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ABSTRACT

The controlled-source telluric current technique is 
essentially an equipotential method with values expressed 
in units of resistivity. The electrode array consists of two 
stationary current electrodes of large separation (say 1 to 
4 km) and a voltage-detecting dipole of small separation 
(say 100 to 500 m). Current in the frequency range of 0.015 
to 0.065 Hz is driven through the current electrodes. The 
potential difference between the receiver electrodes is 
measured areally about the source, depending upon the nature 
of the problem. At each receiver location, measurements 
are made in two perpendicular directions; directions parallel 
and perpendicular to the axis of the current source are 
convenient for keeping track of the polarities. Separations 
between the source and receiver stations may be as great 
as five or six times the current electrode separation.

Various forms of apparent resistivity can be calcu
lated from the field data to enhance different features of 
the electric field. These various apparent resistivities 
can be quickly calculated for each receiver station and then 
contoured. In many simple cases these contour maps may be 
sufficient to produce an interpretation. To assist inter
pretation, sets of contour maps have been compiled for the 
case of two horizontal layers and the case of a single
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vertical contact.
The usefulness of the technique, especially for pro

blems involving complicated structure and difficult terrain 
is shown by a field example in the Basin and Range province 
of California, where small acid intrusives are closely 
associated with lead-silver-zinc mineralization. One of 
these intrusives, the Darwin stock, is shown to be more 
elongated than the surface outcrops suggest and to be 
plunging at an angle of about 45^ to the southeast.
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INTRODUCTION

In engineering problems and in mining exploration, 
the features to be surveyed tend to be three-dimensional. 
Resistivity theory is best developed for two-dimensional 
problems, but many results are available for the three- 
dimensional case (see Van Nostrand and Cook, 1954, 1966; 
Heiland, 1940; Webb, 1931a, b; Dieter and others, 1969). 
While these curves are available, the picture is complex, 
because each of the four moving electrodes interacts with 
the target. An approach in which two of the electrodes are 
fixed reduces this complexity. Thus, equipotential methods 
(Heiland, 1940; Jakosky, 1950) offer advantages. Earlier 
attempts used line electrodes which are operationally 
difficult to emplace. The present report describes an 
equipotential method based on two point electrodes for a 
current source.

There are other problems when conducting electrical 
surveys to large probing depths and over large areas.
If one wishes to do large surveys on the scale of tens of 
square miles, the logistical problems of moving current 
source, electrodes, wire, and receiver can become enormous, 
especially when the terrain is rugged. When studying large 
structures, a depth of probing of one or two miles may 
be considered quite often, and a probing depth of two miles 
would require about 4.5 miles of wire for the Schlumberger
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array and 8 miles of wire for a Wenner array. A final 
problem, especially difficult in the southwestern United 
States, is high grounding resistance. This is especially 
critical when high input currents are needed to obtain large 
probing depths.
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DESCRIPTION OF THE TECHNIQUE

In an attempt to overcome the problems discussed in 
the previous section, an equipotential method based on the 
use of point electrodes as current sources was used.
The technique is essentially a mapping technique much like 
the telluric current technique and so, it was named, the 
controlled-source telluric current technique.

The electrode arrangement and parameters which must 
be measured are shown in Figure 1. Current is fed to the 
ground through electrodes A and B and the potential difference 
generated by this current is measured between electrodes 
M and N at a radial distance R from the source. The azimuthal 
angle 0 is the angle between the midpoint of the source 
electrodes A and B and the midpoint of the receiver electrodes 
M and N. The bearing angle /3 is the angle between the 
direction of the receiver electrodes MN and the radius 
vector R.

This array is superficially similar to an azimuthal 
dipole-dipole array. However, for the electrode separa
tions ÂB and MN to approximate true dipoles, the separation 
between them should be at least five times the larger of 
aIb and (Alpin, 1966, p. 52). Experience, however, shows 
that for large AB, practical current moments of 20,000 to 
200,000 amp-m give reliable field strengths for distances
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up to five or at the most ten times AB. Thus most of the 
stations must be located at distances, R, for which the array 
is more properly termed a quadripole array for very small 
R or a pole-bipole array for larger R.

At each receiver location measurements are made in 
two mutually perpendicular directions so that the magnitude 
and direction of the total electric field can be calculated. 
Ideally these directions are parallel and perpendicular to 
the current source (see Figure 2), because it is easier 
to keep track of the polarities of the components when this 
is done. There are two other components which may be useful 
in interpretation and which might be measured separately.
The first is the radial component (see Figure 2) for which 
the receiver electrodes would be oriented along the radius 
vector. The second is the maximal component (see Figure 2) 
for which the receiver electrodes would be oriented in 
the direction of the maximum electric field for a homogeneous 
earth, Keller (1968, p. 206) gives the relationship between 
0 and ^ for a homogeneous earth as :

cot p = 2 cot 0 (1)
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INSTRUMENTATION AND FIELD PROCEDURE

Transmitter
To cover large areas and obtain large probing depths, 

a considerable amount of current is needed. To provide 
this current, a transmitter system described by Jacobson 
(1969) was used. Figure 3 is a schematic circuit of the 
system. Three-phase alternating current is provided by 
a 30-kw motor generator, which serves as a primary power 
source. Two Hewlett Packard, model 6479A, direct-current 
power supplies are used to convert the a-c power to regulated 
d-c. The output of each power supply is capable of supply
ing 0 to 35 amps at 0 to 300 v. The supplies can be connected 
in series to give twice the voltage or in parallel to give 
twice the amperage of a single unit. The power supplies 
are mounted in a Dodge A-108 van for mobility. Also mounted 
in the van is a motor-driven reel with approximately 2 km 
of No. 6 cable used to carry the current to the input elec
trodes .

Because the current electrodes remain at the same 
location for many voltage measurements, considerable care 
is taken in minimizing their contact resistance. Figure 4 
shows how electrodes are placed. A trench 10 to 100 feet 
long and 6 to 12 inches deep is dug and filled with a brine 
solution. Next, one-inch wide copper braid is laid in the
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trench and short (about 2 ft) lengths of cable are connected 
to the copper braid with Mueller clips at intervals of about 
five feet. These short cables are all then connected to 
one of the two power cables leading to the power supply 
in the truck. The purpose of this procedure is to distribute 
corrosion and electrolysis over the length of the electrode, 
rather than have it concentrated at the power connection.

In order to switch the power supply output circuitry, 
a relaxation oscillator was built (Figure 5). The normally- 
closed positions of the solenoid-controlled switches S2, S3, 
and 84 are shown by solid lines; the normally-open positions 
are shown by dashed lines. As shown in Figure 6, when 
switch SI is closed, the voltage across capacitor C rises 
until switch S2 opens. This causes switches S3 and S4 to 
open immediately. Opening switch S4 causes battery B3 to 
be connected across the switching circuitry of the Hewlett- 
Packard power supplies. Opening switch S3 disconnects battery 
B2 from the capacitor C and the solenoid of switch S2. 
Capacitor C discharges through this solenoid until there 
is no longer a sufficient voltage to keep switch S2 open and 
it closes. Immediately switches S3 and S4 close. Closing 
switch S4 disconnects battery B3 from the power supplies. 
Closing switch S3 starts another cycle. Cycling is terminated 
by opening switch SI. By adjusting load resistor R and capa
citor C, the time constant can be adjusted to a desired value.
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Receiver
The receiver which is used to measure the voltage 

between the receiver electrodes must satisfy exacting condi
tions. It must be highly sensitive while also rugged and 
portable. To estimate the necessary sensitivity, consider 
the apparent resistivity equation for an equatorial dipole:

(2 )
be I

where a = R, b = 3#, and c = AB .
The equatorial dipole array is considered instead of the 
polar dipole array, because it has half the voltage for

i
the same radial distance, and we want a pessimistic estimate 
of the voltage to be measured. Rearranging to obtain voltage 
gives :

V - (3,
Z'lrar

For the worst practical case let: 
b =100 meters 
c = 1000 meters 
a = 6500 meters 
I = 20 amps 
jD̂ = 10 ohm-m

Substituting these.values into equation (3) gives:
V = 11.6 microvolts
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Thus the receiver should have sensitivity on the order of 
microvolts.

Figure 7 shows the circuit of the instrument that was 
used in the field study described later. Basically it 
consists of two cascaded, solid-state operational amplifiers 
which are wired to give five decades of gain from 1 to 10,000. 
The lowest gain step provides a scale range of -0.5 volts to 
+0.5 volts on the output meter and the highest gain step 
provides a scale range of -50 microvolts to +50 microvolts.
A calibration circuit was provided for checking during field 
use. The self-potential bucking circuit with coarse and 
fine adjustments enables selection of a convenient d-c 
level. A filter can be switched into the circuit, if desired, 
to reduce 60-Hz noise.

Field Procedures
Once the current electrodes have been emplaced, the 

transmission cable has been laid, and the transmitter has 
been set up, voltage measurements can be started. Cables 
for connecting the receiver electrodes to the receiver 
present no special requirements. No. 18 gauge wire was used 
for the field program described later.

Contact resistance is not nearly as important for the 
receiver electrodes as the current electrodes, but because 
electrode stability is important, non-polarizing electrodes 
were used (see Heiland, 1940, p. 27, 630). At large distances.
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R, signal strength is very low, and the non-polarizing 
electrodes should be as stable as possible. This may be 
accomplished by having several sets of the electrodes which 
maybe left at the far stations for several hours before 
a measurement is attempted.

Even with very stable electrodes, measurements at the 
far stations are difficult because of natural electromag
netic noise. Campbell (1960, p. 410) has shown that low- 
frequency natural noise is at a minimum from about dusk to 
dawn. To obtain a suitable signal-to-noise ratio at the 
far stations it was found to be necessary to operate during 
this quiet period.

The current electrodes require daily attention if the 
low contact resistance is to be maintained. Usually all 
that is required is to resoak the ground containing the 
electrodes with saturated brine solution.
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REDUCTION OF FIELD DATA

Resultant of Two Components of an Electric Field Vector
As discussed in the section covering field techniques, 

two components of the electric field were measured at each 
station. Terrain does not always permit the receiver 
electrodes to be located in the desired manner; thus, 
provision must be made in the data reduction for measure
ments in other directions. Figure 8 shows the relationships 
between the true electric field vector (with magnitude r) 
and two of its components (with magnitudes u^ and u^) taken
at arbitrary angles from it. The locus of the vectors lies

■on the circle:

(■X-fl.) + (j- b) = (i (1)

where (^r)^ = a^ + b^ (2)
For (x = u. , y = 0) equation (1) is:

(u,-a.) + = (2 r)* (3)

and for (x = u2c = u^ cos#, y = u2s = u^ sinîT) equation 
(1) is:

(ci2c - + (u^5 - b)^ = (2 (4)
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Figure 8: Resultant of two components of an electric field 
vector.
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Equating equations (2) and (3) gives:

CL ~
2

Substitute equation (5) into equation (3):

(f) *
Substitute equation (5) into equation (4) and equate with 
equation (6):

b = Uz - U, COS X

(5)

(6)

9 Y (7)X sm 0

Substitute equation (5) and (7) into equation (2):

r = u," +  U, COS y \^
Sih / (8)

Thus equation (8) gives the magnitude of the resultant 
vector. ^

The direction of the resultant vector will be defined 
by Of, the angle between r and u^. Therefore:

t a n  a  = -  

LL, sin 0

Geometric Factor
Having obtained the magnitude of the electric field 

vector and knowing the input current I, all that is needed 
to calculate an apparent resistivity is a geometric factor. 
Figure 9 shows the arrangement of the electrodes and the
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pertinent parameters. A and B are the current electrodes,
M and N are the receiver electrodes. 0 is the angle 
between the current poles and the radius vector r, ^ is the 
angle between the radius vector and the receiver poles.
Let the distance between the current poles be c and the 
distance between the receiver poles be b.

The quadripole geometric factor, K, is given by:
2 îT

where

K = 1 1 1
AM 8M AH

ÂM = [(*M - +
1m = [(*M - =B): +
AN = [(%N - =A)^
BN = [(%N - =B)'

lere :

^A =
c
2

?
c 

" 2
= X c  + 1 C O S (G+p)

= + 1 sin (0+P)

^N = *c - & cos (0 + p)

%  = “ 1 sin (0 + p)

= r cos 0
r sin 0

6N
(10)
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Apparent Resistivity Equations for a Homogeneous Earth
Equation (10) is parametric in the variables © and ^ 

and so a continuum of geometric factors can be generated. 
However, only a few values of ^ are normally used in inter
pretation— directions parallel and perpendicular to the 
source and the direction of the total field. Using the 
variables defined in Figure 10, the field components for 
a homogeneous earth in the parallel ( II ) and perpendicular 
(l) directions are:

I
E,.=

and:
2ir

I

cos a. cos b

R

sin a
Z v R:

R

in b
r !

(11)

(12)

where:
COS a = i cos b =

R,

sin a  = JL
R.

The magnitude of the total electric field is:

= £ i
2 ir

1
COS a

r :

€03 b
R

sm a sin
- V , . r:

and the direction of the total electric field vector is:

(13)

tan = 4 ^  =
E„

Sin g _ sin

COS g  . cos b
(14)
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P(x,y)

(0,0) (0,c)

Figure 10: Parameters for developing general apparent 
resistivity expressions.



T-1313 24

These equations can be solved for definitions of apparent 
resistivity. For the parallel component:

Pa,„=  ̂ ^  ̂COS b )

For the perpendicular component:

sin b I
For the total electric field, let the apparent resistivity 
be defined without regard to the actual direction of the 
vector observed in the field:

F / I
' T  [l  ̂ {ÿ'• 2{l)‘ U * I - si. . t )

However, in a non-uniform earth, the total electric field 
vector is also characterized by the angle through which it 
deviates from the value for a uniform earth :

A0 .  .ret», \
\£ii,ofcs/ ^ COS a + cos b I

where A0 is the deviation angle, ^ i s  the observed
perpendicular field component, and E is the observed
parallel field component.

(17)
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INTERPRETATION

Having obtained maps for the various electric field 
components expressed in units of resistivity, which of the 
maps or which combination should be used? Although the 
various values for apparent resistivity may in many cases 
be self-explanatory in revealing the electrical structure 
of the earth, the best way to answer this question is to 
study the technique applied to various simple structures./ i
The two structures mathematically modeled and presented 
here are the case of a single horizontal layer on a uniform 
substratum and the case of a single vertical contact.

Single Layer on a Uniform Substratum
The case of a single layer on a uniform substratum 

is most readily evaluated numerically through the use of 
image theory (Heiland, 1940; Roman, 1959; Keller and 
Frischknecht, 1966). Figure 11 shows the geometry of the 
problem: a layer of thickness t and resistivity p, is in
contact with a semi-infinite medium of resistivity 
below. The current source A is located on the upper surface 
of the first layer at a distance R from the potential elec
trode M. Images of the current source A (which has an inten* 
sity I) are located at intervals 2t along a vertical line 
through A. The images are successively reduced in strength 
by the electrical reflection coefficient:
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4 K ' I

Figure 11: Geometry of the image solution for a single 
horizontal layer on a uniform substratum.
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K,, = h l h

If the source A is located at the origin, the electrical 
potential at a point (x, y, 0) is given by the sum:

2ir
2 I-

K
oo

^  I  [ R >  ( 2 n t ) 'J “
(19)

where = (x + y ) .̂ (Keller and Frischkneckt, 1966, p. 112).
The electric field components in the parallel and 

perpendicular directions are found by taking the proper 
derivatives. For the parallel component:

E = - m
<>3

- i dZv
h_

But

3y\R,
l U  -  1  

R

and:
-a

Therefore the parallel field for current pole A is:

E".. ' d PO
JO l
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However, account must be taken of the return current at 
electrode B at the point (0, c):

I r(n-c)
Off

where

The complete parallel component of electric field is:

E = id
Ztt

OP
-C K " «

09
P V l — d lh iA  A ( [ # 2 ^ +  ( Z n t ) * ] :

(20)

or rewritten:

E„= £27tR; 1  -f̂Yhd
R, U 2/ I Rz

' +

GCf

2 2  K"
COS d ® % . . b  1

l [ u  ( ¥ ) ■ ] *  ^

This expression for electric field is substituted in the 
expression for apparent resistivity, equation (15):

f'
/|? \2 , ] J. - f

cos a - ^  ( - j  CCS b /  I  [  \ l i j  [

OP r /A\^ I
2 y ^ n l  (R:/ k
n=i
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or:

Cos a t  ( f j c o s  b

CxP

n=i

K"

C O S  CL
(21)

The perpendicular component of electric field can be found 
by taking a derivative with respect to x of the potential 
function in a similar manner:

Zr  KL

oo

I
/?,

+
n=i(i)

Substituting this expression into equation (6) gives the 
apparent resistivity:

2

(22)

A +
Sin

I

f„ a -  ( - I )  sin b

ar
To obtain the total-field component, the parallel- and 
perpendicular-field components are needed. Rewriting 
equations (15) and (16) gives:

'  cos a  b

(23)
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A,.
sin a - j sin b

Therefore :
Zn £ t cos 0. + ( f j  <̂05 b /  [s/n a -  s/h b

A , .

Substituting this into equation (17 ) gives the total-field 
apparent resistivity:

cos

I + b -  sin a sin b j

The apparent resistivity equations (21), (23), and 
(25) have been programed to generate maps on a digital 
computer. In programming, the rate of convergence of the 
series in these equations must be determined. The Cauchy 
integral test performed on the series in these equations 
gives :

Oo
d  n_______________ ÏÎ________

n

(24)

(25)

OO

2t I

i ‘  ’■ ( f )  j

<( cx?
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for the special case of  ̂ Thus the series
converges for infinite resistivity contrasts. Using the 
comparison test for infinite series, it is easily shown 
that the series also converges for less than infinite 
resistivity contrasts. As an example, for  ̂ = -0.8
the series converges to 99 per cent of its final value with 
the first ten terms, and therefore ten terms were used in 
computing the maps given here.

Total field: Figure 12 shows a contour map of the
total-field apparent resistivity normalized to the first 
layer resistivity for the case in which the thickness of 
the first layer equals the source length c and the reflection 
coefficient equals 0.8. Figure 13 has the same parameters 
except K = -0.8. The overall character of the contours 
is quite smooth and roughly elliptical. Profiles along 
the principal axes serve as a check on the computations in as 
much as they comprise the apparent resistivities which would 
be measured with a conventional equatorial or polar dipole 
array. The profile along the axis parallel to the source 
is identical to a polar dipole array. The profile along 
the axis perpendicular to the source is identical to an 
equatorial dipole array.

For positive K the contours near each source pole form 
a low; for negative K the contours near each source pole 
form a high. As the reflection coefficient decreases from
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Figure 12: Total-field apparent resistivity, t = c, K = 0.8
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Figure 13: Total-field apparent resistivity, t = c, K = -0.8
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a large positive value, passes through zero, and approaches 
a large negative value, the gradient of the contours at a 
specific distance from the low decreases from a negative 
value, goes through zero, and then increases positively. 
Total-field apparent resistivity maps for other ratios 
of first layer thickness to source length are given in 
Appendix 1. It should be noted that for a constant reflec
tion coefficient, the gradient of the contours decreases 
as the first layer thickness increases.

Parallel-field component: Figures 14 and 15 show the
normalized parallel-field apparent resistivity maps for 
the same values of thickness and reflection coefficient 
as Figures 12 and 13. The profiles along the principal 
axes are identical to those for the total field, but with 
this the similarity ends. These maps are much more compli
cated than those for the total field; discontinuities, zeros 
and negative values are present, whereas the total-field 
maps are quite smooth and all positive. For both positive 
and negative reflection coefficients, the discontinuity 
line on the parallel-field map is asymptotic to the line

Ô -  Constant  

where : tan^ 0 = 2 or 0 = 54^44'
for large values of the radius vector. This is the value 
of 0 for which the effective spacing factor for a true 
parallel dipole array becomes infinite (Keller, 1968, p. 205).
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Figure 14: Parallel-field apparent resistivity, t = c,
K = 0.8.
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Figure 15: Parallel-field apparent resistivity, t = c,
K = -0.8.
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This is also the value for which the parallel component 
of the electric field vector for a uniform earth is zero.
Thus a layer in an otherwise uniform earth will distort the 
field so that some small value of the parallel electric 
field will be measured for 0 =  54^44' where no parallel 
component should be observed for a strictly uniform earth. 
According to Keller (1968, p. 205), "since this small ano
malous field value is multiplied by an infinitely large 
geometric factor, the measurement becomes infinitely sensi
tive to the presence of layers at depth, at least theoreti
cally. " Because a finite length source is used, the dis
continuity enters the source pole instead of the origin.

Associated with the discontinuity are several other 
features which are useful in interpretation. An area of 
anomalously large positive values occurs on one side of the 
discontinuity, and a convention was adopted in marking this 
region for convenience and consistency. For both positive 
and negative reflection coefficients, the anomalous area 
was taken to be the area within the contour equal to the 
largest of the two true resistivities of the layers. This 
region of large positive values and the region of negative 
values bounded by the zero contour can be seen to approach 
as close to the source pole as desired if the map is contoured 
on a fine enough grid. However, practical field surveys 
are run on a relatively coarse grid, and this amounts to 
a spatial filtering of the data. A practical lower limit
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on the grid spacing of a field survey is 0.3 to 0.5 times 
the source length. With such a grid interval, the region 
of large positive values and the region of negative values 
do not approach the source pole as shown by the curves in 
Appendix 1. For thicknesses greater than one-half the source 
length, these regions start at a distance from the center of 
the source approximately equal to the first layer thickness.
The region of large positive values and the region of neg
atives shrink to zero as the reflection coefficient goes to 
zero and exchange locations when the reflection coefficient 
changes sign. Thus, by observing the geometry of the discon
tinuity, the region of large positive values, and the region of 
negatives, the interpreter can determine the sign of the reflec
tion coefficient and the approximate first layer thickness.

Perpendicular-field component: Figures 16 and 17 show the 
normalized perpendicular-field apparent resistivity maps for 
the same parameters as Figures 12, 13, 14, and 15. These maps 
have smooth contours like the total-field maps except that the 
contours are more elliptical. For this component the axial 
profile values are zero, although the.rest of the map values 
are positive. Neglecting the zero axial values, the contours 
around the source form a low for positive K and form a high 
for negative K. For a constant value of reflection coeffi
cient, the absolute value of the gradient of the contours de
creases as the first layer thickness increases. As the reflec
tion coeffient decreases from a large positive value, passes 
through zero, and approaches a large negative value, absolute
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Figure 15: Perpendicular-field apparent resistivity,
t = c , K = 0*8.
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Figure 17: Perpendicular-field apparent resistivity,
t = c , K = —0.8.
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value of the gradient of the contours decreases, goes 
through zero, and then increases.

Other components : In the description of the technique
it was suggested that the radial and maximal components may 
be of use in interpretation. In general, however, the radial 
component will be very similar to the perpendicular component, 
and the maximal component will be very similar to the total 
field. Therefore, they will not be treated in this paper.

Single Vertical Contact
As for the case of a single horizontal layer on a 

uniform substratum, the case of a single vertical contact 
is most readily solved by the image method (Heiland, 1940;
Van Nostrand and Cook, 1966; and Keller and Frischknecht, 
1966). Figure 18 shows the geometry of the problem in plan 
view; the material to the left of a semi-infinite vertical 
contact has resistivity y), , and the material to the right 
has resistivity . The current source A is located at 
the origin, d is the distance to the fault, and M is the 
receiver electrode located at (x, y ). The only image is 
A® and is located at (0, 2d). The distance y is positive 
to the right, and the distance x is positive upward.

The expression for the potential function will be 
different for different locations of the current and re
ceiver electrodes in relation to the vertical contact. The 
various potentials are labeled where the subscript q
indicates whether the current electrode is in medium 1
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Figure 18: Geometry of the image solution for a single 
vertical contact (plan view).
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or 2 and where the subscript p indicates whether the receiver 
electrode is in medium 1 or 2. Van Nostrand and Cook (1966, 
p. 53-54) give the potentials with slightly different symbols 
as :

if)
u„. ■ ̂  ( ilf'

where :

R, =

r, = + (zd-ijYy

I , , -
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Because

K = - K;.,

and

f z  ( I - K )  “ />. K)
the above potentials can be expressed with one resistivity 
and one reflection coefficient (let K = 2  ̂ follows:

" ' " ' 9 ;  (t* t)
(26.2)

(26.3)

(26.4)

The case which will be developed here is the one with 
both current electrodes located on the same side of the 
contact. The following expressions are derived in a similar 
manner to those in the section on two horizontal layers.
For the receiver, electrodes located on the same side of the 
contact as the current electrodes, the parallel component 
is :
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£ = - ^^',1 

= - £ i i
Z ir

1

But:

L ( 1
u ,

- 1  
R,'

and:

f f i - V  £ ± 1\ r, j r,3
Therefore the parallel field for current pole A is:

^  (^)j
However, account must be taken of the return current at 
electrode B at the point (0, c):

wher e :

+ (Zcl - y - c )  Y

The complete parallel component of electric field is:

- h i
Zt L M r.

(27)
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or rewritten:

E,,,, = 1

R, R, R, /

 ̂ _ Zd-jj-c

r, r*
This expression for the electric field is substituted in 
the expression for apparent resistivity, equation (5):

ttj.i cos & +t-ÿ. I cos b 1  -  I
R. U J l X

or:
V2 ----

COS ^ f j COS D [

2d-ij _ 2d-fj-c (28)
B,»,t .«%,

Similarly, the perpendicular component of the electric field is:

i.l.t
Ix

i ' i r (29)

Substituting tbis ejqjression in to equation (6) gives the 
apparent res is tivity:

= I +
KR;

i.i.f sin a  - (i ] sin b  ̂ T, (30)
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The total-field apparent resistivity is found from equation 
(25).

For the receiver electrodes located on the opposite 
side of the contact as the current electrodes, the parallel 
component is :

Substituting this into equation (5) gives:

11,1,2.
For the perpendicular component:

I

Substituting this into equation (6) gives:

£

f

= l + K (34)

The total-field apparent resistivity is found from equation 
(25). Unlike the expressions for two horizontal layers, 
the above formulas do not contain infinite series and 
therefore require no investigation into convergence.

General properties : All the electric field components
give apparent resistivity maps with the axis parallel to the 
source as a line of symmetry; thus,the maps for s single 
vertical contact are contoured in two quadrants. Equa
tions (32), (34), and (25) show that on the opposite side 
of the contact from the current electrodes the apparent
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resistivity is a constant and that the maximum value is 
2.0. Thus the maximum theoretical apparent resistivity 
that can be measured on the opposite side of the contact 
from the current electrodes is twice the resistivity of the 
medium containing the current electrode. These properties 
define the behavior on the opposite side of the contact 
from the current electrodes; therefore, the following 
discussion will be only for the side of the contact con
taining the current electrodes.

Total field: Figure 19 shows a normalized total-
field apparent resistivity map for a current source oriented 
perpendicular to a single vertical contact at a distance, 
d, from the contact equal to twice the source length and 
a reflection coefficient equal to 0.8. Figure 20 has the 
same parameters except K = -0.8. Like the case for two 
layers, the profiles along the principal axes serve as 
a check on the computations. The profile along the axis 
parallel to the source is identical to a polar dipole array. 
The profile along the axis perpendicular to the source is 
identical to an equatorial dipole array.

Using the center of the source as the origin, the 
contours in the two quadrants opposite the fault are very 
similar to those of the total-field apparent resistivity 
map for two horizontal layers. Using the maps for total- 
field apparent-resistivity as standards, the contours in
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Figure 19: Total-field apparent resistivity, d = 2 c, K = 0.8
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Figure 20: Total-field apparent resistivity, d = 2 c,
K = —0 *8.

0.2
CONTACT

K,*
1.5

to

0.5

1.0

1.25

1.5



T-1313 51

the two quadrants toward the contact appear to be bent 
toward the contact and terminated by it. In general, 
for a constant value of reflection coefficient, the absolute 
value of the gradient of the contours decreases as the 
distance between the source and the contact increases.
Again, in general, as the absolute value of the reflection 
coefficient decreases, the absolute value of the gradient 
of the contours decreases. Unlike the case for two hori
zontal layers, highs do not become lows and lows do not 
become highs when the reflection coefficient changes sign.

Parallel-field component: Figures 21 and 22 show the
normalized parallel-field apparent resistivity maps for 
the same parameters as Figures 19 and 20. The profiles 
along the principal axes are identical to those for the 
total field. Like the case for two horizontal layers, 
the maps for this component are very complex and contain 
discontinuities, zeros, and negative values as well as 
positive values. For large separations, R, between the 
source and receiver, the lines of discontinuity are asymptotic 
to the Tine 0 = 54°44*, and the explanation is the same as 
given in the case of two horizontal layers. For small R, 
the discontinuities enter the current poles.

The regions of large positive values and the regions 
of negative values are present, and the region of large 
positive values is marked as discussed in the case of two 
horizontal layers. The distance from the center of the
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Figure 21: Parallel-field apparent resistivity, d = 2 c,
K =' 0.8.
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Figure 22: Parallel-field apparent resistivity, d = 2 c,
K = —0.8.
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source to the start of the region of large positive values 
and the region of large negative values appears to be fairly 
constant for different separations between the source and 
the contact. These regions shrink to zero when the reflec
tion coefficient goes to zero, but they do not change lo
cations with respect to the lines of discontinuity when 
the reflection coefficient changes sign.

Perpendicular-field component: Figures 23 and 24
show the normalized perpendicular-field apparent resistivity 
maps for the same parameters as Figures 19, 20, 21, and 22. 
The contours are quite smooth, positive valued, and ellip
tical. Like the case of two horizontal layers, the axial 
profile values are zero. Neglecting the zero axial values, 
the contours around each current pole form a low or a high. 
The current pole closest to the contact is the center of 
a low if K is positive and is the center of a high if K 
is negative. The current pole farthest from the contact 
is the center of a high if K is positive and is the center 
of a low if K is negative. For a constant value of re
flection coefficient, the absolute value of the gradient 
of the contours decreases as the distance between the source 
and the contact increases. Using the maps for the two 
layer case as standards, the contours in the two quadrants 
between the contact and the center of the source appear 
to be compressed toward the source by the medium on the 
opposite side of the contact.
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Figure 23: Perpendicular—field apparent resistivity,
d = 2 c , K = 0.8*
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Figure 24: Perpendicular-field apparent resistivity,
d = 2 c, K = —0.8.
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Summary

It is now possible to attempt to answer the question posed in the 

introduction; that is, which of the maps or which combination should 

be used in interpretation? It appears from the study of the two structures 

treated previously that the total-field and parallel-field maps are the 

most informative.^ First, they are distinctive enough to distinguish 

between the two structures. Second, the various relationships between 

highs, lows, zeros, and discontinuities enable quantitative interpretation 

of resistivities and thickness (or distance from the vertical contact and 

the strike of the contact).

Maps of the other principal components either have disadvantages 

or are very similar to the total-field or parallel-field maps. The 

perpendicular-field m a p  has the disadvantage of not being defined 

along the axes parallel and perpendicular to the current dipole. The 

radial-field map, although defined along the principal axes is very 

similar to the perpendicular-field map. Finally, the maximal - field 

m a p  appears to be very similar to the total-field map, at least for 

the structures studied.
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FIELD EXAMPLE

Introduction
The field example described here is located in the 

southwestern end of the Basin and Range province between 
the Sierra Nevada batholith to the west and the Mojave 
Desert to the south (see Figure 25). The area is apparently 
one of regional mineralization, as suggested by the map of 
lead, silver, and zinc deposits in Figure 26. The major 
mineralization in the district lies in a belt extending 
about 120 miles long from the Inyo Mountains in the north
west to the Resting Spring district in the southeast. Near 
the northern end of this belt is the Darwin Hills area 
which has had a Pb-Ag-Zn production of over 30 million 
dollars during the period from 1875 to 1953.

The purpose of the present study was to determine 
the geometry of the small intrusive associated with the 
Darwin Hills ore deposits. This information would be of use 
in more than this area, because no significant mineral 
deposit in the district is more than miles from a small 
intrusive. Information on the geometry of these intrusives 
could greatly assist in the extension of old deposits and 
the exploration for new deposits.

Regional Setting
Like the Basin and Range province as a whole, the part
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Figure 25: Tectonic provinces of southern California showing 
location of the Darwin Hills field example (after 
Jahns, 1954, p. 11).
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Figure 26: Lead, silver, and zinc deposits in southern
California (after McKnight and others, 1962a, 
1962b, 1962c; Heyl and Bozion, 1964).
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in southern California is characterized by north-trending 
ranges, intervening valleys and basins, and an interior 
drainage. The geology is very complicated and includes 
several thousand feet of pre-Cambrian sedimentary rocks and 
diabase, ten to twenty thousand feet of Cambrain clastic 
and carbonate rocks, even greater thicknesses of earlier 
Paleozoic rocks which are predominately carbonates, Mesozoic 
sedimentary and volcanic rocks, widespread Mesozoic plutonics, 
non-marine Mesozoic sedimentary rocks intermittently deposited 
in many separate basins, and widely scattered Cenozoic 
volcanic and intrusive rocks. Not all of these rocks are 
ordinarily present in any single area. (Jahns, 1954),

Faulting, in general, has been the main expression 
of tectonic activity as shown by the late Mesozoic faulting 
which helped localize the ore and the late Cenozoic faulting 
which produced the present Basin and Range topography.
The characteristic features of the Basin and Range faulting 
are that many of the ranges are essentially fault blocks 
and that many of the valleys are fault-bounded troughs.
This does not mean, however, that the structure and history 
of deformation are simple, for many adjacent blocks have 
had very different histories because of differences in 
the fault movements.

Even widespread Quarternary faulting is quite evident 
and is characterized by fresh fault scarps, grabens, and 
chaotic breccias. Other Quaternary to early Recent features
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present are lacustrine beds with preserved shoreline features.
All the information presented in the next three sections 

was gathered from the literature (see papers by Hall and 
Mackevett (1958, 1962), Hamilton and Myers (1967), Hall 
and Stephens (1963), and Jahns (1954)).

Geology
Rocks in the Darwin Hills area include Paleozoic 

sedimentary rocks, Mesozoic plutonic and hypabyssal rocks, 
and Cenozoic volcanic rocks and sediments. The stratigratic 
sequence is shown in Figure 27. The sequence of about 14,000 
feet of Paleozoic rocks range in age from Early Ordovician 
to Permian. Dolomite is the main pre-Mississippian rock; 
limestone is the main younger rock. The Paleozoic rocks 
are intruded by the batholith of the Coso Range to the 
southwest, the batholith of Hunter Mountain to the north
east, and by several small plutons in the Darwin Hills 
and Argus Range. The Paleozoic and Mesozoic rocks are 
unconformably overlain by Cenozoic volcanics and sediments. 
Figure 28 shows the distribution of rocks and location of 
the major ore bodies. The geology has been simplified and 
faults are not shown.

The oldest formation present is the Devonian Lost 
Burro formation which crops out on the west side of the 
Darwin Hills. It is about 600 feet thick and consists of 
banded white and light gray coarsely crystalline marble
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Figure 27: Stratigraphie sequence in the Darwin Hills area 
(from Hail and MacKevett, 1958, p. 7)

Age Lithologie unit Thickness
(leet)

1
Recent Alluvium, including fanglomerate, playa depos

its, and minor lake beds

i i Pleistocene Olivine basalt flows, fanglomerate, and Darwin 
Wash lake beds of Hopper, 1947

0-600

i 1 PleLstnceno 
or Pliocene

Coso formation of Schultz, 10:17

1 Pliocene(T) Andésite, basaltic pyroclastics, basalt flows, 
pumice

910-t-

§ Cretaceousfî) Hypabyssal rocks—andésite porphyry and ala- 
skite dikes

1 Cretaceous Batholith of Hunter Mountain, batholith of the 
Coso Range, and related intrusive rocks—  
mainly quartz monzonite but includes grano- 
diorite, syenodiorite, gabbro, leucogranite, and 
aplite

Permian Limestone-conglomerate member—in
cludes limestone conglomerate, silt- 
stone, and calcarenite

1804-

Shale member—brick-red and yellow
ish-brown shale; subordinate silt- 
stone and limestone

200

Lower limestone member— mainly 
fine-grained calcarenite; some thick 
limestone lenses, shale, and silts tone

2,800

Permiam and 
PeoBsylvanian rtl Upper member—calcilutite and fine

grained calcarenite with lesser shale 
and limestone-pebble conglomerate

1,700

Lower member— thin-bedded lime
stone with intercalated limes tone- 
pebble conglomerate

2,300±

I
Pen nsyivanian ( T) R e s t S p rin g  sha le— d a rk -b ro w n  fiss ile  

shale, minor silts tone. The Rest Wpriiig shale 
is present only as fault slivers in the northwest 
part of the quadrangle. I t  is the stratigraphie 
equivalent of the upper part of the Lee Flat 
limestone

0-504-

i Pennsylvanian(?) 
and Mississipptan

Lee Flat limestone— thin-bedded medium-gray 
limestone; equivalent to the upper part of 
Perdido formation and to the Rest Spring shale

5204-

Misâsâppian Perdido formation—limestone and bedded chert 330

Tin Mountain limestone— fossiliferous thin- to 
thick-bedded limestone with ehcrt lenses and 
nodules

430

Devonian Lost Burro formation— coarse-grained white and 
light-gray marble; dolomite and limestone jo 
lower part of formation; minor quartzite and 
shale

1,7704-

Devonmn and 
Silurian

Hidden Valley dolomite— light-gray, massive 
dolomite

1,000±

Ordovician Ely Springs dolomite— dark-gray dolomite with 
chert beds and lenses; some light-gray dolomite

920±

Eureka quartzite— light-gray to white vitreous 
orthoquartzitc

440

Pogonip.group-rlight- and medium-gray thick- 
bedded dolomite; some thiimer-bedded dolo
mite and limestone

1,5704-



64

117'  3 5 '

0
N

3 6 * 20 '

36*15'

qm quartz monzonite 
basait

limestone
I I alluvium

Figure 28: Simplified geologic map of the Darwin Hills area 
(after Hall and MacKevett, 1958, 1962).
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and minor gray limestone. The Mississippian Tin Mountain 
limestone crops out in a band about 300 feet thick to the 
east of the Lost Burro formation. The formation consists 
of thin- to medium-bedded gray limestone that locally is 
bleached white. The Mississippian Perdido formation crops 
out on the west side of the Darwin Hills in a band about 
350 feet thick to the east of the Tin Mountain limestone.
It consists of thinly bedded medium-gray limestone, bedded 
chert, and siltstone. The Mississippian and Pennsylvanian 
(?) Lee Flat limestone crops out in a band about 500 feet 
thick to the east of the Perdido formation and to the west 
of the Darwin mine area. The formation consists of thin- 
to medium-bedded gray limestone that contains thin beds 
of chert and iron-stained hornfels. Locally the limestone 
is bleached white and is recrystallized to marble. The 
host rock for most of the ore deposits in the district 
is the Pennsylvanian and Permian Keeler Canyon formation 
which underlies most of the Darwin Hills. It crops out 
in a band about 4,000 feet thick to the east of the Lee 
Flat limestone along the crest and east slope of the Darwin 
Hills. It consists of bluish-gray limestone, silty limestone, 
sandy limestone, pink shale, and siltstone with much of 
the formation altered to calc-hornfels and tactite. The 
Permian Owens Valley formation crops out on the east side 
of the Darwin Hills to the east of the Keeler Canyon forma
tion. It consists of light- to medium-gray thin- to medium-
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bedded calcarenite, siltstone, shale, and pure massive 
limestone.

Olivine basalt of probable Cenozoic age covers several 
isolated patches in the map area, but increases in area 
to the north. Except near pipes, it occurs in flows 10 to 
100 feet thick with a maximum thickness of 600 feet.

Most of the plutonic rocks are of two lithologie types* 
biotite-hornblende quartz monaonite and leucocratic quartz 
monzonite. The biotite-hornblende quartz monzonite is the 
more abundent, weathers easily, and forms gentle, gruss- 
covered slopes. The locally resistant outcrops of leuco
cratic quartz monzonite do not reflect the bulk composition 
of the intrusives.

Structure
The sedimentary rocks form a broad open syncline with 

an axis trending northward in Darwin Wash. The east 
limb of the syncline is exposed as a dipslope on the west 
slope of the Argus range. Although mainly covered by 
alluvium in Darwin Wash, the west limb is exposed on the 
extreme eastern slope of the Darwin Hills. The remainder 
of the west limb in the Darwin Hills is tightly 
crumpled, and most of the beds are overturned with an 
axial plane that dips west. This is due to the intrusion 
of the Coso' Range batholith from the southwest and the 
Darwin stock near the axis of the overturned syncline.
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Two general periods of the faulting are recognized in the 
area— late Mesozoic and late Cenozoic. The Late Mesozoic 
faults include thrust faults and steep faults that have 
mainly a strike-slip movement. These faults were also accom
panied by large amounts of fracturing. This faulting and 
fracturing, some subsequent to the partial solidification 
of the intrusive rocks, preceded the deposition of ore and 
gangue minerals during the late stages of orogeny. Late 
Cenozoic faulting produced the present Basin-and-Range 
topography.

Hall and MacKevett (1962, p. 73) who did the latest 
geologic mapping in the area stated that "the shape of the 
Darwin stock is not known, and the writers only use the 
term ‘stock* because it has been used extensively." How
ever, the west side of the intrusive ends in a series of 
sills, and a diamond drill hole extending 700 feet east 
from the 800 level (about 600 feet below the limestone- 
intrusive contact) of the Defiance workings of the Darwin 
mine did not cut quartz monzonite. Hall and MacKevett 
(1962, p. 73) use this and other evidence to suggest that 
"the intrusive mass may have a floor and be a laccolith."

Ore Deposits
Most of the lead-silver-zinc deposits are in Paleozoic 

limestone close to intrusive contacts. The major deposits 
are on the west flank of the Darwin stock in calc-hornfels
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of the lower member of the Keeler Canyon formation. In 
general, limestone is a favorable host while dolomite is 
not. Within the formation certain beds are more favorable 
than others. Thus, a medium-grained wollastonite-garnet- 
idocrase calc-hornfels rock formed from a fairly pure lime
stone is favorable, but dense, gray or greenish-gray calc- 
hornfels formed from silty limestone is unfavorable.
Within favorable horizons individual ore bodies occur as 
replacement bodies along faults, as bedded replacements 
often near the crests of folds, or as steep irregular 
or pipelike bodies. Faults are apparently another control 
on the ore bodies, and in the Darwin district most of the 
ore occurs in favorable beds near steeply-dipping strike- 
slip faults striking about N 60^ E that served as feeder 
channels for ore solutions. The ore bodies range in size 
from small pods containing just a few tons of ore to huge 
bodies like the one in the Independence mine which has a 
strike length of 500 feet, a thickness up to 160 feet, and 
a dip length of at least 700 feet (Davis and Peterson,
1948; Davis, 1955). .v

Field Procedure
The source electrodes were located as shown in Figures 

,28 and 29 to provide a source length of 0.85 miles. Eighty 
feet of copper braid was used for each electrode. By soaking 
each electrode with 15 gallons of saturated brine solution
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each day, a contact resistance of about six ohms per elec
trode was obtained. Input currents with these electrodes 
varied from 21 to 24 amps at 300 v. The relaxation oscil
lator was adjusted to give a positive square wave with a 
period of about 70 seconds.

Figure 29 shows the location of the 55 voltage measure
ments made in the northeastern and southeastern quadrants 
around the source. Non-polarizing electrodes and a constant 
measuring-electrode spacing of 100 meters were used for all 
stations, and two mutually perpendicular measurements were 
made wherever terrain permitted. For stations at distances 
greater than about 3 to 3.5 miles it was necessary to make 
the measurements while the sun was down to obtain a suitable 
signal-to-noise ratio. Measurements sometimes had to be 
delayed for closer stations because of excessive electrical 
noise caused by thunderstorms.

Interpretation
Schlumberger and Eltran vertical electrical soundings 

(VES) were made at several locations to provide an indication 
of the resistivities of the major lithologie units. These 
show that there are two modal values of resistivity. The 
quartz monzonite has a resistivity of about 500 ohm-m.
The rather low resistivity value of 250 ohm-m measured 
for the limestones is probably a result of the abundent fault
ing and fracturing caused by the emplacement of the various
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intrusives.
Figure 30 shows the total-field apparent resistivity 

map obtained for the source and receiving locations shown 
in Figure 29. The parallel-field apparent resistivity map is 
shown in Figure 31. These maps are to the same scale as 
the geologic map (Figure 28) to make comparison easier.
The electrical structure in the Darwin Hills area is much 
more complicated than that for the basic structures presented 
earlier. The major features of the resistivity maps resemble 
curves for a vertical, semi-infinite plate, such as are 
included in an album of curves by Vedrintsev (1966). This 
may represent a plate of Paleozoic limestones.

According to the published geologic investigations 
the contact between the quartz-monzonite of the Coso Range 
batholith and the limestone in the Darwin Hills runs north 
along the base of the Darwin Hills until it is opposite 
the center of the Darwin stock. From there it runs north
west and is exposed at the western edge of the map. The 
total-field résistivités to the west of this shallowly 
buried contact range from about 350 to 550 ohm-m which is 
in the range of the VES modal value for the quartz-monzonite. 
The low (in the total-field map) expending out from the 
surface exposure of the Darwin stock probably represents 
the deep weathering observed in the Darwin stock. The 
total-field apparent resistivities east of the batholith- 
limestone contact average 150 to 350 ohm-m, which is close
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to the VES modal value for the limestones.
Superimposed on this rather low background are two 

highs. The large high trending north-south is probably 
the non-weatha:ed resistive core of the Darwin stock. The 
location of the high indicates that the stock is more 
elongate than the surface outcrop suggests ant that it is 
plunging to the southeast at an angle of about 45^. The 
high trending east-west at the northern edge of the map 
appears to be a non-piercement basement high probably geneti
cally associated with the Darwin stock. Both highs seem 
to merge with the Coso Range batholith to the west as suggested 
by Hall and MacKevett (1962, plate 1).

Not having calculated maps for the technique for the 
case of a semi-infinite plate, it would be premature to make 
depth estimates on the basis of the parallel-field map.
It is interesting to note, however, that the ih mile distance 
to the negative-positive region agrees very well with Hall 
and MacKevett*s estimate of the thickness of the limestone 
plate (1962, plate 1).
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CONCLUSIONS AND RECOMMENDATIONS

This field example serves to point out many of the 
advantages of the technique. Most of these advantages are 
a result of having stationary current electrodes. Because 
the source electrodes are stationary, only a few good 
contact areas need be found, and these can be prepared with 
much more care than with techniques with four moving elec
trodes. The logistics problems in rugged terrain are mini
mized, because only the two receiving electrodes and the 
relatively short wire connecting them need be moved. The 
stationary current electrodes permit a much larger current 
generator to be used than with conventional methods. This 
combined with the logistical advantages permits large areas 
(over 25 square miles in the field example) to be surveyed 
with relative speed and simplicity. Finally, the resulting 
maps are less complex than for methods using arrays with 
four moving electrodes. One reason for this is that each 
moving electrode interacts with the target, and fewer 
moving electrodes mean fewer interactions. Also, inhomo
geneities in resistivity very near the stationary current 
electrodes tend to effect measurements at different potential 
stations in a fairly constant manner.

Even with the. limited theoretical analysis done here, 
the method may be used effectively in exploration. However,
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a useful further development would be to compute type 
curves for other basic structures such as a semi-infinite 
vertical plate, vertical and dipping dikes, vertical cylinders, 
buried spheres, and hemispherical sinks. Spectral and 
trend analysis of these type curves may be rewarding in 
view of the distinctive character of the two cases considered 
in this paper. Further field examples in localities with 
known structures similar to those in an expanded album of 
type curves should give a good indication of the practical 
resolving power of the technique.
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APPENDIX 1

This appendix contains a set of maps for a single 
horizontal layer on a uniform substratum. All the maps are 
contoured on apparent resistivities normalized to the first 
layer resistivity. Only one quadrant of each map is given, 
because the maps are symmetric about each axis. The location 
of the current pole and half of the line connecting it to 
the other current pole is shown with the heaviest line weight, 
In the parallel-field apparent resistivity maps, the "region 
of large values" (see text) is indicated by a "+" sign, and 
the "region of negative values" (see text) is indicated 
by a "-" sign. The line of discontinuity in .each of the 
parallel-field maps is indicated by "DIS". The thickness 
of the first layer is given in terms of c, the separation 
between the current electrodes.
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APPENDIX 2

This appendix contains a set of maps for a single 
vertical contact. All the maps are contoured on apparent 
resistivities normalized to the resistivity of the medium 
containing the current electrodes. Only two quadrants of 
each map are given, because the axis parallel to the source 
is a line of symmetry. The locations of the current poles 
are shown by heavy small circles connected by a heavy line.
In the parallel-field apparent reisstivity maps, the "regions 
of large psoitive values" (see text) are indicated by "+" 
signs, and the "regions of negative values" (see text) are 
indicated by "-" signs. The lines of discontinuity are 
indicated by "DIS". The distance, d, from the center of the 
current electrodes to the contact is given in terms of c, 
the separation between the current electrodes.
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