
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Chapter
8

Resistivity Methods

va'VY+av 2 V - 0 (8.5)

If a is constant throughout, the first term vanishes
and we have Laplace's equation, that is, the potential
is harmonic:

where E is in volts per meter and a is the conductiv
ity of the medium in siemens per meter (81m).

The electric field is the gradient of a scalar poten
tial,

(8.2)

(8.3)

(8.4)

(8.6)

(8.1)J - aE

E- -VY

J - -avV

V . (avV) - 0

From Equation (6.7), V . J - 0, so

ment currents are insignificant.) If 8A is an element
of surface and J the current density in amperes per
square meters, then the current passing through 8A is
J • 8A. The current density J and the electric field E
are related through Ohm's law:

Using Equation (A.2l), we have

Thus we have

There are two boundary conditions that must
hold at any contact between two regions of different
conductivity. In Section 6.2.4 we gave boundary
conditions for interfaces where a and II change
abruptly. The first and third of these may be written
in the form

8.1. INTRODUCTION

All resistivity methods employ an artificial source of
current. which is introduced into the ground through
point electrodes or long line contacts; the latter
arrangement is rarely used nowadays. The procedure
is to measure potentials at other electrodes in the
vicinity of the current flow. Because the current is
measured as well. it is possible to determine an
effectiveor apparent resistivity of the subsurface.

In this regard the resistivity technique is superior,
at least theoretically, to all the other electrical meth
ods, because quantitative results are obtained by
using a controlled source of specific dimensions.
Practically, as in other geophysical methods, the
maximum potentialities of resistivity are never real
ized. The chief drawback is its high sensitivity to
minor variations in conductivity near surface; in
electronic parlance the noise level is high. An analo
gous situation would exist in ground magnetic sur
veys if one were to employ a magnetometer with
sensitivity in the picotesla range.

This limitation, added to the practical difficulty
involved in dragging several electrodes and long wires
through rough wooded terrain, has made the electro
magnetic method more popular than resistivity in
mineral exploration. Nor is resistivity particularly
suitable for oil prospecting. However, it is by no
means obsolete, because the rapid development of
the induced polarization technique, which includes
resistivity data, guarantees its continued use. Fur
thermore the search for geothermal reservoirs nor
mally involves resistivity surveying and it is also
employed routinely in groundwater exploration.
which is of increasing worldwide importance, and in
civil engineering.

8.2. ELEMENTARY THEORY

8.2.1. Potentials in Homogeneous Media

Consider a continuous current flowing in an isotropic
homogeneous medium. (This analysis will also apply
to ac if the frequency is low enough that displace-

Ex" - E"3 and alE•• - ~E'3 (8.7a)

where the x and z axes are tangential and normal,
respectively, to the interface, E~ being the tangen-
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Figure 8.1. Buried point source of current in homogeneous ground.

( 8.7b)

tial component in medium I, and so forth. In addi
tion,

where A and B are constants. Because V .. 0 when
r'" 00, we get B - O. In addition, the current flows
radially outward in all directions from the point
electrode. Thus the total current crossing a spherical

(8.11)

lp

277

4'1rrV
or p - -/-

A=

V=(~)':
4'1r r

hence,

8.2.3. Single Current Electrode at Surface

If the point electrode delivering I amperes is located
at the surface of the homogeneous isotropic medium
and if the air above has zero conductivity, then we
have the single probe or three-point system used in
surface resistivity layouts. Again the return current
electrode is at a great distance.

Because of the symmetry. Laplace's equation in
spherical coordinates is applicable, the solution be
ing given again by Equation (8.10) with B .. O. The
boundary condition at the surface requires that E• ..
8V/8z .. 0 at z .. 0 (because 0ail' = 0). This is al
ready fulfilled because 8V/8z" 8(-A/r)/iJz"
-d/dr(A/r)(iJr/fJz) - Az/r3 .. 0 at z - O.

In addition all the current now flows through a
hemispherical surface in the lower medium, or

The equipotentials, which are everywhere orthog
onal to the current flow lines, will be spherical sur
faces given by r = constant. These are illustrated in
Figure 8.1.

dV
I .. 4'1rr 2J .. -4'1rr 20 - = -4'1roA

dr

from Equations (8.3) and (8.9), so that

lp
A-

4'1r

surface is given by

(8.9)

(8.10)

dV A

dr .. r 2

V- -A/r+ B

Multiplying by r 2 and integrating, we get

8.2.2. Single Current Electrode at Depth

There are several field configurations used in resistiv
ity that we will consider in turn. In the first of these
wehave an electrode of small dimensions buried in a
homogeneous isotropic medium. This corresponds to
the mise-a-la-masse method (see §8.5.4d) where the
single electrode is down a drill hole or otherwise
under the ground. The current circuit is completed
through another electrode, usually at surface, but in
anycase far enough away that its influence is negligi
ble.

From the symmetry of the system, the potential
will be a function of r only, where r is the distance
from the first electrode. Under these conditions
Laplace's equation, in spherical coordinates, simpli
fies to

integrating again, we have
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Figure8.2. Point source of current at the surface of a homogeneous medium.

Power

Figure 8.3. Two current and two potential electrodes on the surface of homogeneous
isotropic ground of resistivity p.

Here the equipotentials are hemispherical sur
faces below ground as shown in Figure 8.2.

so that in this case

v - ( ::Hor p _ 2W;V (8.12)

Thus, we have

Ip ( 1 1 )V1 + JIi - - ---
2w'1 '2

Finally, by introducing a second potential elec
trode at P2 we can measure the difference in poten
tial between PI and P2 , which will be

8.2.4. Two Current Electrodes at Surface

When the distance between the two current elec
trodes is finite(Fig. 8.3), the potential at any nearby
surface point will be affected by both current elec
trodes. As before, the potential due to C1 at PI is

Ip
where A) - -2w

Because the currents at the two electrodes are equal
and opposite in direction, the potential due to <; at
PI is

Ip
A2 - - - -A2w 1

.1V- Ip {(~ _.:) _ (~_ .:)} (8.13)
2w '1'2 ','"

Such an arrangement corresponds to the four
electrode spreads normally used in resistivity field
work. In this configuration the current-flow lines and
equipotentials are distorted by the proximity of the
second current electrode <;. The equipotentials and
orthogonal current lines obtained by plotting the
relations

1 1
- - - - constant
R1 R2

R~ + R~ - 2R1R2cos9 - 4L2

are shown in Figure 8.4. The distortion from spheri
cal equipotentials is most evident in the regions
between the current electrodes.
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Figure 8.4. Equipotentia/s and current flow lines for two point sources of current on
surface of homogeneous ground. (After Dobrin, 1960.) (a) Plan view. (b) Vertical
section. (c) Potentut variation at the surface along a straight line through the point
sources.
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8.2.5. Current Distribution

Figures 8.1, 8.2, and 8.4 illustrate, in a general way,
the ftow of current in homogeneous ground. Al
though they show that increasing the electrode spac
ing increases the penetration. the quantitative
distribution in depth is not indicated. Consider the
current ftow in a homogeneous medium between two
point electrodes C1 and <; in Figure 8.S. The hori
zontalcurrent density at point P is

J" - (-l/p) 8V/8x

- (-1/2,,) 8/8x(1/rl - 1/r2)

= (I/2,,){ x/r? - (x - L)/ri)

and if this point is on the vertical plane midway
between C1 and C2 , we have rl - r2 - r and

(8.14)

Figure 8.6 shows the variation in current density
with depth across this plane when the electrode
separation is maintained constant. If. on the other
hand, the electrode spacing is varied. it is found that
J" is a maximum when L = /2z.

We can calculate the fraction of current flowing
through a strip of this vertical plane, between depths
ZI and z2' Because r 2 - {(L/2)2 + y2 + Z2}, the
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Figure 8.5. Determining the current density in uniform ground below two surface
electrodes.

1,,- value of I. forz - 0
- 411TrL 2 (see eq. (11.14»
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Figure 8.6. Current density versus depth (solid line) and electrode spacing (dashed
line).

current through an element dy dz of the strip is

1 L
B1, - J"dydz - - 3/2 dydz

2tr {( L/2)2 + y2 + z2 )

m, %2 - 300 m, the electrode spacing should be 420
m to get the maximum horizontal current density in
the slab. The concentration, however, is not very
significant.

Otherwise, if %2 -- 00, Equation (8.1Sa) becomes

(8.lSa)
Figure 8.7 shows the electrode spacing necessary

to force a given fraction of the current into the
ground below a depth %1' From this plot we see that,
when L - 2%1' half the current flows in the top
layer, half below it.

the fraction of total current through a long strip
(Z2 - Z1) wide will be

1" L 1'2 fall dy
1 - 2tl' 'I dz _ all ( L/2)2 +y2 + z2} 3/2

2(2Z2 2z1 )_ - tan- t - - tan- t -
tr L L

This fraction has a broad maximum when L
2(%1%2)1/2. Taking a numerical example, if %1 - 180

1" 2 2%1
- - 1 - -tan- t

-
1 tr L

(USb)
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Figure8.7. Fraction of current flowing below depth Z, for an electrode spacing L.

Figure 8.8. Distortion of current flow at a plane bound
ary when PI < Pl.

Because the variations in potential, measured at
surface, are proportional to the current flow below, it
is desirable to get as much current into the ground as
possible. For good penetration we must use large
enough spacing that sufficient current reaches the
target depth; if the latter is 100 m, about one-third
of the current will pass below this depth when the
spacing is also 100 m. Compared to magnetotellurics,
for instance, this places an inherent limitation on the
resistivity method. However the control1ed power
source provides certain advantages.

Medium(I)
P,

J.,...
I

Jl _J._-+J
_.:p- '1

-_-:.LB.. _

Boundary

8.3. EFFECT OF INHOMOGENEOUS
GROUND

8.3.1. Introduction

So far we have considered current flow and potential
in and over homogeneous ground, a situation which
is extremely rare in the field and which would be of
no practical significance anyway. What we want to
detect is the presence of anomalous conductivity in
various forms, such as lumped (three-dimensional)
bodies, dikes, faults, and vertical or horizontal con
tacts between beds. The resistivity method is most
suitable for outlining horizontal beds and vertical
contacts, less useful on bodies of irregular shape.

8.3.2. Distortion of Current Flow at a
Plane Interface

Consider two homogeneous media of resistivities PI
and P2 separated by a plane boundary as in Figure .
8.8. Suppose that a current of density ~ is flowing in
medium (1) in such a direction as to meet the bound
ary at an angle 81 to the normal. To determine the

direction of this current in medium (2) we recall the
conditions given in Equation (8.7); using Ohm's law
to express these results in terms of the current den
sity, we obtain

J",PI = J",P2 and J., - 1"

Dividing these expressions, we have

PI ( J",I1,,) - P2 ( J"./l.,) or PI tan 91 - P2 tan 92

so that

( 8.16)

Thus the current lines are bent in crossing the
boundary. If PI < P2. they will be bent toward the
normal and vice versa.

8.3.3. Distortion of Potential at a
Plane Interface

Clearly if the current flow is distorted in passing
from a medium of one resistivity into another, the
equipotentials also will be distorted. It is possible to
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Figure 8.9. Analogy between optical and electrical images. (a) Optical image.
(b) flectrical image.
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Figure 8.10. Distortion of equipotentials and current flow lines at a boundary between
two media of different resistivities. (a) Pz/PI - 3, k - 0.5. (b) Pz/Pr - 1/J, k - - 0.5.
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determine the potential field mathematically by solv
ing Laplace's equation for the appropriate boundary
conditions or by integrating it directly. Both meth
ods require considerable mathematics. A much sim
pler approach employs electrical images, in analogy
with geometrical optics. The useof images is valid in
solving only a limited number of potential problems,
including the plane boundary and the sphere (see
Bewley,1963, Ch. S).

The analogy between the electrical situation and
optics is based on the fact that current density, like
light ray intensity, decreases with the inverse square
of distance from a point source in a medium of
resistivity PI' separated from an adjacent medium 1'2
by a plane boundary.

In optics the analogous case would be a point
source of light in one medium separated from an
other by a semitransparent mirror, having reflection
and transmission coefficients k and 1 - k. Then the
light intensity at a point in the first medium is partly
due to the point source and partly to its image in the
second medium, the latter effect diminished by re
flection from the mirror. On the other hand, the
intensity at a point in the second medium is due only
to the source in the first, diminished by transmission
through the mirror (Fig. 8.9a).

If we replace the point source of light by a point
source of current and the light intensity at a point by
potential, the problem is now in the electrical do
main. From Figure 8.9b we see that the potential at
P in the first medium is
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boundary underground or the measurement of sur
face potentials across a vertical contact.

8.3.4. Surface Potential Due to
Horizontal Beds

If the current source and potential point are located
on surface, above a horizontal boundary separating
two media, the upper resistivity PI' the lower 1'2, the
analysis is more complicated. Because of the ground
surface there are now three media, separated by two
interfaces. As a result there is an infinite set of
images above and below the current electrode, as
illustrated in Figure 8.11. The original image C{, at
depth 2z below surface, is reflected in the surface
boundary to give an image C{' a distance 2z above
Cl . This second image, reflected in the lower bound
ary, produces a third Cl '" at a depth 4z, and so on.

The effect of each successive image on the poten
tial at P is reduced by the reflection coefficient
between the boundaries. For the current source and
its first image below ground, the potential, is, as in
Equation (8.17),

The effect of the second image at C{', 2z above
ground, is

" IPI ( k X k d )y-----
2'1l' '1

Applying the boundary condition of Equation
(8.7b), these potentials must be equal at the inter
face, when '1 - '2 - '3' Thus we have

Ip (12k)V'+y,,=_l _+_
2'1l" '1

Y'" +

y .. [PI {~ + 2k + 2k
2

+ ... + 2k
m

+ ... }
2", '1'2 r...

(8.20)

where k
d

is the reflection coefficient at the surface
boundary. Because Pd is essentially infinite this co
efficient is unity, and from Equation (8.19),

The potential due to the third image Ct''', 4z
below ground, will be further reduced, as will that of
its image 4z above ground, hence

The resultant total potential at P can thus be
expressed as an infinite series of the form

(8.17)

I

( J.18)

(8.19)

, I"" ( 1 - k)y-- --
4" '3

PI 1 - k
",,-I+kor

and in the second medium at P' it is

In this expression k is a ,eflection coefficient
whose value lies between ± I, depending on the
relative resistivities in the two media.

Figure 8.10 shows the traces of equipotential sur
faces ploued from the relations in Equations (8.17)
and (8.18) for k - ± !. A few current flow lines are
also drawn. This situation corresponds to the practi
cal case of resistivity logging with respect to a plane
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Figure 8,11. Imagesresulting from two horizontal beds.
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Figure 8.12. Buried conducting sphere in uniform field.

where

Z}l/Zr1 - { rZ + (2z)

rz - {rZ + (4Z)2)1/2

Z 1/2
r",- {rZ+(2mz)}

This series can be written in the compact form

(8.21)

This series is convergent, because Ikl < 1, whereas
the denominator increases indefinitely. The number
of terms necessary to get a reasonable answer de
pends mainly on the value of k and partly on the
ratio zlr. For a fixed value of r, the potential differs
from that measured over uniform ground. The latter
is given by the first term in the bracket of Equation
(8.21) and is called the normalpotential. The portion
expressed by the infinite series is the disturbing po
tential. When k is positive and approximately unity,
the total potential at P may be increased by a factor
of 2 or more.

8.3.5. Potential Due to Buried Sphere

A three-dimensional body for which the external
potential may be developed is the sphere. Figure 8.12
illustrates this case, in which we use spherical coordi-
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Figure 8.13. Equipotentials and current flow lines for buried conductive sphere.
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nates with the sphere center as origin and the polar
axis parallel to the x axis. The problem is to find
solutions of Laplace's equation for particular bound
ary conditions; for simplicity we assume the sphere
to be in a uniform field Eo parallel to the x axis.
This is equivalent to having the current electrode at
considerable distance from the sphere.

Using spherical coordinates and applying the
boundary conditions of Equation (8.7), we can
solve Laplace's equation in the form of a series of
Legendre polynomials (§2.7.4), satisfying potential
relations inside and outside the sphere. For r> a,
weget

(8.22)

If the potential is measured at the ground surface,
the sphere will have an image that will double the
second term. In addition, if we consider the field to
be generated by a current source Cl at a distance R
rrom the origin, we can write

/Pl{ (PI-P2) (a)3}
VI = - --2 1 - 2 ( 2) - rcos (J

2'1rR PI + P2 r

(8.23)

As in Equation (8.21) we have two terms, the first
beingthe normal potential, the second the disturbing
potential caused by the sphere. Equipotential and
current flow lines are illustrated in the section shown
in Figure 8.13.

Note that we have made two assumptions here
that are not necessarily valid, first that the external

or normal field is uniform and second that there is
no interaction between the sphere and its image.
Both are strictly true only when the sphere is a great
distance from both the current source and surface, in
which case the anomaly could not be detected any
way. However, if the distance between the sphere's
center and the surface is not less than 1.3.times the
radius. the approximation is reasonably good.

8.3.6. Effect of Anisotropic Ground

Most rock masses are anything but homogeneous
and isotropic in the electrical sense because they are
full of fractures. In particular, shales, slates, and
frequently limestones and schists have a definite
anisotropic character, especially with respect to the
bedding planes.

As an example of this type of anisotropy, con
sider a point source at the surface of a semiinfinite
medium in which the resistivity is uniform in the
horizontal direction and has the value Ph; in the
vertical direction it is also constant and has a differ
ent magnitude Pu, Pu almost invariably being larger
than Ph (§S.2.2c).

Proceeding as in Section 8.2.3 with modifications
to allow for the difference between horizontal and
vertical directions, we find the equipotential surfaces
to be ellipsoidal and symmetrical about the z axis.
Mathematically this may be expressed by

where 7\ - (Pv/Ph)I/2 is the coefficient of anisotropy.
This relation is similar to Equation (8.12) with
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FiBure 8.14. Point current source at the surface of anisotropic ground havinB resistivities
~ and A, in the horizontal and vertical directions, respectively.

A/(x Z+ yZ + AZzZit2 replacing r to represent the
departure from spherical symmetry.

The potential at a surface point P, a distance rl
from the current electrode el , will be

(8.25)

that is, the potential is equivalent to that for an
isotropic medium of resistivity (PhPv)It2. Thus it is
not possible to detect this type of anisotropy from
field measurements.

From Equation (8.25) and Figure 8.14 it is obvi
ous that the resistivity measured over horizontal
beds is larger than the actual horizontal resistivity in
the beds, but smaller than the vertical resistivity. On
the other hand, if the beds have a steep dip and the
measurement is made with a spread perpendicular to
strike, the apparent resistivity will be smaller than
the true resistivity normal to the bedding, just the
opposite to the result over horizontal layers; this is
known as the ..paradox of anisotropy" (Bhat
taeharyya and Sen, 1981). If the array is parallel to
the strike of the dipping beds, the apparent resistiv
ity may be too large, depending on the current-elec
trode separation.

8.3.7. Effect of Topography

As mentioned earlier, resistivity measurements are
strongly influenced by local variations in surface
conductivity, caused by weathering and moisture
content. Rugged topography will have a similar ef
fect, because the current flow is concentrated or
focused in valleys and dispersed or diverged beneath
a hill. The equipotential surfaces are distorted as a
result, producing false anomalies due to the topogra
phy alone. This effect may distort or mask a real
anomaly.

Fox et al. (1980) made an analytical study of
resistivity and IP response, obtained with a dipole-

dipole array (§8.5.3d) over common 2-D terrain fea
tures; slopes, ridges, valleys. This approach was ex
tended to three dimensions by Holcombe and Jiracek
(1984). In the former report, the finite-element nu
merical method was used for modeling, because it
offers more flexibility for matching irregular bound
aries. Potentials are assigned to each interior mesh,
based on its boundary geometry and electrical prop
erties, and recomputed by successive sweeps through
the whole section until the residuals become in
significantly small. They found that at the surface of
homogeneous ground, resistivity is anomalously low
on hills and ridges, high in valleys and 3-D depres
sions. Figure 8.l5a illustrates the finite-element mesh
representing a 2-D ridge, whereas Figure 8.l5b shows
the distortion of a uniform field produced by the
ridge.

The terrain effect increases with surface relief,
being insignificant for slopes of less than 10°. Fur
thermore the resistivity array complicates the effect.
A double-dipole system straddling a hill produces
current focusing and a resistivity high, whereas a
valley results in a low resistivity, just the opposite to
the results of Fox et aI. described above.

The response is also sensitive to the direction of
the measuring array; for 2-D structures the anomaly
is smaller if the spread is parallel, rather than nor
mal, to strike. Analysis of the type described above
allows us to reduce the field data to a nat earth by
removing or at least minimizing the terrain anomaly.

8.4. EQUIPMENT FOR RESISTIVITY
FIELD WORK

8.4.1. Power Sources

The necessary components for making resistivity
measurements include a power source, meters for
measuring current and voltage (which may be c0m

bined in one meter to read resistance), electrodes,
cable, and reels. The power may be either dc or low
frequency ac, preferably less than 60 Hz.
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Figure 8.15. Effect of a }-D ridge on a uniform field. (Af/er Fo» e/ al. 1980.)
(a) Finite-element mesh used to calculate terrsin effect of ridge. (b) Distonion of
uniform field by ridge.
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The power source is usually a motor generator of
several hundred watts or a few Icilowatts as in IP
surveys. Equipment of this type, because of its bulk
and weight, is only semiportable; it would not be
moved each time the electrodes were shifted. When
de is used,one or more storage batteries or occasion
ally a set of B cells connected in series may be
employed, although such sources are limited to
small-scale work, such as overburden or engineering
surveys.

To avoid the effects of electrolytic polarization
caused by unidirectional current, the de polarity
should be reversed periodically. either by hand with
a reversing switch, or by a mechanical commutator,
relay system, or vibrator. The rate of commutation
may range from three or four times a minute to 100

. times per second.
Alternating current is also employed in place of

commutated (effectively square-wave) dc. A low
frequency sine-wave transistor oscillator with trans
former output of a few watts makes a convenient

portable source. Larger power can be obtained from
a motor-driven alternator.

Each of these devices obviously has advantages
and limitations. The de source permits measurement
of true de resistivity - which is desirable - but it also
measures spontaneous potentials. This requires that
porous pots be used as potential electrodes; the SP
effect must be noted before the source is turned on,
and then subtracted, either directly or by means of a
compensating voltage, from the potential measured
when current is ftowing.

The use of ac or rapidly interrupted dc eliminates
the SP effect. In addition. narrow-band amplifiers
tuned to the source frequency can be employed to
increase the signal-to-noise ratio. However, the resis
tivity measured will generally be lower than the true
de value. More serious, inductive coupling between
long current and adjacent potential leads, as well as
leakage currents, particularly on wet ground. may
give erratic readings. All these effects increase with
the frequency (§9.4.4c).
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Figure 8.16. Schematic of equipment for measuring resistivity.
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Figure 8.17. Portable equipment for measuring resistivity (schematic).

8.4.2. Meters

With dc or long-period commutated de sources, the
current is measured with a de milliammeter, whose
range should be from about 5 to 500 mA,depending
on the electrode spread, type of ground, and power
used. Potential is normally measured with a dc volt
meter of high input impedance (1 MU or greater)
and range 10 mV to perhaps 20 V. When ac sources
are used, ac meters are of course necessary.

A typical resistivity set with voltage and current
meters is illustrated schematically in Figure 8.16. In
some resistivity equipment the current is maintained
constant with a regulator, which eliminates the cur
rent measurement.

An instrument that measures the ratio of po
tential to current (that is, resistance) - usually as
sociated with the trade name Megger - has been
frequently employed for resistivity work. Originally

developed for testing cable insulation, this device
was easily modified to measure ground resistance.
Power is developed by hand cranking a de generator
or magneto; the output is - 100 V and a dc current
coil is connected in series with one side. The output
then is commutated on the generator shaft and ap
plied to the current electrodes, the rate of reversal,
being regulated by a governor. The potential elec
trodes are connected to a second commutator, syn
chronized with the other, which rectifies the ac p0

tential and applies it to the potential coil. The latter
is mounted with the current coil in such a way as to
make the needle deflection proportional to V/1. This
instrument is shown schematically in Figure 8.17.

Several other ail-in-one resistivity instruments are
also available, employing a vibrator powered by dry
cells or low-frequency transistor oscillator. Such de
vices. like the Megger, necessarily have low power
output. Furthermore, with some electrode spreads.
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the combination of power source and both meters in
one box may be a definite disadvantage. However,
such instruments are compact and completely
portable.

8.4.3. Electrodes and Wire

With ac power sources, all the electrodes may be
steel, aluminum, or brass; stainless steel is probably
best for combined strength and resistance to corro
sion. Metal electrodes should be at least ~ m long so
they can be driven into the ground several centime
ters for good electrical contact. In very dry surfaces
this contact may be improved by watering the elec
trodes. If de power is used the potential electrodes
should be porous pots as in SP work.

Connecting wires, which must be insulated and as
lightas possible, are wound on portable reels. Plastic
insulation is more durable than rubber against abra
sion and moisture; however, some plastics deterio
rate in cold weather and animals seem to find them
very tasty in any season.

8.5. ELECTRODE LAYOUTS AND
FIELD PROCEDURE

8.5.1. General
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where the parameter p has to do with the electrode
geometry. By measuring ~V and I and knowing the
electrode configuration, we obtain a resistivity p.
Over homogeneous isotropic ground this resistivity
will be constant for any current and electrode ar
rangement.

If the ground is inhomogeneous, however. and the
electrode spacing is varied, or the spacing remains
fixed while the whole array is moved, then the ratio
will, in general, change. This results in a different
value of p for each measurement. The magnitude is
intimately related to the arrangement of electrodes.
This measured quantity is known as the apparent
resistioity; Po' Although it is diagnostic, to some
extent, of the actual resistivity of a zone in the
vicinity of the electrode array, the apparent resistiv
ity is definitely not an average value and only in the
case of homogeneous grounds is it equal to the
actual resistivity.

Another term that is frequently found in the
literature is the so-called surface resistivity. This is
the value of Po obtained with small electrode spac
ing. Obviously it is equal to the true surface resistiv
ity only when the ground is uniform over a volume
roughly of the dimensions of the electrode separa
tion.

8.5.3. Electrode Arrays (Spreads)

(a) Wenner array. The most commonly used
point-electrode systems are illustrated in Figure 8.18.
The first two examples, the Wenner and Schlumberger
arrays, were formerly most popular; since the devel
opment of the pseudodepth section (§9.5.1) in IP
work, the double-dipole configuration has become
equally so.

In the Wenner spread (Fig. 8.18a) the electrodes
are uniformly spaced in a line. Setting rl = r4 = Q

and r2 - r3 - 2a, in Equation (8.26). the apparent
resistivity becomes

An enormous number of electrode spreads have been
used in resistivity at various times; not more than a
balf dozen have survived to any extent. In principle
it is not necessary to use a collinear array. Practi
cally, however, the electrodes are almost always in
line; otherwise interpretation of results becomes
difficult and the field work is complicated.

One drawback in resistivity work is the practical
difficulty of moving stakes with great lengths of wire
attached, a slow and expensive task in relation to
magnetics, EM, and some other electrical survey
methods. Thus it is an advantage to use electrode
spreads that may require only one or two electrodes
to be moved, and these at close spacing where possi
ble. Po - 2'ITQ !:J.V/I (8.27)

j

i

8.5.2. Apparent Resistivity

Before discussing the various electrode spreads, it is
necessary to consider what is actually measured by
an array of current and potential electrodes. We can
rearrange the terms in Equation (8.13) to obtain

In spite of the simple geometry. this arrangement
is often quite inconvenient for field work. and has
some disadvantages from a theoretical point of view
as well. For depth exploration using the Wenner
spread, the electrodes are expanded about a fixed
center, increasing the spacing Q in steps. For lateral
exploration or mapping, the spacing remains con
stant and all four electrodes are moved along the
line, then along another line, and so on. In mapping,
the apparent resistivity for each array position is
plotted against the center of the spread.
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------L---_J u ~ :L.
C-, ----1~---------

(b)

k·--=;-----· l
C. P, t:--------------..;c.

(t)

£1......------24.-I)--------l'\...
c, c. 1:-*-

(d)

Figure 8.18. Electrode arrays in common use. (a) Wenner. (b) 5chlumberger. (c) Pole
dipole. (d) Double-dipole.

(8.29a)

(b) Schlumberger (gradient) array. For the
Schlumberger array the current electrodes are spaced
much further apart than the potential electrodes.
From Figures 8.3 and 8.l8b, we find that

'I-(L-x)-I

'2-(L+x)+1
,,-(L-x)+1

and
'4-(L+x)-(

Substituting these values in Equation (8.26), we get

2tr.1V[{ II}P·--r - (L-x)-'-(L+x)+1

{
I I ]-1

- (L-X)+I-(L+X)-I) (8.28)

If the smallest c:urrent-potential electrode distance is
always considerably greater than the distance be
tween the two potential electrodes (by a factor of 10
or more), then (L - x) ::. 31 and we have to the
first ~proximation

tr (L
2 - X2)2( .1V)

P. • U (L2 + x2 ) T

This array is often used symmetrically, that is, x - 0,
in which case

n .. "L2 ( .1V) (8.29b)
.... 21 I

Alternate symbols for the Schlumberger array are
frequently found in the literature; for example, A,
B, M, and N are used for CI• C;, PI' and P2 ,

respectively; in this case L -lAB. 1- !MN.
In vertical sounding (§8.S.4b) the potential elec

trodes remain fixed while the current-electrode spac
ing is expanded symmetrically about the center of
the spread. For large values of L it may be necessary
to increase 1 also in order to maintain a measurable
potential. Equation (8.29a) applies in this case. This
procedure is more convenient than the Wenner ex
panding spread because only two electrodes need
move. In addition, the effect of shallow resistivity
variations is constant with fixed potential electrodes.
Figures 8.42 and 8.44 illustrate vertical sounding
results.

Lateral profiling (§8.S.4c) may be done in two
ways. With a very large fixed separation of the
current electrodes (300 m or more), the potential pair
is moved between them, also with fixed spacing,
subject to the limitation (L - x) ::. 3( [Eq. (8.29a»).
Apparent resistivity is plotted against the midpoint
of the potential electrodes.
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The other layout is similar to the Wenner in that
the electrode spacing remains fixed (L » t) and the
whole array is moved along the line in suitable steps.
This arrangement is less convenient than the first
because it requires that all four electrodes be moved
for each station.

In lateral profiling with the Schlumberger array
(and with the pole-dipole array; see next section) it is
permissible to measure potential somewhat 011' the
line between flxed current electrodes, that is, to map
the surface in two dimensions (because C1 and <;
are far apart, the current density is roughly uniform
over a considerable lateral extent).

(c) Pole-dipole (three-point) array. One of the
current electrodes is fixed at a great distance from
the other three, all of which can have various spac
ings. The values in Equation (8.26) are now

so that
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A further variation on the pole-dipole array is
obtained by moving one of the potential electrodes.
say 1'2' to a distant point, which is also remote from
<;. In this case, r3 - b - 00 as well. and Equation
(8.30a) is the same as Equation (8.27) for the Wenner
spread, hence this array is known as the half-Wellller
array. AlthOUgh it is only necessary to move one
potential electrode, the long connecting wire to the
other is a disadvantage.

In field work the location of an electrode at
infinity requires that it have very little influence on
the rest of the array. For instance. when using a
Wenner spread. the remote electrode or electrodes
must be at least 10 times the spacing to reduce the
effect to 10~ or less. With the Schlumberger system,
because the potential electrodes are close together,
the far current electrode need only be about three
times as far away as the one nearby to get the same
result.

However, because the subsurface resistivity may
vary laterally, these spacing estimates can be much
too low and may have to be increased by a factor of
10 or more, depending on the resistivity contrast.

or double the ratio in the Wenner array (Eq. (8.27»).
When the potential spacing is very small compared
to the distance of either potential electrode from C1
(<; still at 00), we write r1 - a - 80/2. r3 - a +
8a/2, and the apparent resistivity becomes

This arrangement is equivalent to a half-Schlum
berger array. Equation (8.3Oc) is similar to Equation
(8.34) with a - L, Ba - 4r, that is. both electrode
configurations measure potential gradient.

Because the electrode <; is remote, it is not
necessary to have it in line with the other three. This
permits lateral exploration on radial lines from a
fixedposition of C1• by moving one or both potential
electrodes, a particularly convenient method for re
sistivity mapping in the vicinity of a conductor of
limited extent. This electrode arrangement is effec
tively the same as the lateral spread used in well
logging, described in Section 11.2.3. It is also similar
to the mise-d-Io-masse method (§8.S.4d) in which the
electrode C1 is in contact with the conducting zone.

Po _ 2"ab ( 4V)
o b - a 1

When b - 2a this becomes

Po - 4"a( 4;)

Po .. 2"0
2

( av)
o 1 aa

(8.30a)

(8.30b)

( 8.3Oc)

(d) Double-dipole (dipole-dipole) system. The
potential electrodes are closely spaced and remote
from the current electrodes, which are also close
together. In this case, from Figure S.18d and Equa
tion (8.26) we get

r1 - r. - 211t
r2- U ( n - l )

r3 - U( n + 1) where II» 1

Then, dropping the minus,

Po - 2'11'(11 - I)II(n + l)t4V/l (S.31)

When II is 5 or less, this is the spread commonly
used in IP work (§9.4.3). Inductive coupling between
potential and current cables is reduced with this
arrangement.

When the dipoles are widely separated. n» 1
and we have

(S.32)

this is the approximation usually applied in resistiv
ity surveys. The dipoles may also be placed broad
side, bisected by the traverse line. In this case,

1/2
r2 ='3 - 2{(nt)2 + t 2

} .. 2nt(1 + 1/2n2)

and

(8.33)
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or,

at the midpoint. This can be seen from Equation
(8.29b) where, putting 21- !J.r, we can write

using the second approximation (Eq. (A.44». This
gives

(8.34)

(8.35)

= ."L2 (!J.V)
P" I Ar

Ip"( 1 1 1 1)!J.V-- -------+-
2'lT r r - !J.r r + !J.r r

Ip" (!J.r)2.----
." r 3

If the current electrodes are close together and re
mote from the potential pair, the measurement is
essentially that of the curvature of the field or the
second derivative. For the double-dipole spread in
Figure 8.18d, the potential gradient at the midpoint
of PIP2 due to C1 only is !J.YiI!J.r, where !J.r is the
spacing of the potential electrodes. Similarly the
potential gradient due to <; only is AVz/Ar. Then
the measured potential gradient becomes, in the limit
as Ar - 0,

Also, with r1 - r. - r, r2 - r - Ar, and r3 - r +
!J.r, we obtain from Equation (8.13),

8.5.4. Resistivity Field Procedures

(a) Introduction. Regardless of the specific elec
trode spread employed, there are really only two
basic procedures in resistivity work. The particular
procedure to be used depends on whether one is
interested in resistivity variations with depth or with
lateral extent. The first is called vertical, electric, or
vertical-electric (VES) sounding, the second lateral
profilingor mapping.

In all the above electrode layouts the potential
and current electrodes may be interchanged. By the
principle of reciprocity, the apparent resistivity
should be the same in either case. The switching of
current and potential electrodes could be desirable,
for instance, in using high voltageswith large spreads
in Schlumberger and, possibly, Wenner layouts.

(b) Vertical sounding. Because the fraction of total
current that flows at depth varies with the current
electrode separation, as described in §8.2.5, the field
procedure is to use a fixed center with an expanding
spread. Although the pole-dipole array is not suited
to this technique, any of the other three configura
tions may be used, the Sch1umberger having the
advantages mentioned in Section 8.5.3b. The pres
ence of horizontal or gently dipping beds of different
resistivities is best detected by the expanding spread.
Hence the method is useful in determining depth of
overburden, depth, structure, and resistivity of
flat-lying sedimentary beds and possibly of the base
ment also if it is not too deep.

It is frequently necessary to carry out this expan
sion procedure at several locations in an area, even
when the main interest may be in lateral exploration,
to establish proper electrode spacings for the lateral
search.

(c) Lateral profiling. This method is particularly
useful in mineral exploration, where the detection of
isolated bodies of anomalous resistivity is required.
Any of the electrode arrangements described in Sec
tion 8.5.3 may be used, the selection depend
ing mainly on the field situation. In Wenner,
Schlumberger, and pole-dipole surveys the apparent
resistivity is plotted at the midpoint of the potential
electrodes, except where one of these is effectively at
infinity, as in the modified three-probe system, when
the station is reckoned at the near potential elec
trode. For the double-dipole, the station is at the
array midpoint.

When the potential electrodes are closely spaced
with respect to the current spread, as in the
Sch1umberger and possibly the three-point system,
the measurement is effectively of potential gradient

Lateral exploration by resistivity measurements is
best suited to detection of steeply dipping contacts
and dikes of contrasting resistivity, that is, 2-D
anomalies, and to a lesser extent for location of
anomalous 3-D conductors such as could be roughly
simulated by the sphere.

(d) Mise-a-Ia-masse. This is a variation on the
three-point electrode system, used where some part
of the conductive zone is already located and ex
posed, either as outcrop or in a drill hole. The near
current electrode is embedded in the zone itself, the
other being a large distance away on surface. The
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Figure 8.19. Distortion of the equipotentials around the near current electrode by a
dipping conductor when using the mise-s-le-mssse method.
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potential electrodes are moved about, either on sur
face or in drill holes. The extent, dip, strike, and
continuity of the zone will be better indicated by
introducing the current directly into it than by the
usual mapping techniques.

The effect of a dipping mineralized zone on the
. equipotentials is shown in Figure 8.19. Because the

second current electrode is at infinity, it is possible
to map the potentials in all directions around the
zone without shifting the current stakes.

8.6. INTERPRETATION

8.6.1. Introduction

The mathematical analysis for quantitative interpre
ration of resistivity results is most highly developed
for the vertical sounding technique, reasonably so
for lateral profiling over large-scale contacts of steep
dip, and least useful for the detection of 3-0 anoma
ties. As in other geophysical methods where quanti
tative interpretation is possible, the assessment of
results should progress from rough preliminary esti
mates made in the field toward more sophisticated
methods of interpretation, eventually based on the
complete survey. Such a procedure keeps the field
work up-to-date, controls the day-by-day program,
and indicates where more intensive work is war
ranted, both in the field survey and its interpretation.
VanNostrand and Cook (1966) give a very extensive
bibliography of resistivity interpretation techniques.

8.6.2. Resistivity Modeling

The use of models, although not as common in
resistivity as in EM, can be a useful aid in interpreta
tion. Resistivity modeling is generally done in a
water tank, the resistivity of the liquid being varied
by the addition of salts such as NaCI or acids such
as H2S04' Sand may be used instead of liquid,
provided reproducible contacts between the model
electrodes and the surface can be made.

Various conducting or insulating sheets, cylin
ders, and blocks are immersed in the tank to simu
late the field situation. The electrode spread is moved
about laterally in a convenient jig mount on the
surface of the tank; alternatively, in a liquid medium,
the model anomaly may be moved past the electrode
spread.

Scaling is not a problem in resistivity model work
(§7.7.1b). The usual relation in resistivity is !J.VI' a:
pII, where I is scaled linearly. Rather than vary the
resistivity p, it is simpler to change ~V or I. How
ever, somewhat higher frequencies could conve
niently be used in the model than in the field without
introducing errors.

8.6.3. Vertical sounding; Two Horizontal Beds

(a) Basic formula. The method of images devel
oped in Section 8.3.4 is useful in dealing with sound
ings on two horizontal layers. as well as profiling
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over elementary 2-D structures. Its application to the
former also provides some simple illustrations of
limiting cases of the bed parameters.

Equation (8.21) relates the potential of a single
electrode to the resistivity of the upper layer in terms
of the electrode spacing, the depth to the interface,
and the resistivity CODtrast between the two beds. We
want this expression in the form of an apparent
resistivity, which would be measured by a four-elec
trode system. Using the symbols of Figure 8.3 and
Equation (8.13), Equations (8.19), (8.21), and (8.26)
enable us to write. for the measured potential differ
ence between PI and P2 ,

(b) Wenner spread. Because rl - r4 - a. r2 - r3

- 2a (Fig. 8.18a). Equation (8.37) is simplified to
give

Ipl [00 4k'"
AV-- 1+ E 1/2

2tra ",-1 {I + (2mz/a)2)

00 4k'" ]- E 1/2
",-1 {4 + (2mz/ai)

IPI
- -(1 + 41>.)2tra w

where

Dw - f k"'[ 1 1/2
...-1 {I+ (2mz/a)2)

- (4 + (2~/a)2) 1/2 ]

From Equation (8.26) we have

P. - 2trAVp/1

- 2trAV/I(I/a - 1/2a - 1/2a + 1/0)
- 2traAV/I
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so that the apparent resistivity is

[

CO 4k'"
P. - PI I + E 2 1/2

",-1 {I + (2mz/a) }

co 4k'" ]
- E 2 1/2

",-I (4 + (2mzla) }

- Pl(l + 4Dw ) (8.38)

(e) Schlumberger spread. When x - 0, rl - r4 

L - t, r2 - r3 - L + t (Fig. U8b), and the poten
tial is

IP1 [( 2 2) llDAV - - -- - -- + 4 E kIll
2" L - t L + t ",-1

XCL-t>{l +(2~)2/(L_()2}1/2

- (L + () (1 + (2~)'I( L +I)'J ." )]

IPIU [ (L + ~
- tr(L2 _ (2) 1 + -(-- J

00 kIll

X E { 2 2}1/2
",-1 1+ (2mz) /(L - ()

(
L - ~ 00 kIll ]

- -t-- J"'~1 {I + (2mz)2/(L + t)2}1/2

When t:» (. the terms inside the square brackets
can be simplified; the potential difference then be
comes

where

llD kIll
D' - E 3/2

, ",-I {I + (2mz/L)2)
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and using Equation (8.36),

(8.41)

(8.40a)

k'"

{1 + (2mz/, )2) 512

(8.40b)

OIl

+3 L
",-1

Po ... PI (1 + 2f k"')
",-1

- Pl(l + D';)

[

00 k'"
Po ,.. PI 1 - I: 3/2

",-1 {I + (2mz/r)2)

k" ]

The apparent resistivity is given by

00

+3 I:
",-1

where (1 + Dd ) is the expression inside the large
square brackets above.

If we make n » I, the preceding result is simpli
fied and we can make use of Equation (8.21). Dif
ferentiating twice.

00

L. k'" .. 1/(1 - k} - 1
",-1

(e) Discussion of theoretical results. Quantita
tively we can see how the apparent resistivity varies
from Equation (8.38) through (8.40) for the different
electrode spreads. When the electrode spacing is very
small, that is, r-e: z, the series terms in all cases
tend to zero. so that we measure the resistivity in the
upper formation. This is the surface resistivity de
fined in Section 8.5.2.

Because the reflection coefficient is less than unity,
when the C - P electrode spacing is very large com
pared to s, the depth of the bed, the series expan
sions in all of the equations becomes the same (be
cause the denominators ... 1 or 2):

Because k 2 < 1. the summation term is an infinite
geometric progression with the value

Substituting k .. (Pz - PI)/(P2 + PI)' we get PG ..

Pz. Thus at very large spacing. the apparent resistiv
ity is practically equal to the resistivity in the lower
formation.

PG .. PI[1 + ( L ; 0
00 k'"

xL.
",-I {I + (2mz)2/(L - t)2f/2

-( L~0
X "'~I {I + (2mZ)2~: L + 1)2fl2 ]

- PI(I + D.) (8.39a)

where

The exact expression for apparent resistivity is

[

00 k'" ]
PG"PI I + 2 L.

",-1 {I + (2mz/L}2} 3/2

- PI(I + 2D;). (8.39b)

This result can also be obtained by differentiating
Equation (8.21) with respect to r, multiplying the
result by 2 (because there are two current electrodes).
and applying Equation (8.34) to get P

G
,

D _ (L + '\ E k'"
• 1 -J",-1 {I + (2mz}2/(L - t)2f/2

_(~'\ f k'"

1 - J ",-1 {I + (2mz)2/(L + t)2(2

Approximately, we have

(d) Double-dipole spread. Because q - r4 - 2nl.
'2'" 2(n - 1)(, '3 .. 2(n + 1)1 (Fig. 8.18d). the ex
act expression for the potential is

6V _ _ IPI
2'IT(n -l)n(n + 1)(

x[1+n(n+1)

II> k'"
xL.

",-1 [1 + (2mz)2/{2(n - I)I}2r/2

+n(n - 1)
00 k'"

xI: I
",-1 [1 + (2mz)2/{2(n + 1}1}2) 12

-2(n - l)(n + 1)

II> k'" ]
x L. 1/2

",-1 {I+ (2mz/2nt)2}
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Figure 8,20, Plots of p, versus L over two horizontal beds for a Schlumberger expanding
spread. Curves were calculated from Equation (8.39b).

When the lower bed is an insulator, P2 - 00 and
k - 1. Then the apparent resistivity increases indef
initely with electrode spacing, as is obvious from
Equation (8,41). Because all the current will flow in
the upper bed, it is possible to determine the value of
P. when P2 - 00 by calculating the electric field at
the midpoint of the current electrodes. Because their
separation is much larger than the thickness of the
upper bed, it is reasonable to assume a uniform
current density from top to bottom. Then the current
from either electrode is found by integrating over a
cylindrical equipotential surface of radius r and
height z, Thus,

and for the double-dipole system, Equation (8.36)
gives

(8.42c)

where r is the distance between centers of the cur
rent and potential dipoles.

In all three spreads we have

p.IP1 - c(electrode spacing!depth to interface)
(8.42d)

For the Wenner array, we get an apparent resistivity
[Eq. (8.27)]

For the SchIumberger layout, using Equation
(8.34) with L - r, we get

1~"1·1- 0 0 Ird9 dz - 2"rzJ

From Equation (8.1) we have in this case (noting
that the current is doubled because there are two
current electrodes)

E - 2p11 - p111"rz

where the constant c varies with the type of spread.
Thus if we plot p.lp1 versus alz, Liz, or rlz under
these conditions, the curve is a straight line.

On the other hand, if the lower bed is a very good
conductor, P2 .. 0 and k.. -1. In this case P• ..
P2 .. 0 for large spacing.

(f) Crude interpretation, Before applying the more
complicated methods of interpretation it is useful to
consider a few rough ideas. Figure 8.20 shows a pair
of resistivity curves for two layers with contrasts of 3
and ~. The upper bed resistivity is 100 and 300 Om
for the two cases (to put the two curves on the same
ordinate scale), and the thickness is 100 m.

The curve for P21PI - t is clearly asymptotic to
P1 and P2 at the limits of small and large spacing,
and its point of maximum slope is approximately at
100 m. Thus we can estimate the depth and the
resistivities of the two beds for this simple example.

The other curve gives the upper layer resistivity at
small spacing, but it is not so clear what the value of
P2 may be. If the spacing were increased to several
kilometers, it would be asymptotic to 300 Om. The

(8.42b)
fTL2 sv LPtP,-----

• 1 ar z

2fTQ ~V 2fTa i" (2QPt )
~ - -- - - Edr - -- ln2
• 1 1. z

_l.39( a;1) (8.42a)
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figure 8.21. Wenner spread - master curves for two horizontal beds. (From Keller and
frischknecht, 1966.)
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point of inflexion is not at 100 m but at a larger
spacing.

Approximately then, we can get some idea of the
unknown parameters PI and Pz and z from the field
curve, provided the resistivity contrast is not too
great and particularly if the lower bed is the more
conductive of the two.

(8) Curve matching. A much more accurate and
dependable method of interpretation in electric
sounding involves the comparison of field profiles
with characteristic curves. It is quite similar to the
interpretation from master curves in magnetotel
lurics, described in Section 6.2.8b.

The master curves are prepared with dimension
less coordinates. Equations (8.38) to (8.40) can be
put in this form by dividing Pa by PI' The ratios
Pa/PI are then plotted against a/z, Liz, or r/s,
that is, the electrode spacing divided by the depth of
the upper bed for whatever electrode system is used.
The curves are on logarithmic paper, USUally six
decades each way to provide a large range of both
ratios on one sheet. Thus we are plotting (log Pa 

logPI) against (log a - lop). If we make PI - 1
Om and z - 1 km, all the characteristic curves are
preserved in shape. The sets of curves are con
structed either for various values of k between ±1
or for various ratios of P21PI between 0 and + 00. A
typical set of curves is shown in Figure 8.21.

The characteristic curves are generally drawn on a
transparency. To match a field result it is only neces-

sary to slide the master sheet around on the field
profile until the latter coincides more or less with
one of the master curves (or can be interpolated
between adjacent master curves). The respective co
ordinate axes must be kept parallel. The point where
PalPI = a/« = 1 on the master sheet then deter
mines the values of PI and z on the field curve axes,
while the actual curve fit gives the value of k and
hence P2'

(h) Interpretation by asymptotes. In the event that
the lower bed has very large resistivity we saw in
Section 8.6.3e that the characteristic two-layer curve
becomes a straight line for large electrode spacing.
In the logarithmic plots this line has a slope of 45°
for all of the arrays considered, because we have
made PI and z unity.

The master curves are not necessary in this case.
After plotting the field profile on log-log paper, a
straight edge is placed horizontally as a best fit along
the left-hand portion of the curve. The intersection
of this straight edge with the Pa axis gives PI' Next
the hypotenuse of a 45° triangle is fitted to the
sloping part of the curve on the right-hand side of
the profile. The interface depth can then be found on
the horizontal axis from the intersection of the trian
gle and the horizontal straight edge. This procedure
is illustrated in Figure 8.22.

The asymptote method may also be used even
when the maximum spacing has not been large
enough to establish that the bottom layer has a very

II
J
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Figure8.22. fstimate of PI and z from the 450 asymptote. (After Keller and Frischknecht
1966.)
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Figure8.23. Asymptote method of estimating minimum depth.

high resistivity. In this case the 45° triangle is placed
to intersect the point of maximum spacing as, for
example, in Figure 8.23. In this case the depth esti
mate can only be a minimum.

8.6.4. Vertical Sounding;Multiple
Horizontal Beds

(a) Introduction. When there are more than two
horizontal beds present, as is usually the case, the
previously mentioned single overburden analysis is
first used for relatively small electrode spacing. This
gives the depth and resistivity of the upper layer.

Next is is possible to estimate the minimum con
ductance of all layen above the bottom by drawing

the 45° tine through the point given for maximum
electrode separation, as shown in Figure 8.23. The
ratio of spacing to p" for any point on this line will
be a conductance representing all the rocks above an
insulating layer; in Figure 8.23, for example, it is
about 9 S. If the right-hand extreme of the field
profile is itself a 45° line on the log-log plot, the
bottom layer is highly resistive. In this case the
actual, rather than minimum, conductance is deter
mined.

(b) Crude interpretation. The overall shape of the
middle portion of the profile will give us some idea
of the character of the beds between surface and
basement. Several shapes are illustrated in Figure
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Curve (I)
(II)

(III)

(IV)

Zz > Z,. P3 <PI
Z, > Z,. P3 > PI
Z, > Z,. P3 »PI

z, < Z,. PI >PI

Curve (I)
(II)

(III)

(IV)

LogL

z, < Z,. P3 «PI

Z, > Zoo P3 «PI
Z, > Z,. P3 <P,
Z," Z,. PI >P,

TYPE A

LogL

Curve (I) Z, > Z,. P3» PI

(II) Z2 < Z,. P3 >PI

TYPEQ

LogL

Curve (I) z, < Z,. PI <PI

(II) Zz" Z,. PI <PI

Figure 8.24. Various types of sounding curves over multilayer structures of three or
more beds.

8.24. Types H and K have a definite minimum and
maximum, indicating a bed, or beds, of anomalously
low or high resistivity, respectively, at intermediate
depth. Types A and Q show fairly uniform change in
resistivity, the first increasing, the second decreasing
with depth. Obviously these curves also may be
combined. It is generally possible to tell from the
shape of the adjacent parts of the profile which layer
corresponds to the maximum or minimum on the
first two curve types.

Although, in general, the characteristic sounding
curves illustrated in Figure 8.24 represent multiple
layers, in their crudest form they may be considered
10be for two beds over a basement. On this assump
tion each of the four sets has particular properties
that may be roughly classified. For H- and K-type
curves PI > 1'2 < 1'3 and PI < 1'2 > 1'3, respectively,
andwe may be able to draw some conclusions about
the relative values of PI and P3 if the spread has
been extended sufficiently. The A- and Q-type curves
correspond to PI < 1'2 < P3 and Pt > 1'2 > P3, re
spectively. Some idea of the relative bed thicknesses
may be obtained from the horizontal extent of the

maxima and minima as well as the flanking portions
in all cases.

(c) Use of maximum and minimum points. The
coordinates of the extreme points in curves of types
H and K, Figure 8.24 (Le., maximum or minimum
Pa and electrode separation) may be used with cer
tain characteristic curves for three layers employing
a particular electrode spread. Figure 8.25 shows a set
for the Schlumberger array in which: (a) Pa(max)/PI
is plotted against P2/PI for various values of Z2/z1
and (b) the ratio L(max)/zl is plotted against z2/z1
for various values of P2/PI' L(max) being the elec
trode spacing at which Pa is a maximum or mini
mum.

Because we know the value of Pa(max)/Pl and
L(max)/zi (presumably PI and ZI can be found
from a two-layer curve match on the left of the
profile), horizontal lines drawn across the character
istics in Figure 8.25a and b give two sets of possible
values of P2/PI and Z2/ZI' corresponding to the
intersections. If we now plot these values of z2/zl
versus 1'2/PI' we get two curves which intersect at
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Figure 8.25. 5chlumberser array - characteristic curves for three layers with type-K
curves (see Fig. 8.24). (After Keller and Frischknecht, 1966.) (d) Plots of Po (maIC.JIPr
versusP:z/Pr for various zz/z, retios. (b) Plots of L(max.)/z., versus z2/Z, for vsrious P:z/Pr
ratios.

one point lbis point represents the correct values of
12 and P2 for the layer in question as shown in
Figure 8.26.

(d) Partial curve matching. This technique requires
matching of small segments of the field profile with
theoretical curves for two or, if possible, three hori
zontal layers. Generally one would start from the
left-hand (small spacing) side of the profile and
match successive segments toward the right (large
spacing). When a portion of the field curve is reason-

ably matched in this way, all the layers in this
segment are lumped together and assumed to have
an effective resistivity p, and depth I" This lumped
layer is used as a surface layer and the next portion
of the field curve is interpreted in a similar way.

It would be quite impractical to slide the field
curve on the master randomly in attempting to find a
reasonable fit between the segments of the curves.
The process requires that we know where to locate
the origin (for example, where Po/PI - L/zi - 1 on
the master two- or three-layer curve) with respect to



the field curve to obtain the best fit to successive
portions of the latter as we progress from left to
right. This interim origin is known as the auxiliary
point or cross in the literature (Hummel, 1932;
Zohdy, 1965; Bhattacharya and Patra, 1968). To
illustrate the significance of these auxiliary points,
consider a modification of Figure 5.1 and Equations
(5.8) and (5.9). If we change Figure 5.1 so that it
represents a vertical stack of beds with resistivities
PI' p", ... , Pro and thicknesses zl' z2' ...• z" from top
to bottom, and cross section 1 m2, then v and 1 - v
in Equations (5.8) and (5.9) are proportional to the
thicknesses.

Analogous to Equations (5.8) and (5.9) we have in
the vertical direction a so-called transverse unit resis
tance

547

"
T = PIZI + P2z2 + ... + p"z" = E P;z; (8.43a)
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Figure 8.26. Determining second-layer parameters using
dala from Figure 8.25. (After Keller and Frischknecht,
1966.) and in the horizontal direction a longitudinal unit
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Figure 8.27. Two-layer Schlumberger master curves. (a) Ascending type (/? > Pr).

I, .""

" ."f.

".1,.
b_

7"

f,· ."

!,-I·",,,!.
fA· "S'''I,

/1:111, I.



548 Resistivity methods

)~,

".""'"&o,·n..,,,
b_WR".
,., ••'1111',

&-H1NJt.

"·"""4

(6)

Figure 8.27. (Continued) (b) Descending type (P;z < Pr).

given by [compare with Eqs. (8.24) and (8.25)]

Applying the preceding results to the case of two
beds, we change P4 to P~2' Z. to Zd in Equation
(8.44a) and get

(8.45)

This expression relating the parameters ot two
individual beds to those of a single equivalent bed
allows us to prepare auxiliary charts to complement
the master curves, by plotting (P2!Pt) versus (z./z,)
on log-log scales identical to the master. These are
shown in Figure 8.28; the first is used with H- and
A-type, the second with K- and Q-type curves. A

conductanu

"
S - Zl/Pl + zz/P2 + ... +z"/p,, - 1: Zj/P.

/-1

(8.43b)

The vertical and horizontal resistivities are

p., - T/z~ P4 - Z~/S (8.44a)

where z. - I:1'z,.
This column is indistinguishable trom a single

isotropic layer with resistivity and thickness P'" 
(T/Sjl2. Z~q - z~A - (TS'j12 [see Eq. (8.44b) be
low]. The quantities T and S are known as the Dar
Zarrouk parameten and have many interesting prop
erties (Maillet, 1947; Orellana. 1963). For example,
the block can be considered anisotropic with an
QlJtrage square resistivity Pm and pseudoanisotropy A
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. The left-hand portion of the field sounding curve.
plotted on a transparency of identical log-log
scale, is fitted to as many points as possible on the

Figure 8.28. Auxiliary-point charts fa) for H- and A-type sounding curves.

of Schlumberger two-layer master curves on the master. maintaining the respective axes parallel.
e scale, shown in Figure 8.27. are included for This fit provides the location of the first cross or

ference. (Note the change in symbols: p ~ Pal auxiliary point where the field sheet coincides
B·2L.) with PI = L = 1, the origin on the master. Hence
The procedure for matching successive left-to- we obtain PI' ZI' whereas the best-fit segment

. t segments of a field sounding is as follows: gives (P2!PI) or P2. [This segment may be ex
tended beyond the fitted portion along the (P2!PI)
line with pencil for a check on the next step.]

2. The sounding curve is transferred to the appropri
ate auxiliary curve set where the cross is placed at
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Figure 8.28. (Continued) Auxiliary-point charts (b) for K- and Q-type sounding curves.

the origin and the same (!i2/P.) curve of the
auxiliary as that in step 1 is drawn in pencil on
the sounding.

3. Replacing the sounding curve on the master and
maintaining the (P2/P.> line from step 2 on the
master origin, a second master segment further to
the right is fitted to the sounding curve. The
second cross is marked over the master origin,
giving P~2 and Z,2 where Z,2 - Z. + Z2 and P,2 is
related to the other parameters by Equation (8.45),
that is,

(Clearly P,. - P. and z,. - z. at the first cross.)

We also obtain (P3/PI2) and hence 1'3 from the
fitted segment.

4. The sounding curve is returned to the auxiliary
and step 2 is repeated.

5. Repeat step 3 to get Pd' Z,3' as well as P" trom
the third cross.

6. Repeat steps 4 and 5 until the sounding curve is
completely fitted.

[A check on the (p" z,) values may be taken at
any juncture, using the relation in step 3. Also the
minimum conductance may be found (Fig. 8.23) and
employed for the same purpose.]

If three-layer master curves are available (Com
pagnie Generale de Geophysique, 1955), it is prefer
able to use them if the field curve warrants this. The
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procedure is similar to the steps 1 to 6, noting the
following.

7. The first cross and match gives Pl' P2' Zl' Z,2
(hence Z2)' P,2'

8. The second cross, equivalent to the third in step 5,
locates P.3' Z.3' from which PJ may be deter
mined by the relation

Z3' Z•• ' z•• and P. are also obtained.
9. The third cross corresponds to the fifth, if it exists

in the two-layer analysis, and so on.

It should be noted that this procedure gives good
results only if the bed thicknesses increase rapidly
with depth; in fact, each successive layer should be
thicker than the total thickness above it (z. > zo]'
etc.), Correction factors for the auxiliary charts
(Kunetz, 1966; Keller and Frischknecht, 1966) re
duce the effect of this limitation considerably. For
example, type-A curves require that z; - >'(ZI + Z2)'
that is, the lumped layer is thicker than the sum of
the individuals (because >. - (Pu/ Ph)l/2 > I-see
§8.3.6). For type-K curves the correction is still
greater by a factor II which increases nonlinearly
from 1 to 1.5 as >. increases from 1 to 3.

With Q curves we find that z; = (zl + Z2)/1I and
P; = P.II; the correction factor varies from 1 to 1.25
in the same sense as both Z and p. Modifications for
H-type curves appear to be unnecessary.

An example of partial curve matching is shown in
Figure 8.29a from a groundwater sounding in Sri
Lanka. Overall resistivity is unusually uniform and
high. Subsequent drilling produced a dry well.

The crosses are marked on the sounding curve for
both two- and three-layer analysis. The curve is
erratic beyond 20 m which probably indicates noisy
field readings. In any case, resistivity increases with
depth.

The technique of partial curve matching, although
rather crude compared to complete analysis of the
sounding curve by computing methods, is quite use
ful in the field to keep abreast of daily measurements
and as a control for the more sophisticated approach
later.

(e) Complete curve matching. The expression for
surface potential over two beds, Equation (8.21),
may be expressed in integral form as

v - (IPI/2'ITr){ 1 + 2r{'tJ K( >')Jo(>... r) d>.}

(8.46)

where K(>') = k exp (- 2>.z)/{1 - k exp( - 2>'z)}
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and 10 is the zero order Bessel function. This expres
sion is suitable for solving any number of layers (see
Keller and Frischknecht, 1966; Zohdy, 1973). Em
ploying the Schlurnberger array (which is most con
venient for vertical sounding and also measures po
tential gradient), we may write the resistivity relation
in the form (see Eq. (8.39b)]

where 11( AL) - - 1ri(AL) is the first order Bessel
function. 10 is the first derivative of 10 and we have
replaced r by L, half the current electrode separa- .
tion. The product K(A)JI(AL) is known as the
Stefanescu function.

The solution of this general expression may be
obtained by expanding the integral as an infinite
series or by numerical integration, both methods
being suitable for computer programming. These
and other methods are described in the literature
(Ghosh, 1971; Inman, Ryu, and Ward. 1973; Jo
hansen, 1975, 1977). Because an enormous number
of theoretical models will fit the field data from an
average sounding curve within ± 5% (which is quite
within the data accuracy; see next section). some
optimization technique for determining the limits on
the parameters providing the curve match is neces
sary in practice. This additional feature is included
in the methods of Inman, Ryu, and Ward. and
Johansen. An example that employs a program
somewhat similar to those is shown in Figure 8.29b.

(f) Sounding interpretation errors. Practically
there are often erratic variations in field sounding
measurements of PG due to local resistivity changes
near surface and poor electrode contacts. In addi
tion, anisotropic ground and terrain effects will lead
to errors in estimating both Z and PI'

An expanding spread. in homogeneous ground,
parallel and adjacent to a vertical contact will give a
profile that is somewhat similar to that obtained over
horizontal layers, particularly if the bed on the other
side of the contact has low resistivity (Fig. 8.34c.
§8.6.5d). In all depth-probing operations the expand.
ing spread should be carried out in at least two
azimuths, a sound preliminary procedure in any case.

An example of pronounced topography effect is
shown in Figure 8.30. Apparent resistivities were
obtained from an expanding Wenner system over
relatively homogeneous dolomite and limestone. The
spread, however, is parallel to a 100 ft cliff, which
produces a linearly increasing curve for PG versus
electrode separation. The bumps in curve A are
probably the result of local variations in surface
resistivity near the cliff edge. Obviously this is an
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40.00 230 232.678 -1.164
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(d)

Figure 8.29. Examples of partial and complete curve matching of field soundings for
groundwater, Sri Lanka. (a) Partial curve matching (two layers). (b) Complete curve
matching. (c) Computer results for complete curve matching using six layers. (d)
Comparison of observed Po and Po calculated from the data in (c).

extreme case. but the curves would be similar if the
clift'face were a contact and the void filled with high
resistivityrock. In the latter case the result could be
erroneously interpreted as a subsurface layer of high
resistivity.

The eft'ect of dipping beds is not serious in sound
ing operations unless the sounding array is normal to

strike and particularly if the spread crosses over an
outcrop of the dipping bed. Parallel to strike the z
values will be those of the point directly below the
array. and with a large enough separation of elec
trodes the response may become similar to that in
Figure 8.30. The double-dipole array is said to be
more sensitive to dipping beds than Schlumberger



Figure 8.30. Effect of topography on expanding Wenner
spread.
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and Wenner configurations. Again, to determine the
dip it is necessary to measure Po in two orthogonal
directions.

Aside from the preceding errors which are related
to the field work, ambiguity in sounding interpreta
tion may arise owing to two factors. The first, known
as the principle of equivalence, may be stated as
follows: it is impossible to distinguish between two
highly resistive beds of different z and p values if the
product zp is the same, or between two highly con
ductive beds if the ratio z/p is the same. In Figure
8.31a the block of cross section ~A offers a resis
tance to vertical current flowgiven by R - P2 z2/~A ;
thus layers having an identical product zp are equiv
alent and we cannot determine the two parameters
separately. In the conductive bed of Figure 8.31b,
the vertical current is deflected almost normal to the
vertical stack, making R - P2h/z2/. Thus beds hav
ing the same ratio p/z are equivalent so that again p
and z cannot be measured separately.

For either of these configurations the bed thick
ness and resistivity may vary within wide limits with
respect to layers above and below it. However, these
limits may be found by optimization methods as
mentioned in Section 8.6.4e.

Some feeling for the wide limits of equivalence
may be obtained from the examples of three-bed
equivalent curves displayed in Figure 8.32, parts (a)
and (b) being for types A and H, parts (c) and (d)
for types K and Q sections analogous to the auxil
iary curves in Figure 8.28. The dashed 45° slope
lines represent equal S2/S1 ratios, whereas the
solid-line curves are limiting values of P2/PI and
z.2/ZI for equivalence within ± 5%.

To i11ustrate the application consider the hatched
area in the H-type section of Figure 8.32b. An
approximate match produced the circle in the shaded
square at P2/PI - 1/39, z.2/z1 - 3. The minimum
and maximum limits for the equivalence are at the
comers of the square. Hence 1.6 < z.2/z1 < 4.2,

(a)

(b)

1m PI = 1 Om

1m pz=200m

PJ = 0

1m PI = IOOOm

1m pz=50m

...--::: ~1l.5 m

Pz =400m f

PI =IOOOm ?Im= ~.snm
Pz =2.5 Om

Figure 8.31. The equivalence principle (schematic). (a) p, < P2 > PJ. P2z] - constant.
(b) p, > P2 < PJ. P2/z] = constant.
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0.014 < Pd/Pi < 0.038. Thus the same field curve
section may be matched only within ±45%. The
limits are still wider in areas of the equivalent curves
where the z ratios are smaller and/or P ratio esti
mates larger than this, as is clear from the open
sections at the upper left.

The suppression principle states that if a bed is
very thin compared to those above and below, its

effecton the sounding curve is insignificant unless its
resistivity is extremely high or low.

8.6.5. Lateral Mapping; Vertical Contact

(a) General equations. Also called lateral profil
ing, this technique is of considerable importance in
mineral prospecting. It is also used for the measure-
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Figure 8.32. (Continued) (c) K-type section, PJ - Pt. (d) Q-type section PJ - 0.

ment of overburden depth in civil engineering work.
The mineral exploration intepretation includes loca
tion of vertical contacts - faults, dikes, shear zones,
and steeply dipping veins- and three-dimensional
bodies of anomalous conductivity, such as massive
sulfides.

In Section 8.3.3 the variation in potential crossing
a plane interface was established for a single current
and a single potential electrode system. Equation
(8.17) gave the potential with both electrodes in the

same medium, Equation (8.18) when they were on
opposite sides of the contact.

Any of the electrode arrays may be used for this
type of mapping, but the profiles differ considerably
from one to another. There is also a practical consid
eration: the traverse can be made faster and more
easily if it is not necessary to move all the electrodes
for each station measurement. It turns out also that
the profiles are usually easier to understand as well
in this case.
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[PI {( 1 k) 1 + k}
~-- -+-- ---

2", '1 2s - '1 '2

11'2 { 1-k (1 k) }
V2

- 2tr ~ - ~ - 2'3 + '. - 2s

Using Equation (8.19) to express 1'2 in terms of PI'

and setting k" - (1 + k)/(1 - k), we obtain

AV- [PI [(.: _..!.) - k.("!' _..!.)
2", '1'2 ')'.

{(
1 1 )+k -- --2S-'1 '2

For the general case, with spacing '1' '2' ']' and
'. we have five possible situations, depending on
electrode positions with respect to the contact (Fig.
8.33):

(i) All electrodes OD left-hand side:

VI - ~;{(~ + 2S~,J

-(~ + 2S-:'I-,J}
V2 - :;{(~ + 2S~',)

-(~ + 2S-:'3-'.)}
AV _ [PI [(.: _ .:) _ (.: _ .:)

2" '1'2 ']'.

+k{(_l _ 1 )
2s - '1 2s - 2'1 - '2

_(_1 _ 1 )}] (8.48a)
2s - '3 2s - 2r] - '.

(il) Cz on right-hand side (note that k changes
sign for a current electrode to the right of the vertical
contact and that there is DO image of Cz):

AV- [PI [(.: _.:) _ (.: _ .:)

2" '1'2 ')'.

+k{(_l _..!.)
2s-'1 '2

-( 2s ~ '3 - ~)}] (8.48b)

(ill) Cz. P2 on right.hand side:

+k.( ~ - -2-'3-+-~.---2-S )} ] (8.48c)

(iv) Cz. P2 • PI on right-hand side:

- k {(~ - 2'1 + ~2 - 2s )

-(~ - 2'3 +~. - 2S)})] (8.48d)

(v) All electrodes on right. hand side:

If we ignore the existence of the contact, we can
substitute for AVII in Equation (8.26) and get P._
This gives

p.lpl - pIp'

where IIp' is the quantity in square brackets in
Equations (8.48) and p is the quantity in Equation
(8.26) evaluated for the particular electrode spacing
that holds for Equations (8.48).



Interpretation

C,imqe

'. "...:
"(i)

<", 1', 1'. • C,'

I· .,
" Medium (I) Medium (2) Po

(iii) J J; 7"; >, > J j;;1, >>:tr1=±,l>;;;>, ;, ;, ;
c. c.' I PI c, Cit

1--. .--1
p, p.
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Po _ 1 + k( L - s)( L - f) ( )
PI f(2s - L + f) 8.5Oc

The expressions for Po for the Wenner and (ii)
Schlumberger arrays are cumbersome in general. We
shall consider certain special cases in the following ( iii)
section.

(b) Half-Wenner array. 'I'"' a, '2 -'3"'. - 00. (iv)
For the preceding configurations, the results are:

Same as in (i) (8.5Ob)

(8.5Od)

(d) Double-dipole array. (Potential electrodes to
right of current pair.) 'I - '. - r '2 - r - f, r, 
, + f, r» f.

(8.4ge)

(i)

(ii),(iii)

(iv)

(v)

P,,/PI ... 1 + {ka/(2s - a)} (8.49a) (v)

Same as in (i) (8.49b,c)

P,,/PI - (1 + k) (8.49d)

P" ( ka)- -k- 1---
PI 2s+a

(8.50e)

(c) Half-Schlumberger array. '1" L - f, '3 
L + f, '2 - r.... 00, L » f.

(i) All four electrodes on left-band side:

(i) (8.50a) (8.5h)
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Figure 8.34. Profifes oVl?r a vertical contact using different electrode spreads.
(a) Wenner spread (b) Schlumberger spread. (c) Double-dipole spread. (d) Spread with
fixed e" movable p,. (e) Schlumberger brOiJdside spread

(ii) Dipole straddles contact:

Pa_ l + k
PI

(iii) All four on right-hand side:

(8.SIb)

side, so that they all cross it simultaneously. The
value of p.JPt can be obtained in this case by
substitution in Equation (8.48a) and (8.48e). With
the usual approximation (L » (), we have:

Electrodes in medium (I) :

(8.Slc)

Profiles for these three electrode systems, plus
some other possible arrangements. are shown in Fig
ure 8.34. The profiles are characteristic of the array
used. Except for Figure 8.34e, they all have disconti
nuities in the vicinity of the contact, related to the
electrode spacing. In Figure 8.34e the electrodes are
aligned parallel to the contact and are moved broad-

2 2 -3/2

:: • I + k{ I + ( :) }

Electrodes in medium (2):

This profile is by far the best for interpretation but it
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V.rtical dike

Figure 8.35. Locations of current images near a vertical dike.

is not very practical in the field. In some of the
spreads the profile shape varies with the direction of
traversing, that is, it depends on which electrode
crosses the contact first.

locations of Pt :

Medium (1):

[PI { 1 kv, ... - -+---
I 2'lT a 23 - a

Medium (2):

(8.52c)

(8.52b)

B--k(l+k)

D - 1 - k 2

A- -k(l- k2 )

C-l+k

00 (k2)m }
+A E (8.52a)

m_02(m+ l)b+23-a

Medium (3):

A, B, C, and D are constants that are evaluated
by applying the boundary condition of Equation
(8.Th) at the boundaries M and N. They tum out
to be

By a similar analysis, we can obtain the potentials
when the current electrode is in the dike.

8.6.6. The Vertical Dike

When a dike of anomalous resistivity and finite
width is traversed, the profiles areeven more affected
by the electrode spacing than in the case of the
vertical contact. The expressions for potential are as
in Section 8.6.5 plus tbe effect of one or two sets of
images caused by reflections in the two boundaries.
The development is not fundamentally difficult, but
is tedious. We will describe only one configuration in
detail, that in which we have one current electrode
and one potential electrode, both initially in medium
(1) (fig. 8.35).

The current source I at el bas an image in the
dike at el (provided 3 < b), caused by reflection in
boundary M. Its strength is kl and it is located
(2s - a) from Pt, the potential electrode.

There is a second image of CI reflected in bound
ary N at ell, which is located in medium (3) at a
distance (2b + 23 - a) from Pl' This in tum causes
an image in medium (1) at clll , (2b + a) from Pl' It
is reflected in N to produce image elv , at (4b +
2s - a) from Pt. These reflections are repeated in
definitely in M and N to give two infinite series, of
which only the set of images in medium (3) have any
effect on the potential in medium (1).

When the potential electrode is in medium (2),
the image at el does nothing, but both the series in
medium (1) and (3) influence the potential. Finally
when Pt is in medium (3), it is perturbed by el and
all the images in medium (1). As a result we obtain
tbe following potential expressions, for the different
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Medium (1):

IPI
J!i' - -(1 + k)

2"

{

00 k2",

X E
... -0 2mb + a

00 k 2
", }

-k E (8.53a)
",_02(m+l)b+2s+a

of CI' the respective potentials are:
Medium (1):

l .. ( k
2

", )J!i" - ~(1 - k 2
) E

2" ",-0 2mb + a

Medium (2):

Ip { .. ( k
2
", )Jr." - _I 1 + k

2 2" ( ) ",~o 2mb + a

.. k 2
", }

-» ",~o 2mb - (2s + a)

(8.54a)

(8.54b)

Medium (2):

IPI(1 + k)
Vi - 2,,(1 - k)

[
1 {.. k 2

",
X - + k 2

a '::02(m+l)b+a

00 k
2
'" }+E",_02(m+l)b-a

{

00 k 2",

-k ...~02(m+l)b+2s±a

00 k
2

", }]
+ ...~ 2mb - (2s ± a) (8.53b)

Medium (3):

IPI {OO k 2
",

V{ - -2(1 + k) E 2 b
f1 ",-0 m + Q

.. k 2
", }

-k E (8.53c)
",-0 2mb - (21 - a)

In these equations the relative positions of the
potential and current electrodes must be specified. In
Equation (8.53a) the potential electrode is always to
the left of the current electrode, whereas in Equation
(8.53c) it is always to the right. In Equation (8.53b),
however, it may be on either side of the current
electrode. Wh~ it is on the left, one uses the upper
signs for a in the denominators of the last bracket;
when on the right, the lower sign.

Finally, when the current electrode is on the
right·hand side in medium (3), and PI is to the left

Medium (3):

IPlo{ 1 00 k 2
",

v." - - - + k E
3 2fT a ",_02(m-l)b-(2s+a)

00 k
2

", }

-k ",~o 2mb _ (25 + a) (8.54c)

From these relations one can obtain the value of
P. in terms of PI' in the usual way, for complete
profiles across the dike. In addition, the expressions
can be made more general by assuming a resistivity
P3 in medium (3).

The formulas are modified in all cases by differ
entiating the potentials for a half-Schlumberger ar
ray and by using the second derivative for the double
dipole.

Profiles obtained with different spreads in travers
ing a thin dike are shown in Figure 8.36. On the
whole the half-Schlumberger curve reproduces the
shape of the dike best, particularly for thin dikes.
The corresponding dipole profile has two peaks, the
gap between being equal to the dipole spacing. This
double anomaly could be quite misleading. On the
other hand, the half· Wenner spread over a thin dike
of high resistivity shows a "conductor" of width
greater than the actual dike. The full-Wenner system,
however, gives better results, although there are dis
continuities near the edges of the dike, as illustrated
in Figure 8.36c.

k in the case of the single vertical contact, better
profiles would be obtained by moving the array
broadside to the structure. In fact, the profiles are
considerably better over thin dikes when the traverse
is made at an oblique angle, although the anomalies
will be wider than the actual dike. °

Lateral exploration may also be applied to chan
nels and filled sinks of anomalous resistivity when
such features outcrop or lie very close to the surface.
The profiles are similar to the dike, although the
latter was assumed to have infinite depth in the
previous discussions.
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Figure 8.36. Profiles over a thin dike using different electrode spreads. (a) Double
dipole spread. (b) Half-Schlumberger spread. (e) Full-Wenner spread. (d) Half-Wenner
spread.

8.6.7. Mapping Three-Dimensional
Anomalies

The resistivity method is not particularly sensitive to
3-D anomalies for the same reason that it is ineffec
tive over buried 2-D structures of finite width. This
limitation is well illustrated by reference to the buried
sphere considered in Section 8.3.5. Using a Schlum
berger spread, the apparent resistivity can be calcu
lated by differentiating Equation (8.22) with respect
to x [note that Eo - PII, x - rcosfJ, and P,,
(1/l)(aV/ax)] and assuming that the sphere is a
very good conductor so that P2 - 0, we obtain

(8.55)

where x is the distance of the potential electrode
from the surface point above the origin and z the
depth to the sphere center. When z - 2a the maxi-

mum contrast between P" and PI is only 12$. Thus
a sphere 30 m in diameter whose top lies only IS m
below surface probably would not be detected.

A similar limitation exists when the body out
crops, for instance, a hemispherical sink. Unless the
traverse passes very close to the rim, the anomaly
will be missed. These effects are illustrated in Figure
8.37. Note that when the survey line is over the
center of the bowl (d - 0), the ratio Pa/PI remains
zero until the potential electrodes are out of the sink,
because &V - 0 for as 2R.

It is not surprising that numerical methods like
those described in Sections 6.2.7, 6.2.8, and 9.5.3
have been developed for resistivity modeling as well
(Coggon, 1971; Lee, 1975; Snyder, 1976; Dey and
Morrison, 1979). The models include 2-D and 3-D
structures of the usual types. Again, the most strik
ing feature of the resistivity results is the poor reo
sponse of 3-D targets. Unless they are shallow and
the width about the same as the depth, the anomaly
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Figure 8.37. Resistivity profiles over three-dimensional conductors. (a) Schlumberger
array over buried sphere. (b) Expanding Wenner array over outcropping hemispherical
conductor.

is weak. Conductive overburden is also very effective
in masking such structures. Figure 8.38 demonstrates
these limitations with a display of profiles and pseu
dosections (§9.5.1) over a vertical block with and
without overburden cover.

8.6.8. Measuring Overburden Depth
and Resistivity

Obviously the depth of overburden can be found
using an expanding spread. However, if the bedrock
surface is irregular, many soundings will be neces
sary, entailing considerable time and expense.Where
the overburden has much lower resistivity than
bedrock, which is the usual case, good results may be
obtained with three traverses, employing different
electrode separations.

Obviously one small spread is necessary to mea
sure Pl' This is achievedwith a separation that is less
than half the minimum overburden thickness; it
should not be required at every profile station unless

PI varies rapidly. The conventional procedure has
been to complete the profile at all stations with a
second electrode spacing, which is somewhat larger
than the maximum overburden depth. This gives a
relation for z from Equation (8.42d):

z - c(PI/PD) X (electrode spacing) (8.56)

where C - 1.38, 1.0, 0.5 and the spacing is a, L, r
for the Wenner, Schlumberger, and double-dipole
arrays, respectively. However, the value obtained is
generally much larger than the correct value unless
the spacing is large enough to make PD • P'l' A
better estimate may be obtained by taking two read
ings of P" at two spreads larger than maximum
overburden depth. Then the z values obtained from
Equation (8.56) are plotted against the correspond
ing a, L, or r values; the straight line joining the
two points, when extended to the ordinate axis, gives
the correct depth. Figure 8.39 clarifies this procedure
on linear z versus a, L, or r axes. Several additional
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Figure 8.40. Mapping vertical contacts with the half-Schlumberger array, Kongsberg,
Norway. (After Van Nostrand and Cook, 1966.)

points are included in the plot to indicate where the
straight line extrapolation begins to fail. Because the
relation appears to be linear, the usual log-log scale
is not suitable. Alternatively the extrapolated z val
ues may be calculated from z, - nu + z~ where $ is
the separation, z, is obtained from Equation (8.56),
and z~ is the intercept on the ordinate.

U bedrock resistivity is lower than that of the
overburden, it is necessary to usc expanding spreads
to get quantitative values for the depth, although the

electrode separation need not be as large as for
Pz > Pl' When Pz < Pt. there is no relation between
P. and z equivalent to Equation (8.56), as can be
seen from Figures 8.21 and 8.27b.

The cumulative-p, plot was formerly used to find
depth of overburden and shallow resistivities. Al
though it has no sound theoretical basis, it works for
soundings on thin beds but requires many constant
increments of electrode spacing, which are small
compared to bed thickness. The data are plotted by
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summing successive Po values for the ordinate, that
is, if the readings were 100, 200, and 300 Om for
spacings of 10, 20, and 30 m, one would plot 100,
300, and 600 Om versus 10, 20, and 30 m. An
attempt is then made to find points where straight
line segments (drawn through as many points as
possible) change slope, indicating depth to the inter
face.

8.7. FiElD EXAMPLES

In recent years most resistivity data related to min
eral exploration are included in the results of IP
surveys; the resistivity method is not much used as
an independent technique in this application. It has,
however, been employed to a considerable extent in
ground water search and for engineering geology
preparation of dam sites, highway routes, building
foundations, and so forth. Consequently the case
historiesand problems in this section include several
examples not directly related to conventional
prospecting. Further examples may be found in
Chapter 9 of surveys where resistivity data were
obtained in conjunction with IP data.

1. Apparent resistivity profiles obtained with a
half-Schlumberger, or gradient, array traversing ver
tical contacts are shown in Figure 8.40. The two
profiles correspond to different fixed locations of the
current electrode C1• The potential electrodes, which
are close together compared to their separation from
C1, are moved together, whereas the second current
electrode is effectively at infinity to the east. The
contact with the low resistivity breccia is sharply
defined in both profiles, which are quite similar to
the theoretical result for the vertical contact shown
in Figure 8.34b.

2. Resistivity data obtained in conjunction with
an IP survey are shown in Figure 8.41. The area is
the Cavendish Township test site, 100 miles north
east of Toronto. Unfortunately no detailed section is
available for the subsurface.

The rocks are mainly metasedimentary with small
areas of acidic and basic igneous types. The trend is
northeast. Sulfides are present throughout the area,
at least in trace amounts, and graphite occurs in a
band of calcareous-siliceous rocks in the western
part of the area.

Figure 8.41a shows apparent resistivities plotted
in profile for four separations of the double-dipole
electrode system (x '"' 200 ft, n ... 1, 2, 3, 4) on line
B; Figure 8.41b shows the usual pseudodepth plot
employed in IP work (§9.5.1.) Clearly there is a
low-resistivity zone, continuous at depth from 4W to
18W, which is capped by a higher-resistivity bowl
near surface, located between lOW and 14W. A
variety of EM surveys made on the Cavendish test
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site agree with the shallow resistivity profiles, be
cause they outline two distinct zones trending NE,
located at 8W and lSW.

3. The search for groundwater normally requires
resistivity surveys, both for regional mapping and for
sounding. Frequently these are combined with grav
ity and seismic refraction, the former during recon
naissance and the latter to aid in identifying satu
rated beds containing fresh or salt water and to
resolve the equivalence ambiguity between z and p
by unique determination of bed thickness.

This problem is well illustrated by a groundwater
survey carried out in the central Sudan savannah
belt near the White Nile (van Overmeeren, 1981).
Figure 8.42 displays vertical electric sounding (YES)
data from three locations west of the river and
includes a schematic of two interpretations of the
basement section, assuming either fresh or saline
water. Both versions fit the sounding curves, al
though only YES 13 suggests fresh water. However,
the results from seismic refraction plus data from a
welI drilled earlier in the vicinity favored the shal
lower basement depths associated with salt water as
shown in Figure 8.42d.

4. Resistivity is an important component of mul
tiple-method geophysical surveys for geothermal
sources. Geothermal targets are of two types: the
more common hot-water systems characteristically
have high concentrations of chlorides and if the
subsurface temperatures are - 18DaC or higher they
produce hot springs and deposit a sinter; the other
type, vapor-dominated geothermals, is low in chlo
rides and rich in sulfate ions or alternatively in
sodium bicarbonate.

The Mud Volcano area in Yellowstone Park, a
typical vapor-dominated system, was surveyed in the
late 1960s using IP, SP, resistivity lateral mapping,
and resistivity soundings (Zohdy, Anderson, and
Muffler, 1973). Three profiles of PFE (§9.3.3a), SP,
and P. are shown in Figure 8.43 together with a 6.7
km wide geoelectric section of the geothermal
anomaly area. The profile line follows the Yellow
stone River slightly SW of it. IP and resistivity
profiles were carried out with a pole-dipole or half
Schlumberger array (Fig. 8.18) whose dimensions
were (a + b)/2 '"' 1,000 ft (300 m), The SP electrode
spacing was 400 ft (120 m),

The IP profile is not very significant except for a
strong PFE response about 2,000 ft (600 m) wide at
the NW boundary of the geothermal area. The high
IP background is attributed to widely distributed
clay with some pyrite, whereas the anomaly is proba
bly caused by pyrite concentration at depth, because
a second profile with spacing AB/2 - 600 ft (180 m)
(not shown here) had a much reduced IP response in
this vicinity.
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There is a positive SP anomaly of - 60 mV
straddling the target and persisting for some 2,500 ft
(760 m) beyond on the SE side. This anomaly is
probably due to streaming or electrokinetic potential
(§5.2.1b, §6.1.1), but the SE segment is not ex
plained. The resistivity profile outlines the geother
mal area best with a well-defined low directly above.

The results of 16 vertical soundings were used to
produce the geoelectric section in Figure 8.43.
Soundings YES I, 10, 14, and 16 (see Fig. 8.43d for
locations) are displayed in Figure 8.44, with the layer
resistivities and thicknesses plotted along the
Schlumberger horizontal axes. Interpretation of the
sounding curves was done by two methods, one with
partial master-curve matching and auxiliary-point

diagrams (YES 10, 14) and the other using an auto
matic technique for the complete curve (YES 16).
Both interpretations are shown for YES I, the first
with a 6-bed model, the second with a 19-1ayer
computer model.

5. It is worthwhile to summarize some rough rules
for success in exploring for groundwater and
geothermal sources:

(i) The most important is to assemble as much
geological information as possible, with particu
lar emphasis on any logs from old wells or drill
holes in the area.

(ii) Next is to do the same for geochemical and
geophysical data.
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Figure 8.44. Soundings used to obtain geoelectric section in Figure 843. ... and 0
denote observed and calculated values. (Note the alternative plot/ing methods used in
(a) and (b); see also Figs. 8.29 and 8.42.) (After Zhodv. Anderson. and Muffler. 1973.)
(a) VES 1 interpreted by partial curve matching (6-layer) and complete curve matching
(19-layer). (b) VES 10. partial curve matching (7-layer). (c) VES 14. partial curve
matching (6·'ayer). (d) VES 16, complete curve matching (9-layer).

Table 8.1. Sounding data.

Min.p, Max.p, Av. P, Depth Yield (min.)
Well (Dm) mm) (Dm) Max/Min (m) (gal/min)

R161 55 120 80 22 2.5 Producer
R162 14 60 30 4.3 3 Producer
Rl02 25 60 39 2.4 30 10
R72 20 160 48 8.0 16 60
MH'10 60 100 89 1.7 10 25
Average 3S 100 57 3.7 12

R163 35 100 57 2.9 30 Dry
R164 110 300 171 2.7 6 Dry
Rl66 110 210 172 1.9 25 Dry
Average 85 203 133 2.5 20 ---0
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(iii) Survey procedures should be similar to those
described in field examples 3 and 4.

(iv) On completion of resistivity profiling, it is desir
able to select YES locations at resistivity lows
taking into account (i) and (ii),

(v) The shape of the sounding curve is certainly
significant. The low-grade data from groundwa
ter surveys given in Table 8.1 serve as an illus
tration of this.

The data in Table 8.1 are from various locations
in Sri Lanka, whose geology is a continuation of the
South India Decca platform, mainly Paleozoic and
Precambrian with younger coastline sediments. The
data in the table are not representative because the
ratio of dry-to-producing wells drilled over the past
five years (mainly less than SO m deep) is less than
10%. However, it seems clear from the above and
from other groundwater results in West Africa that,
for a successfulwell, the sounding curve should have
a fairly well defined minimum at reasonable depth,
although, if this minimum is less than a few ohm
meters, the chances are increased that any water will
be saline.

Although the same remarks apply to geothermal
exploration, the problem is more complex. Depth of
exploration is usually greater than that necessary in
groundwater search and more geophysical methods
are required. The resolution of saline from fresh
sources, however, is not a factor.

8.8. PROBLEMS

1. In an investigation to determine the depth of a
conducting layer of brine at Malagash, Nova
Scotia, the readings in Table 8.2 were taken with
a Megger using an expanding Wenner spread.
The surface layer was found to have a resistivity
of 29 Om. Determine the depth and resistivity of
the brine layer.

Table 8.2.

Separation (ft)

40
eo
80

100
120
140
1bO
180
200
220
240
260
280
300
320
340
360
380

Table 83.

Electrode
separation

(ft)

5
10
15
20
25
30
35
40
45
SO

Resistivity methods

II. (Om)

28.5
27.1
25.3
23.5
21,7
19.8
16.0
163
14.5
12.9
11.3

9.9
8.7
7.8
7.1
6.7
6.5
6.4

Resistivity
(Om)

78,1
56.0
49.6
47.1
46.0
51.2
59.8
76.0
79.8
72.2

4OO..---------'it-------------.------,

300~-#------j~_\----------------_1

p.l(lmt

200r---~~--+--_r----------------__i

Fisure 8.45, Resistivity mappins with Wenner spread over limestone and sandstone
section separated by vertical contscts. sution interval 100 tt; a - 100 ft. (After Van
Nostrand and Cook, 1966,)
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Figure 8.46. Resistivity mapping with Wenner spread over karst topography, Hardin
County, Illinois. Station interval- 100 tt, a - 100 ft. (After Van Nostrand and Cook,
1966.)

Table 8.4.

Line 10 + OOS Line 0 + 00 line 10 + OON

p.(n - 1) p.(n - 4) p.(n-1) Po(n - 4) Po(n -1) Po(n - 4)
Station (Om) (Om) (l'lm) (l'lm) (Om) (Om)

26W 2,750
25 2.000
24 1.700
23 1,850
22 2,250 1,450
21 2,000 700
20 1.000 450 1,700 500 1,500
19 400 250 3,000 150 1.900
18 250 200 2.150 500 400 2,000
17 200 150 850 300 850 l,6OCJ
16 150 200 350 500 1,500 800
15 250 150 250 500 1,700 2.400
14 400 100 250 450 1,200 5,300
13 60CJ 20 200 50 3.800 10.000
12 900 150 150 100 8,900 12,700
11 1,000 350 250 450 9,300 13,500
10 150 200 450 850 9,200 12,700
9 550 50 650 1.100 6,650 12.000
8 4,100 20 1,750 550 2,460 10.900
7 3,6OCJ 25 2.350 800 5.750 7,800
6 2,800 100 3,800 1.550 6,6OCJ 5,700
5 1.000 350 1.000 850 4,000 5,500
4 700 950 1.250 2,250 5,200
3 1.000 850 4.000 5.500
2 1.100 2.000 7,400 4,300
1 l,6OCJ 2,850 7,000 6.500

s.i. 3,200 2,350 6,600 6,800

2. In a resistivity survey performed lor highway
construction, the readings in Table 8.3 were ob
tained with an expanding Wenner spread. Plot
p. versus a. How many layers are indicated by
this curve? Can you use the method of partial
curve matching for multiple layers and if so, do
the results agree with those obtained by the

cumulative p plot and from the extrapolation
described in Section 8.6.81 Find the depth of
overburden by any or all 01 these methods.

3. Figure 8.45 shows a profile taken with a Wenner
spread having a fixed spacing oC 100 Ct. Station
intervals are 100 Ct. The geologic section includes
sandstone and limestone beds with practically
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Table8.5.

L 1\
(m) (Om)

1.5 160
2 96
3 70
4 54
6 40
8 33

10 27
12.5 20.
15 20
20 22
25 23
30 27
40 30
50 38
60 48
80 67

vertical contacts. Locate these beds and specu
late on the source of the small positive anomaly
at 3,100 ft.

4. The profile of Figure 8.46 was obtained in ex
actly the same manner as that of problem 3; this
is an area of karst topography in Hardin County,
Dlinois. The limestone contains numerous sink
holes and channels, most of which are filled with
clay. There are occasional empty caverns as well.
Make a rough interpretation of the near-surface
section from the resistivity profile by locating the
clay-fined sinks and/or caverns in the limestone
host rock.

5. Apparent resistivities in ohm-meters are given in
Table 8.4 for portions of three lines from an area
in eastern Nova Scotia where an IP survey was
carried out. The topography is generally flat
except for the west portion (line 0 + 00 has an
elevation change of +250 ft between stations 13
and 20, line 10 + OON has a change of +100 ft
between stations 15 and 20, line 10 + OOS has a
change of +75 ft between stations 21 and 26).
The rocks are known to be sedimentary in the
valley whereas the bills in the vicinity are mainly
granitic. Lines are 1,000 ft apart and stations 100
ft. The double-dipole spread (Fig. 9.8a) was used
with dipole spacings of x - 100 ft; resistivities
are given for n - 1 and 4 only, l.e., the distances
between the inner electrodes were 100 and 400
ft, respectively. Plot these profiles and interpret
the results.

6. The readings in Table 8.S were obtained during
a Scblumberger YES program for rural ground
water supply. L - AB/2 is half the current elec
trode spacing. Potential electrode spacing was

Resistivity methods

Table 8.6.

Resistivity EM16

1\(10) p'(30) Dip Quad.
SIn. (Om) (Om) (%) (%)

- 4SW -6 6
-3 -5 4
-2 135 -1 4
-1 +1 4

0 135 225 0 3
1NE 160 180 -3 1
2 177 220 -4 1
3 210 0 0
4 105 190 4 -1
5 172 5 -2
6 75 3 -2
7 80 150 2 -3
8 80 -1 -5
9 87 168 -2 -2

10 87 130 -2 -2
11 90 137 -10 -3
12 100 168 -19 -7
13 150 165 -26 -7
14 300 245 -27 -13
15 460 355 -13 -15
16 250 270 +3 -13
17 204 242 17 -10
18 103 190 24 -12
19 90 197 22 -17
20 60 178 27 -19
21 86 28 -17
22 30 68 13 -17
23 32 67 7 -14
24 33 102 3 -14
25 60 2 -12
26 30 47 1 -7
27 4B -3 -4
28 30 50 -4 +1

increased three times during the sounding: at
L - 8, 20, and 30 m; the resultant discontinu
ities have been eliminated by smoothing at these
points.

Analyze the sounding using partial and com
plete curve matching with auxiliary-point curves
plus two- and three-bed master curves and by
computer, whatever is available. Compare the
results.

7. Although resistivity profiling has been carried
out routinely for many years in groundwater
exploration, it is a rather slow and expensive
survey and the possibility of substituting a faster,
cheaper technique is attractive.

The readings in Table 8.6 are from part of a
Sehlumberger profile done with two separations.
The purpose was to locate an intrusive ledge of
basement rock in a sedimentary section. At the
same time a VLF profile was done with an
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Figure 8.49. Apparent-resistivity contours (Oft) for a base-metal zone, eastern Nova
Scotia.

EM16 instrument (§7.4.2f; §7.8, examples 3, 4)
which measured dip and quadrature associated
with the secondary vertical EM field. These data
are also given in Table 8.6.

Stations are 10 m apart. The resistivity
columns are for Schlumberger spreads with
AB/2 - 10 m, MN/2 - 2 m, and with AB/2
- 30 m, MN/2 - 5 m, respectively. Plot the
resistivity and EM16 profiles on the same hori
zontal scales and compare them as to informa
tion derived and correlation.

Now plot the EM16 dip-angle data using the
contouring relations given in Section 7.8, exam
ple 3. To maintain the proper polarity, the plot
ting is done from NE to SW (right to left with
respect to the other profiles). Also the vertical
scale should be chosen roughly the same length
as the Pa scale to enhance the curve match. In

considering the possible correlation between the
profiles, why should it exist? Is there any physi
cal relation between the numbered vertical scale
for the EM16 and the Pa scale of the resistivity
profile? Hence what is the fundamental differ
ence remaining between the two types of survey
with respect to acquired data7 The EM16 survey
extended an additional 300 m SW and was per
formed by one man in 40 min; the resistivity
profile occupied four men for nearly 3 h.

8. The resistivity profiles shown in Figure 8.47 are
taken from an IP survey. The double-dipole
spread was used with two dipole spacings: x 
10 m for the top three profiles, 50 m for the
remaining four. Distances between the dipol~

centers are noted on the right-hand column be
side the profiles, corresponding to n - I, 3, and
4 for x - 10 m, and n - I, 2, 3, 4 for x - SO m.
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Figure 8.51. Example of "dry wedge" and related electric soundings for groundwater.
(a) Vertical section. (b) Vertical sounding over the section.

Apparent resistivities are plotted on a log scale
and vary from a maximum of about 700 Om
(west end of profile for x-50 m, n - 3) to a
minimum of 7 Om (at 38W on the profile for
x - 10 rn, n = 4). The profiles represent succes
sively larger depths of penetration from top to
bottom of the figure. The overburden is consid
erably oxidized but is known to be thin. about
1-2 m. What interpretation can be made from
these profiles? Would there be any advantage in
plotting expanding spreads. that is, depth sound
ing profiles, for fixed station locations?

9. Two depth sections of apparent resistivity are
shown in Figure 8.48 for an area in northern
Quebec. Both employed the same double-dipole

electrode system with x = 100 ft and n
1,2,3,4. One was done with a time-domain, the
other with a frequency-domain. IP set. The tra
verse is in the vicinity of an old mining opera
tion in which zinc, copper, lead. and some silver
were recovered. Compare the results obtained by
the two methods by plotting the profiles for
n - 1 to 4. Can you explain the difference? Are
there any obvious interesting features in these
plots? The survey was done during winter be
cause of swampy terrain.

10. Figure 8.49 shows apparent resistivity contours
obtained from an IP survey in eastern Nova
Scotia. The electrode arrangement was double
dipole with x - 200 ft and n - 1. The rocks in
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References

the area are generally volcanics, although in the
section shown there are no outcrops; the over
burden is not expected to be anywhere more
than 25 ft deep and usually is less than 15 ft.
There is a large-scale geochemical anomaly (Cu,
Pb, Zn) associated with the area. Drainage is to
the south whereas the glaciation direction is ap
proximately northeast. With these data make an
interpretation of the zone.

11. The contours of apparent resistivity illustrated in
Figure 8.50 were developed from an IP survey in
southern New Brunswick. The predominant geo
logical feature in this area is a stock-like basic
intrustive of gabbro-norite in an anticlinal struc
ture of metasediments - argillite, slate, quartzitic
mica schist, and gneiss. Note that the only lines
actually surveyed are 148,156, and 164N. Would
you consider this coverage sufficient to interpo
late contours of this type? Take off profiles from
lines 156N and 160N and make an interpreta
tion.

12. A problem encountered occasionally in ground
water search over large basin regions is called
the "dry wedge." This is an area located above a
relatively shallow section of inclined basement.
As the name indicates, a well that reaches the
impermeable basement above the water level in
overlying sediments will be dry.

The section shown in Figure 8.51a is a
schematic of this situation from a groundwater
program in West Africa. The dry wedge is be
tween A and B. The two soundings shown in
Figure 8.51b were carried out in the area. Inter
pret the geologic section below each and deter
mine roughly where they were located in Figure
8.51a. What prior information about the region
would be necessary to eliminate this difficulty?

13. The apparent-resistivity pseudodepth plot dis
played in Figure 8.518 is from a dipole-dipole
survey over the surface section above it. This
was a 2·D feature that approximated a 300 ridge.
The survey crew was supplied with a set of
model cards for terrain corrections, of which
Figure 8.52b was the closest match.

Correct the data for topography and replot
them. Compare the results with the dike anomaly
in Figure 8.52c. Discuss any obvious differences
between your corrected plot and Figure 8.52c.
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Chapter
9

Induced Polarization

9.1. INTRODUCTION

Induced polarization (IP) is a relatively new tech
nique in geophysics, and has been employed mainly
in base-metal exploration and to a minor extent in
groundwater search. Although the Schlumberger
brothers, the great pioneers in geophysical explo
ration, had recognized the phenomenon of induced
polarization some 60 years ago, during their original
work in self-potential, its popularity as a geophysical
tool dates from the mid-1950s, following further
development work from 1948 to 1953. One form of
polarization, the overvoltage effect, has been familiar
in the field of physical chemistry for an even longer
time.

An illustration of induced polarization can be
obtained with a standard four-electrode dc resistivity
spread by interrupting the current abruptly. The
voltage across the potential electrodes generally does
not drop to zero instantaneously, but decays rather
slowly, after an initial large decrease from the origi
nal steady-state value. This decay time is of the order
of seconds or even minutes. If the current is switched
on again, the potential, after a sudden initial in
crease, builds up over a similar time interval to the
original dc amplitude.

In one type of IP detector the decay voltage is
measured as a function of time in various ways; this
method is known as time-domain IP. Because the
buildup time is also finite, it is clear that the appar
ent resistivity (actually a complex impedance) must
vary with frequency, decreasing as the latter in
creases. Thus the measurement of Pd at two or more
frequencies, generally below 10 Hz, constitutes an
other method of detection. This is known as fre
quency-domain IP.

Superficially the decay and buildup time resem
bles the discharge .and charge time of a capacitor
through a finite resistance. But the charge and decay
curves are logarithmic rather than exponential (as in
the R-C circuit) and do not commence at the static
potential limits, 0 and ~ (Fig. 9.1).

Because the equipment employed, although more
elaborate, is similar to that used in resistivity, it is
customary to measure apparent resistivity, in addi
tion to the IP effect, at each station. However, in
duced polarization, being mainly electrochemical in
origin, has more in common with spontaneous polar
ization than bulk resistivity. In order to understand
IP we will consider these origins in the next section.

It is interesting to compare the growth of IP and
EM techniques. At present it is possible to measure
both in the time and frequency domain, and also to
determine complex resistivity (amplitude and phase)
with either method, although the timetable for devel
opment is surprisingly different. For example, EM
frequency-domain surveys (Turam, Slingram) of am
plitude and phase have been carried out in Scandi
navia since the mid-1920s (Hedstrom, 1940), al
though they did not receive much attention in the
United States and Canada until some 35 years later.
Roughly another 10 years passed before the first
time-domain EM equipment appeared (Newmont
EMF, Input). On the other hand. time- and fre
quency-domain IP were developed within a few years
of each other in the United States and Canada in the
early 1950s, whereas the complex resistivity equip
ment was not available until two decades later.

9.2. SOURCES OF THE INDUCED
POLARIZATION EFFECTS

9.2.1. General

The decay curve shown in Figure 9.1 represents a
return to the original state following the disturbance
due to applied current. During the time of the origi
nal current flow, presumably some energy storage
took place in the material. Although this stored
energy theoretically could - and probably does
exist in several forms, for example, mechanical, elec
trical, and chemical, laboratory studies of polariza
tion in various rock types have established that the
chemical energy is by far the most important.
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Figure 9.1. Comparison of IP and R-C decay curves.

9.2.2. Membrane Polarization

nal positions, taking a finite time to do so. This
situation is illustrated in Figure 9.2.

The membrane IP effect is most pronounced in
the presence of clay minerals, in which the pores are
particularly small. The magnitude of pOlarization,
however, does not increase steadily with the clay
mineral concentration, but reaches a maximum and
then decreases again. This is because there must be
alternate passages of larger cross section and very
short length (- 10- 3 em) in the material where ion
accumulation does not take place for appreciable
time; otherwise both total current flow and polariza
tion are reduced. Optimum concentration varies in
different types of clay, being low in montmorillonite
and higher in kaolinite. Shales, with a high percent
age of clay minerals. have a relatively low polariza
tion. The membrane effect also increases with the
salinity of the pore fluid.

As a result of these factors, membrane polariza
tion is generally a maximum in a rock containing
clay materials scattered through the matrix in rather
small (~ 10%) concentration and in which the elec
trolyte has some salinity.

Other sources of background pOlarization include
normal dielectric and electrokinetic effects, presence
of conducting minerals in very small amounts, and
possibly surface conduction on normally noncon
ducting material. Of these, the electrokinetic re
sponse due to variations in pore cross section affect
ing fluid flow is probably more significant than the
others. None of these sources, however, is compara
ble in magnitude to membrane polarization.

The overall background polarization is about what
one would expect from a rock containing 1 to 2%
conducting minerals, but may vary from one-tenth to
ten times this value. Because it cannot be distin
guished from electrode polarization, the background
provides a level of geological noise varying from
place to place.
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Transient decay
in R-C circuit

Transient decay in rock sample
due to electrode polarization

o

This chemical energy storage is the result of (a)
variations in the mobility of ions in ftuids through
out the rock structure and (b) variations between
ionic and electronic conductivity where metallic min
erals are present. The first of these effects is known
as membrane or electrolytic polarization and consti
tutes the background or so-called normallP effect. It
may occur in rocks that do not contain metallic
minerals. The second is known as electrode polariza
tion or overooltage. It is generally larger in magni
tude than the background IP and depends on the
presence of metallic minerals in the rock. The two
effects are indistinguishable by IP measurement.
Furthermore, they appear to be independent of the
atomic or molecular structure in rocks and minerals,
that is, IP is a bulk effect.

E
u-...c ...
~o
::I
V

Electrolytic conduction is the predominating factor
in most rocks (§5.2.2 and §5.2.4), being the only
form of conduction when no minerals are present
and the frequency is low. Thus a rock structure must
be somewhat porous to permit current ftow when
metallic minerals are absent. Most rock minerals
have a net negative charge at the interface between
the rock surface and pore fluid. Consequently posi
tive ions are attracted toward, negative repelled from,
this interface; this positive ion concentration may
extend into the fluid zone to a depth of about 10- 6

em. If this is the order of width of the pore itself,
negative ions will accumulate at one end of the zone
and leave the other when a dc potential is applied
across it. As a result of this polarized distribution,
current flow is impeded. At a later time, when the
current is switched off, the ions return to their origi-

9.2.3. Electrode Polarization

This type, similar in principle to membrane polariza
tion, exists when metallic material is present in the
rock and the current flow is partly electronic, partly
electrolytic. A chemical reaction occurs at the inter
face between the mineral and solution.

Consider the two pore passages shown in the rock
section in Figure 9.2c. In the upper one the current
flow is entirely electrolytic. In the lower, the presence
of a metallic mineral, having net surface charges of
opposite sign on either face, results in an accumula
tion of ions in the electrolyte adjacent to· each. The
action is that of electrolysis, when current flows and
an electron exchange takes place between the metal
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Figure 9.2. Membrane and electrode polarization effects. (a) Normal distribution of
ions in a porous sandstone; (b) Membrane po/aflzation in a porous sandstone due to an
applied dc voltage; (c) Electrolytic flow in upper pore, electrode polarization in lower
pore.

and the solution ions at the interface; in physical
chemistry this effect is known as ooervollage.

Because the velocity of current flow in the elec
trolyte is much slower than in the metal, the pileup
of ions is maintained by the extemal voltage. When
the current is interrupted, the residual voltage decays
as the ions diffuse back to their original equilibrium
state.

Minerals that are electronic conductors exhibit
electrode polarization. These include almost all the
sulfides (excepting pure sphalerite and possibly
cinnabar and stibnite), some oxides such as mag
netite, ilmenite, pyrolusite, and cassiterite, and 
unfortunately -graphite.

The magnitude of this electrode polarization de
pends, of course, on the external current source and

also on a number of characteristics of the medium. It
varies directly with the mineral concentration, but
because it is a surface phenomenon, it should be
larger when the mineral is disseminated than when it
is massive. Actually the situation..is Dot as simple as
this. The optimum particle size varies to some extent
with the porosity of the host rock and its resistivity.
Furthermore, so-called massive sulfides are generally
not homogeneous, being interbedded with lower con
ductivity host rock. However, the fact that dissemi
nated mineraliza:tion gives good IP response is a
most attractive feature, because other electrical
methods do not work very well in these circum
stances.

Considerable careful sample testing was done in
the early days of IP (Collett, 1959). Unfortunately it
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is difficult to perform laboratory measurements at
current density as low as those encountered in field
work.

At low current density the overvoltage-current
relation is known to be linear (Seigel, 1959a, b). Over
a wider range, however, polarization varies inversely
with current density, decreasing by a factor of 2 as
the latter increases 1o-fold. Thus laboratory and field
results may not correspond, although the sampling
work has provided additional useful information.
For example, IP response decreases with increasing
source frequency; this is true for membrane as well
as electrode polarization, but the decrease is about 2
orders greater for the latter than for the former.

Other definite relations depend on type and con
dition of rocks. For a particular fluid concentration
the polarization decreases with increasing rock
porosity, because there is an increasing number of
alternate paths for electrolytic conduction. Thus one
would expect a larger IP effect in a disseminated
sulfide occurring in dense igneous rocks than in a
porous host rock (§9.3.7). Polarization also varies
with the fluid content of the rock; from sample
experiments, it has been shown that a maximum
occurs when about 75% of the pore space is filled
with water. Further laboratory investigations may be
found in Fraser, Keevil, and Ward (1964), Zonge
(1972), and Katsube and Collett (1973).

9.2.4. Equivalent Electrical Circuits

It is attractive to replace the porous rock structure,
with or without mineral and membrane zones, by an
equivalent electrical circuit. We have already seen in
Section 9.1 that a simple R-C network will not
explain the current flow and consequent IP effect.
The drcuit illustrated in Figure 9.3 provides a better
analog for both types of polarization. The effective
pore-fluid resistance is shown as R1 and Ro, the
series section representing the solution resistance in
the pore passages containing clay or metallic miner
als (Zm)' whereas the parallel section R o simulates
alternate zones that are purely resistive, with elec
trolytic conduction.

The impedance Zm presumably represents a
shortage or excess of ions in the vicinity of clay
particles in the case of membrane polarization, or
the metallic-ionic interface for electrode polariza
tion. In early descriptions of the circuit, Zm was
known as a Warburg impedance whose magnitude
varied inversely as the square root of frequency
(Marshall and Madden, 1959). A more recent ver
sion, called the Cole-Cole relaxation model (Cole
and Cole, 1941; Pelton et al., 1978), has the fre
quency exponent c in the range 0.25 to 0.35 (rather
than 0.5) for most IP effects. However, the range has
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Figure 9.3. Equivalent electrical circuit to simulate the IP
effect.

been extended upward to approximately 1.0 in deal
ing with EM coupling (§9.4.4c) and occasionally as
low as 0.1 (Fig. 9.16c) for certain minerals. The
theoretical limits for c are identical to those for the
chargeability (§9.3.2c), that is, zero to unity. This
circuit model, although still oversimplified, provides
an improved match of IP response parameters.

9.3. INDUCED POLARIZATION
MEASUREMENTS

9.3.1. General

As mentioned in Section 9.1, measurements of IP
may be made either in the time or the frequency
domain. The former are known as pulse transient
measurements, the latter as frequency variations. In
both cases, the voltage is measured as a function
either of time or frequency. In a recent development
(§9.3.5) known as magnetic /P (M/P), measure
ments are made of the magnetic field in either do
main. The various units of measurement are defined
in the next two sections.

9.3.2. Time-Domain Measurements

(a) Millivolts per volt (lP percent). The simplest
way to measure IP effect with time-domain (T-D)
equipment is to compare the residual voltage Vet)
existing at a time t after the current is cut off with
the steady voltage ~ during the current-flow interval
(Fig. 9.4a). It is not possible to measure potential at
the instant of cutoff because of large transients caused
by breaking the current circuit. On the other hand,
V(t) must be measured before the residual has de
cayed to noise level.

Because V( t) is much smaller than ~, the ratio
V(t)/~ is expressed as millivolts per volt, or as a
percent. The time interval t may vary between 0.1
and 10 s.

(b) Decay-time integral. Commercial IP sets gen
erally measure potential integrated over a definite
time interval of the transient decay, as shown in 
Figure 9.4b. If this integration time is very short and
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(a)

(6)

1-

Figure 9.4. Different measures of the time-domain IP effect. (a) Comparison of V(t)
with ~. (b) Integral of V(t) over c1 time interval.

and is the most commonly used quantity in time
domain IP measurement. When Y( t) and ~ have
the same units, the chargeability M is in millisec
onds.

if the decay curve is sampled at several points, the
values of the integral are effectively a measure of the
potential existing at different times, that is, V( '1)'
Y(12 ), ••• , Vet,,). This is an extension of the mea
surement in (a) from which one also obtains the
decay curve shape.

(c) Chargeability. This is defined as

1 i'M- - 2 Y(t) dt
~ '1

(9.1)

Ro shunted by R1 and Z.... Hence Pac < Pdc' In
practice measurements are made at two or more
frequencies in the range 0.1 to 10 Hz, or higher, Pdc
being taken as the value obtained at the lowest
frequency.

(b) Metal factor. We have mentioned that the IP
effect varies with effective resistivity of the host rock,
that is, the type of electrolyte, temperature, pore size,
and so forth. The metal-faClor parameter, originally
suggested by Marshall and Madden (1959), corrects
to some extent for this variation. It is a modification
of the expression in Equation (9.2a):

MF - 2w x 10'(Pdc - Pac)/PdcPIIC} ( )9.3a
- 2w x 10'FE/Pdc

9.3.3. Frequency-Domain Measurements

(a) Frequency effect. In frequency-domain (F-D)
IP, one measures the apparent resistivity at two or
more frequencies. The frequency effect is usually
defined as

whereas the percent frequency effect is given by

Because apparent resistivities were frequently
given in ohm-feet (actually in the form Pa/2" Cft)
on frequency domain IP equipment, metal·factor
values originally had units of mhos per foot, rather
than mhos per meter (now siemens per meter). Thus,
a more convenient form of Equation (9.38) is

MF - 10'FE/( Pdc/2,,) - 10'PFE/( Pdc/2,,)
(9.3b)

where Pdc' PIIC are apparent resistivities measured at
dc and very high frequency. As we have seen in
Section 9.2.4 and Figure 9.3, Pdc is determined by
the alternate path Ro only, whereas PIIC depends on

PFE - 100( Pdc - Pac) / Pac (9.2b) 9.3.4. Relative Phase Shift and Phase
Components

The relative phase shift (RPS) is the phase angle or
time shift between the transmitter current and re
ceiver voltage. This is a measurement of considerable
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significance in IP surveying, because there is a linear
relation between phase and frequency effect in the
form

where H" is the so-called steady-state magnetic field
amplitude measured at a single transmitter frequency
and H~ is the HI' value calcu]ated for uniform
ground at the same location; HN is expressed in
percent. The second quantity is the magnetometric
resistivity (MMR) (Edwards and Howell, 1976):

where ~ is the phase defined previously and k' is a
constant for a particular sample or field situation,
which appears to have an approximate range of
- 0.3 to - 0.5 for different grades of mineralization
(Scott 1971; see also Fig. 9.12b).

Measurements of RPS were originally carried out
on rock samples to identify IP signatures for particu
lar minerals in the laboratory (Fraser, Keevil, and
Ward, 1964; Zonge, 1972). The study was extended
shortly after to field work (Lambert, 1974; Zonge
and Wynn, 1975). The phase measurement led di
rectly to a determination of sample or ground
impedance, because the measurement of R, the real
component of the impedance, and the phase ~ en
ables us to find the impedance using Equation (7.18).

9.3.5. Magnetic Induced Polarization (MIP)
Measurements

This method and another called magnetometric resis
tivity (MMR) appeared in the literature about the
same time (Seigel, 1974; Edwards, 1974). The latter
dates back to a patent of Jakosky in 1933 (Edwards,
Lee. and Nabighian, 1978). In this paper it is stated
that MIP is related to MMR in the same sense that
IP resembles the resistivity method, although the
similarities appear closer than this. For this reason
we will concentrate on MIP, with reference to re
ports on both methods.

The MIP method utilizes a component of the
magnetic, rather than the electric, field due to gal
vanic current (Seigel and Howland-Rose, 1983). Two
quantities are usually measured: The first, the nor
malized primary magnetic field, HN , is given by

lim V( t) = Jpdc and lim V( t) = Jp""
'-00 1-0

By Laplace transform theory, it can be shown that

where P"" is the apparent resistivity at very high
frequency and J is the current density. Conse
quently, using Equation (9.2a) and assuming that
Pac = p.." we can write for the chargeability

from the voltage "1(1). During current on-time we
measure H" and calculate HN ; M; is then normal
ized by dividing by HN • The magnetic fields consid
ered here are very small, in the picotesla (10- 12 1)
range and require a sensitive low-noise· f1uxgate in
strument (because components, not the total field,
are measured).

M- { lim V(t) - lim V(t)}/ lim V(t)
'-00 ,-0 1-+00

1 FE
= 1 - -- - -- ... FE (9.7)

1 + FE 1 + FE

M _ Pdc - Poo _ 1 _ Pac

Pdc Pdc

9.3.6. Relation between Time- and
Frequency-Domain IP Measurements

In theory, because both frequency and time measure
ments represent the same phenomenon, their results
ought to be the same; practically the conversion of
time domain to frequency domain and vice versa is
quite difficult. The square wave used in time-domain
IP contains all frequencies, assuming that the fronts
are infinitely steep.

Seigel (1959a) defines the chargeability as

when FE < 1.
In practical situations this simple relation is not

valid, partly because an exact theoretical analysis of
the IP effect is not avai]able (that is, the basic
premises of the two systems of measurements are
only approximately valid), partly because the mea
surements are not made at dc and VHF in either IP
system. Thus, in general, it is not possible to convert
one result to the other (Fig. 9.11).

(9.4)

(9.5)

~ = k'FE

MMR - (H" - H"o)/H"o (9.6)

where H"o is the predicted uniform-ground primary
field at the midpoint between current electrodes.

The preceding are frequency-domain parameters.
]n the time domain we use chargeability M (§9.3.2c)
averaged over preselected time intervals as in Figure
9.4b. For the selected ith time interval we obtain Mj

9.3.7. IP Response Examples

Although the type and grade of mineralization are
not fixed by the values of the IP response, the
following tables may be of some use in crude assess
ment of field results. Table 9.1lists the chargeability
of a variety of minerals at 1% volume concentration.
The duration of the square-wave current was 3 s and

I
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Table 9.1. Chargeability of minerals. Table 9.3. Chargeability of various materials.

Mineral
Chargeability

(ms) Material
Chargeability

(ms)

Pyrite
Chalcocite
Copper
Graphite
Chalcopyrite
Bornite
Galena
Magnetite
Malachite
Hematite

13.4
13.2
12.3
11.2

9.4
6.3
3.7
2.2
0.2
0.0

Ground water
Alluvium
Gravels
Precambrian volcanics
Precambrian gneisses
Schists
Sandstones
Argillites
Quartzites

o
1-4
3-9
8-20
6-30
5-20
3-12
3-10
5-12

Table 9.2. Chargeability of various minerals and rocks.
Table 9.4. Metal factor of various rocks and minerals.

Material
Chargeability

(ms)
Material

Metal factor
(mhos/em)

9.4. IP FIELD OPERATIONS

9.4.1. General

As mentioned earlier, the equipment and field proce
dure for induced polarization surveys are similar to

the decay was integrated over 1 s. These values
appear high with respect to usual field measurements
because it is not customary to employ such a long
timing cycle or to integrate the complete decay curve.
However, they do illustrate the variation between
different IP sources.

Table 9.2 shows the response of a variety of
mineralized and barren rocks. Here the charging
time is long (- 1 min) and the decay curve is inte
grated over its entire duration (excluding the initial
transient and final noise).

Table 9.3 shows further values of chargeability
for various materials. The charging time was 3 5 and
the integration time from 0.02 to 1 s of the decay
curve.

Table 9.4 lists typical metal factors for a variety
of igneous and metamorphic rocks.

Obviously because of the considerable overlap in
values, it is not possible to distinguish between poorly
mineralized rocks and several barren types, such as
tuffs and clays.

9.4.2. Field Equipment

(a) Transmitter, A block diagram of a conventional
IP transmitter, which win function in either time or
frequency mode, is illustrated in Figure 9.5. It con
sists of a motor generator whose output is converted
to current-controlled (0.2 to 1%) high-voltage dc,
followed by a switching system that produces
square-wave output of various forms suitable for

4-60
0-200
0-200

10-100
0-60
0-80

10-60
1-10
1
o

10,0CXl
1,000-1 O,OCXl

3 - 3,OCXl
30-1,500

100-1,000
3-300
1-300
2-200

10-100
1-100

Massive sulfides
Fracture-filling sulfides
Massive magnetite
Porphyry copper
Dissem. sulfides
Shale-sulfides
Clays
Sandstone -1 - 2% sulfides
Finely dissem. sulfides
Tuffs
Graphitic sandstone

and limestone
Gravels
Alluvium
Precambrian gneisses
Granites, monzonites, diorites
Various volcanics
Schists
Basic rocks (barren)
Granites (barren)
Groundwater

that used in resistivity exploration. This usually re
sults in a combined resistivity-IP survey; sometimes
SP may be measured as well. The equipment is
relatively elaborate and bulky. Of the commonly
used ground-exploration methods (excluding seis
mic), it is one of the most expensive, being roughly
comparable to magnetotellurics and gravity in cost
per month. The field work also is slow compared to

~

magnetics, EM, and SP.

2,0CXl - 3,0CXl
1,0CXl - 2,0CXl

500-1 ,OCXl
300-800
100-500
100-500
50-100
10-50
10-20

20% sulfides
8 - 20% sulfides
2- 8% sulfides
Volcanic tuffs
Sandstone, siltstone
Dense volcanic rocks
Shale
Granite, grandodiorite
limestone, dolomite
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Figure 9.5. IP transmitter for time- and frequency· domain measurements. (After Sum
ner. 1976.) (a) Block diagram. (b) Typical waveforms.

either time- or frequency-domain operation, as shown
in the diagram.

Most units use a gasoline-driven ac generator,
generally 110 or 208 V, 400 Hz (to reduce weight),
the power varying from 1 to 10 kVA, occasionally
more. Several portable T-D transmitters are also
available in the 100 W range. These employ battery
charged capacitors to produce the high-voltage pulse
for shorter time periods and generally use signal
stacking (§4.4.8). However, their range is limited,
particularly in areas of conductive near-surface rocks
and overburden. Large units are heavy, 70 to 350 kg.

The timing cycle may be 1 to 10 s on and off for
T-D and 0.1 to 10 Hz with various intermediate
frequencies for F-D equipment. Occasionally the
ranges are considerably greater. Outputs vary from 1
to 5 A and up to 5,000 V in the larger units. Use of
solid-state (SCR) switching has provided a great
improvement in the control circuits so that a variety
of output waveforms, sine- as well as square-wave,

may be produced. The sudden change to off-time
during the T-D duty cycle requires a dummy load in
the output or an automatic cutout device to mini
mize generator surges.

(b) Receiver; general. This half of the IP set mea
sures the voltage at the potential electrodes. For
merly done with a simple voltmeter, it may now
involve a miniature computer. BOSh T-D and F-D
receivers require compensation for spurious SP and
telluric signals. On older instruments SP was bucked
out manually, later automatically, using a poten
tiometer control for dc offset at the receiver input.
On some F- D receivers the SP was eliminated by
capacitive input in the form of a high-pass filter,
which also disposed of most of the telluric noise;
however, the low-frequency cutoff for the IP signals
was about 0.3 Hz. In T-D receivers the telluric effect
may be reduced by averaging readings over several
decay cycles.
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Figure 9.6. Block diagrams of typical IP receivers. (a) Newmont T-D receiver. (After
Dolan and Mclaughlin, 1967.)

(c) Time-domain receiver. Essentially an integrat
ing voltmeter with a range from dc to very low
frequency ac, it measures decay voltage over a se
lected time interval following transmitter-current
cutoff. This gives the chargeability M from Equation
(9.1), ~ having been measured during current on
time. The integration time may typically be, as in the
Newmont r-D receiver (Fig. 9.6a), from 0.45 to 1.1
5, during a 2 s on-off pulse. Obviously the character
of the decay curve can be established by sampling
and integrating the data in a series of windows to
determine possible departure from logarithmic shape.

(d) Frequency-domain receiver. This also is a sen
sitive low-frequency voltmeter similar to the T-D
version (Fig. 9.6b). Generally voltages at two or
more frequencies are recorded separately, although
in some units measurements may be made at two
frequencies simultaneously; a McPhar instrument

achieves the latter by transmitting a dual frequency
as shown in Figure 9.5 whereas a Scintrex model
measures PFE between a fundamental and third
harmonic of a single square-wave transmission. The
Scintrex equipment also obtains the phase (RPS)
between these components without the requirements
listed in Section 9.4.2f.

(e) Magnetic IP equipment. The only addition to
a standard IP instrument that is required for the
MIP survey is a high-sensitivity vector magnetometer
in place of the potential electrodes and receiver. The
magnetometer must have fiat frequency response
from de up to 1,000 Hz, resolution greater than 1 pT,
and noise level less than (1//)1/2 pT.

Magnetotelluric noise is a problem in MIP work;
in equatorial regions this noise' (caused mainly
by thunderstorms) is of relatively high frequency
whereas at higher latitudes it becomes troublesome
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Figure 9.6. (Continued) (b) F-D receiver. (After Sumner, 7976.)

in the 0 to 10 Hz range. The situation is improved by
(i) high-power IP transmitters to increase current
density, (li) narrow-band filters, particularly in F-D
surveys, (iii) digital stacking and averaging in either
domain, and (iv) a reference magnetometer at a base
station located some distance away from the survey
area, oriented parallel to the measuring instrument,
and transmitting its signal by wire or radio to be
mixed out-or-phase with the recorded signals.

The MIP technique may be performed in either
time or frequency domain. The former allows mea
surement of broad-band response by recovery of the
decay curve. In areas of high noise the F-D system
with narrow-band filters produces better signal
to-noise ratios but less IP information per measure
ment.

ffJ Spectra/-phase equipment. Phase shift (RPS)
and impedance were discussed in Section 9.3.4. There
are several advantages gained from this measure
ment; (i) by obtaining amplitude and phase at a
single frequency, one effects a saving in time over
amplitude measured at two frequencies (although
simultaneous transmission of dual frequencies is
now available), (li) improved signal-to-noise ratio

(Sumner, 1979), (iii) a means of removing EM cou
pling effects (Wynn and Zonge, 1975; Pelton et al.,
1978; see also §9.4.4c), and (iv) determination of
ground impedance.

The phase may be obtained from standard IP
equipment in several ways: by a temporary T-R
cable or radio link, by analysis of T-R data, or with
a precise clock reference. There are drawbacks with
each of these methods and they all work better with
sinusoidal rather than square waveforms.

Recent computer-controlled systems, called spec
tra/-phase / P, measure amplitude and phase over a
wide frequency band which mak.es it possible to
obtain the electrical impedance of the subsurface in
the field. The computer control of frequency, trans
mitter current, and the linked receiver voltage pro
vides, after digitizing, response spectra of cfJ, R, and
X, as well as M (or FE) and PO' Computer analysis
may then be used to distinguish EM coupling from
normal IP response (§9.4.4c) in order to remove the
former. Finally, plots of phase versus frequency us
ing field data may be matched by computer iterative
processes for various models. A block diagram of a
complex-resistivity IP (CRIP) system is shown in
Figure 9.7.
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Figure 9.7. Block diagram of complex-resistivity system with double-dipole array. (After
Sumner, 1979.)

Values of " range from 1 to 10, although 6 is
usually the upper limit. The electrode spacing may
be as small as 3 m and as large as 300 m. To reduce
the work of moving the current electrodes and par
ticularly the heavy transmitter unit, several pairs of
current electrodes are often placed in suitable loca
tions and wired to a fixed transmitter; the latter is
then switched from one to the other.

Results are usually plotted at the midpoint of the
spread (or in pole-dipole, the midpoint of CtPd,
although occasionally the midpoint of either current
or potential pair is taken as the station location.

The larger electrode spacings are mainly for re
connaissance although, as in resistivity, the depth of
penetration is controlled in part by the spacing.
Frequently the same line is traversed several times
with different spacings, for example, x - 30 or 60 m
and n - 1, 2, 3, 4, and so on; by so doing, one
obtains a combination of lateral profiling and verti
cal sounding.

As mentioned previously, apparent resistivities
are also obtained at each station. On older models
self-potential may also be recorded by noting the

(8) Electrodes and cables. Current electrodes are
usually metal stakes as in resistivity work. Some
times it is necessary to use aluminum foil in shallow
holes. It may also be necessary to wet the electrodes
with salt water to provide sufficiently good contact
for the desired high currents. Porous pots are often
used for the potential electrodes because of the low
frequencies. The current wires must be capable of
withstanding voltages of 5 to 10 kV.

9.4.3. Field Procedures

Because the IP electrode system is identical to resis
tivity, theoretically one can use any of the field
spreads described in Section 8.5.3. In practice the
Schlumberger or gradient array, the pole-dipole in
which one current electrode is removed a great dis
tance, and the double-dipole, with a rather small
value of PI, are the three commonly used IP spreads,
generally laid out across geologic or target strike.

The latter two configurations are illustrated in
Figure 9.8. Using the dimensions as shown and
Equation (8.26), the apparent resistivities for these
two spreads, over homogeneous ground, are

Double dipole:

p,. - fTn(n + 1)(n + 2)xAVjl (9.8)

Pole dipole:

Pa - 2'11'''('' + 1) x AVjI (9.9)
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Figure 9.8. TypicallP spreads. (a) Double-dipole. (b) Pole-dipole.
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Transmitter

bucking potential required before current is switched
on.

Field arrays for MIP, two examples of which are
shown in Figure 9.9, are considerably different from
conventional IP and resistivity. The current elec
trodes are usually oriented along strike and located
approximately over the target. The arrangement in
Fig. 9.9a is Used for reconnaissance; C1 and ~ are
fixed and joined by a large U-shaped loop lying out
of the area of interest. Magnetometer traverses are
made on lines orthogonal to strike as shown, the
horizontal component in this direction being mea
sured at station intervals of 10 to 100 m, depending
on target depth.

Another MIP array is shown in Figure 9.9b. The
current electrodes are aligned along strike as before
but with larger separation, whereas the cable lies
directly between them. Several orthogonal traverse
lines for the magnetometer are located off one end of
the current pair. After surveying these, ~ is moved
to q, the traverse lines are moved one spacing to
the right, and measurements are repeated. Several of
these displacements produce data for pseudodepth
plots as in conventional IP (§9.5.1). This type of
array provides more lateral and depth control than
the first, although signal strength is usually lower
and more measurements are required.

9.4.4. Noise Sources

(a) General. Besides SP, which is easily compen
sated, other sources of background noise are telluric
currents, capacitive and electromagnetic coupling,
and the IP effect from barren rocks (§9.2.2). The
reduction of telluric noise has already been men·
tioned.

(b) Capacitive coupling. This may occur due to
leakage currents between current electrodes and po
tential wires, or vice versa, or between current and

Survey lines

I I I I I I
Geologic strike I I I I I t M~gnet~meter
---... orientation

C 1 I I I I I I Cz------r --ril1-rl-- -------
I I I I I I

2L I I I I I I

1
~L~

~---2L---~

(0)

Survey lines

I I I I
Geologic strike I I I t M~ll"et~meter

I I I
onentatlon.. I

C. Transmitter Cz

~• 0 •
I- 2L ·f I I I I

I I I I
I I I I

(b)

Figure 9.9. Magnetic IP arrays. (After Seigel. 1983.) (a)
Horseshoe array for reconnaissance. ib) Linear array for
detail surveying.

potential wires. The capacitive effect is usually small
enough to be negligible, unless the insulation of the
wires is defective or the wires lie very close to
electrodes other than their own. In IP well logging,
where the cables are side by side, it is necessary to
use shielded wire.

(c) Electromagnetic coupling. This effect is ex
tremely troublesome. It results from mutual induc-
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where

for F-D measurements, where x is in meters and p
in ohm-meters. For T-D measurements the limit is

Z(e.t) - RO[1 - M{l- 1. c}] (9.11)
1 + (Je.t1')

p nx (max)
(Om) (m)

1,0CIJ 900
100 300
10 90

1 30
1,0CIJ 2,000

100 600
10 200

1 60
1.0CIJ 3,700

100 1,100
10 370

1 110

3

10

Table 9.5. Maximum spredds for various frequencies
and ground resistivities.

f
(Hz)

50

where Z(w) is the complex impedance (0), 'T is the
time constant (decay curve), Ro is the resistive com
ponent (0), c is the frequency exponent, and M is
the chargeability.

The ranges of M and c are restricted, the upper
and lower limits being unity and zero, the first by
definition (Seigel, 19S9b), the second because Z«(o)
decreases monotonically with frequency. Laboratory
and field measurements on rocks indicate that c
generally lies between 0.1 and O.S and typically is
about 0.25, whereas l' and R o have a wide variation,
the first from about 10- 3 to 104 s. Note that this
discussion relates to both membrane and electrode
polarization.

EM coupling values for these parameters, on the
other hand, appear considerably different, l' being
very small « 10-4 s) and c large (0.9 to 1.0). Under
these conditions the phase spectra for typical por
phyry copper mineralization and EM coupling are
well separated, as can be seen from the phase versus
frequency plots in Figure 9.10a. Values of c may be
estimated from the slope of the asymptotes on the
two curves, whereas the time constants are roughly
related to the frequency maxima. Thus in situations
where the phase curve contains more than one maxi
mum or peaks at unusually high frequency, the
Cole-Cole model may be modified to account for
two (or more) distinct sources by including extra
factors (called dispersion terms) of the form

[
1 _ M'{l _ 1 }]

1 + (je.t'T')c'

or [ 1 + (~"T')< ]

which multiply the right-hand side of Equation (9.11)
(Pelton et al., 1978; Major and Silic, 1981).

(9.10a)

(9.lOb)

nx(l/p)l12 < 200

tance between current and potential wires, both di
rectlyand through the ground in their vicinity. The
EM effect can become quite large when long wire
layouts or higher frequencies are used. Double-di
pole and pole-dipole spreads are employed to reduce
coupling due to long wires and the frequencies are
usually kept below 10 Hz.

It is possible to calculate approximately the EM
coupling between two wires in the presence of homo
geneous ground (Millett, 1967). Resistivity variations
in the vertical plane also influence the EM effect
considerably. Coupling is generally in the sense of
normal polarization when using the double-dipole
array, although it may be the opposite, or negative,
with the gradient system. Madden and Cantwell
(1967) give a rule-of-thumb for limiting either the
frequency or electrode spacing for a particular array
to keep the EM coupling effect within background.
For double-dipole electrode spreads the expression is

Table 9.5 shows the maximum spreads permissi
ble in F-D measurement for double-dipole spreads
at various frequencies and ground resistivities. When
pole-dipole spreads are used, the situation is some
what better (longer spreads can be used), whereas for
the Schlumberger or gradient array, the maximum
nx is reduced by 2.

EM coupling may also be reduced in T-D IP
surveys by using the later (low-frequency) portion of
the decay curve to determine M, although sensitivity
will be reduced in the process. The same improve
ment may be obtained with F-D units by measuring
only low frequencies « 3 Hz, say) in sine-wave
rather than square-wave form if possible.

Development of spectral IP equipment, coupled
with the use of the Cole-Cole model for interpreta
tion, has produced a possible empirical method for
separating EM coupling effects from normal IP re
sponse. The impedance of the equivalent Cole-Cole
circuit for the latter, shown in Figure 9.3, may be
written
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Figure 9.10. Phase-angle spectra and their use in removing EM coupling effects.
Double-dipole array: n = 1. x - 30 m. (After Pelton et al., 1978.) (a) Typical porphyry
spectrum and EM coupling spectrum over homogeneous earth. (b) Observed data and
curve (solid line) obtained using two Cole - Cole dispersion terms; dashed line is EM
coupling spectrum calculated using the Cole- Cole parameters; the dash-dot line is the
difference between the two previous curves.

The curves in Figure 9.l0b illustrate how the EM
coupling may be removed. The complex resistivity
measurements were made over relatively barren allu
vium and the spectra extended to high frequencies to
emphasize the inductive coupling component. Using
two Cole-Cole dispersion terms the solid line was
fitted to the data by an inversion process known as
ridge regression (Inman, 1975: Petrick, Pelton, and
Ward. 1977). Having acquired the various parame
ters for each term, the isolated coupling effect (dashed
line) and IP response were calculated. Because there
were no field data below 5 Hz, the IP response this is
an extrapolation based partly on (a). The broad
maximum around 0.1 Hz on the corrected curve is
thought to be caused by polarizable clays in the
alluvium.

Although this semianalytical technique for remov
ing EM coupling is based on oversimplified model
ing, it appears to be quite useful when spectral IP
measurements are available with a wide frequency

band; it also has the advantage of using real field
data.

9.5. INTERPRETATION

9.5.1. Plotting Methods

IP results are frequently displayed in simple profiles
of chargeability, percent frequen~y effect, phase, and
so forth, plotted against station location. The various
MIP parameters may also be shown in this fashion.
Several examples are given in Figure 9.11.

The profiles in Figure 9.11a show the same
anomaly traversed with both time- and frequency
domain IP. There is little difference between the
frequency-effect and metal-factor plots, and the
chargeability profile is somewhat similar. However,
the resistivity profiles are quite different for the two
methods. This is probably due to the fact that the
variable frequency IP used a double-dipole spread,
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Madden, Cantwell, and Hallof [see Marshall and
Madden (1959»). It is illustrated in Figure 9.13, for
the sulfide deposit shown in Figure 9.l1b. Values of
frequency effect and apparent resistivity for each
station are plotted on a vertical section at the points
of intersection of 45 0 lines drawn from the base line
or surface, starting at the midpoints of the current
and potential electrodes (double·dipole array). In
this way the PFE values appear at points directly
below the center of the electrode spread, at a vertical
distance from the ground surface that increases with

whereas the pulse system employed pole-dipole.
These profiles are taken from line 29 + 00 on the
contour plot of Figure 9.Uc, which is a form of
display occasionally used. From this illustration the
two methods appear to give similar results.

Figure 9.11b shows a variable-frequency profile
over a massive sulfide covered by some 80 ft of
overburden (glacial till), which was a relatively good
conductor. In the absence of this cover, the response
would presumably be very much larger. It is also
worth noting that the larger dipole separation gave
slightly better response.

MIP data may be plotted in terms of H" the
anomalous secondary field due to polarization, in
such forms as H, - Hpll (1 is the primary ground
current) multiplied by PFE, RPS, MMR (F-D sys·
tems), or by M (T-D systems). Since the in·phase
and quadrature components may be distinguished in
F·D measurements, H, may also be converted to
AH" (change of in-phase component with fre·
quency) and/or AH,. (quadrature).

Three MIP profiles of this type are displayed in
Figure 9.11d. These were obtained over a zone of
disseminated sulfides covered by conductive tailing
sands (- 10m) and salt-lake material in the Kalgo
orlie area of Western Australia. A vertical hole drilled
on the anomaly peak encountered 47 m of tailing
sands with overburden and weathered rock underlain
by disseminated pyrite (~ 101) in black shales be·
low 62 m. The parameters plotted are relative phase
(RPS), magnetometric resistivity (MMR), and the
normalized quadrature component of the anomalous
secondary field, H,,/I. The latter may be calculated
from the measured phase angle and resistivity
(19.4.2f). This example, like that in Figure 9.11b,
demonstrates the capability of MIP to detect targets
beneath highly conductive cover.

Figure 9.12 has been included to illustrate the
linear relation between phase angle and frequency
effect. The data, from northern New Brunswick,
were obtained over a shallow massive sulfide deposit
in a diorite-rhyolite bost rock of high resistivity
(Scott, 1971). Almost perfect correlation between
phase and frequency effect is evident in the profiles,
producing an excellent linear relation with a slope of
- 0.37°IPFE in the lower diagram. In the course of
this study 10 sites with known mineralization were
surveyed; of these, 3 gave negative results owing to
high noise and conductivities beyond the transmitter
capacity. The average slope of the remaining 7 was
-0.38°II. ±20%. However, it is not clear whether
the slope should be constant or vary slightly for
different types of minerals.

An alternative display method, which has been
used in plotting IP to illustrate the effects of variable
electrode spacing, was originally developed by
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the n value for the spread. Similarly the P. values are
located at mirror image points above the center line.
Finally contours of equal PFE and apparent resistiv
ity are drawn on these vertical sections; the result is
a form of 2-D plot in vertical section.

Clearly it is possible to display any of the IP
parameters in this fashion provided the double-di
pole array has been used for the survey; data from
gradient and pole-dipole arrays have also been plot
ted in this way. Similar pseudodepth plots have been
obtained from multiple T-R spacing HLEM, MT,
telluric, and variable-frequency EM data, where the
vertical scale is logarithmic in frequency or period
for the last three (16.3.2, examples 4 and 5), rather
than linear with depth.

The attractive feature of this display is that it
gives some idea of the relative depths of anomalous
conducting zones. The justification for such a plot is

that as the dipole separation is increased, the mea
sured values are influenced by increasingly deeper
zones. (For multifrequency MT, telluric, and EM
plots, deeper penetration is obtained at lower fre
quencies.) The resultant contours may be misleading,
however, because they appear to provide a vertical
section of the ground conductivit~. As pointed out in
Section 8.5.2, the apparent resistivity is not in fact
the actual resistivity in a volume of ground below the
electrode array, but depends on the geometry of the
electrodes as well as the surface resistivities. Conse
quently it should not be assumed that this type of
plot is a representation of the actual subsurface.

Double-dipole pseudodepth plots, as is apparent
from Figure 9.13 and several problems in Section
9.7, produce contours of a tent shape with 45° slope.
This, of course, is a result of the plotting method.
Pseudodepth plots developed from variable fre-
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data of Figure 9. 77b.

quency soundings, on the other hand, have a pole-like
appearance (see Figs. 6.29 and 6.3Oc) because the
depth points are located vinually below surface sta
tions.

9.5.2. General Interpretation

Until fairly recently IP interpretation was mainly
qualitative. Location and lateral extent of anomalies
were marked on profiles and pseudodepth plots by
dark horizontal bars, solid for definite targets, stip-

. pled for probable or possible targets. The dimen
sions, along with depth and possibly dip, were gener
ally estimated from the characteristics of the plots.
The inherent advantages and weaknesses of resistiv
ity (§8.t, §8.6.4f, §8.6.7) apply to IP as well. Among
the former are good depth estimate and depth of
penetration, whereas the latter include ambiguity as
to location, effects of ne~-surface variations, and
slow field operations.

Highly conductive overburden overlying mineral
conductors may hamper detection of the latter by IP
as well as by EM and resistivity, although IP is
frequently more successful than the other methods in
such terrain. Similarly, water-filled shear zones are
generally indistinguishable from mineral zones; how
ever, in special circumstances, for example, if the
electrolytic effect is not as pronounced 8:S the elec
trode polarization, it may be possiple to distinguish
between the two with IP. .

At one time it was thought that massive sulfides
should have a lower IP response than disseminated
mineralization; this is theoretically reasonable, as
discussed in Section 9.2.3. However, it is probable
that the opposite is true. This may be due to the halo
of disseminated mineralization that usually sur
rounds a massive zone. Another explanation is that
truly homogeneous massive sulfide deposits do not
exist; rather they are broken up into a great number
of smaller conducting zones within a nonconducting,



596

or poorly conducting, matrix. Self-potential well logs
generally indicate this internal subdivision for sec
tions designated massive in the descriptive log.

The steeply dipping thin-sheet conductor, com
monly used in EM modeling, is not a particularly
good target for IP or resistivity surveys. The princi
pal reason for this is that the electrode spacings are
normally too large to respond strongly to such a
structure. [In fact, an IP traverse made with small
dipole separations of 8 and 15 m in one area pro
duced a strong response directly above a sheet-like
conductor.] Although a disadvantage, this is hardly a
fundamental weakness of IP, because the technique
would not usually be employed (and should not be
necessary) to detect conductors of this nature. How
ever, it does account for the lack of response directly
over some of these structures and in certain cases, an
apparently displaced IP anomaly on the flanks, the
latter probably caused by the disseminated halo.

As a result of recent developments, IP surveying
and interpretation techniques have become increas
ingly sophisticated. We may now use IP to measure
complex impedance, possibly to determine various
type of structure and forms of mineralization (vein
type, disseminated, massive), and potentially to dis
criminate between metals and graphite with broad
band spectral IP. Thus the method appears to have
outstripped the other electrical ground techniques
and has become very popular in base-metal explo
ration (conceivably MIP might become airborne, but
this is sti)) in the future). This popularity is certainly
not because it is cheap or fast. Average monthly
coverage varies enormously, depending on terrain
and other factors such as surface conductivity, but
10 to 40 line miles (15 to 70 km) per month is
common. The price per line-kilometer is thus about
$500 to 800 (1988), which is considerably higher than
magnetics or EM.

The popularity of IP is based on definite base
metal discoveries, particularly of large low-grade
bodies, made with its aid. A study of various field
results indicates that the IP and resistivity anomalies
(generally IP highs and resistivity lows) very often
occur together. One might argue, therefore, that the
expense of the IP survey was not warranted. It is
quite unlikely, however, that resistivity alone would
provide enough information to justify itself. There
are also numerous case histories of IP successes in
areas of disseminated mineralization, such as por
phyry coppers, where the resistivity anomaly is al
most nonexistent (for example, see §7.8, example 9).

9.S.3. Theoretical and Model Work

(a) Theoretical results. IP response has been devel
oped analytically for a few simple shapes like the

Induced polarization

sphere, ellipsoid, and 2-D features such as a vertical
contact and dike, as well as horizontal beds. These
may be derived from resistivity formulas in simple
cases (§8.3.5, §8.6.5, and §8.6.6) and for more com
plex shapes by the finite-element method (Coggon,
1971, 1973), somewhat similar to the analysis in
Section 6.2.7. Figure 9.14 shows a set of theoretical
IP profiles over each of these structures using several
arrays. In examples (a) to (e) the chargeability is
determined from the relation

(9.12)

(Seigel 1959a). Numerical data for the models of
Figure 9.14f to j are obtained from sets of equations
for finite-element meshes in which the power dissipa
tion due to ground current is minimized. In parts (a)
to (e) the host rock is not polarizable, that is, M1 - 0,
whereas in the other five parts, (I) to (j), PFE - 1%
in the host rock. Note that most horizontal scales in
Figure 9.14 have no units. For pseudodepth plots
and sometimes for profiles, units are generally equal
to the potential-electrode spacing.

IP response is not always positive. Negative ap
parent IP may occur in the vicinity of 2-D and 3-D
polarizable bodies (Bertin, 1968; Dieter, Paterson,
and Grant, 1969; Coggon, 1971; Sumner, 1976). This
is a geometrical effect related to the dipolar field and
the position of the measuring electrodes (Figs. 9.14a,
b, c, e, 9.21c, and 9.25). Certain 1-D structures also
produce negative IP response [see model (d) in the
following text].

We may summarize the salient features of these
models as follows:

Models (a) to (c): For contrasts (pt/P2) greater
than those shown, the response does not change
appreciably [this applies also to models (e) to (i»).
For an ellipsoid dipping less than 90°, the profile is
not significantly different from those in parts (b)
and (c).

Model (d): IP over two horizontal beds is quite
conventional, but not necessarily so when there are
more than two. For example, K- and Q-type struc
tures (Pt < P2 > PJ and Pt > P2 > PJ respectively;
see §8.6.4b) produce a negative JP response for the
first layer which masks the effects of substrata, often
causing an incorrect interpretation. Data must be
analyzed with care with this possibility in mind to
avoid errors in interpretation (Nabighian and Elliot,
1976). This, of course, assumes that the upper
layer(s), unlike Figure 9.14a, b, c, d, are polarizable.

Model (e): The curves were obtained for the
model shown below them by the method of images
(§8.3.3), hence the sharp breaks in the flat portion.
Otherwise the profiles would resemble gravity pro
files for a semiinfinite horizontal slab (Fig. 2.30).
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Models (f) to (j): Double-dipole and pole-dipole
arrays show appreciable response over the steeply
dipping dikes whereas the gradient spread (not illus
trated) is quite insensitive; when the dip is apprecia
ble, the respective amplitudes are also in the preced
ing sequence. All three respond quite strongly to a
horizontal slab. However, the gradient system is more
sensitive to dip than the other two arrays, as is clear
from Figure 9.14j.

Conductive overburden masks conductive struc
tures in the bedrock because much of the current is
short-circuited. The buried anomalies, when they are
detected at all, appear deeper than they actually are,
as in EM, for all three arrays. Lateral changes in
overburden thickness and resistivity are best de
tected by the gradient spread, which also discrimi
nates between multiple buried targets more success
fully than the other two systems. The double-dipole,
however, is considerably superior to the gradient
array for depth resolution.

As mentioned previously the double-dipole array
is affected least by EM coupling and the gradient
array most.

(b) Analogy between M and total-field magnetic
anomaly. Quick (1974) points out an interesting
analogy between IP chargeability obtained with the
gradient array over a 2-D dipping polarizable prism
and the total-field magnetic anomaly due to the same
target located at the magnetic equator and striking
E-W. Because the gradient layout provides a uni
form electric field in the otherwise homogeneous
ground, the prism is horizontally polarized and the
response is equivalent to the magnetic field. This
permits a fast approximate estimate of dip and depth
of the prism, because

xl/2 - 2d esc t
M - 2dsect

or

~ - tan- 1 (M/xl/z)

d - ( x1/2 sin () /2 - (N cos () /2

where Xl/2 is the full width at half-maximum ampli
tude, N the horizontal distance between profile max
imum and minimum, d is depth to the top of the
prism, M is chargeability, and ( the dip. Examples
of the sphere and horizontal cylinder are also dis
cussed. Clearly the host material must be barren
for IP.

(c) Interpretation of spectral IP data. Because of
the recent development of the complex equipment,
interpretation is still in a development stage. The
main thrust, mentioned in the previous section, has

Induced polarization
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Figure 9.15. Idealized spectral IP response for three types
of host rock. (After Zonge and Wynn. 1975.)

been to identify and discriminate between IP re
sponse characteristic of the host rock and various
types of mineralization; it bas already proved its
usefulness in reducing the EM coupling effect
(§9.4.4c).

Zonge and Wynn (1975), among others (§9.3.4),
attempted to classify background rock signatures by
laboratory and field measurements. Results are plot
ted as real and quadrature components (R, Q) over
a four-decade frequency range on a conventional
Argand diagram (see Fig. A.S). Three idealized forms
of response are shown in Figure 9.15. In types A and
C the quadrature component varies inversely and
directly, respectively, with frequency whereas it is
constant over the spectrum for type B. Type .If is
said to be characteristic of strongly altered rocks,
sulfide and graphitic mineralization, and some clays,
whereas C usually represents weakly altered strata,
chloritized fresh volcanic rocks, Jjmestone, and allu
vium; type B is intermediate and is associated with
moderate alteration, low pyrite, and other mixed
mineralization. This simple classification, however, is
by no means all-embracing and the authors show
several nonconforming examples in which the R-Q
relation gyrates wildly instead of being roughly lin
ear. Other authorities have criticized the general
hypothesis on various grounds.

Distinctive IP signatures for different types of
mineralization have been considered in a number of
studies (§9.3.4). From spectral IP laboratory mea-
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Figure 9.16. IP signatures for different types of minerals. (After Pelton et a/.• 1978.) (a)
Amplitude (solid line) and phase (dashed) curves for a Cole- Cole relation model for
various values of m; Ro - 1.0. T - 0.01. c - 0.25. (b) Magnetite signature. southern
Utah. (c) Nickel·pyrrhotite, Sudbury, Ontario.

surements on various mineral samples it was found
that the phase spectrum peaked at different frequen
cies for certain minerals, being much lower for
graphite than most sulfides. Although this distinction
was not nearly as clear in field tests, the possibilities
have been pursued with more advanced equipment

and with the aid of the Cole-Cole model for inter
pretation.

Several examples of this work, taken from Pelton
et aI. (1978), are shown in Figure 9.16. Theoretical
plots of amplitude and phase for the Cole-Cole
relaxation model for various values of M are shown
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Timmins, Ontario. (f) Craphite, Labelle, Quebec.

in Figure 9.16a. Obviously the phase curves are
more diagnostic. Changes in M merely move both
sets of curves vertically. If we vary Ro, c, and T, we
find that (i) changing Ro shifts the amplitude curves
vertically but has no cffcct on thc phase curves, (ii)
increasing c makes the phase set more sharply peaked
and increases thc slopes of the amplitude curves, and
(iii) If controls the horizontal positions of both sets

of curves and consequently is the most significant
parameter in source determination.

The remaining diagrams in Figure 9.16 contain
profiles from field surveys. Note that the frequency
band extends from 0.01 Hz to 60 kHz. The unusu
ally high frequencies required very small electrode
spreads (- 1 m) to minimize EM coupling effects,
and this in turn necessitated extremely shallow tar-
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Figure 9.17. Time-domain IP over Gortdrum copper-silver body. (From Seiger. 1967.)

gets. Consequently the sites selected were mainly in
open pit mines. Only the phase spectra are illus
trated and best-fit Cole-Cole models have been
matched to the data in all cases.

The examples in Figure 9.16b to f include a
porphyry copper, massive sulfides, magnetite,
nickel-pyrrhotite, and graphite. Profiles (b) and (c)
were carried out to discriminate between two com
mon sources in nickel sulfide areas. Although the
magnetite was of - 76% concentration, the phase
curve peaks at high frequency and requires a very
small time constant to match the model. This is
probably due to lack of continuity between very
small mineral grains, because T values were larger at
other sites with conventionally massive magnetite.
The profile in Figure 9.16c indicates closely con
nected pyrrhotite mineralization of higher conductiv
ity with a very low-frequency phase maximum re
quiring a large T.

The phase curve for the porphyry copper deposit
in Figure 9.l6d is not as simple as the previous
examples. Sulfide concentration was high (- 17%)
and the mineralization was of vein type rather than
highly disseminated as in true porphyries. Fitting
this curve required two Cole-Cole factors as shown
and the primary time constant 'rt was much larger
(to fit the low-frequency peak at 0.1 Hz) than at
other porphyry sites surveyed.

Figure 9.16e from a volcanogenic massive sulfide
is similar to spectra obtained from disseminated
sulfides, requiring a small 'rl-value, although the

chargeability is higher. The curves from Fig. 9.16b, e
and from several porphyry sites are similar in this
respect, suggesting that electrical continuity in mas
sive sulfides is relatively poor.

Figure 9.16f shows phase spectra from a graphite
deposit. Even in small concentrations graphite and
pyrrhotite seem to be excellent conductors. The curve
rises steadily as the frequency decreases; if there is a
peak it occurs further to the left. Thus TI is several
orders larger than in the other examples (except for
the nickeliferous pyrrhotite).

The possibilities in using IP equipment of this
type to obtain a whole body of additional informa
tion in base-metal search seem promising. Certain
reservations. however, remain concerning the blanket
use of the Cole-Cole model; also the complex sur
veying equipment requires some expertise in opera
tion, and the long" time constant" involved in carry
ing out measurements down to frequencies of 0.001
Hz increases the cost. The use of T-D instead of F-D
techniques is potentially attractive with respect to
the latter drawback (Johnson, 1984).

Spectral IP application in petroleum exploration
has recently been considered. Resistivity and IP
anomalies have been detected over oil and gas fields.
The response is thought to be the result of geochemi
cal alteration of overlying rock structures caused by
transport of H2S and CH4 upward to shallower
levels from the reservoir. In the USSR IP surveys
have been employed for this purpose since about
1978.
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9.6. FIELD EXAMPLES

Several examples of IP field results have already
been given in Figures 9.11, 9.12, and 9.16. Three
further illustrations are described in the following
paragraphs.

1. Figure 9.17 is a profile of apparent resistivity
and chargeability obtained during a time-domain IP
survey on the Gortdrum copper-Silver orebody in
Ireland. This is a low-grade deposit, averaging only
1.2% by volume of copper and 0.75 oz. of silver per
ton, that is, less than 2% metallic conducting miner
als. With this type of mineralization, the conductiv
ity is often enhanced by the presence of pyrite or
pyrrhotite but this is not the case here. However, the
chargeability anomaly is very strong and well lo
cated. The Pa profile shows a large resistivity con
trast between the dolomitic limestone and sandstone
with a minimum directly over the fault; there is no
indication of the sulfide zones containing chalcocite,
bornite, and chalcopyrite. The pole-dipole spread
was used in this work, with spacing as shown in the
diagram.

2. Pseudodepth plots from the results of a
double-dipole traverse using frequency-domain IP
are shown in Figure 9.18. This is in the Timmins
area of northem Ontario where the glacial overbur-

den is frequently 100 to 200 ft thick. and, being of
low resistivity, effectively masks the response of con
ductors lying beneath it. Using 200 It dipole spacing
and separations of 200, 400, 600, and 800 ft, a good
IP response was obtained. The shape of the metal
factor contours indicates a source at depth. The
resistivity section shows low resistivity continuing to
depth with a westward dip, as well as the effect of
the conductive overburden. Subsequent drilling in
tersected massive sulfide mineralization over 100 ft
wide at a depth of 240 ft. It is not surprising that
EM methods failed to detect this zone.

3. Figure 9.19 displays curves of M and Pd for a
traverse over the Lomex porphyryr copper deposit in
British Columbia. This is a type of mineralization for
which the IP technique is particularly effective, be
cause no other electrical method would be capable of
detecting the main body, although there might be
minor indications on the flanks. Moreover, it is un
likely that the gravity would produce any response.

The resistivity profiles for 400 and 800 ft elec
trode separations might be interpreted as showing a
mild reflection of the mineralization, were it not for
the fact that the apparent resistivity increases with
depth. This tells us that the overburden, which is 200
ft thick on the east, has a higher conductivity than
the ore zone below it. On the other hand, chargeabil
ity response increases with electrode separation and
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Table 9.6.

n-1 n - 2 n-3
Potential
dipole p./2." MF p./2." MF p./2." MF

105-95 280 27
95-85 180 28 1CJO 24 270 33
85-75 210 31 275 36 2CJO 60
75-65 270 42 280 35 72 219
65-55 315 39 80 172 70 175
55-45 480 40 220 17 675 99
45-35 330 88 1,120 41 1,751 61
35-25 1,091 46 1,130 29 1,830 31
25-15 1,200 31 1,510 27 1.710 28
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determines the lateral extent and depth of the zone
quite well.

9.7. PROBLEMS

1. The results in Table 9.6 were obtained using
frequency-domain IP in a survey over suspect
ed sulfide mineralization in northern New
Brunswick. The double-dipole array was used

with dipole separations of 100 ft and n - 1,2,3.
Resistivity values are in the fonn Po/2" O-ft.
The grid line is roughly N-S with stations every
100 ft. In all cases the potential dipole was south
of the current dipole.

Prepare pseudodepth plots for Po/2" and MF;
draw contours and interpret the results.

2. A time-domain IP profile of chargeability and
apparent resistivity is shown in Figure 9.20. This
is from the Pine Point sedimentary area of the
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Canadian Northwest Territories, where IP meth·
ods have been successfully employed to locate
large lead-zinc deposits. The host rocks are car
bonates and the background IP is generally low
and uniform. With no additional information,
try to answer the following questions.
(a) What type of electrode array was used?
(b) Was the electrode separation relatively large
or small?
(c) Is the anomaly caused by electrode or mem
brane polarization?
(d) Is the anomalous source deep, shallow, wide,
of great depth extent?
(e) Would you recommend further geophysical
work, and if so, what?
(f) Would you drill this anomaly, and if so,
where?

3. In the course of sulfide exploration in northwest
ern Quebec, both frequency- and time-domain
IP techniques were employed. Figure 9.21 shows
pseudodepth plots for PFE, metal factor, and
chargeability from a particular line traverse; as
noted, the double-dipole array was used in both
cases, with 100 ft separation. Compare the re
sults obtained with the two methods and make
whatever interpretation you can from all the
data. What is the significance of the negative
chargeability values?

4. Figure 9.22 shows chargeability contours from a
time-domain IP survey carried out on a base
metal property in southern New Brunswick.
During previous drilling, massive sulfide miner
alization, striking N-S, had been found in the
vicinity of line lO5E, about the middle of the
map; the zone was not very wide. Take off an
E-W profile across the sheet around 156N. From
this profile and the contours, make whatever
interpretation you can of the data. Can you
explain why the known mineral zone was not
detected by IP?

5. Data for the metal-factor contours in Figure 9.23
were obtained from a survey in Nova Scotia,
using the double-dipole array with x - 100 ft
and n = 1. Make an interpretation of the area
based on these results. Can you match this map
with the one from problem 10 in Chapter 8 and
if so is the additional information an aid to the
interpretation?

6. A frequency-domain survey, similar to that in
problem I, carried out over two lines on a prop
erty in Brazil, produced the results in Table 9.7.
The dipole separation was 50 m, with n ... I, 2,
3, 4. Lines are E-W and separated by 400 m,
with stations SO m apart; the current dipole was
to the west in all cases. Resistivities are in ohm
meters.
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Figure 9.23. Meta/- factor contours, double-dipole array: x - 100 ft, n - 1.

Table 9.7.

n-1 n-2 n-3 n-4
Current
dipole p. PFE MF PFE MF PFE MF PFE MF

Line 0
44W-43W 228 1.6 13 390 1.8 9 637 1.6 5 250 4.8 37
43W-42W 248 1.7 13 520 1.5 5 217 4.5 40 71 14.5 390
42W-41W 220 1.2 10 128 3.0 45 44 14.5 630 29 11.5 740
41W-4OW 76 2.5 62 34 13.5 750 22 11.5 1,rm 29 9.5 630
4OW-39W 30 11 7fIJ 17 11.5 1,330 19 9.8 980 34 8.4 470
39W-38W 36 3.7 195 38 3.5 175 59 4.0 130 65 4.2 124
38W-37W 114 1.5 25 217 1.5 13 275 2.2 15 340 1.5 8
37W-36W 190 0.2 2 305 0.7 4 410 1.0 5 650 1.2 3.5
Line 25
4OW-39W 150 1.7 24 120 4.5 72 59 9.0 290 105 8.0 150
39W-38W 86 4.5 100 52 8.5 315 88 8.7 190 eo 8.5 200
38W-37W 36 7.4 390 71 8.0 215 61 8.5 265 69 8.3 230
37W-36W 260 0.2 5 305 1.3 8 380 1.4 7 450 1.3 5.5
36W-35W 240 1.3 10 355 0.5 2.5 460 0.5 2 670 0.5 1
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Figure 9.26. Results of an F-D survey in southern New Brunswick, using a double-dipole array: x-50 ft, n - 7, 2. 3, 4. (After Scott 7977.)
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Table 9.8.

Freq (Hz) Phase (mrad)

0.01 340
0.0316 330
0.1 330
0.316 335
1.0 344
3.16 346
4.79 355

19.0 344
62.5 344

175 321
350 300

1.660 270
5.500 230
17.000 195

Make pseudodepth plots of Pa , PFE, and MF,
and interpret the results.

7. Pseudodepth plots for frequency effect and metal
factor, on a base-metal prospect in western On
tario are shown in Figure 9.24. Two spacings of
double-dipole array were employed - 1()() and
200 ft - as noted on the diagram. Contour the
metal-factor data and compare the results with
the PFE contours. Can you see any particular
advantages in using two spreads? Is one more
suitable for this particular job than the other?
Interpret the data.

8. Figure 9.25 shows frequency- and time-domain
contours in pseudodepth for an area in the
Abitibi West region of Quebec. As noted in the
diagram, the double-dipole array had a separa
tion of 100 ft with " - 1, 2, 3, 4. The IP results
are obviously not very promising, particularly in
the frequency domain. There is, however, a
base-metal orebody here of economic grade. Can
you make any estimate of its location, depth,
and width from the IP survey? Can you explain
the poor response?

9. Figure 9.26 shows pseudodepth plots from a
detailed frequency-domain IP survey performed
at a base-metal property in southern New
Brunswick. The short (50 ft - 15 m) double
dipole array was used because it was known that
the mineralization occurred in several thin shal
low zones contained in silicified wall rocks of
high resistivity. Take off a couple of profiles
from each of the Pa , PFE, and phase sections to .
check this. Compare these results with problem
4, particularly with regard to electrode spacing.

10. Using the Cole-Cole model of Figure 9.3, deter
mine the real and imaginary components of
impedance Z from the mathematical expression
of this circuit in Equation (9.11), hence obtain
the phase angle 4'. Check your result by numeri-
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cal calculation of a few points in Figure 9.16a.
[Hint: Eq. (A.46c) is useful here.]

11. The broad-band IP readings in Table 9.8 were
obtained from a survey over mineralization con
taining both sulfides and graphite.

Plot these values on a log-log scale of phase
versus frequency and attempt to match them
with a best-fit Cole-Cole model of two terms.
Assume plausible values for the parameters, the
two M and c values being approximately the
same and the time constants widely different.

REFERENCES

Bertin, J. 1968. Some aspects of induced polarization (time
domain). Geophys. Prosp. 16, 401-26.

Coggon. J. H. 1971. Electromagnetic and electric modelling
by the finite element method. Geophysics 36, 132-55.

Coggon. J. H. 1973. A comparison of IP electrode arrays.
Geophysics 38. 737-61.

Cole, K. S., and Cole. R. H. 1941. Dispersion and absorption
in dielectrics. 1 Alternating current fields. J. Chern.
Pltys. 9, 341.

Collett. L. S. 1959. Laboratory investigation of overvoltage.
In Overvoltage Research and Geophysical Applications,
J. R. Wait. ed., pp. 50-70. London: Pergamon.

Dieter. K.. Paterson. N. R.• and Grant. F. S. 1969. IP and
resistivity type curves for three-dimensional bodies.
Geophysics 34. 615-32.

Dolan, W. M., and McLaughlin. G. H. 1967. Considerations
concerning measurement standards and design of
pulsed IP equipment. In Proc. Symp. on Induced
Electrical Polarization, pp. 2-31. Berkeley: Univ. Calif.
Press.

Edwards, R. N. 1974. The magnetometric resistivity method
and its application to the mapping of a fault. Can. J.
Earth Sc. 11. 1136-56.

Edwards, R. N., and Howell, E. C. 1976. Field tests of
magnetometric resistivity (MMR) method. Geophysics
41, 1170-83.

Edwards, R. N., Lee. H.• and Nabighian, M. N. 1978. On
the theory of magnetometric resistivity (MMR)
methods. Geophysics 43. 1176-1203.

Fraser. D. c.. KeeviJ. N. B.• and Ward, S. H. 1964.
Conductivity spectra of rocks from the Craigmont ore
environment. Geophysics 29. 832-47.

Hedstrom. H. 1940. Phase measurements in electrical
prospecting. Trans. A.l.M.E. 138. 456-72.

Inman. J. R. 1975. Resistivity inversion with ridge
regression. Geophysics 40, 798-817.

Inman, J. R.• Ryu. 1.. and Ward, S. H. 1973. Resistivity
inversion. Geophysics 38,1088-1108.

Johansen, H. K. 1975. Interactive computer-graphic
display-terminal system for interpretation of resistivity
soundings. Geophys. Prosp. 23,449-58.

Johansen. H. K. 1977. A man/computer interpretation
system for resistivity sounding over a horizontally
stratified earth. Geophys. Prosp. 25, 667-91.

Johnson, 1. M. 1984. Spectral induced polarization
parameters as determined through time-domain
measurements. Geophysics 49. 1993-2003.

Katsube. T. 1.. and Co))ett. L. S. 1973. Measuring techniques
for rocks with high permittivity and high loss.
Geophysics 38. 92-105.



,

610

Lambert, R. 1974. Etude des parametres afl'ectant
I'impedance ~Iectrique de certains metaux et mineraux.
Ph.D. thesis, McGill Univ., Montreal.

Major, J., and Silic, J. 1981. Restrictions on the use of
Cole-Cole dispersion models in complex resistivity
interpretation. GftJphysics 46, 916-31.

Marshall, D. J., and Madden, T. R. 1959. Induced
polarization: A study of its causes. GftJphy,ic, 24,
790-816.

Millett, F. B., Jr. 1967. Electromagnetic coupling of collinear
dipoles on a uniform half-space. In Mining Geophysics,
vol. II, pp. 401-19. Tulsa: Society of Exploration
Geophysicists.

Nabighian, M. N., and Elliot, C. L. 1976. Negative induced
polarization effects from layered media. Geophysics 41,
1236-55.

Pelton, W. H., Ward, S. H., Halloff, P. G., Sill, W. R., and
Nelson, P. H. 1978. Mineral discrimination and
removal of inductive coupling with multifrequency
induced polarization. Geophysics 43, 588-609.

Petrick, W. R., Pelton, W. H., and Ward, S. H.1977. Ridge
regression inversion applied to crustal resistivity
sounding data from South Africa. Geophysics 42,
995-1005.

Quick, D. H. 1974. Interpretation of gradient array
chargeability anomalies. Geophys. Prosp. 22, 736-46.

Scott, W. J. 1971. Phase angle measurements in the IP
method of geophysical prospecting. Ph.D. thesis,
McGill Univ., Montreal.

Seigel, H. O. 1959.. A theory of induced polarization
effects for step-function excitation. In Overvoltage

Induced polarization

Research and Geophysical Applications, J. R. Wait, ed.,
pp. 4-21. London: Pergamon.

Seigel, H. O. 1959b. Mathematical rormulation and type
curves for induced polarization. GeophysicJ 24, 547-65.

Seigel, H. O. 1967. The induced polarization method. In
Mining and groundwater geophysics, L. W. Morley, ed.,
&on. GeoJ. Report No. 26, Geol. Surv. Canada, pp.
123-37.

Seigel, H. O. 1974. The magnetic induced polarization
(MIP) method. Geophysics 39, 321-39.

Seigel, H. 0., and Howland·Rose, A. W. 1983. The magnetic
induced polarization method. In Developments in
GftJphysical Exploration Methods-", A. A. Fitch, ed.,
pp. 65-100. London and New York: Applied Science
Publishers.

Sumner, J. S. 1976. Principles of Induced Polarization for
GftJphysical Exploration. Amsterdam: Elsevier.

Sumner, J. S. 1979. The induced polarization exploration
method. In Geophysics and geochemistry in tht search
for metallic ores, P. I. Hood, ed., Econ. Geol. Report
31, Geo!. Surv. Canada, pp. 123-33.

Wynn, J. C.• and Zonge, K. L. 1975. EM coupling, its
intrinsic value, its removal, and the cultural coupling
problem. Geophysics 40, 831-50.

Zonge, K. L. 1972. Electrical parameters of rocks as applied
to geophysics. Ph.D. dissertation, Univ. of Arizona,
Tucson. (Microfllm at Univ. Michigan, Ann Arbor.)

Zonge, K. L., and Wynn, J. C. 1975. Recent advances and
applications in complex resistivity measurements.
Geophysics 40, 851-64.
















































































































































































































































































	Telford-front cover
	Applied Geophysics-Second Edition
	Mathematical Convections
	Chapter 1-Introduction
	Chapter 2-Gravity Methods
	Chapter 3-Magnetic Methods
	Chapter 4-Seismic Methods
	Telford-chapter001.pdf
	Telford-chapter002

	Chapter 5-Electrical Properties of Rocks and Minerals
	Chapter 6-Methods Employing Natural Electrical Sources
	Chapter 7-EM Methods
	Binder1- Chapter 11-EM
	Chapter 7-EM
	Telford-chapter7-1
	Telford-chapter7-2

	Telford-em

	Telford-chapter003

	Chapter 8-Resistivity method
	Chapter 9-IP
	Ccapter 10-Radioactivity Method
	Chapter 11-well logging
	Telford-well logging1
	Telford-well logging2

	Chapter 12-Integrated Geophysical Problems
	Appendix A-Mathematical Background
	Telford-back cover



