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Abstract .
Dimensional analysis is applied to the electromagnetfc

problen of a sheet-like conductor of finite dimensions and
conductivity ?n order to reduce the nunmber of ‘variable
parameters associated with the secondary electromagnetic
field. Through model work the relations among these
parameters are investigated with horizontal lcop EM system-
by'varying the thickness, depth, depth extent, conductivity
and dip angle, to make a set of master curves for interpfetation

of field results

. In order to establish the usefulness of these master
curves, field data from several areas’in Saskatchewan and .
Quebec were interpreted by this method and the rgsults compared
to those obtained from standard characteristic curveé. The

method is also applied to the results from three other surveys,
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Chapter 1, Introduction
¢
In mineral exploration, geophysical prospecting has played
an important role in explaining subsurface structure, so that

a geophysicist may establish Qgtailed plans of the next step

- of the survey procedure, Using cértain of the electromagnetic

(EM) prospecting techniques, one may obtain some idea of the
electrical and geometrical parameters, such as conductivity,
location, dip-angle, etc., Therefore, many geophysicists have
attacked this problem,

Looking into EM interpretation theory, it ié obvio;sly
very difficult to perform theoretical or numerical derivations
of the electromagnetic response in the case in wﬂich we have
finite conductivity. In fact, analytical solutions may be
obtained for only a few simple geometries where the conductivity
is infinite. These include:

1) Sphere (cylinder) in AC and dipole field,

2) Horizontal thin sheet in AC and dipole fieid.

3) Infinite half space in AC-and dipole field,

4) Half plane in dipole field.

See, for example, Wait(1951, 1954, 1955, 1956), Slichter &
Knopoff(1959), Grant & West(1965), Ward(1967). Wesley(1958)
h;s published an approximate solution for the case of a vertical-

ly dipping dyke. Grant & West(1965) obtained solutions using

v
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Green's functions in the problem which had been dealt with

by Wesley.

On the other hand, because of the complexity involved in
deriving numerical solutions for typical field conditions,
some people, such asg Hedstrom &nd Parasnis(1959), and Paterson
(1961) have approached the electromagnetic problem with model
studies. Strangway(1966) conducted a series of model experi=-
ments as an aid to the interpretation of the horizontal loop
E.M. survey, showing results similar to Parasnis(1959). Agzain
Parasnis(1971) issued a cautionary note, based on some full
scale data of multi-frequency, multi-separztion methods‘in
E.M. surveys, against the blind use of vector diagrams and

also discussed the extent of the extra information and interpret-

ation aid provided by such surveys.

In different manner, Koefoed and Keggg(1969) calculated
the electrical current pattern on a thin sheet using the
development by Wesley(1958), and Koefoed and Struyk(1969)
determined the electrical current distribution by measuring
the tangential compenént of the magnetic f£deld strength very
close to the metal plate that simulated the vertical conductive

dYke .



By considering the conductor to be equivalent to a cotl
one can obtain some important and useful paraﬁéters. such as
the felaiion of in-phase and out-of-phase component of the
secondary magnetic field to the response parameter °\=¢->L/R,
for analysis of the EM response.

For the present study, the author has investigated the
electromagnetic response of the horizontal loop EM systeg

using a thin plate with variable dip-angle, depth, conductivity,

depth extent and separation, applying dimensional analysis

to the results of model work to calculate new factors, such as
fouw, t/9, 4/1, 8/4 and ® under consideration in electromagnetic
surveys. The relations between the new factors have been
compared with field results to get more information than from
conventional interpretation. The results of dimensional
analysis with five parameters as described have been studied
through numerical analysis, by which mutual and ;elf-inductances
among three coils, say, transmitter, receiver and a conducting
coil hzave been obtained. The conductor+is simulated by an
elliptical coil. In order to reduce the number of parameters,
the conductor is assumed to be very thin, having initially
infinite conductivity and vertical attitude so that one may

have some idea about the relation of the five parameters.




T

Following the numerical analysis, model work has been
carried out to determine the size of conductor and 1té
conductivity by considering the relations between the new
factors from the model experiments. In addition, by plotting
the data in vertical pseudo section as in the method developed

by Hallof for dipole-dipole I.P. surveys, we may obtain
the location and estimate the dip angle of" the target directly.,

<
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Chapter 2., Dimensio~al Analyeis of Electromagnetic Response
ovdr the Tabular Dipping Body

!

In Canada, we have a large Precambrian area which is
composed of igneous and meta-sedimentary rocks. In this
geology, many mineral deposits are due to hydm thermal
processes, since the geological age is very great and in
that neriod many complicated geological movements have changed
the structure in various ways. Thus, cavity filling and
replacement by economic minerals have frequently occurred
in dgke or sheet structures. This type of mineral deposit
is commonly associated with intrusion of igneous rocks and
with: faulting of geologiga{ formations. In prospecting for
the mineral deposit, the ;rbblem is to determine the electrical
properties of the conductor as well as information about its

structure.

Suppose we carry out a horizontal loop E.M. traveese over
a dyke or sheet conductor shown in Fig. 1. In the horizontal\
loop EM survey, thg transmitter (Tx) produces a primary
electromagnetic field whioh induces currents in the conductor
and we measure the secondary ‘"EM field produced by the induced
currents, as a fraction of the primary transmitted §ield. at
the receiver.(Rx). The secondary EM field, H™ , depends upon

the electrical and geometrical properties of the conductor,



L" Surface

m=mzgnetic dipole
moment of Tx

gs=conductivity of
conductor

Msmagnetic permeability
of conductor

Fig. 1. The horizontal loop survey system

as wel%'as the geometry of the survey system. Now we have a
formula in terms of the variables described in Fig. 1, which

expresses the secondary field, H™,.
H® = f( 1,0 ,4,@ 8,d,t,0,m) I & B

The primary field of the transmitter at the receiver is
obtained from the expression for the magnetic field of a small

loop (Grant and West, 1965) as follows:

®», _ _¥ia* __m 2
H = 4],. - "s. LN N A BN ] ...l..()

where I= current in the transmister




a = radius d% the transmitter coil
m = xIa , magnetic dipole moment of Tx., as

in Figo 1.

Therefore we have the ratio of H® to H"

for the survey
system;

Lng®
m

H = H%H® = - fiom 0. 8. d,2,0,4)  (3)

Let us investigate the secondary electomagnetic field
measured by the receiver, employing dimensional analysis.
Writing down the variables related to H®with dimensional

formulae in terms of the Giorgi unit system(Duncan, 1953),

we have
H® . M1'Q'L"
17+ L P
‘ o + @ T™L"
r MLQ™
w 1 7T
s s+ L
t 1+ L
ad L
6 1 dimensionless
m 1+ MD T7Q"




\
.
»
¥

i
i"‘,g

e 8

where M = unit of mass
L = unit of length

unit of time

O 13
n "

unit of electrical charge.

1Y

Prom eguation(1) we now have
H” = const (2 (@ )fu'e’ & a® ttnm’. {(0) oo ()
which leads to the dimensional relation
MT*@" o L (@' TM- )P (MLa)” (708w Wb (L (MLr T+
v oo (%)

where "8" denotes that the two sides are
equal dimensionally.

The indicial equations are

(L) O=«x-3p4r+€ 43 +M+312

(Q) ~j=2p~2ar-4
(T) ~1=p-8 -4

(6)

(M) T EALY .

Assuming that §,¢,3 and q aré known, we have finally

K =28--5-7-3 (72)
P =3 ) (7b)



]
Tw S (70)
ids 3 (74)

Substitute the above values into equation(4), and we

have

-

HYacomt. R (foww) (£)° ()’ ()Y feo) @)

where 8.:,5,1 are arbitrary values.

Since H®= const. m/s® , the measured value

H® ® o $,9.8,d ]
He A cont. 3 tbant (2 (48 (L 0 (9)

Because the value of the indices are arbitrary, equation(9)

becomes
v ek Tisfiydyvey (e
= comt. ()7 1t
Hw covs ?z,;,(ﬁuu) 2::(-‘) é(]-) §1 f() (10)
Rearranging this equation we have

HLY = {(fouw. %, Y1, Y1, 0) (11)

Now we have an unknown function whose variables are

loms , 8/1, 4/1, t/1 and.8. The dimensional analysis has reduced

the number of variables related to H® from nine to fiveland all
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the new variables are dimensionless., The use of 1, e
depth extent of the sheet, as a scaling factor follows
naturally from eguations(?) and (8), because from equation(?7)
!q - Lzs ~E-5-7-3
= Waafanfasiye

and it is substituted into equation(4), Furthermore,
althpugh it is a dimension which we cannot measure directly,
it is not a critical parameter; that is changes in the
magnitude of 1 do not affect the system response particularly.~

With tﬁé usual measuring system, we obtain the value
of H as a complex number corresponding to the real or ,
in-phase component and imaginary or out-of-phase component,
In the dimensional analysis, we consider the magnitude of H

L
or [(in-phasef-+ (out-of—phasefj&, in which both components

appear.




Chapter 3. Electrdﬁégnetic Response of Thin ¢
_Sheet of Infinite Conductivity

- We will now consider the problem in terms of a simplified
ﬁodel. The dimensional analysis reduced the number of variables
considerably, However, in order to determine the function

f(mubiﬂ S/, 4/ . Xp,0) in equation(11) it is necessary
to reduce the five variables still further by fixing some of

them, o

Suppose we have a very thin vertical sheet anductor. of
semi=-infinite dimensions and infinite conductivity, whose

geometry is shown in Fig., 2., Here we have maximum coupling

between the EM system and the conductor, which is midway

between the transmitter and the receiver. The electrical ‘

current pattern, induced by the primary field from the trans- |

mitter, has an elliptical shape on the face of the sheet, the

upper and lower edges of the ellipsé being at distances of ////_
N

s/8 and s/2, respectively, below the top of the sheet. (Koefoed

B

& Kegge, 1968) This pattern is shown in Fig. 2.

Now we may consider the secondary electromagnetic field
from a loop conductor formed by the concentration of the induced

currents, in terms of mutual inductance and self inductance.

< 4
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FPig. 2. The eleqyrical current pattern in the thin plate

1
z

The response with the situation shown by Fig. 2 is as
followss: (Grant & West, 1965)

(12)

g ,_Mooﬂu ( ot e do )

&xr Mes L I+ a®

i where ™ = the secondary electrometive force at
@ K the receiver, due to the conductor loop,
NC§”= the primary electromotive force at the
receiver, due to the transmitter loop,
MQ = the mutual inductance between the trans-
mitter and the conductor co%} -~ that

is, the conducting sheet,



Mia * the mutual inductance between the
conductor coil and the receiver,
’ Moa; the mutual inductance between the
transmitter and the receiver,
L = the self inductance of the conductor:
g coil,
R = the resistance of the conductor
coil,

@ = the angular frequency of the trans-

mitter “%@
o
and & =WL/R, R .
P) +

We have assumed that the magnetic permeability of the
conductor, U= U= w107 henry/m, that is, the value in

free space.

0

To solve equation(12), we must determine the mutual
/‘"‘\ 0
inductances between the tnhree coils and the self inductance

of the elliptical coil which simulates the conductor., The
calculation of Ma is not difficult .since the transmitter and
reciver coils are QOp&inaryandushparated by a distance much

larger than their radii, whiocr are generally equal, ' The

<

value is

g : - (13)

M.’.“ls-—”—.—.’__._..
; VX L

s oa
where a = radius of each coil,
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ol

¢
Y

. For moré complex geometry the exact expression for

mutual inductance is given by the Neumann formula

‘ - 4 ((dh dh
CnmEfs
2 where we have two coils shown below,
i ¢ .
R codl 1 * coil 2
- ‘ dls
O
o L
\ .

Generally the integration must be done numerically.,

As an approximation we.use ‘the following relation

N

¢ me2 oL (3.4
nere[p

where § = flux lin&ing two coiléz
I =Epurrent in coil 1, : ‘
3 fAmagqetic'induction in %011 2,
S = area of the coll 2,

- -~ .

We assume that B may be approximated by Bc, the axial

value at the center of coil.2, Then we have

%

\ ke
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1 ) Bes
M--—IB 4s = B8 (14)

The magnetic induction due to the transmitter at the center

of the conductor loop can be derived from the expression

T

> _Zatr 3 . at-pt
i =T [t e 4 (15)
when the coordinate system is as follows
z
H. p
. -
]
Cet '
] i '
—-\—/ ' y
T ° 9 o
. .
Y
x &
’ /
Then, the magnetic- induction Be, is ’
2 i : e 38 - (3.
B,, = Ald [3 3 (df!‘ s) i+ 2(d+7g )‘(4)‘,,} (16)
& fes -o(dvsﬁs)']‘ﬁ 2 (0 Zsyihe

When the magnetic flux &, is computed, only the x component

of the magnetic induction is considered  (since the sheet is -

vertical), as belbw. ' l

° -~
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§, = uela’ ,%3(‘*%33 5. L 2
R TR O

= 2 U, Twa* s? (d « 7%’)
J [($ +@e For)* (17)

Then, the mutual inductance Mes, between the conductor

coil and the transmitter becomes

. S+ Ss)

Mos -
[(%-)a + (o » 7';3)‘]""

(18)

;gw»
&

In order to compute the mutual inductance between the
conductor and the receiver, the magnetic induction at the receiv-

er has to be calculated as follows

B, - uwl'H3d([2egnd

4n {“*%,)a’(%);}q‘ (‘il)
. ) . a. (-}Y - (‘i»,t“ﬂr , t
’ [(doFsr v @yP" ] (19)

where I' = current induced in the conductor coil.

As before, the magnetic flux linking the conduc tor loop

., with the receiver is given by 1

.= - J.I'a‘-,’gii’:r [' 2s(d+Es3) ]
¢ {(de£00° 5 (2y}%
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Therefore, the mutual inductance between the conductor

loop and the receiver is

5
Mis > - Zrup—(d+ 722) (20)
& [de far+ 27]*

To calculate the self inductance of the conductor
1Bop, we use a formular from Grover(1946) which is suitable

for any plane figure

L =o.ooZI[I.J.irg - (AJ.J'—é_- + ?)..._;{_-]

where § = perimeter of the loop,
T S = area of}Ehg‘loop,
f = cross sectionmiadiu; of the loop,
P = constant, related to the geometry,

For the ellipse, assuming that f = t/2, where t is the
sﬁeet thickness, and converting to MKS units, this expression

becomes .

L =0.379u.s {Jj‘ 21:5-"—-.7.(5J

The term in the bracket is only approximately a constant,
We have assumed t to be small and constant, while s may vary
in practice by no more than a factor of 4 or 5. Under these

conditions we can write
L = ks, (21Y

The error is about +15%
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Therefore, using all these approximations, the geometrical

factor of the response when the survey system straddles the

e

sheet conductor)becomes

y !

Wy
GeMalo _ Fxwwmy S5 (22)
L Mea 6t & [(Delae g

The approximation for the mutual inductance in equation(1li)
should be investigated to check its accuracy by comparision
with known results for 2 d4imple geometry. Suppose we have

» s

two circular coils in the configuratioﬁ below

a

s

-

The exact' expression, @ging a series of legendre polynomials,

€

is given by(Grover, 19“65

nta® ['5"" ‘% P (cord) P, (cormt,) P, (con et ) + 2"(‘!%)‘?»(“')';‘“""5‘“)

'-'D

o )d»)( )ﬁ..m?...(c-mm(m) * J
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.tféror the same geometry, the épproximation is

\
.
° >
ra

’ ’3’1

_ Aa T 2mn
Me = (m +n)

For example, when m = 10, n = 1

and when m=n = 10

M-
Ve 1,25

Thus the approximation for calculating M is reasonably

good.,

With regard to the value of L used in equation(21),
it has been shown that the approximation is reasonably good
within the range of the parameters s and t. Consequently,

equation(22) depends entirely upon the function




»

- ) =20~

$*(d+ L) )
F(s,d) = ,f 7‘3’ , : (23)
which is shown in Pig. 3, where F(s,d) is given in terms
of s for various depths d. (For details see Appendix A)

”

-

Fig. 3 shows that the functéon F(s,d), which controls the

geometrical factor G of the response, initially increases with
the transmitter - receiver separation and reaches a certain

agsymptotic value for large s, and that f(s,d) varies inversely

with the value of d.

Recalling that the anomaly due to the conductor coll is
* ~

Y G My ( e i )
ff” Maz L. |+ &>

K

- xPu, 8%d+H3) ("'* o ) (24)
N e A

from equations(12) and (22), we can proceed a little
further to make comparison with the result of the dimensional
analysis, If we assume the conductor has an infinite conduct~

ivity, the real part of (%f%:_i_,) is 1 and the imaginery

part is zero., Therefore the factor (-!L——iil—) = 1, Then,

e(.)

8“' is a function of s and 4 80 that

-
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)
we have 5%; = f(s.d) (25)
€

@
where -%%5 corresponds to H in equation(11),
- Comparing equation(25) with equation(11) both express the
physical phenomena but equation(25) was obtained with a
thin vertical sheet of infinite conductivity ( 6= 90°,

1
t/1—+ 0, ALouw o), Therefore, equation(11l) under

these conditions becomes

HY = (%0, ) (26)

On the other hand, equation(26) may be derived from
equation(25) by multiplying both sides by (1/s)*. 1In
order to illustrate equation(26) we have plotted H(l/sf vs,
8/1 for a range of values of d/1, as shown in Fig. 4, using
the curves of F(s,d) vs, s with various values of d and assuming

that all the conditions required so far are simulated.

%

‘Thg curves show that y(L/sf decreases with increasing
d/1 as would be expected. When d/1 is zero, the relation
appears practically linear for the range plotted. PFor 4/1
bigger than 0,02, the curves all have maxima which are located

approximately where s/l & d/1 that is, the maxima move .
u

°
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towards increasing s[} with increasing d/1. Then, the shape
and axial location of the curve provide some information
about d/1, from which d may be estimated. It should be

kept in mind that the survey system straddles the sheet,
»

that is, the response is maximum, .
|

[

N
Mo
B

\,-.




Chapter 4, Model Work

b}

1., Introduction

) .In addition to the data from the dimensional analysis
and its application to the case of a very thin vertical
gsheet of infinite conductivity and of semi-infinite dimensions,
model work has £een carried out for the purpose of applying
this information to a more realistic type of conductor in

field conditions.,

The model work employs copductors such as aluminum, copper,
stainless steel and lead sheets, of various dimensions and
dip-angles. Since the samples are non-magnetic we assume
throughout that «4= «w . -

v

Two sets bf instruments were employed for measurement,
the one being an early model horizontal loop EM system
receiver manufactureed by Huntec Ltd., Toronto, the other
éonstructed by Russell Parrott in the Geophysical Laboratory,
McGill Uniyersity.

+

9

Considering the former model unit, the transmitter and

receiver coils have the following specifications;



effective radius of coil = &"

radius of wire

=0,006"

No. of turng of wire = 2700.

effective radius of coil

radius of wire

No. of turns of wire

The transmitter was excited at

- For the latter, the svecifications are

0.006"

1600,

26~

i* (cored by ferrite)

876 Hz., by a Hewlett

Packard Audio Oscillator which produce 0.1 - 0.15 amperes

in the transmitter coil a2t 4 - 6 volts.

Osc.

t -

Receiver compens
tor console

Headphone

Amp

)

Sggp down
transformer

J

Tx coil

Rx coil —

Fig. 5 Schematic of equipment for model wark

Fig. 5 shows a schematic of the model equipment.

In

the

second arrangement, the above setup was modified by adding

o
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.
a band pass filter to a homemade receiver amplifier and using

small(%" radius) transmitter and receiver coils with ferrite
cores in ord:ar to obtein essentially the éame sensitivity,

despite the sma}ler dimensions. Otherwise, it is similar to
Fig. 5. With these instruments, the médel horizontal loop EM
system measured in-phasg and out- of-phase components of the

secondary field.

2., Discussion of the results .

The results obtalned with various model plates indicate

Y the effect of varying s/1, t/1, d/1, 6 and ¢ (and hence the
dimensionless parameter loww ) and made it possible to
calculate H(¥sY . In addition, s was varied directly to

<

produce pseudo vertical §7ctions, as shown in Fig. 6.
L N

=
> X

2 plotting point

Fog. 6 Ihté-representation in vertical pseudo section
e o _
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The rebresentation of the data in-vertical pseudo section
.shows the dependence of system response on X (distance of
. transmitter-receiver midpoint from origin di;ectly above the
top of the conductog') and s, as the geometry and condﬁctivity o
of the conductor are varied. Several suites of Fhese curves
are included in Appendices C, D and E. Model measurements
were made with sheets of Cu, Al, Pb by vérying thickness,
depth, depth extent and dip-angle. In-phase (Appendix C) and
quadrature (Appendix D) values were obtained for four s values
-6", 9", 12", -15"— by expanding the transmitter-receiver

spacing symmetrically about successive stations on the x-axis,

Total field results are shown in Appendix E. Note that in the"

feedl e
rwvﬁk 't
o

diagrams of the appendices the vertical scales are twice the

'S
horizontal., A dischssion ofaghese results follows,

A. First we plot the in-phase component of the secondary
o 4
2 field.(See Appendix C) The characteristics of the
vertical pseudo-sections, with one particular parameter

- varied and the others fixed, are described in the follow-

L4

» RRNg e

:-1 A a
s

Hhadd

1). Variation of depth extent (Cu sheets)
' @

For 6= 90°, as the value of 1 decreases in steps from 24"

k28
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\to 2", ‘the peak in-phase response decreaseé. from 35 % to

1.5 %, as one might expect. However, the position of the
peak varies in a rather peculiar fashion. For 1 = 24",

18" and 12", it is located at depths of 6", 43" and 3"
respectively. But for 1 = 10" the peak drops to a depth

of 6" and again moves up as 1 is decreased further, until

it is at 3" for 1 = 6", Again the peak moves down to 44" ‘
for 1 = 5" and rises to 3" at 1 = 2", (Presumably in the

lagt case the magnitude might be larger if i1t was possible

to use a smaller value of s.) Thus the proper transmitter-
receiver separation to produce maximum responsé is controlled
to some degree by the depth extent oflthe conductor. In
addition, we see that for sheet conductors of large depth
extent the induced cﬁrrent p?ttern is lentered at a fairly
constant position in the sheet, abqpf ﬁ/S of its depth extent
below thg top. But for conductorsiof iimited depth extent,
the current 1s induced at a much gfeater depth relative to
the sheet dimension.

There is very little difference between .the results
for 6= 60° and 6= 90°, When 8= 30°, however, there are
two maxima, except for 1 > 18". The larger is located
slightly up dip and the smaller down dip, both at depth.

Thus the contours have the appeartance of two conductors
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dipping in opposite directions and converging near surface
at the correct lofation of the top of phe)conductor, the
one with the shallower attitude being the correct dip

direction,

2), Variation of conductivity

Two conductors, aluminum and lead sheets with the
same dimensions, are compared. The peak values are larger
for the better conductor{aluminum) and are located at
shallower depths; the contours for lead appear more
diffuse, For 6 = 30°'the double peaks are not present as

in the case (1) for the copper sheets,

3). Varistion of depth

o

Increasing the depth of burial of an aluminum sheet
decreases the maximum response and moves it down, as might
be expected.‘ except for @ = 30°, where the peak decreases in
mégnitude but remains at 44", Again there is no evidence

of two maxima at shallow dip.

k), variation of thickness

Two aluminum sheets, 0.026" and 0.090" thick with




other dimensions identical, were used. Clearly there is

—

very‘Ii%iié’difference between these results, since both are
essentially thin sheets, However, the thicker one appears
to have a mild second maximum at depth for € = 90°* and 60°%; '

this is not apparent where & = 30°,

B. Quadrature or out-of-phase pseudo depth plots are
shown in Appendix D. There are some fundamental differences
in the results compared to the in-éhase data. |

1

1), Variation of depth extent

© = 90°. Although the peak response falls off with
decreasing depth extent, the overall change is much smaller,
8.5% to 5.5 %, and possibly not uniform, although this
is not clear for such small variations. For 1 = 24, 18"
and 12", the location of the peak moves up, but remains at
3" for smaller values of 1, As.a result, the ratio of
in-phase to quadrature response, used as an indicator of
relative conductivity in horizontal loop in}arpretation,
varies in a rather complicated way., .In gengral one may
say that this ratio decreases with 1, but it also varies
directly with s, the transmitter-receiver spacing, unless

1l ¢8, when it decreases again. The plots for dipping sheets



are similar to those in Appendix C, showing a double peak

developing for shallow dip angles and decreasing 1 values.

2,§.4). Variation of conductivity, depth and thickness

b
Similar remarks apply here as in A. Clearly the
ratios of in-phase to quadrature are larger for

aluminum than for lead.

C. Pseudo sections of magnitude, that is [(in-phase)*
+ (quadraturef]‘, are shown in Appendix E, since this
is the quantity that is used to develop the characteristic

curves described in the next chapter,

1

v

FProm the vertical pseudo sections 1t is possible to
locate the conductor, to determine the dip direction and
possibly something of the depth extent. The horizontal
loop technique is not particularly sensitive to dip, so
an estimate of the actual dip angle is difficult.
Presumably conductor thickness may also be estimated but

no thick sheet was tested.

Using the in-phase and quadrature sections of

Appendices C and D we can also get some 1dea of the relative

2




-

e

conéuétivity. Although a single traverse with fixed s value
Qbuld be sufficient to give a ratio of RE/IM for this
purpose, it is interesting to note that there is a large
variation in this ratio with s, For shﬁets of great depth
extent RE/IM increases with s; if the traﬁfmitter;receiver

spacing is larger than about 22, it decreases,

Figures 7 - 12 are a representative sample of the
collection in the appendix., Here the total field values
have been plotted in pseudo section for sheets of Cu, Al
and stainless steel, using s valﬁes of 6", 7.5", 9" and

10.5".
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Chapter 5. Preparation of Chara 'fistic Curves

We now proceed to develop characteristic curves for the
horizontal loop EM system, using the results of the dimensional
analysis from chapter 2. and the model measurements with multiple
transmitter-receiver spacing in chapter 4, These curves have
béen prepared from the data obtained when the EM system is
located with its midpoint directly over "the top of the conductor.,

The values of H(1/8) are plotted against P/l on log-log paper

for variations in d/1, ewwt’, t/1 and 8, A discussion of the

curves follows.
1, 6= 90,  The effect of d on H(1/s) vs. 8/1

These curves are shown in Figures 13 - 18, From the

results of the dimensional analysiqa

H(Ys) = comt. g,(uwl‘)“');,(’/:)q 2;,(%)“ L f(ﬂ) (10)

H(¥s) = comt. E,(%f’, for a particular value of d/1, if
we fix the values of cwal' , t/1 and 0,

This func%ionlﬂ(l/sf » in general, may be of a quagxatic

: fprm on the log-log paper, but in any case the shape of the curves
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varies in the same fashion as those in Fig. 4. The
magnitude of H(l/s? is decredsed and the rate of change
in H(1/s) with s/1 is also decreased as d (or d/1,
provided 1 is constant) is increased up to a certain -
value of d/1. Beyond this value of d4/1, the slope has
both positive and negative signs, “that is, the value of
H(l/sf reaches a maximum and then decreases for larger

values of s/1.
2, 0= 90°, The effect of ¢ on H(1/s) - 8/1

.In order to consider the effect of ¢ on the curve
H(1/s) - s/1, the dimensjonless parameter cuwl is related
to the penetration distance in electromagnetic theory.
The so-called skin depth -« that is, the distance for
which the EM field is reduced to 1/e of its original

amplitude -- is defined as'

S| _=2
$- « Qo.uco
or Quwl = at/g (27)

The skin depth effect controls the concentration of
the induced current in the conductor along the imagined
coil. From Fig. 19, when the magnetic induction B

encounters the sheet as shown, the electric field E is
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Y

/,/y(infinite strike length)

direction of EM energy
E B

SERC

Fig. 19 Electromagnetic phenomenon in(the plate
<

tangent to the coil, and the propagation of electromagnetic
eﬁergy is in all direction radially from the coil. Thus if
the skin depth is very small in the direction of propagation,
the.cu£rent density along the coil'is very high. For a
larger skin depth the current would be distributed over
a wider region. When Figs. 14A and‘16C, which are identical

in all the parameters excpt foroO, are compared, we find

that the values of H(1/8)® for the same 8/1 are decreased
and the rate of change is decreased as the conductivity is
decreased, because the induced current is distributed overi

wider range. These curves are for Al and stainless steel

sheets of the same dimensions,

3. The effect of t on the curve H(1/s) - s8/1
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When the effect of t is considered, the propagation
of the secondary electromagnetic wave in the direction
parallel to the thickness is significant. Let us consider
Fig. 20 where the loop represents the 1nquced current in

the sheet conductor and its thickness is in the x direction,

- —

B ’

/

»

g

Fig. 20 Electromannetic phenomenon in the conductor coil

In the diagram B is the secovgary magngtic fieid whose
direction determines the coil orieﬁ%aéion. In this case:
the energy propagation is in all directions around the
gsectional area of the loop. Of all the directions of
propagation, only the x component is affected by the thickness
t.

Thus, we would expect that the secondary field at the

receiver would vary in some fashion with thickness of the
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conductor. That this 1ls indeed the case may be seen by
comparing Figs. 13C with 14A, for Al sheets and Figs., 16B

and 16C for stainless steel sheets. In both examples ohly -
the thickness has been varied,by a factor of 5, other
parameters remaining constant. The H values ingrease

with t, although the increase is not proportional to t

and it is larger for the stainless steel sheets (= 2.2)

than for the aluminum (= 1.2), This is to be expected,

gsince the attenuation is larger in the aluminum. However,

no quantitative relation between t and H seems possible.

4., The effect of 1 on H(1/s} - 8/1. 6= 90 ,

Al
‘

From equation(2?7), it has been shown that the ;actor A
cuwl’ is a function of 1 and § . In considering only the

1 effect, by use of Fig, 19, the EM phenomenon is concentrated
within a certain area of the plate conductor. The depth extent
of the conductor is related to the ;rea which is‘energized

by the magnetic field from the transmitter, unless 1 is

considerably larger than the transmitter-receiver spacing.

Consider the curves in Figs. 17B and 17C which show
the effect of varying 1 on H(1l/s) - s/1, when the value




of t/1 is slightly chénged by aporopriete variation of 1 for Pb

sheets. The results demonstrate that the change of 1 is

equivalent to sliding along the curve shown below.

N

H(l/sﬂ

o B —of }b Py

s/1

Fig. 21 The effect of 1 on the H(1/s) - s/1 curve

If 1 is increased or s/1 is decreased, the part of

the curve marked "b" is moved to "a", for fixed values

of ouwl’, The latter is maintained constant by suitable

o variation of o,

/

- §. The effect of 0 on H(1/s8)® - g/1
A collection of curves for &= 60° and 30° is shown

in Figs. 22 - 31, As the dip angle decreases from the
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vertical attitude the value of H(L/sf is increased and

the rate of the change %s also increased, For large values
of ouw!' and small d/1, the curves are almost identical to
their equivalent for 6= 90°, as can be seen by comparing
Figs. 13B, C, 14A with 22B, C,23A and 27B, C, 28A. This

is to be expected becagse of the insensitivity of the
horizontal loop system to dip angle. For smaller values

of cuw!l and larger d/1, however, the differences are

quite distinct,

The problem of selecting the dip angle of the sheet
conductor, in order to use the vroper characteristic curve,
is not as difficult in this method as it is with the
conventional sets of characteristic curves, since pseudo
depth dections provide a more reliable estimate than a .

single profile.
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Chapter 6. Field Work
1. Introduction

From the model work, we have found that the contours in
the vertical pseudo section have distingulshable characteriétics
from which some information can be obtained about the geometry
of the conductor, for ex&éple, location and dip,and that depth,
depth extent, thickness and conductivity may be found from the
characteristic curves,

.

The field results wére obtained in 1970 and 1972 at four
areas in Saskatchewan and Quebec, and have been used for
investigeting how the characteristic curves from the model
work are applied to interpret?tign of the horizontal loop
EM survey with multiple separation. In 1970 the author was
emploved by Donald Fiéher & Associates as a geophysicist
conducting various EM surveys in Saskatchewan. Multiple

separation horizontal loop EM was done at three locations,

two on Hicks Island and one at Uranium Valley, in the La
Ronge area north of Saskatoon, where geological mapping
and a self potential survey had previously been carried out.
In 1972, a similar type~of EM survey was made nesr Demers

Creek in Ham Township, one hundred miles northeast of Montreal.

¢

o A
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During the 1970 work in Saskatchewaq, the EM field units
employed were the Geonics EM 17 and McPhar VHEM, while the .
Demers Creek survey was made with the McPhar VHEM equipment.

The EM 17 transmitter is excited at 1600 Hz, while the VHEM

uses two frequencies, 2400 Hz and QOO Hz.

The results of the horizontal loop EM survey with multiple
separation were analyzed by plotting the vertical pseudo sections
and matching the ch=sracteristic curves obt ined from model
work. This technique, to be describeé later 1in detzil, offers
ﬁore informatibn about geometrical properties of the conductor
and less ambiguity than conventionai interptretation techniques.

A comparison of the results obtrined with the iwo interpretation
methods (and ‘with other data available at the same siteg) shows
reasonable agreerent,

1

2. 'Geophysical surveys
A. Hicks Island
s 1) Location and general geology

Hicks Island is bounded by latitude 55 degrees 44 minutes

and 55 degrees 46 minutes north and by longitude 105 degrees
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54 minutes and 105 degrées 55 minutes west, and is approximately
60 miles northwest of the village of La Ronge, Saskatchewan
(Fig. 32). This area is readily acessible from the Churchill

River, upon which a float-equipped aircraft may land.

/
The consolidated rocks in this region are of Precambrian

age and composed of intrusive and/or plutonic rocks in the
western vart and metasomatized and migmatic rocks in the

eastern part. The intrusive and/or plutonic rocks are mainly
composed ofn”Eastern Granitic Rocks" which are, -in ééneral,
medium to coarse grained equigranular and either lack foliation
or have a weak, irregular foliation, composed mainly of biotite-
guartz-diorite, while the metasomatic and migmatic rocks occur

as migmatite which is considered to be derived from garnet-

cordierite-biotite rocks. (Fig. 33)
2) Geophysical results B}

In this area, two survey lines, the first a claim 1ine
crossed by L-353, the second being 1L-30S, were selected as
test traverse lines, since trenching had been previously
carried out nearby to find minéralized rocks, The EM 17 was

used on the claim line and VHEM unit on L-30S.(See Fig. 34)
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&) Claim line

The horizontal loop EM survey was carried out at coil-
geparations of 100' and 200' with stétion interwal of‘{OOY
&and the profiles are shown in Fig. 35.- The data are also
displayed in vertical pseudo sections in Fig. 36+ The
contours show two anomalieé; one at 3E,- the othér a; 7E.

The former appears to dip to “the east (actually SE), while"
the latter appears‘fo be almost veriical, when the trend of

tHe contours is indicated.

Since only two fransmitter-receiver separations have
been used, the vert;cal pseudo section is hardly complete
enough for the present type of,interprétation| however, an
attempt has been‘made. by drawing curves on log-log paper,
to indicate the relation between H/s* and S, and by matching'
them to the model curves for H{(1/s) - 371. These are shown
in Fig. 37. First an egstimate of 1 is obtained, which is
equivalent to the inverse of the horizontal displecement and
to the cube root of the ve;tical displacement. If the 1
values are no?uapproximately equal,‘thg match;ng should be
adjhstéd to minimize the difference between them,

s
o . ¢

<

v

Having obtained l, it is possible to estimaté e and d,
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from the values of cuwt and d/1, on the appropriate model
curve, Finally, the value of t may be estimated from the

characteristic curve, provided the field curve matches it

reasonably wéll,

o

The 1n€%rpretation technique is carried out in the

3

following steps. First, the curves of the relation HAgt?’s

< v

are plotted as meptionéd above, putting the midpoint of the

separations at the assumgd location of the suspected cbnductqr

to broduce +the two curves,: labelled "A" and: "B", in Fig. 37.

For anomaly "A", the field curve is matched to the
following curvés to estimate 1 values from the horizontal /
arid vertical displacements, 1y and lv, respectively., 8

. * .

4

Y t/1 a/1| s/1 H(1/s)| s W/ | Al vy

142,000 | 0.0026 | 0.02 | 0.23 &6:‘10’ 100 | 3.6 16° {436 [416
, 0.06 | ¢.26 | 1,000 (100 3.6x 10%{384 |302
80,000 | 0.0035 | 0.03 | 0.3 780 |10043.6x 10*|333 |278 |
0.08 | 0,3 500 {100 | 3.6x 10¥(433 240
0.14 | 0.35 220|100 | 3.6 x 10% {398 18P
50,500 | 0,001 | 0,03 |0.27 .| 970 [100|3.6x10%{370 |3do

0.08 | 0.31 360 |100 | 3.6 x 107|322 (21

0.14 | 0,43 . 140 * {100 | 3.6x 107|232 |140
0.19 | 0.6 4 {100 { 3.6x 1054167 |107




Ouuot t/1 | d/1 s/lv “H(1/s ) sml H/s? lui ILM

50,500 | 0,005 | 0.14 | 0.4 170 [100] 3.6 x10°| 250 | 168
0,19 | 0.45 | 100 [100| 3.6 x10™ 222 {141
24,600 | 0,0063| 0.05 | 0.5 170  [100 | 3.6 x10°°| 200 |168
0415 | 0.7 45 1100 | 3.6 x10%| 143 |107
0.25 [ 0.9 20 1100 | 3.6 =107 111 | 82
20,000 | 0,007 {0.05 |6.57 | 150 hoo | 3.6 109 175 162
| 0.16 [0.73 | 35 hoo |3.6x10%137 | 99
8,850 | 0,001 |0,08 |0.8 22 poo | 3.6x10%125 | 85
7,150 | 0,001 [0,03 g§25 | 62 oo 3.6 * 10500 120

. 0.08 0.3 22§00 | 3.6 x10°%333 | 85

b3

6,160 |0,01260.3 |o0.8 1 oo {3.6 x104125 | 73

«©

0.5 10.8 10 0 |3.6=10F 125 | 65
0.7 10.85 5.5 [oo\-gténlo"na 54

(The above model currvves are for © = 60°)

From the above 1list, it appears that, for the suite of

curves available, the becst fit of the fie@rve is obtained
with thzt of Fig. 24A, which is specified by:
ouwl’ = 20,000, +t/1 = 0.007, d/1 = 0.05 and 8 = 60° .

— o

The calculated value of 1 from the horizontal

displgacen;ent is ) ' .
Ay = 100/0.57 = 175°,

while the calculated value of 1 from the vertical displacement

oA a
¥+
o a
at
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is 1= [1;9/(3.5 :‘10")]'4 = 162 (ft),
so that the differ:nce between 1% and lv is a minimum, for
the curves which appear to match reasqgnably well. However,
this match does not give the same value of 1 for both
displacements. In order to have the same value of 1, the
model curve should have higher values ofﬁH(}/s)’ than those
in Fig. 24A. This deovarture of H(1/s? Ts assumed to be Nep
due to the'differenc: of t. Therefore, the matched value of

s/1 ray be assumed to be a good value, since s/1 is not
affected by t. From the value of s/1 or the horizontal
displacement, we have found 1 = 175’ or 53 m. Since the valuéﬁ
of t/1 should be higher than 0,007 due to t'e fact-that tﬁm
value of H(1/s) &pould be 195 at s/1 = 0.57, when H/s8® is

3.6x10°, s = 100" in order to have the same value of 1

{1 = 175'), the results of the interpretation on the anomaly A

aret 1 = 175', © = 760 mhos/m, t>1.2 ft, d = 9 ft,

‘ As fdr.t. it is expected to be almost five times the .
above value, from the fact that H(1/s)® should be 1,25 times
the matched value and a relatively good conductor is indicated

! v
from Fig. 35, From the model work, when we vary the thickness

of a good conductor (aluminum) by a fadtor of five, the value

of H(1/s) cﬂanges by 1.2.VWhile a poorer conductor (stainless

~
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1

' 8teel) changes H(l/sf by a factor of 2.2 for the same

change of thickness. Then, t # 6 ft and ot & 1370 mhos.

From the vertical pseudo section in Fig. 36,. @ is

estimated to be about 70° .

o
Finally, the interpretation of the anomaly A is as

foIlowsn N

—

—_——

3

1 = 175', o= 760 mhos/m, ,t = 6 ft, d = 9 ft, 0% 70°

and ot = 1,370 mhos, -

o

Froq %he two profiles in Fig. 35, the one at 100 ft
separation and the other at 200 ft separation, it is vpossible
to get two results from anomaly A by the conventional
interpretation technique in wﬂifh the characteristic curves,

of Strangway are emvloyed. f

)

R

¢

-

For 100° sepération. 6 may not be defined, because

the right hand side<shoulder of anomély A As‘not only due to

the anomaly A bud4 also to anomaly B, When 6 is assumed to

be 60° , .since the assumed dip angle i

»

one from the vertical‘pseudo;sectionw cuwsl = 53 and d % 0.19s,

lose to the estimgted

©onepras o >

t
\

3 “‘




because Relyy = =36%, IM)yay = -8 %, Then d 5 19 ft and

ot = 129 mhos. If the thickness t is assumed to be the
difference between the separ=tion of zeros in the profile ,

%

and the separation of coils (p 556, Grant'& West, 1965), ,

t £ 30 ft so that O= 14 mhos/m, : .

For 200' separation, & may not be defined for the same
reason as above, When @ is assumed to be 60°, owwst = 3% »

and rfd((O.ls, because i?e).., = 60 %, IM)wex = =26 %, Then,

'd €20 ft and ot = 46 mhos. Using the sdme method as for

100' separation, t & 60 ft and &= 2,6 mhos/m. ‘ .

\ @
From the above two results, the averages are:

d €« 20 ft, o0t = 8% mhos, t % 45 ft and O3 8 mhos/m.

.-
e
[

Comparing the results obtained by the conventional’

~

interpretation with those using the oresent tegﬁnique. 8is
not well defined by the former methqa. but by thé‘latte} _
methoq; some .estimate mav be made from vertical péeudo section.,
There are large differeAces in the values of ot, t and d, ,

since the conventional method oives larger v%}pes of t and

s 1

d; but smaller value of ot than the present method. Therefore,

the conventional method indicates tﬁat the ¢onducétor is of

!
t

4 4
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rather low conductivity and is considerably‘wider (t & bs ft),
while the method described in this thesis shows the conductor

is of good conductivity and thin,

. “

Y ‘ff i
For anomalv B, when the technique described in this

thesis is aorlied in the same fashion as for anomaly A, the

G results are;

~

= 8% ft, o= 780 mhos/m, d £ 25 ft, t £ 11 ft and

ot = 2,600 mhos. 0 is estimated from the vertical pseudo

>

section to be aboyt 80°

From the horizontal profiles, 6 may not be defined for
the same reason as for anbmalv A, that the left hand side

shoulder of the anomaly B is not'only due to the anomaly B
B .
but also the anomaly A. Using the char=cteristié curves of

Strangway, for 100' senaration, Quwsl = 20 and d ¢(O,1s,

<

5 [}

Then, ot = 53 mhos, d <10 ft, t £+140' and’ © £ 1 mho/m,

-

r-

and for 2@0' separatlon, Quswt = 25 and d «0. ls, so that

33 mhos, d «20 ft, t £ 60 ft and ¢= 2 mhos/m.

=

When these are avegaged. g (15 ft."?t = 43 mhos,

©w




t = 100', so that o= 1 mho/m.

n .
™

Comoaring these resu%ts witd tho=e at te top of page
78, there are also large differences in tﬂé values of ot, t
and 4 in the two results, that indicate the «same characteristics
as for anomaiy A in o, ot and t., However, the d value appeérs

larger in the present mefthod .than in "the conventional one

» L4

for this anomaly.

When we consider the mineralization exposed in the
trench(TR-2-70) at 600E‘(Fig..;Z), we find that; ‘

~

6=60°-70°;, d=5-6ft, f-= 2 - 3 £t with massive sulphide
mineralization of pvyrite anf pyrhotite (50 - 60 %). The 1 )
method described in this thesis gives better values of t ‘

but d is too large.

. In addition, S.P. adqmalies are not cnincident with

the locations indicated by the vertical pseudo section (Fig. 36)

but one of the S:P. anomalies (600E) coincides with the trench,

.

t




o 9
The results on this line were obtained with the

VHEM unit and co‘l-separations 190" 200" and 300', and

the data are disvlayed in thebhgrizonfal profiles

of Figs. 38 - 40, Again, the data are plotted in

_vertical pseudo section in Fig. 41, Two anomalies labelled

"A" and "B" appear at 560W and 100W in Fig. 41, while the

locations of the peaks of EM anomalies  vary from

separation to separation. Furthermﬁre. the dip angles apvoear

*o be steev in Fig,hl. The anomaly A is assumed to be composed

of two adjacent conductors, located at 600W and 500W,

resvectively.

P2
Applvin. the same tec nique as described in the

preceding, we have obtained the following results; Ref. Fig. 41

~and Fig. b2,
Anomaly| 1| owmeyl d |t Qliwe) | O ‘ .
A -1 1330} 110 (20" 5" ] 170 70°

A -2 [120] 270 {40 | 3 290 90°
B 50'] 860 |40° |10 | 2600 70°

However, the ariomalies A-1 and A-2"are not independent

L

- but affectéd by each other. Then, the interpretation of the

*

.
~
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anomalies is likely to be different from the case in which

the conductors are far apart.

An attempt was made to combine anomalies A-1 and A=2
as indicated by the center hatched line in Fig. 41. Then,
the following results are oWtained by averaging the two

anomalies:s

1 = 230 ft, ©= 190 mhos/m, d = 30 ft, t = 4 ft,
ot = 230 mhos and 6 % 80 .
r

Using the .conventional characteristic curves of
Stra %way with the horizontal profiles for anomaly A, @ is
assu %d to be 90°, because it is not defined by the conventional
meth ‘due to complexities of the curves in the horizontal
profiles, while the vertical pseudo section estimates 8 = 90°,

\

and the other par-meters are found as follows:

S | £ [Redum | Impas[owot [ dst) [otimien | taty | crmber,)

100 2400 | -60% | -32% T15 |«€10 26 10 5
_ 600 |.-68 -28" 120 leto | 140 10 50
200 | 2400 | -80 -28 |53 |€20 | <46 120 <1

600 -68 =24 30 | €20 105 thin

300 | 2400 | -84 |-44 k53 le30 | <31 [thin 7% -
600 | -92 | -28 Fsa o |«423 | w0 fxdd.




W

! ~
)

In making the above tablé. some values of omwst ~ and
all d are not well defined, because the vélues of Re)ma and
Im)mar fall beyond the scales of the characteristic curves,
Thus, the values of ot are not well defined. Although some
of them ‘are estimated, the wvariztion of the et values with
frequency is large. Also, the variation of t values with

senaration is large. Furthermore, the values of ©° are very

low, 8ince the ratios of(Re/Im)wax are generally‘small.

Taking an average of six calculations from the a)ove
list -~ two freauencies at each of three spacings =-- one

obtains as followingsj

d 420 ft, otd<79 mhos, t & 30 ft, so that ®<9 mhos/m.

\
For anomaly B, the conventional characteristic curves

show the following results. 6 is assumed to be 60° from the
vertical pseudo section, hecause the dip angle may not be
defined from the profiles due to complexity of the shoulder -

of the anomaly.

sdt) fid |[Re)ne |IM)ma [Omwst’ | d¢f) | Otmbon | tif1) O (whes/,)

100 |2400 |[-52% {-u8% [<s5 |ao0 | <0 20 2
600 | -Lo -32 10 |«10 70 thin
200 |2u400 |-68 -48 Jas |«@o a3 | 30
600\ | =60 -40 |53 {20 ki85 20 30
300 |2400 \ -74 -56 {ds <0 <10 60 <1

600 |-92 -48 <5 <30 <35 30 <h
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Like anomaly A, most estimates of ouwst and d are very
crude, beca@uge the values of Re)was and Im)max are plotted
bevond the scales {\the characteristic curves., Therefore,

the table shows that the values of vtb t and o are not well

defined.

Taking an average of six calculations for anomaly B

e

in the same fashion as shown for anomaly Aj o

d € 20 ft, ot ¢52 mhos and t £ 30 ft, so th?t o <b mhos/m:\\\
For both anomalies, A and B, comparing these results

with the ones from the matching method, the former results

. £ives smaller values in d, ot and«#0 but larger value in t

than the latter ones., Thus, the conventional method indicates

a conductor of DOO; conductivity and large width near the

surface, while the method described in this thesis shows a

very thin conductor of reasonably good conductivity which is

buried at a denth of'40 ft.

Two S.P. anomalies are located at 620W and 150W,
respectively. These locations are almost coincident with
EM anomalies as indicgﬁed on the v;}tical pseudo sectiom,
The S.P. anomaly at 620W corresponded to anomaly A-1

but the anomaly A-2 does not show up in the S.P. survey,

CAl
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B, Uranium Valley (Nemeiben Lake)

4

1) Location and general geology

The survey area is located at coordinates 55 degrees
20 minutes north and 105 degrees 23 minutes west, norsh of
Nemeiben Lake, Saskatchewan. This area is 20 miles northeast

of La Ronge and readily accessible from the air-base there.,

)

(Fig. 43)

The survev area is mainly composed of coarse-grained
feldspathic quartz-biotite gneiés, probably derived from
e sediments and volqanic rocks of the Wekusko group in
which garnet comﬁonly occurs. These gneisses are lightogrey ’
%o black and for the most part occur in alternate bands of

fine grained (usually dark) and coarser grained (light)

materials. (Fig. 44)

2) Geoohysical results

}
L3
*

‘A The results measured by EM 17 with four coil separations

2

| \
s
»
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.on the traverse line 28S are represented in the profiles
of Fig. 45 and vertical pseudo sections of Fig, 46, which
reveal three anoﬁalies, at 200E, 400E and 900E., The first
two, however, are very weak. The strong anomaly at 900E
is analyzed in Fig. 47 in the same fashion as the previous
areas,
7

Considering the vertical pseudo section, the dip
angle of the suspected conductor is nearlv vertical. By
means éf the matching method mentioned ;:ZViously. the

final results of interpretation are as follows:

1 % 330 ft, d £ 50 ft, o% 18 mhos/m, t = 10 ft, ot £ 55 mhos

and 6 % 80",

The relative conductivities estimated from the ratios

of in-pﬁase to out-of-phase amplitudes for three coi-

sevarations are listed belowj

8 Relative conductivity
200 ft 0.45

300 ft 0.63
400 ft 0.46
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4
o
it [ -
’ L]
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Clearly the ratios show that the suspected conductor is of
[ N o

low conductivity. ‘ \ o
. .

-
) v

With the.conventional interpretation technique which

was used before, the following results are obtained;

L

. £(Hz) s(ft) da(ft) oumwsl ot(mhos) tgﬁ?) O (mhas/, )
1600 200 - 20 . 1.5 2.0 160 0.04
300 30 ' 3.0 3.0 200 0.05
400 40 3.0 2.0 thin

The average value of t by the conventional method
is about 120 ft, while the new method gives t = 10 ft,
Compared to the resu}ts obtained by drilling, the latter value
of t is reasonable. According to the results of the drill-
hole (Fig. 48), a disseminated mineralization'of chalcopyrite
and pyrite is encoﬁntered at a depth of 120*§%¢and ofﬁabout_
10 ft thickness.,

700E 900E 1100E

| L Lk PO

disseminated conductor
- ‘(pyrite and chalcopyrite)

Fig. 48, Result of drill hole D.D.H. No. 5

[V




C. Demérs Creek

1) Introduction

The survey area is located on the boundéry between
Ham Township and Wolfe Township, Québec and its geog}aphic
coé;dinatea are 71°39 W  longitude and 45°55'N ~  1latitude.
Fig. 49). -

Previous work on the area included a geological survey
and 9 dfill holes by Trovsco Mines Ltd. in 1952. 1In that
year, Koulomzine Geoffroy & Co. conducted magnetic and S.P.
surveys for the samé company. In 1964, Sullico Mines Ltd.

carried out EM and magnetic surveys and in 1971, Jorex

Syndicates made EM, geological and geochemical surveys.

<
e

It is reported that during the American Civil War, an ©
open pit operation for copper had been conducted at the place

9¢

where Demers Creek flows now, north ﬁépng the creek from the A
A

survey area, However, there is no specific record of that mine

operation. Due to this fac?i several companies have tried to

delineate copper bearing deposits in this vicinity. .

According to available geological reports, this ares
is underlain mainly by Bennett schists of Cambrian age, which

are composed of chlorite and sericite schists. (Fig. 50)
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. Between the chlorite and the sericite schists, there are

carbonate bands and dolomite, in which quartz veins and
quartzite are interbedded. Such replacement might contrin
some chalcopyrite and bornite mineralization. In the schists,
too, there is some interbedding of quartz and quartzite. I%
may be assumed that metamorphic-dynamic action has occurred
by intrusion of peridotite or andesite which is the bdedrock

of this area,

Geophysical surveys, done earlier, showed EM anomalies
at the contact between the schists and the carbonate or dolomite,
and in the schists. The magnetic anomalies are produced
by magnetites in the chlorite schist. A geochemical survey
failed to outline significant cooper anomalies, The drilling
results, whose locations are shown in fig. 50, however,

indicated pyrite in the graphite schist and chalcopyrite and.
AR

bornite in the dolomite.

2) Geophvsical results

The results from L - 2E and L - 4B<are displayed in
Fig. 51 and Fig. 52 in profile form and the vertical pseudo
sections are reproduced in Fig. 53. The data in the vertical

pseudo sections‘are again analyzed by drawing the characteristic

2
2




-100-

B.L

LEGEND

electrical anomaly
axis

.2 outcrop

Dolométe

BT
E;Eﬂ Sericite Schist
Bl
[Car. ]

* Chlorite Schist

Carbonate

Scale 1" = 200°

t




100' separation

-101=-

T

20%

200' separation

PR
o '/l\ “ /‘/ L-gﬁ--

2400N

-20%}

44+00N\_/ _6+00N

-

&
300*' separation

a L

-

L-2E

2+00N

»

Scale

Ny

Fig. 51. Horizontal Loop Profiles of Demers Creek (1)

4+00N-™~ 6+00N
L} “-, ]

in-phase

out-of phase

i~ * 200'

Instrument VHEM(GGQHz)

&8y

£




=102~

100*' separation

L-8E
200* separation
% -
7 .
thOON \ﬁfOON L-LE
\ !
Jarll
-20*— ‘; ;\ -
\ ? 300* separation
: .
\ -
' \ ! ~ \
\ N 4 \
!
2+00N’ GfOON L4

Instrument  VHEM(600H2)

{
1n-ph$se

- - = out-of phase

Scale i = 200° ,

Fig. 52. Horizontal Loop Profiles of Demers Creek (II)

o



&

-103-

4OON 500N 600N 700N 800N
1 [ 1 1 L - 2E
(ft)
F:)
50 = - - " 6
/" ’
100 ¢ " 8 ¢
] /
\ V4

150 Ns_ .

s/2 ft

0 100N 200N 300N LOON

A b 1 Il i L - uE

_ (ft)
50} e —— b=
100] 29 38
: .

1504 L 1.8 26 # s

8/2 1t

Instrument VHEM \600 He)

suggested dip

Pig. 53. Vertical pseudo sections of Demers Creek




-104-

curves for H/s* and s, shown in Fig. 5k,

In the horizontal profiles, the anomaly on L - 2E is
not distinguishable and it is probably caused by tovography
and conducting overg;rden. although it would be attractive
to assume that it correlated with the neighboring anoma2ly on
L - 4E. However, the anomly in L - 2E provides only one
point in the characteristic curve H/s*- s which canhbe
matched with any of the characteristic curves from model
work and indicates small value of cuwd' . Therefore, the anomaly

gseems to be caused by either an extremely poor conductor

or a very small one,

On L - 4E, the anomaly may be matched to a characteristic

_curve to give the followings

1 = 160 ft, o= 550 mhos/m, t & 10 ft, d £ 20 ft, ot = 1830 mhos

and 8 = 90°. °

In order to compare the above results with those
obtained from the conventional technique, the data in the
horizontal profile of L - 4E aré interpreted, using a phasor
diagram for # = 90° since the positive parts in the horizontal

profiles show a steep dip angle. The results are as follows:



TT—
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Y
results are as follows:
f(Hz)| s(ft) e d(ft) | cuwst | alimwes t(ft)]| o (whaim)
600 100 N D.
200 90° <20 3.0 1 50 0.07
300 N.D <30 4,0 1 60 0.06

Taking an average frnom the above list,

d ¢25 ft, t & 55 ft, 0t = 1 mhos, O = 0,06 mhos/m and
e = 90°,

Comvaring the results of the two methods, it is found
that there are reasonable agreement in the values of d and
6 but there are large differences in the values of t and o ,

that the new method gives larger conductivity and smaller

thickness,as usual, while the ¢ nventional method shows

3

negligible conductivity and large thickness. Consequently
the conventional method indicates extremely small values of
ot, compared with the value from the new method,

For reference, the results from D.D.H. No.1, located
in FPig. 50, carried out by Troysco Mines Ltd. in 1952 showed

chalcooyrite and bornite mineralization, in small



sections from 23' to 145' along the hole, which is Anclined.
o
bs degrees as indicated in the diagram, -t
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Chapter 7. Application of the Method to Other Results

So far, the characteristic cué;;;\f}om\xhe model work

-,
-

have been apolied to the field #ésults obtained by the author,
In order to confirm the feasibility of the technique, it has
also been aovnlied to EM data from Cavendish; Ontario, Langsele
and Kedtr#sk in Sweden. These results are described in the

Ed

following.
1, Cavendish Township, Ontario

The results are a part of a case history which had
been prepared by the staff of McPhar Geophysics Ltd. for the
Canadian Centennial Conference on Mining and Groundwater
Geophysics, 196%.

oY .
The test site is located in Cavendish Township, south
of Gooderham,-Ontario and aporoximately 100 miles northeast

of Téronto.

3

The geology has been taken from the Ontario Department

.of Mines, Map No. 1957b. According to this map the grid

area is underlain by Precambrian sediments consisting chiefly




<
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v

of crystalline limestones. The geologic trend is NNE and

available dips are 60 to 65 degrees to the southeast, but

no detailed subaurface information is available., Unfortunately,

the area has not been thoroughly tested by drilling but one
short vertical hole (i.e. about 50 ft) located near St. Croix
Creek is reported to have intersected heavy sulvhide mineral-

ization,

The horizontal loop EM survey, which was operated
at 600 Hz and three coil sevarations, 100°', 200' and 300°',
produced the profiles which are shown in Fig. 55. From

this data, the vertical pseudo section can be drawn as

. shown in Fig. 56, calculating the magnitude of the anomalous

ey

gsecondary field at the receiver. Applying the same| method
) 3
as before to the vertical pseudo section, t-e charaﬁ&eristic

curve H/s8" - s is produced in Fig. 57, giving the f$1lowings

1 5 310 ft, o#% 3400 mhos/m, t=1 ft, d = 6 ft and
ot ='3100 mhos., ©1is roughly 70° from the vertical pseudo

section.

e

According to the conventional interpretation Kéing
the gharacteristic curve for @ = 60" (since the dip angle

18 not defined from the horizontal profiles because of

~
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incomplete shoulders on the anomaly, but the vertical pseudo

L/'
section shows a dip angle clcgse to 60" ), the following results

are obtained: .

&

f(Hz) g(ft)| d(ft)|cumst | ot(mhos] t(ft)|o(mtea,)
600 100 12 50 350 70 16
) / 200 | 24 50 180 |70 8
“ | 300 | <30 40 90 80 [

|
{
Ta)%ing an average from the above 1list,

¢ = 8 mhos/m,

-~

Comps

v “ By
conventional ing

H

but much smalll

interpretation, ds before.
\
;

4

¥se results with those ¢

=73 ft, d ¢22 ft and ot = 170 mhos,

Zpage 109, the
retation gives larger values of d and <,

alues in o and ot than the present type of

—
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This work was done by D. S. Parasnis (1971). Although
general geological information about this ore body is not
available, the geophysical results at hand provige a

comparison with the method in this thesis,

Profiles for four trﬂnsﬁiner-receiver sebarations
are shown in Fig. 583 the vertical "pseudo section and the
field characteristic curve H/s* - s are displayed in Figs.
59 Jnd 60. Using the present type of interpretation, values
qf-yarious parameters are as below:
1 = 40 m, ¢ = 135 mhos/m, t = § m: dz15m ot & 675 mhos
and 6= 90°,

According to Parssnis’' intervretation and the thickness
egstimation as before, the various varameters are as below.
The average dip angle of this ore is reported to be 50° -in the

direction as shown in Figs. 58 and 59.

f(Hz) | s(m)|Re),, Im)pe | d(m) ot(mhos) | t(m) o (mhos/m)

3600 60 -39% | -8,9% | 10.2 24 .4 thin
Lo -23 -8 10.4 25,0 10 2,5
30 -15.5 "607 10.2 2601"’ 5 N 503

20 |=5.5 | ~0.5
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Taking an average from the above list to compare the

values of o, t, d and ot

o = 3.9 mhos/m, t=5m, d =10.3 m and ot = 25.3 mhos.

The values of o and ot of these results are, as usual, much
smaller than those from the vresent type of interpretation, but
the rest of the narameters, t and d show reasonable agreement
with the latter method. Even though there is little difference
in t t¢tween the two types of interpretation, the conductivity
from Parasnis' interpretation is smaller than the one from

the present interpretation.

3. Kedtrsk pyrite orebody, Swedgy

Like the Langsele “orebody, no geographical information
is avail=ble but some geological and geophysical information
provided by Parasnis (1966) allows a comparison to be made

with the results obtained by the oresent method.

According to Parasnis, the ore zone in quartzite has -

a strike-length of about 1.5 Km, an average width of some

My VL
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4Ls m and the predominant conducting minersl is pyrite. The
grade is fairly low across the entire width of the zone
except within a 5 m thick lens on the footwall side, where
the pyrite content is so high that only the lens produces

the EM anomalvy.

Profiles and vertical pseudo section are shown in
Figs 61 and 62. The H/s* - s curve obtained from the
latter avpears in Fig. 63. Using the present technique

the following results are obtained;

1 =170 m, o= 180 mhos/m, t ¥ 0.5 m, d ¥ 3 m, ot & 90 mhos

and €= 70°S.,

Interpreéting “the results in Fig. 61 by the c'nventional

method; the following results are obtained:

f(Hz) (m) 0 d(m) | ouwst |ot(mhos) t(m) ]o(mhos/m)
3600 20 7 6.0 10 8 1.3
30 |80s| 7 12,0 | 14 thin I
4o | 60°S ? 25 22 5 boh4
60 | 90°S 6 30 18 |2.5
Average 80°S 7 16 L b




-118=~

10% 4
0+ > =N lj-\'
Coil sep. 20m \$/7
_10%.r ~
10% ¢

]
01l . ‘ /\ /}

Coil sep. 30m ’

% |
100.+ PR\ /\

Coil sep. 4Om . »

~40% 4
0 200mS B.H
t J 1T
Frequency: 3600 Hz
———— in-phase
..... out-of-phase
\
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Comparing the two sets of results of page 117, the same
discrepancies show up as before, since the present interpretation
gives larger values of o and ot, but smaller values of t and

d than the convéhtional method.

\a

b

e
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Chapter 8, o Conclusion

When we consider the EM response from a very thin
plate with finite conductivity and finite dimgnsions, it
is impossible at present to solve the general partial
differential equmtion which express the electromagnetic
phenomena, because of the complex boundary conditions.
The dimensional analysis of this problem was carried out/to

-
reduce the many original parameters to five new ones,

In order to investigate the result of the dimensional
analysis, the zeometrical factor was calculated for horizontal
loop EM response over a thin conductor with infinite
conductiyity, strike length and depth extent. The sevar=tion
between the transmitter and the receiver was varied to

produce a set of curves H(1/s} - s/1 with varving d/s.

Extending these results further to the more general
case of finite conductivity, the unknown function of the new
parameters was determined from model measurements to find
the effect of the new pardﬁeters on th« curves which express

the relation between H(1/8)® and s/1.

As a result of model measurerents, various gets of the

L
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curves H(1/s)® - s/1 were produced which could be used to
interoret field results from several selected areas, using
the horizontal-loop EM system with multi-separation of
transmitter and receiver,

It was then possible to calculate the depth. thickness,
conductivity and the depth extent of the suspected conductor.
In addition, the,dip angle and location of the conductor

could be estimated by plotting the verticaidpseudo section.

A summary of the interpretation results is tabulated

below,
Interpreta- \
Anomaly tion 0 d Otiwhes) | Cimha/p|t 1
Anomaly A of Thesis
Claim line, method 70° 9'| 1370 760 |6° 175"
H;cks Island
Convent~-
#1 1 jonal
method <20 88 8 g
Anomaly B of Thesis ,
Claim line, method 80° | 25 | 2600 780 |11° 83"
Hicks Island
Conven.
#2 method 15" 43 1 |100°
Anomaly A of Thesis
L - 30S, method “ | 80% | 30°' 230 190 L+ | 230"
Hicks Island .
# Conven,
3 method 20' | <79 <9 |30 ]
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Interpreta-
Anomaly - tion 6 d OFf (whea) | O(mher)l T 1
Anomaly B of Thesis
L - 308, me thod 70° 40*} 2600 860 10'{ 50
Hicks Island
L Conven.
# method «20'| <52 | <6 | 30°
L - 28 3, Thesis
Uranium Val, method 8o0° 50" 55 18 10'{330" .
#5 Conven. 30° 2.3 0.05 [120°
L - LE, Thesis T
Demers Creek method 90° 20' | 1830 550 10' | 160" |
46 Conven, .| ‘ )
method 90 25" 1 0,06 | s55°,
L -C, Thesis
Cavendish method 70° 6*' | 1100 [3400 1'] 310"
Conven,
#7 method 22' | 170 8 731
Langsele Thesis
method 90° 15m 675 135 5m | 40m
Conven,
#8 method 10m 25 5 5m
Kedtrisk Thesis
method 70° 3m 90 180 Os5m{ 170m
Conven,
#9 method 80° 7m 16 4 bm
As shown on the above table, the dip angles are not

defined for the conventional method of interpretation, because

the horizontal profiles do not show simple shoulders of the

[
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o

anomlies in most cases, However, when the cornventional -

method defines 8 in a few examples, it shows rezsonable
agreement with 3 obtained by the new method, 2s shown in e
the Demers Creek and the Kedtrf#sk orebody. The & values
are estimated by drawing trends of the contours'in the
vertical pseudo sections, although there is considerable

ambiguity in drawing the trends.
§
N .
Considering the denth estimates, d, there is reasonable
agreement between the two interpretation techniques in
five of the nine examnles (#1, 5, 6, 8, 9), althoﬁgh the

/g conventional characteristic curves generally produce smaller

d values, with the exception of Cavendish Township.

-
3

!
" e
Estimatg‘of thickness % by the new technique produces

much smaller values than J;ually,obtained. except in the
case 5& the Lingsele zone. This is undoubtedly due to the
fact that no thick sheets were used in the model work, in which
the largest value of t corresponded to about 2 ft..- Conversely,
the o values are all far too large because of the Hign

conductivities bf the model sheets. The fhrge differences

between ot determined by the two interpretation methods could

( ~y

probably be modified to jome extent by additional model

measurements with thicker sheets and éﬁeets of lower

A
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conductivity (stainless steel, graphite). Ho@ever, it is
unlikelé‘fﬁat the o values obtained by the two schemes would
eyer agree =-- except in the case of very thin mineralized
zones =-- since the dimensions of t obtained from horizontal

loop profiles is generally too large.

In the eatimation of all thé~parameters.cr. d, t and
1 the selection_of the best m~tched curve from the characteristic

curves obtained by the model work can be made by calculating

the 14 and lv and picking the curve with tne minimum difference
between them, even thQugh there are many curves, which may

match reasonably well,

r

. ' b

In generzl, comvared to conventi:pal horizontal loop
interpretation techniques, the new method héé two distinct.
advantages. First, it is possible to determine the depth n .
extent of the conductor and second the thickness and
conductivity of the sheet are obtained separately £ather than -

ventional conductivity- thickness product. In addition,

, of several transmitter-receiver spacings and resultant

Q

pseudé'depth plot permit a better estimate of dip angle than

horizontal profiles. o

o

On the other hand, in speaking about the characteristic
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curves H(1/s)® - 8/1, since they are specified by omwd , t/1
and-d/1, which are more than two original factors, one

model curve can cover a lot of different cases in the values
ofoe, 1, d and*t. However, in order to have a complete

suite of characteristic curves, it would be required to do

some more measurements with vari~tion of the parameters.

i

i
<
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Appendix A

Calculation of F at various depths

74
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Appendix B
calculation of H(1/s) for s/1 at various d/1
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