& THESIB
e
THT BOARD OF TRUSTERS, PRESIDENT
AND PAQULTY
oF

HASTER OF GROPHYBICAL ENGIREERING

o
By . Ctur. o i
Pertov i, DBedis

Golden, Colomdo
April 28, 1048

LAVTRARY
fOLLRADG SCHODL OF HMINE?
SOLED e v SO0 Ral CF






DEPTH DETERMINATION OF
SEMI~INFINITE HORIZONTAL GONDUCTIVE LAYER BY
ELECTROMAGNETIC.GALVANIC METHODS

by

Porteov 1. Bedis



ProQuest Number: 10781341

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction isdependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest

ProQuest 10781341

Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, MI 48106- 1346



(W]
-J
-2
-2
v

The author wishes to aocknowledge his indebted-
ness to Dr. C. A, Helland, under whose direction this
work was done.

3 Thanks are due Dr, #. G. Pawlsy, Mr. Dart
N wentland, and ¥r. R. #. Tripp for their valuable help

§ and sugpestions,
The #. T+ As Institute, under the auspices of

N
R |
. the #dinistry of Heonomios of the Republic of Turkey,

N\
b\ |
' granted ths financial aid whioh made this worlk possible.

-
{ ~
I~

/Y 43



Page

Purpose of this Investigation

Blestromagnetic Proapecting

Proviouns Investigations
PROCEDURE

Bquipment and Apparatus

Node) HRelations

Selection of Wature of Current and
Frequency

¥ethod of Operation

Difficuliies Encountered
DISCUSSION OF RESULTS
CONCILUSION

1 & b W e M

gzgm#



DEPTH DETERMINATION OF
SEMI-INFIRITE HORIZONTAL COEDUCTIVE LAYER BY
ELECTROBAGUETIC-GALVARIC METHODS

IHTRODUCTION

mothod by which it will be possible to determine the depth
of horlizontally stratified medis Dy electromagnetic gale
vanlic means of prospecting.

Electromacnetiq Prospeotling

The introductlon of asltewmating current in the

audible range into the zround for the purpoas of lecating
conductive ore zones has Cesn in use for some time. Thils
method has also found 1imited applisstion in petroleun and
enginsaring ranlooy, %&@ tachnigue has been L6 anply a
primary Ileld to the area under inveatigation through a
large insulated loop or through direct contact with atakes
driven into the ground,

In either onse, & primary Fleld 1s set up in the
earth whioh inducez & secondasry ourrent teo flow In any sube

surface conductor. This secondary current, in turn, sets up



a fleld whieh oproszses the primey flald, Thoe resulisnt
field mesnsursd at the surface varies with amplitude, dew
pending upon the depth and relative conductivity of the
subgurface conductor. There 1s also a shift in the phase
of the resultant field vhich is dependent upon relative
contductivity sontrast.

/ The resultant {ield may be resolved into 1ts comw
ponenta X, ¥, and Z; the Z components belng vertiesl, the
Y component belng perpeandieular t¢ the strilke of the con-
snt along the sirike. It is gen~-
erally sufficient to explore sither the Z or ¥ ecomponent Lo
anslyze the subsurfase conditions. For thls purpose, det-

ductor, and the X compon

ectbion oolls of sultable dinensions are orlented in ¢ither
& horizontal plane or in & vertieal plane parallel to the
atrike of the nomduntor, devending upon the aomponent

desired.

Most of the earller investigetors into slectro-
magnetic methoda have either been satisfied with broad
approximations or have arrived at purely theoretical and
highly complex results which are not appliecsble o goophy -
sleal prospecting. Thie wilde divergence of treatment is
dus to the fact that only the eloctromagnetic fleld vectors



at the surface arse known and from them the unlnown geO~
metrical confiruration as woll as unknown physieal cone
stants, sush as dlelectric constant and magnetle per-
moabllity, must be deduced. In most problems of electro-
dynamics we know the strength of the exciting field, the
electrical sonductiviiy, the zeomebtric disposition of the
body under investigstion, snd we zolve for the fisld
veetors.

When the snly Imowns are the source field and
the boundary values of the resultant fleld over one sur-
face of the volume of investlgetion, we sannot uniguely
determine the desired uninowns. Iven when deficiencles
are replaced by reasonable assumptions, the mathematical
diffioulties are encrmous, and, as Sliehter says, "As yet
theory provides the geophysioeist no tools of suffieient

wer for & direct analysis of the problem.”

Por that reeson, the interpretation of electro-

magnotie results has necessarily boen indireet and haus re-
1ied upon the empirieal matehling of unknown field conditions
with anown laboratory conditlions.,

An approximation method in depth deteraination
involves the relative value of snomaly. The deeper the
conduoting laver bonsath the gurface, the amaller the values

of the bhorizontal somponent of field atrensth. When the



phage relation botween the secondary and primary fialds
due to the condueting layer and the loop, respestively,
are measured, 1t is found that the rate of change of
phasée may also glve an independent Indisation of empm.
Thls method alght be of use in lecal investizations whore
ore types and ‘mmmms are alike amﬁ previoua results
of hmnmown similar desosits zare sveilable.

iaalck and sbert'''studled the difference in
conductivity in the ground by working with more or lsss
hovizontal layars of different conductivity. They shifted
the two power electrodes, by whieh the energy is ami;ad
into the ground, suecesaively and uniformly in opposite
directions. Py means of an induetion eoil, the inelination
of the magnetic veector was measured. From the form of the
curve obtained graphicslly by plotting the inclination of
the ¢oll aa a funcbtion of the distapve bLetween the eoleo-
trodes, a conclusion wae drawn whsther and at what approx-

imate depth there is a leyer havinec a hirher or a lower
conduetivity.

FROCEDURE

Dapring the gourse of this investigation, the



primary fleld was energized galvanloallys therefore, only
that set-up will be considered in this discussion.
Pigures 1 and € show sshematieally the srrenzement and
eormections of the instrument as well as the rslative posi-
tion of the tank, orebody, and

The experimonts were carried out in & sonorets
tank designed especially for elestromssnatic work (Flg.
20). It has a length of six meters, a width of three
meters, and a depth of two and a3 halfl meters. A striding
platform sapable of carrying instruments aud cbaowwor is
froe to traverse the longth of the tank, This platform
els0 carrics a sealed wooden beam which 1s free Lo rotate
330 degress about a vertlcal axlas to which the
search eolls are attached.

The t&aﬁ was iixieé with elty water to whileh eix

ower supplys

poundg of table salt had been added to increase its con~
duotivity.

The alternating frequoncy power wis supnlied by
8 Geoneral Hadlo, typs 608-A, beat frequensy oscillator,
operating at BOO oyeles. The power was supplied galvani.
eally by sulmerping two pleces of copper soreen, two inches
square, into the water. These sereens were connscted to the
oscillator by shielded mierophone ¢ables whose shlelds were
groundoed «




e conductive laver was a tabular hoxm, MChe
suring nine foel by six feet by four inches, made of 16
gauge, galvenized irom. The model was suspended at any
desirad depih with ropes from eash side (Pig. 1).

The coils wers free to rotate about a vertical
axis through 360 degrees and shout a horlisontsl axis from
O degrees to 90 degrsees, thua making it possidle to pilek
up any somponent of the total flsld,

The plck-up colils wore designed especially for
noiel work. They were identical and kmd o mean diameter
of 7.5 inches with 340 tuwrna of singls, silk-covered #26
enamsled sopper wire. Thoy were teated for sleotromarnetic
identity aceording to the methed suggested by the Imperial
Geophysionl Survey ®lund wese foumd to matoh perfestly.

The intensity ratiomster used was hallt by Dr.
Je Do lawkins for his doctorate thesls at the Colorado
Sehool of Mines in 1640. For details of this instrument
one gshould refer to Dre Hawkinat umaw*w’ Figure 4 1l-
lustrates the generalised elrsult.

It wan necessary %o amplify ths misro-current
from tha plok-up colla in order to detect the mull condit-
ion of the bridge. For this purpose a General Radlo ampli-
fler, type 81l4-A, oquipped with a 500 cyele resonant filter,
was employed. The impedance of the input sircult was



B megolms Iin parallel with 38 mierofarads. The oubput
impedance was 70,000 ohms., The auxiliary filter clircult
was found very neceéssary if a sharp null was to be detected.

Model Relationa
ﬁhara has besn an attempt to preserve the sane

rolative dimensions in the tank work as preveils under
noraal field condltions. However, 1t should be appreslated
that the slectrical properties have not been adjusted. Ths
value of an exhsustive determination of the model relations

involving the eﬁnﬁﬁctivity af the 2841a and the frequensy
| of the pricsry fleld was doubtful at the outset of the 1ne
vestipgation. Henos, these relatlionships wers left for em-
pirical detemmination by eomparing model experiments with
£ield results aftsr the preliminary work had been dong,

Seleetion of NHaturs of Current end Fregueney

An alternating current 1s preferred in slectro-
magnetic prospecting 8 1t heas many advantages. In this
mathod of grospecting we deal with induced filelds of neal)
magnitude. Sueh fields, if produced by an alternating
surrent excitation, wiz}, themselves, be of alternating
nature, and it would be possible to aaplify thoan sasily
until detection 1s vossible., A second and most important



advantage iz the fact thet an alternating eleoctromagnetic
£ield inducez eddy currents along the adge of any conduot-
ing body exposed to the fleld. These eddy currents gen-
erally will inerease the strength of the setondary flelds
and thus give s more proncunced indleation of the conductor.
A low frequency, BOD sycles per second, iz rather

generelly nsad Por slestromacnetie prospectings high free-
gueneles offer many difficulties and 4ilsadvantarsa. The
ground acts ag a filter to high frequencliecs thms diminishing
the current penetration. Very pood insulation of field
squipment 18 necessary, sspecially when woriing in moigt
olimate zones. 3uch insulations are difficult and expensive
to obtain., Secondary conductors with comparatively low cone
duetivity, especially if nesr or above the ground surface,

are exclted, and the tic fields asaocliated with them

§3:2 SF 1

are of magniéuda comparable with the fields that mre sssoc-
lated with good condustors of greater depth.

Hethod of Operation

The proecedure used in the model experiments simm-
lated the procadure usaed In the :{'i‘&lé; It was experimentally
detormingd that the minisman distance betwsen picinup solls
sliculd be V.4 meters to avoid mutual inductance and Intere

ference bLetwoen theme A series of traveprses was M KCT0SS



the oconductor with the colls at a 0.4 meter spacing and

the rear ooll occupyinz, in each sase, the previous posit-
lon of the forward coll. All measuremenis were made of

the 2 sompomen$. The voltsge ratio and phase difference
dotected by the two snlls ware then plottad as ordinetes
ageinst distance as abscless (Figs. 8-14). for eﬁnvéni@nae.
the eondlitions at the leading coil were always referred to
the rear coil for comparison,

In order to obtain more valueas and of closer
interval along the traverse, the rear coll was lei't fixed
and the leading coil advanced in 10 em. intervals (Fig. 3).
The conditlions at the movable coil were then referred to the
voltage and phase ab the fixed coil.

in the above deseribed procedures, the power elecs
trode separatlion was kept constant at sbout & to 6 meters.
Addltional traverses wore run using the expanding interval
betweon oolls just mentioned and varying the distance be-
twoen powsr elestrodes for the purpogse of changing the depth
to which the orimawy onvrent venstrated, The elesterndes were
first placed 10 cm. spart and then increased in 10 cn. steps
until a distinet phese shift was detected, It was necessary
to keep the colls removed from the electrodes at all times
to prevent the effect of the primary fleld from sbaeuring
the anomaly.
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Difficultles Ensocuntered

Difficulties encountered in ecarrying out the
elestromagnetic tank experimont as well aa their solution
will be mentloned here fox the sake of future invesatl.
gatorg. NHo sueh & tenk experiment, at lsast to the know-
ledge of the writer, has ever been carried cut}; therefore,
1t is the writer's belief that such detalls concerning
the experimental worlk should be snumerated.

The eoffect of body eapacltance lntroduced & ser-
ious problem hesanse the effeet varlsd with the chenge in
relative position of the observer %o the inatruments. This
change lun the balence of the rstiometer was minimized by
standing away from the tanl and always assuming the same
position when taking a reeding.

it was found necessary to use rubber insulated and
shielded mierophone ecable for 2ll instrumental connsetions,
eapecially between the search c¢olls and the rationeter, to
minimige the offect of the stray flelds in the area.

It was alaso necessary to check the ealibration of
the ratiomster when small pickup solls were used instead of
the regular field colls for which the ratiometer was designed
and galibrated. The water which fillled the tank was a very
poor econductor, and its condustivity was increased Ly adding

a few nowmds af tabla s2lt.,



The plekup oolls should not be & great distance,
vertically, fron the surfasee of the water. This is to
elininate another homogeneocus layer, tue alr., The bare
part of the powar elacirodes should be completely submerged
into ths water, thus preventing any strong primary current
from flowlng through the elr, thereby induelng a strong
field in the eoils whiﬁh‘éill tend to mesk any varistion
due to the secandory 1614,

#hen one of the detector colls was less than
0.15 meters from the wall of the fank, the readings Ob-
tained wore most likely srroneous. This was due to the
wall effect (Fip, 16}. Therefore, no reading should be
talten when colls are too elose to the wall of the tank,

One should be careful that no largs masses of
metallle bodies bYe within a distance of five meters of the
tank, It is also iaportant that an altewnating ourrent
field of & frequency the ssme as the oné utilized in the
tank experiment, HOO cycles in this particular case, does
not exlat in the immediate viaintity,

DISCUSSION OF RESULTS

lLet us conasider the conductive laver in Mpo. 18

between the eleotrodes and let us first assume that dirsect
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current is used and that ourrent flows in the dirsction
shown in the figure. The galvanically impressed current
flow is concentrated mostly along the edpes of the ore-
body (Vestor I). This current will produce a marnetie
field of which the line of fores will be circles along
the edpes of the asmndustor, If, now, alternating esurrent
were used, after one-half coyele or 1/1000 second, with 500
eyele primary current, the direction of both current and
magnetic fleld will be reversed., The current I is given
by:

i=sI,sin gl ¢

vhere f 1is rmqaam and I, maximum emplitude of oure
rent.

Since there la no difference in timo between the
ereation of a ourrent snd its mammetiec {ield, there will be
no time or phase difference between the current I and ite
magnetic fleld H, which 1a:

H=Ho8in g £ ¢
where H, 1z the maximem fie214 strencth. This alternating
marnetic fleld will proadiuce an induoed curpent I', opposite
in direction to the primsry current I, along the edge of
the condustive layer. The amplitude of the indused ourrent
at a certain moment ig proportional to the rate of change of



the magnetic field or to 44— . The amplitude of I!
thus ean be represented by:

It = T} oos 2 x £ & = I sin (Brf & + 5)

ihls indloates that thers 1s a phase difference between
I' and I, or the primary and the induced eurrent. This
may be represented by

b/

%
Y = Tﬁi‘i’l "'%"' anad 13 - v __};ﬁ + 3;13.

The sxperimental work indicates that there is a
¢lose relationaldip between the thooretical oonsideration
of the gecondary field set up by the conduciive zone snd
the secondary fleld meassured in the tank,

15
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The current flowing between the two power elee-
trodes tends to concentrate aiong the more conductive
zones, and the marnaetis "1eld set up around the edpe of
the conductor may be pepresented at any insiant Ly tihe
right hand Fule. The induced current: I' also oreates &
marnetle field, which is superimposed upon the fleld caused
by the primary current. The windings of the sesrch solls
arae cut by the resultant fiux from the primery and induced
fields.

At ths oonter of the orebody, two secondary
electromamnetio flelds exist, equal in magnitude but op-
posite in direction (Fig. 19). These will acancel each
other, and the detecior colls, when placed at this point,
will measure omly the flux of the primary field,

Fipures 8-14 show graphically the phase relatlons
obtained under various sonditions. It will be coticed in

the middle of the orebody, maximun and minimum on its edges.
These resulia are in accordanee with the theoretical treat-
ment of the ocurrsnt flow and distribution given in the pre-
vious pavagraphs, It will bo sgeen from figuves 8-14 that
the zero phase 1s ahifted to the left of the polint corres-
ponding to the center of the condustor. This is probebly
duo to the wall effect, as one edge of ths confuctor was
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oloser to one wall of the tank. Experiments performed
without the conductor in the tank subgtantiate this belief,
There was an average phase lag of 2 degress when operat-
ing 40 centimeters from the wall (see Fig. 16).

The sum of the leading and lagging phasgse angles
1s referred to as the "Total Anomaly" or, in other woxds,
the algebrale pum of the positive and negative phase anift
of tho resultant fleld from the primary whon traversing
aoross the aamﬁnatar? The total snomaly plotted against
the depth of the conductor as sbascisasa indiocates that
there is o linesr relationship betweon these two fastors.
Flgure 15 represents thils relationship for two different
lateral positinnz of the condustive body. The deviation of
one of the valuess fronm the stralght line 1z attributed o
the influence of tihe bottom of the tank.

The relation between the power sloctrods separation
and depth of investigation was determined expsrimentslly by
expanding the electrodes and leaving everyihing else con-
stant. It was found that the £1eld measured at tho two
coils showed no phase shift until the apasing betwesn the
olectrodes was equal (o or grealer than the depth to the
conduetor, at wilch point there was a sharp indicetion of
a ghase sblft. The magnitude of the shift wes not altered
by further inereasing the elegtrods separation.



Figure 18 1llustrates the conditions of ocurrent
flow at various alsa#xﬁde spasings and explains why no
secondary field is present if the eleoctrode spacing 15 not
as great as toe depth to the ocondustor. uaben the eleo-
trods separstion 18 less than the depth of the conduetive
layey, a largey percentage of the current completes 1lts
eirenit through the upper mmmaganeaua-layar* ot enough
current flows through the conduative body to prod

deteetabls secondapy field, ¢han the slectrods senaration
hes Inoreased Lo a certaln pa;nt. the current linss pene-
trate to the conductor and set up a secondary field out of
phase with the prinary.

COBCLUSION

It is the belief of the writer that the problem
is not entirely solved. iie feels, however, that a consider-
abls smount of preliainery work is accumplilishad which may
e of some value for further investigations. As far as the
aubthor knows, these are the first abttempis in carrying out
sueh &xve?ﬂnan%s.

5 definite proliminary point established is the
1inecar vrelation of ﬁag&h‘ta'hh@ masmitute of vhase shifs.,

A sesond polnt, and perhaps the most important, is the

16
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relation of power electrode separation to the depth of
the sonductive layer. o phase shift may be detectsd on
the surface when the power elecirods separation is less
than the denth of ths tabular form conduotive layer. As
soon as the electrode separablion beoones equsl, or nearly
80, Lo the dspih of the conductive layer, a phase shlft is
observed on the surface. A Lfurther inorease of slectrode
saparation d06s not have any effect on the mamituds of
the phase shift.

This property san very eoasily be adapted o field
work. A suggested field procedure will be as follows:
The position of the colls where o maximum phase shift oo-
curs is determined with one power elestrode plsced at ine
finity, the other somewhers above tie conductor beody. The
detector colls will be left stationary at this position
throughout the survey. Then, the power electrodes will be
placed about 10 feet apart, and the agpscing will be gradually
increased to 20, 30, 49, BD, sto., feot wntil the firset def-
irite aend sharp ghase ahift 1s detssted, The elasctrode
saparation corresponding to the firet phese shift deteotion
wiil Ve egual, or nesrly so, to the depth of a horizontal
tabular shaped orebody.

Application of this method to fleld conditions
should give satisfactory results provided thers exiasts a



distinet contrast in the condustivity of the horlzontal
layere. However, it must be clear that in this investi-
gation, the pesulds wore obtained from a semi-infinlte
conductive layer. Further studles sust be carried out
for the depth detemmination of infinite sondustive layers.

18
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(A) & (B) no phase shift;

(C) & (D) phase shift detected. °
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