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Analyses of Spectral IP Responses over 20-Degree Dipping Structure

Hee Joon Kim*

Abstract: Spectral induced polarization (IP) responses for 20-degree dipping body are obtained

by both numerical and scale models. The IP responses for the dipping body vary not only with

current frequencies but also with resistivity ratios between the body and the surrounding medium.

If the ion concentration related to polarizable reaction is constant, the resistivity of polarizable body

depends only on the current frequency. This implies that the IP responses to the resistivity ratio

are qualitatively equivalent to those to the current frequency. The numerical results with wide-

range resistivity ratios, therefore, can be used as standard curves for the interpretation of spectral

IP data.

INTRODUCTION

The -method of induced polarization (IP) .is
based on the frequency dependence of resistivity
of rocks. In spectral IP (or multi-frequency IP),
the apparent resistivity is measured in a wide-fre-
quency band (e.g., 1/1024,..., 1024 Hz). Thus
the spectral IP can be regarded as a more refined
form of the conventional IP. This type of survey
becomes possible with the development of elec-
tronics.

On the basis of complex resistivity measure-
ments, Pelton et al. (1978) showed that variations
in the frequency spectra of resistivity arise main-
ly from mineral texture. They also showed that
it is possible to recognize and to remove the ef-
fect of inductive electromagnetic (EM) coupling
from the IP spectra by means of Cole-Cole relax-
ation models. In the conventional IP, the EM
coupling was regarded as a kind of noise. In the
spectral IP, however, the EM coupling can play
an important role in detecting low-resistivity ore
deposits (Wynn and Zonge, 1975) and man-made
grounded structures (Nelson, 1977). The recog-

nition and removement of EM coupling is usually
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carried out by using Cole-Cole plots of complex
resistivity. But this procedure requires too much
time and has little advantage in delineating the
subsurface structure.

It this paper, spectral IP responses over a 20-
degree dipping structure are obtained by the scale
model experiment which has little EM coupling.
Simple explanations for these results are conduct-
ed by means of sample measurments and numer-
ical models. As a result it will be shown that
the spectral IP responses are qualitatively equiv-
alent to the IP responses varying with resistivity
ratios between targets and host rocks. It will be
also shown that the numerical results with the
wide-range resistivity ratios can be used for stand-

ard curves in the spectral IP.

MODELS

To illustrate the effects of current frequency
on the apparent resistivity response in the scale
model experiment, a dipping model is selected in
this study (Fig. 1). The polarizable body is a
pyrite in Yanahara, Japan, and its size is §5X
2% 0.5 units (dipole length, 2 em in the scale
model). The body is inclined 20 degrees against
the X-Y plane (Z=0). The shallowest position
of the body is 1 unit apart from the X-Y plane
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Fig. 1 Plan and sectional views of the 20-degree
dipping body in scale model. The resistivity
and phase of body are g, and ,, respectively,
and those of surrounding medium are £; and
01, respectively. All dimensions are in units
of dipole length.

and the center of the body is just below the ori-
gin. The resistivity of surrounding medium is
kept in 0,=12.5 2-m and its phase is 6,=0,
i.e., non-polarizable. Apparent resistivities are
measured with dipole-dipole array for four fre-
quencies of current: 0.1, 0.3, 1 and 3 Hz. Details
of the equipment of scale model experiment are
shown in Noguchi et al. (1982).

Results of scale model experiment are compared
with those of numerical model calculation. The
numerical model is the same as Kim (1984). The
numerical results, therefore, are obtained as com-
plex apparent resistivities and shown as func-
tions of the normalized apparent resistivity (0,/p;)
and phase (B,=0,/6,), where p, and 6, are the
calculated amplitude and phase of complex ap-
parent resistivity, respectively, and 6, is the as-
signed phase of body resistivity. All profile lines
shown in this paper are perpendicular to the
strike of dipping body (Y=0 in Fig. 1),

% -5 -4 3 -2 -1 0o 1 2 3 4 5 6

} f } t t } } t t t t } |

e,/p (3) 0.1 Hz
0.3 Hz
1.0 Hz
3.0 Hz

-

Fig. 2 Effect of current frequency (0.1, 0.3, 1 and
3 Hz) on apparent resistivity responses for
the 20-degree dipping body in the scale model.

SCALE MODEL EXPERIMENT

Fig. 2 shows dipole-dipole apparent resistivity
responses of the dipping body at four current
frequencies: 0.1, 0.3, 1 and 3 Hz. In the case
of 0.1 Hz, high-resistivity anomalies appear in
the position nearly identical to the body. The
high-resistivity anomaly in the body position
decreases with an increase of current frequency,
and it is lost in 38 Hz. The anomaly pattern in
0.3 Hz is almost the same asin 0,1 Hz. In the
case of 3 Hz, only low-resistivity anomalies occur
on the side opposite to the direction of dip. The
low-resistivity anomaly becomes weak with a
decrease of current frequency, and it is lost in
0.3 Hz. The result in 1 Hz has both low- and
high-resistivity anomalies, and these magnitudes
are relatively small. Note that the scale model
experiment has little EM couplings mainly due



Anaiyses of Spectrai 1P Respouses over 20-Degree Dipping Structuré 221

to short dipole length (2 ¢cm). Also note that
the resistivity of surrounding medium and the
concentration of Fe2* and Fe’* associated with
polarizable reactions are kept in constant in the
experiment.

Noguchi (1979) showed that, by means of
sample measurements of pyrite, the resistivity of
polarizable body measured by fine currents de-
pends on two factors: the ion concentration asso-
ciated with polarizable reactions and the period
of transmitting current. This implies that the
polarizable body has no inherent resistivity in
spectral IP. Since the ion concentration in the
scale model experiment is constant, the body
resistivity varies with the current frequency. In
other words, the change of frequency is basically
equivalent to that of resistivity ratio between the
body and the surrounding medium.

Fig. 3 shows a relation between the resistance
of pyrite and the current period in the sample
measurement (Noguchi, 1979). From this figure
we see that the sample resistance R is ﬁropor-
tional to the root period of current T, i.e.,

Roc yT = 1/ VF,
where f is the current frequency. This implies
that in the scale model experiment the apparent

resistivity of polarizable body and the resistivity
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Fig. 3 Relation between the resistance (R) and the
current period (T) obtained from the sample
measurement (after Noguchi, 1979).

ratio decrease with an increase of current fre-
quency. Note that the geometric effect of the
body should be considered in estimating body
resistivity p, at a certain frequency.. L

NUMERICAL CALCULATION

Fig. 4 compares apparent resistivity respdnses
of the dipping body for four resistivity ratigs:
02/p1=16, 4, 1/4 and 1/16. For the resistive
bodies (p2/0;=16 and 4), high-resistivity anom-
alies appear at the position nearly identical to
the body, while for the strongly conductive body
(02/p1==1/16), a low-resistivity anomaly inclines
in the direction opposite to the body. For the
weakly conductive body (p./p;=1/4), on the
other hand, relatively broad and low-amplitude
anomaly appears around the body position, and
anomaly pattern is nearly symmetrical in spite

of asymmetrical body shape. From Figs. 2 and
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Fig. 4 Effect of resistivity ratio (os/p1=16, 4, 1/4
and 1/16) on apparent resistivity responses
for the 20-degree dipping body in the nu-
merical model.
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Fig. 5 Effect of resistivity ratio (o2/p1=4,1, 1/4 and
1/16) on B; responses for the 20-degree dip-
ping body in the numerical model.

4, we see that the patterns of anomaly variation
with current frequencies are similar to those
with resistivity ratios.

Fig. 5 shows IP responses (B,) of the dipping
body for four resistivity ratios: o/01=4, 1, 1/4
and 1/16. For the resistive bodies (p2/p>1), the
largest B, anomalies appear at the position near-
ly identical to the body. For the conductive
bodies (p,/p1<1), however, the largest B, anom-
alies incline in the direction opposite to the
body. Note that B, anomalies can be defined
even in p,/p;=1, but apparent resistivities are
not so.

Fig. 6 shows relations between IP responses
and resistivity ratios at points C4,sP_;,, and
C_3,-5P; 3, respectively. Details for the points
are explained in Kim (1984). From this figure
we see that B, curves vary with plotting points
in the pseudo-section. The C_s,—5P_1 o has a peak
B, anomaly in the conductive region (02/ p1=

i 1 ! ).
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Fig. 6 B, curves at the points of C—s,—sP-1,0 and
C-3,~ePs,5 for the 20-degree dipping body in
the numerical model.
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Fig. 7 Effect of intrinsic phase (/=100 and 200
mrad) on apparent phase responses for the
20-degree dipping body in the numerical
model. The resistivity ratio is f2/p1=1.

0.1), while the C_3 _,P,; has a peak in the
resistive region (p,/p;==2).

Fig. 7 compares apparent phase responses of
the dipping body for two intrinsic (assigned)
phases: 6;,=100 and 200 mrad. The body resis-
tivity is the same as the background resistivity,
i.e., po/p1=1. From this figure we see that the
apparent phase response in §,=200 mrad is two
times more than the value in 6,==100 mrad at
the corresponding point. The anomaly pattern,
therefore, does not change with the intrinsic
phase of body. In the numerical model the B, is
the ratio of the calculated apparent phase (6,) to
the intrinsic phase of the body (6,). Thus the
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result of Fig. 5 is equivalent to the apparent
phase response for 6,—100 mrad.

DISCUSSION AND CONCLUSIONS

The frequency domain and the time domain
are equivalent in a linear and causal system, and
these domains are connected through the Fourier
transform. The time domain is attractive because
the whole transient can be recorded in a single
measurment, so there are many divices in com-
mercial use. Interpretation, however, is difficult
in the time domain because Ohm’s low must be
transformed to convolution integral in the time
domain. Hence one should transform the time-
domain data to the frequency domain by the
Fourier transform. But in practice, the informa-
tion obtained from time-domain measurements
cannot be transformed to the information of wide-
band resistivities in the frequency domain (Soini-
nen, 1984). It is advisable that the transforma-
tion from time domain to frequency domain is
limitted in harmonics up to 9 or 11 orders for
one frequency (Noguchi et al., 1982). In this
study the transformation was not carried out
because the scale model experiment involves little
EM coupling and also because the information
of intermediate frequency is not needed in deter-
mining the subsurface structure.

IP responses of both apparent resistivity and
phase vary with the resistivity ratio (Figs. 4 and
5). Roughly speaking, the resistive dipping body
has high-resistivity and large B, (or phase) a-
nomalies in the same side of the body, while the
conductive body has low-resistivity and large B,
anomalies in the opposite side of the body. The
resistivity ratio with peak B, anomaly also vary
with plotting points in the pseudo-section (Fig.
6). From these results we see that the resistivity
ratio is a very important factor in changing the
position with large IP anomaly. When we inter-

pret the field data, therefore, the resistivity ratio

between targets and host rocks should be esti-
mated first.

From Fig. 2 we see that the apparent resistiv-
ity patterns of the dipping body change dramat-
ically with current frequency in the scale model
experiment. Noguchi (1979) showed that, through
the sample measurment of pyrite, if the ion
concentration related to the polarizable reaction
is constant, the resistivity of polarizable body is
determined only by current periods (Fig. 3). This
implies that if the background medium is non-
polarizable, changing the resistivity ratio can be
carried out by changing the current frequency
(period) in the scale model experiment or in the
field. The change of pattern in Fig. 2, therefore,
is qualitatively equivalent to that in the numer-
ical model of Fig. 4. The estimation of body
resistivity (or resistivity ratio) has not been made
in this study. Such estimation for a cubic body
was made by Takeuchi et al. (1974),

From Figs. 5 and 7 we know that the IP pat-
tern does not change with the intrinsic body
phase (0,) but change only with the resistivity
ratio (py/p1). When we consider the equivalency
between resistivity ratio and current frequency,
therefore, the apparent resistivity and B, anom-
alies of Figs. 4 and 5 can be used for standard
curves in data analysis of spectral IP. By using
these standard curves, more accurate data anal-
ysis is expected for dipping structures. The key-
point of the analysis is to trace the movement
of large anomaly (or the change of anomaly pat-
tern) with the change of current frequency or
resitivity ratio.
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