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AC EFFECTS N RESISTIVITY DATA FROM GEOTHERMAL PROSPECTS
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ABSTRACT

Electromagnetic coupling effects have not
previously been considered important in the
interpretation of Schlumberger resistivity
measurements, Calculations presented here
suggest that these effects can be of major
significance in areas with low resistivities
typical of geothermal systems.

Data from the Langano-Aluto geothermal
prospect (Ethiopia) are successfully explained
in the light of the results presented here.
Although not as definitive as the Ethiopian data,
data from a number of other geothermal prospects
seem to show similar effects.

Introduction

Atthough the importance of electromagnetic
E.M.) coupling effects on induced polarization
1.P.) measurements has been recognised for some
time (Madden, T.R. and Cantwell, T. (1967)), and
detailed calculations for the dipole-dipole array
have been published e.g. Millet, F.B. (1967%.and
Hohman, GW. (1973), the effect of EM. coupling
o gchlu_rlnberger soundings has not been considered
in detail.
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As the results presented will show, the
effect of EM. coupling for the Schlumberger array
using standard (i.e. long switching period) current
sources is negligible if the current electrode
spacing AB is not large (AB/2 < 800 m) and all
the resistivities in the ground are > 10 R-m.
Since it is rare in other than a geothermal
exploration survey for both of these conditions
to be satisfied, the effect of EM. coupling on
Schlumberger resistivity soundings is not widely
appreciated.

.. These gffects , usually appearing as steeply-
rising (>45~) sections on Schlumberger sounding
curves, were recognised Hochstein (pers. cmm)
during a 1969 survey of the H Tatio geothermal
field (Chile) when using a 0.3 Hz AC current
source, and attributed to “skin” (electromagnetic)
effects. Similar results were noted by HM. Bibby
(pers. comm,) in results from the Chinameca
geothermal field (EI Salvador).

However, it was results from a 1981 surve
of the Langano-Aluto geothermal prospect, conducted
bK the Ethiopian Ministry of Mines, that motivated
this paper. In this survey more than 20 large,
maximum AB/2 = 3160 m, Schlumberger resistivity
soundings were measured using a high-powered,
controlled period, current sources*. All 20 curves
show rapidly increasing apparent resisti-
vities for AB/2>1000 m., e.g. see Fig. 1.
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* heinrichs Geo-exploration Company I.p. and Resistivity Sender, Tucson, Arizona;
and Scintrex Ipc-7 15 kW 1P. transmitter, Concord, Ontario.
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For AB/2 s 800 m the form of the curves is
that of a normal descending type of sounding curve.
Standard layer model interpretation of the initial
part of the curves implies that resistivities of
less than 108-m occur throughout the survey area.

Non-layered structures and topoggaphic
effects can also produce steeply (>457) rising
branches of Schlumberger curves, Jackson, D.B.
and 0'Donnell , JE. (1980) interpreted a sounding
curve of similar form measured in the Coso geothermal
area (USA) interms of a conductive overburden
overlying a highly resistive basement dipping
parallel to the direction of array expansion. Such
an explanation of the Ethiopian data 1s untenable
for a number of reasons:

_Even though the measurements were made over
a Wide area,all the soundings upturn at approxi-
mately the same electrode spacing. Also, soundings
measured at the same position and azimuth using
different source waveforms and receiver character-
istics gave different results only for AB/2 ? 1000m,
i.e. the steeply ascending section (Figures 1 and 2).

Theory:

The mutual impedance between two co-1 inear
current elements dx and dx' lying on the surface

of a homogeneous non-permeable earth of resisti-
vity p is given by Ward, SH. (1967) as

dv _ dx dx [%ﬁ% [F—Qﬁ%}?ﬂ] . Z%](Eqn. 1)

where: r is the distance between the elements

w is the angular frequency

U (=uo) the magnetic permeability of the

ground (free space)
and k the propagation constant.

For low frequencies displacement currents may be
neglected and the propagation constant is given
by

k2= +

P

For a Schlumberger array, potential electrode spacing
MN << AB the current electrode spacing, equation 1,
may be integrated along AB and rewritten in terms
of apparent resistivities Py toO give

AC _ ma® dv _ sin ka + ika cos ka
b2 W T T 2 K2

£50)°. }]

where a = AB/2.

These expressions may be gen ralised
for an n-layered earth by substituting for o
and kg for k where ka is given approximately by
the plane wave propagation constant of a layered
earth, i.e.

ky =

z, +%, tanh(ikihy)
+z, tanh(iklﬁl)

+k1
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where ky , hy and Z; = are, respectively, the

propagation constant, thickness , and intrinsic
impedance of the first layer, and s given by
the recussive formula

with

Results:

In general the amplitude and the phase of the
sinusoidal signal are changed with respect to the
source waveform.  For non-sinusoidal waveforms
the Laplace Transform of the waveform must be
used to compute the received waveform. This,
together with the detailed response of the
voltage measuring circuitry, would enable the
apparent resistivity for any particular waveform
to be calculated.

However, the results presented here, in the
form of sounding curves, are plots of the
amplitude of the AC apparent resistivity at a
single frequency.

a ho
as a

Figures 3 an 4 how fo
the behaviour of
frequency for p = 22-m, and as a function of
resistivity for f = 0.1 Hz.

For a two-layer medium there are two
possibilities, a conductive substratum or a
conductive overburden :

enegus medium
unction of

For the conductive substratum case shown
in Figure 5, the most interesting point to
note is that i f the overburden is thick then the
apparent resistivities do not approach the sub-
stratum resistivity.

For a conductive overburden underlain by a
very resistive substratum, the results (Figure 6)
suggest that incorrect estimates of the depth
below surface of the resistive layer will be made
if the effects of electromagnetic coupling are
ignored.

The three layered cases shown in Figure 7(a)
suggest that a similar misinterpretation of the
sounding curves will occur. In Figure 7(b} the
presence of a thin conductive layer is relatively
insignificant for AB/2 < 1000 m, as expected.

Figure 8 shows layer interpretations
for two more of the curves from Langano
based on the data for AB/2 < 1000-m. The
interpretations suggest that low resisti-
vities are present at about 100 m below
the surface. I f the AC effects are
included then the complete curve can
be reproduced without the need
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postulate a resistive substratum. It must be
stressed that the interpretation here is approxi-
mate since a sinusoidal input current has been
assumed. Theé current wave form used in this
survey was the standard positive square pulse,
off, negative pulse, off, I.P. wave form. The
pulse duration was 8 or 1'0 seconds and with
voltage being sampled near the end of the
positive and negative pulses.

Discussion and Conclusions

The results presented here suggest that
serious misinterpretations of larger array
Schlumberger resistivity data will occur in
areas of low resistivity unless the electro-
magnetic effects are taken into account.
Areas with a thick layer of high resistivity
overlying a conductive substratum will be
most severely affected. In these cases the
apparent resistivities measured will not
suggest the presence of lov resistivities
at all.

In New Zealand and Indonesia it has been
common to use manually switched current sources
in conjunction with chart recorders to measure
the voltage signal. Although every effort is
made to measure the voltage change significantly
after the switch, when the signal is small
(large AB/2's and low resistivities), the
tendency is to measure the high frequency edge of
the wave form and also to increase the switching
rate, especially in the presence of noise.

These effects may explain the resistivity
upturns seen in sounding data from Bali
(Figure 9), Kamojang (Figure 10), and North
Sulawesi (Figure 11).

In data from a geophysical survey of the
Azores both these tendencies were noted in the
chart records for the curves that showed a steep

upturn (Figure 12); Tearney, K. (GENZL), (pers.
corn. ).
EM. effects may also provide an alternative

interpretation for the Coso data.

These results do not necessarily suggest that
resistive material does not underlie these areas
(indeed, the presence of a deep resistive basement
may increase the electromagnetic coupling) but that
the evidence from large array Schlumerger measure-
ments cannot be used alone to infer this unless
the electromagnetic effects have been considered.
This does not seem to have been the case in any
of the Schlumberger surveys of geothermal fields
known to the authors.

The main conclusion of this study is that
the electromagnetic effects on Schlumberger
surveys in low resistivity areas are far more
important than is generally realised. Unless
the electromagnetic effects are considered,
the interpreted results of such surveys could
be very misleading.
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