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E l e c t r o m a g n e t o m e t r y at the sea floor
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Abstract. Electromagnetometryat the sea floor has beendevelopedover the last two decades
taking advantage of the progress of positioning and acoustic technology in marine region.
In spite of its risks and costs, electromagnetometry at the sea floor has significantly
contributed to the study of conductivity anomalies through direct observations of electromagnetic variations at the sea floor. Some of the fruitful results of the ocean bottom
observations around Japan as well as data processing of sea floor electromagnetic
measurements are reviewed. Future problems in electromagnetometryat the sea floor are
also discussed. In conclusion, the importance of establishing semipermanentelectromagnetic
observatories at the sea floor is emphasized.
Keywords. Electromagnetometry; sea floor; electromagnetic variations; conductivity
anomaly.

1. Extension of electromagnetic measurement over the sea
The long history of electromagnetic (EM) measurements on the earth has shown that
without the data in the marine areas it would be impossible to get a correct knowledge
on the EM nature of the earth.
The data needed to get a time-series of a geophysical quantity call for, in general,
long-term unattended observations at sea. For this purpose, buoy technology has
been developed since the 1950s. Geophysical instruments deployed at sea using a
buoy system must be capable of surviving under the rough sea state, high water
pressure and corrosive environments. The instruments must be equipped with devices
to retrieve on board, to memorize and store data and to supply power. Until the
1960s the moored buoy system was commonly used: a buoy floating at the surface
is moored by a rope, wire or chain using an anchor at the bottom. In the case of the
sea floor observations the instrument is tethered by another rope near the anchor
(Segawa et al 1981). The lifetime of a moored buoy is around a month and the chances
of successful recovery of the moored instrument are less than 70~.
In the 1970s the application of acoustic technology to oceanographic observation
became very popular, and the moored buoy system was replaced by a free-fall
installation system. An observational instrument holding a weight is dropped freely
from the surface. It is recovered by self-buoyancy when an acoustic c o m m a n d to
release the wieght is given to the instrument. Reliability of this operation has recently
become very high increasing the chances of successful recovery to almost 99~.
Oceanographic observation at sea owes much to the progress of positioning
technique at sea. The navy navigation satellite system (NNSS) and the L O R A N C
system are widely used for positioning of a ship. Positioning accuracy of NNSS is
0-1 to 1 nautical mile while that of L O R A N C is + 100m. One problem with the
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LORAN C system is that it is not available in some parts of the Pacific and the
Atlantic Ocean and in most areas of the Indian Ocean. To solve this problem a new
positioning system, called global positioning system (GPS), has been developed by
the Department of Defence (DoD) of the United States and is expected to become
available for use in the next five years. The positioning accuracy of GPS is reported
to be ___50 m.
Underwater acoustic positioning has recently progressed rapidly, giving positions
with an error less than 5 m at sea at a depth of a few thousand meters. There are
two systems of acoustic positioning developed so far. One of them is the long baseline (LBL) method which uses three sea floor acoustic transponders installed at the
vertices of a large triangle at the sea floor. An acoustic distance measuring device
installed on board a ship measures distances between the ship and each of the three
sea floor transponders. This measurement is carried out while the ship is moving in
order to get transponders' distances from different positions of the ship. Using both
the ship's positions, determined from radio navigation, and distances to the sea floor
transponders, the positions of the three transponders are determined on the basis of
trilateration method (figure 1). Once the positions of the transponders, installed at
the sea floor, are known, they can be used as reference points for determining the
position of an unknown object. This technique is used not only for locating the
position of a surface ship but also for locating a moving vehicle or an object in water.
The best positioning accuracy we have ever obtained with this method was + 2 m.
The other acoustic positioning system is the super short base line (SSBL) method,
in which a two-dimensionally aligned hydrophone array installed at the bottom hull
of a ship and a single acoustic transponder installed in water are used. The hydrophone
array attached to the ship's hull determines the direction and the distance of the
transponder below from the measurement of the time delay and phase of the received
signals. This system is useful in determining the position of an object (no matter
whether it stands still or moves) in water in relation to the ship at the surface. The
positioning accuracy is about ___50 m.
The first successful magnetic measurement at the deep sea floor was made by Filloux
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Figure 1. Acoustic positioning using three acoustic transponders installedat the sea floor.
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(1967) of the Scripps Institution of Oceanography (USA). He developed a moored
magnetometer to measure the D-component (west-to-east) of the magnetic field at
the sea floor. On the other hand, Cox (1980) of the same institution had been developing
an electric field recorder using a very long cable (~ 1 km). If this cable is extended
south-to-north it will measure the electric field in the south-to-north direction.
Filloux's D-component magnetic data was combined with Cox's south-to-north
electric data to obtain electric impedance Z of the sub-bottom structure through the
following equation:
Z=O.2TIEx/Hyl 2

[ohm.m]

(1)

where Ex is the northward electric field in mV/km and Hy is the eastward magnetic
field in nT and T is period in seconds.
In the 1970s Filloux developed four very important oceanographic/geophysical
instruments for deep sea use: a three-component magnetometer, a horizontal electric
field recorder, a vertical electric field recorder and a water pressure recorder. His
three-component magnetometer uses classical magnets as sensors whose advantages
are low-power consumption and low drift. The horizontal electric field recorder is
characterized by the silver-silver chloride, short-arm (6 m) electrode and the salt-bridge
chopper to eliminate electric contact voltage difference. Combination of the vertical
electric field recorder with the pressure recorder provides data to estimate internal
electric field generation due to the motion of salty water mass.
In early 1970s, R Von Herzen of the Woods Hole Oceanographic Institution (USA)
developed a sea floor three-component magnetometer using a single-crystal, thin-film
magnetic sensors.
In the latter half of 1970s, A White of the Flinders University of Australia developed
a fluxgate type magnetometer. This was originally designed at the Cambridge
University of UK, but completed by White in Australia. About the same time, another
type of fluxgate magnetometer for deep-sea use was also developed by L Law at the
Pacific Geoscience Center, Canada. In Japan, three types of ocean bottom magnetometers have been developed so far. The first was by Segawa et al (1981) using ring-core
sensors to measure the three-component field and acoustic devices for installation
and recovery. The second was by Shimazu Corporation using straight line magnetic
sensors, and the third by the Japan Marine Science and Technology Center. This
center developed a proton magnetometer and a superconducting magnetometer for
use in shallow water. As seen from the developmental history of the geomagnetic
instruments of the world, marine electromagnetometry has advanced significantly
over the last 20 years. In the course of instrumental progress, numerous EM researches
at the sea floor have been conducted. It is worthy of mention that there were important
international programmes not only between marine researchers but also between
marine and land researchers.
EMSLAB (electromagnetic study of the lithosphere and asthenosphere beneath the
Juan de Fuca ridge) project was one of the largest carried out in 1985. EMRIDGE
(electromagnetic study of oceanic ridge) project was carried out in 1988. These were
multinational projects involving USA, Japan, Canada, Australia and France. Mutual
co-operation, on the other hand, has been continuing between Japan and India since
1983 through the Ocean Research Institute, the University of Tokyo and the Indian
Institute of Geomagnetism at Bombay. The Indian Institute of Geomagnetism is
carrying out geomagnetic observations in the Arabian Sea and the Bay of Bengal
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using ocean bottom magnetometers of the Segawa type. These observations are
intended to elucidate not only the electric conductivity structure o f the lithosphere
and asthenosphere of the Indian plate but also the characteristic nature of the
geomagnetic field variations in India such as those caused by the equatorial jet current
above the Indian continent.

2. General features of EM varisitions observed at the sea floor

2.1 Frequency aspects
A distinct feature of EM variations at the sea floor is their attenuation as demonstrated
in figure 2 where amplitudes for rapid geomagnetic fluctuations at the sea floor, DsF,
are subject to attenuation, compared with those on land DTU and Dcn s. Further, DSF
shows smooth variations as if there were no short-period geomagnetic fluctuations
and the effective attenuation extends over periods as long as several hours. This is
due to the ocean behaving like a geophysical low-pass filter, because of the relatively
high electrical conductivity, by some orders of magnitude, compared with that of the
solid earth. For, as a result of the well-known 'skin effect', the EM waves of external
origin decay rapidly when they go through the ocean especially for the shorter periods.
Figures 3a and 3b, reproduced from Filloux (1980a), show the spectra of ocean
bottom magnetic and electric fields, respectively. According to FiUoux, there appear
sharp peaks associated with the diurnal and semidiurnal ocean tides which are larger
than external sources. It is also found that the effect of the grand circulation of ocean
currents, quasigeostrophic currents, for instance, becomes more dominant at longer
periods. And this kinetic field in the ocean affects primarily the electric field rather
than the magnetic field. The EM field of oceanic origin, in other words, 'oceanic
dynamo', consists of the electric current J o e , . induced by the velocity field V of sea
water under the influence of a geomagnetic field B:
Joc.. = as" B x V

(2)

and the magnetic field, Boc,~., induced by the electric current Jo.... . Here a s denotes
the conductivity of sea water. It is possible to regard the EM field of oceanic origin
as either noise or source field (Cox 1980) from the standpoint of determining the
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Figure 2. An exampleof record from the D-componentmagnetometerat the sea floor(DsF)
and comparison with the records on land (DTvand Dc^B).After Filloux(1967).

Electromagnetometry at the sea floor

643

Figure 3. Powerspectra of EM variations at the sea floor: (a) for magnetic field and (b) for
electric field, respectively.After Filloux (1980a).
electrical conductivity structure beneath the sea floor. Some preliminary efforts have
actually been made to separate the EM fields of oceanic origin from those of
ionospheric origin through a remote reference (Chave and Filloux 1984; Bindoff et al
1988). If the current velocity at the sea floor varies of the order of 1 cm/s, the
associated electric field variation has a magnitude of 0-5/~V/m, which is of the same
order as the electric field of external origin. This is likely to mislead the sea floor
magnetotelluric interpretation, suggesting that one must be careful in dealing with
the electric field data observed at the sea floor.
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The EM field observed at the sea floor has turned out to be band-limited: the upper
limit of frequency is governed by the 'skin effect', and the lower limit is governed by
the oceanic dynamo process whose time scales are around the ocean tide band or
longer. Taking such limitation into account, a direct observation at the sea floor gives
uselful information of the electrical conductivity structure over the range from the
earth's crust to the upper mantle with an exception of the very surface layer. This is
the reason why electromagnetometry at the sea floor has been developed in spite of
its risks and costs. Further, the sea floor is free from artificial EM noises and has
stable-temperature environments nowhere else expected on the earth.
2.2 Data processing of sea floor EM measurements
Equation (1) is the simple Cagniard's relation, valid only for a one-dimensional
homogeneous structure, i.e., the horizontally layered earth model. This magnetotelluric
relation is extended to a more general formula using an impedance tensor as follows:

(3)

E~ = Z~ z . J \ n ~ J '

where E and H denote the electric and magnetic field respectively. From now on, the
conventional coordinate system will be adopted where (x, y, z) or (H, D, Z) correspond
to north, east and downward, respectively. In the absence of lateral inhomogeneity,
there occurs no coupling between parallel electric and magnetic field: Zx~ and Zry
fade out and Zy~ is equal to -Z~y. This is the simple Cagniard's relation. For a
strictly two-dimensional case, there is a principle direction of the impedance tensor,
such that
t

Ex = Z~,r H'y and E'y = Z'y, H~,

(4)

where the prime denotes the quantity measured along the principal axes. The principal
axes are cal6ulated by rotating the coordinate axes so as to make the diagonal
elements vanish. The principal axes correspond to the direction parallel and
perpendicular to the strike of the electrical conductivity structure and Z'y and
Z'yx represent the maximum and minimum impedances along the principal directions.
As for the three dimensional case, there is no coordinate rotation that nullifies the
diagonal elements of the impedance tensor, so that the direction should be sought
for to minimize them. Skewness, S, defined by the following equation, is useful in
classifying the degree of structural inhomogeneity:
IZxx + ZrYl.
S = Zxy - Zyx

(5)

It becomes exactly zero when the electrical conductivity structure is one-dimensional
or two-dimensional. A precise review of magnetotelluric data processing was given
earlier by Hermance (1973).
When there is no electric field data available, a transfer function technique is
commonly used to carry out geomagnetic deep sounding. The geomagnetic transfer
function originated from the empirical Rikitake-Yokoyama plane or Parkinson or
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Wiese vector. Its generalized form is:

= A (f).AH(f) + B(f).AD(f),
(6)
where A (f) and B(f) are complex geomagnetic transfer functions. The phase difference
AZ(f)

as well as the amplitude ratio between the vertical geomagnetic component and the
horizontal geomagnetic components can be represented in terms of these transfer
functions. Induction vectors, (Au, B~) and (Av,B~), are often used to illustrate the
lateral conductivity contrast. Here subscript u denotes the real part of the geomagnetic
transferfunction and v the imaginary part. Mapping of induction vectors is a powerful
tool for finding out the lateral heterogeneity of the conductivity structure below.
Various conductivity anomalies have been found from the induction vector mapping
such as coast effect, island effect, strait effect, peninsula effect and so on. All these
anomalies are mainly caused by induced electric currents in the conductive ocean.
This ocean effect was calculated quantitatively by Sasai (1968), for the first time, using
non-uniform thin sheet approximation for the ocean.
The transfer function can be extended to the following formula using an induction
matrix:

AHo~ (hnhohz~ (AH,~

I

AOol=la,,doaz
I IAO/
AZo) ,z.zozz) azn],

(7)

where subscript a denotes the anomalous geomagnetic field and n denotes the normal
geomagnetic field which is not affected by the conductivity anomaly concerned. The
anomaly can be estimated from this formula not only for the vertical component but
also for the horizontal components, which dominates in the presence of a local
conduction effect. Expressing the observed geomagnetic field as sum of normal and
anomalous field:
AH = AH. + AHo

AD = AD, + ADa
AZ = AZ~ + AZ~.

(8)

Equation (7) gets reduced to
(Ai)
AD =

A

(hn+l ho )(AHn~
du dD+ 1 ~AD,L ] .
Zn
zD

(9)

Note that AZ, diminishes at mid-latitude. In the absence of horizontal component
anomaly, all the coefficients hu, ho, dn and do become zero, and zu and zo are identical
with the conventional transfer function A and B. AH, and ADn are usually determined
by a remote reference or a fixed point within the anomalous area. For a detailed
discussion of the induction matrix, Rikitake and Honkura (1985) may be referred to.
However, it may be emphasized here that a priori separation of the normal and
anomalous geomagnetic fields is practically impossible. Some physical insight is
necessary to distinguish normal from anomalous when an observer selects a reference
point.
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The response functions discussed above are usually determined through spectral
analysis. A fast-Fourier transform method is widely used because of its high speed
and ease of calculation in spite of some defects. This method intrinsically assumes
the stationary stochastic process, which contradidts with the nature of EM waves
such as the occurrence of geomagnetic storms. Further, it needs heavy stacking to
reduce the error of estimation, which is not in harmony with the present time scale
of the ocean bottom EM measurements, leaving the estimates biased in the case of
sparse data. Sompi spectral analysis method has been newly developed by Kumazawa
(1985) for the analysis of free oscillation of the earth. The Japanese word, 'Sompi',
means whether something exists or not. It was applied to the EM variation analysis
by Asakawa et al (1988). This method assumes no ergodic process and does not need
long data length. Characteristics of Sompi spectral analysis method are summarized
by the following two points:
(i) It uses autoregression (AR) method to model the observed data and determines
the frequency f through the formula

A(z).X(z) = O,

(10)

z = exp(2rr/fAt).

(10')

where
Equation (10) is the z-transform of the original AR equation. At denotes the sampling
interval. A(z) must be zero when signal X(z) exists. The existent complex frequency f
is calculated from the equation

A(z) = O.

(11)

(ii) The original time series is synthesized, using the calculated complex frequency f,
as follows;
M

x~(IAt)= ~ A(f~)exp(2zcifklAt ).

(12)

k=l

The complex amplitude and the phase are determined by the usual least squares
method;
N

(x I _ ~)2 = min.

(13)

1=1

From the standpoint of data modelling, the constraint given to the AR coefficients:
y,u=_Ma2m = 1 leads to minimum fitting error whereas that of the conventional AR
method: a-M = 1 results in minimum prediction error. The real part of the complex
frequency f represents the observable frequency and the imaginary part corresponds
to the attenuation factor. Thus the Sompi spectral analysis method can represent
both the diverging waves and the converging waves, and is more suitable for the
deterministic process. All through these steps there appears no statistical concept.
This is the reason why the Sompi spectral analysis method does not require long
data length.
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2.3 Controlled source E M exploration beneath the sea floor
The sea floor EM observations are unable to determine the shallower structure because
the high-frequency signals of natural sources are filtered out. This handicap is
overcome by employing controlled source EM exploration at the sea floor. There are
two approaches to interpret the active source measurements. One is a static electrical
method using d.c. limit formulation. The other is a transient EM method. The authors
would like to make a brief review by introducing an example for each method as
follows.
Magnetometric offshore electrical sounding (MOSES) method is a typical and
simple electrostatic exploration method. It was developed by Edwards et al (1985).
Figure 4 shows a schematic view of this method. An electric bipole field is generated
by the currents flowing between the two electrodes, one placed at the sea floor and
the other at the sea surface. Most of the electric current flows through the sea water
but some penetrate into the crust. The latter part generates an azimuthal magnetic
field at the sea floor at large enough distance from the electric bipole source field.
This azimuthal magnetic field, B o, is related to the resistivity, Ro, beneath the sea
floor through the following asymptotic far-field formula,
(14)

R a = Rsld/4~r2Bo,,

where Rs, I, d and r are the resistivity of seawater, the bipole current, the depth of
the sea, and the transmitter-receiver separation, respectively. Sounding will be made
by enlarging the separation between the transmitter and the receiver.
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Figure 4. A schematic configuration of transmitter and receiver of MOSES experiment.
After Edwards et al (1985).
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A theoretical study about the possible transmitter and receiver configurations of
transient EM system (Cheesman et al 1987) has revealed that only two methods have
the validity of measuring the relatively low conductivity of the sea floor in the
presence of conductive seawater. These are, the horizontal electric dipole-dipole
method (ERER) and the horizontal coaxial magnetic dipole-dipole method (HRHR).
Compared with HRHR, ERER can detect a deeper structure. The ERER method
takes advantage of the fact that when the incident EM waves from the transmitter
go through either air or sea or underground, the arrival time to the receiver differs
depending upon which way the signal goes through. A ship-towed ERER system will
give out the mapping of the shallow electrical conductivity structure beneath the sea
floor. It could be understood as an EM version of a seismic profiler.

3. New findings through ocean bottom EM measurements

3.1 Relationship between the age of the sea floor and the depth to the high conducting
layer in the upper mantle
Filloux (1980b) brought about the first fruitful result from the ocean bottom EM
measurements. He pointed out, after comparing the sea floor magnetotelluric data
near the Hawaii islands and those off the California Coast, that the depth of the high
conducting layer (HCL) in the upper mantle beneath the young sea floor is different
from that of the old sea floor. The depth of HCL is around 85 km for the sea floor
off California aged 30 Ma while it is about 140 km nearby Hawaii Islands aged 72 Ma.
This result coincides qualitatively with the relation between the sea floor age and the
depth of the low velocity layer (LVL) determined through seismic methods. Since
then, the relationship between the age of oceanic plate and the depth of HCL has
been further confirmed.
3.2 Conductivity anomaly on the main land of Japan
There are three main island-arcs in the vicinity of Japan. They consist of the Izu-Bonin
ridge, the Ryukyu arc and Honshu, i.e., the main land of Japan. It is evident from
the bathymetric map of the region around Japan that these island-arcs are not
independent, rather these constitute plate boundaries interacting each other. Hence
a three-dimensional study must be carried out to obtain a consistent understanding
of the electrical conductivity structure underneath, which is usually very difficult. The
interpretations are therefore still being made by assuming two-dimensionality for each
island-arc.
Figures 5a and 5b show the distribution of the induction vectors for the period of
60 minutes for the central Japan and the northeast Japan, respectively. The former
is the well-known central Japan anomaly. With respect to the conductivity anomaly
beneath Honshu, these figures reveal that the large amplitudes of the induction arrows
are clearly observed on the sea shore, especially along the Pacific coast and that the
induction arrows trend in the SSE direction in the case of the central Japan and EW
direction in the case of the northeast Japan. The former feature represents a strong
effect of the deep ocean and the latter implies that the electrical conductivity structure
beneath the central Japan has an approximately two-dimensional strike in the ENE
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Figure 5. Distributions of the induction vectors observed around Japan including the recent
EM measurements at the sea floor. (a) for the central Japan and (b) for the northeast Japan,
respectively. After Utada et al (1986) and Ogawa et al (1986).
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Figure 6. Rikitake's model.The contour shows the undulation of the upper mantle beneath
Japan in kilometer. After Rikitake (1969).
direction while that of the northeast Japan lies in the NS direction. This is why the
electrical conductivity structure beneath Honshu is interpretated by dividing it into
the central Japan and the northeast Japan areas.
Before the success of the sea floor EM observation, Rikitake (1969), using the ratio
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of AZ to AH from all the land observations in Japan and the sea floor heat flow
measurements, proposed a model which explained the conductivity anomaly around
Japan by the undulation of the upper mantle conductor (figure 6). Honkura (1974)
who refined this model was able to explain the frequency dependence of the observed
transfer functions.
Utada (1987) developed, for the first time in Japan, a conductivity model based on
both land and sea floor EM observations (figures 7a, b). The new findings represented
by Utada's model are;
(i) The high conducting layer, with conductivity of the order of 0.1 S/m, has depths,
as estimated from the sea floor magnetotelluric data, about 150 km for the Pacific
plate and around 30 km for the Philippine Sea plate.
(ii) Another rather thin conducting layer was found at the surface of the subducting
oceanic plate. It was inferred to be the ocean bottom sedimentary layer saturated
with water and part of the porous upper crust. The conductivity of this top conducting
layer (TCL) is of the same order as HCL.
(iii) The third conductor appeared at the lower crust, which implies some upward
feed back processes of the subducted water transported by the surface conducting
layer described above.
Although Utada's model is the most reliable electrical conductivity model beneath
Honshu, yet the following comments on it are worth mentioning.
The 'oceanic dynamo effect', particularly with the electric field at longer periods,
and the 'skin effect', preventing the structural analysis from determining shallow
structures, result in the ambiguity of deep structures. Hence, there is a possibility of
misunderstanding the depth to HCL.
The conductivity of TCL was determined assuming the thickness of the layer,
because the conductance of the layer, the product of conductivity and thickness, is
the only observable parameter. A controlled source method should be applied to
remove the uncertainty of the thickness.
The existence of a conductor at the lower crust is most problematic at present.
Honkura had already noticed, since he suggested his two-dimensional model in 1974,
that the amplitudes of the induction vectors along the Japan Sea coast are much
smaller than those along the Pacific coast. His interpretation is that this is because
the Japan Sea is a three-dimensionally closed sea compared with the Pacific Ocean.
The two-dimensional model leads to an overestimation of the effect of the Japan Sea.
Hence, it becomes necessary to introduce a conductor into the lower crust, so as to
reduce the amplitudes of induction vectors along the Japan Sea coast (Ogawa et al
1986). Tarits and Honkura (1988) compared the observed transfer functions with
those calculated by a quasi-three-dimensional model in which the topography and
the existene of sea water were represented by a non-uniform thin sheet and two
laterally homogeneous layers were assumed to exist below the sheet. Their calculations
qualitatively reproduced the observed distribution of the induction vectors. They also
pointed out the conduction effect of the induced electric currents in the Japan Sea
which would appear in the anomaly of the horizontal geomagnetic components. It
coincides with the observation carried out by Shiozaki et al (1988) in southwest Japan.
This conduction effect is probably caused by the increase of electric current density
because the induced electric currents in the Japan Sea tends to flow out mainly from
the narrow Tsushima Strait to the Pacific Ocean. Some indirect evidence, however,
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Figure 7. Utada's model: (a) for the central Japan and (b) for the northeast Japan,
respectively.The conductivities are given in S/m. After Utada (1987).
exists against their results (Tatsumi 1989). The present authors are therefore of the
opinion that it is still unknown whether the relatively small amplitudes of the observed
induction vectors along the Japan Sea coast are due to the three-dimensionality of
the Japan Sea or whether they are due to the conductor at the lower crust.
3.3 Other conductivity anomalies around Japan
The EM observations at the sea floor play a leading role in case of the remaining
two island-arcs because there are limited land observations on some separated islands.
Kaneko et al (1988) calculated the two-dimensional electrical conductivity structure
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beneath the Ryukyu arc using the data of a land observatory on the Okinawa island
and the five ocean bottom magnetometers. T w o conductors appeared in her
two-dimensional model, one below the Ryukyu arc itself and the other below the
Okinawa trough which lies upon the back-arc basin side. She attributed these to the
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Figure 9. Two-dimensional conductivity model calculated by EMSLAB group. After
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three-stage dehydration model proposed by Tatsumi (1989). Her model is attractive
in relation to Tatsumi's or Utada's model and to the existence of the hydrothermal
circulation recently discovered by Yamano (1986) in the Okinawa trough.
The present authors have been carrying out, for the last several years, sea floor
EM observations around the Izu-Bonin ridge (Toh et al 1988). Figure 8 shows the
distribution of the induction vectors in the area for 60 minutes. The induction vectors
both on the fore-arc and the back-arc side of the ridge represent the .so-called coast
effect, although their amplitudes are not so large as those of the land measurements.
Further, the strike of the induction vectors at the northern Izu-Bonin ridge is almost
the same as that of central Japan, implying that the central Japan anomaly extends
to the SSE direction. The induction vectors, however, are directed to the east-west
direction around the latitude of 31~ This suggests an approximately two-dimensional
structure of the ridge in the north-south direction. However, no satisfactory conductivity
model which explains the observed data has been obtained even though some
two-dimensional calculations were made for the southern most section of the ridge.
The authors would like to mention the EMSLAB project as a typical example of
the EM observation at the sea floor. The EM sounding of the lithosphere and
asthenosphere beneath the Juan de Fuca Ridge is a large-scale international
cooperative programme in which one of the authors also took part. The number of
observation sites was 90 on land and about 20 at the sea floor. The data obtained
were analysed by the EMSLAB group and yielded an extraordinarily precise
two-dimensional conductivity structure from the Juan de Fuca Ridge to the Cascades
Mountains, which is shown in figure 9 (EMSLAB Group 1988).

4. Prospects for EM study at the sea floor
Various EM studies using sea-floor magnetometers and electrometers have been made
since the 1960s. Array observations have also been conducted in some field, the largest
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of which was the observation conducted under the EMSLAB p r o g r a m m e at the Juan
de Fuca Ridge. However, it is true that the present status of the sea-floor EM study
is not to the statisfaction of all the investigators concerned. Some problems are
summarized below:
(i) Availability of electrometers is scarce when compared with that of magnetometers.
This situation has sometimes forced the investigators to abandon appropriate
interpretations.
(ii) Most of the results from EM observations have been based on one-dimensional
analysis; thus it is extremely difficult to get a meaningful result in the area of
complicated topography.
(iii) Only Jean FiUoux of the Scripps Institution of Oceanography has considered
the effect of ocean d y n a m o in interpreting the EM data from the sea floor. It requires
much longer observations and a greater number of equipments at the sea floor.
(iv) Since, at deep seas, the EM signals of external origin decay significantly, it is
very difficult to extract the shallow EM structures. To overcome this difficulty, it is
necessary to employ some controlled source methods by which short period E M
signal~ are generated inside water.
(v) EM waves propagate very slowly inside an electrically conductive media. It is,
therefore, possible to estimate conductivity by using the propagation velocity of
artificially generated E M waves. Using an EM wave generator and a magnetometer
or an electrometer installed at the sea floor, the velocity in a conductive media can
be measured from a travel-time curve like the seismological observations.
(vi) Establishment of semi-permanent geomagnetic observatories at the sea floor: This
may be an ultimate goal for radically improving the system for geomagnetic studies
at the sea floor.
In conclusion, we would like to add that for the forthcoming stage of marine
electromagnetometry it is most important to establish a system which will enable us
to keep stable and semipermanent E M observations at the sea floor.
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