walawender et al., 2012). The NDVI was 
calculated from Landsat-7 ETM+ image as:





4 3 ,
4 3

Band BandNDVI
Band Band

 (19)

In Equation 17, the last term Cλ corresponds to a surface roughness parameter, expressed as:

         1 1 ,v s vC F P (20)

where F′ is a geometrical factor taken to a mean value of 0.55.

The thermal map obtained through inverse Planck Function (Equation 14) assumes homogeneous temper-
ature for each pixel. However, when the pixel size is larger than a given thermal anomaly (e.g., small vent), 
an average temperature is recovered. To solve this effect of thermally mixed pixels, a dual band technique 
is often implemented (Dozier, 1981). Such a method could not be used here because the two radiance im-
ages have different resolutions and acquisition times. Nonetheless, similar temperature values were found 
between satellite-derived images and in situ measurements, indicating that the mixed pixel effect did not 
significantly influence the recovered thermal images (Text S4). Thus, we decided to combine temperatures 
from the two radiance images with the following procedure. First, low thermal anomalies (−30–+50°C) 
were obtained for each pixel of the island with the corrected TIR image. Second, the corrected SWIR image 
mostly led to null radiance values, except in the fumarolic area. These null values indicated that there did 
not exist high temperatures (+90–+260°C) and were excluded. Finally, the temperature map was retrieved 
by replacing, when available, TIR temperatures with SWIR ones at each pixel (Figures 5 and S8c).

3.3. Self-Potential Surveys and Processing

Electrical potential difference (voltage) was measured in Miyakejima using a high-impedance voltmeter (10 
MΩ, sensitivity ±0.1 mV) connected to a pair on non-polarizable Cu-CuSO4 electrodes through an insulated 
copper wire. For each acquisition, a reference electrode was first placed in a small hole to ensure good con-
tact with the soil. Next, the electrical potential was measured between the reference and distant electrodes. 
To complete long lines, several sub-profiles were necessary. Thus, every few hundred meters, the last meas-
urement point of each sub-profile was transferred as a new sub-reference point. Electrical potential stability 
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was systematically checked with three repeated measures at each point. When a sub-profile was completed, 
the first pair of the electrode was remeasured in order to check for a shift in the self-potential and apply 
corrections if necessary.

Data acquisition was first performed with two long profiles along MT stations transect (SW–NE) (Figure 1 
b). The southern profile was conducted on September 6–7, 2011, while the northern one was obtained from 
November 30 to 2 December 2, 2011. Distance between two adjacent sites was ∼100 m, and a total of 149 
measurements were necessary to complete the two lines. When possible, self-potential was measured at MT 
stations. However, in some cases, a straight line between the two MT stations could not be maintained due 
to dense vegetation, and consequently, the survey line was curved. South and north profiles were connected 
using a third central profile carried out on June 14, 2012. The latter included 35 sites with a spacing of 200 
m. Hence, the whole self-potential dataset was expressed with a unique reference point located at the south-
ernmost site, and its value was set to 0 mV. Finally, 123 selected points (Figure S9) were presented together 
with the electrical resistivity cross-section in Figure 5.

It is worth noting that self-potential surveys were not carried out using closed loops technique, and thus 
a systematic error was introduced in the data (Grobbe & Barde-Cabusson, 2019; Revil & Jardani, 2013). 
However, this error remains small due to the low standard deviation recorded in most points (<3 mV). 
In addition, the temporal error introduced between the three profiles is assumed to be rather low, since 
(a) no significant variation of volcanic activity was observed at Miyakejima during the 2011–2012 interval 
(Figure S2c and S3), and (b) monthly precipitation was relatively constant during the period separating the 
north and south surveys (285 ±60 mm· month−1, Japan Meteorological Agency).

3.4. Hypocenters Localization and Classification

Miyakejima seismic activity is recorded since 1999 by five stations belonging to the network of the Japanese 
National Research Institute for Earth Science and Disaster Prevention (NIED) (Figures 1b and S2). Each 
station is composed of a two-component tiltmeter (1 Hz sampling rate) and a three-component short-period 
seismometer system (ABS-33 type, 100 Hz sampling rate) placed in a 100-m deep borehole. At the surface, 
stations include a three-component broadband seismometer (STS-2, 20 Hz sampling rate) and a GPS receiv-
er. All the seismic data are continuously transmitted to the NIED Institute in Tsukuba (Japan).

Hypocenter coordinates were obtained after inverting arrival time data using a nonlinear maximum-like-
lihood algorithm developed by Hirata and Matsu'ura  (1987). To better discriminate mechanisms behind 
earthquakes, hypocenters have been classified into three types depending on their waveform features and 
dominant frequencies (McNutt, 1996): long period (1–5 Hz), hybrid (3–9 Hz), and volcano-tectonic (5–15 
Hz) (Text S1).

Following this classification, hypocenters were then selected for two periods. The first one started after 
the 2000 A.D. eruption and ended in August 2011 (Figure S2b), and it provided insight into events associ-
ated with the post-caldera collapse degassing activity (Figure S3). For this interval, only volcano-tectonic 
hypocenters above 5 km bsl and Mw > 0.8 were selected (1,013 events). The second period extended from 
September 2011 to September 2012 (Figure  S2c), since it covered the entire range of surveys presented 
in this article: magnetotellurics, self-potential, and thermal image mappings. All long-period hypocenters 
were picked (96 events), while hybrid ones were selected for Mw > −0.2 (921 events), and volcano-tectonic 
ones were taken for Mw > 0.8 (51 events). Selected hypocenters are presented together with the electrical 
resistivity model in Figure 5.

4. Results
4.1. Surface Temperature

The main thermal anomaly of Miyakejima (2011–2012) extends for ∼60,000 m2 in the southern part of the 
2000 A.D. caldera, with temperatures ranging from 20 to 181°C (Figures 5 and S8c). This area represents the 
only fumarolic zone within the volcanic island between 2000 and 2012. Except for this degassing region, no 
thermal anomalies are observed on the island with the thermal image.
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Figure 5. Vertical cross-section of Miyakejima volcano (SW–NE) showing the electrical resistivity model (Ω·m) and selected hypocenters, overlain with surface 
temperature map (°C) and self-potential (mV). Principal units are ‘u' = unsaturated deposits (130–2,200 Ω·m), ‘c' = clay cap (2.5–30 Ω·m), ‘b' = basement 
rocks (70–1,000 Ω·m), and ‘dr'= deep resistor' (200–500 Ω·m), see Section 4 and 5 for explanations. Fluid flows are represented with arrows: blue = rainfall 
infiltration, purple = hydrothermal fluids, red = magmatic fluids, and white = seawater intrusion. The estimated water table of the volcano (black dotted line) 
corresponds to the 130 Ω·m isovalue (Text S5). Self-potential points and hypocenters are projected along the two cross-sections aligned with the orientation 
of magnetotelluric stations (black triangles). Shallow seismicity in 2011–2012 is mainly composed of long-period and hybrid events (blue and yellow dots) 
located within the ‘c' unit at 0–1.4 km bsl, revealing the volcano conduit. Deep seismicity (2001–2012) mostly consists of volcano-tectonic events (red dots) 
beneath the ‘c' unit at 1.4–5 km bsl. Calderas are indicated by white dotted lines. Dikes associated with the 1983 eruption are reported by orange dotted lines as 
well as positive self-potential anomalies (a1 and a2). The electrical resistivity model is cut out at depth according to the threshold value of the sensitivity matrix 
(Figure S7) and sensitivity tests performed on each unit (Text S3).
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Surface temperatures at the coastline (>8°C) reflect the ocean influence with higher temperature values 
than the ground surface in winter. Small temperature variations between the coastline and the summit (8°C 
and 0°C, respectively) are mostly explained by the temperature gradient in the atmosphere (∼1°C·100 m−1) 
originating from adiabatic decompression of air masses.

4.2. Self-Potential

The SW–NE self-potential profile (2011–2012) displays a total amplitude of 350 mV, with the highest values 
near south and north coastlines (Figure 5). The self-potential signal decreases with increasing elevation up 
to the Kuwanokitaira caldera. After this boundary, a central positive anomaly (+200 mV) is observed, with 
maximum values at the 2000 A.D. caldera rim. This classical ‘W' shaped distribution (e.g., Ishido, 2004) is 
accompanied by two small-amplitude anomalies (+70 mV) in the southern part of the island. The south-
ernmost anomaly (a1) coincides with the location of the 1983 fissure eruption, while the second one (a2) is 
∼200 meters distant from the fissure (Figure S1).

4.3. Seismicity

Seismic activity following the 2000 A.D. eruption (2000–2007) was mostly composed of volcano-tectonic 
events (Figure S2b). These hypocenters extended on a ∼3-km radius centered beneath the caldera floor, 
with an oblique structure down to ∼5 km bsl and a tilt angle of ∼20°. After 2007, deep volcano-tectonic 
signals progressively decreased while shallower hybrid events became dominant. In 2011–2012, Miyake-
jima hypocenters were distributed sub-vertically beneath the southern part of the 2000 A.D. caldera floor 
(Figure S2c). This seismicity displays coherent long-period events forming a channel-like structure from the 
fumarolic vent down to 1.2 km bsl, with a width of ∼400 m (Figure 5). A similar structure can be observed 
from hybrid and volcano-tectonic events although their distributions widen over ∼1-km-large area, and ex-
tend to greater depths of 1.4 and 2 km bsl, respectively. Interestingly at 1.4–2 km bsl, volcano-tectonic events 
display a cluster with higher magnitudes (∼1.5 km wide, Mw > 1, Figure S10).

4.4. Electrical Conductivity Model

4.4.1. Observed and Calculated Data

Apparent resistivity ρa, phase  (Figure 2), and geometric mean phase 2 (Figure S5a) show overall a good 
agreement between observed and calculated impedance tensors Z. Intermediate frequencies (∼0.01–10 Hz) 
reveal low apparent resistivities beneath the Kuwanokitaira caldera, highlighting the presence of a large 
conductive region. This conductive zone is also identified by the positive 2  gradient at high frequencies 
(∼10–100 Hz).

Induction vectors indicate a good consistency in terms of magnitude and direction between observed and 
calculated transfer functions T (Figure 3). Above 1 Hz, vectors in the Kuwanokitaira caldera point toward 
the 2000 A.D. caldera, confirming the presence of a shallow conductive body in the central part of the 
island. As frequencies decrease (< 1 Hz), all induction vectors progressively rotate toward the conductive 
ocean, with higher magnitudes near the coastline. For the lowest frequencies (<0.001 Hz), all vectors are 
oriented to the S–SE direction. An explanation for such direction is presented in Text S6.

Small skew angles (|β|<1°) are mostly observed above 0.001 Hz in the central and southern MT sites (Fig-
ure S5b). For these frequencies, phase tensor ellipses are sub-circular (i.e.,  max min), indicating that the 
regional resistivity structure can be considered 1-D or 2-D. On the contrary, in the northern MT sites at low 
frequencies (<0.01 Hz), high skew angle values (|β|>2°) and elongated phase tensor ellipses ( max min) 
reveal a complex 3-D structure. Such a pattern specifically affects the northernmost MT site for all frequen-
cies. In this case, the resistivity model cannot properly reproduce the data, likely because of the lack of 3-D 
spatial coverage with MT sites.
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4.5. Description of the Main Units

The best fitting electrical resistivity model of Miyakejima volcano has a satisfactory depth of investigation 
down to 4.5 km bsl (Figure 5). Electrical resistivity values range from 2.5 to 2,200 Ω·m, and thus agree 
with the previous 1-D resistivity model obtained at Miyakejima by Zlotnicki et al. (2003) from audio-mag-
netotellurics soundings. This resistivity range is also consistent with several volcanic islands (e.g., Gailler 
et al., 2018; Piña-Varas et al., 2018; Pryet et al., 2012; Revil et al., 2011) and continental arc volcanoes (e.g., 
Aizawa et al., 2005; Heise et al., 2016).

The electrical resistivity model is classified into four units. The relevance of this selection in terms of rock 
properties and fluid flow is discussed in the following section and in Text S5. The main resistivity units 
identified are:

1.  ‘u' unit (unsaturated deposits): a high-resistive body (130–2,200 Ω·m) positioned at the surface of the 
volcano with a thickness up to 700 m. This long structure extends along the volcano‘s flanks up to the 
coastline but it is absent beneath the 2000 A.D. caldera. This unit is correlated with low surface temper-
ature (<15°C).

2.  ‘c' unit (clay cap): a conductive layer (2.5–30 Ω·m) lying below the ‘u' unit at 0–2 km bsl. This elongated 
layer rises near the 2000 A.D. caldera floor and at the coastline.

3.  ‘b' unit (basement rocks): a resistive body (70–1,000 Ω·m) in the southern and northern part of the is-
land, extending gradually from the seabed down to 2.5 and 3.5 km bsl, respectively.

4.  ‘dr' unit (deep resistor): a resistive region (200–500 Ω·m) below the ‘c' unit, at 2–4.5 km bsl, with an offset 
of ∼1.5 km to the SW of the 2000 A.D. caldera.

The results of the sensitivity tests performed on each unit (Text S3) indicate that they are all reliable except 
at two locations. First, a deep conductor (2.5–30 Ω·m, 2–5 km bsl) beneath the 2000 A.D. caldera, which 
we have thus removed from the resistivity cross-section. Second, the northern basement unit: this unit is 
already mainly absent from the resistivity cross-section, and consequently we decided not to make an ad-
ditional cut.

5. Discussion
5.1. Unsaturated Deposits and Water Table

In Miyakejima, a sharp resistivity contrast exists between the superficial high-resistive materials (‘u' unit) 
and the underlying conductive ones (‘c' unit). Such vertical variation is often observed on active volcanoes 
that include significant topography and meteoric recharge (e.g., Aizawa et al., 2005; Gailler et al., 2018; Piña-
Varas et al., 2014; Revil et al., 2011; Rosas-Carbajal et al., 2016; Triahadini et al., 2019; Usui et al., 2016). This 
change in electrical resistivity is generally interpreted as a shift from unsaturated to water-saturated regime, 
delimiting the water table boundary of the volcano (e.g., Aizawa et al., 2009; Hurwitz et al., 2003).

In order to accurately understand the cause of the high-resistive ‘u' unit in Miyakejima, we have calculated 
the theoretical electrical resistivity of fully unsaturated porous rock, and its transition to water-saturated 
conditions. To this purpose, we used Archie's Law and Waxman-Smits equation (Waxman & Smits, 1968) 
accounting for Miyakejima's petrophysical rock properties and combined it with an empirical law to reduce 
the porosity at depth (Text S5). We assumed an average rock temperature of 15°C since no thermal anom-
alies were associated with the resistive ‘u' unit (Figures 5 and S8c). The calculated range of the ‘u' unit 
(130–2,145 Ω·m) shows an excellent agreement with the electrical resistivity model (130–2,200 Ω·m), thus 
explaining the nature of the resistive structure by an unsaturated layer. Therefore, the 130 Ω·m isovalue 
(water-saturated conditions) was used to define the apparent water table of the volcano. Near the coastline, 
the position of this aquifer is consistent with the presence of shallow wells and springs (Aoki et al., 1984; 
Arai et al., 1977; Sato et al., 2006). In the central part of the island, the deep position of the estimated wa-
ter table (300–700 m below the ground surface) is also coherent by the absence of large springs and wells. 
Nevertheless, few cold springs with small discharge rate (0.1–10 L·min−1) observed by Sato et al. (2006) at 
200–500 m asl, indicate the presence of minor perched aquifers lying above thin ash layers. These small and 
scattered aquifers have no visible effects on the large resistivity structure, suggesting a limited influence in 
the Miyakejima's hydrogeological cycle.

GRESSE ET AL.

10.1029/2021JB022034

14 of 24



Journal of Geophysical Research: Solid Earth

5.2. Clay Cap

The elongated conductive ‘c' unit (2.5–30 Ω·m) lies below the water table and thus, belongs to the water-sat-
urated zone (Figure 5). This structure is connected to the main fumarolic area, indicating significant flu-
id-rock alteration at depth. In Miyakejima, products of the 2000 A.D. eruption included wall rock fragments 
that were altered with up to 20% of smectite in a mass fraction (Yasuda et al., 2002).

To properly constrain the nature of the conductive ‘c' unit, electrical resistivity was calculated for three 
water-saturated domains with different degrees of rock alteration and temperature (Text S5). First, an up-
per domain just beneath the water table, with a low alteration degree at 50°C including 4% of smectite in 
mass fraction. Second, a central altered domain at 200°C containing 20% of smectite. Third, a highly altered 
domain corresponding to the bottom region of the clay cap at 250°C with 4% of smectite. In this last case, 
the lower amount of smectite is defined to account for its transformation into chlorite and epidote (less 
conductive minerals) above 230°C (Árnason et al., 2010; Flóvenz et al., 2005). The calculated resistivities for 
the upper, central, and bottom domains of the ‘c' unit are 2.6, 26, and 6 Ω·m, respectively. These three val-
ues match the ‘c' unit range, indicating that its resistivities can be explained by different content of altered 
minerals, which is a temperature-controlled process. Therefore, we interpret this ‘c' unit as a large clay cap 
zone, often identified on volcanoes and geothermal systems (e.g., Flóvenz et al., 2005; Hogg et al., 2017; 
Tsukamoto et al., 2018; Uchida, 2005; Yamaya et al., 2013).

Permeability of the clay cap generally reduces as the smectite content increases with temperature up to 
200°C (e.g., Revil et al., 2019). Hence, the central (and most conductive) domain of the clay cap may act as 
a low-permeable boundary limiting fluid circulation. The local rupture of this layer, (due to a dike intrusion 
or the pressurization of underlying fluids) can transiently release a large amount of heat in the shallow 
hydrothermal system, which can generate a sudden explosive eruption (e.g., Mannen et al., 2021).

It is important to note that conductive clay caps can exist in geothermal regions with temperatures below 
150–200°C, due to ancient or inactive sections of hydrothermal systems (e.g., Piña-Varas et al., 2018). Thus, 
clay caps do not always reflect the true temperature field of a system (e.g., Lévy et al., 2018). In Miyakejima, 
we believe this scenario is unlikely since it is a small-size and regularly active volcano, with persistent evi-
dences of fluid circulation. This regular activity, mostly along the SW–NE fissure system, may also explain 
the consistent lateral and vertical extent of the clay cap. Indeed, the long-term host-rock alteration at a rela-
tively constant temperature (∼100–200°C) can produce a physico-chemical equilibrium between hydrother-
mal fluids and altered rocks (Pirajno, 2008). For these reasons, we propose that the clay cap resistivity can 
be used as a first-order approximation to (i) assess the upper thermal structure on small active volcanic ed-
ifices, and (ii) define the position of a low permeability layer above which a water-rich zone can be located.

5.3. Basement Rocks

The ‘b' unit (70–1,000 Ω·m) near Miyakejima coastlines is not associated with any seismic activity in recent 
historical eruptions (Minakami,  1974; Ueda et  al.,  2005; Ueki et  al.,  1984). Such aseismic and resistive 
zones often lie on the edge of hydrothermal systems (e.g., Bertrand et al., 2013; Cordell et al., 2018; Heise 
et al., 2016; Hill et al., 2015; Samrock et al., 2018; Yamaya et al., 2017), and are usually interpreted as low-po-
rous rocks without major thermal anomalies.

In order to understand the origin of the resistive ‘b' unit in Miyakejima, electrical resistivity was calculated 
assuming a classic geothermal gradient for the oceanic crust and a reduction of porosity at depth (Text S5). 
The calculated resistivity range (66–490 Ω·m) shows a relatively good match with the model (70–1,000 
Ω·m), except for a few high values. Hence, we suggest that the ‘b' unit could represent a basement zone 
formed by old submarine volcanic materials that are possibly associated with low-permeabilities (e.g., Izqui-
erdo, 2014; Join et al., 2005).

5.4. Magmatic Fluids Reservoir

Determining the characteristics of the resistive ‘dr' unit (200–500 Ω·m) is a central point to understand the 
plumbing system of Miyakejima since it coincides with the location of several source mechanisms inferred 
during the 2000 A.D. eruption (Figure 1 and references therein). This resistive zone is also associated with 
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the deepest seismicity recorded on the volcano, which forms a channel-like structure connected to the 
fumarolic area (Figures 5, S2b, and S2c). The predominance of volcano-tectonic events down to ∼5 km 
depth suggests that the brittle regime dominates the upper part of the volcano (Ito, 1993). Thus, it implies 
that the average rock temperature of this region should range between that of the main vents (>350°C in 
2000–2006, Figure S3c), and that associated with the onset of the brittle-ductile transition (∼550 ± 100°C 
for basalt, after Violay et al. [2012]). Under these temperature and pressure conditions (hydrostatic regime), 
the porous phase is either dominated by superheated or supercritical fluids. Indeed, critical points of pure 
water and seawater range between 373°C at 220 bar and 403°C at 298 bar, respectively. On volcanoes and 
geothermal areas, the presence of steam, or supercritical water in porous media is known to increase elec-
trical resistivity compared to a liquid water phase (e.g., Árnason et al., 2010; Gasperikova et al., 2015; Hersir 
et al., 2020; Piña-Varas et al., 2014; Soyer et al., 2018; Yamaya et al., 2013). Such field observations are also 
attested by numerous laboratory measurements (e.g., Klumbach & Keppler, 2020; Nono et al., 2020; Quist 
& Marshall, 1968; Roberts et al., 2001).

In Miyakejima, electrical resistivity calculations performed in Text S5 support that steam (or superheated 
water) can explain the high resistivity values of the ‘dr' unit, while a liquid-dominated regime cannot. For 
this reason, we suggest that the ‘dr' unit could represent a two-phase or supercritical fluid reservoir feeding 
the fumarolic area. We propose that this reservoir would have developed above the residual part of the shal-
low andesitic chamber, involved in Miyakejima eruptions since at least the 15th century (Amma-Miyasaka 
et al., 2005; Ushioda et al., 2018). Magmatic gases stored in this reservoir would have two origins: (i) a small 
portion linked to the long-term crystallization of the shallow andesitic body, and (ii) a large amount com-
ing from intrusions of the deep basaltic source. A recent multiphase flow simulation performed by Scott 
et al. (2015) confirms that a gas-rich zone, similar to the ‘dr' unit, can be formed above a shallow magmatic 
intrusion after several hundred years. Other fluid models reveal that the extent of such gas-dominated re-
gion can be controlled by permeability contrasts induced by a clay cap (Scott, 2020) or a self-sealing zone 
(Fournier, 2007; Weis, 2015).

Interestingly, a large conductor (<5 Ω·m) associated with a magmatic body is not observed in the best fitting 
resistivity model. Its absence could indicate that the shallow magma chamber does not exist anymore, is 
distant from the MT sites, or is too small to be resolved with the MT spatial coverage (e.g., Lee et al., 2020; 
Piña-Varas et al., 2018).

5.5. Fluid-Flow Structure and Magmatic-Hydrothermal Interactions

A general fluid flow model of Miyakejima volcano is proposed here based on a joint interpretation of elec-
trical resistivity and seismic signatures, together with subaerial boundary conditions (self-potential and 
thermal maps), and previous literature.

Magmatic fluids are released from a deep-seated basaltic source (7–10 km depth) and remain stored within 
the ‘dr' reservoir (2–4.5 km depth) corresponding to the residual andesitic chamber. Some of these volatiles 
accumulate beneath the central part of the clay cap (1.4–2 km bsl), creating a large volcano-tectonic cluster 
(Figures 5 and S10). This seismic cluster could also represent the location of the upper 2000 A.D. basaltic 
intrusion inferred by Sasai et al. (2002) from magnetic field measurements. In either case, exsolved gases 
ascend in the fractured and permeable conduit formed after the caldera collapse, and their energy is partly 
transferred to the surrounding liquid-dominated region. At this interface, liquid water filling fractures can 
be heated above a threshold pressure, which causes transient crack openings (Ohminato, 2006). The result-
ing pressure drop in fractures generates violent vaporization of water (Matoza & Chouet, 2010). We suggest 
that this explosive phase change explains the long-period events, while the reverberation of shockwaves 
could be associated with hybrid signals. This seismicity likely unravels the ∼1.2 km-long geometry of the 
upper conduit. We propose that this mechanism is also responsible for the mixing between hydrothermal 
and magmatic fluids, as observed by Shinohara et al. (2017) with the increase of the H2O/SO2 gas ratio after 
the 2000 A.D. eruption (Figure S3b).

The mixture of hydrothermal and magmatic fluids discharges at the fumarolic area and condenses at the 
near surface of the caldera floor. A 2-km-wide conductive plume is attested beneath the 2000 A.D. caldera by 
the positive self-potential anomaly detected from its rim. This fluid upwelling was already observed before 
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the last eruption by Sasai et al. (1997), although its dynamics have been likely modified due to the collapse 
of the Oyama stratocone.

Intense annual precipitation affects Miyakejima Island (2,950 mm·year−1, 1981–2010, Japan Meteorologi-
cal Agency) due to extensive evaporation of the hot ocean, and sea-breeze convergence over coastal zones 
(Qian, 2008). A significant amount of such meteoric water (30–50%, after Machida & Lee [2008]) percolates 
downward through the soil until it reaches a water-saturated layer. Despite a large amount of recharge, the 
highly permeable deposits of Miyakejima (10−9–10−12 m2 after Arai [1978]) keep the main aquifer a few hun-
dred meters below the surface. In addition to the main hydrothermal plume, two parameters locally affect 
the water table level of Miyakejima:

1.  The Kuwanokitaira caldera. This structural boundary forms a highly-permeable path for rainfall infiltra-
tion. At the southern caldera limit, the water table level is lowered below the sea level, and it is associated 
with the minimum self-potential value. Such a “negative” water table is rare, but can locally exist on 
volcanic islands (e.g., Cabrera & Custodio, 2004; Jackson & Kauahikaua, 1987). On the contrary, in the 
northern region, the Kuwanokitaira caldera boundary stops 1 km west of the MT stations, which proba-
bly explains the absence of a deep unsaturated layer in this area.

2.  The 1983 fissure eruption. The residual heat and fractures created by the 1983 dikes induce small-scale 
aquifer upwellings (Sasai et  al.,  1997). This assumption is supported at the south vent by a positive 
self-potential anomaly (a1) correlated with diffuse soil CO2 degassing (Hernández et al., 2001). However, 
the water table upwelling cannot be imaged, likely because of the limited resolution of the resistivity 
model in this area. The second self-potential anomaly (a2), although slightly shifted from the vent (∼200 
m), reflects a moderate water-table upwelling observed by the resistivity image (Figure 5).

Groundwater formed by the mixture of meteoric recharge and hydrothermal fluids is mostly driven toward 
the ocean due to the water table gradient. The current and past positive self-potential anomalies (Nishida 
et al., 1996; Sasai et al., 1997), as well as hydrogeological studies (Aoki et al., 1984; Machida & Lee, 2008; 
Sato et al., 2006), confirm this general fluid circulation. Near the coastlines, groundwater mixes with ma-
rine water, as revealed by geochemical analysis of water and 1-D resistivity surveys (Aoki et al., 1984; Sato 
et al., 2006). Locally, groundwater is discharged either onshore with springs and hot springs, or offshore. It 
is also probable that a small amount of such water infiltrates the low permeable basement unit, forming a 
convective cell, as shown by Ishido (2004) with multiphase flow simulation.

Figure 6 summarizes these observations and our interpretation of the current Miyakejima plumbing system.

5.6. Implication for Hydrothermal-Related Hazards

Historical phreatomagmatic eruptions on Miyakejima (i.e., tuff cone, tuff ring, maar diatreme) mainly oc-
curred near the coastline, at the summit, and in the upper segment of the Suoana-Kazahaya eruption (Fig-
ure S1). In these regions, the aquifer is shallow (<300 m depth) and large, thus a magmatic intrusion can 
potentially produce stress exceeding the confining pressure which leads to an explosive eruption.

Conversely, other regions are mainly characterized by fissure eruptions with lava flow and scoria emissions. 
These areas are characterized by either deep and wide aquifers (e.g., Kuwanokitaira caldera, 300–700 m 
depth), or shallow and thin aquifers (e.g., lower segment of Suoana-Kazahaya eruption). In both cases, it 
is likely that the over pressure resulting from the vaporization of the aquifer does not exceed the lithostatic 
pressure, and thus a magmatic intrusion ends with a non-explosive activity (Figure 6).

6. Conclusion
We have revealed the first large-scale image of the Miyakejima plumbing system (0–4.5 km depth) by com-
bining four geophysical methods: magnetotellurics, seismicity, self-potential, and surface thermal image. 
The resulting data were jointly interpreted with a particular focus on understanding the significance of the 
electrical resistivity using Archie's Law and Waxman-Smits equation. Thus, we proposed a coherent char-
acterization of the main hydrothermal-magmatic structures in terms of rock properties, temperature, fluid 
content, and fluid flow.
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The estimated water table position of the island (0–700 m depth) reflects the complex and dynamic relations 
between hydrological processes, alteration, and inherited tectono-volcanic settings. Our findings suggest 
that the aquifer position and its thickness are strongly related to the behavior of the eruptive activity. By ex-
amining historical eruptions, we found that magmatic intrusions are likely to generate a phreatomagmatic 
eruption where a wide aquifer is located within the first ∼300 m below the ground surface.

At greater depths, an elongated clay cap (0–2 km bsl) seems to efficiently seal a deep gas-rich reservoir (2–4.5 
km bsl) from shallow water-rich regions, except beneath the 2000 A.D. caldera. In this area, hot magmatic 
gases ascend toward the surface within a ∼1.2 km-long permeable conduit, inducing steam explosions in 
the liquid-dominated surrounding. We propose that this energetic phase change explains the long-period 
seismicity, and reveals the mixing mechanism responsible for the increase of water content observed in the 
fumarolic composition after the 2000 A.D. eruption.
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Figure 6. Interpretative scheme of Miyakejima plumbing system after the 2000 A.D. eruption. The partial drainage of the shallow andesitic reservoir (2.5–4.5 
km bsl) due to the NW migration of dikes toward Kozushima Island (orthogonal to this cross-section), and the subsequent formation of the 2000 A.D. caldera 
have induced an expansion of a gas-rich region, trapped beneath a low-permeable clay cap. The aquifer position is controlled by the upper clay layer, and is 
influenced by recent volcanic activity (e.g., 1983 fissure eruption, west black arrows), and tectonic structures (e.g., Kuwanokitaira caldera). The location and 
the thickness of the aquifer affect the nature of the eruptive activity: explosive events are mainly located where a large aquifer reaches shallow regions (< 300 
m depth, e.g., Suoana-Kazahaya eruption), while effusive activity occurs where the aquifer is deep (> 300 m depth) or thin. A water-rich region progressively 
developed in the fractured conduit formed by the 2000 A.D. caldera collapse. In this area, the heat originating from the degassing activity and the basaltic 
intrusion produces minor steam explosions (green stars) at the interface between gas and liquid-dominated regions. This magmatic-hydrothermal interaction 
induces the long-period seismicity signals down to 1.2 km bsl.
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The present study introduces a relevant multidisciplinary approach to better image and understands vol-
canic edifices. We believe this work can help to enhance monitoring strategies on volcanoes, in order to 
further mitigate hazards associated with magmatic-hydrothermal interactions.

Data Availability Statement
Datasets generated by this study (i.e., raw and processed magnetotellurics time-series, electrical resistivity 
model, hypocenters, thermal image, and self-potential measurements) are available on the Zenodo open-ac-
cess repository operated by the CERN: https://doi.org/10.5281/zenodo.4745262.
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