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Two independent signals detected 
by ocean bottom electromagnetometers 
during a non-eruptive volcanic event: 
Ogasawara Island arc volcano, Nishinoshima
Kiyoshi Baba1* , Noriko Tada1,2, Hiroshi Ichihara3, Yozo Hamano4, Hiroko Sugioka2,5, Takao Koyama1, 
Akimichi Takagi6 and Minoru Takeo1

Abstract 

Nishinoshima is an active oceanic island arc volcano situated approximately 1000 km south of Tokyo, Japan. Since 
2016, marine electromagnetic observations using ocean bottom electromagnetometers have been conducted 
around the island to investigate the electrical structure beneath the volcano for the first time. In contrast to the 
original purpose of the experiment, the data collected at five sites deployed in 2016–2017 showed distinct time varia-
tions in the magnetic field and the tilt of the volcano’s slope. These time variations occurred coincidentally in mid-
November 2016; this was during a quiet period between eruptions in 2015 and in 2017. The independence between 
the observed total magnetic force and tilt data was verified, highlighting that these variations were not artificial 
rather, associated with volcanic activity that did not invoke an eruption. Sources for demagnetization and deflation 
were estimated beneath the volcanic slope in the northeast of Nishinoshima Island, assuming a magnetic dipole 
and a spherical volume change, respectively. The resultant dipole moment and the volume change were too large to 
maintain simple source assumptions. However, the limited available data only enabled quantitative discussion under 
simple model settings, suggesting that the source mechanisms were more complex. The observations from this study 
demonstrate that if deployed strategically, ocean bottom electromagnetometers are useful to monitor island volcano 
activities.
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Introduction
Nishinoshima is a volcanic island in the Ogasawara 
(Bonin) island arc located approximately 1000 km south 
of Tokyo, Japan (Fig. 1a). The Nishinoshima volcano pro-
vides a unique opportunity to study island-forming erup-
tion processes (e.g., Maeno et  al. 2016; Shinohara et  al. 
2017; Takagi et al. 2017; Kaneko et al. 2019). The island 

has attracted the attention of geological researchers due 
to the development process of the continental crust asso-
ciated with the subduction of the Pacific plate (e.g., Sano 
et al. 2016; Tamura et al. 2019). After an absence of nearly 
40 years, eruption activity has occurred since November 
2013. Seafloor seismic observations showed numerous 
events associated with the surface activity of the volcano, 
which mostly ceased in November 2015 and became 
active again in May 2017 (Shinohara et al. 2017). Active 
and quiet periods have alternated until the present time 
(April 2020). Maeno et al. (2016) estimated that the total 
volume of erupted material reached ~ 0.1  km3 and since 
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2013, the surface area increased by ~ 2.6 × 106 m2 during 
the first 15 months of the activity.

The major component of Nishinoshima lava is andesitic 
(Maeno et al. 2016; Sano et al. 2016; Tamura et al. 2019), 
which is a critical constituent of the continental crust. 
From an analysis of submarine lava samples, Tamura 
et  al. (2019) suggested that the Nishinoshima andesites 
are mantle-derived and that their origin is strongly influ-
enced by the thin overlying crust. According to their 
model, the separation of andesite primary magma occurs 
just beneath the island arc Moho (~ 20 km depth) and oli-
vine fractionation from primary andesite magma occurs 
in shallow crustal magma chambers. From a geochemi-
cal analysis of lava and air-fall scoria from Nishinoshima, 
Sano et  al. (2016) confirmed that the magma chamber 
depth range should be 3–6  km. There are, however, no 
geophysical observations that imaged physical property 
structure possibly related to the magma beneath the vol-
cano until the present time.

Electromagnetic (EM) and magnetic observations are 
frequently used for studying structure in terms of electri-
cal conductivity and magnetization, respectively, beneath 

volcanoes (e.g., Aizawa et  al. 2014) and for monitoring 
volcanic activity (e.g., Minami et al. 2018; Takahashi et al. 
2018). From 2016, we conducted seafloor EM surveys 
using ocean bottom electromagnetometers (OBEMs). 
The investigation is ongoing, with the instruments being 
replaced in 2018 and 2019. It is the first seafloor EM 
experiment globally to target an active oceanic island vol-
cano for investigation. The primary aim of the surveys is 
to image electrical conductivity structure, especially for 
the magma chambers beneath Nishinoshima through 
magnetotelluric analysis. The analysis is expected to con-
strain the depth extent of the magma chambers because 
electrical conductivity is sensitive to high-temperature 
anomalies and the presence of molten rock.

This paper reports on the data obtained from the first 
phase of the seafloor EM observation that was con-
ducted in 2016–2017. In contrast to the original purpose 
of the experiment, we found distinct time variations in 
data of the instrumental tilt and the total magnetic force 
observed by the OBEMs. The variations occurred during 
a quiet period between recent major eruptions in 2015 
and 2017. Upon examining the data, we are confident 
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Fig. 1 a Observation array on a bathymetric map around Nishinoshima. The contour lines and colors indicate the bathymetry and the slope, 
respectively. Crosses with labels denote the site location. Inset is a large-scale map showing the location of Nishinoshima (red star) and Chichijima 
(yellow star). b Photograph of ERI-OBEM. c Photograph of JAMSTEC-OBEM (taken by M. Shinohara)
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that the variations are likely to be a volcanic event, as 
illustrated in the following sections. The investigation of 
the electrical structure beneath the volcano will be con-
ducted after the additional data acquisition is completed 
and will be presented at a later date.

Observations and data
In this study, we utilized five OBEMs that were equipped 
with a three-component fluxgate magnetometer and 
mutually orthogonal electric dipoles to measure the time 
variation of the vector geomagnetic field and two hori-
zontal components of the geoelectric field. The OBEMs 
were also equipped with a two-component tiltmeter and 
a thermometer for the correction of the attitude and the 
magnetic field variations, respectively, as necessary. Four 
of the OBEMs were supplied by the Earthquake Research 
Institute (ERI), The University of Tokyo. The remaining 
OBEM was supplied by the Japan Agency for Marine-
Earth Science and Technology (JAMSTEC). We hereafter 
refer to them as ERI-OBEMs and JAMSTEC-OBEM.

The ERI-OBEMs and JAMSTEC-OBEM were pro-
duced by Tierra Tecnica Co. Ltd., but the specifica-
tions differ. The ERI-OBEMs are more compact in size 
than the JAMSTEC-OBEM, consisting of 4.6-m-long 
electric dipoles, glass spheres as floats, and titanium 
pressure cases for housing the magnetometer, acous-
tic transponder, and batteries (Fig.  1b). The JAMSTEC-
OBEM consists of 5.4-m-long electric dipoles, two glass 
spheres for housing on a titanium frame, and a differen-
tial pressure gauge (Fig. 1c), which can also be used for 
monitoring tsunamis (Suetsugu et al. 2012; Sugioka et al. 
2014). The ERI-OBEMs and JAMSTEC-OBEM share the 
same measurement resolution of each sensor, being 0.1 
pT for the magnetometer, 1.2 nV for the voltmeter,  10−5 
arc-degrees for the tiltmeter, and  10−4°C for the ther-
mometer. The effective resolutions in the real data are 
approximately 100–1000 times more than the above val-
ues because of instrumental and environmental noise.

The OBEMs were deployed on the seafloor around 
Nishinoshima in October 2016 and all were successfully 
recovered in May 2017. The observation array is shown 
in Fig. 1a. The ERI-OBEMs were deployed on the under-
water flank of Nishinoshima where the water depth was 
960–1456 m (NS03–NS06). The measurement was con-
ducted with 8-Hz sampling intervals for 41–57 days from 
October 19th, 2016 until the battery was exhausted. The 
JAMSTEC-OBEM was deployed on the relatively deeper 
(2115 m) eastern flank of Nishinoshima (NS02). The sam-
pling interval was 60  s and the data were collected for 
the entire observation period until the recovery. Further 
details of the observation sites are shown in Additional 
file 1: Table S1.

In this study, we focused on the magnetic field and 
instrumental tilt observed by the OBEMs, although the 
geoelectric field data were also recorded. The time series 
data at NS04 are shown in Fig. 2 and the same plots for 
the other sites are provided in Additional file  1: Figs. 
S1–S4. The ERI-OBEMs data were resampled every 60 s 
by taking a running mean of the 60  s time window. We 
denote x′, y′, and z′ as mutually orthogonal directions of 
the observation coordinate (right-hand) system. z′ directs 
nearly vertically down but the directions of x′ and y′ are 
not under control because the OBEM is deployed by free 
fall from the sea surface. The two components of the 
instrumental tilt, θpitch and θroll are defined as the clock-
wise rotation angles of z′ − x′ plane to y′ axis and y′ − z′ 
plane to x′ axis, respectively. The tilt data are mostly sta-
ble except during the period between November 13th 
and 19th (hereafter, this observation period is referred to 
as Period A). The three components of the magnetic field 
mostly changed in Period A. These observations indicate 
that the OBEM attitude changed. Similar changes in the 
tilt and the magnetic field were observed in the same 
time period for the other sites (Additional file  1: Figs. 
S1–S4). The question becomes whether the variations 
occurred because of the movement of the instruments 
only, or because of the fluctuation of the volcanic edifice. 
We investigate these variations further in the following 
sections.

Analysis and results
We converted the three components of the magnetic 
field data from the observation coordinate system into 
the geographical coordinate system (x, y, and z are the 
geographical north, east, and the vertical down, respec-
tively). First, the instrumental tilt was corrected by Euler 
rotations of − θpitch and − θroll to reconstruct the verti-
cal component, Bz. We denote the coordinate system at 
this stage by x″, y″, and z″ (≈ z). Bx″, By″, and Bz″ (≈ Bz) at 
each site are shown in Fig. 2 and Additional file 1: Figs. 
S1–S4. The large change in the three components of the 
magnetic field during Period A was significantly reduced 
by the tilt correction. Then, the azimuthal rotation angle, 
θazimuth, was determined to reconstruct Bx and By by the 
following equation:

where Bquiet
x′′  and Bquiet

y′′  are the horizontal magnetic field 
components in the periods that the geomagnetic distur-
bance is relatively weak as Ap index is less than five and 
DIGRF is the declination at the site predicted by the 12th 

(1)θazimuth = tan−1
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Fig. 2 Time series of Ap index (top) and the data observed by the OBEM deployed at NS04. For the magnetic field data in the second to fifth rows, 
the black and red lines are the data before and after tilt correction, respectively. These magnetic field data and two components of the tilt data in 
the sixth row were shifted by a reference value indicated in each panel. The reference values are those at 00:00:00 on October 20th, 2016 (UTC). 
The bottom row shows the temperature measured near the fluxgate sensor. Yellow shades indicate Period A (November 13–19th, 2016). See also 
Additional file 1: Figs. S1–S4 for details on the other sites
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generation of International Geomagnetic Reference Field 
(IGRF) model (Thébault et al. 2015).
θazimuth was estimated for three observation periods: 

before Period A, after Period A, and the entire observa-
tion period. The results are listed in Table  1. For most 
of the sites, the estimations agree within 0.2 arc-degrees 
in the three observation periods. The only exception is 
NS06, whereby the difference in θazimuth between the 
before and after Period A is a significantly large 5.6 arc-
degrees. The time series data for NS06 shows a large 
step-like change in θpitch and θroll on November 13th. The 
three components of the magnetic field also show a large 
step at the same time and the step remains after the tilt 
correction (see B′ and B″ in Additional file  1: Fig. S4). 
These results suggest that the OBEMs at NS02–NS05 
were stably settled on the seafloor but the OBEM at NS06 
moved.

We demonstrate the tilt of each OBEM as the z′ axis 
direction projected to the horizontal plane (Fig. 3). θpitch 
and θroll are plotted in the x″–y″ coordinate system. The 
absolute tilt angle of each OBEM is consistent with the 
slope of the bathymetry at each site (Fig. 1a) and the azi-
muth of z′ axis is nearly perpendicular to the bathymet-
ric contour lines, indicating that the OBEMs were settled 
mostly normal to the seafloor. The instrumental tilt indi-
cates the slope of the bathymetry resolved by 50 m mesh 
data based on multi-beam echo soundings.

Figure  3 shows visually how the tilt of the OBEM 
changed over the time at each site. The most signifi-
cant change was observed at NS03. The z′ axis direction 
changed more than 1 degree to the northwest (N53° W) 
and in particular, it changed approximately 0.66 arc-
degrees during one week in Period A. The tilt change at 
NS04 is complicated. It changed approximately 0.31 arc-
degrees to the southeast (N163° E) during Period A, but 
changed slightly to the southwest before and after Period 
A. The tilt changes during Period A at NS02 and NS05 
are smaller than those at NS03 and NS04, being 0.14 

arc-degrees to the east (N91° E) and 0.12 arc-degrees 
to the west (N84° W), respectively. For NS06, the tilt 
jumped on November 13th but this is likely to have been 
caused by the movement of the OBEM on the seafloor, as 
demonstrated above.

We should note that the observed tilt variations 
might include a certain degree of local (site-dependent) 
responses. The OBEMs were deployed by free fall from 
the sea surface and therefore, it is not guaranteed that 
they were coupled to the seafloor with adequate strength. 
The angle between the seafloor and the OBEM may be 
changed by an external force triggered by the regional 
event. Three observations lead us to suspect the possibil-
ity of mixing with local responses. First, the tilt variations 
during Period A include step-like abrupt changes and 
these steps are not coincident between the sites. Second, 
the tilt variation is more significant for the rolling angle 
than for the pitching angle at NS03, NS04, NS05, and 
NS06, which are all records by the ERI-OBEMs (Figs. 2, 
3, and Additional file 1: Figs. S2–S4.), suggesting the pos-
sibility of an instrumental response. For ERI-OBEMs, the 
pressure case housing the tilt sensors is separated more 
from the instrument gravity center in the y′-direction 
than in x′-direction and therefore, the rolling angle can 
be changed by a smaller force than that required to 
change the pitching angle. Third, the observed tilt varia-
tions of 0.12–0.66 arc-degrees/week (order of  10−4–10−3 
radians/day) are very large compared to the reported tilt 
variations for other volcanoes, which may be at a maxi-
mum of  10−4 radians/day (e.g., Gambino et al. 2014).

Next, we synthesized the total magnetic force from the 
data of the three components. The total magnetic force is 
the absolute value of the vector magnetic field,

|B| is independent from the instrumental attitude by its 
definition and it is invariant to the coordinate system 
rotation. We calculated the total magnetic forces |B|′ and 
|B|′′ from the three components of the magnetic field data 
for the original observation coordinate system (Bx′, By′, 
and Bz′) and for the coordinate system after the instru-
mental tilt correction (Bx″, By″, and Bz″), respectively 
(Fig. 2 and Additional file 1: Figs. S1–S4). They should be 
identical if the vector magnetic field is correctly meas-
ured, i.e., |B| = |B|′ = |B|′′ . In Fig. 2 and Additional file 1: 
Figs. S1–S4, the difference between |B|′ and |B|′′ is invis-
ible. The root mean square (RMS) of |B|′ − |B|′′ was less 
than 0.1 nT for all sites.

We further calculated the residuals of the total mag-
netic force to a reference site to reduce the effects of 
the external geomagnetic fluctuations. We used the 
total magnetic force data collected at the Chichijima 

(2)|B| =

√

B2
x + B2

y + B2
z .

Table 1 Estimation of  the  horizontal rotation 
angle, θazimuth, to  convert the  coordinate system 
into a geographical one

Site Rotation angle (arc-degrees)

Before Period A After Period A Entire 
observation 
period

NS02 − 105.85 − 105.76 − 105.79

NS03 137.18 137.39 137.21

NS04 111.33 111.27 111.31

NS05 175.59 175.71 175.70

NS06 64.40 58.81 64.36
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geomagnetic observatory (CBI), which is located 
approximately 130  km east of Nishinoshima (Fig.  4a). 
The residuals indicate a decreasing trend for NS03, 
NS04, NS05, and NS06, the data of which were 
obtained by the ERI-OBEMs. However, no significant 
trend is observed for NS02, the data of which were 
obtained by the JAMSTEC-OBEM. We suspect that 
the trend is probably due to an instrumental systematic 
problem, previously experienced. We applied a low pass 
filter with the cut-off period of 48 h to the residual data, 
with the exception of NS06–CBI because the NS06 
data jumped on November 13th. We further removed 
a linear trend that fitted the data before Period A in a 
least square sense. The trends are similar (3.0 ~ 3.7 nT/
week) between the residuals for NS03, NS04, and NS05, 
where it is 0.3 nT/week for NS02. The results illustrate 

a clear change in the total magnetic force residuals that 
coincide with tilt changes during Period A. Once again, 
these are more significant for NS03 (+ 9.1 ± 0.3 nT) 
and NS04 (− 7.6 ± 0.3 nT) compared to the changes for 
NS02 (+ 1.5 ± 0.3 nT) and NS05 (+ 0.2 ± 0.4 nT).

The results are considered reliable, although the total 
magnetic force synthesized from the data of the three 
components may be uncertain compared with direct 
measurement such as using a proton precession mag-
netometer. The uncertainty can be mainly derived from 
the following two points: (1) the magnetic field data 
measured by fluxgate sensor drifts with temperature 
variation and (2) inaccuracy of the mutual orthogonal-
ity between the three-component sensors may affect the 
synthesized total force variation. If it is not adequately 
accurate, the synthesized total force is not independent 
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of the tilt variation. The temperature is quite stable dur-
ing the entire observation periods for all sites, although 
we can observe daily variations, which are as large as 
approximately 1.5  °C at the shallowest site NS05 and as 
small as approximately 0.3  °C at the deepest site NS02 
(Fig. 2 and Additional file 1: Figs. S1–S4). There is no vis-
ible change in the temperature correlated with the tilt 
change during Period A. According to the maker catalog, 
the drift of the fluxgate magnetometer is 0.2 nT/ °C and 
therefore, the temperature variation did not cause a sig-
nificant change in the total force residuals during Period 
A. The mutual orthogonality of the three-component 
sensors was tested during the instrument production 
process by comparing the synthesized total force with 
reference data at a geomagnetic observatory. The stand-
ard deviation of the residuals was typically less than 2 
nT for the ERI-OBEMs and JAMSTEC-OBEM, which is 
again smaller than the variation in the total force resid-
ual we observed during Period A. The slight difference 
between |B|′ and |B|′′ as demonstrated above, also sug-
gests that the mutual orthogonality is adequately accu-
rate for the current discussion.

Our analyses and examinations lead us to conclude that 
the instrumental tilt and geomagnetic total force, which 

are mutually independent, varied significantly around the 
same time during Period A. The coincidence of the two 
independent data variations between the sites was not 
artificial but real, which could be associated with a vol-
canic (but non-eruptive) event beneath the Nishinoshima 
volcanic edifice.

Discussion
We attempted to investigate the physical processes 
behind the observed variations, although providing a 
thorough interpretation from the data at only four avail-
able observation sites was a limiting factor. There are 
many reports regarding the change in the geomagnetic 
field around and deformation of, a volcanic edifice, which 
are frequently interpreted by thermal demagnetization 
and inflation of the volcanic edifice, respectively, due to 
ascending hot magma (e.g., Hotta and Iguchi, 2017; Taka-
hashi et al. 2018). Our data show that both the total mag-
netic force and tilt variations during Period A were more 
significant at sites NS03 and NS04. These observations 
suggest that a source of these variations would be located 
somewhere between the two sites. In this study, we inves-
tigated whether the data are explained consistently by 
simple magnetic and pressure source models.

−20
−15
−10

−5
0
5

10
15
20

Fi
lte

re
d
∆|

B
|

26 3101 06 11 16 21 26
Nov.2016

−20
−15
−10

−5
0
5

10
15
20

Fi
lte

re
d
∆|

B
|

26 3101 06 11 16 21 26
Nov.2016

−20
−15
−10

−5
0
5

10
15
20

∆|
B

|

26 3101 06 11 16 21 26
Nov.2016

−20
−15
−10

−5
0
5

10
15
20

∆|
B

|

26 3101 06 11 16 21 26
Nov.2016

NS02 − CBI
NS03 − CBI
NS04 − CBI
NS05 − CBI
NS06 − CBI

a

b

c 
140˚45'E 140˚50'E 140˚55'E 141˚00'E

27˚10'N

27˚15'N

27˚20'N
−2500m

−2000m

−2000m

−1500m

−1500m

−1
50

0m

−1000m

−1
00

0m

−5
00

m

10nT10nT

20
nT

50nT

140˚45'E 140˚50'E 140˚55'E 141˚00'E

27˚10'N

27˚15'N

27˚20'N

−50nT

−20nT

−10nT

140˚45'E 140˚50'E 140˚55'E 141˚00'E

27˚10'N

27˚15'N

27˚20'N

−2nT

−0.5nT

−0.5nT

−0.2nT

0nT

0.
1n

T

0.5nT

1nT

140˚45'E 140˚50'E 140˚55'E 141˚00'E

27˚10'N

27˚15'N

27˚20'N

−100.0 −10.0 −1.0 −0.1 0.1 1.0 10.0 100.0

Total magnetic force anomaly [nT]

NS02

NS04

NS05

NS06

NS03

Fig. 4 a Time variation of the residual total magnetic force of each OBEM site to CBI magnetic observatory. Yellow shade indicates Period A. 
b Same as a, but the data are filtered to reduce the shorter period fluctuations and linear trends. NS06–CBI is omitted in the plot because the 
NS06 data show a jump. The circles with error bars indicate the average and standard deviation of the data after Period A. Stars are the values 
predicted by the best fit point-source demagnetization model. c The total magnetic force anomaly distribution (colored contour lines) on the 
seafloor predicted using the best fit demagnetization source. Note that the contour lines are not drawn at an equal interval but are shown for the 
values, 0, ± 0.1, ± 0.2, ± 0.5, ± 1, ± 2, ± 5, ± 10, ± 20, ± 50, and ± 100 nT. Crosses with labels denote the site location and their color except for NS06 
indicates the observed total magnetic force change. The white circle denotes the horizontal location of the best fit dipole moment, whose radius 
corresponds to that of the equivalent demagnetization sphere (1.1 km). The background gray shade is the bathymetry map. The black line indicates 
the island coast



Page 8 of 11Baba et al. Earth, Planets and Space          (2020) 72:112 

The total magnetic force variation is positive for the 
northern site, NS03, and negative for the southern site, 
NS04. This trend is qualitatively consistent with the 
anomaly caused by demagnetization of the crust between 
the two sites under the ambient geomagnetic field of the 
northern hemisphere. We inverted the total magnetic 
force difference between the periods before and after 
Period A at the four sites and estimated a single magnetic 
dipole moment intensity and its location, assuming that 
the moment is parallel to the ambient geomagnetic field 
represented by IGRF (37.4 and − 4.3 arc-degrees for the 
inclination and declination, respectively). The best fit 
magnetic dipole moment intensity and its location were 
obtained by a grid search method and they are − 9.1 × 109 
 Am2 and 27°16.90′ N, 140°55.91′ E, 2600  m below sea 
surface (~ 1200  m below the seafloor), respectively 
(Fig.  4c), where negative value for the moment inten-
sity means demagnetization. This solution predicts well 
the observed total magnetic force changes, although the 
misfit for NS02 is relatively large (Fig. 4b, c). The absolute 
magnetic dipole moment intensity is large compared to 
estimates for other volcanoes in Japan (Hashimoto et al. 
2019). This suggests that this event may be significantly 
large in terms of volcanic activity in island arcs and/or 
governed by more complex underlying mechanisms that 
are discussed below. Although our data cannot provide 
information regarding where the heat for the demag-
netization comes from, it is notable that the estimated 
demagnetization source depth is comparable to the top 
depth of the magma chamber estimated by Sano et  al. 
(2016). This might suggest that the magma just beneath 
Nishinoshima Island moved laterally to the northeast. A 
similar mechanism was proposed for another volcanic 
island, Miyakejima that was active in 2000 (e.g., Furuya 
et al. 2003).

The volume of the demagnetization zone may be esti-
mated from the dipole moment intensity and magneti-
zation. The average magnetization of the Nishinoshima 
volcano body was estimated to be approximately 1.7 
 Am−1 (Iizuka et  al. 1975). This estimate was obtained 
from a geomagnetic survey after eruptions that occurred 
more than 40  years ago. Although the fresh and thus 
possibly more strongly magnetized lava from the recent 
eruptions since 2013 partly covered the old volcano 
body, the estimate should be a good approximation of at 
least the lower bound. Assuming 1.7  Am−1 for the aver-
age magnetization of the volcano body, the volume of 
demagnetized zone is estimated to be 5.3 km3, of which 
the radius is 1.1 km if a spherical zone is assumed. The 
radius is slightly smaller than the source depth below the 
seafloor, suggesting that the heat causing the demagneti-
zation would have reached close to the seafloor. However, 
in November 2016, neither eruptions on the island were 

reported nor seismic signals observed by ocean bottom 
seismometers were not significantly increased (Shinohara 
et al. 2017).

These results may be attributed to three possibilities, 
(1) the average magnetization is greater than the assumed 
value, 1.7  Am−1, (2) the demagnetization zone is not a 
spherical shape, and/or (3) other unknown processes. For 
(1), doubling the average magnetization would yield an 
estimated 21% reduction in the radius of the sphere. For 
(2), the source may be deeper and smaller in its volume 
with greater complex geometry. However, it is difficult 
to quantitatively consider the complex geometry based 
on the existing limited data on the total magnetic force 
anomaly. The ratio of the demagnetization zone radius 
to the distance from the nearest site (NS03) is approxi-
mately 0.3. In a similar case, Kanda et al. (2010) pointed 
out that observed magnetic changes could not be attrib-
uted to a spherical demagnetization source, and instead 
investigated triaxial ellipsoid sources. The vector mag-
netic component data may be useful to discuss source 
geometry of greater complexity. However, the reliability 
of this data is secondary because there is no guaranteed 
independence of the vector magnetic component data 
from the tilt data. Inversion of the vector data assuming 
a rectangular prism as a demagnetization source suggests 
the potential for NE-oriented vertical sheet-like geom-
etry in the similar horizontal location with but in greater 
depth than the source determined by the total magnetic 
force anomaly data (see Additional file 2).

The magnetization phase due to cooling should follow 
the demagnetization phase, however, the available data 
length after Period A is probably too short to discuss 
such a process (Fig. 4b).

The tilt variation observed by the OBEMs can pro-
vide information regarding volcanic edifice deformation, 
although the quantitative interpretation is not straight-
forward. The coincidental tilt variations during Period A, 
which are particularly significant for NS03 and NS04 and 
similar to the total magnetic force variations, suggests 
that the tilt variations can be attributed to a volcanic 
unrest event. The z′-axis projected on the horizontal 
plane moved to the northwest for NS03 and to the south-
east for NS04 (Fig.  3), meaning that the tilts varied to 
depress the seafloor between the two sites. However, we 
cannot rule out that the observed tilt variations include 
local responses as mentioned in the previous section.

We estimated the volume change and its location to 
explain the observed tilt differences between the before 
and after Period A at the four sites (except for NS06), 
assuming an isotropic spherical pressure source (Mogi 
1958). Here, we assumed that the observed tilt variations 
are caused only by the single pressure source in homo-
geneous media, ignoring the possibility of mixing with 
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local responses. The volume change of − 7.9  km3, the 
source location of 27°17.61′ N, 140°56.16′ E, and 6600 m 
below sea surface (approximately 5100 m below sea floor) 
were obtained as the best fit parameters by a grid search 
method. The model obtained better predicts both magni-
tude and direction of the observed tilt changes at NS03 
and NS04, but does not predict the observations for NS02 
and NS04 very well (Fig.  3). This is because the model 
can only produce axially symmetric deformation to the 
source. The horizontal location of the pressure source 
is close to that of the demagnetization source, but the 
depth is much larger. The negative volume change means 
a deflation of the volcanic edifice. The volume change 
obtained is much more significant than the estimations 
for other volcanic activities in Japan (e.g., Furuya et  al. 
2003; Hashimoto et al. 2019) and the result is inconsist-
ent with the typical ascending magma scenario whereby 
the magma intrusion inflates the volcanic edifice and the 
heat from the magma demagnetizes the volcanic body.

This inconsistency may be due to the simple model set-
ting for the magnetic and pressure sources, in addition 
to neglecting possible local responses in the observed tilt 
variations. The ratio between the radius of the spheri-
cal volume change and the pressure source depth was 
approximately 0.24, suggesting that the radius is too large 
to hold the spherical source approximation (e.g., Sakai 
et  al. 2007). From observations of Sicilian volcanoes, 
Gambino et al. (2014) postulated that dike intrusions can 
cause variations in larger tilt in shorter durations (several 
hours to a few days) than inflation/deflation of volcanic 
edifice (several weeks to years). The duration of Period A 
is comparable with that of dike intrusions. Deformation 
due to dike intrusion is not axial symmetry and the tilt 
can vary to depress the seafloor in the vicinity of the dike 
(e.g., Okada 1985). Pressure source depth would be over-
estimated if a spherical source model is applied to dike-
type deformation (Seismology and Volcanology Research 
Department MRI 2013). Additionally, the magnetic 
source may be a dike-like vertical sheet elongated in the 
NE direction. It may also be deeper than estimated from 
the total magnetic force anomaly data as the analysis 
using vector magnetic data suggested (Additional file 2), 
although agreement is not necessary. However, the lack 
of observed significant seismicity in Period A (Shino-
hara et al. 2017) is difficult to understand, as significant 
seismicity associated with dike intrusions was observed 
in the Miyakejima volcano (Ueda et al. 2006). As Shino-
hara et  al. (2017) focused on high frequency (4–8  Hz) 
events associated with eruptions at Nishinoshima crea-
tor, the possibility that low frequency events occurred in 
Period A cannot be ruled out. The volcano topography is 
not considered in our calculations, although the tilt data 
can be affected by the topography (e.g., Sakai et al. 2007; 

Marsden et al. 2019). The current limited data set is not 
suitable for considering such complexities quantitatively 
and therefore we leave for further discussion. Accumu-
lation of various observations is indispensable to under-
stand this kind of interesting volcanic activities more 
deeply.

This study showed that the OBEMs, especially for the 
magnetic field observations, are useful to monitor and 
study activities of island volcanoes, although the instru-
ments and the observations reported here were not ide-
ally designed for such purposes. The OBEMs measure 
the time variation of the magnetic and electric fields and 
instrumental tilts by a single system so that they can pro-
vide some independent information on volcanic activity. 
In this study, we demonstrated the possibility of changes 
in the magnetization structure and the deformation of 
the volcanic edifice. There are other potential possibili-
ties that we have not studied. The time variation in the 
electrical conductivity structure may be detected by mag-
netotelluric analysis using the electric and magnetic field 
data if enough data are observed.

To strengthen the usefulness of OBEMs, more stra-
tegic observations would be important. Larger, denser, 
and longer array observations would be necessary to 
constrain realistic activity sources and their locations 
and temporal variations. The estimation of the OBEM 
position on the seafloor is more important for obser-
vations around active volcanoes than observations on 
stable seafloors. The OBEM at NS06 was thought to be 
moved during the observation. In this observation, the 
OBEM position was measured only at the deployment 
time. Measuring the position at both deployment and 
recovery times will be useful to confirm the stable set-
tlement of OBEMs more directly. Longer continuous 
observations to continuously monitor the activity are 
critical. Although the available array data duration was 
only 41  days in this study, the OBEMs can measure for 
approximately 1  year if the amount of batteries and the 
sampling intervals are adjusted. Observations over years 
are achievable by replacing the instruments every year.

Conclusions
The Nishinoshima Island volcano was investigated by 
means of a marine electromagnetic method. From the 
data obtained by five OBEMs in the first observation 
phase from 2016 to 2017, we found significant variations 
in the geomagnetic field and tilt of the volcanic slope in 
the middle of November 2016, at which time no erup-
tions were observed. As expected theoretically, we con-
firmed the independency of the total magnetic force 
synthesized from the vector magnetic field data to the 
instrumental attitude. The significant coincidence varia-
tions in the total magnetic force and the tilt at the sites 
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and their distribution in the observation array suggest 
that they are caused by a volcanic process and the pos-
sible source is beneath the volcanic slope in the north-
east of Nishinoshima Island. The magnetic and pressure 
sources were estimated assuming a simple magnetic 
dipole moment and spherical volume changes. The hori-
zontal locations of the two sources were determined in 
the NE of the island. However, the depths are signifi-
cantly different (~ 1200 and ~ 5100 m below seafloor for 
the magnetic and pressure sources, respectively), and the 
demagnetization volume (5.3 km3) and deflation volume 
(7.9  km3) were too large to maintain the simple source 
assumptions. Whilst there should be consideration given 
to source geometry and mechanisms of greater com-
plexity, such as dike intrusion, the limited available data 
restricted further quantitative discussion.

Our finding indicates that OBEMs are useful for moni-
toring the activity of volcanic islands, although the instru-
ment and the observation around Nishinoshima were 
not ideally designed for such a purpose. We analyzed 
the magnetic field and tilt data in this study although the 
OBEMs measured the time variations of the electric field 
and also differential pressure for the JAMSTEC-OBEM. 
The OBEMs should have more potential for this kind of 
study than presented here if they are deployed strategi-
cally in terms of observation scale, density, and duration.
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