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A. INTRODUCTICON

1. Statement of Problen

Geophysical prospecting is the fascinating game of
unraveling the subterraneous character of s reglon from
clues supplied by measurements which can be made at the
surface of the earth. These measurements determine the
true or apparent physical properties of the region
below, The physical properties of the earth most fre-
quently studied are its elasticity, density, magnetic
susceptibility and electrical resistivity. In general,
the problem of determining what lies beneath the surface
of the earth is so complex that measurements of one par-
tieular physical property alone cannot provide an unam-
biguous solution. Frequently however, information
gathered from several related physical quantities may
be pieced together into a reliable picture of the sub-
surface structure, It is axiomatic that the more inde-
pendent physical quantities which are measured the more
will be known about the nature of the structure below,
Thus it becomes highly desirable to add to our list of
measurable physical properties of earth materizls.
Induced polasrization (IP) of the metallic minerals of
the earth is one such additional physical quantity
which may be used to contribute to the overall picture.

It has long been known that both the anode and
cathode of an electrolytic cell become polarized upon
the passage of a current. Thils polarization of the
electrodes 1s generally regarded as a nuisance but it
is an electrical property which, by its very existence,
provides, a useful tool for the detection of metallic
minerals in the earth either in the form of solid ore
bodles or as dissemlinated particles. The detection of
electrically conducting minerals by this property,
stripped of 1ts many lnherent difficulties (to be dis=-
cussed later) consists essentially of the following
procedure, The metallic mass M (Fig. 1) is surrounded
by a rock matrix, the interstices of which are filled
with an electrolyte, In general the more or less good
electrical conductivity of a rock is due to the inclu-
ded electrolyte., The presence of the mass M will dis-
tort the current flow causing an increase or decrease
of the current density in the body depending upon
whether 1ts resistivity i1s higher or lower than the
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electrode"™ is applied to the system. More frequently
the four or more electrodes are arranged in a straight
line with some scheme of spacing employed. A very com-
mon spacing scheme 1is that of separating the four elec-
trodes by an equal spacing "a'", This system is referred
to as the Wenner system. The method of measuring the
resistivity employing a low frequency double commutator
and the Wenner configuration is called the Gish-Rooney
system.

Th}ls basic principle, although proposed as far back
as 19124, has received little attention on the European
Continent and practically no attention in this country.
The definite lack of interest in the method probably
stems from the confusion apparent in the literature and
the cloud of mysticism which surrounds some of the ear-
lier works. Heiland? has expressed a doubt that a new
quantity had been measured by the method. It is the
intent of this thesis to rectify some of the errors
which have crept into the literature, remove some of
the existing mystery and to bring out the advantages
and limitations of the method with the hope that it will
grow into a useful tool for geophysical prospecting.

2. Historical Developmént

A brief summary of the pertinent literature is out-
lined in this section in chronological order. Comments
and criticisms relating to this published material will
be reserved until they can be made in the light of the
present investigation.

In the patent1 granted to Schlumberger in 1912
there is mentioned, in one claim, the discovery of an
induced polarigation potential, However, it was not
until his book3 published in 1920 and later4 revised in
1930, that he explained this new method of geophysical
prospecting and gave a clear account of the basic prin-
ciple of induced polarization., He was aware of the
fact that the measured potentials decayed with time but
nevertheless claimed to have measured them with an ordi-
nary potentiometer. Schlumberger admitted that his ex-
periments in the field were not successful and since
the chapter on induced polarization remained unchanged
when the book was revised in 1930 the difficulties he
encountered apparently remained. Some of the coneclu-
sions he drew are included here for later reference:

a) that some deposits such as pyrite are
spontaneously polarized and that the self-poten-
tlals so developed concealed the effect of induced
polerization.



b) that the resistivity of the rock, sur-
rounding the ore body, enters into the induced-
polarization effect not more than to a secondary
measure, ’

e¢) that there exists, in a region free of
ore bodles, a "residusl" polarization potential
which disappears with time in much the same man-
ner as the polarization of an ore body disappears.

d) that the effect of c¢) 1s observed when
pure water is used in place of wet soil. (He
attributed this volume polarization to a transport
of lons creating a dissymetry between the reglons
surrounding the current electrodes.)

Schlumberger regarded observation a) as being highly
interesting and may have abandoned his induced polar-
ization studies in favor of spontaneous (self) polar-
ization.

Miller? described apparatus which he claimed would
measure "simultaneously" the activating potential and
the oppositely directed polarization potential. A single
palir of electrodes served both to send current into the
ground and to measure the polarization potential. Pul-
sating unidirectional current was delivered to the elec-
trodes by the secondary of a transformer in serles with
a vacuum tube rectifier., A galvanometer 1n series with
another vacuum tube rectifier and a high resistance,
all connected across the electrodes, measured the acti-
vating potential. A slimilar circuit connected across
the same electrodes but with the rectifier reversed,
measured the polarization potential. The deflections
of both galvanometers were photographed on a common
film, The method prgposed by Miller was discussed in
more detail by Weiss© under the name of the "Electro-
chemical Method". .

Muller and Weiss were aware of Schlumberger's work
but they chose to explain the cause of the polarization
effect differently. They contended that the ore body
came into equilibrium with the negative lons of the
electrolyte by emitting positive ions and thus becoming
negatively charged, all this long prior to passage of
the energlzing current, The energizing current was
then supposed to upset thilis equilibrium causing a large
current to flow simultaneously with and in the opposite
direction to the energizing current. In addition,
without making adequate explanation, they came to the
conclusion that polarization effects are capable of
being induced at "chemical" boundaries, The method of
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measuring the effects has changed from time to time and
the interpretation of the results? obtained has been
entirely empirical., Their claims for the method are:

a) that the maximum polarization current
flows simultaneously with the energlzing current
and in the opposite direction and, therefore,
thelir apparatus will measure larger polarization
effects than that of Schlumberger.,

b) that, if one plots the measured polar-
ization effects against the electrode separation,
the "breaks" on the resulting curve are indica-
tive of "chemical" boundaries. A one to one cor-
respondence between depth and electrode separation
is deduced. _

c) that the "screening® effect whilch accon-
panies other ordinary electrical methods 1s absent
in this method and, therefore, great depths of
penetration are ob%ained with small amounts of ex-
pended power. (3000 to 6000 ft. for 1 to 2 watts).

An enlightening bit of the discussion which fol-
lowed Weiss's paper 1s quoted in part, "Prof., A. O.
Rankine confessed that, in spite of Mr. Weiss's descrip-
tion now, and of long talks he had had with him previ-
ously, the operation of the method he had been using
remained a mystery to him, chiefly in relation to the
measuring circuilt."

The work of Miller and Weiss was criticized by
Belluig18 9 who pointed out that their greatest source
of error arose from the deconcentration of their non-
polarizable electrodes due to the energizing current
passing through these electrodes. Belluigi modified,
somewhat, the equipment of Miller and in particular
used two pair of electrodes such that the energizing
current did not pass through and deconcentrate his
potential electrodes. His measurements, which were more
refined but agaln used the same empirical interpretation
of Welss and Muller, showed that great depths are not
likely to be revealed because of large near-surface
effects.

A method of geophysical prospecting which measures
the response of the earth to an eleigrical transient,
called Eltran, was patented by Blau This method
consists simply of applying a step pulse to the earth
through a pair of electrodes and measuring the response
of the earth to the step pulse across a second pair of
electrodes., It is the complex iImpedance of the earth
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wiich is meacsured and although polarization is not
explicitly mentioned, it must ncve some effect on the
capacltive reactance of the ecarth,

In a reportll which discusses the mreasurerwents of
resistivity when large electrode separetions are
employed it is pointed out that a finite time 1is
required to establisii steady state conditions., The
rate of growth o»r decsy of tie votential, assumed to
be exponential, has a time constant given by the
expression

T = cpb seconds

WNETE C = 2ei2 % 10'6 (dimensionless consta ut), p = 1,
b =z separatlion ol tlie curr*ut electrodes in cm and

he resistivity in ohm-cr, althiouvgh the above formals
wes not developed i: connection wvithh Sltran, the
constent given was obtalred from mezsurerents made on
earth clectrical tranglcnts, using similer clectrode
configurations and suould, i..erefore, anply. Later,
Hawley12 observed thet five years hed clapsed after
Blau's original disclosure, and tuat several companies
nad intensively investigeted Sltrzn but o date nad
beon publisiied., It was iils objective to study the effect
and, with mignly refined equipmont and with corrections
for tue responsce of tue irstrwacnts, iz measured toe
Trensicent response of tiae earth, botn for currcnts and
potentials, Obfu*hllE veluecs wiiicil ere not compatible
with the eguation obove. The time constants weasured
for the potential deczy were small, not exceeding 350
microseconds for a separzation of the currcent electrodes
of 12,000 ft. Tor distances viilcrn are near the upper
limit of tiicse anticirated for IP survey “ork, the time
constent was abhout 150 microseconds.

")

The growth and develorment of apraratus, wiich in
its final forw is not too unlilke in OpbruthW that
described ir this thesis, ?s trzced by Totapenicil,
ct al in & scries of patonts, nlthd ﬂ the appeoretus
is well described, the explanation of tune origin of
ti.e —olarization ceffeets is not clear“y outlined. 4an
analogy is drswn between the polarizetion effects at
current carrying electrodes (first in an clectrolyte
and then in o0il) and the polarization effccts observed
in the earth. They extend the anealogy far enough to
male the clailm that thie dlrect detection of oil may be
accomplisiied. In the later patents thiey stress the
idea that formation contacts are revealed by the
measurerents,



In additio tiéthese patents there are several
other Americanl”s patents issued on geophysical
prospecting methods which use induced polarization as
the principle of operation, These methods are not
capable of a detailed study of the polarization signal
and are, therefore,not discussed. It is significant
that, other than the patent dlsclosures cited in this
section, the subject of induced polarization as applied
to geophysical prospecting is not treated in the Ameri-
can literature,



B. LABORATORY EXPERIMENTS

1, Description of Apparatus

It did not appear possible to arrive at an intel-
ligent approach to the problem of geophysical prospec-
ting by induced polarization without first investi-
gating the conflicting 1deas contained in the literzture,
Experiments, therefore, were designed to study the exist-
ence of polarization, the "residual" volume polarization
observed by Schlumberger, the large reversed currents
of Miller and Weiss and the decay time of the polariza-
tion potential with particular reference to its relation
to Eltran. All work of these early investigators had
been conducted in the earth. The results of such
experiments are always confused by the lack of exact
knowledge of the state of mineralization, the concen-
tration and amount of electrolyte present, the effective
resistivity and the variation of all of these quanti-
tles both in the horizontal and vertical directions,

In order to avoid the above complications the experi-
ments were conducted in the laboratory where these fac-
tors were under the control of the experimenter. This
part of the thesis deals with the results of these
experiments.

To simulate earth conditions a wooden tank 6 ft.
x 8 ft.x 3 ft.was filled with clean quartz sand, A
second wooden tank 3 ft.x 5 ft.x 1 ft.was filled with
water., At first the experiments were conducted in both
the sand and water tanks, It soon became apparent that
the same results were obtained in both tanks and because
of the ease of operation the water was used almost to
the exclusion of the sand tank. In both tanks the
resistivity was adjusted by adding the proper amount of
salt (NaCl) water., Therefore, the electrolyte in all
these experliments was a solution of NaCl in concentra-
tions which varied from O to 3.6% by weight.

The electrical circuit employed to record the data
was essentially that shown schematically in Plate 1,
and will be described here., The energizing current cir-
cuit consisted of the current electrodes CC', the
resistor RC, the pulsing switech SP, reversing switch
SR, control rheostat RH, batteries B, ammeter A and
equlivalent meter resistance RM, The smmeter was used
to adjust the energizing current to a predetermined
value, The meter was then replaced by its eqguivalent
resistance RM to keep the circuit reactance entirely
resistive. The current actually employed was shown by

8
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lines at 0.l sec. intervals, The available paper
speeds were 2.5, 5.0, 12.5 and 25.0 cm/sec,

A variety of polarizable bodies (targets) were in-
vestigated but one special body had a novel feature
which was of consliderable help in obtaining the data.
The detalls of this target changed from time to time
but it was essentially of the form shown in Plate 2.

A plastic tube 20 cm long was machined to hold, at
each end, a clrcular sheet-iron plate 1/16" thick and
approximately 100 sq. cm in area. To the inside of
the 1ron plates, wires were soldered and brought out
through the center tube. The end plates were pressed
into the tube and the whole cylinder was filled with a
potting compound to keep out the water and to supply
welght. The two wires leading out from the target
were connected to the resistor RT (Plate 1).

The two end plates were, thereby, connected
together electrically and the "target" became essen-
tially a solid metallic bodye. The insulated lateral
surface distorted somewhat the current distribution from
that which would have been obtained if a solid body had
been used. However, the fact that the current passing
through the target (potential across RT) was measurable
made this target a particularly desirable tool for the
investigation of induced polarization.

A typical oscillogram obtained with the above
equipment is shown in Plate 3., Trace 1l 1is a record of
the energizing current, Trace 2 the decaying induced
polarization potential measured by the electrodes PP!,
Trace 3 the potential, exterior to the target, across
the target space measured by VV'! and Trace 4 the cur-
rent through the target,

The instruments described above were used to ob-
tain the early data. At a later date however, many of
the laboratory experiments were repeated with the
equipment designed for the field investigations. This
equipment 1is descrlibed later in Part D-1l.

2e Exlistence of Induced Polarization

Before embarking upon a serlies of experiments
concerning the factors which might influence induced
polarization, it was considered wise to first establish
the fact that polarization could be induced on a body.
It is the purpose of this section to show the exist-
ence of lnduced polarization. However, before the full
significance of any experimental evidence can be brought
out, the procedure followed in obtaining the data needs

11
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to be outlined. The instruments were arranged in the
manner shown in Flate 1 and, with no target in the
tank, several current pulses were delivered to the
water through the electrodes CC', The target was then
inserted between the electrodes (PP' and VV') which
previously had been located in the center of the tank
and separated just enough to allow the target to slide
between them, Current pulses were again delivered to
the water. The traces obtained are shown in Plate 3
where (a) was obtained for the no-target run and (b)
and (c) with the target in place., In (a), Trace 1
gives both the magnitude and the duration of the cur-
rent pulse and Trace 3 shows the magnitude and shape
of the potential across the target space., The sensi-
tivity of the recorder element which produced Trzce 2
wes so adjusted that a potential of 25 pv would pro-
duce a deflection of 1 mm., However, no deflection of
this element was obtained, even for a potential as
large as 12 volts zcross the target space, The same
results held when the medium employed was sand satu-
rated with salt water. An 1lnteresting aside occurred
when the first iank of sand wes tested. Two rather
large and well localized IP signals were obtained as
the potential electrodes were moved about the surface.
The signals were traced to two extraneous nails buried
in the sand., After the nails had been removed a signal
still persisted., The sand was then run over a magnetic
chuck and a considerable amount of magnetic material
was removed. After this treatment no signal was ob-
served. All sand used from then on wes passed over a
magnetic chuck. It has not been possible to obtain a

polarization potential which arises from clean quartz
sand or water (salt or fresh), The situation, however,

was greatly altered when a picce of metal was intro-
duced between the electrodes. The results obtained
when the target, with 1lron plates, was placed between
the electrodes, are shown in (b) and (c?. Examination
of these records reveals that the shape of the ener-
gizing current pulse is essentially the same as that
in the no-target cazse but the similarity of records
ends there, The most significant feature of these (b
and c¢) records 1s the decaying potential curves of
Trace 2, They were measured by the electrodes FP' and
the measurements were obtained entirely after the ter-
mination of the current pulse., These potentials arise
from polarization induced at the target boundary.

That these potentials are truly the results of polari-
zation effects is further demonstrated by the record
of the current which passes through the target (Trace
4). The faces of the target acted as electrodes
(cathode and anode) at the initiation of the energiz-
ing pulse and current, therefore, passed through the
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target. However, polarization at the target faces
began and as a result the target current was decreased.
The longer the pulse endured (c), the more the prod-
ucts of polarization developed, which resulted in a
further decrease of the target current, but the current
through the target wes never reduced to zero. An equi-
librium wzs established between the rate of formation
and the escape of electromotively active material,
which necessitated a small current to continue to flow
through the target, When the energizing current was
interrupted, the electrolytic cell, formed by the prod-
ucts of polarization, discharged itself through the
surrounding medium, The discharge of these products

is like the discharge of a battery where the surroun-
ding medium plays the role of the electrolyte and the
target that of the external circuit. The current
delivered to the medium by the discharge of the prod-
ucts of polarization is shown a2s the reverse current
through the target. A little reflection on shape of
the space potential curve (Trace 3) gives added veri-
fication of the interpretation that the effects ob-
served are due to polarization at the faces of the
metal target.

3e Induced Polarization and the Energizing Potential

The procedure described above for obtaining data
was followed for a veriety of conditions, which pro-
duced oscillograms like those shown in Plate 3. These
conditions were waried in such a manner as to facili-
tate a study of the IP potential as a function of the
energizing current and the resistivity of the medium.

Although several metals were used as targets, the
largest amount of data was obtained with targets of
sheet iron. A discussion of the results obtained from
meesurements on other metals will be given later. No
cleaning procedure was used on any of the metals other
than to remove the excess grease.

The relationship of the induced polarization to
the energizing current was studied by holding the
resistivity, the target metal and target size constant
and varying the energizing current. The energizing
current was varied from 0.5 ma to 12 amp., the upper
limit of current being determined by that wvalue which
produced arcing at the pulsing switch. For every
sequence of runs made with the target in place, a cor-
responding set of runs was made with an identlcal set-
up except that the target had been reroved. The
target was next changed and all records were repeated.
After the desired data at one resistivity was obtained,
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the solution was zltered and all records were re-run
for the new value of resistivity. From these data
several curves have been plotted and are described

below,

Plate 4 shows the plot of the IP potential, the
space potential for no-target and the space potential
with-target in relationshlp to the energizing current.
As it should be, (Ohm's law) the potential across the
target space for no-target is a linear function of the
driving current. The with-target space potential is
larger than the value given by Ohm's law up to the
cross~-over point which is approximately 1.2 v. Beyond
this it falls below that of the straight ohmic drop.
It should be noted also that the IP potential remains
linear with the cnergizing current up to 5.6 amperes
at which value saturation begins, The current which
produces the saturation of the IP curve is the same
value which yislds the cross-over of the potential
curves., This suggests that the IP potentials might
well be plotted as a function of the ohmic (no-target)
potential. The curves shown in Plate 5a and 5b are
curves of the IP potential plotted against the ohmic
potential of the target space. The curves of 5b are
merely scale enlargements of 5a in the neighborhood
of the origin, Curve 1 was obtained by using tap
water whose resistivity was 3630 ohm-cm. Salt water
was used to obtain Curves 2, 3 and 4 where the resis-
tivities were 820, 67 and 22 4 ohm-cms. respectively.
Although the slope of each curve is different the
curves have three common fcaturcs, namely: 1) they
pass through the origin (sec 5b), and 2) they are
linear to a saturation potential which appears to be
approximately 1.2 v, From these curves it has been
concluded that:

a) no threshold of cnergizing potential is
required to establish polsrization effects. Lner-
gizing potentials as small as 0.5 mv produced
observable polarization potentials,

b) the induced polarization potential is a
linear function of the ohmie (no-target) space
potential up to a point beyond which saturation
is approached. 1In place of the ohmic space poten-
tial, the potential gradient may be substituted
because the abscissa, Plate 5, 1s proportional to
the gradient,

c¢) a saturation of the polarization occurs
which begins at approximately 1.2 v across the
target space., (It is interesting to note, in this
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connection, that the theoretical value of the
hydrogen-oxygen cell is 1,23 v. However, it is
well known that the polarization of an electrode
is influenced by tne kind and concentration of
the ions around it, the material of the electrode
and its passivity. Therefore, a study of these
factors is required before the full significance
of the value 1.2 v is revealed.)

There 1s another saturetion effect which is not
observed ir Plates 4 and 9 but can be seen in Plate 3,
It is a saturation which depends on the length of the
applied current pulse. If the pulse is short, a small
potential is measured. As the duration of the pulse
is increased the magnitude of the IP potential is in-
creased nntil 2 saturation effect is obtained. The
rate of avproach of the saturation is & function of
the resistivity of the electrolyte.

4, Induced Polarization and the Matrix Resistivity

The electrical discharge of tine polarization is
obviously through the surrounding rwedium., The rate of
dissipation of the polerization potentiazl must, there-
fore, depend upon the resistivity of tr: surrounding
medium but the extent to which it depends upon resis-
tivity or unmon some other rrowverty of the electrolyte
is not knowvn. It is apparent that the growth of the
IF effect depends upon the same factors. These two
effects are discussed later.

It has been pointed out that the IP potentisl is
a linear function of the potentisl gradient estab-
lished, This will have a pronounced effect in pros-
recting and it will, therefore, require that the mag-
nitude of both the resistivity and current density of
the medium be knovn, The effer: of resistivity is,
for this reason, not of second order, as was believed
by Schlumberger.

Up to this point little has been said about the
current through the target. It as been measured and
it is knowm that the polarizetion potentizl developed
is provortional to thie initial current througnh the
target, However, it is well known that the current
actually entering ‘he tzrget depends on the ratic of
tne target resistivity to the surrounding wedium. It
is difficult to arrange ratios of resistivities for
the terget and medium in tne laboratory but one set of
records has been obteited for which the target resis-
tance RT has been varied, Tae results of those records
are plotted in Plate 6.

jo=
A1
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The initial current througn the target znd the
induced polerization vnotential are plotted agsinst
the ratio of target resistivity to the resistivity of
the medium. Jhen the ratin of resistivities is zero,
the current through tae terget and the nolarization
induced are also zero as is cxpected. 4 third satu-
ration effect is to be seen on this plate. It appears
that the maximum induced pols rization potential will
be developed across a minaral when 1its resistivity is
one tenthi of its surroundings. That is to say_if a
mineral, say serventine for which = 2 = 102, is
embedded in ¢ metrix of resistivity 10 times this
value, it will ve strongly polarized, wiereas if the
matrix had an equivalent or lesser resistivity than
the serrentine, that mineral would be only sligntly
poiarized,

. Decay Time of the Induced Folarization

In the preceding section it was nointesd oat that
the dissipation rate of the nolarization potential was
a function of the resistivity and 1t was hint:d tiat
it mey devend upon some ot.er property of the elec-
trolyte, Four decay curvcs are plottﬁd in Plate Y&
siowing the deczy as a function »f time for medis of
resistivities 3630, 220, 67 and 22.4 onm-cm, The
ordinates of all the curves are in arbilitrery units and
have been metched at t = CO milliseconds. This match-
ing point w=s chosen because it wes a convenient 2 mm
after the zero time for a tape speed of 2.5 cm/sec.

mﬂa'l"ﬂ e 1it+tla A3 FFaronnn Srn tha doonsr rotao AT +ha
J - A AN e L N

‘- s — - L T [ R R R N Py ™) —dd (VIR

threz curves 2, 3, and 4. The fourth, (that for

= 3630 ohm-cm or tap water) nowever, decayed at a
muici slover rate than the others. Tne curves of the
growth of the polarization notential follow the same
tyve of behavior; i.ec., the hirher the resistivity,
tiie longer is tL“ tine required to prcduce saturation.
L Xnowlecdre of the srowti: curve Ils Iimportant in the
determination oi tiie reguired pulse time. The minimum
pulse time is thnat which permits ti.e volarizetion to
reach saturation. & pulse time whicih 1s longer than
the minimum is ”“stclul of tihe power supply.

One significant feature of the four curves of 7a
is tunat t“ea are celfinitely not exponentiazl, If the
polarizing charge upon tie wetallic mass dischiarges
solely as an electric curr-nt thrcugh a resistive
mediunm, tiic ratec of decay would be proportional to the
remaining cuarge end the decay curve would indeed have
chidele nential form, lLence, it becomes epnarent that
some additional fzeltor contributes to tie rate of dis-
ciiarge of tue polarization., Zowden and Nideall?
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irvestigated the discharge of tie polarization from
the electrodes of an electrolytic cell., They found
that the poteantial (4) exhibited by small gquantities
of electromotively active material deposited on an
electrode 1s proporticnal to tlat quantity. "This
cuantity is very small indeed, the deposition of suf-
ficient hydrogen to form only 1/3000th of an atomic
layer raising the potential of the cathode 100 milli-
volts." They further found that the discharge rzte on
open clrcult depends upon, among other things, the
vresence of oxygen in the electrolyte, A4An expression
was obtained in which the rate of decrezse of the _
polarization potential 1s directly proportional to ckii,
They pointed out that this was contrzry to the rate of
decay usually sssumed (proportional to £2) or that
(proportional to I) proposed by lleyrovsky. The three
cquations are given in Table 1.

Table 1

Rate of decay | Totential vs time
a di = =hets E=2zB -1 1n(t + ¢) | Bowden and
dt k Rideal
b ai = ~xz2 8oz __A Usually
dt (t + ¢c) assumed
¢ Ji8 = ~di 0= ig e t Crdinary
at iaxponential,
LeYTOVSKY

according to Dowden and Rideal Squation a obtsins only
vl.en the oxygen has becn carefully oexcluded from the
clcetrolyte. o effort was made 1n tlhie lzbhoretory to
exclude tne oxygen and the concentration of oxygen in
tue esrth is known to be large. Therefore, the decay
curves prescnted in tiils tihiesis should not follow Zow-
den's relation but should be more like the relations
glven by Zquations b or e, Ilowever, still otier condi-
tions for vhich squation b and ¢ are valid were not met
in the laborstory eitiier. The theoretical equations,
ineluding Lowden's, represent the discharge of the
active electrode material when no clectric current flows
thirough an external circuit. The electrodes formed by
the target faces in the study of induced polarization
were always connected, thus violating the no-current
condition, If any agreenent with the actual discharge
curves shown in Flate 7a and elther sguations a or b
abov2 obtains, it must taen mean that lhe resistivity of
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the mediur 1s less imrortant in determining the form of
the rate of decay than the open circuit process of dis-
charging the polarization products. A4 comparison of
the curves resulting from the iquations a, b, and c¢ and
the actual decay curves for tap wster and 37 salt water
is shovny in Plate 7b, Zquation a is comrared with the
disch:arge curve for tap water and tne fit has becn
forced at t = 80, 120, and 200 milliseconds. The agree-
ment 1s not good but it was not expected to be. Ioth
Curve 2 and 3 have been forced to fit the decay curve
for iron in 3% salt weter at t = 80 and 200 milliseconds
respcctively. The exponential (Curve 2) fits the
actual curve (5) only at the two forced points. On the
other hand, Zurve 3 covered the decay curve over the
entire range of the datz availasble.

It is concluded that the decay of the induced
nolarization potential with time is not mainly governed
by the resistivity of the surrounding redium because
the decay curves are not exponentisl in form. It fol-
lovws that variations in the resistivity of the earth
from place to place can have little influence on the
form of the decay curves obtazined. On the other hand,
the gonod agreement (In Torm) of the discharge curves
obtained in tne salt water tank ancd the curve calcu-
lated fro» Lquatien b 1s interpretad to mean that tae
rrimery factors wiich determine the shape of the dis-
charge curve are the diffusion oi tae products of polar-
ization int» tihe elsctrolyte snd chemical action between
them, Although the composition of the electrolyte is
exneeted to vory from one stlace to anctrer the fectors
governing the discherge are ncot expected to vary appre-
ciably. Z.ence, two discharge curves obtzined at dif-
ferent places on tihe ecarth mav be corpered at corre-
sponding valucs of time,

It seers speropriats a2t tuls time to comparc the
decay of tae IF votentials witn tiose of carta transient
(oltran) potentizls. The curves shnown in Flate 7 re-
~uire at least 0.3 scconds to 211 to 1/e¢ of their orig-
inal velue., 1In order to compare the decay of these
curves with the decay curves associated withh Zltran it
is necessa2ry to choose one of the time constants (sce
Pert A-2) reported in the literature. The formula,
wnich arose from the resistivity studies, gives a time
constant of several milliseconds when laboratory values
are inserted into thr equation. Remembering that the
delay time introduced into the pulsing cycle was about
10 milliseconds, the magnitude of the transient to be
expected upon closing of the potential switch may be
calculated, Znergizing potentials as large as 2,0 v
were not uncommon and, therefore, a 2 millisccond time
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constant would have given approximately a 14 millivolt
residual signal in the tank for the no-target case,
Towever, no signal as large as 5 wmicrovolts was ever
observed wren the tank did rnot contain a polarizable
object. Thus it appears that the results obtained by
Fawlecy rust be used and, therefore, with the time con-
stants he renorts, it is concluded that current elec-
trode separations as large as 2000 It, (more than is
anticipated for field survey) may be employed without
interference from Sltren potentials,

6. Zehavior at Cihemiecsl Rourndaries

It is the expressed belief of Iflller, Jeiss,
Fotezpenko and others that a »olarization pot-:ntial can
be induced at chemlical bounderies., The term chemicel
boundary, althougl not defined, apparently refers to
boundaries separating regions ol chemlcally different
electrolytes, It 1s furtier implied that 2 hignh cor-
relation is cxpected between the cherical boundaries
and formation bhoundaries, Thie mechanism of inducing a
rolarization et & boundery which does not have elecce-
trically conducting minerzls on one side is not ey-
plainable in terms ol the laboratory resvlts so fer de-
scribed., Therefore, in order tc investigate the effect
produced at a chomical bhoundary, a cell made of plastic

ubing 20 em long end naving an effective cross-sec-
tional area of 20 em® waes filled with a concentrated
solution of ZuSOg. The ends of the cell were closed
witi vegeteble-paper diaphregms on +~ which a layer of
bees wax had beon condensed to reduce the rate of dif-
fusion througn the membrzne, The cell containing the
CuS04 was pleced in the water tank in place of the
target. The CuBQ, target was first imrersed in tap
weter and & serics of records werc made which showed

tiie sigral, the snace notential across thie target and
the energizing currcnt as tie current was varied,
Similar rccords were obtained for tii: terset immersed
in 0.1, 1.0 and 3.6 selt water. The Cu304 was removed
froo the target and in its place a 3, salt solution was
added., 4 complete set of records was obtained for th~
IlaCl target, Data were also obtained wnen this cell con-
tained thie same solution inside and out and elso for a
17 s2lt solution inside surrounded by a 3, sglt solu-
tion, I'o induced polarizetion potentiasls were observed
for any of the solutions conteined in the cell when im-
mersed in a medium of low resistivity. Small potentials
were observed for both the CuS0, and NaCl targets in tap
water and still smaller notentials for the CuSO, cell in
0.1 selt water, The results obtained are shown in
Plate 8a, 4 comparison of the largest potentials meas-
ured for the chemical celly i.e., CuSO4 in tap water,
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with the IP potentials for an iron target of the same
dimensions, also in tap water, is mede in Plate 8b., A
potential which decays with time was observed at the
non-metallic boundary separating two solutions, each
contalning different ions. This potential, whatever
may be its origin, 1s seen from Plate 8b to be a second
order effect in relation to the induced polarization
potential of iron. It appears unlikely that Miller and
Weiss could have observed an effect due to such a
boundary at all and by no stretch of the imagination is
its detection at 3000 feet a conceivable result.

7. Concerning Ionic Concentrations

Because no polarization was measured in either
sand or water except when metal was introduced and
because Schlumberger stated that an effect would appear
because of the transport of ions producing a dissym-
metry around the current electrodes, another experiment
was designed to investigate this possibility. The appa-
ratus employed was quite different from that already
described and was designed to enhance the "dissymmetry"
effect. A pair of current electrodes in the form of
iron sheets 8 5/8 in. x 10 1/2 in. (same as previously
used) were attached, as far apart s possible, to an
axle in such a manner that they could be rotated in or
out of the tank, Iiounted at right angles to the current
electrodes were a pair of nonpolerizable votential elec-
trodes. These notential electrodes were so mounted on
the axle that they entered the electrolyte almost imme-
diately after the current elcctrodes departed. A com-
mutator on the axle completed the current circuit the
instant the current electrodes entered the electrolyte
and broke the circuit when they left it. The potential
electrodes were connectod at 2ll times to a Brown
chopper-amplifier and an Lsterline Angus recorder. The
gain of the system was adjusted until 40 miecrovolts
represented one small division (1/25 in.) on the recorder
tape., The current electrodes were introduced into the
electrolyte for a predetermined length of time, At the
end of that time the axle was rotated rapidly, removing
the current electrodes from the electrolyte (thus remov-
ing any possibility of meesuring their polarization) and
introducing the potential electrodes. In tap water and
salt water (concentrations 0.1, 0.3 end 3.67) a vari-
ety of potentials was apnlied for time intervals up to
1 minute withovt generating potentisls measuralle with
the equipment used. It was concluded that an induced
potential difference due to the dissymmetry of ion con-
centration arising from transport under the action of
a current was either too small to measure or that it
disappears too rapidly to be measured with the equipment
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cmplored.,  The latter cornclnsion s=ems to he the wore
li%ely explenation in view of the relaxation time for
salt h?ter wiichh 3trattonl® computos to be 2 x 10-10
seconds. Certainly the effoct meg sured by Schlumbergesy
pverticulerly with the instruments e used, wa- ..ot tlat
of an induced ionic concentrastion gradicnt. Iowever,
he renorted wotentisl weasurements wliichh decayad
slowly and must, tiwerefore, . ave ariszn from some otler
cause, cossib1" a uaniform dissemination of condueting
mineral narticles

o Dther Feetors Influencing the Polarization Signsl

H

There o1 otoer feetors such as termperature, ion
concentration and the passivity <f tixe ~etalllce body
viieh influcncee the polarizztion votentlial and “re of
pa“t*CSl'r interest to tic chvsical chiemist but ha
little bearing on tne geonnysical wrobler, One flctor
viiich Is of imbwortance 1IJ}JTOS yvacting is tlae netel of
viien the ore hodyr is comrmosad. A studr of thie effect
on the induced nolarizotion produced by the tarset

$=

netal nos boen stzrted but only a smell arount of data
has been obtained., &4 targot, similsr to theat de cribad

in Fart -1 but of sraller dlameter, waco d931 neL SO

tLut the tarpet etal weo recdily i

Ath tihis target, ond -~lates rade of br?ss, 12
Y

O.l )’

?

coprer and iron werc uscd to obta'n curves of ind@ced
volariceticr on o funetion of *he energizing (no-
terget) spres potentisl,  The carves obteinsd for the
four oifls, when e cu“ronprlw; redinm was tap
y — . S e A - TN m s T~ e e T Sryrrmeadt S e+ AR
WWa L.U.L, [ Lol O I A V- [ fdCabear s Li AdlVC O LA s b
vag fonnd t( be molarizsble “n ter &ud solt (DaCl)
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’ 1 - S N M
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o
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theoretical relation, A hemispherical shell 40,2
inches in diameter was filled with sand and wet with
salt water. The point current electrode was a 1/8
inch iron rod which extended into the sand at the cen-
ter of the air-sand plane. The hemisrhere itself
served as the return electrode and the two electrodes
together provided a current density pattern which was
essentially radial and yielded equirotential surfaces
which were hemispheres, zs required by the infinitely
extended half-space. The reference rotential elec-
trode had to be at a finite distance from the point
electrode because of the limited radius of the hemi-
sphere, 1Its location, however, uneeded to be described
only in terms of its distznce from the center because
the equipotentlal lines on the surface of the sand are
circles, When the hemisphere contained only clean
quartz sand and salt water a polarization potential,
which fell off rapidly with distarnce from the current
electrode, wes mezsured. This bacground potential
arises fror a differential polarization of the current
electrode., In order that a2 current of approximately
600 ma could be delivered to the zand, the rod had to
be inserted nearly an inci into the sand and, there-
fore, contsct of the current electrode with the sasnd
was not & point but a cylinder. The baclkground polar-
ization potential wvas just measurable when the hemi-
sphere wes filled with tap weter in place of sand,

The sand in the hemisphere was next
mineralized to about 10, by weight by the addition of
iron grit., Small batches of grit ard sand were mixed
by hand (in a wheelbarrow with a hoe) to attain a
fairly uniform mixture. Water was added to the mixture
until the water table was at the surfece of the sand.
The measured induced polarization potential is plotted
in Plate 10b as a function of the position of the prob-
ing potential electrode frorm the center of the hemi-
svhere, The relation of these results to the theory is
discussed in Fert C-1.

c) Induced Polarization FPotential of
a Buried Sphere

An attempt weas made to obtaln experi-
mental verification of the theoretical results devel-
oped in Part C-2 for the potential of a buried sphere,
The conditionsg required by the theory, in the develop-
ment of the approximate formula, were never realized in
the laboratory., One difficulty which thwarted every
attempt at measurement wss the size of the current
electrode required., The largest iron sphere avsilsble
2t the time was only 3 inches in diameter, ihen that
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spiiere wrs buricd to & depti. of five times its radius
thie current required to produce sultatlc potenticl
measurer:znts at the surface of 'L sand, was of the
order of 1 ampere, The eleclrode ares required to de-
liver onc ampsre vias pronlblblvel largce., & compromise
was reacnoed vlereby Uiz depita to the center of the
splere end tie slze of CIPIC} "130trod“ wvere volh de-
creased w a measurable ié~al ¢s obteined, The
form of thc meesured poteatial distrzbuuiun wes in
agreement wit.. that nredicted by the tneory, i.e., the
votentiszl rose to 2 wmaximuam over the spihiere and tihen
Jecreasced snd finslly became negative #s the distance
from tie roint electrode was increesed. Tie magnitude
of tuc measured rotential was, lowever, umich grester
than that prodicted by the simplified expreczsion (Igua-

in I'srt C-2. Theo conditions required by the
t“oorv vere not wcl and, tiherefore, no comparison of
the erperimentel end theoretical results cen be nzce
vinich cair chieck thie velidity of thie theory,
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The problem of esteblishing a potential by irduc-
ing olﬁutromdtivelj accive raterisls on lme surfsce of
2 metallic obj.ct in an elecirolyte has been investl-
ceteds The following fects nave been ostablisied:
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surrounde by tov water 1s an exception but it is
a sccond ord-r effect,

e thet rmetallic particles disseminated
thiroughiout an unpolarizable ratrix are polarizable,



Froy tacse facts 1t ls conciuded:

2) tiat nolarization wroducts are induced
on a bawnd?rj in an elcectrolyte only wihen there is
g change in the mode of conduction; i.e., from
ionic to electronic or vice versa,

b) tnat the charge density induced on the
boundary 1s proportional to the current dernsity
crossing norwal to tune uoandarJ gnd of such sig
as Lo opoouse tue currconl wonlch generates it.
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ctor rast be resonved fros to
dn the field uUfWIu such o
k “ecause of the linecar rele
L onecrgiziing current and iLc indaced nobential thc
f£121d regsurencnts 111 leave to Le norcalized to a
glven currcnt Thie for- of the curve for thiz decay of
tiie indneed polarization jpotential reguires an energiz-
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Ce THEORETICAL DISCUSSION

It is not surprising that there have been no
attempts at a theoretical development for the inter-
pretaetion of induced polarization as applied to geo-
rhysical prospecting. The lack of understanding of the
fundamentel principles involved must have precluded any
efforts along those lines. Certainly the usefulness of
this prospecting method will be greatly enhanced as the
theoretical interpretation is expanded. The results
obtained from the laboratory investigations provide a
beginning for a theoretical development, In this sec-
tion three problems are discussed and mathematical re-
lations are obtained for two of them,

The first problem (uniformly mineralized earth) is
offered as an explanation of the "residual' potential
observed by Schlumberger. In the second problem (the
buried sphere) an ore body 1s represented by a sphere
only because 1t simplifies the geometry. The solution
obtained for the sphere is complete in an analytical
sense but it is far from being satisfactory for com-
putational purposes. The fundamental relation employed
in the mathematical develovment was established in Part
B-3; i.e., the induced polarization potential is propor-
tional to the energizing potential gradient

P::C-Fi
In the earth the resistivity may well be a function of
the three space coordinastes, Ilowever, in the following

work variations in the matrix resistivity are not
treated analytically. :

1. Uniformly Mineralized Earth

It was demonstrated in the laboratory ( Part B-¢)
that a polarization potential can be induced into a
region vhich contzins disseminated metallic particles,
Previous to that demonstration it had been shown that
the sand itself is not polarizable and neither is water,
Tt was then concluded that the "residuvual" effect (meas-
ured by Schlumberger and verified with the present
equipment whenever used in t-e field) was the potential
resulting from a uniform distribution of disseminated
electrically-conducting mineral particles in the earth.
Accordingly, assure the earth to be uniformly miner-
alized and of uniform resistivity. Under the action of
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Therefore

¢(xlly|’ z') = "Jvls'v (_'-R) dV

Lpnlying Gauss' theorem

¢(X|;Y‘7Zl) = j V-PdV _J Pnés
but since P=-ki and V-{=0
therefore y-p=0
P,dS
and ¢(x',y' Z') = n .
) fs =

Now the normal component of 1 (and therefore of P) is
everywhere zero on the surfsce of the earth except on
the hemisphere ¥

where F:' = -kia 2"7}‘1

However, the radius of the hemisphere can be chosen as
small as we please and therefore R cezn be taken con-
stant and equal to £ over the integrestion which then
gives

From this it i1s seen that the induced polarization
potential for the uniformly mineralized earth fells off
like 1/r from a point energizing electrode.

An experiment, designed to test the 1/r relation
for 3 uniforrly mineralized carth, wac described in
Fart B-¢, The earth wss simulated by an iron hemis-
rherical shell filled with mineralized sand. The
potentials measured are plotted, in Plate 10b, ageinst
the distance from the "point" current electrode at the
center, Curve 1 represents the background obtained
when the sand wes unmineralized and that curve fells
off more repidly than Curve 2 or Curve 3, Both Curve
2 and Curve 3 decrease with distence at 2 rete vhich
is like 'Lr but departs from this relation close to
the point electrode. As it has been polnted out, it
was not possible to remove the reference potential
electrode a great distance from the point electrode
and, therefore, the effect of the nearby reference
electrode has to be considered. The expression for
the induced polarization potential which includes the
effect of the nearby reference electrode is the differ-
ence of the two electrode potentials each considered
with respect to the potential =zt infinity. The math-
ematical form of this expression is
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A ¢ (x}y;2') = kI - kI where r is the
T R
distance from the point electrode to the probing
notential electrode and R is the corresponding dis-
tance to the reference potential electrode. If this
expression is multiplied by r/I and the difference of
potential is written as just @ the resultant equation

= =k k
R

becomes the slope-intercept form for 2 straight line
when r/I is plotted as & function of r. The slope of
the line is negstive and equal k/R and obviously, the
intercept is k. The data used to plot Curve 2 and
Curve 3 in Flate 10b have been multiplied by r and
replotted as Curve 1 and Curve 2 respectively in FPlate
11l. Nelther curve appears to yield a straight line,
particularly in the vicinity of the origin. On the
other hand, the apparent curveture is different also
in that it is concave for one and convex for the
other, The devarture of these curves from a linear
relation is due to the influence of the current elec-
trode which, considering the dimensions involved, was
definitely not a point electrode. However. beyond

the value r = 8 the two curves become reascnzbly
straight. A straight line has been drawn through each
set of data such that thosc points beyond r = 8 deter-
mine the line, The slope and the intercept of each
line is diffecrent but it must be remembered that k is
not necessarily constant becausc its veluce (k = ¢ @)

R SR Rard

veries with the resistivity. The slope can be written

m = kK =C,o.

R I

J

This equation ig solved for ¢ and its values, obtained
fror the two lines are ecuanted; l.e.,

¢ = mp Ry = mp Rp.
] @2
Yor

Curve 1 Ry = 16 n] = 4129
15,4

and the corresponding values for

Curve 2 Ro = 10 mo = 4250
10.7

whichh gives
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R om the meazured vnlucs o7 the _ rotentinl and
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dS=a?sin9dBd ¢,

2
R = r'2+ az-2rlq cos o,

and 4 | |
R [l',2+ a®-2r,a cosd.]E !
Therefore,
I_ 1 2 ray"
5T F L (7.) R, (cosa)

I N=O

It is, however, better to have 1/R expressed in terms
of © instead of @ , Therefore, expand the Legendre
polynomia} Pp(cosat) in terms of 6, Form the biaxial
expansion 9
@)=L (2-82) Eml oMoy Bl cos mip-#)

R, (cos )-g-o m! remy Fn () By A Z-5
where  M,=cos 6, ) M =CcOS € and 8‘: is the Kronecker
delta, which gives

©0 mszn
Y L (RL (e B R weos m - 2)

1 N=0 m=o

HE @@L mmse).

] :o

The maximum (@ at t = 0) potential of polarization
then 1is

(3) o ©
¢(r.,9.,54)=f%'£(%)"1_ dS=+1 (%)"jcr L ds
g lnz0" 'n ‘no V" Jg PN

Now if ¢ were known the potential could be calculated,
Yowever, from the laboratory experiments it is knowa

that 0 results from a polarization-charge generated on
the surface of the sphere while the current I is flow-

ing.

It hes been shown in Part B4 that the induced
polarization potential is proportional to the actual
curren% density crossing the boundary. From Bowden's
paperl it is knowan that the polarization potential
1s proportional to the surface charge density, therefore,
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it follows that
(4) g=-Nig,

where 1z is the normal component of the current den-
sity at the surface of the sphere. Now from Ohm's law

(4') = A 2%¢ b i __ 1 24%
o 2 (8r )_0 ecause iy 7 bra

Eere ée is the potential in the earth at any p01ﬂt
outside the sphere resulting from the energizing cur-
rent I, the sphere and the air-earth boundary.

The ohmic Dotential of a buried sphere was com-
puted by Webb20 and is given formally by

o0

(5) §g= D):(,) L(/x,/lo,ff?’){ (-E‘-)"+'S,,(/1,¢+ §%.) s,,(,u‘,sﬂ)

n=

vhere

(6) L (s, %){};:(2‘32 )@= o B cosmg- ),

is a term which arises from the point-electrode alone,
_ AT
" 4m’

(7)
Snltt; #)=

cosm #+B_ sinm¢) P,:n(,a)

é‘l‘“la

(Am

o n

r\n

= ! 1 ® wWn o . ol .
and ,)‘::é%-)m S O“:V););‘ga) L 5,"';:4 ))k:= :m,m( Amk€osm@+B_, sinmg),

_ (n+k)! n+k+l
mkn = (n"'M)!(k-m)! (%) .

(The coordinstes r' and p' rofer to the image of the
noint P with respect to the center of the image sphere,
Therefore, by symmetry the substitution of r and p :
for r' and pu' respectively will lead to the potential
at the point P with respect to the center of the real
sphere). Now rewriting the potential to give

(8)@:_:.% )(_...[(9.) s(/y,¢)+[(a) [_’ gu)[Ol kA, 08 mP+B smm;l)
35
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from which

(9)(2% )= BF 8@ +E - %0s up)

o° on
o0
+ngoﬂmzop (/“)Z mkn(Amkcosm¢+BmkSl'ﬂmV);

which gives the charge density from equation (4') to be

(10)

oo 0
n :
+r s F;m Zamkn(Amkcos m@FP+ B SInm ¢)]
m=o
Substituting for o into Equation (3) we get

soame+E@r] 2 [Z(a L s, wy)

+£ nz P"‘):O OS5 MP+B,, Sin m;ﬁ)]‘Lr?zsin fdfdy

Nn=0 M0

The cross-product of the sums disappear because of the
orthogonal properties of the zonal harmonics, leaving

(11)

(.0 V)-GP".Z(V. {JJ n(2 ) LLa *sin6d@dy
- J‘ f (n+) S, (u, ) L a*sin §d6d ¢
Mo2T .
j L B (AL (A mkc"-smS"‘BmkS'”mw}
Fere there are three integrals to be evaluated:

Ip2m
(2) J L:L dudy

I non
-{o

‘n27
(b) J'J an.Snd/udV

@ [[7 L 2@ s, wmdudy
-1 o 36



Now to evaluate (a) write
=m

.Ln ,,g.o‘]mn (/‘)COSM(V'V) L 5 IsmPnscoss(g/-;g)

wriere

Jone (2= S Sy R (10)
and -

ISn=(2-3 )m-rss))l' " ()

However, the orthogonal properties require that s must
equal n wnich then gives for (a)

B a8 rosim g (cos mg cosm )
+sin?mg@(sinm g sinmgg)+siam g/ cosm @ Si"(%"';'l)]d;’dla'

The first integration yields
-‘n’[ J.Jmnlmn[P y:j cosm(%- ?)d};-ﬂ): I J ,cos m(g- V)J‘ [P (ﬂﬂd,u.
and the integral (a) becomes '

j'j an oLd dV TTE I mnc°5(%’%)3'mn.

In 2 similar manner the integral (h) becomes

“. in Snd/udgﬂ Z fj Jmn P (/u)] cos m (¢/- ;p)[ Apncosmy
+B,p,, Sin m ?]d{ﬂd,u- ﬂ'[ (Amncosgﬂ
+Brynsin #)Jmn Imn-

In a similar manner (c) becomes
_ ns:fﬂam(ﬂ)zqunmmkcos m@+B Sinm@) L dudy
= 520 (2-§ )R (M) cos m A LA 0 A
+sinm @l 0, nBmk)
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where

' a\"_

0!'nAmn"' Kmn(T"o) °—§°mkn Ak
2 a'l

% an"' Kmn (" = -é %mkn Bmk

(These expressions differ from those given by Webbgo
see Appendix I).

(12)
ﬁl -m)! oM m &4
= [ - |)] K‘ = ( -3, )mg‘r?uPn ('“o){:?:m Z}

- HQG
8= 8/G

which givns for integral(c)
13 B Sh a2 e- 8, s it

K mn (,?) +sinm@(a, B8 mnt Kmn(r) )]

Now substituting back into the equation for the induced
polarization potential the equation becomes

13)
$60M-ME (£) 52 [P R )

+4;; e R B () cos m(g-69)]

_ZﬂZaE{an[on n(/a),.,zz gul)(A COSmgﬂ

(ot "I n=o n+l

"'%,,?'" mq()] 2n+l(E’° Aon on(%)n]etgu'ﬁz:zjam(/“')[h‘ﬁ\m"

+'K (a a) ]cosm;ﬂ-t-[oth B _+ 2Kmn %)"] sinm %])}

mno

The evalustion of the potential at the surface
(Egquation 13) requires the evaluation of the double
infinite series (Equetions 12), Webb20 has demon-
strated the existence of a solution but it is rather
involved, The problem is complicated by the air-earth
boundary which introduces an infinite but convergent
series of images., A first aporoximation then is the
problem of the buried svhere in a full space. The
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solution of this problem is contained in the first two
terms for the potential expressed by Equation (13)
where the coefficients Apn and By, are altered. A
simpler form of the expression for the potential ob--
tains if the z-axis (the azimuth) is the line joining
the center of the sphere and the point electrode,
gith this change (see Appendix II) the potential
ecomes

® 2n4l
(14) ¢(n, Q.,V():ngo (r:‘:é)dn” 2nn+\[|- (n-l)pn] P, (cos G)

where /9= z-7 and © is the angle
n nP+(n+))C

between ro and rj.

Now if ?fi > 100 the expression for ¢ further
2

simplifies becoming

(19) @ 2n+!
Pr,6, #)= kI L v By (o5 6)

3. Bllipse of Polarization

From the tank experiments it was shown that the
charge density is nroportional to the current density
actually crossing normal to the boundary. The abil-
ity to detect a dinole by its potential depends on its
moment; i.e., upon both the charge and the separation
of the charge, The inclusion of the length factor
then provides additional information. Imagine a len-
ticular »ody buried beneath the surface and a survey
technique which employs a VWenner electrode configur-
ation, Further assume that the current electrode
separation is comparable with the longest dimension of
the body. Then when the electrode line is in the
direction of the longest dimension of the ore body,
the maximum potential gradient is established across
the ore body. This orientation not only produces the
maximum charge density but also the greatest separa-
tion of the charges. Therefore, the dipole induced
and also the potential measured at the surface will be
greatest (on two accounts) along the longest direction
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of the mass and smallest perpendicular to that direc-
tion, As the line of electrodes is rotated from a
direction perpendicular to the long dimension of the
body the signal will increzse until the line of elec-
trodes is along the longest direction. Further rota=-
tion willl decrease the potential going through a min-
imum again, The values of potential obtained as a
function of position will then generate an ellipse
whose major axis is along the strike of the body.
Verification of this effect was obtained over the mag-
netite deposit (Plate 39) and in the laboratory (see
insert in Plate 10a) over the mineralized zone,

4, Concerning the Interpretation of Measurements

The mathematical development carried out for the
problem of the uniformly mineralized earth has suc-
ceeded in yielding an equation which enables an inter-
pretation of the field measurements. The basic equa-
tion, which may be avplied to any electrode configura-
tion 1is Iquation (1) Part C-1. However, Lquation (1)
can be rewritten, forgetting Figure 4, 1n more famillar
symbols by replacing ¥ by r and introducing the
resistivity back into the equation; then

= cpl

Fow if a four electrode array is used the IP potential
difference meessured across the potential electrodes is

given by
ag-cptlEt-%%,]

where the meaning of r and E is the usuel one. For
the Jenner configuration the equation reduces to

-

where d> represents the mavimum difference in poten-
tial (at t = 0) across the potential electrodes. Trom

the theory developed for the resistivity of a uniform,
extended half-space it is known that for the Wenner
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Subst@tut?ng for ¢ in the equation for the induced
polarization potential and solving for the value of ¢

(1) C= _@_QL = d)o

2N, T 27T Vo

where the current flow I,, which produced the ohmic
potential Vy, is taken to be the same as the value of
the energizing current I which produced the induced
polarization potential ¢,. Substituting S for 2Te
vields the expression

(2) s = ¢o0 mv
Vo volt

The quantity S may be defined as the induced polariza-
tion susceptibility and regarded as a property of the
volume under measurement., It is this gquantity which

is to be compared in a field survey. The ratio of
these two potentials yields a dimensionless quantity
but for convenience the valuzs of ¢ o have been ex-
pressed in millivolts whereas those of V5 are in volts,
It is to vpoint out the discrepancy in the magnitudes

of the two quantities that the pseudo-dimensions milli-
volt/volt have been avvnended to the susceptibility con-
stant S.

The gravhical portrayal of the polarization sus-
ceptibility of an area will denend upon the manner of
apnlyings thie electrode confisuration to the area. In
genersl there are two applications for any given elec-
trode configuration, In the Tirst of these the elec-
trode separation is waintzined fixed and the whole con-~
figuration 1is movad from vnoint to point along & traverse.
The process 1s repeated for each traverse selected until
the area has he~on covered, Any one configuration of the
electrodes in this system 1s ~3lled a station. If the
valnes of 3 obtzined at the various stations are plot-
ted at the noints representing the center of those sta-
tions, a cuarve of the polerization susceptibility along
eech traverse is obteined. Irom thesc curves an areal
susceptibility mep may be constructed. The second ap-
nlication holds the center of the electrcde configura-
tion fixed and the electrode separation is varied, The
measurements obtzined come from larger and larger vol-
vimes of earthi #s the electrode separation is expanded;
rence, this applicetion is called vertical prosiling.
The valuos of £ so obtazined are zlotted against the
clectrcde separaiion. At the present time insuffi-
cient data have becn obtoined to establishi an exact
correlation between the depth and thie electrode separmtion,
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The arparatus described in Psrt D-1 could not, un-
fortunately, zlways -easure both o and Vo for the
same current., In such 2 case 1t becomes necessary to
return to sSquation 1 of this section., One intentional
festure in the design of the field apnaratus which pre-
cludes the direct applicstion of wquation 2 or 1 is
the delay time in the switeching cyecle. There is a
choice available in the manner of nandling the date in
connectilon with the IP potentiel at zero time. A
workable wethod would be to displace the zero on the
IP decay curve by a fixed time interval from the true
zero, treat the IP potentisl at that vpolnt as the ¢,
and compute S from 1t. A second and perhaps more de-
sirable method is to evtrenolate back to zero time,
It should be »nointed out that extravclation is justified
on the grounds that two properties of the curve are used
(i.e., magnitude and rate of decav) provided that the
curves fit a fixed form. From a study of the decay
curves obtained in the field it was found that their form
fits the {2 relation for the rete of decay acceptably
well and the values of @, will be obtained from the

equation
¢ = A
t +c
wviere ¢>, the difference of potentiel meazsured at the

surfzce of the earth, has replaced the electrode
potential & used in the equations of Part B-5.
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D, PFISLD SURVZEY RuSULTS

1. Description of Field Instruments

A large amount of laboraztory experimentation
had been completed before the first field trip was
undertaken. An attempt was made at the beginning
of the field work to adapt the laboratory messuring
equipment to satisfy field requirements, The Shell
oscillograph is a rather cumbersome field instrument
but it hes in its favor the small amounts of power
required to operate the galvanometer lamps. However,
with it the results of field work remained unknown
until the photogrephic record had been developed. The
serious limitation on the use of the instrument imposed
by bad impedance matching between the electrodes and
the galvanometer element added to the inconvenience
of developing pezper in the field, The resistance
offered by the potential electrodes varied widely as
thie electrodes were voved frorm place to place. Coupled
with the variable electrode resistance was the frequent
need to operate tiie instrument on a range where its
resistance wzs many times less than that of the elec-
trodes. Under this condition an appreciable amount of
current could flow, temporerily polarizing the poten-
tial electrodes, Difficulties were also encountered
vith the mechanical pulsing switch. The operation of
that switch had been ercellent in the laboratory but
failed in the field because it did not satisfy the re-
qulrement of high insnlation resistance between the
current and potential circuits, particularly in the
eztremely high relative humidity encountered in the
woashington, D. C. area, 4n entirely new assemblage of
equipment wes vprepared., This equipment wes used through-
out all the fileld work and is described now, Plates lZ2a,
12b and 124, 12B are photographs of the equipment and
Plate 12 shows its arrangement in block diagram form.

The first concern in the design of the pulsing
switeh was to maintain the leakage resistance adequately
nigh (in excess of one megonm). The simplest solution
to the problem was to physically separate the current
and potential switches which wss easily accomplisied by
o system of three relays. The switching circuit is
shown schematically in Plate 14, The relay L1 is the
master relay and its normal position is that which com-
pletes the L2 coil circuit. Wwhen the switch 51 has
been closed for az sufficient time to charge the condenser
C the switching circuit is armed. A pulse is obtained
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by momentarily closing switch S2 which discharges the
condenser through a 1lO-ohm resistor. The condenser

then accepts current througzh the coil of relay L1
breaking the L2 relay coil circuit which effects the
opening of the potentlal electrode circuit. Further,
the closing of the contacts of the L1 relay completes
the circuit through the coll of the relay L3 closing

its contacts and thereby sending a pulse of current
through the ground., As the condenser becomes charged
the current through the coll of L1 decreases until the
clapper can not be held to the magnet. When the L1l
contacts open the current through the L3 coll is inter-
rupted to termlinate the current pulse, #When the clapper
of Ll has returned to its normal position the current
again flows through the coil of L2 closing that relay
and completing the switching cycle, The cycle may be
repeated at will by momentarily closing the switch S2,
T::e duration of the pulse is controlled by the time con-
stant of the condenser circuit and may be altered b
changing its circuit resistance (selector switch S3).
The time intervals of the various stages of the pulsing
cycle depend upon the magnitude and duration of the
current through the relays. The time intervals are,
therefore, controlled by the resistors in these circuits,
A heavy duty 45v "B" battery serves to power the three
relay circuits. The circuit constants employed provided
an energizing current pulse time which was approximately
1,45 seconds. The time interval between the opening of
the current switch and the closing of the potential
switch (delay time) varied in length from 12 milliseconds
to 50 milliseconds with the average, for ten or more
observations, of about 25 milliseconds. The wvarlations
found in the closing time of the potential switech is one
of the undesirable features which should be removed in

any redesign of the equipment.

It has been shown (Part B-4) that a knowledge of
the apparent resistivity is recuired in conjunction with
the induced polarization data. In order to make the
resistivity measurements the ohmic potential must be
measured while the energizing current flows. Since the
pulsing mechanism was designed to avoid closlng the

potential ecircuit during the current pulse a toggle
switcn S7 had to be used to shunt the current relay con-
tacts., With the shunting switch S7 and the reversing
switeh S8 current could be delivered to the ground in
either direction which enabled records of the ohmic
potential and the current to be obtained simultaneously.
From these measurements the so-called dc apparent :

resistivity is computed,
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"The recording equipment employed was a commercially
avallable Brush dc amplifier and magnetic pen-motor re-
corder. Tne 3 inch pen is driven by a D'Arsonval type
ralvenometer element which moves in the field of a per-
manent magnet. The amplifier and recorder combined
have an essentially flat frequency response from zero
to 1CO cps. The amplifier always operates at its
meximum gain which is about 1000. Sensitivity control
is accomplished by a potential divider at the grid of
the input stage. It is arranged to divide incoming
signals into ranges which are multiples of 10 and further
permits continuous control within each range., The power
required for the amplifier and recorder combined is 185
watts at 110v, 60 cps. A large size 500-watt gasoline
driven ac generator was used in spite of its weight be-
cause the reguletion of smaller units was poor, which
resulted in a considerable drift of the pen,

The input impedance of the amplifier is 10 megohms
which is safely higher than the maximum (5000 ohms%
rotential electrode resistance tolerated. Because of
the high input impedance of the amplifier, difficulties
were encountered whenever the input circuit was opened,
The grid of the first tube alternately "looked" into
very low and very high impedances. To combat this a
0.1 megohm resistor was placed across the input to the
amplifier shielding it from the action of the input
switeh but not without the loss of some signal. Very
egrly in the field measuremrents it was discovered that
on occasion man-mede disturbances were of sufficient
amplitude to mask the polarizstion effect. In the
vicinity of Beltsville, Maryland an electrified rail-
road two and one half miles away was the source of 25
cps background which at times produced potentizl
gradients as large as a 30 pv/meter. The 60 cps power
lines were & constant source of interference, The
magnitude of the disturbances depended upon the
proximity to the power line, the resistance of the
potential electrodes and their separation. A filter
was used to minimize these spurious potentials. The
predominant bacground varied in frequency from one
locality to another and, therefore, several different
filters were required. Connections were provided ahead
of the amplifier for plug-in type filters. Resistance-
capacitance filters of the "parallel-T" type (shown
schematically on the drawing of the switching circuit)
were used. The 6C cps rejector was required more often
than any other and rarely was there an area where no
filter was needed. A typical attenuation curve for one
of these filters is shown in Figure 7. The use of the
filter further decreased the signal arriving at the
amplifier, The insertion losses introduced by the
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2. Measurements Over an Amphibolite Dike

About 14 miles out of Washington, D. C. along
Route 7, Fairfax County, Virginia an amphibolite
(meta baselt) dike is exposed in a road cut. The dike
comes up through a knoll of Wissahickon (mica schist)
a little off the center of the knoll, dipping to the
eastoat an angle of about 60° with its strike roughly
N 20"E. The dike 1s about 50 feet wide on the north
side of the road and nearly 60 feet wide on the south.
The topography, other than the knoll at the road cut,
fails to reveal the dike,

This dike was chosen as the object of the first
investigation., Two traverses parasllel to the road
were made. The term traverse in all of the following
work will mean a line along which measurements are
made. MNeasurements, for which the electrode separation
remains constant, made along any traverse are referred
to as a run. When the electrode spacing is increased
during the set of measurements with the same center
maintained for all spacings, the name vertical or depth
profile is used to describe the measuremente, Unless
otherwise indicated the distance moved along the traverse
from station to station in a given run 1is to be taken
as belng equal to the electrode separation, The first
run over Traverse 1 used a Wenner configuration for
which the electrode separation "a" was equal to 20 feet.
At each station several current pulses were delivered
to the earth in each direction and the resulting IP
potential was recorded. A section of recorder tape
showing a typical signature is given in Plate 15. The
raper speed for thie record was 2.5 cm/sec, With the
paper speed reduced the resistivity data was next ob-
tained., Six dc resistivity measurements were madej the
polarity being reversed between successive measurements,
Fourteen stations were taken along the first traverse.
For Run 2 the electrode sracing was increased to 50
feet and the first traverse was again covered. A
second traverse, parallel to the first and 50 feet
away was run using only a 50-foot separation.

The measurements obtained from this preliminary
investigation over the dike were treated in the manner
outlined in Part C-4 using Equation 2 to compute S.
However, in order to bring out the effect of the varilous
factors involved in reducing the data several preliminary
curves obtained from Run 1, Traverse 1 have been plotted.
In Plate 16a a comparison is made between the resis-
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tivity and the induced polarization potential (measured
at t = 80 milliseconds and normalized for the current),
Just as the thecry predicts, there is good correlation
between the IP potential and the resistivity. The
effect of removing the resistivity factor (computing
the ratio ®/Vo ) is shown as Curve 1 in Plate 16b.

The good correlation between the curves of induced
polarizaticn and resistivity no longer persists., Curve
2 in Plate 16b shows the effect of extrapolation of
back to zero time. Comparing Curves 1 and 2 in Plate 16b
it is seen that the shape of the curves, for this run,
has not greatly changed because of the extrapolation
process., This 1s not always the case. From this point
on, the plotted curves are curves of the induced polari-
zation susceptibility S computed for ¢ extrapolated
back to zero. Values of S for Run 2 of Traverse 1 and
Run 1 of Traverse 2 are shown with the corresponding
values of resistivity on Plate 17.

It had been expected that the high polarization
readlings would appear over the dike. 1In an effort to
learn more about the two rocks, a sample of the mica
schist was taken from an area approximately 100 feet
northwest of the dike and a sample of the dike material
was taken from the center of the dike. Both samples
were dug from the road cut and from holes deep enough
tc give fresh material. The samples were ground to pass
a 100 mesh sieve and then passed over a magnetic chuck.
It was surprising to find that the mica schist examined
contained 2.3% marcnetite whereas the amphibolite con-
tained only 0.36%. The amount of nonmagnetic conduc-
ting minersl which may have been present is not known.
The dike material contailned a large amount of moisture
and it was hygroscopic. It had to be dried repeatedly
in order to pass it through the sieve. An electron
diffraction pattern of the dike material2l matched that
given for Nontronite (Fe0SiCp ¢ 2Hp0). It was concluded
that the lew rTesistivity of the dike material was due
to electrolytic conduction rather than electronic con-
ductiocn. This is reasonable in view of the large amount
of moisture contained in it because of its hygroscopic
nature. (The zone under measurement was well above the
water table). The higher polarization potentials
measured over the mica schist are interpreted to be
due to the higher concentration of magnetite. The
results of this preliminary investigation were reviewed
with members of the Geophysics Section of the UsGsS.,

The opinion of the group was that more supporting data
were required. As a result two more traverses, parallel
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to the first but displaced to the north 175 feet and
350 feet respectively were run. The electrode sevars-
tion used was agein 20 feet., In sddition to these in-
duced polerizastion data, all the traverses were remeas-
ured for resistivity, emnloyi-c the Gish-Rooney system,
and vertical msgnetic field readings were talven over
the first three traverses., The resistivity =s measured
b - the Gish-Rooney and the dec methods were in gnod
agreement, All of the resistivity wzlues plotted for
the amphibolite surve. are those obtained by the Gish-
Rooney system, The magnetometer datas for the first
three traverses have been plotted in Flzste 12, Plate
1¢ is arranged to display the genaral area of the sur-
vey, the portlion of the dike which is visible as well
as the indneed polarization cusceptibility and resis-
tivity date for Traverses 1 (Run 1), 2 and 4.

The indueced polarization susceptibility =nd the

resistivity both fell to definitely reveal the existence

f the dike beyond the second traverse. he magne-
tometer dzte do not indic-te any large megnetic anomalies
othier than the one on Traverse 1 whiclh occurs off the
dike on its northwest side. These observstions force
the conclusion tueat the dike tapers out 2nd disapnears
on the north side of the road. Its existence beyond
Treverse 2 1s auestionable in terms of the results of
nn of the three metiods, Unfortunately, thce magne-
tometcr datz Tor Treverse 4 have not been-obteined., One
phvsiczl feature of the zrea 1s brought to the support
of tnis conclusion. <+he dike is wider where it is ex-
vosed on tiie sout!: side of the road cut than on the
nort:: side. If straicht lines are dravn ecross the road
lining vn with the exnosed edges of the dike they con-
verse in the ncizhborhood of the third treverse; l.e.,
tiie one 175 fect nortli of the first traversc,

The conclusions dra-n fror the e-rnibolite survey

: 1) trat disseninnted conductine minerals may

1d ratier large veluezs of polerization suscepti-

i s and 2) trat bodies wiicl: 2are good conductors
ue of the electrolyte present ratiner than the

ing minerals zre not nolarizable,

()

Je Yeasuremnents Lcrozs & Janasscs Sandstone and

Jdissahiclion ‘aunlt

The corrclation of the rolerizeotion susceptibility
it thie mernetite ~nalvsis obteined on Traverse 1
su-wested 1ot the mothiod micht e msed to detect faults
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where the change in resistivity is not nronounced and
vhere & change in the anount of conduecting minerals
ocecurs. It was bellﬂved that a fault of thls type
exists necar lanasses, Jirginia wherec the ﬁlosau1Ck0n,
krnown to contel' vcrlable amounts of mapnetite, has
pusined ur against the l'anassss Sandstone. The fault
(see Plsa te 20) is exposed zlonz tae Fuek Lall roz=d
about 1 1/2 miles esst of I'anassas. (Plate 20 is =
composition of a portion of the U. S. Army Ingineers
map of the Quantico gnadrangle and & nortion of the
USGE man of the Izirfa Quadrangle. The two maps did
not quite coincide, trerefore, several roads Lavc been
"faked" in to provide contlngity. The line of the
fanlt wns locsted by Ililton.<<) The eres selected for
tie mersurements Tas a gentlv sloping corn field. In-
duced nolerization znd resistivity measurements were
mede along three traverses roughily perpendiculzr to the
fault ond each 200 feet apart. 4 Jenner svstem of
elecirodes in vhieh "a'" was eguerl to 20 feet was again
emplored, Samplios of eartn were taken from the road
cut at 25, 50, 75, 100 =nd 150 feet in each direction
from the exrosed favlt, The materisl gathered, siprproxi-
mately Y wounds ner sample, wes sround to psss a 100
mesh sieve “he ragnetic rmeterials were separated from
all mat bhe sendstone sarmvle at 7% feet which rmet with
an sccident rnd vzs comonletely lost.

The measured volucs of tiie IP susceptibility, the
resigtivity in ohrm-cm mnd the results »f the magnetic
mineral asnalrsis are shovwn rlotted in Plate 21, The
resistivity datz show & definite correlstion Trom
traverse to traverse. The change Trom low to high re-
sistivity is nlong thie nrob=bl: strike., There is little
correlstior from treverse to treverse in the IF suscepti-
hility ecurves. Cne relstive hich is maintained in the
center ~7 tin thren troverses, The vory nigh nealt of
Trevorse 1 dirmdinisiies nntil ot Troverse 3 it o5 dis-
2rpeered weereas ¢ sli g‘ nint ~F & peak on the other
side of the ecenter of Tr-verse 1 grows @35 one progresses
boelr to Traverse 3. Trom the mineral sznalysis it nust
be conecluded thet there is wore varicstion in the meg-
netic mi*'ﬂrcl content writhin citiier tiie sandstone or
mica scn ist than tlhere is frow one to tihe other. The
narnetic met-rials vhich cntered into the determination
of tre percentsagec shown contained & substantial amount
of weakly mzenctic mineral which was not identified.

It is concluded from this survey thct the IP sus-

certibility ressurements do not locate this fault be-
cause a sufficient change in the conducting mineral
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INDUCED POLARIZATION SUSGEPTIBILITY (MV/VOLT)
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content frow» one Torration to ti.e othor does not exist.
This conclusion is supported by the mernetic mineral
analysis

£y ersurerents Over 2 Pvrrhotite Outerop

The results obtained from the amphibolite dike and
the lirnassas Sandstone surveys are inconclusive and con-
fused because of 2 lack of kxnowledge concerning the
varlation in the concentrstion of disseminzted minersls.
In order to avoid this confusion, meacurements should
be rade over an area wo2re the mineralized zone is
definitely knovmn to ewist in quantities whieh approsch
tiiose of an ore body. Informatio: obout two ore bodies,
not fzr “rom Vas:ington, D. C., was obtained through

2 The first of these is described es the Gossan
Le"u 3 Carroll County, Virginisas rlate 22 is & nhoto-
granh of 2 map (furnishaed by US uS) showing the Gossan
Lead vhich evtends for 17 miles fro: near Galax,
Tirginie to the vieinity of Sylvatus, Virginia. The
Gosscn Lead consists of 2 saries of elongated sulphid
ore bodies of which the primary ore is pyrrhotlte. The
minerszlized zone is incazsed in the pre-Cambria
Lynmerhburg eneiss. <ue ore in the Cranberry scg ment
ontorouu (serﬂjfuflate 22) along U. S. hlghway 52
near Hillsville, Virginic for o distance of approxi-
mately 200 feet., The Fockground in the photograph of
the instruments in Plztes 124 and 12B (sunplied by E. Ce
Spicer) is the outeropped pyvrrihotite along U. 3. itighwey
2. The Yfloat" found °]ong the outecron wss rather
rassive pyrraotite. (‘hien & piece of ore with froshily
avrosed faces was connected to thiie leads of an olrmeter,
the meter read zero on the l-ohm scale).

Two trsverses werc run across tils outcrops; one
2long the shoulder of the rosd ~nd the sccond one naral-
lel to the first, 20 feat L ol the rocod ond about
12 feet sbove the road level, Tihe second traverse ran
only zcernss the west contiet of the rineralized zone
because b.e hillside wrs steep, covered with the dump
of an 0ld »nit =rd hecvily overgrovm. & Jenner system
for v oich Yo' was 20 Ceet vwas used to obtein the data
of Trev rse 1 Zun 1 :nd Traverse 2 Hun 1, The results
of these tv» rvng, rlotted i Flrte 23, show t.e induced
nelarizotion ‘w;co LiDLLlL" increasing tc a moximum =2s
tiie econtnzt is arnrorched frorm the side of the country
roclc, Once the contsect is crossed the nolarization
susceptibility avnesrs to fall to zero. However, 1t is
reall-s the induced nolarization potential which has
fallen to zero (or ~t leas® below the lower limit of
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the instrumoent sensitivity). The fact that this poten-
tial fells to zero should meke the gHSO“rﬁlblllty also
zero except for the fact thet thiz ohmicec votential also
falls to zero over the pyr rhotlte zone, The susceptibil-
ity is the ratlo of these two potentials and is, tuhere-
fore, indeterminate over the minerslized zone. The zero
value of the induced polarization potential is in excel-
lent agrecment witli: the establishied result (Part B-10)
whicn states that the polarization potential is pro-
rortinnal to the potential grsdient. Tere tihe current
was 1ncrezsed to 1.0 arnpere, thie separstion of the
rotential clectrodes was 20 fzet but the resistivity
as zero as fazr s the field instruments were concerned
€PQ, tiierefore, the notentisl gradient and consequently
the induced nolerization potentisl remained zero.

It has long been knomn th ut pyrriotite displays
self ("espontgncous'") polarization and because
Sch]UWberabr3 stated tubt tu@ "srontaneous" nolariza-
tion of an ore body would conces 1 the indrced polarize-
tion rotential, mersurements o7 the self potentisl were
made. Te raference elecctrode was loczted 220 feet
viest of thae center of tne ore body and the potential
difference between it and the probe clectrode wvas re-~
corded as t:¢ probe electrode was moved across tiie ore
body ir 27 foot intervals. These date ere plotted 1in
Flete 24 along with readi-rs of the verticel magnetic
field mensurements talen 1on“ tire same trevcocrse. The
ore hodwv is deflﬂltLLy swontun“otslv polerized bhut the
self WOtGﬂT]El, do not influsnc. tie induced volariza=-

\_
)
T
|
ay

tion votenticl. Llie energizing currenlt ves pulsea 1In
hoth directione »ut no change in the mognitude of the

'.

induced nolerization notential was observed. It wos
necessary, owvever, tc use larse bucking votentials to
lteep tho rQUULEGr pen in the center of the peorer, There
s sclf-rotential "well™ at cach interfece »of the

n 1raot to cnd o additional onc just west of tue center
0F tlie ore. An inclusion of mica schilst is visible in

t ¢ road cut whiech corres—onds in nosition to the extra
Trell? ir the self notentisl curve, A small increzse in
hotit the induced nolarizoticon potenticl and the resis-
tﬁvi‘v (hoth too sm2ll to swnzar in rlate 23) were ob-
served at the same loention. The ertent of the inclusion

is not knovn.

I—’-

:)J

A vertical profile was run over Trsverse 1 starting
with an electroﬂe senaration of 400 feet ond decressing
tle separstion 100 feat at a time until the »otential
electrodes were 100 feet cpart. The cento“ ~f the
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system was the center of the ore body. Thus when

the potential eclectrodes were 100 feet apart they were
inside the zone Wherec at 200 feet they were outside.
T-ie results, shown i Plate 25hy, are consistent with
those alre”dj obtaiped Inside of the zone tne resis-
tivity is zero and so is the IF =noterntizl znd outside

thie zone ‘hov arc both greater tha: zero., Unfortunately,
thiz measurerents were not extended far enough outward

to determine the maximum susceptibility value.

weverel otiier electrode confi urations were tried
ir an =2ffort to obtein a measurable polaorization signal
shen tiie electrodes were &ll witnin the rinerslized zone
but tie r951“‘"v1tv vizs just too low. The -otentiel

lectrodes vere r~intecined at & 20 foot separstion from
tu@ ~nrrent electrodes (cither on the inside or the out-
side of the currcnt celectrodes) end the system was cx-
ponded. As longz s the elcectrocdes were sufficiently
removed Tron thae nineralized zeone so thet & potential
gradiont ne establisied (resistivity no loncer zero)
& rpolarizeticr sicnal wac roesvred. Nine combinations
of thie four el~ctrodes are shon in FPlate 2%z along
wvith the IP susceptibility end resistivity measured at
cac:: nosition.

Cranberry segment
r Traverse 1 or 2,
ect contact with
conductor the
ined zero for all
investigr te another
cre wes suffi-
tivity bat vwhere
indicsted by

Tre pvrrhotite outcromn 1
Lad little or ro cover -lOJg
e motentinl cloctrodes vere
e ore and sirce it s suen
rote-tial] cerosc tile eloctrodes
nnlied enrronts, It voo decidc
ortion of the Gosssn Leazd
¢izntly —escive to prov1o“ low r
tiic cover wess rztocr th 1c a S
i+ Fletie 22, noar s ond CTOH ~fT Letty bLoler mine
oClnCtLd. AN oxpanding clectro srsler vwes cm-
red vhicern nod s center locoied ~,,rOVJ“”icl" Jlﬁ
ot 1670 ﬂf DI 1 (Durcrsua »f dnocs Frojocet 2002,
The line of clectrodes ran ﬁ 7?0 o oand thoe strike of
the DBetty ‘r_er vas &l swroxime tely I 420 L., The vertical
dentl. of the ore of DDK 1 is fro~ 1¢6 feet to 207.2 fect,
vhich gives a thiecliness of orce of 11.6 feet., Tre dip in
this crea is about 470. It was originally plannad that
the line »f clectrodes would parallel the strike., hov-
ever, bocause thic area is %e“v1lv overgrown the electrode
line had to nelze g angle of about 300 to thie strike.
This meart 12t ot once end of t.oe lins bothh i current
nnd potentizl zlactrodes were nearer to tac orc tuan the
electrodes ot t o otier end were and the situation be-
carc worse cs tlie elecirode arrar wog expanded. Lecause
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PLATE 25
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\spect to t ore this tyne of a survey -ay ot be
used to cdisenver erperimeontalls tih: relation between

¢ eleclrode separstio ond the dept: »f influence.
e deta obtrived frov the verticzX rrofile nver the

tty Baker mine hirs beow rortra—red in the usual manner
lat2 26, There 2rvecrs to be o one-to one corre-
on hetween tihe denti: to the ore znd the electrode
T
5
]

(GRS B

1 1 e o
NON O ofire

ticn, At the 150 foot separatios ti:re is a

r bresk in tne curve, The vertical deptl to the

is 100 feat vhich mnlaces the shortest distence frow
~nrface 1o the ~rc at abont 150 fest. 4n appreci-
lc amount ot ecorrent will flow through the ore hnody for
ectrode separetlons greater tran 150 feet, I:owever,

fou )

mn

Vi
Fooo

PR

cr O

the treak in the eunrve indicstes o derrescse in the
nolarizetion suscentibllity. A4s an ewplsnatior of this
Iinverso effart it I3 ,Jvtested thint tite overbhurden is

t can be seen in Flate 26,
vitr,. ““ernPore, a lerge -otential
od znd 811 minerals contoined in the
v~ resistivities of 20 x 103 ohm-cm
. s
A

3
Oy b b3
r_J
0
QO
< e
. 62} ;
L b (D
[oR
v
3
Q
-
7
n
[N

2 molesrized, Ls & result, a Lirn —zlue
of indaced "onlarizetin grgcentibhilitr ig me=ssured,
a5 t e 2lcetrode arrsvy ‘s svnanded, wora current
reccies thie ore bodyv wiiiel, beecense < dits low resis-
tivity, rors tiz uwnrer region of 'ts :oare ol tae
cnrrent ord decrenscs the wotrntial sredient. The
seturstion 2ffeot prevents thoe ore fror becom'nf ]
nghl“ nolerized =5 Lhe disseminsted rminersl which is
elso 2loser to the surfece and as o result the ooleri-
zotion cugonorntinilits deercoces. Ao e elzetrodc

still furt: 2 e

swster ounonds s r, 2 ilorger volum
cverharden is troversed by the current waich &
ircrerses the nolerizotion susceptibility.

It w2z ~ontiored e-rlier (FPort D-2) t.iot the ex-
travolatinm bt to 2.ro tire occasiorsll s introduced
] i~at’ o =sasc o~tibilit curve. TIn
7 s of ?5 2t &0 rillisceconds is
tio eurve for $o and the changes

J

coentes in the
curve ohi:s inc

cornrreg Ln ol
introduced are

e L ecanrerents Over ¢ lagnetite Ore Sody

o)

£ szeond ore bodv vas obtalno2d
=1 USUS. Tre ore, edged hetween 2 1i-ostone and
Aiabtsas controt, whs one N ran o smell ragnetite de-
ogits Tound in Libanon om«tr Yermsylvenia., fortu-
natel -, the ares rid beun erplorced a~d the date Trom six
diamond~drill ~olcs (DDiI) were avallable., 1he projec-
tion onte the horizontsl plane of the probeblse limit of
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INDUCED POLARIZATION SUSCEPTIBILITY (MV/VOLT)
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the ore body is snown 1in Flate 27. Seven traverses
were conducted in the area; six of seven were over the
nrobzble orc body =nd the seventhh was intentiorallr rec-
moved therefrom. The location and dirertion of eacn of
the seven traversed rar be seen in IFlzte 27, The infor-
mation obtaln2d Tror the six DDE's was used to constricet
t.e »rohzble oitlines of the ore body =nd tnese outlincos
re shovn in Flates 28, 2ty 30 and 31, llete 28 is =
crtical scetlor thronga Traverse 1. rlate 29 saow
vertical section thronglh Troverse 2 ulilcr arrssrs to
be tae thictest mart ~2 Lie ore, Its maximar thicl
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PLATE 27

PROBABLE LIMIT OF ORE BODY
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PLATE 28
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PLATE 29
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PLATE 30
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PLATE 31
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INDUGED POLARIZATION SUSCEPTIBILITY (MV/VOLT)

PLATE 32

INDUCED POLARIZATION SURVEY
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of mineral. On the other hand, there appears to be
little difference in the resistivity dsta from the

three traverses. Run 2 of Traverses 1, 2 and 3 show
(Plate 33) essentially the same information as is given
in Plate 32, The double pea's of Traverse 1 has practi-
cally disappeared and the peak along Traverse 2} has
increased and broadened somewhat. The results, other-
wise, appear much the same, The differentiation between
the signals obtained over the ore body and those ob-
tained from either side of it i1s not great. However, the
ore is not very thick in this north-south direction,
Better contrast can be obtained by plotting arezl sus-
ceptibility maps. These maps have been plotted such
that all signals 50 mv/volt or more are shaded black,
The 5 mv/volt contour intervals are shaded such that
each Interval is lighter as the signal decrezses, Two
such maps have been plotted. The data of Run 1, Traver-
ses 1, 2 and 3 were used to prepare Plate 34 and the
data from Run 2 of the same three traverses were used in
the preparation of Plate 35. Both maps show the greatest
signals over the leading edge of the ore body and they
both indicate the direction of the strike of the ore.

Data from Traverse 4 was obtained with an expand-
ing electrode array which had its center 100 feet north
of DDH 4 and its line of electrodes in the east-west
direction. Traverses 5 and 6 were vertical profiles
with their centers over DDH 4. Traverse 5 was parallel
to Traverse 4 ard Traverse 6 ran N 520 £, The results
obtained from Traverses 4 and 5 are shown in Plate 37
along with fabricated verticel sections of the ore body
corresponding to imaginary drill holes directly below
the center of each electrode system. The results of
these two traverses are to be disregarded for the large
electrode separations because it was discovered, after
the data had been taken, that the electrodes had been
set near some cast iron drainage pipes which were in a
horizontal position and along the line of the electrodes.
However, neglccting the large separations there appears
to be little correlation between depth of influence and
electrode separation. The ore is nearer the surface
under the electrode line of Traverse 4. The IP sus-
ceptibility is much larger for the small electrode sepa-
rations along Traverse 4 than szlong Traverse 5 which in-
dicates that the magnetite along Traverse 4 has been
polarized. The results obtained along both traverses
approach roughly the same value as the electrode separa-
tion increases. Traverse 6 was conducted in order to
get away from the iron pipes, the effect of topography
on the resistivity and still cross over the ore body.
Only partial success was realized because the electrodes
ended up against a metal fence at each end of the line.
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INQUCED POLARIZATION SUSCEPTIBILITY (MV/VOLT)

INDUCED POLARIZATION SURVEY
MAGNETITE

LEBANON COUNTY, PENNSYLVANIA
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PLATE 36

VERTICAL MAGNETIC FIELD SURVEY

MAGNETITE
LEBANON GCOUNTY, PENNSYLVANIA
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The results of this traverse are shown in Plate 38,
Once again there appears to be little correlation
between the depth of 1nfluence and the electrode sepa-
ration. Rather, it appears that, as one of the poten-
tial electrodes avpproaches the ore, the IP signal in-
creases. As a chect on the results obtained over the
magnetite deposit a vertical profile was run in the
east-west direction at a rlace well into the limestone
and removed from the ore. The results (Plate 38)
indicate the IP susceptibility to be small and quite
uniform. The almost constant response is in agreement
with the theory for the uniformly mineralized earth
(Part C-1).

The data obtained from the vertical profiles
(Traverses 4, 5 and 6) are still useful even though
the desired correlation of depth with electrode separa-
tion is not apparent., Over DDH 4, at an electrode
separation of 100 feet, there are three values of the
IP susceptibility; Traverse 2 Run 2 in the north-south
direction, Traverse 5 and Traverse 6. When the results
from thes: three stations are comnared, it is found
that the greatest value came from Traverse 5, the least
from Traverse 2 and the value from Travoerse é was
intermediste., The discussion concerning the ellipse of
polarize tion (Part C-3) predicted that the greatest
signal would appear in the direction of the strike,
For this deposit the strike is in the east-west direc-
tion and the largest signal zppcared in that direction.
The results predicted by the discussion concerning the
ellipse of polarizstion received additional verification
from a survey conducted for that purpose.

The results obtained everywnere over the limestone
were consistently low and of the same magnitude. Those
results obtained over the diabase were larger than the
limestone measurements., Three more surveys were run
in this area to checlt the predictions concerning the
ellipse of polarization. For each survey a Wenner
system was used. The electrodes were separated by
50, 100 an® 150 feet for each orientation of the elec-
trode line. The line was oricnted first in the north-
south direction and then at 300, 60°, ¢0°, 120° and
150° to the original direction. The first survey was
conducted far removed from the ore and well over the
limestone. The second survey had its center or rota-
tion somewhere near DDH 4., The results of these two
surveys are plotted in Plate 39, The induced polar-
ization susceptibility for the limestone and the mag-
netite are plotted in pairs according to the electrode
separation used. It should be noted that the values
for the limestone are guite uniform, both with respect
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PLATE 39

ELLIPSE OF POLARIZATION

LEBANON COUNTY, PENNSYLVANIA

20 MV/VOLT
SCALE

LIMESTONE MAGNETITE




to the orientation of the line and with the electrode
separation, The dashed-circle is the average valuc of
all the vectors for the particular electrode separa-
tion employed, The limestone has a resistivity of
about 50 + 103 ohm-cm and, because the polarization
susceptibility is low, the limestone must be weakly
but uniformly mineralized. The three curves obtained
over the magnitite cheneed considerably with clectrode
separaticn. ¥When "a" is 50 feet the susceptibility is
nearly constant which results in a circular pattern
which 1s as it should be., The center of the system is
over DDH 4 and the ore is more than 50 feet from this
point in any direction. Therefore, the ore is outside
the influence of current density pattern and it is
only the diabase which is polarized. TFor the 100 feet
separation the IP susceptibility signal is 1.5 times

as large in the direction of the striize as it is in

the direction normal to the strixe, The ratio of the
largest to the smallest signal for the 150 foot separa-
tion has increased to roughly 2 ¢ 1 but the indicated
dirsction ¢f the striite hss changzd slightly. This
rather preliminary invectigation is considered to be in
good agreement with the predictions cf the theory.

The third survey was conducted over the diabase
at a place well removed from the ore, It is nown that
the diabase is nore highly mineralized than the lime-
stone but it was ewxpected that it would also be uni-
formlv mineralized., Certainly o one direction was to
be preferred over a2ny other. FHowever, an examination
of the results, rlntted in Plate 40, reveals tnat the
induced volarization suscentibility is greater in the
north-south direction than in eny other direction. The
measured value of the IP susceptibility in the north-
south direcction is at least twice that measured in the
east-west direction., The vertors nlotted for the elec-
trode separation of 50 feet show the IP susceptibility
to be larger in the neighborfiood of the north-south
direection than it is in the esst-west direction, +he
figure is wore nearly an ellipse than a circle. However,
for the electrode sevaration of 100 feet the vector
pettern is more like, excoept for the north-south direc-
tion, a cirele than an ellipse and for the 150 foot
electrode separation it is essentially & circle except
for tne north-scuth direction. The vector in the
north-south direction increased as the electrode sepa-
ration increased. It was conecluded that the source of
the polarization potential was & long mectallic object
such s = woter »ipe or cable oriented in the north-
south direction because the side vectors decreased
and the north-south vector increased as the electrode
array was expanded. A letter was sent to the owner of
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the land who in turn confirmed the existence of a
water pipe in the place indicsted by the measurements.

It is concluded that the regnetite deposit was
clearly located by the induced polarization suscepti-
bility. Other electrode arrangements or different
types of traverses can be arranged such that the con-
trast between the induced polsrizaticn susceptibility
measured over the ore and off the ore will be greater
than it is now. liowever, that is 2 task for the
future. The survey over the magnetite deposit con-
cludes the field work.
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SUNVMARY

It is the intention of this thesis to correct
some of the errors which have crept into the litera-
ture, to remove some »f the existing mystery and to
bring out the advantages and limitations of the method
of induced polarization with the hope that it will
grow into a useful tool for geophysical prospecting.
To accomplish this purpose a series of laboratory
experiments, designed to reveal the fundamental re-
lations involved, were conductedj; a theoretical re-
relation, based on the results of the laboratory ex-
perimentation, has boen developed for the interpre-
tation of field data, and in addition to the preliminary
field survey over an amphibolite dike, ihe method has
been applied to three mineralized areas where the de-
tailed geology is quite well known. The results ob-
tained in the field are promising and in Zeeping with
the experimental and theoretical developments. In the
light of the results of this work the literature is
briefly reviewed.

The conclusions reached by Schlumberger4 concern=-
ing geophysical prospecting by the method of induced
polarization have been examined. He apparently under-
stood the elements of the fundamental process involved
but he was lead to conelusions, either because of
inadequate equipment or insufficient experimentation,
which can not be supported by this work., His claims
that the self-potentials generated by sulphide ores
concealed the induced prolarization effect are not sup-
ported by the present reasurements over the pyrrhotite
outcrop as reported in this thesis. At the east edge
of the ore the self-potential generated was more than
300 mv, HHowever, no evidence was found to support the
contention that the induced polarization potential was
concealed by that self potential. A4s a matter of fact,
the largest value of the induced polarization potential
was measured at this interface., The energizing current
was made to flow in both directions across the boundary
and the induced polarization for each direction of the
current was neasured. Within the limits of experimen-
tal error, thc measurements were the same in both direc-
tions., If, because of chemical action, the interface
of an ore body became saturated with electromotively
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active material, then additional current forced into
the ground would either deposit more matorial or remove
some, all according to whether the energizing current
aided or ovposed the natural current. The addition

of more electromotively active material can not in-
crease the potential of the saturated interface and,
therefore, no induced polarization potential can be
measured. If, on the other hand, the energizing cur-
rent oprosed the natural current some material would

be removed., If the amount of materizl removed reduces
the concentration of the sctive material below satu-
ration, the return to saturation would be mezsured. The
self potentials required to waintain the surfaces of an
ore vody in & sa2turated condition will be difficult to
realize under the conditions of natural current flow,

Schluamberger stated that the resistivity of the
rocik, surrounding the ore btody, enters into the induced
polarization effect not more than to a2 secondary
measure., This statement is not far from correct if the
form of the decay curve alonc is considered. However,
one of the results obtained in this thesis states that
the induced rolarization potential is proportional to
the potential gradient established., This makes the
induced volarization effect directly proportional tc the
resistivity. Furthermore, the laboratory experiments
have failed to bear out Schlimberger's statement that
tne "residuwal'" polarizetion potentizal was due to a
transnort of ions creating & dissymmetry between the
regions surrounding the electrodes. Contrary to this
statement, it wes found that the only time polarization
votentials were observed was when electrically conduct-
ing minerals were present., This observation lead to
the theoreticsl development of the polarization p~tential
of a uniformlv mineralized earth which has been verified
experimentally in the laboretory and in the field during
the course of the work reported nere.

The publicztions of Ktller?y’/ and .eiss® concerning
the "ileetrochemical Wethod" contain so many errors that
it is unfortunat hat they were publisned at all. The
work of Belluigi®’> might have succeeded except that he
discarded only part and not all of the procedure estab-
lished by itller. Although 3elluigi improved the
method of messurement he retained much of the 1nterpre-
tation give~ by M#illar, Variations in tne resistivity
alone might well have accounted for the results Eellglgl
obtained., The present work has shown that polarization
is induced only when electrically conducting minerals
ore present in the structure, Formation boun@aries are
not volarizable unless a differential exists in the
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concentration of elceectrically conducting mineral across
such boundaries., 0il, ss a non-electrolyte, should not
generate electromotively active material eggainst a
boundary cven though the boundary is mineralized. Fur-
thermore, the decay time of of the induced polarization
potential is of sufficient duration to mask the differ-
ence in time required (as reported by Potapenkol3) to
volarize an electrode first in an electrolyte and then
in oil. It is concluded that oil cannot be directly
located by the induced polarization method nor can oil
be indirectly locsted unless it is very shallow.

The method of induced polarization requires for
its operation the existence of electrically conducting
minerals in an electrolyte. This requirement confines
the method to the location of electrically conducting
minerals and other metallic objects. Its best appli-
cation should be to shallow mineral prospecting. It
may, however, be used to locate pipe lines, rails,
cables and other buried metallic objects. The method
does differentiate between those aress where resistivity
is low because of metallic conduction znd those where
resistivity is low because of good electrolytic con-
duction., The method is also capable of differentiating
between two sreas of equsl resistivity but unequal
mineralizations. It should b2 of use, therefore, in
the location of disseminated minerals, such as the
galena in the Missouri-Olklahoma-Kansas "Tri-state®
region, wnere the resistivity change from a mineralized
area to zn unmineralized -ne is insufficient to enable
detection of the mineralized area by resistivity measure-
ments., The ellipse of rolarization principle enhances
the use of the method.

This preliminary work has revealed certain dis-
advantages in the IP method, several of which are in-
herent in the :ectiiod itself znd cothers that may be
eliminzated by further develomment of the metnod. To
begin with, the induced nolarization mcasurements cannot
be divorced from resistivity measurements. This does
not mean that separate cquipment must be employed nor
that the ressistivity must be separately mezsured., How-
ever, the two separate we  surements will undoubtedly be
desirable. A more serious limitation on the method and
the one which confires it to shsllow work is the "fall-
of " of the signal with depth. First, a current den-
sity must be establisied in order to rolarize the earth
minerals and then the signal must be returned to sur-
face which gives, at best, an inverse fourth power re-
lation. Ilowever, the magnitude of the potential in-
creases with the lincer dimensions of the body and
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tiiereby improves the relation of tne signal vs denth.
Another limitation =t present is the polarizztion of
disseminated minerals which may mask the deeper lying

ore bodies, The effect produccd by changes in the con-
centration of the disseminated mineral is not imnown.
There rmay be a saturation effoct which depends upon the
nercentage concentration of th: mineral rnzrticlass, Still
another limitation, althiough not serious, is that poten-
tials measured hy the induced polarization method are
usually one order lower then those mezsured by the resis-
tivity wetiiod,.

It is cexpected thet the metnod of induced polar-
ization will, with improved instrumentation a2nd a
larger background »~f field results, find its place
among the existing tools for geophysicel prospecting
for minerals. It must be remembered thet the work
rerorted nzre is only tiie initisl phase. It is the
anthor's hope thint a useful method of geoprhysical pros-
pzeting wiil be bailt upon the foundation established

by this paper.
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Sincc tuere exists g unresolvad difference
between the work of ".ebb<Y and the calculations in
this waper thec derivetion of the constants emnloyed
is given here, This derivetion is not intended to be
completed in 1tself but must be read in conjunction
with Webb's peper, lerover they fit, Jebb's cal-
culations are used but tnere is an interchange in the
summation indicies, T%on.rﬁaﬂihg Lebb's forrulas recd
m in plece of 1 oend +iece versa.

(1)

I .

U_P.I . D —
e qmr, " T, 4P

Tovr 1/ro can be o-pandcd in teris ~T Lue rolar coordi-
nates of thic vrigin el . center trie sphere by
the relotioe

@ L. LS ()P, (05 o)

whien con he furtier eowpsnded by the binxizl exransion

P, (cos ) ="in(2-8°) (n- m)'p (co SOO)P ()

m=0 M’ (n+m)!

x cos m(P-Q,).

Suhslituting (?) enﬁ (7) in (1) tue poltentiz=l due to
the celectrode becomes

L T 1 m pig ( )( 80)(0 m\‘p:(po)P:'(p)COsm ((P—Q’o)

4y .,.o m m)(n+m)|

=25 ¥ (g mn ,.(p,)pwmwcow*smmwnm%)




The rotential due to the real sphere is

U=Z (-) A, cosmq + anslnmcp)P:'(u).

n
and t‘uat duc to toe Imagze sphore is

N+!
‘%) ' AmnCOS m(p;"' an sSinm cpi) P:(pi)'

sured vitii resnect to the center of tue
J‘!

i
m
sphiere instead ol tuoe origin in the real sphere,

ipt 1 refers to the coordinates of the point
ea
-

Trhe potoutial anywhere outside the snhere is the
sur of these tiree pOLOMU'.ls; 1.Cey

§ = U+ Ug + Y,
e

-ZE( )(K cosm@+K snmy) pT " (H)
435 (2)"" (Amncosme+ Bansinmd) P, (1)
+ZZ(%)n+l(Amncos md. +an sin mcpl.) p"‘;’ (,u'-) .

Sebb has givm an cxrressicn for

Bal(M) 2 (nsi)! ol K P (4"
T RNkl Z (n—m)l (m+|<)| hn+k+| K
'
Tuore o fnd p' are coordinates of the point Py in
tor’° ~ centor st the dlvare q:ha‘@. in interchnange of

P

the 1n0101ea o oanc k gzives

ZZ(%)M(AMC%““D*B’““ sinm) P: G

©0 90 oo m n awﬂ:n |rW3rn '
2353 (Ancos m 4B smmd) Son ¢"PT)

nz=o m:0 Ksm

ii



where {depth of svhere = h/2).

_ (n+k)! aY !
amkn - * m)! (h>

(n+m) (k-

llow since this is the vpotential at P; (the image
of F) due to 3, it is also the potentisl 8t F due to
5i. «e need only to interchsnge r' aund r snd p' and p.

Tre potentisl inside the sphiere is obviously

@E y cf °Z° (é)n(cmncosm¢+Dmnsnn mLP) P:(F)'

N0 ms0

M.

The boundory conditinns requirs tuat
@:: (i,: at r=a
widcl cives
25 (2 (K0S ™ +*K g sin m) P (M)
S5 (Amnc,os mP + Bmnsin m@P) P:(/‘)
155 3 (05 MG+ B 517 ) i P4
nm

S 3(C rmry 95 P + Dy 511 MO P (41

and

L (_@is-) - a( 84{) rea

elor ) e\7r




.

whici: #ives

| Nz
& [ZZB(8)" (K c08 M@+ ki 310 mp) P 1)
4+ ZZ- (";'“ (Amn cos map + an Sin mCP)

* 228 & Ok (A s 9 + By 310 ) )]

= -é-'}n(cmncosm(p + D 10 MCP) Px (/J)] .

Tow set

8 = [

Ca

snd ecuzte sipllsr tesseral Larmonics,
Then
1)
aY 'K +A_+F A o, =C
v mn mn " mk mkn mn
and
a
(9'>n2Ksr\n+Bmﬂ+iB Fmun =D
- - Emi mkn mn-
&lso

(2)

n
n(%) Kmn"(n“) Amn+ n él\‘mko'mk'\= "ECmn
and

(2") |
n
n (%,) K- (M) Bap+ N é Bk %mkn = "€ Pmn

iv




B Y () At ]8T
ZAmk,o'mknJ- ("*") Amn n@ Ama=n@ Kmn(a) n K'mn
x(.._) +néZAmk mkn "ZAmk mkn [(@'“)“ Amn
=P (8- Kmn (&) *+" () Z Ak B

Tow dividing Lv n (6 ~1)

(2;+‘) | Q
(6-1) n(@-l) Az =Ko (% ) ZA mkmkn

Aon = Ko (- P

and & similar oryrression for Dn,

obn Bz mn() ZAmkamKn

viiere

(n_rﬁ)! n cos mUq .
mn" e (2 3, )(n-i-m‘).‘ pn (F°){_3m m¢°}
The valun of il.p given Dby Jebb

K on= ( )(ﬂ-m)' r‘:‘(,,.o)cosmcpo

(n+m)!

differs from that obtri-ed atove 1n the fcllowling points:
1) it includes tie term ( )‘1 (This is tiie most

T

0

sarious discrepancy.)

2) there is = dl;fereucr of sigr between tic

velue of Kyn given herc and that glven by ./ebb

3) tiie Kronesier 8 is missing which reduccs
m

v




coecfficient of D in this papcr to 1 when m = O,
For valu:os m# O tiie coefficient in .Jebb's
forrula is in egrecrent,

4) alti.cugh .Jebb has SprifiC 11y given only
: ne value of K. n it a:rvnars that the
s teien coere of by wentel resorvation.

IT

-

Tae Incduced folarizetion Fotentisl of a 3ul.cre
In a- Infinitelr Sxtonded mif-rm Pediur.

Thie probler =f thiz buried spnere in a unilorm:zlf-
space was complicrted by the alr-zarth boundzry. As
a first an-roxirati~ tn *tic nrobler consider the
swiiere to be at dirtence h below a Lorizontel plenc
ip en Infinitely exoociwed unilornm fu11~space. The
radins »f the s here is 2, its rrsistivity is @ o and
it is comclotely surrcundzd by @ medlam of resistivity

1. —fn otz origin of tis coo Siate sstem gt tuac

cont~r of tho siloore ond thc 2z 5 52 tie line
joininy tho contor I tlie sphere

“o energlzing corrent I rrodiaces a JOl&TlZMtWJM
clhiarse Cdonslity O on L. sur’ac r ' oden
- M . e - -~ T

wccordir o to tho loborctory ateor riven by

(1) ol - —ki&

- . e JR IR S
£ i. is the norral comronort of the chreont aensity

Lilw

> surlace »f the spacerc,

V1




The potential =t the point 3(“'V'”') mLose raedius
vactor isob and vhwose colatituds anl’ 212 i %1 1z given by
(2)

¢(x| Izl_ d“dS
‘Y7 )' R
S

Tihe cheroe Jensit;- o con b foand fro. relation
above and 71 Yo 1o, In orﬂ”r to "ind tho Owrront
density ¢t tin sarloces 0 the sphere and @ .1 to

tl.«.p

cmelé,~bl1ﬂ

potential .
currant

T, e (.'1\ 4
Y e h o R e N

and ogt ide tle sphere due to
ast Lo celcalsted,  Tiie potcn-
Lie first cgart to the oluic
cod by the snergising current
L.z Clstortion ol tune fileld
Tlroootoniicl at gone point

rn‘i"




where

c-e
B0 B re &

iow the potentiel st any point F outside the sphere

beccomes 2n+l
I na
¢ *= [7} n+t ¥ y 0¥ rnHﬁn] P (€05 6).

The radial component cf the current density can now be
computed from Ohm's law which gives

. + 2n+|(_ n
|r=-‘% af [ [7n+l -?Fmrn:;. ﬂn]Pn(COSG)

rea;i,=- ZTrZK > (cos @) where K = _'7',“ [ -+

Low from Lquetion 1 the charge density becomes

-'4112: K, Py (coséd)

and the potential fromrm Zquetion 2 is

(3) ¢(x‘7)l')z-l):?k£_1JZKnPnCCOSB)dS
)

R

ow write

and apply the biaxizl expansicn which gives

L-4[L@FE (e85 B R cos )R7Cos O)cosm]

(s-rm)'
Substitvting for l/R into wquation 3 gives
L, ot (s~m) ]
¢(x )Y )Z)— J;n o COS ads[Z(S ) E (2 3m)($+':\)i
Psm(cos 9) PS’“(cos &E)cosm 5/]

liowever, because nf the orthogonal properties of the
Legendre polynomials, m O and s = n, which gives for
the potential after inteoration over the sphere

k 2 n K, (cos6)
¢(x,y,z Ia KHG%)'—QE;:r——.
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s

riting /‘.’:pl‘i cnd assute thiet P 200
toeen tiie motantial bhocomes

az n+}

¢ (x\y',2)=kIE W P, (cos o).

oL o0otnhie esswe.tion
1*1 sunding orwlete uniform
it werc & . velue of tie poten-
;,r l\oi“;* o the gir-esrtn boundeory would be
beczusa 58 the infinite numbar of Images

©oL : uried to a deptii b = 10a,

e




