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Abstract. Airborne electromagnetics (AEM) is a useful tool for investigating volcanic structures because it can survey large
and inaccessible areas. Disadvantages include lower accuracy and limited depth of investigation. The Grounded Electrical
SourceAirborneTransient Electromagnetic (GREATEM) survey systemwasdeveloped to increase the depth of investigation
possible usingAEM.Themethodwas tested in a survey atMountBandai in north-eastern Japan.MountBandai is an andesitic
stratovolcano that rises 1819mabove sea level.Aneruption in July1888 left a hoof-shapedcollapsedwall in its northern crater
and avalanche debris at its base. Previous surveys ofMount Bandai allow for comparisons of data on its structure and collapse
mechanism as obtained by GREATEM and other geophysical methods. The results show resistive structures in recent
volcanic cones and conductive structures in the collapsed-crater area. Conductive areas around the collapsedwall correspond
to an alteration zone resulting from hydrothermal activity, supporting the contention that a major cause of the collapse
associated with the 1888 eruption was hydrothermal alteration that structurally weakened the interior of the volcanic edifice.
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Introduction

Airborne electromagnetics (AEM) is especially useful for
surveying large or inaccessible areas. AEM has been widely
used inmineral exploration in frontier areas, andnewapplications
of AEM have been appearing in engineering and environmental
fields, particularly in studies involving active volcanoes.
Mount Bandai is an andesitic stratovolcano that rises 1819m
above sea level in Fukushima Prefecture in north-eastern
Japan (Figure 1). Mount Bandai erupted destructively in July
1888. The north side of the crater experienced a large-scale
collapse, and the resulting debris avalanche reached villages at
the foot of the volcano and dammed some rivers (Shimozuru,
1988).Yamamotoet al. (1999) summarised the eruptivehistoryof
the volcano as follows. The earliest volcanic flows are dated at
around 250 ka. After an interval of quiescence, new activity
began at 70 to 80 ka. Magmatic activity finished at 25 ka, and
at least four major phreatic eruptions took place in the summit
region in the last 5 ka. Volcanic activity continues, and seismic
monitoring that began in 1966 documented earthquake swarms
in 1988 and 2000 (Nishimura et al., 2003). Many geological
and geophysical surveys have examined Mount Bandai
(e.g. Yamawaki et al., 2004); the National Research Institute
of Earth Science and Disaster Prevention (NRIESDP, 1995) and
Tokyo Geographical Society (1988) have summarised results
obtained before the 1990s.

Mount Bandai is characterised by steep slopes and
cliffs, making ground-based surveying difficult. Previous
magnetotelluric (Inoue et al., 1995) and dipole–dipole

resistivity (Takeuchi et al., 1995) studies have been
undertaken, but only in accessible places. An AEM survey of
the entire volcano using a DIGHEM system (Fraser, 1978)
yielded apparent resistivity maps at 28.8 kHz and 385Hz, and
east–west-oriented resistivity sections for depths up to
200–300m (Tanahashi et al., 1995). AEM systems typically
comprise a transmitter and a receiver on an aircraft or in a
towed bird, and although effective for surveying large areas,
their penetration depth is limited because the distance between the
transmitter and receiver is small and higher-frequency signals are
used. To explore deeper structures using AEM, a semi-airborne
system called GRounded Electrical source Airborne Transient
ElectroMagnetics (GREATEM) has been developed. The idea of
a semi-airborne system is not new: the FLAIRTEM system
(Elliott, 1998) and the TerraAir system (Smith et al., 2001)
have also been proposed. These systems use a grounded-wire
loop as the transmitter and generate a vertical magnetic field. The
GREATEM technology, first proposed byMogi et al. (1998), has
recently been improved and used in practical surveys. This paper
describes theGREATEM system and discusses survey results for
Mount Bandai.

The GREATEM system

The GREATEM system uses a grounded electrical dipole source
of ~2–3 km length as a transmitter and a three-component
magnetometer in the towed bird as a detector. With a
grounded source, a large-moment source can be applied and a
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long transmitter-receiver distance used, yielding a greater
depth of investigation but limiting the survey area. Other
advantages include a smaller effect of flight altitude and the
possibility of higher-altitude measurements. Data are recorded
in the time domain, providing a raw time series of the magnetic
fields induced by eddy currents in the ground after cutting
off the transmitting current, meaning that a noise filter can be
easily introduced. The GREATEM system is considered to be
an airborne version of the Long Offset Transient
ElectroMagnetics (LOTEM) system (Strack, 1992), one of the
electromagnetic survey systems used in surveying deeper
structures.

Transient data acquisition in the time domain after cutting
off the source current has advantages for deeper exploration
because it avoids the near-field effect (Goldstein and
Strangway, 1975) that is included in frequency-domain data.
Mogi et al. (1998) illustrated some theoretical transient
responses of magnetic fields in the air for horizontally layered
structures and noted several features of theGREATEM response,
such as depth of investigation, effect of measuring height,
and source-receiver distance. They also highlighted the
system’s advantages in investigating deeper structures and the
possibility of identifying resistivity structure responses from
heights of 100–200m. This is important for improving the
safety of AEM surveys.

Mogi et al. (1998) described the early stages of GREATEM
systemdevelopment andgave the system its acronym.Recently, a
project supported by Japan’s Ministry of Education, Culture,
Sports, Science and Technology (MEXT) provided the
opportunity to refine the system. The project, focused on
developing integrated airborne geophysical systems for
disaster-prevention applications, was intended to investigate

not only geological structures but also groundwater movement
and temperature distribution (Ito et al., 2007).

Given that the opportunity for time-domain data stacking on a
moving aircraft is limited, important technical problems must be
overcome, such as monitoring and filtering motion noise in the
data, cancelling natural magnetic field variation, and limiting
cultural noise. A high-accuracy fibre-optic gyro (Japan Aviation
Electronics Industry, JCS7401) to monitor motion, and a
magneto-impedance (MI) sensor (Mohri et al., 2002) to
monitor direction were both set on gimbals, and a three-
component induction-coil magnetometer was installed at the
rear of the gimbal mount. These instruments and the batteries
were placed in the bird, and the data-acquisition instruments,
consisting of a data-control PC and a high-precision clock
synchronised with the transmitter-control clock, were set up in
the helicopter cabin. Full time-series data were collected to
facilitate the elimination of noise. The three-component time-
derivative of magnetic fields, motions detected by the roll, pitch,
and three-axis acceleration systems, and direction and position
were digitised at 12.5 kHz using a 16-bit A/D converter. An
identical three-component coil on the ground monitored natural
and cultural noise in the survey area. The data were processed
as follows.

(1) Movement correction

A movement correction was made using a response function
relating variations in the recorded magnetic field and
magnetometer movement, as monitored by the gyro. The
response function was calibrated at a time when no signal was
applied. Corrections were made by subtracting predicted
magnetic field variations, as derived by the response function
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based on the movement measured by the gyro, from the observed
magnetic field variations, to yield moving-noise-free data.
Figure 2 shows an example of magnetic field data before
(green lines) and after (red lines) the movement correction.
Small transient responses remain but are clearly
distinguishable in the time-series data after correction. The
increased resolution of the magnetic field data after corrections
is shown in Figure 3.

(2) Coordinate transformation

Transformation of magnetic field components from bird-based
coordinates to geographical coordinates was based on directional
sensor data. The correction was made using a tri-axis orthogonal
coordinate transformation.

(3) Removing local noise

Magneticfield data obtained from the groundmagnetometerwere
used to remove natural and artificial noise. Much multiple
stacking provided an exact waveform of the transmitted signal
at the ground-monitor site. The noise data were obtained by
subtracting this signal from monitored data, which was then
subtracted from concurrent airborne data.

(4) Data stacking

When necessary, data stacking was used to minimise random
noise. In a helicopter moving at 50 kmh�1, or 14m/s, the sensor
moves ~22m during one cycle of 1.6 s. A transient signal was
present after current cut-off twice in each cycle, so that one
transient response could be inferred for each 11m of survey
distance. After stacking n times, the stacked data covered
11� nm.

(5) Inversion

After the above corrections, the transient responsewas inverted to
a resistivity structure, assuming a horizontally layered structure.
The inversion was made by comparing field data with theoretical
responses (Figure 4). The depth of investigation was defined as
the depth corresponding to the transient response time at which
response data became difficult to fit to a theoretical curve because
of dispersion caused by noise.

Survey results were verified by comparing the GREATEM
data with LOTEM data for the same location based on the
transient response and resistivity structure in another survey
(Ito et al., 2007). The resistivity structures obtained from both
systems were almost identical. GREATEM data are compared
with other geophysical data obtained at Mount Bandai in a later
section.

Survey results

The destructive eruption of Mount Bandai in July 1888 blew off
the Kobandai cone on the north side of the volcano and formed a
hoof-shaped collapsed wall. Yamamoto et al. (1999) described
the eruption as phreatic and triggered by seismic shock and
resultant sector collapse. There was no evidence of new
magma. The eruption was caused by an outburst of self-sealed
hydrothermal fluids from within the edifice. Hydrothermal
alteration of the interior was an important factor in weakening
the edifice, as evidenced by the highly altered pyroclasticmaterial
making up the lower part of the collapsed wall.

Figure 5 shows the flight lines (green lines), measured by
differential GPS positioning, and the location of the electrical
source dipole (thick red line). The electric dipole source spanned
~2.5 km along the road at the west end of the survey area and
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Fig. 2. Exampleof three-component time-domainmagneticfielddata. Lines
denote the data before (green) and after (red) motion correction.
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Fig. 3. Data after motion correction (Figure 2) showing the enlarged
resolution of magnetic fields.
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Fig. 4. Comparison of transient field data (red circles) and the calculated,
layered-model transient curve (blue line).
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applied 24 A of a square waveform current with 50% duty cycles
at 0.625Hz. Flight lines almost perpendicular to the source line
were set between the dipole source line and a line ~3 km away, to
cover the top of the volcano and the collapsed wall. Flight line
spacing was 200m. The flight speed of the helicopter was
50 kmh�1, and the flight level was 100–200m from the
surface, measured using a laser altimeter. Red points in
Figure 5 indicate the locations of data used for the inversion.

Figure 6 shows a resistivity section along line L10. As
mentioned above, the depth of the investigation depends on
the time when the signal (transient curve) becomes obscured
bynoise.When the signal diminishes becauseof distance from the
source dipole, or when noise locally increases, the depth of
investigation is shallower. Close to the source, the transient
response attenuates rapidly to less than the noise level, and the
depth of investigation decreases, even though the initial signal
strength is higher. The maximum depth of investigation in this
study is estimated to have been 800m.

A relatively high-resistivity layer (>100W.m) is present to
depths 200–300m, and a more conductive layer (<20W.m) is
present at greater depth from western to central parts of the line.
The resistive layer occupies a shallower depth on the east side and
corresponds to young lava flows or volcanic sediment. The
conductive layer is beneath the collapsed-crater area and
corresponds to the altered volcanic material.

A resistivity map for the entire survey area at a depth of 100m
(Figure 7) shows a clear contrast in resistivity structure beneath
the collapsed wall. A resistive layer (greater than several
hundredW.m) extending from the summit area to the upper
side of the collapsed wall corresponds to the recent lava flow,
whereas a conductive layer (less than 100W.m) beneath the lower
side of the collapsed wall represents debris deposited in the
collapsed crater.

Discussion

The resistivity structures found by this survey (Figures 6 and 7)
are assumed to have a layered structure at each inversion point.
This inversion is valid only if the real resistivity structure is
layered; if a resistivity structure changes laterally, assuming an
inverted structure can be problematic. Based on a 2.5D model
simulation, Mitsuhata et al. (2002) illustrated the sensitivities of
vertical magnetic fields to a uniform earth between source and
receiver sites for a LOTEM array. They pointed out that higher-
sensitivity zones are present not only around the receiver site but
also in the surface area between the source and receiver. This
means that measured responses reflect both the resistivity
structure beneath the receiver site and anomalous structures
between the source and receiver site. This is probably also true
for GREATEM: a resistivity structure detected at some distance
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from the sourcemay in fact include effects from another structure
that is present part way along the distance between the source and
detection site. Although the present results may include such
problematic phenomena, they reflect the general features of the
resistivity structures. Therefore, future GREATEM studies
involving 2.5D or 3D inversions are desired.

Anomalous geophysical responses due to topography are a
potential cause of data distortion. Sasaki and Nakazato (2003)
addressed this problem in the context of DIGHEM-type AEM,
based on 3D modelling. Their results showed that magnetic field
responsesdecrease at the topof a trapezoidal hill and increase at its
foot. They also pointed out that the topographic effect is not
significant in higher-frequency data. Hördt and Müller (2000)
discussed topographic effects in LOTEM data using 3D
modelling, and concluded that the overall topographic effect is
only significant at very early times, when it is manifest as a
modification of the undistorted curve that nonetheless preserves
its primary characteristics. The topographic effect onGREATEM
data is probably similar to that for LOTEM; thus the inversions in
this study apparently give the correct structure. This effect will
have to be taken into account in any three-dimensional modelling
with similar lateral resistivity changes.

Yamawaki et al. (2004) studied P-wave velocity structures
around Mount Bandai and discerned a low-velocity layer
(<3.2 km/s) at depths of 200–300m under the northern side of
the volcano. This layer probably corresponds to the shallower
resistive layer formed by recent volcanic sediment and lava.
Higher-velocity layers beneath the low-velocity layer
correspond to older volcanic products detected as the
conductive layer in the GREATEM survey. The hypocentres
of the 1988 and 2000 seismic swarms were located in a different
higher-velocity zone beneath the summit of the volcano and
extended 0 to 3 km below sea level. Low-frequency earthquakes
occurred during the seismic gap between the larger events.
This suggests that higher-velocity zones correspond to the
solid magma plumbing system, and that movement of
magmatic or hydrothermal fluids took place during the
seismic gap.

The resistivity map derived from this study (Figure 7) can be
compared with the apparent resistivity maps obtained using a
DIGHEM-type AEM (Tanahashi et al., 1995). These apparent-
resistivity maps, at frequencies of 28.8 kHz and 385Hz, depict
conductive zones under the collapsed crater and the south-west
side of the collapsed wall, in the vicinity of the Nakanoyu hot
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spring and alteration zone, and a resistive area around the summit
of the volcano. Tanahashi et al. (1995) also showed resistivity
sections alongeast–west lines.Resistivity structureswere derived
assuming a two-layered structure. The first layer is relatively
resistive (~100m thick; >100W.m), and the second layer, located
under the avalanche valley and extending from the collapsed area
to the south-west, is conductive. These structures are almost the
same as thosemappedby theGREATEMsurvey.Drilling at three
sites in the collapsed crater and the avalanche valley
(Tanaka et al., 1995) revealed that the debris is 60m thick in
the avalanche valley and 80m thick in the collapsed crater.
A thin tuff layer is present in the crater but not in the valley,
and 70 ka andesitic lava is present beneath the sediment to
depths of at least 200m. Based on this information, the
conductive layer in the crater and valley likely corresponds to
the debris unit.

A dipole-dipole resistivity survey in the volcano determined
the 2D resistivity structure of north–south and east–west sections
across the collapsed-wall area, up to depths of 700m (Takeuchi
et al., 1995). A magnetotelluric (MT) survey (Inoue et al., 1995)
across the summit of the volcano delineated its 2D resistivity
structure up to a depth of 7 km, revealing a resistive layer
300–500m thick covering the surface of the summit area and
a conductive layer (less than several tens ofW.m) lying beneath
the resistive layer. These structures were also detected by
the GREATEM survey. Contrasts in resistivity structure are
evident along the collapsed wall and around the Nakanoyu hot
spring area, where alteration zones are also present. The 1888
collapse event was accompanied by a phreatic eruption that
occurred in an unstable part of the edifice that had formed
through hydrothermal alteration (Yamamoto et al., 1999). The
structures delineated by the present study support the conclusion
that hydrothermal alteration of the volcano’s interior was an
important factor in weakening part of the edifice before
its collapse.

Conclusions

AGREATEM survey was carried out at Mount Bandai to clarify
resistivity structures relevant to ongoing volcanic activity and the
collapse that occurred during the volcano’s 1888 eruption. This
paper has discussed GREATEM survey techniques and their
advantages with respect to volcanic research. The survey
results depict the resistivity structure in the vicinity of the
collapsed crater and wall and over the volcano’s summit. The
conductive zone along the collapsed wall corresponds to areas of
hot springs and alteration. GREATEM results were almost
identical to those obtained by other geophysical methods such
as P-wave seismic surveying, DIGHEM-type AEM, dipole–
dipole resistivity surveying, and MT surveying. The resistivity
structures determined by these surveys support the idea that
hydrothermal alteration was an important factor in weakening
the volcanic edifice, as originally proposed by Yamamoto et al.
(1999).

The resistivity structure obtained in this study assumed a
layered structure, which may present problems in the context
of complex natural resistivity structures. This highlights the need
to develop both new analytical methods applicable to three-
dimensional structure, and processing technology that can
analyse the huge amounts of data generated by AEM.

Acknowledgments

This study was performed under the project entitled ‘Integrated Disaster
Prevention Using an Airborne Geophysical System,’ supported by the

Ministry of Education, Culture, Sports, Science and Technology (MEXT),
Japan. The authors thank the members of the project committee, Prof.
Y. Tanaka of Kyoto University, Dr Y. Fujimitsu of Kyushu University, and
Mr T. Igarashi of Oyo Corporation, for their helpful discussions regarding the
system design and survey results.

References

Elliott, P., 1998, The principles and practice of FLAIRTEM: Exploration
Geophysics, 29, 58–60. doi: 10.1071/EG998058

Fraser, D. C., 1978, Resistivity mapping with an airborne multi-coil
electromagnetic system: Geophysics, 43, 144–172. doi: 10.1190/
1.1440817

Geographical Survey Institute, 1993, 1 : 15000 Geomorphological map of
Bandai Volcano, the 1888 eruption and debris avalanche.

Goldstein, M. A., and Strangway, D. W., 1975, Audio-frequency
magnetotellurics with grounded electric dipole source: Geophysics, 40,
669–683. doi: 10.1190/1.1440558

Hördt, A., and Müller, M., 2000, Understanding LOTEM data from
mountainous terrain: Geophysics, 65, 1113–1123. doi: 10.1190/
1.1444804

Inoue, J., Kawakmi, N., Takasugi, S., Tanaka, K., and Takeuchi, M., 1995,
Resistivity Structure beneath the Bandai Volcano by the Magnetotelluric
Soundings, National Research Institute of Earth Science and Disaster
Prevention,Ed.,BandaiVolcano–RecentProgressonHazardPrevention,
pp. 31–41. (in Japanese)

Ito, H., Kaieda, H., Kususnoki, K., Mogi, T., Tanaka, Y., Fujimitsu, Y., and
Yuuki, Y., 2007, Development of an integrated airborne geophysical
survey system using helicopter – Improvement of airborne survey
methods of electromagnetic, magnetic, gamma-ray spectrometry and
infrared image: Research Report of Central Research Institute of
Electrical Power Industry, N06011, 21. [in Japanese with English
abstract]

Mitsuhata, Y., Uchida, T., and Amano, H., 2002, 2.5-D inversion of
frequency-domain electromagnetic data generated by a grounded-wire
source: Geophysics, 67, 1753–1768. doi: 10.1190/1.1527076

Mogi, T., Tanaka, Y., Kusunoki, K., Morikawa, T., and Jomori, A., 1998,
Development of grounded electrical source airborne transient EM
(GREATEM): Exploration Geophysics, 29, 61–64. doi: 10.1071/
EG998061

Mohri, K., Uchiyama, T., Shen, L. P., Cai, C. M., Panina, L. V., Honkura, Y.,
and Yamamoto, M., 2002, Amorphous wire and CMOS IC-based
sensitive micromagnetic sensors utilizing magnetoimpedance (MI) and
stress-impedance (SI) effects: IEEE Transactions on Magnetics, 38,
3063–3068. doi: 10.1109/TMAG.2002.802438

Nishimura, T., Ueki, S., Yamawaki, T., Tanaka, S., Hashino, H., Sato, M.,
Nakamichi, H., and Hamaguchi, H., 2003, Broadband seismic signals
associated with the 2000 volcanic unrest of Mount Bandai, northeastern
Japan: Journal of Volcanology and Geothermal Research, 119, 51–59.
doi: 10.1016/S0377-0273(02)00305-0

NRIESDP (National Research Institute of Earth Science and Disaster
Prevention), Ed., 1995, Bandai Volcano – Recent Progress on Hazard
Prevention, pp. 241. (in Japanese)

Sasaki, Y., andNakazato,H., 2003, Topographic effects in frequency-domain
helicopter-borne electromagnetics: Exploration Geophysics, 34, 24–28.
doi: 10.1071/EG03024

Shimozuru, D., 1988, Brief Outline of Bandaisan, In Tokyo Geographical
Society, Ed., Bandai-san – Centenary of the 1888 eruption of Bandai-
san –, Journal of Geography, 97, 243–255. (in Japanese with English
figure captions)

Smith, R. S., Annan, A. P., andMcGowan, P. D., 2001, A comparison of data
from airborne, semi-airborne and ground electromagnetic systems:
Geophysics, 66, 1379–1385. doi: 10.1190/1.1487084

Strack, K.-M., 1992, Exploration with Deep Transient Electromagnetics,
Elsevier, pp. 373.

Takeuchi, M., Nakazato, H., Mori, M., Fujisaki, O., Kim, H. J., Furuya, T.,
Ogura, C., and Okuyama, T., 1995, Dipole–Dipole Electrical Resistivity
Survey in Bandai Volcano, National Research Institute of Earth Science
and Disaster Prevention, Ed., Bandai Volcano – Recent Progress on
Hazard Prevention, pp. 21–30. (in Japanese)

6 Exploration Geophysics T. Mogi et al.



Tanahashi, M., Morikawa, T., Kusakabe, K., Yoshikawa, H., Tanaka, K.,
Inokuchi, T., and Takeuchi, M., 1995, Airborne Electromagnetic
Investigation in the Bandai Volcano Area – The Relation Between the
1888 Debris Avalanche and Low Resistivity Zone –, National Research
Institute of Earth Science andDisaster Prevention, Ed., Bandai Volcano –
Recent Progress on Hazard Prevention, pp. 1–9. (in Japanese)

Tanaka, K., Mimura, K., Endo, H., and Inokuchi, T., 1995, Slip Surface and
Boring of Catastrophic Rockslide Avalanche at Mount Bandai in 1888,
National Research Institute of Earth Science and Disaster Prevention
Ed., Bandai Volcano –Recent Progress onHazard Prevention, pp. 69–78.
(in Japanese)

Tokyo Geographical Society, Ed., 1988, Bandai-san –Centenary of the 1888
eruption of Bandai-san –, Journal of Geography, 97, 243–407.
(in Japanese)

Yamamoto, T., Nakamura, Y., and Glicken, H., 1999, Pyroclastic density
current from the 1888 phreatic eruption of Bandai volcano, NE Japan:
Journal of Volcanology and Geothermal Research, 90, 191–207.
doi: 10.1016/S0377-0273(99)00025-6

Yamawaki, T., Tanaka, S., Ueki, S., Hamaguchi, H., andNakamichi, H., et al.
2004, Three-dimensional P-wave velocity structure of Bandai volcano in
northeastern Japan inferred from active seismic survey: Journal of
Volcanology and Geothermal Research, 138, 267–282. doi: 10.1016/
j.jvolgeores.2004.07.010

Manuscript received 9 September 2008; accepted 19 January 2009.

GREATEM Survey of Mount Bandai Exploration Geophysics 7

http://www.publish.csiro.au/journals/eg

 
1   
2  
3  
4  

GREATEM
GREATEM 1819 1888

GREATEM

1888  
 

 

 
Toru Mogi1, Ken’ichirou Kusunoki2, Hideshi Kaieda2, Hisatoshi Ito2, Akira Jomori3, Nobuhide Jomori3, Yoichi Yuuki4

1   
2 Central Research Institute of Electrical Power Industry 
3 NeoScience Co. 
4  

           
,       .      

 (GREATEM)          , 
      .    1819 m   . 1888  7  

          .    
    GREATEM             
   .    ,      

.          ,   1888  
              

 . 
 


