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24,464
GEOPHYSICAL EXPLORATION BY ELECTRIC
PULSES

William J. Yost, Littleton, Colo., assignor, by mesune as-
signments, to Socony Mobil Oil Company, Inc., a cor-
poration of New York

Original No. 2,685,058, dated July 27, 1954, Serial No.
112,822, Aungust 27, 1949, Application for reissue
July 23, 1956, Serial No, 599,670

25 Claims. (CL 324--1)

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifi-
cation; matter printed in italics indicates the additions
made by reissue.

This invention relates to electrical prospecting methods
wherein current pulses are applied to the earth’s surface
and potentials resulting from the application of the
current pulses are measured and more particularly to
the measurement of the effect on the resulting. potentials
of energy reflected from subsurface reflecting horizons.

In cértain' electrical prospecting methods, current
pulses are applied to the earth’s surface at a selected
iocation and the potentials appearing at a location spaced
from the point of application of the current pulses are
measured. There are various systems known in the art
for applying the pulses to the earth. Further, various
parameters such as the average voltage in the interval

between pulses, the time rate of increase of the potential, -

etc. have been measured. Extreme difficulty is encoun-
tered, however, in measuring the magnitude of the re-
flected energy per se since it is small compared with both
direct waves traveling along the earth’s surface and the
level of noise energy encountered in making such meas-
urements.

It has been found that for certain orientations of -the
exploring apparatus on the earth’s surface the measured
potential may definitely be shown to include energy re-
flected from a depth in the earth.  The effect of ‘the
reflected energy has been found to be a convenient meas-
urable parameter for the delineation of subsurface
structural variations.

In accordance with the present invention, periodic
current pulses are applied to the ground or earth’s sur-
face through either an electric or magnetic dipole. The
tangential component of the field resulting from the ap-
plication of the pulses is measured, preferably for a
short measuring interval. In accordance with a further
aspect of the invention, the phase angle or time-occur~
rence between the measuring interval and the application
of the current pulse is varied in order to determine the
phase relations of characteristic transition points in this
component of the field. The time occurrence of or the
phase angles between a selected point on the applied
pulses and characteristic transition points in the afore-
said field are taken progressively at sclected stations
along a traverse to detect variations in subsurface struc-
tures. :
For a more complete description of the invention and
for further objects and advantages thereof, reference may
now be had to the accompanying drawings in which:

Fig. 1 is a diagrammatic representation of an explor-
ing system including a commutator unit for applying
current pulses and measuring resultant potentials;

Fig. 1A is a developed view of the commutator 15 of
Fig. 1;

Fig. 1B is a developed view of the commutator 42 of
Fig. I; , :
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Fig. 2 illustrates wave forms received at potential elec-
trodes. for the system of Fig. 1;

Fig. 3 is a plot of the phase shift for a traverse over a
known'structure using the system of Fig, 1; ‘

Fig. 4 is a plan view of the spread configuration of
Figs. 1 and 3;

Fig. 5 is a modification of Fig. 4;

Fig. 6 illustrates a further modification of the present
invention; and-

Fig. 7 is a plot of wave forms measured using the
system of Fig 6.

The present invention is illustrated in one form in Fig.
1 utilizing ‘a system similar to but not the same as that
disclosed 'in ‘Clewell ‘Patent No. 2,454,911.

Electrodes 10 and 11 are buried in the surface of the
earth and are connected by way of conductors 12 and 13
to a ‘commutating element 15. The commutator 15 in-
cludes ‘two -cylindrical conducting elements 16 and 17
which ‘are ‘separated by ‘a cylindrical insulating member
18. The conductors 12 and 13 are connected to brush
terminals ‘positioned for contact with the surface of the
commutator I5. As shown in Fig. 1A, the conducting
elements 16. and 17 and the insulating member 18 are
shaped so that, npon rotation of the commutator, the
brush ‘terminals connected to conductors 12 and 13 are
‘alternatély in contact with elements 16 and 17. The
‘brush terminals -of conductors 20 and 21 serve to apply
a voltage from a battery 22 or other suitable source of
-direct current to the circumferentially continuous por-
tions of the ‘conducting elements 16 and 17 of com-
‘mutator 15, and ‘thence to conductors 12 and 13 and the
electrodes 10 ‘and 11. The commutator 15 is mechani-
cally coupled by way of shaft 25 to a variable speed
motor 26. A source of power generically represented by
battery 27 supplies electrical energy to the motor 26.
The potentiometer 28 in the energizing circuit of motor
26 represents means for controlling the speed of rotation
of the motor and the associated commutator 15.

Upon rotation of the commutator 15 by motor 26,
periodic rectangular current pulses alternately of oppo-
site polarity flow in conductors 12 and 13. These pulses
are abruptly initiated and terminated. For the position
of the commutator illustrated in Fig. 1 the negative
terminal of battery 22 is connected by way of conductor
20, commutator segment 16 and conductor 13 to elec-
trode 11. In a similar manner, the positive terminal of
battery 22 is connected through conductor 21 and com-
mutator element 17 to conductor 12 and thence to elec-
trode 10. When the commutator has been rotated 180°
from the position shown in Figs. 1 and 1A, the line 20
will be connected to line 12 while line 13 will be con-
nected to the positive supply line 21. Thus the com-
‘mutator - periodically reverses the - connections from
battery 22 to electrodes 10a and 11. A typical wave
form of the alternating current flowing in the conductors
12 and 13 is illustrated in Fig. 2 where a positive pulse
30, 60° in length (cross-hatched), is followed by a 120°
interval which in turn is followed by a negative pulse 31,
60° in length and a second interval 120° in length.

Potential electrodes 40 and 41, Fig. .1, are connected
by way of conductors 40b and 41b to a commutator 42.
The difference ‘in potential appearing between the clec-
trodes 40 and 41 is applied to a long time-constant
measuring means such as a galvanometer 43 -or its
equivalent from the commutator 42. The commutator
42 is driven from motor 26 in synchronism with or at
the same speed as commutator 15 neglecting changes
during phasing control operations described below. A
differential or phase control 45 of suitable type is in-
terposed in the drive between .motor 26 and commutator
42 'to provide a convenient means for adjusting the
relative "apgular position between commutators 15 and
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42,
tional type, is driven by shaft 25 and transmits a torque
to shaft 46 which carries commutator 42. A suitable
control 47 is provided to vary the relative angular posi-
tions of shafts 25 and 46.

In accordance with the present invention, potentialys”

appearing between electrodes 40 and 41 are applied to
the galvanometer 43 for a relatively short period dur-
ing each cycle. The conducting segments 44 and 44a of
the commutator 42 are constructed to occupy but a
small portion of the circumference of the commutator
42. The potential applied through commutator 42 to and
read on galvanometer 43 is the integrated sum of all
waves reaching the potential electrode location' during

the measuring period. The voltage of relatively short -

duration is repeatedly applied, once during each one-half
cycle, to the long period galvanometer 43, and by a num-
ber of applications produces a galvanometer deflection
which approaches a value proportional to the maximum
value of the voltage.
voltage includes noise components in addition to com-
ponents attributable to flow of the periodic current pulses
in the radiating conductors 12 and 13. It is to be noted,
however, that since noise voltages are random in their
occurrence and polarity, their average value is zero over
a long period of time. Accordingly, the longer the period
of the galvanometer 43 or an equivalent measuring device
the greater the reduction in the noise components.. One
galvanometer which has been used in the system of Fig. 1,
having a period of two seconds and sensitivity in the
range of .01 microamps/millimeter deflection is the
“D, C. Spotlight Galvanometer” No. 3402-H sold by the
Rubicon Company of Philadelphia, Pennsylvania. By

making a series of observations at each of a plurality of .

short, closely spaced time intervals in synchronism with,
and throughout the duration of the input current pulse,
data (galvancmeter readings) may be obtained which de-
scribed, point by point, throughout an entire cycle, the
character of the resulting pattern or wave shape of the
electric ficld at the detecting location.

There are two effects of current flow to and and from
the commutator 15, The conductors 12 and 13 form a
dipole from which electric energy is radiated. The
primary electric field produced by the current pulses in
conductors 12 and 13, accordingly, corresponds with that
produced upon excitation of a dipole oriented parallel
to the surface of the earth in accordance with well under-
stood theory as applied to radio antennas. In this con-
nection, it is to be noted that the pulses are at least
abruptly initiated, or abruptly terminated and are produced
at a relatively low frequency, generally below 30 cycles
per second. Thus, phase changes which in the radio fre-
quency range would impose limitations upon the points
of connection of the excitation source to the dipole do
not arise with the dipole formed by conductors 12 and
13. Accordingly, the commutator 15 may be positioned
centrally of the dipole as shown in Fig. 1, or it may be

located at any point along the combined lengths of con-.

ductors 12 and 13. The detecting or potential electrodes
40 and 41 are disposed on the line 40a—d41a which is
parallel to the line 10a-—11a. Hence the electrodes
40 and 41 are disposed on a line which is perpendicular
to and bisected by a 'radial which may be drawn from
the center of the dipole 12, 13 to the center of the line
between detecting electrodes 40, 41. Accordingly, the
detecting electrodes measure the tangential component of
the electric field produced by the dipole 12, 13; that is,
the component of the field parallel to its wave-front.

The second effect or secondary field produced by cur-
rent flow to and from the dipole 12—13 is the production
of subsurface electromagnetic waves which are reflected
by subsurface resistive interfaces. The subsurface waves
travel more slowly through the earth and reflected energy
thus is delayed in its arrival at the detecting electrodes 40

More particularly, the differential 45 of conven-

As a general rule, the applied *
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and 41 where a voltage in the resulting potential pattern

* is detected. :

Tt

At the detector, the difference in potential between
electrodes 40 and 41 divided by the distance between
them will be a direct measure of the intensity of the elec-
tric field between them. As the distance S of Fig. 1 in-
creases, the electric field established by the current flow-
ing in the dipole formed by conductors 12 and 13 de-
creases at a relatively slow rate, i. e., as the inverse of
the first power of the distance traveled, the distance S,
for energy iraveling along the surface between the dipole
12—13 and the electrodes 40 and 41. This decrease is
dependent upon change in the distance S.

The electric field at the detecting electrodes which arises
due to the current impulses applied to the earth by elec-
trodes 10 and 11 depends upon change in the resistivity
of the earth and is also dependent upon change in distance

- 8. Since the earth forms a conductor of infinite area
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‘the line 10a—11a at one end of the rectangle.

there is distributed flow of current between electrodes 10
and 11. The electric field, due to flow of current through
the earth, appearing between electrodes 40 and 41, de-
creases at a much greater rate with increasing values of
S, i. e., inversely as the cube of the distance S as com-
pared with the radiation component. Therefore the effect
of current flow in the earth between electrodes 10 and 11
may be neglected in the present invention because elec-
trodes 40 and 41 are located a relatively great distance
from electrodes 10 and 11.

If the earth be considered as homogeneous, - the signal
at the detecting electrodes may be considered to be com-
prised entirely of a “boundary wave” which travels along
the surface of the earth-air interface at a relatively high
velocity approaching the velocity of light. Where the
earth is not homogeneous, the signal at the detecting elec-
trodes will be a combination of that due to the boundary
wave and that due to reflection of energy from subsurface
resistive interfaces.

Reference may be had to the electromagnetic theory of
radiation of energy from the concept of an elemental
dipole for a further understanding of certain theoretical
aspects of the invention, such theory being briefly set
forth in the book entitled Reference Data for Radio Engi-
neers, 2nd ed., 1946, published by the Federal Telephone
and Radio Corporation, particularly chapter 13, page
250. An elemental dipole may be substituted for the
dipole formed by conductors 12 and 13, such theoretical
elemental dipole being located midway between the com-
bined lengths of conductors 12 and 13. Such a dipole will
produce an effect of the same character as conductors 12
and 13 with similar excitation. Thus, conductors 12
and 13 acting as radiators of electromagnetic energy are
equivalent to a great number of theoretical elemental
dipoles oriented in an end-to-end array.

In accordance with the invention, the dipole 12, 13 at
the sending station generates waves traveling in all direc-
tions. The potential electrodes 40 and 41, of course,
detect the sum of the waves traveling by way of all
paths to the receiving station, and, as will be later ex-
plained more in detail, the wave shape of the -electric
field or the potential pattern of the pulses appearing at
electrodes 40 and 41 is determined. The shape of that
pattern will be affected by subsurface interfaces, and
by determining its shape or characteristic transition points
thereof useful inforination is obtained as to the location
of such interfaces.

It has been found that the wave shape of the electric
field is controlled to a considerable extent by the rela-
tive orientation of current and potential electrodes. The
orientation of Fig. 1 may, for simplicity, be termed an
H-spread which is essentially a rectangular configuration
in which the conductors or cables 12 and 13 lie along
Line
10a—11a is parallel to the line 40a—41a at the other
end of the rectangle on which the potential electrodes 40
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and 41 are Tocated. With such an-orientation, the elec- -

trodes 40-—41 detect the aforementioned tangential com-
ponent of the electric field generated by the current flow-
ing in conductors 12 and 13.

A theoretical boundary wave for an H-spread of Fig.
1 is illustrated in Fig. 2 at A.* Upon application of the
current pulse 30, a potential immediately appears at the
detecting  electrodes 40—41. The potential rises in-
stantaneously to a positive maximum 51 followed by
an approximately exponential decay until the time of
termination of the pulse 30. Thereupon, the tangential
component of the electric field at the detecting electrodes
immediately reaches a negative maximum 52 which is
followed by an approximately expenential decay ap-
proaching the zero axis. The subsequent half cycle be-
ginning with the application of the negative pulse 31 is
similar to the preceding half. - This wave shape may be
and was calculated from electromagnetic theory with
the assumption that there is no reflected energy (homo-
geneous medium) and that the electric field is described
completely by the conditions at an infinite boundary
between homogeneous earth and the air.

The potential pattern 51 may be measured as above
-explained by the galvanometer 43, Fig. 1. The poten-
tial detected between electrodes 40  and 41 is applied to
the galvanometer when the segment 44 is in circuit with
electrode 40 and a similar segment 44a not seen in Fig.
1 but shown in Fig. 1B is in circuit with electrode 41
for a period or measuring angle preferably small com-
pared to the length of a cycle of the applied pulses. A
measuring angle of 20° has been found to be satisfactory,
i. e., each of the segments 44 and 44a occupies 20° of
the 360° periphery of the commutator 42.

The pattern 55 actually measured by the system of
Fig. 1, is illustrated at B, Fig. 2. The phase control unit
45 is successively adjusted so that measurements are made
at 5° intervals through the entire cycle of the applied cur-
rent pulse and the magnitude or the average of the po-
tential for the 20° measuring interval plotted at each 5°
point to produce the pattern 55. Due to the length of
the measuring angle, the pattern 50 at A, Fig. 2, appears
as the slightly modified pattern 55 at B, Fig. 2. - More
particularly, the potential begins to rise and is plotted
slightly ahead of the instant of application of the cur-
rent pulse 30, simply because the measured potential is
plotted at the center of the measuring angle and the
measuring angle is of finite length. The potential pat-
tern 55 reaches a positive peak 56 of less distinctive
character  than the theoretical peak 51 and thereafter
exponentially approaches zero. Upon termination of
the pulse 30, the potential passes through zero at peint
57, at a time following the termination of the pulse,
reaches a mnegative maximum 58, 2nd thereafter ap-
proaches zero.

Three characteristic transition points or voltage transi-
tions on the curve are affected to a measurable degree
by reflected energy and each transition point is measured
using the system of Fig. 1. A “voltage transition” or
“transition point” as used in the present description is
‘to be taken to mean a transition or a change in the po-
larity of a voltage or a change in the sign of the slope
of a wave form corresponding with such voltage. The
three voltage transitions are: (1) point 56, which is the
transition from positive slope to negative slope; (2) point
§7, which is the transition from a positive voltage to a
negative voltage, and finally (3), point 58 which is
transition from a negative slope to a positive slope.

- It has been found that with respect to the instant of ap-
plication of the current pulse the time-occurrence of
the transition points varies in a manner depending upon
the presence or absence of reflected waves as will later
be explained in further detail.

The actual measurement of the time occurrence of the
transition points above noted will preferably be made
-8t points along a line or traverse of interest in- the fol-
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lowing manner. Referring to Fig. 3, a traverse 61—62
is selected in an area in which a survey is-to be made.
The line 10a—11a on which electrodes 10 and 11 are
positioned is preferably oriented perpendicularly to and
bisected by the traverse 61-—62. It has been found
suitable to provide a dipole length or electrode spacing
e of 500 feet. The line 40a—41a upon which electrodes
40 and 41 are located likewise is bisected perpendicu-
larly by the traverse line 61—62. Where the electrode
spacing e is 500 feet, a spread distance s of 2,000 to 3,000
feet has been found satisfactory, it being understood, of
course, that the motor and the associated apparatus driven
by it as shown in Fig. 1 will be located at one station
while conductors will extend from one of the commu-
tators to:the remotely located station, such, for example,
as has been illustrated in Fig. 6.

With the exploring apparatus thus oriented, motor 26,
Fig. 1, is energized, driving the commutators 15 and 42
at a selected frequency, preferably within the range of
¥ to 30 cycles per second. Thereafter the phase angle
or time occurrence of one or all of the three transition
points will beé measured by varying the relative angular
position of the circuit controlling members or commu-
tator: elements 15 and 42 while observing the galva-
nometer 43. More particularly the control knob 47 of
the differential 45 is effective upon rotation to change
the aforementioned relative angular position through a
total angle of 360°. The system is so adjusted that when
the pointer carried by knob 47 is at zero on scale 48
the -exciting circuit and the detecting circuit are closed
at precisely the same instant in each cycle of the periodic
pulses. The phase angle or relative time of closure
of the detecting circuit with respect to time of closure
of the exciting circuit may then be varied by rotation of
knob 47 to any point in the period of the current pulses.
Also, at the upper end of scale 48 the exciting and de-
tecting circuits will be closed simultaneously. Scale 48
may then be calibrated to give a direct reading of the
phase angle of closure of the detecting circuit to the
galvanometer 43 taking the instant of closure of the
exciting circuit from battery 22 as the zero reference.

If it is desired to obtain data to plot the complete wave
shape of the detected potential, the pointer carried by knob
47 is set at zero and motor 26 is energized. The deflection
of the galvanometer 43 is then recorded. The control
knob 47 is then rotated to the 5° point on scale 48 and
the galvanometer reading again recorded. The procedure
will thus be repeated at each 5° point throughout the
entire length of scale 48. With data thus obtained, a
substantially complete potential pattern such as illustrated
by the wave form 50 of Fig. 2 may be plotted. If it is
desired only to measure or determine the phase angle dé
for one or all of the three transition points the knob 47
will be varied slowly from zero to full scale while observ-
ing the deflection of galvanometer 43. The occurrence
of galvanometer maxima or minima may be noted and
corresponding phase angles recorded. At a phase angle
immediately following the application of a current pulse,
a glavanometer maximum will be noted as having the
same polarity as the applied pulse which identifies tran-
sition point 56, Fig. 2. At the termination of the pulse
or immediately thereafter, a zero potential or a null read-
ing will be observed on the galvanometer which locates
the transjtion point'57. This will be followed, if the phase
angle is further-increased, by the occurrence of the nega--
tive maximum or the transition point 58.

Patterns similar to the curve 55, Fig. 2, have been ob-
tained in areas where, from all available geological in-
formation, there was no evidence of substantial subsurface
discontinuities or anomalies. In such non-anomalous
areas, point 56 is found to be closely associated or coin-
cident with the application of the current pulse and is the
result of boundary wave energy ‘traveling along the air-
earth -interface at ‘a very high velocity. Points 57 and
58 are closely associated with the termination of the
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pulse. At such an off-structure location, all three of the
foregoing measured phase angles are relatively smaller
than at locations over a reflecting subsurface bed.. Stated
otherwise, the potential pattern 55, Fig. 2, detected at an
off-structure location is one substantially entirely made
up of the aforementioned boundary wave.

For convenience, the time-occurrence or phase angle
at which a transition point occurs in a measurement made
at an off structure or non-anomalous location may be
used as a zero reference. Then as measurements are made
at other stations, the change in the angle denoted by dg,
Fig. 2, and obtained from scale 48, may be used as the
measured parameter and variations in dé taken as an indi-
cation of subsurface structural variations. For example
in Fig. 3, a zero phase angle is plotted for a representative
transition point at an off-structure station 65 which for
convenience is plotted at a point along the traverse deter-
mined by the geometrical center of the rectangle described
by the four electrodes 10, 11, 40 and 41. * As the explor-
ing apparatus is progressively moved in 500 foot steps
or intervals from the off-structure station 65 to a location
or station 66 where all of the exploring apparatus is over
a structure, the transition points 56, 57, and 58, illustrated
in Fig. 2 are found to have occurred at later times or
greater phase angles than were observed at off-structure
stations. More particularly, as illustrated at C, Fig. 2,
the curve 55a may be taken as the exemplary of the
potential pattern obtained with the exploring apparatus
located wholly over a structure. The time occurrence of
either the transition point 56a, the null 57a, or the tran-
sition point 58a is later than for corresponding measure-
ments taken at station 65. Since electromagnetic waves
traveling down into the earth (rather than along the
surface) have a low velocity in the order of 25,000 feet
per second, depending in part upon the resistivity of the
earth and the frequency of the waves, the observed delay
can be attributed directly to the presence of a reflecting
sub-surface structure. Stated otherwise, there is a portion
of the field that is comprised of high velocity boundary
wave energy and additionally some lower velocity re-
flected energy, the latter arriving at the surface at some
time after the former, depending upon the velocity and
the depth to which the reflected energy traveled.

In Fig. 3, the delay angle dg has been plotted for a series

of stations (A to K) leading over a known subsurface .

structure. The presence of the structure is distinctly
shown by the rapid increase in the delay angle or the
phase shift of the transition points. It will be apparent
that the measurement of the null point §7a, Fig. 2C, may
be made more accurately than measurement of maxima
56a or 58a as is characteristic of null measurements and
is therefore preferred.

The H-spread of Figs. 1 and 3 is dlagrammatlcally illus-
trated in the plan view of Fig. 4, with the conductors

extending between the receiving electrodes 40 and 41

omitted. It will be understood such conductors may be
provided, one example being shown in Fig. 6. Electrodes
10, 11, 40, and 41 are oriented at the corners of a rec-
tangle. The conductors 12 and 13 are positioned along
one end of a rectangle with the detecting electrodes at the
corners on the opposite end of the rectangle. With this
orientation the potential appearing between electrodes 40

and 41 is the tangential component of the electric field .

established by flow of current in conductors 12 and 13.
As above pointed out, at large distances away, the con-
ductors 12 and 13 may be considered to be the same as an
elemental dipole located at their center. The elemental
dipole is oriented in a plane parallel to the earth’s surface.
In Fig. 1, the electrodes 40 and 41 are positioned on a
line that is perpendicular to a radial line extending from
the center of conductors 12 and 13. Hence, they detect
the tangential component of the electric field. Another
orientation of the electrodes is illustrated in Fig. 5 where
the electrodes are oriented on a line perpendicular to
and bisected by a radial, such as line 70, extending from
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the center of the current dipole. In Fig.5, the radial 70
is at an angle ¢ of 45° with respect to the dipole formed
by the conductors 12 and 13. A The potential electrodes
40 and 41, oriented on a line perpendicular to radial 70
detect the tangential component of the electric field but the
amplitude is reduced by a factor equal .to the cosine of
¢ (i. e., 0.707). Thus, as a practical matter, the angle ¢
may be any angle less than +90° and is limited only be-
cause at 90° the tangential component of the electric field
is zero. It will be observed that where ¢=0 the potential
is a maximum, and therefore represents the preferred ar-
rangement for the measurements.

The foregoing description has considered the meas-
urement of the tangential component of the electric field.

53 There will now be described a system for measuring

corresponding transition points in the tangential com-
ponent of the magnetic field from a radiating magnetic
dipole. For example, a magnetic dipole in the form of
a loop 71 illustrated in Fig. 6 may be utilized for genera-
tion of such a field. A similar potential loop 72 posi-
tioned on and parallel to the earth’s surface is used to
detect the field. Loops 71 and 72 and the spacing be-
tween them may have dimensions of the same order of
magnitude as used with the electric dipole of Fig. 3. The
loops may be 500 feet to 100C feet in.diameter and spaced
with their centers 2000 feet to 4000 feet apart. The loops
will be connected to a commutating-measuring system 73
of the type previously described.  However, since the use
of loops inherently eliminates the problem of polarization
encountered in electrode spreads, unidirectional pulses
74, Fig. 7, may be used. Such current pulses flowing in
the magnetic dipole or loop 71 are inductively ‘applied
to.the earth and cause a potential to be induced in loop
72. At any given instant, a vector representing the mag-
netic field produced by flow of current in the horizontal
loop 71 is vertical. The loop 72 detects the component
of the magnetic field parallel to the aforementioned vector
and thus detects the tangential component of the mag-
netic field. The wave form 75 is representative of the
tangential component of the magnetic field detected at
an “on structure” location.

The detected wave form 75 of Fig. 7 is substantially
the same as would be obtained by mechanically or
mathematically differentiating the pattern 55a of Fig. 2.
Thus, each of the transition points 56a, 57a and 58a. of
Fig. 2 has a characteristic measurable counterpart in the
pattern 75 of Fig. 7. More particularly, the zero transi-
tion point 76 correspends with the posmve maximum 56a
of Fig. 2.  Similarly, the negative maximum 77 and the
zero point 78 correspond with the zero peint §7a and
the negatwe maximum 58a, respectively.

For a given frequency, each of the characteristic transi-
tion points 76, 77, and 78 will be found to shift in their
time occurrence as the spread is moved from an off-
structure location to an on-structure location. In gen-
eral their phase angle, measured with reference to either
the leading or trailing edge of each current pulse or to
some other known point. with respect to the pulses, will
change as measurements progressively are made from off
of a structure to over a structure. This is not true, how-
ever, in the case of the positive maximum 79 for the
reason that it is associated primarily with the arrival at
the detector location of the high velecity boundary wave
and is relatively unaffected by the later arriving slower
velocity reflected waves.

A “dipole” as used in the presemt description is an
electromagnetic radiating element that produces an effect
at the measuring or observing point that is the same in
character as would be produced by a theoretical elemental
dipole positioned at the same location as the radiating
element, Thus, in Fig. 1 conductors 12 and 13 form
an electric dipole that corresponds to an elemental electric
dipole at the center thereof positioned with its axis
parallel to the earth’s surface. In Fig. 6 loop 71 pro-
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duces an effect the same as produced by an elemental”

magnetic dipole positioned at the. center of loop 71 with
its axis vertical.

The term “current pulses” is used to designate current
flow characterized by an abrupt change from a maximum
value to a minimum or zero value or vice versa, or both,
as in the case of the rectangular current impulses shown
in Fig. 2.

The term “tangential component” of the field is that
component of the field represented by a vector tangential
to a circle whose center is at the location of and which
lies in the plane as the radiating dipole.

The aforementioned measurements of the tangential
component of the field were made in one instance along
a traverse extending over a salt dome on which extensive
drilling made available an accurate outline of the struc-
ture. The dome was one mile across, having a relatively
flat top 1,000 feet beneath the earth’s surface. Phase
angles (d¢) as great as 40° in the tangential component
of the electric field were encountered while proceeding
as abovedescribed from an “off-structure” to an “on-
structure” station. The magnitude of the measured or
observed phase angle will in any case depend upon the
magnitude of the reflected wave compared to that of the
boundary wave. The magnitude of the reflected wave
is a function of the resistivity of the. earth, the contrast
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in resistivities at a reflecting interface, and the depth of

the point of reflection. Since the measurement of the
null points in the tangential component of either the
electric or magnetic field may be made with considerable
accuracy, much smaller phase angles than the above ob-
served 40° angles may be utilized to advantage in deter-
mining variations in subsurface structures. Thus, varia-
tions deeper than the aforementioned 1,000 feet may be
detected by applying periodic pulses to the earth’s sur-
face, detecting the tangential component of the resulting
field, and measuring the phase angle between a selected
reference, as the beginning or end or a selected point on
the pulses, and one or all of the transition points.

The current pulses of Fig. 2 are illustrated as being
60° long followed by a 120° gap therebetween. There
is ‘no particular restriction upon the pulse length except
that it is desirable to use pulses at least as long as the
measuring period. In a system using a 20° measuring
period, current pulses have been utilized in the range of
from 20° to 100° long. In that system, for current pulses
applied to the conductors 12 and 13 in the order of 2
amperes, the boundary wave potentials were in the order
of 1 millivolt.

The form of commutator illustrated in Fig. 1 has been
here adopted for the purpose of simplicity. It is to be
understood that various commutating schemes known in
the art may be used to apply the periodic pulses to the
earth either by way of the electric dipole of Fig. 1 or the
magnetic dipole of Fig. 6. )

Though the invention has been illustrated by certain
modifications thereof, it will be apparent that other and
further modifications within the scope of the invention
as set forth in the appended claims may now suggest
themselves to those skilled in the art.

What is claimed is:

1. An electrical prospecting system comprising an elec-
tric dipole positioned at and parallel to the surface of
the earth, means for applying to said dipole periodic cur-
rent pulses of abruptly changing magnitude for electro-
magnetically coupling said dipole to said earth, a po-
tential circuit including means for detecting the tangential
component of the electric field resulting from application
of said current pulses to said electric dipole, and means
for measuring the phase angles between a selected ref-
erence point in the time-occurrence of said pulses and
the time-occurrence of a magnitude of said field repre-
sentative of a transition point in said tangential com-
ponent of said field.
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2. An electrical prospecting system comprising a-mag-
netic dipole positioned at the surface of the earth, means
for applying abruptly changing periodic curremt puilses
to said magnetic dipole for electromagnetically ‘coupling
said dipole to said earth, a potential circuit including

-means for detecting the ‘tangential component of the

magnetic field resulting from application of said pulses
to said magnetic ‘dipole, and ‘means for measuring the
phase angles between “the time-occurrence ‘of transition
amplitudes of said tangential component of said field -and
a reference-time selected with respect to ‘the time-occur-
rence of said pulses.

3. An" electrical prospecting = system comprising
grounded radiating conductors ‘positioned along one end
of a rectangular spread configuration, ‘means for apply-
ing periodic current pulses to said radiating conductors
for generating surface and subsurface waves traveling
therefrom, potential detecting means positioned at the
other end of said rectangle, a circuit connected to said
potential detecting means including means for measuring
the sum of said waves for a short measuring period, and
means for varying the phase of said measuring period
with respect to a selected time of application of said
periodic pulses to said radiating conductors to determine
the phase angle of transition points in said detected sum.

4. An electrical prospecting system comprising a com-
mutator having at least two circuit controlling members
and means for varying the relative angular position of
said circuit comtrolling members, a dipole positioned at
a sending station adjacent the earth, a source of potential
connected to one of said members and to said dipole for

producing in said dipole a cyclic flow of abruptly chang-

ing current pulses each of predetermined time-duration
in said dipole upon operation of said commutator for
establishing an electromagnetic field in. the earth, detect-
ing means positioned adjacent the earth at a receiving
station spaced from said sending stationand connected
to the second of said circuit controlling members, said
second circuit controlling member being characterized by
circuit completing means operative for an interval short
compared with the time-duration of each of said pulses,
a galvanometer connected to said second circuit control-
ling member for measurement of potentials applied there-
to during said short measuring interval, and means associ-
ated with said phase varying means for measuring the
phase angle between the beginning of current flow in said
radiating dipole and the occurrence of potential maxima
and minima in the potentials detected and applied to said
galvanometer.

5. An electrical prospecting system comprising a source
of current, circuit controlling member, a radiating dipole
positioned at the surface. of the earth and conmnected to
said source of current and to said circuit controlling mem-
ber, means for actuating said circuit controlling member
for flow of periodic, abruptly changing, current pulses
in said dipole to establish an electromagnetic field in the
earth, detecting means spaced from the location of said
dipole oriented for detection of the tangential component
of the field resulting from flow of said current pulses

.in said dipole, a second circuit controlling member con-

nected to said last named means and characterized by
circuit completing elements operative for an interval short
compared to the period of said periodic current pulses,
long period measuring means connected to said second
circuit member to measure the amplitude of said tan-
gential component during said short interval and to elimi-
nate noise voltages in said detecting means, and a varia-
ble phase coupling means between said circuit controlling
members for varying the relative phase positions thereof
for measurement of maxima and minima potentials in
said detecting means resulting from said périodic current
pulses. :

. 6. The method of -electrical prospecting which com-
prises periodically applying to the earth at a transmitting
station current pulses having at least one region of abrupt
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change of current level which give rise to electrical sur-
face waves and sub-surface waves, at a receiving station
spaced from said transmitting station detecting a potential
in'a potential pattern of the tangential component of the
field produced at said receiving station by the sum of
said waves, said pattern having transition points where
the sum. of said waves is maximum, in a negative direc-
tion, and where said sum is zero, varying the time at
which said potential is detected relative to the time-oc-
currence of said current pulses, integrating during pro-
duction of a plurality of said pulses the potential detected
at a transition point to minimize the effect of random-
occurring potentials not due to said pulses, and measur-
ing the time spacing between a selected reference time
in the time-occurrence of said current pulses and said po-
tential detected at a selected transition point of said po-
tential pattern.

7. An electrical prospectmg system comprising two
electrical conductors disposed in a substantially end-to-

end relation and grounded at opposite ends, electrical !

means for applying periodic current pulses to adjacent
ends of said conductors for simultaneous production of
electrical surface waves along the air-earth interface and
electrical subsurface waves affected by subsurface inter-
faces, detecting means located a distance from said con-
ductors for measuring a potential in a potential pattern
produced by the sum of said waves, and means for vary-
ing relative to said pattern the measurement of the de-
tected potential for determination of the phase relation
of a transition point relative to said periodic pulses.

8. In electrical prospecting utilizing an electric dipole
positioned at the earth’s surface, the method which com-
prises applying to said dipole periodic current pulses of
abruptly changing magnitude, detecting the tangential
component of the electric field generated by radiation of
electromagnetic energy from said dipole during applica-
tion of said pulses and within a measuring period short
compared to the period of said current pulses, varying
the time-position of said measuring period relative to the
time-position of said current pulses, and measuring with
respect to the time-position of said current pulses the
time-occurrence of a positive maximum voltage of said
tangential component.

9. In electrical prospecting utlllzlng an electric dipole
positioned at the earth’s surface, the method which com-
prises applying to said dipole periodic current pulses of
abruptly changing magnitude, detecting the tangential
component of the electric field generated by radiation of
electromagnetic energy from said dipole during applica-
tion of said pulses and within a measuring period short
compared to the period of said current pulses, varying the
time-position of said measuring period relative to the time-
position of said current pulses, and measuring with respect
to the time-position of said current pulses the time-occur-
rence of zero voltage of said tangential component.

10. In electrical prospecting utilizing 2 magnetic dipole
positioned at the earth’s surface, the method which com-
prises applying to said magnetic dipole periodic current
pulses of abruptly changing magnitude for electromag-
netically ¢coupling said dipole to said earth, detecting the
tangential component of the magnetic field established
in said earth by said pulses during application of said
pulses and within a measuring period short compared to
the period of said current pulses, varying the time-positicn
of said measuring period relative to the time-position of
said current pulses, and measuring with respect to the
time-position of said current pulses the time- -occurrence
of zero voltage of said tangential component.

11. An electrical prospecting system comprising means
for applying to the surface of the earth at a selectsd
location current pulses of abruptly changing magnitude
to produce surface waves and subsurface waves, means
for detecting at a different location the tangential com-
“ponent of the field resulting from production of said
“waves at said selected location, and means for measuring
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with respect to the time-occurrence of said pulses the
time-occurrence of a voltage transition in said tangential
component of said field.

12. An electrical prospecting system comprising a di-
pole positioned at the earth’s surface at a selected loca-
tion, means for applying to said dipole current pulses
of abruptly changing magnitude for producing at a dis-
tance therefrom a field having values representative of
transition points whose phases relative to said pulses are
determined by the character of subsurface formations,
means for detecting at a distance from said dipole the
tangential component of said field, a circuit including
measuring means connected to said detecting means for
measuring the magnitude of said tangential component
during a measuring period short compared to the period
of said pulses, means for varying the relative time-position
between said measuring period and the time-position of
said current pulses for response of said measuring means
to a magnitude of said field representative of at least one
of said transition points, and means for measuring the
change between said time-positions required to produce
response of said measuring means to said magnitude of
said field representative of at least said one of said tran-
sition points.

13. An electrical prospecting system comprising at a
transmitting station elongated electrical conducting means
forming a dipole positioned at the surface of the earth,
means for applying to said dipole current pulses of abrupt-
1y changing magnitude for producing at a distance there-
from a field having values representative of transition
points, a potential circuit at a receiving station including
means for variably detecting with respect to time the
tangential component of said field, and means for meas-
uring the time separation between the time-occurrence
of said pulses and the detection of voltage transitions in
said tangential component of said field.

14. An electrical prospecting system comprising at a
sending station two colinear electrical conductors ground-
ed at opposite ends, means including a current source
and commutating means connected to said conductors
intermediate the grounded ends thereof for producing
therein “periodic current pulses of abruptly changing
magnitude for generation by said pulses of surface and
subsurface waves traveling from said conductors, detect-
ing means connected to said commutating means and
including two colinear electrical conductors lying along
and grounded at opposite ends on a line perpendicular
to a radial line extending from the geometrical midpoint
of the electric conductors at said transmitting station
for detecting the sum of said surface and subsurface
waves, a long period galvanometer connected to said com-
mutating means, and phase adjusting means associated
with said commutating means for varying the relative
phase between the time-occurrence of said current pulses
and the time-occurrence of application of said sum to
said galvanometer whereby the phase angle of maxima
and minima galvanometer deflections corresponding to
the characteristic voltage transitions in said sum may be
determined in terms of the setting of said phase adjust-
ing means.

15. In electrical prospecting utilizing a dipole posi-
tioned at the earth’s surface, the method which comprises
applying to said dipole periodic current pulses of abruptly
changing magnitude, detecting the tangential component
of the field generated by radiation of energy from said
dipole during application of said pulses. and within a
measuring period short compared to the duration-period
of each current pulse, establishing each measuring period
in the interval between successive pulses, varying the time-
position of said measuring period relative to the time-
position of said current pulses, and measuring with re-
spect to the time-position of said current pulses the time-
‘occurrence of a transition pomt in a potential pattern
detected during said measuring period.

16, In electrical prospecting utilizing a dipole posi-
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tioned at the earth’s surface, the method which comprises
applying to said dipole periodic current pulses of abruptly
changing magnitude which give rise to clectrical surface
waves and subsurface waves, at a receiving station spaced
from said transmitting station detecting a potential in a
potential pattern of the tangential component of the field
produced at the receiving station by the sum of said
waves, said pattern having transition points time-displaced
one from the other where the sums of said waves are
respectively zero and a negative maximum, varying the
time at which said potential is detected relative to the
time-occurrence of said current pulses, and measuring
the time spacing between a selected reference time in
the time-occurrence of said current pulses and said po-
tential detected at a selected one of said transition points
of said potential pattern.

17. In electrical prospecting utilizing an electric dipole
positioned at the earth’s surface, the method which com-
prises applying to said dipole periodic current pulses of
abruptly changing magnitude which give rise to electro-
magnetic surface waves and subsurface waves, at a re-
ceiving station spaced from said transmitting station
detecting a potential in a potential pattern of the tangen-
tial component of the electric field produced at the re-
ceiving station by the sum of said waves, said pattern
having transition points time-displaced one from the
other where the sums of said waves are respectively zero
and a maximum both positive and negative, varying the
time at which said potential is detected relative to the
time-occurrence of said current pulses, and measuring
the time spacing between a selected reference time in the
time-occurrence of said current pulses and said potential
detected at a selected one of said transition points of said
potential pattern.

18. In electrical prospecting utilizing a magnetic di-
pole positioned at the earth’s surface, the method which
comprises applying to said dipole periodic current pulses
of abruptly changing magnitude which give rise to elec-
tromagnetic surface waves and subsurface waves, at a
receiving station spaced from said transmitting station
detecting a potential in a potential pattern of the tangen-
tial component of the magnetic field produced at the re-
ceiving station by the sum of said waves, said pattern
having transition points time-displaced one from the other
where the sums of said waves are respectively zero and
a negative maximum varying the time at which said po-
tential is detected relative to the time-occurrence of said
current pulses, and measuring the time spacing between
a selected reference time in the time-occurrence of said
current pulses and said potential detected at a selected
one of said transition points of said potential pattern.

19. The method of detecting the presence of a sub-
surface conducting body by applying to a selected re-
gion of ground a primary magnetic field of square wave
form and having a time duration of 100 or more millisec-
onds, and measuring the resultant magnetic field response
after a period of 50100 microseconds following the ini-
tial application of the said primary field.

20." The method of detecting the presence of a sub-
surface conducting body which method comprises placing
a closed primary loop at the region of ground to be in-
vestigated, passing a square wave pulse of current through
the loop said pulse having a time duration of 100 or more
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milliseconds, and measuring the decrease with time of
the secondary magnetic field response after a period of
time of 50-100 microseconds following the initial appli-
cation of said current pulse.

21. The method of detecting the presence of a sub-
surface conducting ore body which method comprises the
application of a square wave pulse of current of at least
100 milliseconds duration through a current-conducting
loop disposed in the region of ground being investigated
and measuring the resultant voltage induced in a pick-up
coil 50-100 microseconds following the application of
said pulse of current, the magnitude and decrease with
time of said resultant voltage being taken as indicative
of the presence of a conducting ore body in the vicinity.

22. The method of establishing the approximate size
of a subsurface conducting ore body which method com-
prises applying a square wave impulse of current of at
least 100 milliseconds duration through a curreni-con-
ducting loop disposed in the vicinity of the ore body, and
measuring the resultant voltage induced in a pick-up coil
also disposed in the vicinity of the ore body, said meas-
urement of the resultant voltage being made 50-100 mi-
croseconds after the application of the said pulse of cur-

" rent and the decrease of said resultant voltage with time

being indicative of the approximate size of the ore body.

23. The invention as recited in claim 22, wherein the
said current-conducting loop comprises a linearly-extend-
ing cable grounded at the ends.

24. The method of determining the presence and ap-
proximate size of a subsurface conducting ore body which
method comprises placing a closed, current-conducting
primary loop in the region of ground-to be investigated,
placing a pick-up coil at a point spaced from the primary
loop and co-planar therewith, passing a square wave pulse
of current of at least 100 milliseconds duration through
the primary loop, and measuring the variation of the re-
sultant voltage induced in the pick-up coil after a period
of time of 50-100 milliseconds following the application
of said pulse of current, the persistence of said resultant
voltage in the pick-up coil after 1-10 microseconds be-
ing indicative of the presence of a conducting ore body,
and the longer the persistence of such resultant voltage
the greater the size of the ore body.

25. The invention as recited in claim 24, wherein the
said primary loop comprises a straight cable extending
along the ground and terminating in grounded ends, and
the pick-up coil is disposed in the ground plane and with-
in the lateral limits of the cable.
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