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ABSTRACT

Relatively few investigations have employed electrical methods in the submarine environment, which may

be promising for mineral deposits or threatened by environmental problems. We have measured the electric

field using both disk and bar electrodes in the sea water at three different levels: sea surface, seven meters

deep, and sea bottom at a depth of ten meters, employing a 2 mspacing dipole-dipole array with 7 array

spacings of investigation, and 13 values of frequencies at steps of (2N hertz, N = –2, –1, 0, 1, 2,.....10).

The measurement allowed the analysis of the electric field as a function of frequency and spacing, and of

the spectral induced polarization. Modelling and interpretation of the apparent resistivity yielded a good fit

with previous drilling data. Analysis of the spectrum of the complex apparent resistivity and the comparison

with equivalent circuits, provided information about the grain size, the mineral composition and the major

induced polarization phenomenon occurring below the sea. Therefore the result of the present research show

the feasibility of measuring the variation of seawater resistivity in situ, as well as the resistivity of sea bottom

sediments.
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INTRODUCTION

Electrical methods in applied geophysics can em-

ploy natural or artificial sources. Among the publi-

cations that have used artificial sources for the inves-

tigation of submarine environments during the last

twenty years, we can mention (Edwards et al. 1981),

(Chave and Cox 1982), (Edwards and Chave 1986),

(Wynn 1988), and (Cheesman et al. 1987, 1990 and

1991). (Chave et al. 1991) designed new theoretical

models for determining the electrical conductivity of

rocks under the bottom of the sea, and (Baumgartner
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1996) obtained the electrical resistivity of sedimen-

tary layers at the bottom of a lake.

The main problems for using electrical meth-

ods in the sea are the electromagnetic coupling and

the attenuation because of the high conductivity of

the seawater. Other sources of noise are spurious

telluric currents, time variation of natural fields, and

cultural noise, especially those caused by metallic

objects near the receiving electrodes. The eddy cur-

rents that appear due to the electromagnetic field

also delay the phase of the signals and mask the in-

terpretation.

The objective of this research is to investigate

the feasibility of establishing the electrical conduc-
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tivity and induced polarization effects of both the

seawater and the bottom sediments in a shallow sea

environment. The results of such a study are im-

portant for coastal engineering and environmental

protection projects. We did the survey employing

the dipole-dipole array and a multi-spectral system.

In our analysis we fully considered the propagation

of electromagnetic waves in conductive media and

analyzed the electric field with pseudo-sections of

the induced polarization spectrum using both the

modulus and the phase of the complex apparent re-

sistivity. Additionally we also computed the percent

frequency effect (PFE) between 1 Hz and 8Hz. We

also did forward and inverse modeling of the ap-

parent resistivity data employing results previously

obtained by (Dias 2000) and (Sato 2000).

ACQUISITION AND ANALYSIS OF THE
EXPERIMENTAL DATA

We selected a place near the Naval Base of Aratu in

Salvador, Bahia, Brazil for our experimental work.

The place has the entire necessary infrastructure for

the proposed search. Furthermore it is located in

a small bay free of seawater turbulence, where the

water layer is about 10 m deep. Laboratory measure-

ments of the seawater conductivity at room temper-

ature and direct-current gave the following average

values: 4.90 S/m at the sea surface; 5.06 S/m at 7

m of depth; and 4.92 S/m at the sea bottom. Be-

sides frequency and conductivity, the propagation

of an electromagnetic wave along the seawater de-

pends on the magnetic permeability,µ. � µ0 =
4π × 10−7 henry/m, whereµ0 is the magnetic per-

meability of vacuum, and the relative dielectric per-

mittivity, ε, which varies between 78 and 81. There-

fore for the seawater the skin depth in meters equals

approximately to 225/
√

f, f being the frequency in

hertz. A drilling at the site gave the following data

for the layers below the bottom of the sea: a 6 m

thick unconsolidated sandy clay top layer; a second

unconsolidated layer of silt with a thickness of 1 me-

ter; and a thick third layer composed of sandstone

and silt.

We positioned the lines of electrodes at three

different levels: sea surface, middle of the water

layer at 7 m below sea level, and sea bottom at 10

m of depth. In order to fix the electrodes at each

level, navy divers stretched and tied a non-metallic

rope with 0.03 m of diameter to two pillars of the

pier spaced of 50 m. Subsequently the electrodes

were tied to that rope. Figure 1 sketches the geo-

logical layers and the three levels of the lines of the

electrodes. We constructed and used four types of

electrodes to investigate the influence of the shape

and of the dimension of the electrodes on the mea-

surements. We employed steel electrodes with the

following dimensions and forms: disk with a radius

of 0.075 m and a thickness of 1.5×10−3 m; disk with

a radius of 0.025 m and a thickness of 1.5×10−3 m;

vertical bar with a length of 0.10 m and a diameter of

5.0× 10−3 m; and vertical bar with a length of 0.03

m and a diameter of 5.0 × 10−3 m. Because all the

electrodes gave similar results within the precision

of the measurements, it will suffice to present the

behavior of only one type of electrode per analysis.

The contact between the seawater electrolyte

and the electrode metal may create potentials that

vary with time. This constitutes an additional source

of noise. In order to decrease this source of noise,

(Wynn 1988) towed a non-polarizable pair of Ag-

AgCl receiving electrodes. According to (Petiau

and Dupis 1980) steel electrodes are simpler and

stronger. They are also much cheaper. They present

a noise of 10µV for a stability time between half and

one hour after its installation, and 4µV after 24 hour

of installation, for frequencies below 1 Hz. For fre-

quencies above 1 Hz the electrode noise is lower than

2µV after 24 hours of installation. We monitored

this noise and we always did our measurements 24

hours after placing the electrodes in the seawater, to

take advantage of this stabilization time. To connect

each electrode to the geophysical equipment, we

used individual cables with grounded shield suitable

for submarine application. They have one metallic

shield on one semi-conductor layer. These layers

serve to confine the electric field into the cable to

minimize the coupling between the nearby cables

and to eliminate the danger of electric shocks. We
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Fig. 1 – Sketch of the geological layers and of the three levels of the survey.

employed a TV-4 multi-spectral receiver of the SIP

system manufactured by Phoenix Geophysics Lim-

ited. We calibrated the system before starting the

measurements.

We employed the dipole-dipole array with a

dipole length of 2 m, with 7 different array spacing

(n = 1, 2, ..., 7) of investigation, and thirteen values

of frequency, that ranged from 2−2(0.25) Hz to

210(1024) Hz in steps of

(2N, N = −2, −1, 0, 1, 2, ......10).

This frequency range and a constant dipole length

of 2 m for both the transmitter electrodes and the re-

ceiver electrodes were used for monitoring the elec-

tromagnetic coupling, and therefore select the ap-

propriate frequency range for analyzing the induced

polarization phenomenon. After the data acquisi-

tion the procedure also aimed to study the electric

field behavior as a function of electrode type and

depth in the water layer. All the data were first en-

tered in a notebook and later transferred to a UNIX-

workstation system for processing.

PSEUDO-SECTION OF THE ELECTRIC FIELD

The experimental data provided the analysis of the

real and imaginary parts of the electric field via

pseudo-sections as a function of frequency and spac-

ing. This enabled us to analyze the parameters of the

induced polarization. These data are presented on

Figures 2, 3, and 4, for the disk electrode with a

radius of 0.075 m.

In Figures 2a, 3a and 4a we can see the

real parts of the electric field for the three levels.

The behavior of the real part of this field is uniform

and shows vertical and lateral variations. Starting

from 100 Hz there is a tendency of attenuation of

the electric field mainly for spacing higher than 8

meters. This attenuation happens mainly because

of the skin depth effect, but it is enhanced by the

scattering at the sea surface.
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Fig. 2 – Variation of (a) the real part and (b) the imaginary part of the electric field on the sea

surface, in nV/m/mA as a function of frequency and lateral spacing (n=1,2,...,7).

Figures 2b, 3b and 4b show the imaginary

part of the electric field. Its variation is mainly a

function of frequency and not a function of spacing

as it is for the real part. The imaginary part on the

sea bottom is also higher than on the sea surface or

in the middle of the water layer. This is also

caused by the combination of the skin depth effect

and the scattering at the sea surface.

PARAMETERS OF SPECTRAL INDUCED
POLARIZATION

We computed the amplitude and the phase of the ap-

parent resistivity function for the dipole-dipole ar-

ray as a function of frequency for all the levels of

investigation. The amplitude value corresponds to

a half-space for the sea surface and to full-space for

the other two levels. We represent these data for the

vertical bar electrode with a length of 0.10 m, not

An. Acad. Bras. Cienc., (2001)73 (3)
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Fig. 3 – Variation of (a) the real part and (b) the imaginary part of the electric field at a

depth of 7 m, in nV/m/mA, as a function of frequency and lateral spacing (n=1,2,...,7).

corrected for inductive coupling, on Figures 5, 6,

and 7. Figures 5a, 6a and 7a show the behavior of

the amplitude in� · m, and Figures 5b, 6b, and 7b

show the behavior of the phase inmrad. In general

the behavior in these figures is uniform below 64 Hz.

Figure 5a shows the results for the electrodes

placed on the sea surface. For array spacing 1 to

4 the curves show little fluctuations whereas for 5

to 7 and frequencies above 64 Hz, the plot shows

a noisy behavior. Probably the noise is related to

power lines close to the site of measurement. On

this same figure we obtained a maximum variation

of 0.20� ·m and a minimum variation of 0.16� ·m
for frequencieslower than 32 Hz.

Figure 6a shows the results for the electrodes

placed 7 meters below sea level. In this figure we

obtained a maximum variation of 0.34� · m and a

minimum variation of 0.17� ·m, below 64 Hz. Fig-

ure 7a shows the results for the electrodes at the sea

bottom (10 meters deep). In this figure we obtained

a maximum variation of the 0.34� · m and a mini-

mum variation of the 0.30� · m, also below 64 Hz.

Except for one curve, the phase curves rep-

resented in Figures 5b, 6b and 7b increase with

AABC 73 3 t3
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Fig. 4 – Variation of (a) the real part and (b) the imaginary part of the electric field at the

sea bottom, in nV/m/mA, as a function of frequency and lateral spacing (n=1,2,...,7).

frequency above 64 Hz. This is typical of elec-

tromagnetic coupling (Ward 1990). The exception

occurs only for the first array spacing of investiga-

tion with the electrodes on the surface of the sea.

For this case we should have the largest coupling

effect on the phase value due to the vicinity be-

tween the receiver electrodes and the transmitter

electrodes. This anomalous behavior is caused prob-

ably because of the interaction with the location of

the equipment.

In Figures 5-7 we observe a large variation of

the apparent resistivity and phase curves for fre-

quencies above 64 Hz, which is more critical for

the array spacing 5-7. This fact is due to the high

conductivity of the medium and consequent disper-

sion of the electric current from the transmitter to

the medium, resulting in a strong decrease of the

signal with increasing frequency for the farther re-

ceiving electrodes. We can also see negative values

of phase. (Nabighian and Elliot 1976) explain this

behavior by an alteration produced by peculiar pat-

tern of the geoelectric layers.

An. Acad. Bras. Cienc., (2001)73 (3)

AABC 73 3 t3



SPECTRAL APPARENT RESISTIVITY IN SUBMARINE ENVIRONMENTS 435

Fig. 5 – Behavior of (a) the amplitude and (b) the phase of the apparent resistivity on the sea surface, for

the seven array spacing of investigation, and for the bar electrode (0.10 m).

(Hallof et al. 1979) state that the phase of the

resistivity tends to show minimum values for a given

frequency - the critical frequency. The value of this

frequency is related to the grain size of the minerals

showing polarization. If this critical frequency is

not reached, as is the case shown in Figure 7b for

all levels of investigations, this is an indication of a

smaller grain size of the minerals, possibly clays.
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Fig. 6 – Behavior of (a) the amplitude and (b) the phase of the apparent resistivity 7 m deep, for the seven

array spacing of investigation, and for the bar electrode (0.10 m).

PERCENT FREQUENCY EFFECT

We computed the Percent Frequency effect (PFE)

employing the following expression:

PFE = ρ1.0 − ρ8.0

ρ8.0
× 100% (1)

In equation (1)ρ1.0 is the resistivity at 1.0 Hz and

ρ8.0 is the resistivity at 8.0 Hz. They represent re-

spectively the ‘‘dc’’ and the ‘‘ac’’ electrical resis-

tivities. We have chosen these two frequency values

to satisfy the following conditions: (i) that the value

of the high (‘‘ac’’) frequency is close to ten times

the value of the low (‘‘dc’’) frequency. (ii) That

An. Acad. Bras. Cienc., (2001)73 (3)
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Fig. 7 – Behavior of (a) the amplitude and (b) the phase of the apparent resistivity at the sea bottom, for

the six array spacing of investigation, and for the bar electrode (0.10 m).

the ‘‘ac’’ frequency value be low enough not to be

severely affected by the EM coupling, which causes

abnormal increase of the phase value and decrease

of the mutual impedance value. (iii) That the ‘‘dc’’

frequency value be high enough not to be severely

affected by the noise caused by flow, intermixing,

and oscillation of the sea water at the Aratu Bay,

with a period of about 2 s. Probably this low fre-

quency noise is the main cause for the maximum

value of the apparent resistivity at 1.0 Hz, and the

negative phase values below 1 Hz.

Table I shows the PFE values for the three sea-

water levels employing the vertical bar electrode

with the length of 0.03 m. Table I shows small

AABC 73 3 t3
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positive values of PFE at the sea surface, seven me-

ter deep, and the sea bottom. Except forn = 4

andn = 5, where the PFE on the sea surface and

7 meter depth reaches 1.3%, 1.4% and 2.2%, the

sea bottom yields the higher values of PFE, none of

them above 2.5%. According to (Lima and Sharma

1992) the frequencies of 1 Hz and 8 Hz are within

the range of frequencies where the diffusion mech-

anism is the most important for polarization. Also

previous drilling at the site yielded core samples of

sediments containing disseminated clay. Therefore,

this weak IP effect suggests the occurrence of mem-

brane polarization due to the presence of clay in the

sediments under the sea bottom.

FORWARD MODELING

We employed the algorithm developed by (Sato

2000) to compute forward models for the three sea

levels of investigation. We used three layers for

the initial model. The first layer has a resistivity of

0.19�·m and a thickness of 10.5 m, the second layer

has a resistivity of 2.0� · m and a thickness of 6.0

m, and the third layer has a resistivity of 10.0� ·m.

The results of this modeling are shown on Figure 8

and indicate a good fitting between the experimental

and the theoretical data. In order to minimize the ef-

fect of frequency we employed the data of the lowest

frequency, 0.25 Hz, to compare with the algorithm

of (Sato 2000), which was developed for the direct-

current case. The data represented in Figure 8 have

been obtained with a different type of electrode and

a different value of frequency from the data repre-

sented in Table I, resulting in very different data for

n=1.

The values of the theoretical curve for the sea

surface approach the experimental values with a

slight tendency to grow for the larger spacing. The

theoretical curve at 7 m depth fits better the exper-

imental data. We observed a point of crossing be-

tween the theoretical curves for the sea surface and

7 m depth, both at an array spacing of 6 meters. The

same crossing appears between the correspondent

experimental curves at an array spacing of 7 m. The

theoretical curve of the sea bottom shows the same

increase relative to the experimental data at a spac-

ing of 6 m, a small decrease for 10 m and tends to

grow for distances larger than 10 m.

The result obtained from this modeling empha-

size the viability of the application of an electric

method in the sea, because from the initial model it

was possible to obtain a good fit between theoretical

and the experimental curves.

EQUIVALENT ANALOG CIRCUIT

All rock samples are contaminated from the view-

point of the physical chemist since the electrodes and

electrolytes are anything but pure. Nevertheless, it

is justifiable to employ equivalent circuits based on

pure systems since a phenomenological explanation

for rock behavior results (Ward 1990).

(Debye 1929) has formulated the phenomenon

of polarization in rocks suitable for homogeneous

substances. (Cole and Cole 1941) modified the ex-

pression of Debye on empirical grounds to describe

inclusive composite substances. However their ex-

pression does not have a general validity. Subse-

quent authors have suggested models and analytic

expression for the complex electric conductivity in

rock based on electric analog circuits to describe the

induced polarization phenomenon. Among them we

mention (Dias 1972, 2000) and (Pelton et al. 1978).

Dias’ model, reproduced in Figure 9, is based on an

analog fundamental circuit. It represents both the

electrode and the membrane polarization phenom-

ena, and it is based on the following equation:

where

σ = σ0

(
1 + βαλ

√
iω

1 + βλ∗√iω

)
, (2)

λ = 1 + µ , (3)

λ∗ = 1 + (1 − δ)µ , (4)

µ = iωτ

(
1 + η√

iω

)
, (5)

α = m

(
1 − δ

1 − m

)
, (6)

β = 1

ηδ
. (7)
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TABLE I

Percent frequency effect (PFE) employing 1.0 Hz and 8.0
Hz and the vertical bar electrode (L = 0.03 m) for the given
spreads n and positions.

n Sea surface Seven meters deep Sea bottom

ohm.m PFE% ohm.m PFE% ohm.m PFE%

1 0.142 0.0 0.206 1.0 0.300 1.7

0.142 0.204 0.295

2 0.164 0.6 0.187 1.1 0.318 1.0

0.163 0.185 0.315

3 0.153 0.7 0.199 1.0 0.332 1.2

0.152 0.197 0.328

4 0.157 1.3 0.224 1.4 0.314 0.6

0.155 0.221 0.312

5 0.159 0.6 0.230 2.2 0.328 1.2

0.158 0.235 0.324

6 0.190 1.1 0.290 0.0 0.330 1.9

0.188 0.290 0.324

In equations (2)-(7)ω is the angular frequency

in rad/s and the main spectral parameters are de-

scribed below

• σ0 represents the conductivity of the DC cur-

rent, in S/m.

• δ is a non-dimensional parameter defined in the

interval 0 ≤ δ < 1, which refers solely to

the pore path representative of the locus where

polarization is produced and involves only the

components of the ohmic conduction.

• η represents the relative strength between the

ohmic component and the diffusion-produced

component of the electrical current inside the

electrical double layer. Its unit iss−1/2, and its

value ranges from 1 to about 150.

• τ corresponds to the relaxation time of the elec-

trical double layer zone, due to the capacitance

effect of the system. It is defined in the interval

10−7 ≤ τ ≥ 10−2s.

• m is the ‘‘chargeability’’ (Seigel 1959), defined

as a relation involving the asymptotic values of

the resistivity, in the interval 0≤ m < 1.

An analysis of all the parameters can be useful

for the definition of the mineral species disseminated

in the rock. Initially we employed the inversion pro-

cedure to compute the values of Dias’ parameters

that best matches the observed phase data from mea-

surements on the sea bottom for four arrays spacing

of investigation. Figure 10 displays both the theo-

retical and the experimental phase data employing

the inversion algorithm of (Sampaio et al. 1998)

applied to the L2 norm described by Porsani et al.

(2000). The square error L2 norm is often associ-

ated with a Gaussian error distribution (Porsani et

al. 2000). Table II shows that the parameters practi-

cally do not change for the four array spacing inves-

tigated, and that the maximum error of the L2 norm

inversion procedure is less than 18%. Then we fitted

the observed apparent conductivity values with the

modulus of Dias’ conductivity function computed

with the obtained parameters. Figure 11 shows the

comparison employing disk electrodes with a radius

of 0.025 m, placed at the sea bottom for electrode

spread n=3. The maximum difference between the

AABC 73 3 t3
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Fig. 8 – Forward modeling of the apparent resistivity for the three sea levels of investigation.

ZZAX and WATER represent respectively the theoretical and the experimental data at the sea

surface. ZZBX and MIDDLE represent respectively the theoretical and the experimental data

at seven meters deep. ZZCX and BOTTOM represent respectively the theoretical and the

experimental data at the sea bottom. The experimental data are for f= 0.25 Hz, and the disk

electrode with radius of 0.075 m.

observed and the theoretical data is less than 10%,

though the observed conductivity is always larger

than the theoretical.

Since each parameter has a physical mean-

ing it is possible to define the dominant polariza-

tion phenomenon by making its integrated analysis.

Besides a relatively small PFE value, we observe

from the data of Table II that: ‘‘m’’ is relativity

large; τ is close to its minimum value;δ presents

an average value; andη presents a relatively large

value. A small value ofτ indicates small grain size,

and a large value ofη indicates predominance of

the diffusion mechanism. So the electric current

flows mainly through the faradaic path, and the phe-

nomenon is predominantly of a membrane polar-

ization type. This is indicative of the presence of

argillaceous sands, containing very few if any dis-

seminated metallic minerals.

CONCLUSION

Electrical sounding proved to be a feasible tool for

shallow marine water investigation: both for in situ

An. Acad. Bras. Cienc., (2001)73 (3)
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Fig. 9 – Reproduction of Dias’ model based on an analog fundamental circuit.

TABLE II

Dias’ parameters for the given electrode spreads
n, employing the disk electrode(R= 0.025 m) at
the sea bottom.

n m δ η τ % of fit

3 0.54 0.14 176.0 1.0 × 10−7 83.6

4 0.55 0.15 177.0 1.0 × 10−7 82.3

5 0.55 0.13 176.0 1.0 × 10−7 82.5

6 0.54 0.14 177.0 1.0 × 10−7 82.7

measurement of the vertical variation of the sea wa-

ter electrical conductivity; and to define the geo-

electric section of the sediments under the sea bot-

tom. The vertical variation is obtained employing

the smaller spread (n=1) and positioning the elec-

trodes at different water depths. The geoelectric

section is obtained by modeling the complete spread

at different water depths. An optimum frequency

spectrum between 1.0 Hz and 32.0 Hz, and a maxi-

mum array spacing between the transmitter and the

receiver dipoles,n < 6, were defined. This choice

of the measurement parameters restricted both the

electromagnetic coupling and the noise caused by

movements of the water in an environment with an

electrical conductivity of about 5.0 S/m. The fit ap-

plying the L2 Norm to the phase of the apparent re-

sistivity with an error of less than 18% is not good.

But it served for the determination of Dias’ param-

eters, which resulted in a good fit between the theo-

retical and the experimental curves of the modulus

of the apparent conductivity.

The modulus of the apparent resistivity repre-

sents an adequate parameter for geoelectric interpre-

tation under the sea. On the other hand the interpre-

tation of spectral induced polarization phenomena

employing both the modulus and the phase data de-

fined the type of phenomenon and the source of a

low magnitude IP effect in the sediments under the

sea bottom. We presented the behavior of only one

type of electrode per analysis, because of the relative

repeatability of the measurements.
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Fig. 10 – Fit between the theoretical and experimental phase data, obtained by inversion of Dias’ parameters

employing L2 Norm, at the sea bottom: n = array spacing (a) n=3; (b) n=4; (c) n=5; (d) n=6.

RESUMO

Relativamente poucas investigações têm empregado mé-

todos elétricos no ambiente submarino, o qual pode ser

promissor para depósitos minerais ou ameaçado por pro-

blemas ambientais. Nós medimos o campo elétrico usan-

do eletrodos em forma de disco e de barra na água do

mar, em três níveis distintos: superfície, sete metros de

profundidade, e fundo do mar a dez metros de profundi-

dade, empregando um dispositivo dipolo-dipolo com 2m

de afastamento, 7 níveis de investigação e 13 valores de

freqüência a intervalos de (2N hertz, N = –2, –1, 0, 1, 2,

... 10). A medida permitiu a análise do campo elétrico

como uma função de freqüência e afastamento, e da po-

larização induzida espectral. A modelagem e a interpre-

tação da resistividade aparente se ajustaram bem aos dados

de perfurações prévias. A análise do espectro da função

complexa da resistividade aparente e sua comparação com

circuitos equivalentes geraram informações a respeito de

tamanho do grão, composição mineral e do aspecto prin-

cipal do fenômeno de polarização ocorrendo abaixo do

fundo do mar. Portanto, o resultado da presente pesquisa

mostra ser exeqüível medir a variação da resistividade da

água do mar, assim como a resistividade dos sedimentos

do fundo do mar in situ.

Palavras-chave: resistividade aparente complexa, pola-

rização induzida, modelagem direta, água do mar.
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Fig. 11 – Comparison between the experimental and theoretical apparent conductivity (S/m)

with disk electrode (R= 0.025m) at the sea bottom, for array spacing n=3.
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