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DC RESISTIVITY METHODS FOR DETERMINING RESISTIVITY IN THE EARTH’S CRUST
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The use of Schiumberger and dipole arrays for crustal-scale resistivity soundings is considered. Advantages and
disadvantages of the two methods are described. The depth to which resistivity may be determined from field mea-
surements is discussed as well as the determination from the sounding curves of various parameters associated with
layered structure. The interpretation of experimental data using reference curves as well as two approaches used in

computer assisted interpretation are discussed.

1. Introduction

Methods for measuring electrical conductivity such
as the magneto-telluric method (MT) and the geomag-
netic deep sounding method (GDS) have been used
with considerable effectiveness in recent years in de-
tecting zones of high conductivity in the outer reaches
of the mantle (Caner et al., 1967; Keller, 1971b). These
methods have been developed to detect highly conduc-
tive zones at depths ranging from 10s to 100s of kilo-
meters in the earth, but the problem of determining
the conductivity profile in the more-resistant parts of
the earth’s crust has so far defied all attempts at solu-
tion. This is disappointing because information about
this part of the crust may be particularly important in
understanding the brittle tectonic behavior of the
earth, as opposed to the viscous tectonic behavior in
deeper regions. For example, it may be that the strain
that accumulates to cause earthquakes is associated
particularly with crustal layers that are likely to have
high electrical resistivity as well. Therefore, this re-
view has as its objective a survey of the attempts that
have been made to define the electrical-conductivity
profile through the resistant part of the earth’s crust.

2. Direct-current sounding method

‘the direct-current sounding method is the best
known of the electrical probing methods. Many specif-

ic field techniques have been used in dc soundings, but
for crustal-scale surveys, only two of these have found
favor — the Schlumberger technique and the dipole
technique. The Schlumberger electrode array consists
of four colinear electrode contacts (Kunetz, 1966).
In making a sounding, the outer two electrodes, which
are used to supply current to the ground, are moved
progressively away from the center of the spread. The
inner two electrodes, at the center of the array, are
used to measure the voltage drop developed by the
current. In discussing the Schlumberger array, the
assumption is made that the separation between the
inner measuring electrodes is small compared to the
separation between the outer current electrodes. If
this assumption is valid, the ratio of voltage drop to
electrode separation can be said to be approximately
equal to the electric field intensity.

With the dipole array, four electrodes are used also
(Al’pin et al., 1966), but they are not arranged geo-
metrically in the same manner as with the Schlumber-
ger array. Current is supplied to the ground with one
pair of electrodes, usually fixed in location, while a
component of the electric field is mapped as a func-
tion of distance from this current source with a second
pair of electrodes. If the separation between the cur-
rent electrodes is much less than the distance to the
location at which the electric field is being detected,
then it is possible to characterize the source solely in
terms of its dipole moment — current intensity times
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electrode separation — rather than by these two param-
eters individually.

Normally, the electric field is mapped away from
the dipole source along one of the principal directions.
When the component of electric field parallel to the
source axis is mapped outwards on the equatorial axis,
this sounding is termed an equatorial dipole sounding.
For a horizontally layered earth, this procedure pro-
duces the same apparent resistivity curve as a function
of separation as does the Schlumberger array. though
this similarity does not hold for any other earth geom-
etry. When the electric field is measured at locations
along the axis of the source, the sounding is termed
a polar dipole sounding, and the apparent resistivities
behave quite differently from those measured with a
Schiumberger or equatorial dipole array. Other loca-
tions of the receiving electrodes may be used also (see
Al’pin et al., 1966; Keller, 1966), and the electric field
may even be mapped in detail in the plane about the
source dipole (Furgerson and Keller, 1974). However,
in the latter case, the patterns of resistivity which are
computed from the field data are very complicated and
may not be of much value in crustal-scale studies.

Both the Schlumberger and dipole arrays have ad-
vantages and disadvantages relative to one another
when they are used for crustal-scale resistivity sound-
ings, and so the choice of one or the other is not al-
ways clearcut. The principal disadvantage of the
Schlumberger array is that the span between current
electrodes must be increased to 100—-200 km to pro-
vide information about the lower crust and upper man-
tle, even under favorable conditions. Inasmuch as cur-
rents of several ampéres are required to provide a de-
tectable signal at the receiving electrodes at such spac-
ings, the voltages applied to the current line must be of
the order of hundreds to several thousands of volts.
Extensive precautions must be taken so that such a
length of current-carrying wire does not comprise a
hazard to life. One satisfactory solutior® to this prob-
lem is the use of out-of-service power lines, which are
already protected. In recent years, considerable work
has been done during grounding tests of high-voltage
direct-current transmission lines. A limitation of such
an approach is the fact that soundings must be made
at locations where there are available power lines, rather
than at locations which may be the most interesting
from the geological point of view.

Advocates of the use of dipole arrays for crustal-
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scale resistivity soundings apparently feel that the
operational ease of the method is the chief advantage
over the Schlumberger array. With a dipole source
length of 1--10 km, it is usually possible to make
soundings even in densely inhabited areas, with judi-
cious choice of the source location. Very large currents,
at least 100 A, are required to provide measurable sig-
nals at the maximum spacings. It is not as inconvenient
to provide these large currents for a dipole array as for
a Schlumberger array because the source electrodes

for a dipole array remain fixed in location. Therefore,
it is practical to spend considerable effort in lowering
contact resistance at the source electrodes. Quite com-
monly, the source electrodes used in dipole surveys
consist of 50--100 m of drilt pipe in specially drilled
holes, or in other cases, hundreds of metal stakes driven
into the ground.

A very serious disadvantage of the dipole array is
its sensitivity to errors caused by relatively small lateral
inhomogeneities in the near-surface resistivity (Furger-
son and Keller, 1974). Because of this, it is necessary
to make a great many more measurements to establish
the shape of a sounding curve — that is, the manner in
which apparent resistivity varies with spacing.

In both the Schlumberger and dipole arrays, the
depth to which resistivity may be determined from
field measurements is very crudely related to the max-
imum spacing between electrodes (Keller, 1966;
Frolich, 1967). For the very simple case of a conduc-
tive sequence of rocks underlain by highly resistant
basement, definition of the probing depth of an elec-
trode array is straight-forward. The resistivity sound-
ing curve for this case has two asymptotes when plot-
ted to logarithmic scales, as shown in Fig. 1. The left-
hand asymptote is a horizontal line, yielding an average
conductivity for the surface layers — those above the
resistant basement rock. The right-hand asymptote is
a line rising with a slope of +1, characterized by the
equation:

alp, =S 6y

where a is the electrode spacing, taken to be half the
distance between current electrodes for the Schlumber-
ger array, or the total distance between dipole centers in
the dipole array, p, is the apparent resistivity value com-
puted at the spacing a, and S is the actual longitudinal
conductance of the sequence of rocks above basement,
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Fig. 1. The asymptotes of a two-layer dc resistivity sounding
curve in which the second layer is highly resistive.

defined as:
i

S= f o(z)dz (2)
0

where o(z) is the conductivity as a function of depth,
z, and h is the thickness of the conductive sequence
of rocks.

The intercept of these two asymptotes occurs at a
spacing:

a; = chh 3)

and so, can be used to define the probing depth of an
array. Here, X is a coefficient for vertical-to-horizontal
anisotropy in the sequence of conductive rocks, de-
fined as:
(Ts)l/Z

A= —— 4)

h
where T is the transverse resistance of the sequence of
conductive rocks, defined in a manner similar to longi-
tudinal conductance:

h
T= f p(z)dz (5)
u

but using resistivity, p(z), as a function of depth rather
than conductivity.

The constant, ¢, in eq. 3 varies depending on the
array being used. It is unity for the Schlumberger and
equatorial dipole arrays, and 2 for the polar dipole
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array. Thus, for a section with no vertical-to-horizon-
tal anisotropy, apparent resistivity values would begin
to depart significantly from the resistivity of the sur-
face layer at a spacing equal to the depth of basement,
if the Schlumberger or equatorial dipole arrays were
being used, but not until a spacing twice as large was
reached. if the polar dipole array were being used.

Most rocks are moderately anisotropic, with values
for A commonly running from 1.1 to 2.0 (Keller,
1968a). In such cases, the depth of reach of an array
is reduced by 10—100%, depending on the character
of the rocks above the basement contact.

The error in depth estimates caused by anisotropy
is not the greatest uncertainty when dc methods are
applied to the crustal-scale problem; rather, it arises
from a phenomenon known as T-equivalence. The crust
and upper mantle can be thought of grossly as a three-
layer sequence, in which the middle layer has the high-
est resistivity. In all probability, the contrast in resistiv-
ity between the middle layer and its neighbors is quite
large, being at least several orders of magnitude. When
the resistivity of a layer is much higher than that of the
layer beneath, current flow lines in the upper of the
two layers will be essentially vertical, and the flow of
current will be controlled by the leakage resistance,
7T, rather than by the resistivity, Thus, two layers, one
twice as thick as the other but with only half the resis-
tivity, may have precisely the same effect on apparent
resistivity values measured at the surface. The two
cases would then be termed T-equivalent.

In the crustal model, because the surface layers are
much more highly conductive than the crystalline base-
ment, apparent resistivity values would first begin
rising with a slope of nearly +1, with minor amounts
of current leaking through the second layer to deeper,
more conductive rocks. At larger spacings, the area
available for vertical leakage increases, until finally,
the loss of current in the surface layer becomes signif-
icant. The apparent resistivity reaches a maximum
when half the total current has leaked out of the sur-
face layer, and then decreases rapidly at larger spacings.
For the Schlumberger and equatorial dipole arrays, the
spacing at which the maximum occurs is (Keller,
1968a):

S1T2 1/2
S ©

where S, is the longitudinal conductance of the sur-
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Fig. 2. The spacing for which the maximum apparent resis-
tivity is recorded for a three-layer sequence with the middle
layer being highly resistive.

face layers and T, is the transverse resistance of the
resistant portion of the crust.

It is readily apparent that the spacing to which one
must go to establish the maximum on the apparent
resistivity curve for a crustal-scale sounding increases
both with the conductance of the surface layers and
with the transverse resistance of the crust. The results
of such soundings which have been reported in the
literature provide values for T, ranging from 10° to
10° ©2m?. The conductance of surface rocks may
range from a few mhos where they consist only of
weathered crystalline basement to some thousands of
mhos in deep sedimentary basins. The spacings required
to measure maximum apparent resistivity are shown
graphically in Fig. 2 as a function of S} and 7.

The value of apparent resistivity observed at the
maximum depends on S; and T, and is essentially
independent of the resistivity in the second layer, and
is approximately:

2T2)1/2
Sy
The maximum value for apparent resistivity in a

crustal-scale sounding is shown graphically in Fig. 3
as a function of §; and T,.

Pa,max = ( (7
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A final factor needs to be considered in evaluating
dc methods: the effect of gross lateral changes in the
electrical properties of near-surface rocks. When dc
soundings are expanded to spacings of a hundred or
more kilometers to determine the maximum of the
sounding curve, there is need for a method to deter-
mine whether that maximum is caused by lateral
changes in resistivity, or truly by the presence of
more conductive rocks at depth. Without this cross-
check, the value for transverse resistance of the crust
determined from dc soundings can only be considered
to be a minimum possible value. This is because lateral
changes in the resistivity of surface rocks can cause
only a minor elevation of apparent resistivity along the
rising branch of a sounding curve, but can cause very
large reductions in apparent resistivity from this as-
ymptote (see Al’pin et al., 1966). A particularly strik-
ing example of a false effect is that which occurs with
the equatorial dipole array expanded over a gently-
dipping basement surface. The apparent resistivity
curves for measurements made over such a structure
pass through a maximum, which would be interpreted
in a field survey as indicating a finite transverse resis-
tance for the second layer. This is true for dips as

MAXIMUM
APPARENT RESISTIVITY, ohm-m

108 I T I

105 — —

0 1 | I

| 10 100 1000 10,000
FIRST-LAYER CONDUCTANCE, S, ,mhos

Fig. 3. The maximum apparent resistivity which is observed
over a three-layer sequence with the middle layer being highly
resistive.
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slight as 1°, which might reasonably persist over dis-
tances of 100 km. Recently, van Zijl and Joubert
(1975) recommend that repeat measurements be made
with an offset receiver spread in Schlumberger sound-
ing to test for the presence of lateral effects.

3. Direct-current sounding results

Early attempts to determine the conductivity pro-
file through the crust and mantle have been reviewed
previously (Keller, 1966). Because of scatter in such
data, interpretation of a single dipole sounding is un-
certain, though when groups of soundings made in the
same geological province are combined, more tractable
results may be obtained.

Another extensive set of dc sounding data has been
obtained in the western United States as a result of
grounding tests of the Northwest-Southwest Intertie
— a high-voltage direct-current transmission line con-
necting the northwest Pacific with the southern Cal-
ifornia and Nevada region (Cantwell et al., 1966; Kel-
ler, 1968b). During the grounding tests, currents of up
to several hundred amperes were passed over the line
and returned through the ground at terminals near
Portland, Oregon, Tracey, California, and Boulder City,
Nevada. Many hundreds of measurements of electric
field strength were made about each terminal at dis-
tances ranging from a few tens of meters to several
hundreds of kilometers, with measurements being
made by teams from Bonnecille Power Administra-
tion, the Bureau of Reclamation, the U.S. Geological
Survey, and Geoscience, Inc. The purpose of the tests
was to establish the rate at which the electric field de-
creased with distance from a grounding station. This
could be established quite well on a statistical basis be-
cause of the large volume of data obtained.

Such data may be used to construct equivalent
Schlumberger sounding curves. A long power line may
be treated as supplying current to the ground at a single
point if measurements are made at distances from the
end of the line which are small compared to the length
of the line. Then, in theory and for a layered earth
only, the computed apparent resistivity is exactly that
which one would get with a Schlumberger array having
a half-spacing between current electrodes equal to the
distance from the end of the line to the site at which
a measurement is made.

Van Zijl (1969) and Van Zijl et al. (1970) have
published dc sounding curves on a crustal scale ob-
tained using the true Schlumberger array in South
Africa. These curves clearly demonstrate the advantage
of the Schiumberger array over the dipole array in
terms of producing a sounding curve with little or no
scatter. Other crustal-scale resistivity surveys have been
described by Flathe (1967), Blohm and Flathe (1970),
Antonov et al. (1969), and Keller (1971a).

Fig. 4 shows the location of the maximum points
on the available dc sounding curves, along with lines
showing the values for 7, corresponding to these
maximum points. Values for .S, and T, taken from
these data are listed in Table I, along with a brief
description of the geological setting. However, it must
be stressed that these values for transverse resistance
are of dubious reliability. In many cases, the maximum
of a sounding curve is just barely established at the
maximum spacing for which field measurements were
made. It is quite possible that some of the maximums
are generated prematurely by the effects of lateral
changes in resistivity, or that in other cases, a maxi-
mum may exist at larger spacings than were used in
the field surveys.

APPARENT RESISTIVITY, ohm-in
100,000

10,000

1000

100

APPROPRIATE ELECTRODE SPACING, km.

Fig. 4. Summary of deep dc resistivity soundings. A = Maine;
B = Adirondacks; C = South Africa; D = Nebraska—Iowa; F =
Siberia; F = South Africa; G = Nevada; H = Colorado plateaus;
I = California Basin and Range;J = Columbia River plateau;
K = California Central Basin.
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TABLE 1

Summary of parameters from crustal-scale resistivity
soundings

Location of Conductance in Transverse
survey the upper part of  resistance
crust (1) (am?)
Maine 0.07 5-108
Adirondacks 0.1 4.108
South Africa 20-40 0.5-1.0)-10°
Siberia 10 5108
Nevada 50 3.108
Colorado plateaus 120 >2-108
California 500—1,000 >1.108
Columbia River
Basin — >2.107

4. Interpretation

The classic method of interpreting direct-current
soundings is by comparison of an experimentally ob-
tained field curve with a pre-calculated catalog of ref-
erence curves. Several such catalogues have been pub-
lished, including those by Compagnie Générale de Géo-
physique (1963) and by Rijkswaterstaat (1969). Graphi-
cal techniques for interpolating between curves in such
catalogues have been the subject of study for many
years (Kalenov, 1957; Zohdy, 1965; Keller and
Frischknecht, 1966). However, the curve comparison
method for interpreting resistivity sounding data is
rapidly being replaced by computer-assisted interpreta-
tion techniques which permit more reliable results to
be obtained with less effort.

Two approaches can be used in computer-assisted
interpretation. One consists of generating a series of
model curves until a curve is found which closely
matches the field curve (Meinardus, 1967; Crous,
1971; Depperman, 1973; and Inman et al., 1973),
while the other consists of a direct extraction of a
resistivity vs. depth function from the field curve,
as proposed by Pekeris (1940) and Onodera (1970).
The indirect method using computer simulation has
been used much more extensively than the direct
method.

The expression for apparent resistivity for a
horizontally layered earth is usually derived in the
form of a Hankel transform integral. For example,
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for the Schlumberger array, apparent resistivity is

given by:

Py = p1a? f K(m,pi,hi)mfl (ma)dm (8)
G

where p, is the resistivity of the first layer, p; and &;
are the resistivity and thickness of the ith layer, a is
the array spacing, m is the separation parameter needed
in obtaining a solution to the Laplace equation by sep-
aration of variables, K(m,p;,h;) is a “‘kernel” function
containing all the available information about the resis-
tivity vs. depth function, and Jy is the Bessel function
of the first kind of order one.

The first step in interpretation consists of inversion
of the Hankel transform to obtain an expression for
the kernel function, K:

2K(m,p;h;) = f 1(&1 — ])Jl(ma)da 9)
0 4\P1
The integration indicated to the right in eq. 9 must be
accomplished numerically. Several techniques have
been used to minimize errors caused by the oscillatory
nature of the integrand, including a modified form of
Gaussian quadrature (Meinardus, 1967), and a spline-
fitting method (Crous, 1971). Recently, a method of
converting the integral in eq. 9 to a convolution form
has come into use (Ghosh, 1971; Das and Ghosh, 1973;
Anderson, 1973; Daniels, 1974). By using the algebraic
transformations x = In @ and y = In (1/m), eq. 9 becomes:
e (10)

oo M1

Being a convolution integral, the integrand can be
thought of as a set of filter weights and a sampled
function to be filtered. Anderson (1973) has published
sets of filter weights for the various convolution in-
tegrals that arise in the theory of electrical prospecting.
The advantage of the convolution form of integration
is the rapidity which may be realized on a digital com-
puter.

Once the kernel function is obtained by numerical
inversion of the Hankel transform, the second stage of
computation is simulation of the kernel function with
an assumed resistivity vs. depth profile. A first guess
at this profile is made, and the resultant kernel com-
pared with that obtained from the field curve. The
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error between the two is reduced by means of a least-
squares technique; that is, the derivative of the error
with respect to each of the parameters describing the
resistivity—depth profile is computed, and a set of
simultaneous equations which minimize the error is
set up. This set of equations will have a unique solu-
tion only if no equivalence, T or §, exists in the resis-
tivity—depth profile. Various methods of forcing
convergence to obtain a solution for minimum error
have been used, including the Backus and Gilbert
algorithm (Backus and Gilbert, 1967; Inman et al.,
1973) and the Marquardt algorithm (Marquardt, 1963;
Crous, 1971; Daniels, 1974). In either case, conver-
gence is obtained only when minimization is obtained
with respect to the equivalence parameters 7 or S for
beds which exhibit equivalence, rather than with re-
spect to resistivity and thickness in those beds.
Computer-assisted interpretation has proved to be
highly effective in interpreting resistivity soundings.
Typically, the rms error in matching a field curve is
an order of magnitude less for computer assisted meth-
ods than for graphical methods. Moreover, interpreta-
tions are consistent, and the cost is low, being of the or-

der of 1 US$. An important benefit of computer-assist-

ed interpretations is that the various derivatives which
are computed can be used to estimate the resolution of
the interpretation. If a derivative with respect to the re-
sistivity or thickness of a particular layer is large, then
the resolution for that parameter is high.

5. Comments

Crustal-scale resistivity surveys are an expensive
undertaking, in view of the large electrode arrays
which must be used, and the high power which is re-
quired. Because of the screening effect of the resistant
part of the crust, unreasonably large electrode arrays
must be used to detect the presence of conductive
regions in the outer mantle. I would like to call your
attention to a seeming paradox with respect to the
relationship between depth of penetration of current
in the earth and frequency. If the crust of the earth
were perfectly insulating, for the sake of simplicity,
we can readily see that direct current (frequency = 0)
would never provide information about conductive
zones below the crust. However, as the frequency is
raised from zero, some magnetic induction will take
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place below the insulating crust, and perhaps the ef-
fect can be detected at the earth’s surface. In fact, the
inductive effects will increase as the frequency is raised
until the point is reached where skin effects in the sur-
face layers become important. In my opinion, con-
trolled-source electromagnetic methods offer more
prospect for studying resistivity in the outer mantle
than do direct-current methods. So far, no crustal-
scale electromagnetic induction surveys have been re-
ported in the literature, but such efforts are under
way (Keller, 1971a; Heacock, 1971).
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