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DEPTH DETERSJIfJATIQH OF 

SEM I- IN F IN IT E  H0HI20HTAI. COtfDUCTIVB IATER B5T 

ELECT ROMAGilETIG ~ SA EVAS IC  METHODS

IMBODUCTIGIi

PUS322SS of ,a^£
Th® purpose of IMs investigation la to find m 

method by which it will be possible to determine the depth 
of horizontally stratified media by elmtrcttag&stlo gal­
vanic means of prospecting.

ttm introduction of alternating current in the 
audible range into the ground for the purpose of locating 
conductive or© sense has been in use for some time* this 
method baa also found limited application in petroleum and 
engineering geology* Tfe# technique baa . been to apply a 
primary field to the area under investigation through a 
large insulated loop or through direct contact with stakes 
driven into the ground*

In either #&s©> a primary field is set up in the 
earth which. induces a secondary current to flow in any sub­
surface conductor* This secondary current, In turn# sets up
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a field w* opposes the. field, fh# resultant
field. Maeueed at the smrfaes regies with amplitude* de­
pending upon the depth and relative eetoiaetlrifcy of the 
sahsuarfase conductor* Timm is alee a shift in the phase 
of the resultant field which is dependent spa relative 
sonduetivlty contrast*

 ̂ the resultant field nay he resolved .tote its eeift*
ponenta E# ¥* and If the £ stopeaenfc* toing writeal, the 
¥ seatponemt to tog pa^pendtonlmr to the etslto of the son* 
duet03?, and the E component along to# stiller* it is gen­
erally sufficient to explore either to® 2 or ¥ component to 
analyse to# subsurface conditions* Wow this purpose, def­
ection soils of suitable dimensions are oriented to either 
a tox&simtftl plane or in a rertle&l plane parallel to the 
atrttr# of the conductor* depend tog npsn the- cMpaneiit 
d e s i r e d .

Most of the easier Investigators into electro* 
magnetic methods tore elfto* toon aaitofied with broad 
appro&imiitlena or tor# arrived at parolf theoretical and 
highly mmp&m mm®Its which ip not applicable to $&&&&?- 
sisal prospecting* ftes wide divergence of treatment is 
da# to the fast that only toe elsstreM^aetis field rectors
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at to# surface mwm known and from them toe unknown geo** 
metrical configuration a® well a# unknown physical csa- 
stents, such as dielectric constant and magnetic per­
meability, mast be deduced * to most problems of electro- 
dynamics wo know toe strength of too exalting field, toe 
electrical conductivity, toe geometric disposition of toe 
body irn&er taresstig&t ion, and we solve for the field 
r e c t o r s #

When to# only toowns are to# soarce field and 
the bounds ry value* of the resultant field orer one #ur- 
face of too volume of inrestigstion, we cannot uniquely 
determine the desired unknowns * iron when deficiencies 
are replaced hr reasonable assumptions, toe mathematical 
difficulties ere. enormous, and, as Sllohter says, nAs yet 
theory proride© the geophysicist no tools of sufficient 
power for a direct analysis of the problem*11

For that reason, the interpretation of electro** 
magpie tie results has necessarily been indirect and has 
lied the empirical matching of unknown field conditions
with known laboratory conditions.

te approxlmatlon method in depth determination 
iirroltrw© toe- relative value of anomaly* toe deeper the 
conducting layer beneath the surf ace, the smaller to# values 
of the horizontal component ef field strength* When toe
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phase relation between toe secondary ami primary fields 
&n# to the oondiiatlag layer and toe loop# respectively* 
am measured* It la found that to# rat# of change of 
phase may also five an independent Indication of depth*
$hls method might be of use In local investigations where 
w  typos and mmirmnm® mm all tea and previous remit# 
of Imown similar deposit# «r# available*

haalek and iihert ̂  atudlsd to# difference in 
conductivity in to# ground by wooing with mere or loss 
horizontal layers of different con&uctlvity. fhey shifted 
to© two power electrodes * by which the energy is cotsdueted 
into the ground# successively and uniformly in opposite 
directions# %  means of an induction coil# the inclination 
of toe magnetic vector was measured*. From the form of to# 
curve obtained graphically by plotting to# Inclination of 
to# soil as a function of the distance between toe elec­
trodes* a conclusion was drawn whether and. at tout approx­
imate depth there is a 'layer having a higher or a lower 
conductivity*

fa00E15XHK

aa& te g a tta a t.

During th# course of this investigation,# to#
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pg&imvf floM was energised galvanically? therefore* only 
that sttmp will b© In this dlaonsaian*
Figaros I and t Bhmr sohamatloaIXy tSis arrsagawoBtt and 
©©mostIon* of tbs Insfcroaisnt ms wall as tb© relatlv© post** 
tton of* the bm^* and p » t  supply*

*Eha ogpsrlaiasita wax*© carried out In © oo&erofeo 
tank dostgnsd ©spaclally for © lea t roetagaa tie work (Fig*
80}« It has a length of ©Is astsss# © width of thmo 
meters* and & depth of two and a half astsws# A striding 
platform capable of carrying instruments sad ©bsoinroF la 
free to tmvepse th© length of th* tank* fMa platform 
also carries a 3©al©& wooden beam wMelx la fro© to rotate 
Wmm^k 3$o ingrcsa shout © waFtls*! axis. to which blm 
search coils mm att©chad*

fh© tank was filled with e! ty water to which six 
pounds of table salt had hmm added to Increase Its eon* 
dusottwity*

?ha altoanatlng frequency power- was supplied by 
a G one ml Sadlo* typo. §OS~A* bant frequency oacillntow# 
operating at 000 cycles* fho power was supplied galyiinl~ 
daily by smbeaarging two pieces of copper screen# two inches 
square, Into th© water* Tfmm screens worn essmootod to the 
oscillator by shielded microphone cables whoa# shields war© 
grounded*



*The conductlayer was a tabular best# mea­
suring nto© foot by foot by four inches # mad® of 16 
©aug©* gslvsnisod iron* Tim model was suspended at any 
deal red depth with ropes from each side (Fig* I)*

Tb® colls m m free to rotate about m cortical 
Mis through 560 degrees and about a horizontal Mia from 
0 degrees to to degrees * thus making It possible to pick 
up any component of the total field*

Tim piolc-up soils m m designed especially for 
model work* fhey were identical and had a mean dimeter 
of ? *5 Indies with 540 kumi of single# silk-ewered #26 
enameled copper wire* Timy were tested- for alectromagnetic 
identity according to- the method suggested by the Imperial 
Geophysical m m found to match perfectly*

The intensity rafclometer used was built by t>r*
*F * s* h&ssklae for Ms doctorate thesis at the Colorado 
School of Mines in 1940 * For details of this tostrament 
one should refer to Dr* Hawkins* thesis**^ Figure 4 11* 
lustrates the generalised circuit*

It was necessary to amplify the micro-current 
from the pick-up colls la order to detect the null condiV 
Ion of- the bridge# For- this purpose a General Sadie ampli­
fier# type 014-4* e^Mpped with a 500 cycle resonant filter# 
was employed* me kpedame of the input circuit was
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5 megohms in parallel with 36 microfarads * She output 
impedance was 70,000 ohms* She axillary filter circuit 
was found very necessary If a sharp null was to he as tea tad*

Th&r® has been an attempt to preserve the same
relative dimensions In the tank work as prevails under 
normal field conditions* However, It should be appreciated 
that the electrical properties have not been ad justed * Tn® 
value of an exhaustive determination of the model relative 
involving the conductivity of the media mnd % ha' frequency 
of the primary field was doubtful at the outset of the in*- 
vestlgmtion* He no©, these relationships were left for em­
pirical determination by eomparlng model experiments with 
field results after the preliminary work had been done*

selection of Mature of Current and ireouensif
An alternating current is preferred in electro**

magnetie prospecting as It has many advantages * in this
method of prospecting we deal with induced fields of r*r_nll 
oa^altuda* Such fields, if produced by an alternating 
current excitation, will, themselves, be of alternating 
nature, and it would be possible to amplify them easily 
until detect!.an is possible* k second and most Important
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advantage Is fee fast feat an alternating electromagnetic 
field Induces- eddy currents along fee edge of any conduct­
ing body exposed to the field* 'fhese eddy currents gen­
erally will Increase fee strength of the secondary fields 
and thus give a more pronounced indication of the conductor*

A low frequency* §00 cycles per second* is rather 
generally used for electromagnetic prospectlng| high fre­
quencies offer many difficulties and disadvantages* Hie 
ground acts as a filter to high f requeue!es feus diminishing 
fee currant penetration* Very good insulation of field 
equipment is necessary# especially when wenclng in moist 
climate scnes* Such insulations are difficult and expensive 
to obtain* Secondary conductors wife comparatively low con­
ductivity# especially if near or above the ground surface# 
are excited# and fee magnetic fields associated wife them 
are of magnitude comparable wife the fields that mm assoc­
iated wife good conductors of greater depth*

ita a a  m  aw&tim
The procedure used In the model experiments simu­

lated fee procedure used in the field* ft was exporlmentally 
determined that fee minimum distance between piclmp colls 
should he 0*4 meters to avoid mutual inductance and inter­
ference between them* 4 series of traverses was mm across
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the conductor with th© colls at a 0*4 met** spacing and 
mm  ?eap soil ©ecnpfing* in each ease* the prwwims posit­
ion of the forward coil* 411 measurements were made of 
tiia 2 ©omponemt * The voltage ratio and phase difference 
detected by tfee two soils ware then plotted as ordinates 
against distance as abscissa {figs. 8-14}* For ©onvsnleacs» 
the conditions at the loading coll were always referred to 
the roar coil for comparison*

to order to obtain more values and of closer 
Internal along the traverse# the rear coll was left flared 
and the leading coil advanced in 10 cm. Intervals {Fig* 3} * 
toe conditions at the -arable coil were then referred to the 
voltage and phase at the fixed cell*

In the above described procedures* the power elec­
trode separation was kept constant at about 3 to 6 meters* 
Additional traverses were run using the expanding interval 
between colls Just mentioned, and varying the distance be­
tween power electrodes for the purpose of changing the depth 
to which the primary current penetrated* toe electrodes were 
first placed 10 cm* apart and then Increased in 10 cm* steps 
until a distinct phase shift was detected* it mm necessary 
to keep the colls removed fro® the electrodes at ail times 
to prevent the effect of the primary field from obscuring 
the anomaly*



10

Biffleulties encountered in carrying out the 
electromagnetic tank experiment as wall as their solution 
will ha mentioned here for the sale# of future tavesbl- 
gators# Bo such a tank experiment, at least to the know­
ledge of the writer, has ewer been carried outj therefore , 
it Is the writer* s belief that such details concerning 
the experimental work should be enumerated.,,

The effect of tody capacitance introduced a ser­
ious problem because’ the affect varied with the change In 
relative position of the observer to the instruments* This 
change in the balance of the rati meter was minimised by 
standing away £ m m  the bank and always assuming the same 
position when taking a reading*

It was found necessary to use rubber Insulated and 
shielded microphone cable for all instrumental connections, 
especially between the search coils and the ration ter, to 
.minimise the effect of the stray fields to the area#

lb was also necessary bo check the calibration of 
the ratiometer when small pickup soils were used instead of 
the regular field soils for which the ratiometer was designed 
and calibrated* The water which filled the tank was a very 
poor conductor, and its conductivity was Increased by adding 
a few pounds of table salt•



Hi# pickup coil# should not be a great distance, 
vertically, from to# surface of the water# This la to 
eliminate another homogeneous layer, the air* the bar# 
part of the power electrodes should be completely submerged 
into tbs water, thus preventing any strong primary current 
from flowing throng the air, thereby Inducing a strong 
field In the coils which will tend to mask any variation 
due to tbs secondary field*

«hen one of the detector colls was less than 
0*15 meters from the wall of fto tank, the readings ob­
tained were most likely erroneous* This was due to the 
wall effect {fig* 16) * therefore, no reading should be 
taken when coils are too close to the wall of the tank*

One should be careful, that no large masses of 
metallic bodies be within m distance of five meters of the 
tank. It is also important that an alternating current, 
field of a frequency the &mm as the mm utilised In the 
tank experiment, 500 cycles in this particular case, does 
not exist in the immediate vicinity*

m m m m m  m  m m r n n

Let us consider the conductive layer in Fig, 10 
between the els©trades and let us first assume that direct
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current la used and that current flows In the direction 
shown in the figure* *$km galvanioally Impressed current 
flew la concentrated mostly along the edges of the era*
body (Vector I)* this currant will produce a magnetic 
field of which tho lino of force will be circles along 
the edges of the conductor* If# now# alternating current 
were used# after ons-half cycle or 1/1000 second.* wife 000 
cycle primary current# fee direction of both current and 
magnetic field will be reversed* fbe current I is given 
b y t

I *  1 $  « i o  t * f  t

where f Is frequency and X$ maximum amplitude of cur­
rent#

Since there is no difference in time between fee 
creation of a current and its magnetic field* there will be 
no time or phase difference between the current X and its
«ipeb!0 field 1* which ia«

E ** H0 aim i i I |
where is the mmximm. field strength* this alternating 
magnetic field will produce mm induced current I1* opposite 
in direction to fee primary current X* along fee- edge of 
the conductive layer* the .amplitude of the induced current 
at a certain moment is proportional to the rate of change of



the magnetic field or to am p litu d e of X*

thus ©an la© represented by*

X* « I* O0S I re f t * 1| sin iBrcf t ̂  *̂ «i» j

9fct* indicates that there is © pirns© difference between 
Z* and l# or the primary and the induced ©arrant* Thl& 
may b© represented by*

fb© axgMNriUMBtal wo*& indicates that there is a
©toe© relationship between tbs theoretical consideration 
of the secondary field set up by the conductive son© end 
the secondary field measured In the taste*

oI



fee current flowing between the two power dec* 
trades tends to concentrate along, the more conductive 
seres* end the mmmxptic field set up around the edge of 
the conductor mj be represented at any Instant by the 
right bend rule* fee induced current I1 also creates a 
magnetic field# which is superimposed upon the field caused 
by tfee primary current# fee- windings of the search coils 
ere cut %  the resultant flax from the primary and induced 
fields.

At the center of the orebody» two secondary 
elMtrtmgutie fields: exist* equal in magnitude but 0p~ 
posits In direction (Fig* 19) • fees© will cancel each 
other* and the detector coils* when placed at this point* 
will measure only the flux of the primary field*

Figure© 8-14 show graphically the phase relations 
obtained under various conditions# It' will be noticed In 
these graphs that the phase shift is sera at approximately 
the middle of the orebody# maximum and minimum on its edges* 
fees# results are in accordance with the theoretical- treat* 
ment of the current flow and distribution given in the pre­
vious paragraphs# It will be seen from figures 0-14 that 
the aero phase is shifted to the left of the point corres­
ponding to the center of the conductor* this is probably 
daw to the mil effect* a© -erne edge of the conductor was
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closer bo one well of the tank * Experiment# perform# 
without the conductor in the tank substantiate this belief* 
there was an average phase lag of Z degress when operat­
ing 40 centimeters from the wall Css# Fig* 16) *

fbe sum of the leading and lagging phase angles 
is referred to as the "total Anomaly" or# in other words# 
the algebraic mm of the positive and negative phase shift 
of the resultant field tmm the primary when traversing 
across the conductor* She total anomaly plotted against 
the depth of the conductor as abscissa indicates that 
there Is a linear relationship between these two factors* 
Figure IS represents this relationship for two different 
lateral positions of the conductive body* .Hie deviation of 
one of the values from the straight lino is attributed to 
the influence of the bottom of the tank*

fha relation between the power electrode separation 
and depth of Investigation was determined experimentally by 
expanding the electrodes and leaving everything els# con­
stant* It was found that tee field measured at the two 
©oils showed no phase Shift until the spacing between the 
electrodes was e%ual to or greater than the depth to the 
conductor# at mulch point there was a sharp indication of 
a phase shift* the magnitude of the shift was not altered 
by further increasing the electrode separation*
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Figure IS illustrates the conditions of current 
flow at various electrode spectags and explains why no 
seoondary field is present IX the electrode spacing is not 
as great as tm  depth to the conductor* mmn the elec­
trode separation is less than the depth of the conductive 
layer# a larger percentage of the current complete# its 
circuit through the upper layer* lot enough
current flows tbreuife the conductive body to produce a 
detectable secondary field* When the electrode separation
has increased to a certain point* the current linos pene­
trate to the conductor and set up m secondary ft.#M cut of 
phase with the prtaary#

CDIOhTOIOl

It Is the belief of the writer that the protaw 
is not entirely solved* he feels* howeverv 'that a consider­
able amount of ju^ltotaary work i# accomplished which may 
be of arose value for further investigations* As far as the 
author knows, these are the first attempts to carrying out 
such experiments*

A definite preliminary point established is the 
linear relation of depth’ to the m-gnltude of phase shift*
A second point, .and perhaps the most Important, Is the
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relation of power «l#etrode separation to ttw depth of 
the saa&mcMwe layer * Ho phase shift may ha detected on 
the stiffiit Shan the power electrode separation is loss 
than ths dente of the tabular faw conductive layer* 4s 
soon as the else trod* separation hss-ases equal# or nearly 
so* to the- depth of the eoneiaotXv© layer* a phase shift is 
observed on the surface * 4 further increase of eleetpo&e
separation does not hare any offset on tee mgaitad# of 
the phase shift*

this property eats very easily bo adapted to field 
work* A suggested field proeedur© will be as follows i 
the position of the soils where a mrnfmm phase stdft oc­
curs is determined with one power electrode placed at in~ 
finity* the other somewhere above the conductor body* Use 
detector soils will be left stationary at this position 
throughout the survey, fheti# the power slsatwodes will be 
placed about 10 fast apart# and the spacing will be gradually 
ineveawsd to- SO# 80# 46, 86* eta,„ feet until tee first def­
inite and sharp phase shift is detested * The ©leetrade 
separation eorwespondlng to tee first phase shift detection 
will be equal, or nearly so* to te© depth of a horizontal 
tabular shaped orebody.

Application of this method to field conditions 
should give satisfactory results provided there exists a
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*&&%#$&% In thm &£ iis© &o#iacmfcaX
t m j m m *  t t  m m *  fc© clear W m t  ia m&rn t m m t t *
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