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CHAPTER l 

INTRODUCTION 

1.1 Natural Electromagnetic Field Methods 

Standard geophysical e1ectrical and e1ectromagnetic methods, 

used to determine the e1ectrical properties of the ground or to search 

for e1ectrical conductors, use a transmitter and receiver which are 

coupled galvanically or inductive1y through the ground. Where deep 

penetration is desired these methods require powerfUl transmitters 

whose weight and size increase the cost and reduce the speed of 

operation. 

It is possible, however, to resort to another class of 

electrical prospecting methods which emp10ys ambient natural electro

magnetic fields. The attractive features of these methods are that no 

transmitter is required and a complete spectrum of frequencies is 

avai1ab1e. 

The practical use of naturally occurring e1ectric fields to 

investigate the e1ectrical characteristics of the ground was first 

discussed by Leonardon (1928). Subsequent attempts to uti1ize te1luric 

currents for geo1ogical mapping (Schlumberger, 1939; Neunschwander and 

Met calf , 1942; Dahlberg, 1945) achieved some success but were general1y 
hampered by low equipment sensitivity. Also, there was no theoretical 

basis for interpretation at that time. 
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The electromagnetic nature of magnetotelluric fields was 

discovered in the early 1950's and Tikhonov (1950) suggested that 

additional information could be obtained by measuring both the magnetic 

and telluric fields. However, it was not until Cagniard (1953) published 

his classic paper on magnetotelluric theory that the potential of 

natural field measurements became apparent. He showed that the 

resistivity of uniform ground can be determined by measuring the ratio 

of telluric and magnetic fields at one frequency or, if the ground 

consists of horizontal layers of different resistivities, the variations 

in resistivity with depth can be found by measuring the field ratio 

over a range of frequencies. 

Consequently, considerable effort has been devoted to both 

the theoretical and practical development of natural field methods. 

Magnetotelluric theory has been extended to two-dimensional resistivity 

geometries and the inverse problem of interpreting field data has been 

attempted. The field techniques that have been developed include the 

magnetotelluric, telluric and Afmag methods. Strangw~ and Vozoff 

(1970) have summarized the main features of each method. 

The magnetotelluric method measures both the telluric and 

magnetic fields. It is the only one which can be used to detect 

resistivity changes with depth. Utilizing natural fields in the frequency 

range of 10-5 Hz to 50 Hz, magnetotellurics have been used for depth 

sounding in the search for petroleum and for studies of the earth's 

interior. This technique is slower and more expensive than the other 

methods. 
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The Afmag method measures the ratio between the vertical 

and horizontal magnetic fields at frequeneies from 100 Hz to 1000 Hz. 

The measurements may be made either on the ground or in an airplane. 

This technique will detect only lateral changes in the resistivity 

of the ground. It has been suecessfully employed in mineral prospeeting 

and to outline geological features such as faults and contacts. In 

high latitudes the use of the Afmag method is somewhat restricted by 

diurnal and seasonal variations in the source signals. 

The tell urie method measures directional and spatial 

variations in the telluric eurrent intensity and, like Afmag, ean 

only deteet lateral changes in resistivity. This technique has been 

used less than the other natural field methods and only a few papers, 

describing its application to geological mapping (Boissonas and 

Leonardon, 1948; Berdiehevskii, 1960; Srivastava et al., 1963), have 

been published. The telluric method does. not appear to have been 

applied to mineraI exploration to any extent. 
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1.2 Purpose and Development of Present Work 

This thesis describes a joint project of McGill University 

and the Geological Survey of Canada to evaluate the use of sub-audio 

frequency telluric and magnetotelluric measurements for mineral 

exploration and, to a lesser extent, for geological mapping. Th~ author 

was employed by the G.S.C. during the summers from 1966 to 1968 to carry 

out the field measurements. Also, most of the field equipment was 

designed and constructed at the G.S.C •• The processing of field results 

and the theoretical analyses were carried out at McGill. 

In order to keep the equipment simple and portable, measure

ments were made at a single frequency using the 8 Hz thunderstorm 

signal propagated in the first Schumann resonance mode. The choice of 

this frequency was dictated by the strength and relatively steady level 

of the 8 Hz signal (Galejs, 1964; Shand, 1966) and the desire to obtain 

a considerable depth of penetration. 

Initial field tests were made over near-surface massive 

sulphide zones. The basic criteria for selecting test locations were 

easy road access and the availability of sufficient diamond drill data 

to outline mineralized zones. When positive results were obtained in 

these cases, subsequent locations were chosen to examine the penetration 

and resolution of the methods. Several test sites were visited more 

than once either to check the repeatability of results or to test 

equipment modifications and new measurement techniques. 
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Theoretical studies were subsequently carried out to explain 
the observed field results and to determine the parameters that limit 

the effectiveness of natural field methods. Because analytic solutions 
are possible only for very simple resistivity geometries, numerical 

methods were used to derive theoretical anomalies over two-dimensional 

models of the actual field geology. 



6 

CHAPTER II 

THEORETICAL ANALYSIS 

2.l Magnetotelluric Theory 

Natural electromagnetic fields originate from two sources 

(Bleil, 1964). At frequencies below l-5 Hz the sources are considered 

to be ionospheric current sheets. Higher frequency fields are of 

atmospheric origin; in particular, the Schumann resonance fields 

originate from lightning discharges in the lower atmosphere and the 

energy propagates in the earth-ionosphere resonant cavity.ln either 

case the electromagnetic field travels through the atmosphere and is 

reflected and refracted at the air-earth interface. 

The equations that describe the behaviour of the electro-

magnet~c fields have been derived by many authors (Cagniard, 1953; 

Neves, 1957; Priee, 1962; Rankin, 1962; Weaver, 1963; Blake and Swift, 

1967; Swift, 1967; Madden and Swift, 1969). 

In the following derivation all media are assumed to be 

homogeneous and isotropie, to have the permeability (~o) and permittivity 
(€ ) of free space and to contain no sources. The rationalized MKS o 

system of units and Cartesian coordinat es (Fig. 2.l) are used. 

The electric field E and the magnetic field H satisty 

Maxwell's equations: 
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E - PARALLEL 

-----------------------------------------------~~-------------------------------------~x 

E - PERPEN,DICULAR 

y 

z 

Fig. 2.1 Coordinate system and e1ectromagnetic field components for 

E-paral1el and E-perpendicular polarizations. 
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where B = lJoH , J = crE and D = €oE • 

If a periodic signal with iwt e time dependence is assumed, 
the equations become 

'il x E - iWlJ H o 2.1 la 

'il x H = crE + iw€ E 
2.1 - lb o 

These can be combined into the vector Helmholtz equations 

2.1 - 2 
where k 2 = - iWlJ cr + € lJ w2 

o 0 0 

At magnetotelluric frequencies the propagation constant k 
in the earth is dominated by the conduction term. Therefore 
k 2 --earth iWlJ cr o and the Helmholtz equations become complex diffusion 
equations. Because the air has zero conductivity 

Furthermore, the propagation constant is much larger in the 
ground than in the air so that, regardless of the angle of incidence 
of the source field, the refracted electromagnetic field will travel 
straight down as a plane wave. The amplitude of the field decreases 
with depth according to the skin effect. 

This assumption of plane waves within the earth has been 
criticized by Wait (1954) and Price (1962). They have shown that the 
assumption is not valid unless the incident field is uniform over ' 
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horizontal distances much larger than its skin depth in the ground. 

This restriction becomes severe at low frequencies. However, Madden 

and Nelson (1964) have concluded that for realistic models of earth 

conductivities the plane wave assumption is valid for the frequency 

0-4 l 4 C .. b range from 1 to 0 Hz. erta1nly 1t should e true for the 

frequency and distances involved in this work. 

One-Dimensional Problem 

The solution of the Helmholtz equations for either a 

homogeneous or horizontally layered earth is straightforward. Because 

of the one-dimensional nature of the problem all fields are laterally 

. . t (a a) . d t th al 1nvar1an ax = ay = 0 and we may consJ. er any wo or ogon 

field components E and H • In this case, for homogeneous ground, the 
x y 

vector equations (Eq. 2.1 - 2) become scalar equations 

o 2.1 - 3a 

o 2.1 - Th 

A solution for 2.1 - 3b that satisfies the condition 

lim H = 0 is H 
z~ y Y 

where HO is the magnetic field at 
y 

the surface ( z = 0 ). 

In the one-dimensional case equation 2.1 - lb becomes 

, 
- aH /az crE y x 
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Therefore E r.~llo HO -vlnz = Yl. -- e x a y 

and, at the surface of the ground 

2.1 - 4 

The ratio EO 1 HO is the electromagnetic impedance of the x y 

medium - in this case the ground. If it is homogeneous, the electric 

field leads the space-orthogonal magnetic field by 450
• Equation 

2.1 - 4 may be rewritten as 

2.1 - 5 

where p = lIa This l.S the magnetotelluric equation in MKS units. 

The more familiar form of this expression, in suit able units, is 

p = 0.2T IE~ 1 H~12 

where p = resistivity in ohm-meters 

T = period in seconds 

EO = electric field in mV/km x 
HO = magnetic field in gammas y 

From equation 2.1 - 5 it can be seen that, if the electric 

and magnetic fields are measured simultaneously at one location, the 

resistivity of the ground can be determined. If the ground is 

homogeneous the measured value will be the true resistivity. If this 

is not the case, we will obtain an apparent resistivity that is a 

function of the resistivity and the thickness of the horizontal layers. 

AIso, since the phase angle and the measured resistivity are functions 
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of frequency, by measuring both over a range of frequencies it is 

possible to determine approximately the resistivity variations with 

depth. This is the basis of the magnetotelluric method. 

Two-Dimensional Problem 

The homogeneous cr layered-media solutions are inappropriate 
in areas where lateral conductivity variations existe Ideally the 

problem should be considered in three dimensions but at present 

analytic and numerical methods are restricted to two-dimensional 

situations. In this discussion aIl resistivity features will be 

assumed to have infinite strike length in the y direction (Fig. 2.1) 

and the electromagnetic field to be invariant along strike ( ~y =0). 

The errors introduced by modelling a three-dimensional field situation 
by a two-dimensional model are discussed in Section 2.2. 

We will consider the vertical contact between two homogeneous 
media shown in Figure 2.1. Regardless of the orientation of the source 

field the electric and magnetic fields can be resolved into components 
normal and parallel to the strike of the discontinuity. Therefore, there 

are two pairs of orthogonal fields, E.l and H , and, E and H.l' Var.ious Il Il 

authors have referred to these as either the E-perpendicular, TM 

(Transverse Magnetic) or H-polarization and E-parallel, TE (Transverse 

Electric) or E-polarization cases. This work uses the terms E-parallel 

and E-perpendicular because they are descriptive of the direction in 

which the telluric field was measured in the field work. 



12 

At la)::ge distances from the contact any disturbances 

introduced in the magnetotelluric fields by the contact will have 

disappeared. The resistivity value will be that appropriate to each 

medium whether E.l and H or E and H are measured. The anomaly observed Il Il .l 
over the contact will depend on the boundary conditions that govern the 
behaviour of the electromagnetic field components at the conductivity 

interface. 

For the E-perpendicular case the two-dimensional form 

( ~y = 0 ) of Maxwell's equations (Eqs. 2.1 - la and - lb) is 

aE fax -z aE /az x iWll H 
o y 

aH /az crE y x 

aH fax = crE y z 

2.1 - 6a 

2.1 - 6b 

2.1 - 6c 

These can be combined to give a scalar Helmholtz equation 

in H 
Y 

o 2.1 - 7 

H is a convenient variable in two-dimensional problems: y 

since it is parallel to all interfaces, boundary conditions are 

relatively simple and the other field components E and E can be x z 
easily derived from it. Also, the air has zero conductivity and at 

magnetotelluric frequencies displacement currents can be neglécted, 



13 

so that J! = O. Therefore, E! = 0, aH fax! = 0 (Eq. 2.1 - 6c), z z=o z z=o y z=o 

and H does not vary along the surface of the ground. Thus, for the 
y 

E-perpendicular polarization, any lateral changes in the resistivity 

of the ground will be reflected only in variations in the electric 

field. These simplifying conditions are important for both the 

theoretical solution and practical use of this polarization. 

For theoretical solutions we need only consider the behaviour 

of the electromagnetic fields in the ground and can neglect the air 

layer. For this reason it has been possible to obtain explicit analytic 

solutions for a vertical fault (d'Erceville and Kunetz, 1962; Weaver, 

1963; Blake and Swift, 1967) and a vertical dike (Rankin, 1962; Blake 

and Swift, 1967). 

In the field, if E and H are simultaneously measured at two 
.L Il 

points) then from equation 2.1 - 5 

2.1 - 8 

Since H(l) =H(2), the ratio of telluric field strengths is proportional 
y y , 

to the square roots of the apparent resistivities at the two locations. 

For the E-parallel pOlarization the two-dimensional form 

1-= 0 ) of Maxwell's equations is ay 

aE fax 
y 

aE /az y 

iWll H 
o z 

iWll H 
o x 

2.1 -' 9a 

2.1 - 9b 
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aH /az - aH fax = crE x z y 2.1 - 9c 

From these can be derived a scalar Helmholtz equation ~or E y 

o 2.1 - 10 

E is used here ~or the same reasons that H was chosen ~or y y 
the other polarization. In this case, however, all the ~ield components 

E ,H and H are continuous across the air-ground inter~ace and y x z 
the e~~ect o~ the air l~er has to be included in the solution. 

Published analytic solutions ~or this polarization (d'Erceville and 

Kunetz, 1962; Weaver, 1963; Blake and Swi~, 1967) have incorrectly 

assumed that the horizontal electric ~ield is constant at the sur~ace 

o~ the ground. It appears that solutions ~or this polarization can -only be obtained by numerical methods. In the ~ield both E and H.l 
Il 

have to be measured to determine the ratio o~ apparent resistivities 

at two locations. 
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2.2 Solution o~ Magnetotelluric Problem by Numerical Methods 

Finite Di~~erence Method 

The ~irst numerical calculations o~ magnetotelluric anomalies 

were made by Neves (1957). He used ~inite di~~erences to compute 

apparent resistivities over vertical and dipping inter~aces between 

media o~ di~~erent conductivities. Finite di~~erence methods have 

also been used by Patrick and Bostick (1969) to map apparent resistivity 

data into one- and two-dimensional structures. 

Since the advent o~ digital computers considerable in~ormation 

has been published on the ~ormulation o~ ~inite di~~erence equations 

and methods o~ solution (Sheldon, 1958; Forsythe and Wasow, 1960; 

Vitkovitch, 1966; Wachspress, 1966; Westlake, 1968). Figure 2.2 

summarizes the basic ~eatures o~ the method. 

The geologic section is divided into a non-uni~orm mesh, 

whose spacing is small in the area o~ conductivity discontinuities, where 

complex shapes need to be mapped and the magnetotelluric ~ields undergo 

rapid changes. Away ~rom the inter~aces the mesh spacing increases 

according to a geometric progression. Thus the boundaries o~ the mesh 

can be located su~~iciently ~ar ~rom the conductivity anomaly to 

assume that the magnetotelluric ~ields are undisturbed and Dirichlet 

boundary conditions can be applied. 

The ~inite di~~erence ~orm o~ the Helmholtz equation ~or H 
y 

or E (Eqs. 2.1 - 7 and 2.1 - 10) at a mesh point is obtained by y 
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x • 

z 
:: 

: .•.. : ~ .. : -:: 

F2 

F3 
h2 

FI h'Th, 
h. 

Fig. 2.2 Finite difference mesh. 
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replacing the partial derivatives by approximate expressions of 

central differences involving the field-function values at adjacent 

mesh points. The Helmholtz equations may be written 

2.2 - l 

a2 a2 where F = Hy or Ey and 'iJ2 = a;ë'Z" + W . By expanding F in a Taylor' s 

series about the central point (Fig. 2.2) we obtain 

F3 F4 
---------+ ---------
h3(hl+h3) h4(h2+h 4) 

2.2 - 2 

The method of solution requires that the real and imaginary 

components of F be considered separately. If F = R + iI, where R and I 
are the real and imaginary components, we obtain from equation 2.2 - l 

the following coupled equations 

Then, from equation 2.2 - 2 

RO 2.2 - 3a 

IO 2.2 - 3b 
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where 

p 1/hlh3 + 1/h2h4 

Gl 1/(ph l(hl+h3)) 

G2 1/(ph2(h2+h4)) 

G3 1/(ph 3(hl+h3)) 

G4 1/(ph4(h2 +h4)) 

GS n2/2p 

For mesh points located on the boundary between media of 

different conductivities the finite difference equations are modified 

to conform to the appropriate electric and magnetic field continuity 

conditions. 

For the E-perpendicular polarization Dirichlet boundary 

conditions are used at the mesh boundaries. The magnetic field H is y 

constant at z = 0 and has values consistent with laterally homogeneous 

media at the edges of the mesh. In problems involving finite conductivity 

anomalies the bot tom of the mesh is deep enough to assume a uniform field. 

For conductivity geometries involving infinite depth extent the mesh is 

extended sufficiently deep to approximate H = 0 at the bottom. y 

In the E-parallel case the boundary values for E on the sides 
y 

and at the bottom of the mesh are determined in the same way as for the 

E-perpendicular polarization. However, in this instance, the top of the 

mesh corresponds to the air-ionosphere interface. At low frequencies, 

where ionospheric currents are the source of magnetotelluric fields, the 

magnetic field (H ) is assumed to be constant at the top of the air 
x 



19 

layer (Swift, 1967; Patrick and Bostick, 1969). Hence, Neumann 

boundary conditions based on equation 2.1 - 9b ( aE /az = iw~ H y 0 x 

are used for E • The 8 Hz fields are of atmospheric origin but, 
y 

because the ionosphere is much more conductive than the atmosphere 

and its conductivity is laterally constant, H = 0 at the air-ionosphere 
z 

interface. Since aE fax = - iw~ H (Eq. 2.1 - 9a), E must be constant y 0 z y 

at the top of the air layer. In practice, excepting theoretical cases 

involving frequencies below 1000 Hz and non-horizontal contacts between 

semi-infinite media, identical results are obtained whether E or aE /az y y 

are assumed to be constant at the top of the air layer. 

The values of the fields at interior mesh points were computed 

iteratively using point successive overrelaxation (Wachspress, 1966). 

The real and imaginary parts of the field fUnction (Eqs. 2.2 - 3a and 

2.2 - 3b) were calculated in alternating sweeps through the "mesh. 

For the E-perpendicular case an overrelaxation factor of 1.5 was used 

whereas, for E-parallel, the factors were 1.3 and 1.7 in the ground and 

in the air layer respectively. These optimum factors were determined 

empirically. 

Good agreement was obtained between analytic and numerical 

results for simple conductivity geometries (Fig. 2.4). However, an 

excessive amount of programming is required to set up the complex 

conductivity geometries encountered in modelling actual geologic 

structures. In particular, because special finite difference equations 

are required at mesh points located on conductivity interfaces, it is 

necessary to define all such boundary points and insert the appropriate 

forms of the equations. 
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Impedance Network Method 

This method uses the voltages and currents in an impedance 

network as analogues to the actual ~ields involved in a problem. 

The variety o~ possible network elements gives this method great 

versatility. Vine (1966) has presented a comprehensive stu~ o~ the 

application o~ this method to obtain numerical solutions ~or many 

types o~ partial di~~erential equations. A number o~ authors (Madden 

and Thompson, 1965; Swift, 1967; Madden and Swift, 1969) have used 

impedance networks to obtain numerical solutions o~ the magnetotelluric 

equations in one and two dimensions. 

Slater (1942) gives the ~ollowing voltage-current relationships 
~or the two-dimensional impedance network shown in Figure 2.3 : 

where 

grad V ZI 

div I YV 

V volts 

I amoeres/m 

2 
(admittance) y mhos/m 

Z ohms (impedance) 

There~ore, i~ 2-= 0 ay , 

aI Jax + al /az x z 

av/az 

av;ax 

-YV 

ZI 
z 

ZI x 

2.2 4a 

2.2 4b 

2.2 - 5a 

2.2 - 5b 

2.2 - 5c 
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h (m-I) hx (m) hx (m+l) x ,. ~, + ..--..1 
1 1 1 1 
1 f 

- - r - - - ï ï - - - - - - -T 1 

V2 1 
f h z (n-I) 

- - r - - - ï - - - - ï -t 1 

1 

IV 
1 3 VI hz (n) 

.- - - - - - - - - - -1 • 
1 

1 

v: 1 hz (n + 1) 
1 _1 1 1 - - .- - - - - - - - ï - - - r -1 

1 

Fig. 2.3 Impedance mesh. 
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Comparison of equations 2.1 - 6 and 2.2 - 5 gives the 

fo11owing associations between field and network quantities for the 

E-perpendicular polarization 

H <-----> V 
Y 

E <-----> l 
x z 

E <-----> - l z x 

cr <-----> Z 

~WJlo <-----> y 

2.2 - 6 

For the E-parallel polarization the corresponding associations 

can be obtained from equations 2.1 - 9 and 2.2 - 5 

E <-----> V 
Y 

H <-----> - l x z 

H <-----> l 
z x 
cr <-----> y 

iWJl <-----> Z 
o 

2.2 - 7 

The lumped circuit e1ements Y and Z depend on the mesh geometry. 

The admittance is proportional to the area of the ce1l and the impedance 

~s proportional to the distance between nodes and inverse1y proportional 

to the width of the associated surface. 
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The lumped network elements for the E-perpendicular 

polarization are 

Yo = iw~ (h [mJ h [nJ) 
o x z 

Zl = (o[m,nJ h [mJ/2 + o[m+l,nJ h [m+lJ/2)/h [nJ x x z 

Z2 = {o[m,nJ h [nJ/2 + o[m,n-lJ h [n-IJ/2)/h [mJ z z x 2.2 - 8 

Z3 = {o[m,nJ h [mJ/2 + o[m-l,nJ h [m-lJ/2)/h [nJ x x z 

Z~ = (o[m,nJ h [nJ/2 + o[m,n+lJ h [n+lJ/2)/h [mJ z z x 

Similarly, for the E-parallel case 

Yo = o[m,nJ h [mJ h [nJ x z 

Zl = iw~ {h [mJ/2 + h [m+lJ/2)/h [nJ 
o x x z 

Z2 = iw~ (h [nJ/2 + h [n-IJ/2)/h [mJ 
o z z x 2.2 - 9 

Z3 = iw~ (h [mJ/2 + h [m-lJ/2)/h [nJ 
o x x z 

Z~ = iw~ (h [nJ/2 + h [n+lJ/2)/h [mJ 
o z z x 

Kirchoff's law of current continuity is used to derive the 

relationship between the voltage at the central node and the voltages 

at adjacent mesh points 

4 

L 
k=l 

v - V 
k 0 

~ 
YV 

o 0 
o 2.2 - 10 



24 

For iterative solutions, V is separated into real and 

imaginary components V = R + il to obtain the following coupled 

equations 

The form of these equations is identical to the finite 

difference equations (Eqs. 2.2 - 3a and 2.2 - 3b). However, because 

conductivity changes are included in calculating the network parameters 

(Eqs. 2.2 - 8 and 2.2 - 9), the impedance network approach does not 

require special equations at points located on conductivity interfaces. 

The treatment of mesh boundaries for the impedance mesh 

approach is very similar to that used in the finite difference method. 

For the E-perpendicular case a constant V at z = 0 corresponds to a 

uniform surface magnetic field. For E-parallel, a constant electric 

field at the top of the air layer is modelled by V = constant or, 

alternatively, l = constant is equivalent to a uniform magnetic field. 
z 

In the air layer cr = 0 so that there are no admittances to ground. 

The bottom of the mesh is sUfficiently deep so that diffraction 

effects from near-surface conductivity discontinuities are negligible. 

The network is terminated by the characteristic impedances 

Z = Iz/y /h [m] 
c x 

appro~riate to the media. 
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Boundary values at the edges of the mesh are obtained by 

numerically solving a one-dimensional transmission line problem. 

The iterative solutions converged satisfactorily for the 

same overrelaxation factors as were used for finite differences. 

Good agreement was obtained between analytic and numerical solutions 

for the E-perpendicular polarization (Fig. 2.4). The time required to 

solve a 1000 mesh point problem ranged from 30 to 180 seconds on an 

IBM 360-75 computer. This was deemed excessive and solutions by direct 

matrix methods were investigated. 

Minor alterations converted the existing iterative impedance 

mesh programs to a form suit able for matrix solution. A highly 

optimized routine for solving band matrices by Gaussian elimination 

(Chari, 1970) was adapted to handle complex matrices. 

Figure 2.4 illustrates the results obtained by matrix 

solution over a vertical contact between two media for the E-perpendi

cular polarization. The accuracy of the E-parallel calculations was 

checked against the analytic solution for an infinitely long conductive 

cylinder in a non-conducting medium (Ward, 1967). The results are 

shown in Figure 2.5 • 

In most instances the direct matrix solutions proved to be 

superior to the iterative. A problem involving 1000 (50x20) mesh 

points can be solved in less than 14 seconds and a 525 (35xl5) point 

mesh in less than 6 seconds. However, exclusive of the pro gram 

compilation, the core required for a 50x20 mesh is 135000 bytes for 
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the matrix solution and 28000 bytes ~or the iterative. For a 50x40 

mesh the corresponding values are 590000 and 56000 bytes. Also, the 

time required to obtain a solution by direct methods increases 
. 3 . th b . t· h· approx~mately as n where n ~s e num er o~ ~n er~or mes po~nts. 

Consequently, ~or problems involving a large number o~ mesh points, 

iterative solutions can be more economical. 

Limitations o~ Two-Dimensional Solutions 

Numerical solutions o~ the magnetotelluric equations are 

possible only ~or two-dimensional conductivity geometries with in~inite 
strike extent. The geologic structures encountered in the ~ield usually 

have limited strike length. There~ore the use o~ numerical methods to 

compute theoretical anomalies over actual geologic structures depends 

on the applicability o~ two-dimensional models to three-dimensional 

shapes. In particular, it is necessary to examine the e~~ect o~ limited 

strike length on observed magnetotelluric anomalies. This can be 

illustrated very qUalitatively by considering the behaviour o~ either 

the electric or magnetic ~ield around a conductive slab buried in a 

resistive medium (Fig. 2.6). This discussion considers the behaviour 

o~ the electric ~ield. 

Magnetotelluric anomalies are disturbances in the electro-

magnetic ~ield components caused by conductivity discontinuities. 

In this instance, the greater the di~~erence between the electric 

~ields inside and outside the slab, the greater will be the resultant 

anomaly. Hence a qualitative assessment o~ the e~~ect o~ limited 
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strike length can be made by considering the decrease in the magnitude 

of the interior electrîc field as a result of end effects. 

The strike of the conductive slab is in the y direction. 

E and E are the electric fields perpendicular and parallel to the x y 

strike. The relationships between internal and external electric 

fields on the boundaries are derived from the electromagnetic field 

continuity conditions at conductivity interfaces. The depth of 

burial and depth extent of the slab are arbitrary. E and E are x y 

continuous across the top and bottom surfaces and do not affect the 

discussion. 

In the E-perpendicular case, the electric field (E ) inside x 

the conductor is governed by the boundary conditions on the sides 

of the zone. Here the field is discontinuous and the interior field 

is much smaller than the exterior. The ends of the conductor have 

a relatively small effect because the condition that the electric 

field be continuous exerts virtually no constraint on the magnitude 

of the internal field. However, an anomalously low external field 

will extend beyond the ends of the slab. Thus, for the E-perpendicular 

polarization, the two-dimensional model should give reasonable 

results. 

For the E-parallel polarization the magnitude of the internal 

electric field is affected by the ends of the slab. Here E is y 

discontinuous and the field inside the conductor is again much smaller 
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than the external field but the end effects control this situation 

more than the boundary conditions on the sides of the zone. Therefore, 

in the E-parallel case, the field anomaly is dependent on the strike 

length. Theoretical solutions for this polarization appear to be 

applicable only in cases where the strike length of the actual body 

is much larger than its magnetotelluric skin depth. 

In view of the above conclusions, the theoretical examples 

presented are limited to the E-perpendicular polarization. 

Theoretical EXamp1es 

The basic theoretical model considered here is a body of 

rectangular cross-section and 50 ohm-meter resistivity buried in a 

5000 ohm-meter medium. The body has a width of 100 feet, a depth of 

burial of 50 feet and a depth extent of 200 feet. The theoretical 

anomalies are for an 8 Hz source field frequency. Changes in the 

anomaly caused by varying the parameters of the conductive zone are 

illustrated by Figures 2.7 to 2.11 • Figure 2.12 shows the effect of 

a conductive overburden. 

Increasing the resistivity contrast (Fig. 2.7) intensifies 

but does not widen the anomaly. In this particular model a limit 1S 

reached at a resistivity contrast of 50; greater contrasts have 

essentially no effect on the profile. The limiting value depends on 

the geometry of the model. 

Decreasing the depth of burial intensifies and narrows the 

anomaly (Fig. 2.8). For shal10w depths the width of the anoma1y 
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corresponds closely to the width of the conductor. 

The width and intensity of the anomaly increase with the 

width of the conductive zone (Fig. 2.9). For this model the minimum 

telluric field strength over the 500 feet wide body is a limiting 

value. Little change !"rom this minimum is observed for larger widths. 

Changes in the depth extent (Fig. 2.10) alter the profiles 

much less than variations in any other parameter. 

The cross-sectional area of the conductive zone has been 

maintained constant for the dipping slabs shown in Figure 2.11 • 

As the dip decreases the profile becomes increasingly asymmetric 

while the apparent resistivity on the updip side becomes progressively 

greater than the background value. On the downdip side the profile 

remains smooth. The increase in anomaly intensity and width with 

decreasing dip can be partly attributed to the larger lateral 

extent of the body. 

At 8 Hz the presence of 50 feet of conductive overburden 

can have a pronounced effect (Fig. 2.12). However, for realistic 

overburden resistivities ( p ~ 100 ohm-met ers ), the telluric field 

anomaly is still 60-70% of that observed with no overburden (i.e. 

P b d = 5000 o~meters). over ur en 

In this diagram the apparent resistivity is not shawn in 

order to permit stacking of the profiles. The background apparent 

resistivity varies from 5000 ohm-met ers with no overburden ta 

1700 ohm-meters for an overburden resistivity of 10 ohm-meters. 
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CHAPTER III 

EQUIPMENT AND FIELD OPERATIONS 

3.1 Amplif'iers 

A prototype 8 Hz amplifier was built and tested in 1965 

by the personnel of' the Geological Survey of' Canada. The f'ollowing 

year the telluric amplif'iers used throughout this project were 

constructed (Becker and Flint, 1961). These were basical1y two 

identical microvoltmeters which measured the te11uric f'ield as a 

voltage integrated over a time interval of' 3 minutes. The amplif'iers 

were tuned to have a f'lat pass band between 7 and 9 Hz with 3 dB 

points at 4 and 15 Hz. 

Field trials during the summer of' 1966 showed that the pass 

band of' the f'il ters was much too vide and that the gain of' the 

amplif'iers was temperature sensitive. The tests also indicated that 

a record of' the telluric signals would be an advantage over the 

integrated signal on the meters. 

For the 1967 f'ield season the existing f'ilters were replaced 

by temperature compensated commercial twin-T units with a much narrower 
pass band. The integrators vere rep1aced by a galvanometer recorder. 

Power f'or the recorder vas supplied by a Honda E-300 generator. 

For the 1968 f'ield season, integrators were again incorporated 
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in the ampli fiers so that the field signaIs could be both recorded 

and integrated. The improveè equipment permitted a reduction of the 

integration period to 30 seconds. 

Figure 3.1 is a block diagram of the amplifiers. Only one 

unit includes a bandpass compensator having the same frequency 

characteristics as the magnetic sensing system. Thus, with switch SW1 

in the position shown, the two ampli fiers could be used for telluric 

surveys. For magnetotelluric measurements the set with the extra 

filter section was used to measure the telluric field. 

Figure 3.2 shows the frequency responses of the ampli fiers 

in the telluric and magnetotelluric modes. These have been superimposed 

on a typical power spectrum of the Schumann resonance magnetic field 

(Shand, 1966). 

The specifications of the amplifiers are as follows: 

Sensitivity 

Average noise 

Dynamic range 

Maximum gain 

Band pass 

60 Hz rejection 

Power source 

Power consumption 

Weight 

1 ].lV 

0.1 ].lV for 10K source 

30 dB 

535 

Center frequency at 8 Hz, 3 dB points at 7 and 9 Hz, 

20 dB per octave roll-off. 

Better than 80 dB. 

Two 6 V lantern batteries. 

Approximately 2 watts when integrating signal, 1. 5 

watts when recording. 

8 lbs 
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-IOV PR E AMPLIFIER 1 

1 1 
60 HZ NOTCH FILTER ISOLATING 

1 REGULATOR 
STEP ATTENUATOR 

-:- 1,3,10,30,100,300 -15 V 
J POWER 

8 HZ BANDPASS AMPLIFIE R +15 V SUPPLY 
WHITE INSTR. TYPE 256 

)t-V--r----: 1 
CONVERTER 

1 
BANDPASS COMPENSATOR 

1 
BATTERY 1 

FOR M-T MEASUREMENTS SWI 12 V 
( TELLURIC CHANNEL ONLY) 1 

1 _ ~ ____________ J 

" GALVO RE CORDER 
CENTURY ELECTRONICS TYPE 444 

1 
HALF WAVE RECTIFIE R 

1 
INTEGRATOR 

1 
50 jJA METER 

1 

ïl--. --~~I 
1 ~ ~ • ~ .. 1 

1 START - STOP J 

Fig. 3.1 B10ck diagram or 8 ·Hz amp1iriers. 
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Fig. 3.2 Power spectrum of sub-audio frequency natural magnetic 
field and bandpass of telluric and magnetotelluric amplifiers. 
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3.2 Magnetic Sensing System 

An air-cored induction coil, capacitively tuned to 8 Hz, 

was used to detect the magnetic field. A Princeton Applied Research 

CR-4 low-noise amplifier provided an additional gain stage before the 

8 Hz amplifier. 

The design of the induction coil was based on formulas 

published by Becker (1967). The factors controlling the design were 

the noise characteristics of the CR-4, and a required sensitivity of 

l my for a signal to noise ratio of 5. 

The specifications of the induction coil are as follows: 

Wire 

Number of turns 

Outside diameter 

Win ding cross-section 

Weight 

Inductance 

D.C. Resistance 

Str~ capacitance 

Tuning (shunt) capacitance 

Output 

Noise of coil and CR-4 

#16 aluminum magnet wire 

2392 (52 l~ers of 46 turns each) 

38.6 inches 

2.5 inches wide x 2.9 inches deep 

71 lbs 

9.3 Hy 

143 ohms 

80 pF 

42.9 llF 

0.26 llV/my 

0.05 llV 
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Figure 3.3 shows the assembled field equipment. The box 

contains the two amplifiers and the recorder. The telluric field is 

measured between the two electrodes slong the road. The magnetic 

sensing coil and the box containing the tuning capacitors and the 

CR-4 pre amplifier are in the background. 
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3.3 Telluric Surveys 

Telluric surveys were carried out by establishing a fixed 

base station, moving the field station along a traverse line, and 

ei ther recording or integrating the two signals simul taneously. For 

recording purposes the output of the field amplifier was transmitted 

through a 2-wire cable ta the recorder located at the base station 

where both signals were recorded for 30.-60 seconds at a chart speed 

of l ipso When the signals were integrated, the connecting cable was 

not necessary. Using Walkie-Talkie, the base station operator gave 

the signal to start integration and both operators used stop watches 

to time the 30 second integration periode At each field station 

location the integrations were repeated a sufficient number of times 

to obtain a good average value for the relative telluric field strength. 

Figures 3.4(a) and 3.4(b) show the equipment layout for measuring the 

telluric field perpendicular and parallel to the strike of a conductive 

zone. 

The usual orientation of traverse lines in mineral prospecting 

is normal to the strike of the target zone. As a result, the telluric 

field perpendicular to strike was usually measured: occasionally, in 

relatively open bush, it was possible to measure the parallel telluric 

field as weIl. 

Another technique that was evaluated involved measuring the 

telluric field gradient by leapfrogging the two stations along the 

traverse line. This method was found to be unsatisfactory, partly 
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2-WIRE CABLE 

FIELD 
STATION 

BASE 
STATION 

• 

® _ _ _ _ _ _ _ _ _ A J--=2=-·...:.;W:..:..1 R:..:..E=--..:C::;,.:A...:.;B::;.;L=E=--_~ 
1 
1 
1 
1 

• 

• TRAVERSE DIRECTION 

ROTATING 
~ SPREAD 

REFERENCE 
'- SPREAD 

® AMPLIFIER o RECORDER 

(0) 

( b) 

(c) 

• ELECTRODE 

Fig. 3.4 Equipment layout for telluric measurements. 

(a) 

(b) 

Telluric field perpendicular to strike (E~). 

Telluric field parallel to strike (E ). 
Il 

Cc) Directional variation in field strength. 
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because it was comparatively slow, partly because the observed anomalies 

were in the form of crossovers which appeared to be less diagnostic of 

the subsurface structure than relative telluric field strength profiles. 

Figure 3.4(c} shows the method used to measure directional 

variations in the telluric field strength. The reference electrode 

spread remains fixed while the other is rotated through 1800 in 300 

increments. 

The standard electrode spacing used in telluric surveys was 

100 feet; 50 and 25 foot separations were occasionally employed for 

detailing anomalies if the signal level was sufficiently high. The 

electrodes were 3/8 x 3/8 inch brass rods approximately two feet long. 

Since results obtained with porous pots and metal electrodes proved 

to be identical, it was not necessary to use the former. At the 

beginning of this work, shielded cable was used to connect the 

amplifiers to the electrodes in order to avoid capacitive pick-up. 

This precaution was found to be unnecessary and light, flexible 

laboratory test wire was substituted. 

When 100 foot electrode spreads were used and the signals 

were integrated about 600 feet of continuous profiling could be done in 
an hour. With 25 foot spreads, production was 200 feet an hour. If the 

signals were recorded, production was about 75% higher but the lengthy 

record processing greatly increased the overall time required to obtain 
usable field data. 
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3.4 Magnetotelluric Measurements 

Magnetotelluric surveys were initi~ carried out by 

measuring the telluric field along the traverse 1ine and the horizontal 

magnetic field component perpendicular to the 1ine. At each station the 

fields were recorded for 40-60 seconds at a chart speed of l ips and 

for 10 seconds at 5 ipso The higher chart speed provided a means of 

estimating the phase relationship between the tel1uric and magnetic 

fields. The primary purpose of these early surveys vas to determine 

wh ether equi valent results could be obtained by the telluric and 

magnetotelluric methods. 

Subsequently, magnetotelluric measurements vere used only 

occasionally to investigate the behaviour of the magnetic field and 

to determine the background apparent resistivity at the field test 

locations. The apparent resistivity proved to be higbly anisotropie 

so that it was necessary to measure the orthogonal tel1uric and magnetic 
fields in 300 increments through 1800 (Fig. 3.5). The vertical magnetic 

field was measured by maintaining the magnetic coil horizontal. 

A major problem encountered in magnetic field measurements 

was that the induction coil proved to be highly susceptible to wind 

and ground motion. Because of the tight tuning, any movement of the 

coil through the earth's magnetic field produced a large transient 

8 Hz output signal. Good magnetic field measurements could only be 

obtained in very calm weather, usually at night. 



• 

R l====:::-1 

SECTION 

PLAN 

R ~==:::::;---

c 
,,~---...( A )--, "to- .... 

" , 1 \ .... 

0 , , l ' ........ 0 , ,'1 '\ ...., ..... " 0 1 0 " .... , ..... , ..... .... , "" " .. ,-'", \ 

, " 0 .... · , " " , "'" , \ "\ 
ft' ' ,,, , ..... 1 \ , , 

',' ... , l ,,' , 1- , , 1 _1 \ , l, 1 1 \ , " , 1 \' ... , 'l"~ III \\ .... , '" t 1 1 \ , 1 .-. \ , 1- \ 
1 
1 

• 

Fig. 3.5 Equipment layout :for magnetotell' 



R t::::==~ 

R 1===::::----1 

~~----f A )--------.. ,.~ .... 
l ' .... 
l ' ........ 0 l', ...., .... 

.... .... , '0 ' .... , .... 
) .... , .... .... 

\ .... ~~.., 

• '.-1 _' 
Il' 

"' 1 1 1 
1 .-. 1-

, " ", 
\\' 
'\' , , 

,\ '\ 
,\ .... , , 

" 

... .... 

E 

... .... 

1· ELECTRODE 

@ AMPLIFIER 

ŒJ RECORDER 

for magnetotelluric measurements. 

• 

V1 o 



51 

3.5 Nature of 8 Hz Fields 

Signal Strength 

The 8 Hz Schumann resonance signal consists of repeated 

pearl-like bursts (Fig. 3.6). Each burst corresponds to one or more 

lightning discharges somewhere in the world (Shand, 1966). 

Figure 3.7 illustrates the diurnal and short-term variations 
in the telluric field strength. These measurements were made at different 
field test locations where a base station was occupied for a lengthy 

period. The short-term changes in the signal level are indicated by 

the range of base station readings. The ranges show the maximum and 

minimum readings obtained during the 30 second integration times. The 

di urnal variation appears as a gradual change in the base station 

readings. 

The short-term variations in the average signal intensity 

can occasionally exceed 50% but generally are less than 20%. Diurnally 
the signal level changes by less than a factor of 3. This agrees with 

previous results (Slankis and Becker, 1969) based on continuous 3 

minute integrations extended over periods of several days. 

The average signal level increases wh en there are nearby 

thunderstorms. The frequency of signal bursts does not change but there 
are occasional large amplitude bursts due to the local lightning. 

In general, the signal level was always sufficient for field 
surveys. The only limitation was that over relatively conductive ground 
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(p < 3000 ohm-m ) the intensity was alw~s too 10v to use electrode app 

separations smaller than 100 feet. Local lightning did not affect 

survey results but, because of the danger of over1oading the amplifiers, 

work was stopped when thunderstorms were closer than approximately 

10 miles. 

Telluric Signals 

In the course of a telluric survey across a conductivity 

discontinuity the relation between the tel1uric signals at the base 

and field stations proved to be highly variable. Figures 3.8 and 3.9 

illustrate fairly typical changes in the amplitude ratio, phase and 

correlation of the two signals. The results shown in Figure 3.9 were 

obtained during a part of the field work when four telluric ampli fiers 

were available. 

When the base and field stations are on the same side of the 

conductive zone (Figs. 3.8(a) and 3.9(a» the signals are in phase and 

correlate very well. This was generally true in the absence of 

conductivity discontinuities. The presence of the conductor 1S indicated 

by a decrease in the amplitude of the field station signal. Also, the 

base and field signals do not correlate and the phase re1ationship is 

erratic (Fig. 3.9(b». When the two stations are on opposite sides of 

the conductor, in one case (Fig. 3.8(c» the signals do not correlate 

and are approximately 1800 out of phase. In the other example (Fig. 3.9(c» 

they are in phase and correlate fairly well. 



Fig. 3.8 Correlation of telluric signals (Test Sit~ 
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Magnetotelluric Signals 

The correlation between the space orthogonal magnetic and 

telluric fields was found to be variable, ranging from good (Fig. 3.6(a» 

to nonexistent (Fig. 3.6(c». Excepting a few locations, where the 

signals correlated to some extent for all orientations of the telluric 

spread, the degree of correlation depended on the direction of measurement. 

However, ~n all cases it was possible to find one direction where the 

electric and magnetic signals correlated weIl. Near conductive zones 

the best correlation was observed when the electric field normal and 

the magnetic field parallel to the strike were measured. 

The phase relationship between the magnetic and telluric 

fields was variable. The accuracy of phase determinations was limited 

by the recording equipment but Figure 3.6(b) shows that the phase of 

the electric field leads the magnetic by approximately 450
• However, 

even in this instance, the relative phase at the beginning and end 

of each signal burst is not the same. 
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3.6 Field Data Processing 

When the field signals were integrated the integrator 

readings could be used to determine both the average intensity and 

the amplitude ratio of the fields. The simple calculations necessar,y 

to determine either the relative telluric field strength or the 

apparent resistivity were made during the actual survey. Of course, 

this technique provided no information on either the phase or 

correlation of the field signals. 

When the signals were recorded, the relative signal 

amplitudes could be determined quantitatively but only qualitative 

treatment of the phase and correlation data proved possible. In cases 

of good correlation between the base and field signals in a telluric 

survey ( or the electric and magnetic signals in a magnetotelluric 

survey ) the relative field strength was calculated by measuring the 

amplitudes of corresponding signal bursts. Because the amplitude ratios 

were found to vary as much as 20%, the values for 3 to 10 signal bursts 

were averaged to obtain either the relative telluric field strength or 

the apparent resistivity. When the two signals did not correlate the 

relative telluric field strength or the apparent resistivity were 

estimated by taking the ratio of the average amplitudes of the signals. 

The correlation between the two signals was estimated on an 

arbitrary scale ranging from 0 for no correlation to 5 for excellent 

correlation. Similarly, the phase angle was estimated to lie within a 

range of values. Although no use was made of either the phase or 
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correlation in plotting field results, the variations observed in 

both parameters were found to be highly significant in the theoretical 
modelling of actual geologic structures. 
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CHAPTER IV 

FIELD RESULTS AND INTERPRETATION 

The field results presented are from the 1967 and 1968 

field seasons only. The results obtained in 1966 are of questionable 

value because field measurements showed a consistent lack of 

repeatability due to the thermal instability and wide pass band of 

the amplifiers. 

The field results are presented in chronological order 

based on the first visit to the site. Initial field tests were 

designed to determine the optimum survey methods and to establish the 

reliability and repeatability of measurements. Massive near-surface 

sulphide zones, which could be expected to show well-defined anomalies, 

were chosen for the first field tests. From these trials it was clear 

that measurements of the telluric field strength normal to the strike 

of the target zone, combined with magnetotelluric determinations of 

the background apparent resistivity, provided maximum information in 

relation ta the work involved. Subsequent test sites were selected to 

examine the usefulness of the methods in a variety of geologic 

situations. Figure 4.1 shows the general location of the test sites. 

Only in cases where the mineral rights are not privately 

owned are the specifie locations given in the texte Also, the original 
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requests for information and acce~s included the provision that any 

information beyond the general outline of the mineralization and the 

total sulphide content would remain confidential. 

The conductivity models used to compute the theoretical 

profiles that accompany the field results are based on diamond drill 

logs. In most cases there was sufficient information to model the 

geology with relatively good accuracy. 

The resistivity of the host rocks assumed for the models was 

the background apparent resistivity obtained from magnetotelluric 

measurements. The overburden resistivity was taken to be 500 ohm-meters 

if the test site was well-drained, and lOO ohm-met ers if the ground was 

swampy. The resistivity of the sulphide zones ranges from O.l ohm-met ers 

for very massive sulphides to 20 ohm-met ers for disseminated zones. 

For simplicity, the theoretical models used assume structures 

with well-defined boundaries where the resistivity changes abruptly. 

This approach ignores gradual resistivity changes that may be caused by 

thin sulphide veins and haloes of disseminated mineralization that 

exist around most sulphide zones. However, in cases involving closely 

spaced parallel or sub-parallel sulphide bodies, this sporadic minerali

zation may form an electrical connection between the main zones. This 

situation was approximated in the theoretical models by means of a thin 

conductive layer joining t-~e bottoms of the zones.at a sufficient depth 

so that by itself it does not produce a significant anomaly. 



4.1 Test Site 1 

This test site is in Bartouille Twp., on Hwy. 58 rrom 

Senneterre to Chibougamau. The mineralization consists or pyrite and 

pyrrhotite. Some graphite is also present. The host rocks are meta-

sedimentary breccias and turrs interbedded with lava r10ws. Twenty-rive 
diamond drill holes and an SP survey have outlined the sulphide zone 

in some detail (Fig. 4.2). In the more heavi1y mineralized parts the 

total sulphide content ranges rrom 40% to 70% with an average or 

approximately 30% ror the entire zone. The overburden is generally 

less than 10 reet thick. 

The ro110wing are approximate RMS values ror the amplitudes 

or the 8 Hz rie1d components at 1000N on traverse A-A': 

E 3 mV lm .L 

EII 1 mV lm 

H 0.2 my z 

H.L 1.25 my 

HII 1.25 my 

Consequently, the apparent resistivities ror the E and E po1arizations .L Il 

are 70000 and 8000 ohm-met ers respectively. 

The results or surveys along traverse A-A' are summarized in 
Figure 4.3. AlI the surveys indicate the presence or the known 

mineralization. The most intense and best derined anomaly is shown in 

the E.L results, the E and H anomalies are broader and gi ve less Il z 
indication or the multiple conductive zones. 
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The H results show an anomaly only over the known sulphide z 

zone whereas both telluric profiles indicate the presence of additional 

conductive zones around 10008 and 20008. Although both these anomalies 

coincide with swampy are as it is doubtful that they are caused by 

highly conductive overburden as there is no anomaly over a similar 

swamp between 600N and 800N. Also, the magnetometer profile shows a 

magnetic high between 15008 and 22008 that corresponds very closely to 

the telluric anomaly at 20008. 

The E signals correlate weIl and are in phase along the 
Il 

entire traverse. The E signals show poor correlation and are 
.L 

approximately 1800 out of phase on opposite sides of both the known 

sulphide zone (Fig. 3.8) and the conductive zone at 20008. Also, in 

the interval between 9258 and 10508 the signal is approximately 1800 

out of phase but éorrelates well with the signals on both sides. 

A possible cause of such phase shifts is discussed in 8ection 5.1 • 

Measurements of the directional variations in the telluric 

field strength can provide some indication of the strike of a nearby 

conductive zone (Fig. 4.4). The direction of the minimum telluric 

field at 1000N, 500N and 4008 reflects the strike direction of the 

known mineralized zone. This might be expected in view of the telluric 

survey results which show that E starts to decrease much farther from 
Il 

the sulphide zone than does E • However, excepting these stations, the 
.L 

results do not show a clear pattern. At l350N and l825N there should 

be no effect due to the sulphide zone yet the ratio of maximum to 

minimum field strength is greater than 3. This might be partly due to 
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anisotropic country rock which has a minimum resistivity parallel to 

the approximately north-south strike of the geology in the area. 

The results at 11258, 17008 and 24008 suggest that the conductive zone 

between 16008 and 22008 strikes east-west. This appears doubtful in 

view of the strike of the regional geology. 

The results of repeated traverses using 100 foot electrode 

spacing agree well (Fig. 4.5(a)). Discrepancies occur mainly where the 

field and base stations are on opposite sides of the sulphide zone when 

the signals do not correlate and amplitude ratios have to be estimated. 

Directly over the conductive zones the telluric signal is too small to 

measure accurately on the records (Fig. 3.8(b)). 

Except for better detail over the anomalous zones the profile 

obtained using a 25 foot electrode spacing (Fig. 4.5(b)) is very 

similar to that from the 100 foot survey. This demonstrates that, 

because telluric measurements sample an existing electric field strength 

pattern, the length of the electrode spacing does not affect the 

penetration of the method. The use of long spreads does, however, 

reduce the resolution, as anomalies are smoothed out; for still larger 

spreads they may disappear completely. 

The only major difference, caused by variable electrode 

separation, is at 10008 where the 100 foot results show a much more 

intense anomaly. The reason for this lies in the observed phase changes 

at 9258 and 10508. The 100 foot electrode spreads, between 9008 and 

10008 and between 10008 and 11008, measured fields of both normal 
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and reversed phase which cancelled to produce a small resultant signal. 

There is generally good agreement between the integrated 

signals and the results obtained by calculating amplitude ratios from 

records. However, while the signal over the sulphide zone is too small 

to me as ure on the records, integration gives apparently reliable 

results. 

The relative telluric field strength and apparent resistivity 

profiles are similar (Fig. 4.6(a)) but the scatter in the measured 

apparent resistivity values is considerably greater than in the telluric 

field strength ratios. The telluric field strength ratios obtained by 

integrating the signals show negligible scatter except where the signal 

level is very low (Fig. 4.6(b)). This suggests that a single integration 

for each field station would have given results very similar to those 

obtained by averaging the values from several integrations. 

The theoretical profile for the E~ pOlarization is very 

similarto that observed over the proven mineralized zones (Fig. 4.7), 

except for a major difference south of the zones, where the field 

results suggest the presence of additional conductive material. This 

agrees with diamond drill data that show sporadic mineralization, 

averaging 5% total sulphides, south of the main zones. Unfortunately 

the drill logs are not sufficiently specifie to use for theoretical 

modelling. 

Figure 4.8 compares observed and theoretical results over 

the mineralized zone for the E polarization. The decrease in the 
Il 
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theoretical apparent resistivity is due entirely to an increase in the 

magnitude of the horizontal magnetic field ( H~ ); the theoretical 

electric field remains constant across the conductive zone. This 

supports the argument (Section 2.2) that, for the E polarization, 
Il 

two-dimensional models are not applicable to three-dimensional field 

situations. The theoretical and observed profiles of the vertical 

magnetic field show relatively litt le correlation except that in both 

cases the maximum vertical field is approximately equal in amplitude 

to the undisturbed horizontal magnetic field. 

The results of telluric and magnetotelluric surveys along 

traverae B-B' are summarized in Figure 4.9 • They are similar to those 

along A-A' in the agreement between telluric and magnetotelluric 

profiles, the better definition obtained by using 25 foot electrode 

spreads, and the similarity of recorded and integrated results. As in 

the case of A-A' the field results suggest that there is additional 

mineralization on the updip side of the main zones. 

The intensities of the theoretical and observed tel1uric 

anomalies are comparable (Fig. 4.10). On the basis of the two profiles 

it is probable that the top of the smal1est sulphide zone is actually 

c10ser to bedrock surface than illustrated. 

The observed and theoretical results along traverse C-C' 

are shown in Figure 4.11 • 
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4.2 Test Area 2 

This survey consisted o~ magnetote11uric determinations of 

apparent resistivity every 3-5 miles along Highway 58 from Senneterre 

to Chapais with a total of 45 stations located along 170 miles o~ 

highway. Initial1y the apparent resistivity was measured in one 

arbitrary direction but 1ater, when it became evident that the 

resistivity is anisotropie, measurements were taken in two orthogonal 

directions and the vertical magnetic field was also measured. At a 

few stations the ~pparent resistivity was measured in 300 increments 

through 1800
• 

The observations may be summarized as ~ollows: 

1. There is 1itt1e change in the amplitude o~ the horizontal magnetic 

~ie1d from location to location. 

2. The amplitude of the horizontal magnetic field does not vary 

appreciab1y with direction. The high1y anisotropie apparent resistivity 

is caused by directional variations in the te11uric field intensity. 

3. The correlation and phase re1ationship between space orthogonal 

te11uric and magnetic fields is variable and exhibits no clear pattern 

except that the correlation appears to be poorest when the te11uric 

~ie1d is smal1. 

4. The vertical magnetic field is smal1 except in a few instances 

where its amplitude approaches that of the horizontal field. In these 

cases the apparent resistivity was o~en high1y anisotropie. 
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It was concluded that random magnetotelluric measurements 

are of little use in areas of complex Precambrian geology as the 

measured apparent resistivities cannot be related to the underlying 

rocks. In some cases the resistivity anisotropy appears to reflect a 

nearby feature shown on geologic maps or suggested by aeromagnetic 

surveys but, again, the results cannot be interpreted. The problems 

encountered are similar to those illustrated by the directional 

telluric measurements at Test Site 1 (Fig. 4.4) where the direction 

of minimum telluric field strength appears to be related to the 

geology in some cases but not in others. 

The only positive results were obtained when one magneto

telluric station was fortuitously located directly over a conductive 

zone. The telluric survey that followed outlined a wide, highly 

conductive body. Information supplied by the Quebec Department of 

Natural Resources shows that the anomaly is caused by a known pyrite 

zone. However, it should be pointed out that, had the magnetotelluric 

station been located 500 feet either way, the zone would not have 

been detected. 
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4.3 Test Site 3 

These field surveys were carried out over a series of steeply 
dipping massive sulphide zones. Only the main zones are outlined by 

diamond drilling: many drill holes show additional narrow sulphide 

intersections but the information available is not sufficient to 

delineate them. The total sulphide content averages 50-60% for most 

zones. There are high tension power lines and shallowly buried water 

pipes along the base line. Figures 4.12 and 4.13 show a plan of the 

geology and summarize the field results over the northern and southern 

parts of the test area. 

The telluric and magnetotelluric profiles show intense 

and similar anomalies over the sulphide zones (Fig. 4.12). The telluric 

field decreases by more than a factor of 30 and the minimum apparent 

resistivity is less than 300 ohm-met ers compared to a background value 
of 10000 to 20000 ohm-meters. On both traverses the telluric signals 

on opposite sides of t~e series of mineralized zones were in phase and 

showed some correlation. Over the zones, no correlation and highly 

variable phase were observed between 200W and 400w on line l200N and 

between 100W and 300W on line l500N. The direction of minimum telluric 

field is indicative of the approximate strike of the mineralization. 

The power lines did not affect the telluric surveys when 

the field was measured normal to them. However, close to the lines, 

the parallel telluric field was very large and its appearance did not 

resemble that of the usual 8 Hz signal. 
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The theoretical tell urie field strength profile for line 

l200N shows some similarity to the observed (Fig. 4.14). The greater 

width of the observed anomaly probably results from the fact that the 

traverse crosses two of the sulphide zones at an oblique angle. In 

order to obtain an anomaly of approximately the same intensity as the 

observed, the theoretical model assumes that two of the zones are 

electrically connected. As a consequence the theoretical results show 

that between 200W and 400w the electric field leads the magnetic by 

a phase angle of 1600 compared to the background value of 450
• This 

means that, if the theoretical base station electrode spread were 

located between 900W and 1000W and the field spread between 300W 

and 400w, the telluric signals would differ in phase by 115
0

• 

Furthermore, as the theoretical phase changes gradually over a distance, 

the signal detectedbetween the field electrodes will be distorted 

by destructive and/or constructive interference. This would explain the 

loss of correlation that accompanies phase changes on the field records. 

On line 9008 the agreement between the theoretical and 

observed profiles is poor. Unfortunately only one drill hale exists 

in the area of this traverse so that the geologic section presented 

may be incomplete. The field results suggest the presence of a much 

wider conductive zone than outlined by the drilling or, as on line 

l200N, the observed anomaly may be affected by the fact that the field 

was not measured normal to the strike. 
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4.4 Test Site 4 

The mineralization at this test site consists o~ a body 

o~ massive sulphides located at the contact between rhyolite and basic 

volcanic rocks (Fig. 4.15). There are ~arm buildings in the immediate 

area and both power and telephone lines cross the zone. Sporadic 

man-made noise was observed on the telluric records and in some instances 

obscured the natural 8 Hz signaIs. 

The ~ield results obtained were disappointing in view o~ the 

weak anomaly over the sulphides compared to those at Test Sites l and 3. 

Also, although the change in the telluric ~ield strength between 300N 

and 700N appeared to re~lect di~~erent resistivities in the rhyolite 

and the basic volcanics, the location o~ the indicated contact was 

500 ~eet ~rom its actual position. 

The theoretical results (Fig. 4.16) seem to explain some o~ 

the ~ield observations. In this case the resistivities o~ the host rocks 

and the overburden used in the theoretical model are based on measured 

values (Seigel et al., 1957). The change in the telluric ~ield strength 

north o~ the sulphide zone appears to be caused by a change in the 

over,burden thickness ~rom 30 ~eet over the sulphide zone to 90 ~eet 

at 1000N. 

This is an indication that, although uni~ormly thick conductive 

overburden does not greatly a~~ect results (Fig. 2.12), major variations 

in its thickness can produce anomalies similar to those caused by 

lateral resistivity changes. The theoretical results also suggest 
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that either the overburden depth decreases south of the sulphide 

zone or that the rhyolites may actually be somewhat more resistive 

than the basic rocks. 
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4.5 Test Site 5 

The mineralization at this test site consists of several 

parallel sulphide lenses located in a shear zone near a contact 

between volcanic and sedimentary rocks (Fig. 4.17). The location of 

the sulphide zones is based on diamond drill data and that of the 

electromagnetic conductors on a horizontal loop survey. The sulphide 

content ranges from massive to disseminated and there is considerable 

mineralization between the main zones. 

Both the 100 and 25 foot telluric surveys show an anomaly 

over the known sulphide zones but only the 25 foot survey suggests 

that, multiple conductors may be present. West of the mineralized 

zones the telluric field is relatively constant and there is no 

indication of the geologic contact. To the east the variations in the 

field strength suggest the presence of additional conductive zones. 

The telluric signals on opposite sides of the sulphide 

zones were 1n phase and correlated fairly well (Fig. 3.9(c), p.56 ). 

Over the zones, the phase relationship was variable and litt le 

correlation was observed (Fig. 3.9(b». 

The results of horizontal loop surveys (Fig. 4.18) clearly 

show the presence of the massive sulphide zone but give litt le 

indication of the disseminated zones which contain 5-35% sulphides. 

Figure 4.19 shows telluric field strength profiles for the 

E polarization. The presence of the conductive zones is indicated, 
Il 

but the anomalies are not as definitive as in the E surveys. 
~ 
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The intensity of the background E field is about 0.25 of the 
Il 

background E field • 
.L 

Figures 4.20, 4.21 and 4.22 compare theoretical and observed 

telluric profiles along three lines where the geology is relatively 

weIl known. On line 3800s the drill holes do not reach the sulphide 

zones between 925E and 980E: their"location is based on drill results 

on lines 3600s and 4000s. 

The theoretical and observed results are comparable both l.n 

the intensity of the anomalies and in the areas where phase shifs 

occur. The theoretical results show the limits where the phase differs 

o by more than 10 from the background value. The maximum theoretical 

phase difference between the background telluric field and that over 

the conductive zones ranges from 700 on line 4000s to 1300 on line 

3800s. 

The theoretical results for the E polarization are 
Il 

similar to those obtained at Test site 1 (Section 4.1). The apparent 

resistivity profiles show a low over the sulphide zones but the 

telluric field strength remains constant. 
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4.6 Test Site 6 

This site is located in Eardley Twp., Quebec, about 20 

miles west of Ottawa. Several telluric and magnetotelluric surveys 

were carried out over a contact between Precambrian syenites and 

diorites and Paleozoic shales, sandstones, limestones and dolomites 

(Sabourin, 1954). Figure 4.23 shows the geology of the area and the 

location of the survey stations. Because the stations were not located 

along a straight line, the results have been projected on line X-X' 

perpendicular to the strike of the contact. 

The initial survey measured the directional variations in 

apparent resistivity at 14 stations. In subsequent traverses, where 

the behaviour of specifie magnetic and telluric field components was 

examined, intermediate stations were added. The survey results are 

summarized in Figures 4.24, 4.25 and 4.26 . The last figure also shows 

theoretical results for a very simple model of the geologic section. 

The results from eight representative stations show that the 

apparent resistivity becomes progressively more anisotropie as the 

Precambrian-Paleozoic contact is approached from the north (Fig. 4.24) 
and the direction of minimum apparent resistivity closely approximates 

the direction of the strike of the contact. This suggests that the 

telluric field on the resistive side is polarized perpendicular to the 

strike of the contact a considerable distance away. 

Figure 4.25 illustrates the equivalent results obtained from 

telluric and magnetotelluric measurements for the E~ polarization. 
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Fig. 4.23 Test Site 6. Location of survey stations. 
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There is considerable variation in the measured values of apparent 

resistivity, despite the fact that only signal bursts - where the 

amplitude ratio of the two signals appeared representative of the 

average over the whole record - were used in the computations. Random 

sampling would have at least doubled the scatter. However, in several 

tests where the magnetic and telluric signaIs were integrated, the 

variation in the apparent resistivity values obtained from repeated 

integrations was usually less than ±10%. 

Excepting the EII profile, which ~s derived from the 

measured directional variations in apparent resistivity, the field 

results shown in Figure 4.26 are based on surveys that measured 

specifie components of the 8 Hz electromagnetic field. The amplitudes 

of the ~ield components were measured with respect to the telluric 

field strength at the base station. The E field was used for the Hl. 
Il 

and Hz surveys and the El. field for the El. and HII surveys. The signals 

were integrated. 

It had been hoped that at this location the geologic 

structure would be a good approximation of a contact between two 

media of different resistivities. The field results suggest that the 

situation is, as usual, more complex. The theoretical results support 

this; although the changes in the field components show trends 

similar to the observed, the general agreement is not particularly 

good. 

The Precambrian-Paleozoic contact is indicated on aIl the 

surveys except for the H field which theoretically should remain 
Il 
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invariant. The field components change gradually across the contact, 

suggesting that there is a zone of variable resistivity between the 

resistive igneous and conductive sedimentary rocks. Actually, there 

is an outcrop of Precambrian rocks about 0.5 miles south of the main 

contact. 

The existence of a large vertical 8 Hz magnetic field near 

the contact at this location and also over the mineralized zone at 

Test Site l suggest that Afmag surveys at 8 Hz may be possible. 
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4.7 Test Site 7 

This location and Test Site 8 (Section 4.8) were selected 

because o~ the availability o~ results ~rom Turam, induced polarization, 

horizontal loop and magnetic surveys (Lavoie, 1968). 

The mineralization consists o~ two parallel sulphide bodies, 

containing 10-40% total sulphides, located at the contact between acidic 

flows and rhyolite porphyry. The area is covered by muskeg. 

Telluric surveys (Fig. 4.27) show no anomaly over the sulphides 

but seem to indicate the geologic contact. Of the other geophysical 

methods, only the magnetic survey shows an anomaly over the sulphide 

zones (Fig. 4.28). 

The theoretical results (Fig. 4.29) suggest that the observed 

telluric profile mainly reflects variations in the overburden thickness 

rather than different resistivities on opposite sides of the contact. 

The thickness and resistivity of the overburden in the model are based 

on seismic refraction (Scott, 1970) and induced polarization (Lavoie, 

1968) results. 

As at Test Site 4, the above results illustrate potential 

limitations o~ both telluric and magnetotelluric measurements for 

geological mapping. In both cases anomalies, similar to those observed 

over contacts between rocks o~ di~ferent resistivities, are actually 

caused by major changes in overburden thickness. Furthermore, on the 

basis of these theoretical results, it seems there is little difference 
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in the resistivities of the rock types on opposite sides of the 

contacts. This is not necessarily typical of Precambrian geology 

but, on the other hand, most of the apparent resistivities measured 

during the regional survey (Section 4.2) were in the range of 2000 

to 20000 ohm-meters. 
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4.8 Test Site 8 

There are two areas of geophysica1 interest in this vicinity, 

the proven sulphide zone at 100S on li ne 400w and the magnetic anomaly 

at 400N on li ne 100W (Fig. 4.30). As at the previous test site, none 

of the e1ectrical or e1ectromagnetic surveys detected either the known 

sulphide zone or a possible conductor associated with the magnetic 

anomaly (Lavoie, 1968). Simi1ar1y, the te11uric surveys for both the 

E and E p01arizations show no response. The apparent reason is that 
.L /1 

the overburden, which is near1y 100 feet thick and high1y conductive 

(100 ohm-meters), 1imits the penetration of al1 e1ectrica1 and 

e1ectromagnetic methods. 

A theoretica1 te11uric profile over the known sulphide body 

does show that the field strength over the zone is 0.9 of the background 

value. However, in view of the inherent variations in the background 

te11uric field strength as we11 as the accuracy of field measurements 

(genera11y ±5%), an observed anoma1y of this magnitude would not be 

considered significant. 

This points up one of the prob1ems encountered in the te11uric 

work: because variations in the field strength by factors of 2 or 3 are 

common, there is good reason to ignore anomalies where the te11uric 

field does not decrease by at 1east a factor of 5. Thus, un1ess the 

background field is very uniform, the te11uric method can detect on1y 

very large or near surface conductive zones. 
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4.9 Test Site 9 

The mineralization consists of several zones of disseminated 

sphalerite (Fig. 4.31) and very minor amounts of other sulphides. 

The ground is swampy and the bedrock depth ranges from 20 to 40 feet. 

since sphalerite is generally a poor conductor it is not 

surprising that the telluric results show at best vague indications 

of the mineralization. In practice these would certainly be ignored 

in view of the much greater variations in the field strength, such 

as the low between 500N and 900N on li ne 000, caused by changes in 

the overburden thickness. 
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4.10 Test 8ite 10 

The mineralization at this test site consists of a large 

bo~ of massive sulphides located in diorite-rhyolite host rock 

(Fig. 4.32). Nearly 100 diamond drill holes have outlined the sulphide 

zone in detail. The zone subcrops below thin overburden in the south 

and plunges gently to a depth of 400 feet at the north end. 

Because the telluric fields within 200 to 300 feet of the 

sulphide zone showed a complete lack of correlation the Gelluric 

surveys were carried out by integrating the signals. The low signal 

level necessitated the use of 100 foot electrode spreads. 

The survey results, summarized in the form of an apparent 

resistivity map (Fig. 4.32) clearly indicate the presence of the 

sulphide zone. The apparent resistivity is lowest in the south end 

where the zone is near-surface and the results suggest that the 

sulphides may extend farther south than shown by the map. In fact, 

two drill holes located on the base li ne between traverses T3 and T4 

show short intersections of minera1ization at a depth of 1ess than 

100 feet. 

To the north, the last definite indication of the sulphide 

zone is on line 19308 where it is more than 200 feet deep. 

Figures 4.33, 4.34 and 4.35 compare theoretical and observed 

telluric profiles along lines 26308, 23308 and 19308, respectively. 

There is fair agreement between the two profiles on lines 23308 and 

26308 but on line 19308 the field results suggest that the middle of 

the sulphide zone is deeper than the sides. 
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4.11 Test Site 11 

The target zones for the telluric surveys at this test 

location included a body of massive sulphides as well as several 

electromagnetic conductors outlined by a horizontal loop survey. 

These zones are located in a large gabbro stock that has been intruded 

into sedimentary quartzites and argillites. 

During the telluric surveys the correlation between signals 

at the field and base stations was generally poor. Irregular man-made 

electrical noise from nearby sources was present at most times. 

The apparent resistivity maps based on telluric and induced 

polarization measurements (Fig. 4.36) show no definite indication of 

either the mineralized zone or the electromagnetic conductors. There 

is no agreement between the results of the two surveys except for 

some similarity in the east-west pattern of resistivity highs and 

lows across the survey area. 

Some of the telluric anomalies may be caused by rapid changes 

in overburden thickness but otherwise there is no apparent explanation 

for the results. 
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CHAPTER V 

DISCUSSION AND CONCLUSIONS 

5.1 Phase Changes in the Telluric Fields 

The most puzzling phenomenon noted during the field surveys 

was the lack of correlation and/or variable phase relationship between 

the background Ei signal and the signal near, over, or on the opposite 

side of a conductive zone. This was observed in aIl cases where a 

sulphide body or other highly conductive zone was detected. There seems 

to be no mention of similar observations in the literature. 

The first suggestion of a possible theoretical explanation 

was found in the numerical solutions for geologic situations involving 

several conductive zones. In some cases these showed unexpectedly large 

variations in the phase angle between the electric and magnetic fields. 

Further investigation indicated that, under certain conditions, 

signif~cant changes in the theoretical E /H phase are observed over i Il 

the con duct ivit y model shown in Figure 5.1 • 

The amount of phase change depends both on the resistivities 

and the dimensions of the model. In general, the resistivities must be 

such that P2 < P3 S Pl • Also, for a given set of resistivities, there 

is no phase shitt if the ratio D/W is either very small or very large or 

if B is too large. The thickness CT) of the most conductive medium does 

not affect the results. Thus, the phase changes appear to be caused by 
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a resonant cavity effect but further study is needed to determine more 

exactly the parameters involved. 

More realistic (i.e. complex) conductivity cross sections 

that show large phase changes can be devised provided that the topology 

of the basic model is retained. Figure 5.2 shows the theoretical results 

over a model approximating a system of conductive shear zones. The most 

interesting observation in this case is that the phases of the telluric 

fields on opposite sides of the vertical conductive zone differ by 

approximately 1500
• This situation is very similar to the actual results 

obtained over the known mineralized zone at Test Site 1 (Section 4.1). 

These theoretical results also provide a possible explanation 

for the observed lack of correlation in the telluric signals. If the 

phase of the telluric field changes over a distance similar to the 

spacing between two electrodes, then the measured signal will be 

distorted by the constructive and destructive interference of fields 

of various phases. 
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5.2 Telluric Surveys Without a Base Station 

The field tests showed that the scatter in the measured 

telluric field strength ratios is generally small and that the 8 Hz 

signal intensity does not show large diurnal variations. Thus it may 

be possible to carry out telluric surveys without the base station. 

Obviously this would be a great advantage, because of the reduction 

in equipment, personnel and time. Although no field surveys were 

performed in this manner, from the integrator readings it is possible 

to reconstruct the results that would have been obtained by this method. 

Figure 5.3 compares the observed and hypothetical telluric 

profiles for three surveys at Test Sites 5, 7 and 10. The hypothetical 

profiles are based on the assumption that if the first two readings at 

a survey station agreed to within 30%, the amplifier would have been 

moved to the next station. Otherwise one additional reading would have 

been taken. 

In aIl cases the two profiles are so similar that, at least 

for reconnaissance surveys, a base station does not appear necessary. 

However, an important prerequisite for this method is the absence of 

local lightning and irregular man-made noise. 
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5.3 Summary of Conclusions 

Field Operations 

1. The 8 Hz thunderstorm signal is highly suit able for both 

telluric and magnetotelluric measurements. During the field tests the 

signal strength was at all times sufficient for survey purposes and 

the diurnal variations rarely exceeded a factor of 3. 

2. The sensitivity of the telluric amplifiers ( l ~V ) was 

adequate at all test locations provided that 100 foot electrode spreads 

were used. Over relatively conductive ground p t< 2000 ohm-m), apparen 

0.5 ~v sensitivity is required in order to use 25 foot electrode 

spacings. 

3. Equivalent results are obtained by measuring relative signal 

amplitudes from records and by integrating the signals. For field 

surveys integration is obviously preferable because data processing is 

much simpler. 

4. Survey results are not adversely affected by signals 

originating from local lightning except for the risk of overloading 

the amplifiers. Similarly, strong but uniform 60 Hz noise does not 

pose a problem if adequate filtering is employed. However, the presence 

of random man-made electrical signals makes it impossible to carry out 

meaningful measurements. 
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Telluric Surveys 

1. Telluric surveys will detect conductivity anomalies 

associated vith some metallic sulphide deposits and geologic features. 

2. The best results are obtained by measuring the telluric 

field perpendicular to the strike of a conductivity discontinuity. 

The anomalies observed are more intense and more diagnostic than those 

for the parallel telluric field. However, the parallel field will 

detect the presence of a conductive zone at a greater distance. 

3. 

4. 

Survey results are repeatable. 

In all cases where the results from other methods are 

available for comparison, the penetration and resolution of telluric 

surveys are comparable to those of standard electrical and electro

magnetic geophysical techniques. The penetration of the telluric 

method is not affected by electrode spacing but the resolution is 

improved when short spreads are used. 

5. In simple geologic situations the direction of the minimum 

telluric field near a conductive zone is approximately parallel to the 

strike of the conductor. 

6. In the absence of major conductivity discontinuities the 

telluric fields are in phase and correlate weIl over distances of 

several thousand feet. The telluric signal over a good conductor 

does not correlate vith the background signal and the phase relationship 

between the two signals is highly variable. 
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7. It appears that one operator can carry out satisfactory 

telluric surveys by measuring the average signal level at each 

survey station. 

Magnetotelluric Surveys 

1. Magnetotelluric measurements show that in Precambrian areas 

the apparent resistivity is anisotropie. This anisotropy is caused by 

directional variations in the telluric field strength: the horizontal 

magnetic field intensity does not vary appreciably with direction. 

2. Magnetotelluric surveys can detect conductivity anomalies 

associated with some geologic features and mineralized zones. Near a 

conductive zone the apparent resistivity becomes more anisotropie and 

the direction of minimum apparent resistivity is in most cases parallel 

to the strike of the conductor. 

3. For the E polarization, magnetotelluric determinations of 
~ 

apparent resistivity and relative telluric field strength measurements 

give equivalent results. 

4. Near some conductivity discontinuities the magnitude of the 

vertical magnetic field approaches that of the horizontal field. Thus, 

Afmag surveys using the 8 Hz magnetic fields may be possible and, in 

fact, because of the uniform signal level, may have certain advantages 

over the 140 Hz and 510 Hz frequencies now in use. 

5. The results of non-systematic regional magnetotelluric 

measurements of apparent resistivity cannot be interpreted. 
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Theoretical Results 

1. Theoretical solutions that assume infinite strike extent 

are applicable to actual situations where strike lengths are finite 

only for the E~ polarization. 

2. For the E~ polarization, conductivity cross sections based 

on drill logs may be selected to produce theoretical anomalies which 

match the field profiles very closely. The theoretical results also 

explain the variations in phase and correlation that were observed 

in the field. 
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5.4 Suggestions for Further Work 

1. Telluric surveys without a base station should be tested 

1n the field. 

2. Afmag measurements at 8 Hz appear to be possible. For ground 

surveys the weight and bulk of the present magnetic sensing system 

would need to be reduced drastically. Some form of AC magnetometer 

would be most attractive in this application. 

3. Theoretical results indicate that there 1S a large and 

anomalous vertical electric field around conductivity discontinuities. 

Thus, measurements of the vertical electric field in existing drill 

holes should be investigated as a method for mineral exploration at 

depth. 

4. Telluric surveys at several frequencies should be attempted. 

Theoretical results over some of the sulphide zones investigated in 

this work suggest that such measurements may provide information on 

the depth of burial of the target zone. There is also the possibility 

that induced polarization effects.may be observed. The best frequencies 

for this appear to be either of the two highest Schumann resonance modes 

(32 and 40 Hz) and the signals used for Afmag (140 and 510 Hz). 

5. Further theoretical study and field investigation into the 

nature and causes of the loss of correlation and variable phase relation

ship of telluric fields is warranted. These phenomena appear to be 

characteristic of conductivity discontinuities and, thus, may provide 

additional geologic information. 
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6. It would be usefUl to extend existing numerical methods to 

three-dimensional geometries, particularly ~or the E polarization. 
Il 

This problem, however, is f'ar f'rom trivial, both in the mathematical 

f'ormulation of' the physical situation and in the complexity of' the 

numerical method required f'or its solution. 
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CllAP'l'ER VI 

CONTRIBUTIONS TO KNOWLEDGE 

1. The feasibility of using t~lluric surveys at 8 Hz for 

mineral exploration in Precambrian areas has been demonstrated and 

optimum measurement techniques have been deve1oped. 

2. Magnetote11uric surveys have been shown to be impractical 

for regional geo1ogic mapping and inferior to te11uric measurements 

for detai1ed investigations. 

3. The possibility of making Afmag measurements using the 8 Hz 

magnetic fields and of performing te11uric surveys without a base 

station has been demonstrated. 

4. The first reports of phase changes in the tel1uric fields 

(E~), caused by conductivity discontinuities, are inc1uded in this 

work. Theoretica1 conductivity models that show phase changes simi1ar 

to the observed have been deve1oped. 

5. It has been estab1ished that only for the E~ pOlarization 

are two-dimensional theoretica1 solutions applicable to geo1ogic 

structures of finite strike 1ength. 
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