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ABSTRACT

Very Low Frequency (17.8 KHz) electromagnetic ;
measurements were made with the Geonics EM-16 over several
faults (including the Gloucester fault) southeast of Ottawa, 1
and over the Smoky Creek and Lois Lake faults in the Noranda ;
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of the profiles substantiate the EM-16 anomalies. The field
results compare favourably with theoretical proflles over
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Geonics EM-16 1s a convenient tool to map faults, shear zones,
contacts, and other broad two-dimensional features concealed

beneath overburden.
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CHAPTER T
INTRODUCTION

1.1 General Considerations

There 1s a need for geophysical methods to trace
faults, contacts, and marker beds in regions that are
extensively covered with overburden. All geophysical methods
depend upon contrasts in the physical properties of the rocks
and minerals involved. A unique and often uniform property
of a rock unit is its electrical conductivity. A method
capable of detecting conductivity contrasts would therefore
be useful in the geologic mapping of faults and contacts,
provided such a contrast existed. Such a technique is that
of electromagnetic induction. |

In electromagnetic induction prospecting methods
an alternating primary magnetic field is generated by passing
alternating current through a coil or along a long wire.
This field is measured with a recelver consisting of a coil
connected to an electronic amplifier, meter, or potentio-
meter bridge. TIn the absence of conducting zones an
insignificant eddy-current field is induced in the ground.
If a conductive zone is present, stronger eddy-currents may
circulate within it and a secondary magnetic fleld will be

created. If 1t.is large enough, the secondary field may be



.

detected by the receiver in the presence of the primary
field. Prospecting for these conductive zones 1is carried out
by systematically traversing the ground, either with the
recelver unit alone or with the source and receiver in

combination, depending upon the system employed.

1.2 Historical Background

Since 1957 the United States Geological Survey has
been using electromagnetic methods to trace conductive strata
beneath glacial drift in Minnesota, Wisconsin and Maine
(Frischknecht, 1966), with the object of developing techniques
that can be used in mapping bedrock geology in areas of
extensive glacial drift or thick residual soil. In most of
the studies the horizontal loop (slingram) method was used.

Electromagnetic conductofs in metamorphlc terrains of
Minnesota, Wisconsin, and Maine commonly contain such metallic
minerals as specular hematite, various sulphides and graphite
(Frischknect and Ekren, 1960). The work done by the U.S.G.S.
is concerned with lithologic units that contain concentrations
of conductive minerals. Conductive beds comprise only a
small part of the total volume of rocks in the areas studied,
but they are sufficiently continuous and numerous to be used
in tracing bedrock geology.

Electromagnetlic methods proved to be a valuable
supplement to conventional geologic mapping in northern Maine,

where many conductlve black slates and black cherts occur in



rocks of lower Paleozoic age (Frischknect, 1966). Black
slate zones were traced over distances of several miles by
horizontal loop surveys. Most of the black slate zones
were highly anisotropic, and both the thickness and
conductivity of the zones varied considerably along strike.
Black chert zones were also found to be conductive, and
several of these were successfully traced for distances up
to several miles.

Geophysical mapping of this type was a very useful
supplement to surface geologic information., The association
of these conductive beds with other rock units such as
greywacke, meta-volcanics, siltstone, quartzite, and
conglomerate was known, and this permitted extrapolation of
outeropping units.

In October of 1967 A. Becker of the Geological
Survey of Canada conducted a profile across the Gloucester
fault (a fault occurring in Paleozoic sediments) in the
vieinity of Leitrim, Ontario using the horizontal loop
method. An almost undiscernible response was obtained
(Becker, 1970). It must be stressed that for this method
to be successfully applied in areas that are covered with
overburden, relatively thin horizons of anomalously high
conductivity must be present, since the horizontal loop
method is not intended to respond to a broad, two-dimensional

conductlivity contrast such as.a fault or other contact. What



is needed is a method which employs a large scale uniform
primary magnetic field and a relatively simple receiver,
such as the AFMAG method or the VLF method.

The AFMAG method utllizes naturally occurring
electromagnetic radiation in the audio frequency range, of
which the primary source is atmospheric electrical discharges
that occur on a worldwide basis. AFMAG (audilo frequency
magnetics) 1s essentially a dip-angle system with the source
located at infinity. The nature of the AFMAG fields hés
been described in detail by Ward et al. (1958) and Ward
(1959) while Sutherland (1967) gives a brilef description of
ground and airborne AFMAG equipment currently in use.
Normally the magnetic field is horizontally polarized, but as
a conductor or contact is approached, the plane of polar-
ization is tilted out of the horizontal. By measuring the
tilt angle of the magnetic field, it is possible to locate

subsurface features.

In 1958 an extensive airborne AFMAG survey was flown
in the Lake Abitibi - Noranda area of N.W. Quebec. Shaw
(1961, 1962) observed many "fault and shear type AFMAG
responses". There was excellent correlation between these
responses and the known faults in the area. In particular,
the Lois Lake, Mannéville, Smoky Creek, Hunter, and
Porcupine-Destor faults are well defined by the AFMAG survey,

although the Porcupine-~Destor fault has a complex anomaly



pattern in certailn places due to powerline interference. The
well-known Cadillac, Horne, Here, and Davidson faults also
fall within areas of strong powerline interference, and
responses over these zones cannot be considered reliable.
Upon reviewing this survey and several others, Collett (1967)
concludes that the AFMAG technique appears to be very useful
for broad reconnaissance mapping of geological features, and
states that at least one major exploration company is using
AFMAG to map structural features such as faults and shear
zones.

In 1966 the Geological Survey of Canada made some
trial measurements to determine if VLF waves could be used
to map geologic structure (Collett, 1967). Becker conducted
a VLF profile across the Gloucester fault and obtained a
good response which clearly indicated the presence of the
fault (Becker, 1967). This proflile can be regarded as the
basls for the present study, and the VLF technique will be
subsequently described in detail.

It is interesting to note that J. Slankis (also
working for the G.S.C. at the tim e) conducted telluric current
surveys across the same fault at various times 1in the spring
and summer of 1966, 1967 and 1968. Large, extraneous phase
shifts, thought to be due to local power sources, rendered
the results largely uninterpretable (Slankis, 1969).

Further discussions of electromagnetic mapping



techniques may be found in Sutherland (1967) and Collett

(1967).

1.3 Purpose of the Project '

At the outset, the main purpose of the project was
to investigate the response of a VLF (Geonics EM-16)
electromagnetic unit across the Gloucester fault. These
results were to be correlated with wave impedance measure-
ments made across the same fault. Some of the faults in the
Noranda area (namely the Smoky Creek, Hunter Creek, and Lois
Lake faults) were also to be surveyed, with the hope that the
method would prove suitable for tracing faults and similar

large scale contacts concealed beneath overburden.
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CHAPTER II

THEORY

2.1 Wave Impedance Concepts

The magnetotelluric method utilizes the boundary
conditions forced on the electric and magnetic fields when an
EM wave propagating through air interacts with the earth's
surface. The essential measurement 1s the electromagnetic
wave impedance (the ratio of the electric field to the magnetic
field, E/H) at the surface. For a homogeneous (or layered)
earth, the horizontal electric fileld is related only to the
orthogonal magnetic field, and the Impedance 1s a complex
scalar. A homogeneous earth geometry willl therefore be con-

sidered in developing the basic magnetotelluric relationships

from Maxwell's equations:

v X E = - 8§
3t (2-1)
-V_xﬁ=:f+35
3% (2-2)
V-D=p =0 (2-3)
V.B =0 (2-14)
where J = GE, D = eﬁ, B = ﬁﬁ



and:

E = the
B = the
H = the
J = the
D = the

8-

electric field intensity In volts per meter

magnetic induction in webers per square meter

magnetic field intensity in ampere-turns per meter

electric current density in amperes per square meter

electric displacement in coulombs per square meter

p = the volume charge density in coulombs per cubic meter

o = the electrical conductivity in mhos per meter

€ = the permittivity in farads per meter

U = the

By assuming e

permeability in henrys per meter

-iwt

v

<

X

X

E

==

time dependence, these equations reduce to:

iwuﬁ

oE - iweE

Combining these we get the vector Helmholtz equation:

where k-

>
v

v’-

= iwuoc + eudL

The solutions are

where k"

and

T

Y

E
H

E

bas]

2
K, + K+ K

+

4

kY

KE =-0._

KH=0

i(Ryx + Ry & 4 Ry 2)
e

s (k,'x-l-kyg,-# k;'z)
e



In EM propagation in the earth at frequencies employed
by the VLF method (= 20 KHz), the conduction current term
(iwpo) is much greater than the displacement current term, and
the Helmholtz equation becomes the vector diffusion equation.

The solution is a damped wave, which decays
exponentially with depth, the decay depending upon conductivity
and frequency. The skin depth is that depth at which the fields
fall to 1/e of the surface value and is gilven by § = /y/§7ﬂgg—.

A useful approximation to the skin depth 1s given by

§ = 500 A/ p/f

where 6 is 1n meters
| p = qy,= Ur x 10~7 henrys per meter
p is in ohm meters
0 is in mhos per meter

f is in hertsz

This affords a qualitative estimate of the effective depth of

penetration.

The propagation constant in the ground 1s much greater

than that in the air:

2 _ L 2
kair = HEW = Y, €W
k = ilwpoc >> x*

earth air

The earth.therefore has a high refractive 1lndex with respect to

the air, and incident waves will be refracted almost straight
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down, regardless of the angle of Ilncidence (Swift, 1967).

The calcﬁlation of wave impedance at the earth's
surface is straightforward and 1s glven for two polarizatlons.
These are the "E horizontal" polarization, when the electric
vector is parallel to the ground and 1s polarized in the y
direction, and the "H horizontal" polarization, when the magnetic
vector 1s parallel to the ground and 1s polarized in the y
direction. Both of these waves wlll propagate in the x-2z plane.

For an incldent "E horizontal' wave:
:':l'-(kx"x + kh*)

EI = EI e
y
The refracted (transmitted) wave is given by:
T 1 i (Regx + Ry, 2
E = Ey

kS 2 2 2 .2 2 kN
where k, = k,“ +ky +ky and k, =k, + kﬁg + Ka,
are the propagation constants 1n the air and ground respectively.
If the horizontal wavelength is much greater than the skin depth
in the earth (as is normally the case at VLF frequencies), then
k3 2 2 1~l
k‘l + ku. <k, , S0 kﬁx_ k, (Madden and Swift, 1969). 1In
this case the refracted wave is given by:
t Ry, 2
ET=ETeiL LYY
7
The associated magnetic fleld is found by taking the curl of
E1.according to equation (2-1).
T BT

H =k
X —ﬁﬁh— y
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The wave impedance is obtained from:

=

]
The

]

Wl'g

2 .
where k& = iwuo

Similarly for an "H horizontal'" wave:
T r i (Ry ¥ +khi)
= e

H
y

t‘(kx* +k.} '2')
The refracted wave is HT = H; e * A £

From equatioh (2-2), making the same long wavelength approx-

imation as before, the associated electrlc fileld is:

T ke T
E =7 Hy
o Ey cike,
The impedance is given by n = - = ¢
y

For sources with relatively long wavelengths, the E
parallel and H parallel impedances are equal, and the

impedance for a homogeneous halfspace is isotropic (Swift, 1967).

-This impedance is n = e - _ 5%24= A -inw/o .

k
2
The resistivity 1s obtained from the impedance by the relation:

p=-_1 n
ivw

This formulation is valid for a homogeneous half-space
and for horizontally layered medla, in which the problem is

one-dimensional.
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2.2 Maxwell's Equations for Two-Dimenslonal Structures

There are many features which cannot be described by
horizontal layers of contrasting conductivity; numerous
important geological structures are, in fact, two dimensional.
These include faults, shear zones, and dilkes 1n which the strike
length is large compared to the skin depth. Maxwell's equations
will now be formulated utilizing the geometry of Fig. 2.1, with
the y axis as the strike direction, and the z axis positive

downwards. The two polarilzatlons are once again considered

separately.

\)
»®

Pig. 2.1 Two=Dimenstonal Fault wlth Strike Length
Infinite in y Directlon
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"H Parallel" or "E Perpendicular" Polarization

(1)
: ~wk,
L(kY%’ wt) along strike.

The source fileld varies as e
-~ i(ky'?"“’*)
For this polarization E = (EX, Ez) e and Ey = 0.
< x E = ’3\( (DEQ N 951>_,'},(DEE _ 9& ).+ %(9_57 __DEK>
3y Jz dx 9% Ix Iy
= _ 9B
d
— . (R :yr-wt}
B = ( Bx, 8y, B;) o and
~ : (kyry ~wt
_ 28 (Aw By + 4 wbBy +iw'3.z>.af k4 )
ot
so D Ex _ 9E . iwBy = ipwlhy (2-5)
9z d %
JEx = i w By
o
AkY > = /L/Lw Hy.
He = _Ry E, (2-6)
/Aw
——_g E)( = AW B—E
2%y
,ka E,ﬁ = —/{/qui
(2-7)
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:5;‘ = G— -E-')‘ + a E}
so dHy _ 2 . O (2-8)
9% 93
aH% DH&_ = o Ex
Dlyr pE S
ARy Hy - 9H, . o Ex (2-9)
RE
3y . K . o & (2-10)
PR3 alar

iy i ky Hyo= O E
PR

Substituting (2-7) into (2-9) and (2-6) into (2-10) to
eliminate Hx and HZ:

- Ar k; Ey. - DH = a- E)‘
AW PES
k3
%_HL Aky oy 0‘) Ex (2-11)
Z w
/u.
Iy _ ik E, = 0 &
D* /“w
331-/; S + ik ) E{_ (2-12)
x /«w
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Equations 2-5, 2-11, and 2-12 represent a set of equations
for Ex’ Ez’ and Hy' For wavelengths much longer than the

skin depth, ky = 0 and 2-11 and 2-12 reduce to:

dHy - - o & (2-13)
R

"W

Iy . o &, (2-14)

pR

(ii) "E Parallel" or "H Perpendicular" Polarization

i (ky 7'“’*)
The source field again varies as e along strike,

f-(ky"ar-‘ut) a

H = (Hx’ HZ) e nd Hy =0,

Tl o= & foH :uﬂ_g(l@*_am)ﬁ(gyl”a_yi)
D% Di' h% 92 ax 3%

= 0 E + @ + o E,

so St _ M - o Ey (2-15])
d% dx%

H-} =3 c E'ﬁ

28

oY
ikyHy = o E,
Ex = 4iky H (2-16)
=~
-9 - o E;
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> (2"17)
o
FxE = 4% (95* i azﬂ-&(asi ) Da)ﬁ()fl_
;7, )2 Jx dZ J X
= - 2B
o
_ .(k -wt)
"B - (iwn + “’B%) LT
J
~ i (R, -wt)
E = (Ex; E‘/) E*) *’A()'?
DE,} _ _D_’_E_l_ - AW Bx
91} 0%
iky By - 3By = iyw By (2-18)
pE
JEY | Ex _ iw By
d+ 9"3'
DB - Aky By o= iaw by (2-19)
PR
;Et _ DE, -~ O (2~20)
RE %

Substituting (2-16) into (2-19) and (2~17) into (2-18) to

eliminate Ex and EZ:

—k_;_~ Hy. - DEI - ,‘/Aw “7&
c RES

J Ex
¢

3]
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08 = —ipw +,(/uw_k§_ Hy
REY R*
since o = k2
A/AuJ
9 - -ipw (1 - —k—‘z(;—> H (2-21)
Y2 K
DEI = A,/Mw H'Z' —A/Aw_k; Hi‘
PR K
JE . Apuw ( 1 ‘.BL) Hy (2-22)
2x "y .

Equations (2-15), (2-21), and (2-22) constitute a set of
equations for Ey’ Hx’ and Hz' For wavelengths much longer

than the skin depth, k, = 0 and (2-21) and (2-22) reduce to:

gEz = —/{/Aw Hx (2_23)
PR

28y - Apw Hy (2-24)
PR
Therefore the magnetotelluric wave impedance over two
dimensional features depends upon the orientation of the field
components with respect to the strike. The "H parallel" mode
has an anomalous vertilcal electric fleld assoclated wlth it,
" whereas the "E parallel" polarizatlion has an associlated vertical
magnetic fleld. It 1s therefore the "E parallel" polarization

which is the most convenlent from the viewpoint of VLF
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electromagnetic measurements.
In addition to the systems of equations for the two

polarizations, the following boundary conditions must hold at

the contact: H,n = Han
Hix = Hat
Eix = Eat
-‘Tm.: J;H\
where H,", Han = normal components of the magnetlc field

on opposlte sides of the contact

Hix , Hyz = tangential components of the magnetic field
“ on opposite sides of the contact
E,t) E;t = tangential components of the electric field
on opposite sides of the contact
Tin, Jan = normal components of the current density

on opposite sides of the contact

Since the current density normal to the contact (J,)
must be continuous, the boundary condition on E, is
Eqn = -g:_:’* Ea.,\)and E. is therefore discontinuous (Fig. 2.2 ().
Thus there will be a discontinuity in the wave impedance (and
hence the apparent resistivity) for the "E perpendicular" polar-
l1zation for the simple geometry of Fig. 2.1 and have found that
this 1s in fact the case (Fig. 2.2 ¢®. The wave impedance
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o

Fig. 2.2(a) Boundary Conditions on the Field Vectors

Z

at a Conductivity Interface (ol > 02)

P2

Fig. 2.2 (b)

Apparent Resistivity Profile for
"E Perpendicular" Polarization

P2

L

Fig. 2.2(c)

Apparent Resistivity Profile for
"H Perpendicular" Polarization
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increases above 1ts true 1sotroplc value when approaching
the contact from the more resistive side, and decreases when
approaching it from the conductive side.

However, for the "H perpendicular" polarization, there
is a smooth transition in wave impedance from one side of the
contact to the other, since both H, and E*are céntinuous.
(Strangway and Vozoff, 1967, and Madden and Swift, 1969). This

case is illustrated in Fig. 2.2(c).

2.3 The Polarization Ellipse

The primary field in the air approximately obeys a
Laplace type of equation (since k;irﬂsc7) and suffers little
change 1in phase from point to point. When inhomogeneities
(faults, shear zones, dikes, conductors) are present and a
secondary field exists, there is generally a phase difference
between the primary and secondary fields. In dip-angle
systems the recelver responds to the resultant of the primary
and secondary fields. With this in mind, we wlll consider
what happens when two vectors, alternating at the same
frequency (w) but having a relative phase difference, are
superimposed.

Consider the two vectors Em w+ and ?m (bt +¢) which
differ in phase by angle ¢ and in dilrection by any arbitrary
space angle. - If we take x and z coordinates in the plane of

the two vectors, the vectors can always be resolved into pailrs
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of rectangular components (see, for example, Grant and West,
p. 482). The two components in each direction can then be

summed to yleld a pair of orthogonal quantities:

X
2 = Hzm(wt*'ﬂ)

H*m(wt+¢x) A, tw wt +me(‘0f+¢)

N

n

lq%&oﬂ'wt + B.l.m(lv*"“P)

where X and Z are both functions of %, and Ky and Hy are constants.

Let & = @, - P,

_2(___. »c«a—(w't-l-d)Q
Hy
2 e (ot +5)
Hy
= e (01 44,) cm § = nin(lot +8,) oin §
= X ew § - X S
H, ;
i‘.. X mg —-_j_ p"kg
Hy Hy Hy

7\

Squaring both sides, we obtain:

LS

z’. - 9.. Z x - g + Xl
Hx Hy Hy Hy

This 1s an ellipse inclined to the horizontal (Heiland, p. 688)
as in Fig. 2.3.
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Fig. 2.3 The Polarization Ellipse

From Heiland (p. 689) Z»a 26 = 2 Hofly  coa §

Hx - Hy
Putting R= Ha | ~ Jfen 26 = AR <= §
Hy [~ R*
For &3 O, famn 26 = AR iy 2 fon ©
I~ R | ~ tan® 6
and so fon 6 = R = Ha
_ ™

From Heiland (p. 690), the lengths of the axes are given by:

x, b = 2 Ha Hy <in® S

W+ M 7 Al 0l oS 4 (- H)

Ll By o S

n

e+ b o (H-4y) \/1 PR TNYY:
(Hx‘”)
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2 2
since Fax® © + Hy <ot

N

"
5

H
(it -

AHy By s S fow §
oo T (MR e a0

"

Now al) b

k3

- H;‘Hi H'H% 1.'309-5 %‘5

2 (H,~H [(H*.}.H )Maej

- Ha-H, fom 26 tan §
X Ha + Hx
He - K

T Ale A O

Hy - fan' 26 fam §
& 1+R -
[- R

"

roe L6




—

=24

The ratlo of the lengths of the axes 1s given by:

kS

gk e Tt
- b

-

¢ 3
JiR + a9q 46
-

. e £ = ,(l—,w.aé) + Rz(l+mae)
(l+mae) + R? (/~Auae)

from which: R = e 26 (l+h‘) ~ (l-n‘)

ase 26 (1+1) + (1-2*)

(i) - (I-R) <20
(1+2) + (1-8) om 20

(!

For 9=O, R* = A n
]
R = r
For h= 0, R* = | » 20
) + o2 26
= ftemt 6

R = f 6
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Now R is the vertical secondary field divided by
the primary field plus the horizontal secondary field:

vertical secondary field

P
I=
w
n

Hy primary fleld + horizontal secondary field

A question to ask at this point is whether or not R can be

approximated by a quantity T, where:
T = 2+ fan o
T = ﬂ."i"tamxe
since r and fan © are in fact the two quantities which are

measured by the Geonics EM-16 (as will be seen later). It

so happens that R T is a very good approximation. Figure 2.4

shows the per cent error [ R-T X (oo"’-) when R is approximated
by T for various values ofRe and kA . The error involved in the
approximation is only significant when 6 and h are very large.
e.g. for &= 40° (tm\9= .8‘#) and h= 0.3, the error is only

slightly greater than 3%.
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CHAPTER IIT

THEORETICAL PROFILES OVER TWO-DIMENSIONAL
VERTICAL CONTACTS

3.1 Method

Equations (2-15), (2-23) and (2-24) constitute a
set of equations for Ey’ H,, and H, (provided that the
wavelength is much longer than the skin depth) for the "H
perpendicular" polarization. Swift (1967) and Madden and
Swift (1969) have numerically solved these equations using
a transmission network analogy, and more recently Slankis
(1970) has solved them using a somewhat similar technique.

Using a program developed by Slankis, and an IBM
360-65 digital computer, theoretical profiles have been
calculated over a two-dimensional vertical fault.

The effect of a fault was calculated for nine
combinations of resistivity on elther side of the fault, as
shown in Table 3-1. PR denotes the resistivity on that
side of the fault with the higher resistivity, while Pe

denotes the resistivity on the side of the fault with the

lower resistivity (i.e. the "more conductive" side of the fault).
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Pr . Po
(ohm meters) (ohm meters)
10° 10"
10° 103
10° 102
10" 103
10" 102
10° 10
103 102
103 10
102 10
TABLE 3-1 THE COMBINATIONS OF RESISTIVITY USED TO

CALCULATE THE EFFECT OF A VERTICAL FAULT

The effect of the fault was to be calculated for each
of these nine combinations at various frequencies, with
overburden of varying depth and resistivity. (The frequencies
selected were 10 Hz (the approximate frequency of telluric
current methods), 100 Hgz (representa@ive of AFMAG methods),
1,000 Hz (roughly the frequency used in conventional explor-
ation EM methods such as vertical loop and horizontal loop,
although these are not infinite source methods), and 10,000 Hz
(for VLF methods). Overburden resistivities of 1, 10, and
100 ohm meters were chosen, and depths of overburden were to

be 0.5, 1.5, 5, 15, 50, and 150 meters. Fortunately 1t 1s
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not necessary to calculate the effect of the fault using all
the combinations of frequency, overburden resistivity, and
overburden depth for each of the nine resistivity combinations.
(This would result in 648 separate cases, plus 36 more for the
case of no overburden).

Table 3-2 shows the skin depth (§) in meters for each
of the combinations of overburden resistivity (po) and
frequency mentioned above. Table 3-3 shows the ratio d4/¢
for the various combinations of overburden depth (d) and skin
depth (8) in the overburden. There are only eleven values of
d/8, the ratio of overburden depth to skin depth in the
overburden. Ratios of d/8 of 1/100 or less were not used,
since the skin depth is very much greater than the overburden

depth, and these cases are virtually the same as having no

OVERBURDEN RESISTIVITY

10m. 108m. 1008m.
10 Hz 150 m. 500 1500
g 100 Hz 50 150 500
?.; 1,000 Hz 15 50 150
& /10,000 Hz 5 15 50
TABLE 3-2 SKIN DEPTH IN METERS FOR COMBINATIONS OF

OVERBURDEN RESISTIVITY AND FREQUENCY
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§— 5 15 50 150 500 1500
13

0.5 1/10 1/30 1/100 | 1/300 | 171000 | 1/3000
1.5 1/3 1/10 1/30 1/100 | 1/300 | 1/100
5 1 1/3 1/10 1/30 1/100 | 1/300
15 3 1 1/3 1/10 1/30 1/100
50 10 3 1 1/3 1/10 1/30
150 30 10 3 1 1/3 1/10
TABLE 3-3  RATIOS OF OVERBURDEN DEPTH (d) TO SKIN DEPTH

overburden at all.

IN OVERBURDEN (§).

On the other hand, ratios of d/8 greater

than 1 were rejected, since 1t was consldered that overburden

more than one skin depth thick would attenuate most of the

downgoing energy of the wave before bedrock was reached, and

there would be no response whatsoever.

values of d4/8 (1/30, 1/10, 1/3, 1).

This left only four
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This means that only a few cases cover a wide range
of situations, and changing the thickness of the overburden
has the same effect as changing the frequency or resistivity.
The nine combinations of resistivity were used with a
combination of parameters that yielded the four ratios of
d/8 given above, (in this case, we used 5, 15, 50, and 150 m.
of 1 ohm m. overburden and a frequency of 10 Hz), resulting
in 36 theoretical profiles. By applyling scaling relations,
theoretical profiles over any of the other 648 cases could be
obtained. In additlon, theoretical profiles were obtained
for the 36 cases with no overburden (nine resistivity
combinations and four different frequencies).

The program calculates the ratio of the total vertical
secondary magnetic field to the primary horizontal magnetic
field (HZ/HX), the normalized value of the electric field (Ey),
the phase angle between Ey and Hx’ the phase angle between
HZ and Hx’ and the apparent resistivity along the profile

over the fault.

3.2 Results

A fault with a resistivity contrast of 1000:100 ohm
meters and a response at a frequency of 10 Hz is taken as a
representative example. The response in the absence of over-
burden (d/8 = 0) 1s compared to responses in the presence of
overburden. Values of the‘parameter a/6 = 1/30, 1/10, and 1/3

were obtained by using an overburden resistivity of 10 ohm
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meters and depths of 15, 50, and 150 ohm meters respectively.
(Obviously other combilnations of overburden resistivity and
depths could have been arbiltrarily selected to give the same
values for d/6). The response for d/8 = 1 was found to be
negligible (about 1%), and will not be examined.

In the following diagrams the fault is located at O,
and horizontal distances (in meters) are numbered right and
left of the fault without dilistinguishing a positive or
negative direction away from O. The block with the higher
resistivity is always to the left of 0.

Fig. 3.1 shows the profiles of apparent resistivity
over the fault. Remote from the fault, the apparent
resistivity 1s very nearly the true resistivity in the
absence of over burden (d/8 =0). In the vicinity of the fault,
there is a smooth transition between the two values of
resistivity on either side of the fault, (1000 ohm m. -100 ohm
m.) and the apparent resistivity contrast is the true resistiv-
ity contrast (10:1 in this case). However, the presence of
overburden lowers the apparent resistivity as well as the
apparent resistivity contrast. With 15 meters of 10 ohm m.
overburden (d/8 = 1/30), the apparent resistivity is down to
about 600 ohm m. on one side of the fault and about 90 ohm m.
on the other, resulting in an apparent resistivity contrast of
slightly less than 7 to 1. With 150 meters of 10 ohm m.

overburden (d/6 = 1/3), these apparent resistivities are about
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50 ohm m. and 25 ohm m, resulting in an apparent resistivity
contrast of only 2 to 1. These results lndicate that, in
the presence of overburden, the apparent resistivity contrast
will be less than the true resistivity contrast between the
bedrock on either side of the fault.

Fig. 3.2. shows the behaviqpr of the phase angle
between the horizontal electric (Ey) and horizontal magnetic
(Hx) fields for the same four cases. Remote from the fault
and on elther side of it, the phase angle 1s about U5 degrees
for d/8§ = 0. Approaching the fault on the more resistive
slde, the phase angle increases to slightly more than 55
degrees before it starts to decrease in the immediate
vielnity of the fault, until directly over the fault it is

once agaln 45 degrees. On the more conductive side of the

fault the phase angle continues to decrease to slightly less

than 40 degrees before it gradually increases again to assume
the value of 45 degrees remote from the fault. The presence
of overburden generally decreases the phase angle, (more so
on the resistive side), but also tends to smooth out the
profile over the fault. For 4/8 = 1/30, the phase angle is
about 35 degrees remote from the fault on the more resistive
side, and about 40 degrees on the more conductive side. When

d/8 = 1/3, the phase angle 1s about 12 degrees on the more

resistive side and about 25 degrees on the more conductilve side.

The latter profile shows almost a smooth transition between
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these two values when the fault is crossed. In general,
then, one can expect the phase angle in the vicinlty of a
fault to vary as previously descrlbed. Remote from the
fault, and in the presence of overburden, the phase angle
will be higher on the more conductive side.

The behaviour of the apparent resistivity and phase
angle (between the horizontal electric and magnetic fields)
will not be discussed in detail, since these are well known
from the magnetotellurlec method. In fact, the apparent
resistivity and the phase angle for almost any depth and
resistivity of overburden can be readily obtained from any
standard two layer magnetolluric curves. (See, for example,
Keller and Frischknecht p. 219-220). AHowever, the previous
examples serve to lllustrate the behaviour of these two
quantities 1n the presence of a vertical fault.

The effect of overburden upon the phase angle between
the vertical magnetic (HZ) and horizontal magnetic (Hx)
fields is shown in Fig. 3.3. In all cases the phase angle
is a minimum directly over the fault, and ilncreases almost
linearly on both sides of the fault as the distance from the

fault increases. However, the phase angle increases more

raplidly on the more conductive side of the fault. For d/8 = o,

(the case of no overburden) the phase angle 1s very nearly
zero over the fault. As the depth of overburden increases,

the shape of the phase angle curve changes only slightly, but
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the whole curve shifts upwards. When d/8 = 1/30, the phase
angle 1is about 12 degrees over the fault, while for 4/6 = 1/10
it is 32 degrees, and for d4/8 = 1/3 it is more than 60

degrees directly over the fault.

The behaviour of this phase angle is very important,
since 1t determines the nature of the in-phase and quadrature
response. The in-phase response is given by.Hz cos ¢ and that
of the quadrature by HZ sin ¢, where HZ is the total vertical
secondary fleld expressed as a percentage of the primary, and
¢ 1s the phase angle between HZ and Hx' Therefore, it is to
be expected that the in-phase response will decrease and the
quadrature.response will increase with increasing overburden.

Figs. 3.4 to 3.7 show the total field and the in-phase
and quadrature responses for the four cases under consideration.
For d/8 = 0 (Fig. 3.4), the total field response is an
asymmetric peak over the fault, with the peak being steeper on
the more conductive side of the fault. The in-phase response
resembles that of the total field very closely.

However, the quadrature response over the fault is
almost zero, since the phase angle is about zero. Initially,
the quadratqre increases away from the fault on both sides
(but reaches a maximum more rapidly on the conductive side),
then gradually falls off as the distance from the fault
increases. The quadrature response becomes greater than that

of the in-phase at some distance from the fault, since it falls
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off much more slowly. When d/8 = 1/30 (Flg. 3.5) the
quadrature response is much larger over the fault. It still
displays the characteristic minimum beneath the in-phase
peak, but this minimum now has a value of 12 per cent instead
of nearly zero. Directly over the fault, the in-phase
response has decreased from nearly 50 per cent (for d/8 = 0)
to about 35 per cent.

For d4/8 = 1/10 (Fig. 3.6) the in-phase and
quadrature responses have almost the same maghitude over the
fault; the in-phase response has a maximum value of about 14
per cent, while the quadrature response is about 10 per cent.
The quadrature 1s much broader than the in-phase, but still
displays a local minimum directly over the fault, although
the minimum is not as well marked as in the previous two
cases. The in-phase and quadrature still fall off more
raplidly on the more conductive side of the fault.

The in-phase and quadrature response are greatly
reduced when 4/8 = 1/3 (150 m. of overburden), and the
guadrature response is now greater than that of the in-phase
(Fig. 3.7). Both responses are in the shape of a rounded
peak centered over the fault, and the quadrature no longer
displays a local minimum at that point. The responses still
fall off more rapidly on the more conductive side of the fault.

Fig. 3.8 (a) shows the effect of increasing the

frequency from 10 Hz to 10,000 Hz over the same fault for
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d/8§ = 0. The reader 1s cautioned that uniformity of scale
has not been preserved from case to case, for the sake of
convenience. The in-phase and quadrature response have the
same magnitude over the fault at 10,000 Hz as at 10 Hz, but
the anomaly has greatly decreased in width. The total
half-width at 10,000 Hz is about 250 meters, compared to

3600 meters at 10 Hz. Increasing the frequency decreases the
skin depth, with the result that the response falls off much
more rapidly at high frequency.

Fig. 3.8 (b) shows the effect of increasing the é
resistivity contrast from 1,000:100 ohm meters to 10,000:100 ;
ohm meters (also at 10,000 Hz with no overburden). The ;
in-phase response has increased to more than 80 per cent,
and is much more skewed because of the higher resistivity '3
contrast. The quadrature response is also larger, but still
displays the local minimum over the fault. This minimum
seems to be sharper when the resistivity contrast is hilgher.

The above results are representative of the

e e e e et o

behaviour of the fleld components over a vertical fault and
may be summarized as follows:

1. The total fileld response 1ls an asymmetric peak
over the fault. The response falls off more rapidly on the
more conductive side of the fault. %

2. The in-phase component of the secondary vertical

magnetlc field is also an asymmetric peak over the fault, and j,
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falls off more rapldly on the more conductive side of the
fault.

3. The quadrature component displays a local minimum
over the fault. This minimum becomes less pronounced as the
depth of overburden increases. The quadrature response 1is
broader than that of the in-phase.

4, Both the in-phase and quadrature response
decrease as the depth of overburden increases. The quadrature
response becomes greater than that of the in-phase when the
overburden 1is more than about one-half a skin depth thick.

5. The in-phase and quadrature response increase with
increasing reslstivity contrast across the fault.

6. The width of the anomaly decreases with increasing

frequency, for a given resistivity contrast.

Flg. 3.9 shows the normalized values of the
horizontal magnetic field (HX) for the four different cases.
Hx starts to decrease as the fault 1s approached on the more
resistive slde, but increases in the immedilate vicinity of
the fault. Hx contlinues to lncrease as the fault 1s crossed,
and then falls off as the distance from the fault lncreases
on the conductive side, but does not become as low as 1t
orlglnally was on the more resistive. side of the fault. This
is best i1llustrated when d4/8 = O (no overburden), for the

effect becomes less pronounced as the depth of overburden
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increases. In general, then, we can expect the horizontal
magnetic field strength in the vicinity of a fault to vary
as previously described, but remote from the fault, it will
be higher on the more conductlve side.

Fig. 3.10 shows how the tangential component of the
electric fileld (Ey) changes over the fault. Remote from the
fault Ey assumes a constant value. However, Ey is greater
on the more resistive side of the fault than on the more
conductive side, and there 1s a smooth transition between the
two values as the fault is crossed. As the depth of over-
burden increases, thls transition becomes less pronounced,
(similar to apparent resistivity) and is barely perceptible
when d/8 = 1/3.

It is important to note that Ey is greater on the
more resistive side of the fault. This means that 1f the

fault 1is crossed going from the resistive medium toward the

more conductive medium, then aEz 1s negative. However, if
X
the fault is crossed going from the more conductive medium to
the resistive medium, then BEX is positive.
3%

From Section 2.2 (ii)

L?q’

~ipw Hx (2-23)

Q)|
N

ipw Hy (2-24)

| @
%] =
L}
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and so H oE

X aEy
2z
oE H .
This means that when y 1is negative, then "z is positive.
0x X
However, when 9E_ 1is positive, then ﬁg is negative.
L H
9Xx X

It is therefore important to keep the orientation of an
electromagnetic measuring system constant throughout the
course of a survey, for then it is possible to determine the
side of the contact which has the higher resistivity. For
an infinite source electromagnetic system with the measuring
colls kept 1ln a fixed orientation with respect to the source,
a fault (or contact) with the higher resistivity on the east
side will give exactly the opposite response (with respect to
sign) to a fault with the higher resistivity on the west side.
i.e. the in-phase, quadrature, and total field response will
have the same magnitude and same shape, but they will be
opposlte 1n sign in each of the two cases. With this fact

in view, now is a convenlient time to define the sign
convention which will be used in this investigation when a
dip angle measuring system (namely the VLF EM-16, to be

described later) is employed.

1l. On an east-west traverse, the operator will always

orient himself so that he is facing east (or as nearly so as
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possible, depending upon the azimuth to the transmitter) when
taking a measurement. Dip angles toward the east will be
recorded as positivé.

2. On a north-south traverse, the operator will
always orient himself so that he 1s facing north (or as nearly
so as possible) when taking a measurement. Dip angles toward

the north wlll be recorded as positive.

With this convention, a fault or contact with the
higher resistivity on the west (on an EQW traverse) or the
south (on an N-S profile) will give a positive response
(in-phase and quadrature, as well as total fileld Hz/Hx)’ and
a fault with the higher resistivity on the east or north will i
give a negative response. '
It must be noted that during this investigation the
total field will always be plotted as the absolute value of
the total field, and therefore wlll always appear positive.
Now 1is a convenlent time to digress to explain
briefly the response to be expected over a good conductor
such as a graphite shear, a massive sulfide body, or mansmade
features such as buried telephone cables, metalllc drain pilpes,
ete. Over the conductive zone Ey decreases, reaching a

minimum over the center of the zone (usually the axis of the
3E

conductive body). This means that Yy 1s negative as the
9x
conductive zone 1s approached; aEz = 0 directly over the
ox

center of the zone, and aEg 1s positive as the conductive

90X
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zone recedes. Using the sign conventlon already described,

this results in the famlliar cross-~over type response.

Approaching a conductor from the south (say, on a north~-south
traverse) the in-phase and quadrature are both positive,

reaching a maximum at some point before the axls of the
conductor is crossed. Directly over the axis of the

conductor the in-phase and quadrature will be zero (theoretically,
at least), while they will both become negative and attain a
negative maximum after the conductor axis has been crossed. On
the total field profile this will appear as two peaks side by

slde, separated by a sharp minimum directly over the conductor.

e b S et £r P et 4 1 € N s i an ke e e e ee s et e e e -

Of course, the wilidth and magnitude of the response are i
determined by the depth, size, and conductivity of the body.
i.e. a shallow, narrow body will produce a steep, sharp cross- %
over, while a wide body, buried deeper, will produce a wide
cross-~over with slow roll-off on both sides. For a further
discussion of cross-over responses, the reader is referred to
Paterson and Ronka (1969) or to Geonics Limited - "EM-16
Operating Manual".

The remaining results of the theoretical profiles
for two-dimensional contacts are presented in Figs.v3.ll and
3.12. In addition to d/8, there are two other parameters
which determine the nature of the response over a vertieal

contact.

These are Ker, the ratlo of the resistivity on the
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more conductive side of the fault to that on the more

resistive side (i.e. p./pg), and Koc, the ratio of the
overburden resilstivity to the resistivity on the more

conductive side of the fault (py/pg) -

There is no overburden for the case of d4/6 = 0, and
the only parameter which determines the amplitude of the
response is Ker. (i.e. a resistivity contrast of 1000:100 ohm
m. giveé a response of the same amplitude (although not the
same width) as a contrast of 10,000:1000 ohm m. Fig. 3.11
shows the total vertical secondary field (as a percentage of
the primary) as a function of log Ker.

The magnitude of the response ilncreases almost
linearly as the resistivity contrast increases. For a
resistivity contrast of 10:1 (Ker = 1/10) the vertical
secondary field has an amplitude of about 48 per cent over

the fault, while for a contrast of 1000:1 (Xecr = 1/1000) the

~amplitude is about 115 per cent.

Fig. 3.12 shows the amplitude of the total vertical
secondary field (in per cent) over a vertical fault when
overburden 1s present. The cases for d/6 = 1/30, 1/10, 1/3,
and 1 are shown and the results (some of which have been

mentioned already) may be summarized as follows:

1. The amplitude of the response decreases as the
ratio of overburden depth to skin depth (d/8) increases.
2. The amplitude increases as the resistivity contrast

between the two sides of the contact lncreases.
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3. The amplitude decreases as the resistivity
contrast between the overburden and the bedrock lncreases
(assuming that the overburden is less resistive than the ,

bedrock).

The amplitude of the response for many cases may be read
directly off the graphs of Fig. 3.12; e.g. at a frequency of

10,000 Hz, consider a contact between two rocks with

resistivities of 10,000 ohm m. and 1000 ohm m (Xer 1/10,
log Ker = =1) covered by 5 meters of 100 ohm m. overburden j

(/8 = 1/10, Koc = 1/10, log Koc = ~1). From the graph for

d/§ = 1/10, it can be seen that the amplitude of the response
wlll be very nearly 20 per cent. Now conslder the same
contact covered by 1.5 meters of 10 ohm m. overburden, so that
d/8 is still 1/10, but now Koe is 1/100 and log Koc 1s ~2.
The amplitude of the response 1s now slightly less than 10
per cent.

Tables 3-4 to 3-7 show the half-width of the anomaly
for the same four cases of d/§. The half-width 1s shown in
terms of skin depth in the more conductive medium (i.e. pC),
as this seemed to be the best way to summarize the results.
Therefore, in order.to.obtain the half-width of the anomaly
for a given case from the table, it is first necessary to
determine the skin depth in the medium on the more conductive
side of the fault (and not the skin depth in the overburden).

The results may be summarized as follows:
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1. For a glven resistivity contrast across the
fault (Ker) and a glven resistivity contrast between the
overburden and the more conductive side of the fault (Koc),
the anomaly becomes wider as the overburden becomes thinner.
(1.e. as d/8 decreases).

2. For a gilven resistivity contrast between the
overburden and the more conductive side of the fault (Koc)
and a given 4/8, the anomaly becomes wlder as the resistivity
contrast across the fault (Xecr) increases.

3. For a given Ker and a given d/6, the anomaly
becomes narrower as the resistivity contrast between the '

overburden and the more conductive side of the fault (Koec)

increases.

Using Tables 3-4 to 3-7 in conjunction with Fig. 3.12
allows one to determine the half-width, as well as the ampli-

tude of the response, for any case under consideration.
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Table 3-4
Half width of anomaly in terms of Skin Depths (76 ) in the more

conductive medium ( p¢) for 4/6 = 1/30
0 i 1 1

ass = 1/30

oc

Log K

-4 1 i 045

Log Kcr
Table 3=5

Half width of anomaly in terms of Skin Depths ( § ) in the more
conductive medium ( p¢) for 4/6 = 1/10
0 i i T

asé = 1/10

~ oc

Log Kcr

R s
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Table 3-6

more conductive medium (pc ) for d4/6 = 1/3

f T T
=1 1.6 1.7 1.6 -
-2+ 0.7 1.0 0.9 -
9]
o
M
o
S -3 0.6 0.4 -
-4 | | |
-4 -3 -2 -1 0
Log Kcr
Table 3-7

Half width of anomaly in terms of Skin Depths
more conductive medium (pc ) for 4/6=1

0 ! | |
-1 1.3 1.5 1.5 =
_2—- 0.4 0.6 OxG ——
0
0
'S
g _ -
S -3
-4 1 ] §
-4 -3 -2 -1
Log Kcr

da/¢

1/3

(6) is the

ass

[}

1
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CHAPTER IV

INSTRUMENTS

4,1 Geonics EM-16

Designed by Valno Ronka and manufactured by
Geonics Limited, the EM-16 is a Very Low Frequency (VLF)
receiver covering the frequency band (15 KHz-25KHz) of the
VLF transmltting statlons operating for navigation and for
communications with submarines. These transmltters use a
vertical dipole antenna, which produces a concentric horizontal
magnetic field (H¢) around them. When these primary magnetic
fields intersect conductive bodles in the ground, there will
be secondary filelds radiated from the bodles. Then the total
magnetic fleld in the vicinity of the conductor is the result-
ant of the primary field and the secondary field.

The recelver has two inputs, each with its own receiving
coll. One coil normally has a vertical axls while the other
is horizontal. The vertical axils receiving coil detects any
vertical signal present, while the signal from the horizontal
receiving coll, after an automatic signal phase shift of 90
degrees, 1s fed into a potentiometer in series with the vertical
coil. At each station the instrument 1s initially held
horizontal (i.e. the two colls are horizontal) and rotated in
azimuth for minimum signal, so that the reference coil

(horizontal coil) is aligned with the primary magnetic field.



The instrument is then rotated to vertical, malintaining the
horizontal or bottom cail in the primary field direction.

To take a readlng, the signal from the vertical coll
1s first minimized by tllting the instrument. The signal will
be a minimum when the vertical coil 1s at right angles to the
total magnetic field direction. The tangent of the filt angle
(angle o in Fig. 4.1) will then be the ratio of the vertical
real-component of the secondary magnetic field to the sum of
the primary horizontal field and the horizontal component of
the secondary field (See Fig. 4.1). If the horizontal component
of the secondary field is much smaller than the primary field
(and it usually i1s), then the tangent of the tilt angle (x100)
wlll be a good approximation of the vertlcal in-phase component
expressed as a percentage of the primary field (angle a/in
Fig. 4.1). The inclinometer dlal is calibrated both in degrees
and percentage.

The remalning slgnal in the vertical coil is then
balanced out by adjustment of the quadrature potentiometer to
provide a part of the signal from the horizontal coll which,
as mentloned, i1s shifted in phase by 90 degrees. The
potentiometer thus nulls the vertical quadrature signal in the
vertical coll circuit, and its dlal is also calibrated in
percentage markings. It should be noted that during a reading
the horizontal coll will be parallel to the total field.
Therefore 1t is a part of the total field, not just the primary

field, which 1s shifted 1in phase by 90 degrees. The out of
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phase reading 1s only an approximation (Q;) - but generally a
good approximation - of the quadrature vertical signal (QZ)
expressed as a percentage of the primary field.
‘There are several VLF transmltters which may be
detected by the EM-16 receiver in North America. Where j
possible, a statlon should be chosen so that the magnetic
field lines are approximately at right angles to the main
geological strlke in the survey area. Statlons are selected
by means of pre-tuned plug-in units. The instrument normally
contains two of these recelver units and an external switch

is provided for selectlon of one or the other. %

4,2 Westinghouse VLF Wave Impedance Meter ;

The apparatus used for measurling the wave lmpedance was
the C-602 VLF Wave Impedance Meter designed and manufactured by
the Westinghouse Georesearch Laboratory at Boulder, Colorado.
It uses the magnetotellurlc method of measuring the impedance
of an electromagnetic wave at the earth's surface in the
frequency range 10-60 KHz. The instrument has an antenna to
sense the tangentlal electric field (Er) and another to detect
the magnetic field (H¢) from the VLF transmitter belng used.
A null technique is employed to compare the phase and amplitude
of these two filelds at the earth's surface (See Fig. 4.2).

The magnetic field (H¢) is detected by a 26 turn air
core shlelded loop antenna 12~1/2 inches in diameter. The

loop circult, balanced to ground to reject the vertical
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electric field (EZ) from the VLF transmitter antenna, is
coupled into the input stage of the H channel amplifler

through a step up transformer. The amplifler provides a

stable galn and flat response over the desired frequency range.

The H¢ output from the amplifier is fed to a phase adjust

circuilt, which provides a means of introduclng phase lags in the

H channel to assure that the Er and H¢ channels differ in phase

by 180 degrees at the comparator input for all normally
encountered conductivities. The phase circult output is
coupled into one input of the comparator circult where it 1s
balanced agalnst the output voltage of the Er channel.

The tangential electric fileld (Er) 1s sensed by a

dipole antenna consisting of a palr of electrodes driven 1into

the earth. These are metal stakes spaced 10 meters apart and

fed to the inputs of a differential amplifler. The differ-
ential input provides common mode rejection so that only the
tangential component of the field (Er) is detected. The
single-ended output of the differential amplifier is fed into
a multiplier attenuator. The multiplier attenuates the E
signal in 20 dB steps to provide X10, X100, and X1000
multipliers for the wave impedance reading obtained from the
potentiometer of the comparator circuit.

The comparator circuilt employs a 10 turn linear
potentlometer, to balance the output of the H¢ circuit
against that of the Er cifcuit, calibrated to give a readout
of the wave impedance. With equal amplitude signals, 180

i
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degrees out of phase, the output will be zero. In any case,
the null céndition 1s indicated eilther by a palr of earphones
or a meter. .

The apparent conductivity of the ground is then
obtained from a graph of wave impedance (as read on the
comparator) vs. conductivity (for the particular frequency
being used). Thils graph 1s provided in the instrument manual,
and 1s shown in Appendix I.

The H channel may be used independently to determine
the amplitude of the incldent magnetic fileld (H¢). The
voltage induced 1n the loop by the magnetic field 1s measured
by a meter, which is calibrated 1in terms of the equivalent

vertical electric fleld. Thus, the readout is in volts/meter.
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CHAPTER V

FIELD WORK

5.1 Leitrim and Russell Ares
(1) Location and Description of .Faults Traversed

The Gloucester fault strikes approximately South-East
from Ottawa and has a strike length of roughly 30 miles. The
fault is a nearly vertical dip-slip fault which occurs in.
Precambrilian rocks and Paleozoic sediments up to Ordoviclan in
age. (See Figs. %.l and 5.2). To the North-East the block is
downthrown, while to the South-West 1t 1s displaced upwards.
The Oxford formatlon, consisting of dolomite and limestone,
has been uplifted to lile next to the Carlsbad formation, which
consists malnly of grey shale. South of Leltrim, the Nepean
formation (sandstone) and the March formation (sandstone and
sandy dolomite) also lie in contact with the Carlsbad formation.
A representative cross section 1s shown at the bottom of Fig.
6.6.

Further south, in the viecinity of Russell, several
minor faults run parallel to the Gloucester fault for distances
up to a few miles, with average distances of about two miles
and four miles east of the main structure (See Fig. 5.2).
Southeast of Russell a large block 6f Ottawa llimestone lies in
contact with the Carlsbad formation to the north, and the
Oxford, Rockeliffe, and St. Martin formations to the west.
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(11i) Description of Geologic Formations

The Nepean sandstone 1s mainly composed of coarse
quarti sand in a siliceous cement. Andrieux (1971) repofts
that wherever this formation outerops, its resistivity is of
the order of 1500-3000 ohm meters.

The March formation, lying between the Nepean
sandstone and the Oxford dolomite, is comprised of alternating
layers of sandstone and dolomite. This formation does not

appear as an electrical horizon (Andrieux) but depending on

its composition, is considered together with either the under-

lying or overlying formations.

The Oxford formation 1s a thick-bedded dolomite, which
sometimes changes to limestone. Andrleux found its resistivity
to be about 5,000 ohm meters.

The Ottawa formatlon is malnly limestone with some
layers of shale and sandstone, and Andrieux believes that its
reslstivity is from 2000 to 3000 ohm meters.

The Rockcliffe formation is composed of shale with
lenses of sandstones, while the St. Martin formation ceonsists
of limestone wlth some shale and dolomite. Although Andrieux
did not carry out any electrical measurements directly on the
outcrops of these two shaley formations, he concludes that they
exhiblt a relatively low resistivity, and may be counted as one
unlt as far as electrical properties are concerned.

The Carlsbad formation is malinly comprised of shale

with some limestone and dolomitic layers. It exhlbits a very low
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resistivity of about 85 ohm meters (Andrieux). The Russell
and Queenston shales are local events northwest of the
village of Russell, and have electrical properties almost

identical to the Carlsbad Shale.

(11ii) Field Procedure

A three mile length of the Gloucester fault was
surveyed in detail in the viclnity of Leltrim. Profiles were
spaced approximately 500 feet apart and were about one mile
long on the average (See Fig. 6.1). The traverse lines had a
strike of about ENE-WSW and the VLF transmitter selected for
the survey was Cutler, Malne. The strike of this station was
almost exactly due east of the survey area, and the station
itself was about 400 miles dlstant. Readings were taken
faeing north.

The intersection of Leltrim Road and Highway 31 was
taken as statlon 0+00 for this survey. Survey lines are
numbered north and south, and stations are numbered east and
west from this point.

Pace and compass techniques were used throughout the
survey, with aerial photographs providing excellent control
for plotting station locations. Remote from the fault a
station spacing of 200 feet was used, but approaching the

fault thils was decreased to 100 feet. Directly over the fault

‘and for several hundred feet on elther side of it, a 50 foot

station interval was used.
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The results were plotted in profile form. In-phase

and quadrature components were plotted on one profile, and

the total field (A/(IP)2 e (T ) response was plotted on
another,

Several profiles were also obtained by traverses with
the wave impedance apparatus. These were lines 20+00N,
10+00S, 41+508, 50+00S, and 60+50S. A station spacing similar
to that used with the EM~-16 was employed.

The lnvestigation was subsequeﬁtly extended further
south along the Gloucester fault, and to the mlnor faults in .
the Russell area. Profiles were arbiltrarily selected on the
basis of the geological map, but man-made structures also played
a role in the selectlon of a traverse in this area. High
voltage transmission lines and buried telephone cables posed a
particular problem. It was necessary to avold such features
(if they were close to the fault being surveyed) when choosing
traverse lines. Traverse lines were numbered numerically in
this area (See Fig. 5.2), and pace and compass techniques with
aerial photograph control were once again used. Wave

impedance traverses were conducted only along Line 2 and Line 6.

5.2 Noranda Area

Fig. 5.3 shows a general outline of the faults in the
Noranda area, where the Smoky Creek, Hunter Creek, and Lois
Lake faults were selected for investigation.

The Smoky Creek fault was readlly accessible only in
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the vicinity of Lac Flavlian, where granlite and granodlorite
appear on either side of the fault. (1.e. there appears to be
no change in lithology as the fault is crossed - Fig. 5.4).
Four traverses, selected on the basls of aerial photographs,
were conducted in this area. These are labelled as A-1 to A-4
on the figure. Pace and compass technliques were once again
used. The VLF station used was Cutler, Maine, which has an
azimuth of about 110 degrees from the survey area, making it
very nearly along strike of the Smoky Creek fault. Traverses
with the wave Impedance set were conducted along Lines A-1,
A-2, and A-3.

The Hunter Creek fault strlkes almost 90 degrees from
the Smoky Creek fault, and it was hoped that traverses would
be conducted across this fault using the VLF transmitter
located at Panama. Unfortunately the slgnal strength was too
weak to obtain EM-16 readings, and no traverses were conducted
across the Hunter Creek fault.

The Lois Lake fault (also known as the Lyndhurst fault)
strikes nearly East-West and 1s generally accessible in the
north central part of Duparquet township, about three miles
north of the town of Duparquet. Generally speaking, rhyolite
occurs on the north side of the fault while basalt and andesite
are found to the south. However, according to map no. B-935-N,
published by the Quebec Department of Natural Resources, the

rhyolite-basalt contact is not always coincident with the
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location of the fault .(See Fig. 5.5).

Fig. 5.5 shows the area investigated, along with the
INPUT anomalies revealed when Barringer Research conducted an
INPUT survey in the area in 1967. The INPUT anomalies, like

the AFMAG responses observed by Shaw, occur to the south of

the fault. Six VLF EM-16 traverses were conducted in this

area, again using the transmlitter at Cutler, Malne. A traverse

was conducted along Line C-1 solely to lnvestigate the INPUT

‘responses along this line. Lines C-2 and C-3 cross the

Lyndhurst fault (as it 1s mapped) and also cross the INPUT
anomalies to the south. Lines C-4, C-5 and C-6 are shorter
traverses (along clailm lines) and cross only the Lyndhurst

fault. Wave impedance results were obtalned on Lines C-1,

C-2 and C-3.
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CHAPTER VI

RESULTS OF FIELD WORK

6.1 Leiltrim Area
(i) Geonics EM-16 Profiles Across Gloucester Fault

Nearly all the profiles exhlbit an anomaly where thé
Gloucester fault is expected to occur. Thils anomaly consists
of a positive in-~phase and quadrature peak, wlth the latter
belng generally broader and flatter than fhat of the 1n-phase
(See Fig. 6.1). However, the quadrature component does not
always exhiblt a smooth peak over the fault. On many profiles
1t displays a somewhat lower value (i.e. a local minimum)
which generally colncides with the peak of the in~-phase
response. This is shown particularly well on lines 0400,
14400S and 40+508, but other profiles show this effect as well,

The total fleld proflles over the Gloucester fault show
single, well-pronounced peaks in most cases (See Fig, 6,2).
Generally these peaks are slightly asymmetric, having a
steeper slope on the eastern side.

These results 1indicate a contact with the more
resistive side to the west,

Several lines (35+00N, 27+50N, 20+00N, 144508, 55+00S,
77+008) exhibit a double peak rather than a single peak on
the total field proflles, A fence on line 35+00N greatly
distorts the profile near the fault, and this proflle should
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- not be consldered typlcal. The double peaks on the

remalinder of these lines are caused when the lnephase compon-
ent takes a negative dip before 1t becomes a posltlve peak
over the fault.

On lines 214008 to 65+50S inclusive there 1s a
distlinet anomaly parallel to the Gloucester fault but somewhat
more than 2000 feet to the east. The character of the anomaly
1s the same in all the profiles. The in~phase and quadrature
components both appeaf as a negatlve peak, with the quadrature
peak dlsplaced slightly to the west of the in-phase on several
of the profiles (notably on line 60+50S). Thls response is
exactly the opposite to that of the Gloucester fault, which
exhibilts positive ln-phase and quadrature peaks, The anomaly
appears as a dlstinct peak on the total field proflles. Once
agalin the peaks are generally asymmetric, but the steeper
slope 1s now on the western side, These results indlcate a
second contact to the east of the Gloucester fault, but now
the resistive slde of the contact is on the east., Thils contact
appears to terminate at line 65+50S,

There i1s a third anomaly somewhat to the east of the
one previously described, appearing on lines 32+00S to 60+508S.
This anomaly exhibits a positive in-phase and quadrature peak,
indlcating a contact wilth the resistive side on the west, The
quadrature peak on lines 32+00S to 45+00S 1s very broad, and

thls results in a broad peak on the total fileld proflles, In
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fact, the quadrature response seems to dominate that of the
in-phase on lines 40+508, 45+00S and 55+00S, On lines 40+50S
and 454008 there 1s a small Iin-phase peak, but this 1s about
500 feet to the west of the quadrature peak, whille on line
55+003 there 1s a quadrature peak only,

This third contact first appears on llne 32+00S about
1300 feet to the east of the second contact, but gradually
becomes closer to the second contact as one proceeds south.
On line 60+508 these two contacts are only about 800 feet
apart, and fhis results in a cross-~over type response on the
EM~16 in-phase and quadrature, since the negative peak of

the second contact 1s close to the positive peak of the third.

(11) Wave Impedance Profiles Across Gloucester Fault

Wave impedance (and hence conductivity) profiles were
obtained by traverses on lines 20+00N, 10+00S, 40+50S, 50+008
and 60+508, and all profiles indicate the location of the

Gloucester fault.

Only one feature 1s apparent on line 20+00N (Fig. 6.3),

this beilng a contact at about station 36+00W. The apparent
conductivity is about 3 x 10"3 mhos m."l to the west of the
contact, whlle to the east 1t lncreases to a maximum of

20 x 1073 mhos m.”t., The phase angle between the electric
and magnetic vectors increases from about 40 degrees on the
west side of the contact to about 55 degrees on the east slde.

This 1s 1n agreement wlth the theoretilcal proflles, which
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indicate that the phase angle (Eyaﬁxl should be higher on
the more conductive side, The shape of the phase angle profille
is also as 1t should be (Fig. 3.2). Approaching the contact
on the resistlive silde, the phase angle starts to 1lncrease
(about 41+00W), then decreases slightly in the immediate
vlieclnlty of the contact, and then lncreases &n the conductlve
slde. The horlzontal magnetic fleld strength remalns
essentially constant across the profile, The peak of the
total fleld EM~-16 proflle occurs at station 36+00W, in
excellent agreement wlth the locatlen of the contact as
indicated by the conductlvity profile,.

The conductlvity profile on line 10+00S (Fig, 6.4)
is very similar to that of 1line 10+00N, A contact 1s
indlcated at about station 15+00W, correlating very well with
the peak of the total fleld response of the EM-16 which occurs
at statlon 15+50W, The apparent conductivlty on the west side
of the contact ranges from 2 to 4 x 10™3 mhos m,”% on the
east slde. The phase angle varies somewhat on the west side
of the contact but has a mean value of about 40 degrees
compared to about 55 degrees on the opposite slde. The shape
of the phase angle 1s 1n general agreement with theoretical
proflles of Flg. 3.2. Once agailn the magnetic fleld strength
1s approximately constant for the length of the profile.

There are three contacts indicated by the

conductivity profile on line L40+50S (Fig. 6.5), these being
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at about stations 6+00E, 29+00E and U4L4+50E, These results
agailn correlate well with the EM-~16 total field results,
which show peaks at stations 5+50E, 29+00E and U44+00E, To
the west of the first cohtact (at about 6+00E) the apparen-
conductivity varies sllightly but has a mean value of about

3 x 10'3 mhos m.—l. Between thls contact and the one at
station 29+00E, the apparent conductlvity 1s about 15 x 1073
mhos m."1 making this contact simllar to those on the two
previous profiles. However, between the contacts at statlons
29+00E and 44+00E, the apparent conductivity decreases to

about 5 x 1073 mhos m.”L. East of the third contact it agaln

increases and attalns a value of about 22 x ILO"3 mhos m._l.
Thus there is a zone of low conductivity about 15000feet wilde
which occurs about 2300 feet east of the contact attributed
to the Gloucester fault,

The phase angle to the west of the Gloucester fault
is about 40 degrees. Between the Gléucester fault and the
first contact to the east of it, the phase angle varles consider-
ably but has a mean value of about 45 degrees. Over the sectionn
of low conductivity the phase angle between Ey and Hx is again
about 40 degrees, but this increases to about 55 degrees east
of the contact at statlon 49+00E. In general, then, the zones
of low conductlvlity have lower phase angles than the areas of

higher conductivity.
The magnetic field strength remains approximately
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constant across the profile, The dlscontlinulty 1n the

profile at station 2+00W occurs because 2+00W, 4+00W, and

6+00W were read on a day that the VLF transmitter was operating
at about one-half power (for routine maintenance). The
conductivity profile on line 50+00S (Fig. 6.6) 1s very

similar to that of line 404508, indilcating contacts at about
16+50E, 35+50E, and 50+00E. This i1s in good agreement with

the peaks of the total fleld profiles, which show these contacts
at 16+50E, 36+00E and 51+00E. To the west of the Gloucester
fault the apparent conductivity 1s about 3 x 10"'3 mhos m.'l.
Between the contacts at 16+50E and 35+50E the apparent {
conductivity has a mean value of about 15 x 10""3 mhos m."l, f
but the profile overshoots thls value on the conductiﬁe side

of each contact. The apparent conductlvlity ls about 5 x ZI.O"3

mhos m."l between the contacts at 35+50E and 50+00E, but east

of 50+00E the conductivity increases to more than 25 x 1073

mhos m.—l before it decreases to its mean value of about

20 x 1073 mhos m.”L.

The phase angle 1s about 35 degrees on the west side
of the Gloucester fault. Between the Gloucester fault and the
zone of low conductivity to the east of 1t, the phase angle
gradually lncreases from 35 degrees to a maximum of about 55
degrees Just west of the zone of low conductlvity. At the

contact of thls zone the phase angle suddenly decreases and

varies somewhat, but has a mean value of Just over 30 degrees.
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of this low conductivity zone, the phase lncreases
degrees.
horizontal magnetlic fleld strength remailns

constant.

conductivity profile of line 60+503 (Fig, 6.7)

conductlvity east of the fault 1s much narrower.

Contacts are indlcated at about 25+50E, 49+50E and 57+00E while ;

the EM-16 total fleld peaks occur at 24+50E, 48+00E and 56+00E,

West of the Gloucester fault, the apparent conductlvity 1s

about 3~-4 x

conductlvity varles conslderably. It Ilncreases to 19 x lO"3
mhos m.":L Just east of the contact, and then decreases to about
15 x 1073 mhos m.” T between stations 30+00E to 34+00E, and
then decreases stlll further to about 11-12 x 10'"3 mhos m.
between stations 36+00E and U43+00E. The apparent conductilvity
then increases suddenly to Just over 20 x 10"3 mhos mTl from

stations 45+00E to U48+00E, and then decreases over the zone of

1073 mhos m.”1. East of the fault the apparent

1

low conductivity. This zone 1s much narrower (about 750 feet

across) on this profile than on lines 40+50S and 50+00S. East |

of the zone of low conductivity the apparent conductlvity

inereases to about 21 x 1073 mhos m.” .

1

The phase angle 1s about 30 degrees on the west side of

the Gloucester fault. Between the Gloucester fault and the

zone of low conductivity the phase lncreases to about 50~55
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degrees but decreases to about 38-40 degrees over the zone of
low conductivity. East of this zoné the phase agaln increases
to more than 50 degrees. Theréfore, once agaln, the zones
of low conductlvity have lower phase angles assoclated with
them.

As in the previous cases, the horizontal magnetic

field strength 1s approximately constant throughoéut the profile.

(1ii) Discussion of Results

EM-16 responses which closely resemble those of thé
theoretical profiles in Section 3.2 are observed over the
Gloucester fault. This 1Indlcates that the contact is between
two blocks of different conductivity, and there is no
anomalous conductivity assoclated with the fault 1tself, as
i1s the case in a water-fllled shear or a graphlte shear.

The Gloucester fault in the Leitrim area 1s located by
EM-16 measurements very close to 1ts position shown on the
geological map. Filgure 5.1 shows the location of the fault
as Wilson (1946) determined it, and the location as it is
determined by the EM-16 survey. There 1is a little dilscrepancy
between the two, but generally the fault is wilthin 500 feet of
where Wilson mapped it.

The wave impedance traverses verified all the contacts

indicated by the EM~16. When determined by the two methods, the
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location of a contact generally agreed to withln 50 feet.

Since this 1s approxlmately the error inherent In the pace and
compass technique, thils can be regarded as excellent correlation.
The wave impedance traverses showed that the apparent conductive
ity over the Oxford formatlion west of the Gloucester fault was
about 3 millimhos/meter, whlle over the Carlsbad Shale to the east
of the fault 1t was about 15 millimhos/meter. These correspond

to resistivities of 333 ohm m. and 66 ohm m. respectively. It
must be remembered that these are apparent conductivitles (since

overburden is present), and do not represent the true conductiv-

ities of these formatlons.

The phase angle (between Ey and Hx) determined from the
wave Impedance traverses 1s higher on the more conductive side of i
the contacts, as expected from the theoretlcal profiles in Fig.
3.2. However, over the Gloucester fault, the phase angle does
not clearly show an increase in value as the fault is approached
from the west, a decrease as 1t ls crossed, then another increase !
on the conductive side to the east. There seems to be a trans- é
itlion between a low phase angle on the resistive slde of the
fault to a higher phase angle on the more conductlve slde. Thils
is probably due to the presence of overburden, but may also be
the result of multi-layering on both sides of the fault. The é
wave impedance apparatus used was not deslgned to study multi- :
layered structures. It employed a fixed electrode spacing and

a flxed frequency for lateral proflling, rather than for depth

probing.,
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The horizontal magnetic fleld strength proflles are not
very rellable in the Leltrim area. This 1is due to the fact
that sometimes the station (Cutler, Malne) was transmitting
a carrier wave (continuous signal) and sometlmes Morse code
(interrupted signal). When code 1s being transmitted, the
maximum deflectlon of the needle on the fleld strength meter
can only be guessed at and 1s usually too low. In additlon,
the statlon occaslonally operates on half power for maintenance
service, usually 12:00 P.M. to 2:00 P.M. on Wednesdays and
Thursdays, but other times as well. Nevertheless, there was
a continuous signal wilth the transmitter at full power over
most of line 50400S. This shows that the fleld strength is
slightly higher (Fig. 6.6) on the more conductive slde of the
Gloucester fault, and 1s a little lower over the resistive
block between 37+00E and 50+00E. This 1s in agreement with
the theoretical results. Thls 1s the only line on which the
fleld strength results may be consldered conslstent enough to
glve a rellable proflle, and 1t shows that there 1s very little
change in horizontal magnetlc fleld strength across the
Gloucester fault in the Leltrim area. Thils 1s probably due to the
presence of overburden.

The two anomalies east of the Gloucester fault are
interesting. These are fault type responses which lndicate
that a wide resilstive zone occurs 1n the Carlsbad shale, and

wave Impedous results confirm that thls 1s the case. They
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cannot be explalned by a bump or hill in the bedrock
(resulting in an area of very thin overburden), since the
bedrock 1s the Carlsbad shale which exhlbits a very low
resistivity (about 85 ohm meters). Posslbly there are two
faults which have resulted In a resistive block of rock

beilng uplifted into the Carlsbad shale. A likely explanation
for thils reslstive block 1s the Ottawa llimestone, since this
formation (which occurs below the Carlsbad and Billings shales)
1s seen to outcrop north~west of Leltrim, It 1s not unlikely,
then, that this formation 1s in contact with the Carlsbad
formation 1n other locatlons, and this would certainly account
for the EM~-16 and magnetotelluric results. However, this is

only a speculative Interpretation at best.

6.2 Russell Area

Figures 6.8 ~ 6.39 show the profiles obtained by
traverses in the Russell area. These profilles may be located
on the map of Fig. 5.2. Most profililes in this area start and
finish on a road, and an anomaly at the end of a profile is
due to a power line, unless otherwlse explained. The in-phase
(solid line) and quadrature response (broken line) appear
together at the top of the figure, while the total field
appears at the bottom. Uniformity of scale has not been

preserved on several of these profiles, for the sake of

convenience.

3
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(1) Geonics EM-16 and Wave Impedance Profiles

Profiles were obtalned by traverses on Lines 1-14
with the hope of delineating the Gloucester fault further
along strike to the south-east.
Line 1

A buried telephone cable at station 16+90E accounts for
the sharp peak of hlgh amplitude at 17+00E. There is a much
smaller anomaly at station 3+00E exhliblting a slight in-phase
peak, indicating a contact with the higher reslistivlity on the
west side. This 1s possibly the contact betweén the Oxford
dolomite and the Carlsbad shale but, 1f so, it 1s about 1000 feet
to the west of this cbntact as shown by the fault on the

geological map.

Line 2

A contact type response occurs in the vieinity of
station 10400E. This 1s a small in-phase peak with a smaller
quadrature peak, indicating a contact at 9+50E with the higher
conductivity on the east side. The total field profille shows a
distinet peak at 9+50E, although 1t has a relatlively small
amplitude. Wave impedance results confirm the existence of a
contact at this point. West of the contact the apparent
conductivity 1s about 15 x 21.0—3 mhos m.—l. Between stations
84+00E and 12+00E the apparent conductivity increases from about
13 x 10"3 mhos/meter to slightly more than 40 x 10-3 mhos/meter
(an apparent resistivity of only 25 ohm meters). The apparent

conductlivity then rapidly decreases to about 25 x 10"3 mhos/meter
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at station l6+OOE._ The phase varies slightly, but is.between
20 and 30 degrees on elther side of the contact. It 1s not
known why the phase angle does not change value across the
contact in this particular case. The phase decreases rapidly
from more than 40 degrees to about 20 degrees at the west end
of the profile, but this is possibly due to interferénce from
the overhead power line at 0+20E. The horizontal magnetic
field strength increases on the more conductive side of the
contact. West of the contact (on the more resistive side) it
has an equivalent electrical field strength of about 11
millivolts/meter, while,on the more conductive side of the
contact, this value increases to about 19 millivolts/meter.
This is in agreement with the theoretical results of Section 3.2
which indicate that the field strength should be higher on the
more conductlve side of the contact.

There 1s little doubt that this contact 1s that between
the Oxford dolomite and the Carlsbad shale, although it is
about 900 feet west of where the fault is shown on the mab. The
apparent conductlivities on either side of the contact are
higher than in the Leitrim area, possibly because the overburden
is somewhat thicker on this profile. This could also be the

reason that the amplitude of the EM-16 response over the contact

is quite low.
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Line 3

The sharp cross-over at statlion 30+50W occurs right
over a ditch, and there 1s probably a metal drainage pipe
running along the ditch, since the response lndicated a good,
shallow, narrow conductor.

There is a very broad in~phase peak at station 48+00W.
This seems to indicate a contact at that point with the higher
resistivity to the west. Once again thls 1s probably the
contact between the Oxford dolomite and the Carlsbad shale,
but about 1200 feet to the west of where 1t 1s shown on the
geological map. It is not known why thils response is much

broader than any other over this contact.

Line 4

A response occurs which again indicates a contact with
the higher conductivity to the east. There is a positive
in-phase and quadrature peak, but the quadrature peak 1is
displaced about 200 feet east of that of the in-phase. 1In
addition, the quadrature shows a local minimum beneath the
in-phase peak. Since the in-phase and quadrature peaks do not
coincide, the total field response shows a slight depression at
its peak. In this case, the contact does not occur at the peak
of the total field profile, but at the in-phase peak and local
minimum of the quadrature. The in-phase response is quite large
and very noisy for a distance of about 1000 feet Just to the

west of the contact. The overburden 1s extremely thin (one
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foot or less) in thils area, and the 0xford formation outecrops
frequently between 25+00E and 35+00E. Since the Oxford
dolomite has a relatively high resistivity (about 5000 ohm
meters), and is very close to surface, a wlde response 1s to
be expected on the more resistive slde of the contact. The
contact 1s that between the Oxford dolomite and the Carlsbad
(or Queenston) shale, but it is about 500 feet west of where
the fault 1s shown on the map.

The sharp cross-over at U42+00E is caused by a buriled
telephone cable, and this distorts the east side of the

quadrature response over the contact.

Line 5

The sharp cross-over at 14+40W is caused by a buried
telephone cable. V

There 1s a contact type response at 22+00W similar to
that of the previous line. The in-phase and quadrature
response are both a positive peak, but the quadrature peak is
displaced about 250 feet to the east of that of the in-phase
(resulting in a wide, flat peak on the total field profile).
The quadrature again displays a local minimum beneath the
in—phase peak. The contact is that between the Oxford dolomite
and the Queenston shale, but about 800 feet west of where iﬁ

is shown on the map.
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Line 6

A burled telephone cable cauges the cross~over at
124+50W. The in-~phase and quadrature responses over the
contact are quite similar to those of the previous two
profiles. The in-phase response 1s very broad on the west
side of the contact, which occurs at about 19+50W, and the
quadrature peak 1s once agaln displaced about 200 feet to the
east of the in-phase peak. The total fleld response 1ls very
broad, but peaks at about 19+50W. The peak is very asymmetric,
being much steeper on the eastern side of the contact (the
more conductive side). As already mentioned, the‘response is
very broad on the west side of the contact. The Oxford
formation outcrops frequently between stations 32+00W to 40+00W,
as the overburden 1s shallow in this region. The overburden
seemed to be considerably deeper at the east end of the
profile.

A traverse was conducted along Line 6 with the wave
impedance apparatus and the results confirm the sdspicion that
the resistivity is considerably higher to the west of the
contact. The conductivity profile indicates a contact at
station 19+00W, coincident with the peak EM-16 response. West
of the contact, the apparent conductivity is very low, roughly
1 to 2 x 10—3 mhos/meter, but occasionally even less than that.
The apparent fesistivity 1s therefore about 500 ohm meters to

slightly more than 1000 ohm meters. This 1s to be expected,
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in view of the fact that the Oxford dolomite is very close to
surface. East of the contact the apparent conductivity 1s
slightly higher than 20 x 10™3 mhos/meter, although there
seems to be a block of more resistlve material between
stations 11+00W to 15+00W. A readling showing a very high
conductivlity directly over the telephone cable near 12+00W has
been ignored. Readings 100 feet or more away from the
telephone cable have been considered rellable,

The phase seems to vary considerably. East of the
contact it is about 40 degrees, while over the more resistive
block (just east of the contact) it increases to about 45
degrees. Over the contact, the phase decreases to about 30
degrees, where it remains for a space of about 800 feet before
suddenly increasing to about 50 degrees, continuing at this
level for the rest of the profile. This phase angle curve
somewhat resembles that in Filg. 3.2 for the case d4/8 = 0. This
1s not surprising, since there is very little overburden in the
area of this profile. However, it is not known why the phase
angle is so low (about 30 degrees) for a few hundred feet on
either side of the contact.

The horizontal magnetic field strength has an
equivalent value of 10-11 millivolts/meter throughout the
proflle, except in the vicinity of the contact where 1t appears
to increase to about 13 millivolts/meter. j

The contact seen here 1s between the Oxford dolomite
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and the Queenston shale, about 800 feet west of where it

has been mapped.

Line 7

The very large, sharp cross—over at 20+75E 1s caused
by a buried telephone cable.

There is a contact type response to the east of the
response cauéed by the telephone cable. There is a distinct
in-phase peak with a relatively high amplitude, and a
quadrature peak with smaller amplltude displaced about 150
feet to the east. The west slide of the response 1s distorted
by the presence of the telephone cable, and it is impossible
to say how broad the response would have been in the absence
of the cable. The total fleld response shows a well-defined
peak over the contact.

Thils 1is once again the contact between the Oxford
dolomite and the Queenston shale, and is only 300 feet west of

where the Gloucester fault is shown on the map.

Line 8

The response on Line 8 is almost identical with that
on Line 7. The very sharp cross-over at 24+25E is again due
to a buried telephone cable. (The same one that appears on all
the previous responses). At station 29+00E there is a positive

in-phase peak with a smaller quadrature peak 50 feet to the east.
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The total field profile shows an asymmetric peak with the

steeper slopé on the east slde, as expected, since the higher
conductivity 1s on the east side of the contact. The contact
is again that between the Oxford dolomite and Queenston shale,

and is 200 feet west of where the Gloucester fault has been

mapped.

Line 9
Apart from a buried telephone cable at station 28+25W,

there are no other features on thils profile.

Line 10

There 1s a broad, negative Iln-phase peak and a small
positive quadrature peak at station 14+00W. This results in
a broad, asymmetrical total fleld peak, with the steeper slope
on the west side, indicating a contact with the more conductive
side on the west. This contact occurs about 500 feet east of
where the Gloucester fault is shown on the map.

There i1s a broad, positive in-phase peak at station
31+00w, but the quadrature component beneath the peak remains
almost flat. The 1ln-phase component is distorted somewhat by
a drainage pipe at station 26+00E, which causes a small cross-
over at that point. The total field peak is broad and appears
to be asymmetrical, with the steeper slope on the east side, but

the drainage pipe distorts the east side of the peak.
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This indicates a contact wlth the more conductive side
on the east, but this contact is about 1200 feet west of where
the fault is located on the map.

These two peaks are somewhat simllar to those seen on
lines 37+00S to 604508 in the Leitrim area. The contact at
31+00W is possibly the contact between the Oxford dolomite and
the Ottawa limestone, but the contact at 14+00W is unexplained.

A buried telephone cable causes the cross~over at

station 39+50W. ;

Line 11

There 1s possibly a negatlve in-phase anomaly at
station 13+00W. It is temptlng to regard thls as an
expression of a contact 1n the light of the negative anomaly
seen on Line 10, and the one which will be seen on Line 12.
Unfortunately, it 1s only a one station anomaly (and a very
small one, at that), and is.probably only a variation in the

background response.

Line 12
There 1is a small negative in-phase and quadrature
anomaly at station 13+00W, which results ln a small but
distinct peak on the total fleld profile. This 1is possibly
a contact and, if so, it is about 600 feet east of where the

Gloucester fault 1s shown on the map. Thils contact seems to
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correlate with the one at station 14+00W on Line 10, since

it has the more conductive slde on the west.

Line 13

The cross-over at station 39+30W 1s right at a fence,
and possibly there 1s a drainagé pipe running along beslde the

fence. This 1s the only feature on the profile.

Line 14

A fence causes a slight response at station 24+400E.
There is a drainage ditch at 37+90E, and it probably has a
metal plpe running along 1ts length to account for the cross~

over at that point. There are no other promlnent features on

the line.

Slightly to the north-west of Russeil, another fault
appears about two to three miles east of the Gloucester fault
(See. Fig. 5.2). This fault runs parallel to the Gloucester
fault until both of them are lost in the Ottawa limestone
about sixteen to eighteen miles to the south-east. There 1is
very little outcrop in this area, and profiles were conducted

along Lines 15 to 18 with the hope of detecting this fault.

Line 15
The anomaly at statlon 29+00W is caused by a fence at

28+85E.
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There is a broad, positive quadrature response which
peaks at about 22+50W. Unfortunately the in-phase response is
distorted by a fence at 23+60W, and exhlbits a cross-over at
that point. The in-phase displays a positive peak at station
21+00W, but the west side of thils response 1s distorted by the

fence. This results in a broad peak on the total field response.

A contact 1s Indicated with the higher resistivity on the west.
This is probably the contact between the Oxford dolomite and
the St. Martin shale, as indicated by the fault on the map. It
appears that this coﬂtact occurs somewhere between statlions

214+00W to 22+50W, although the in-phase response is distorted

somewhat.

Line 16

Apart from the power lines at 38+15W, there are no
definite anomalies on this profile. At station 20400W.where
the contact between the Rockecliffe shale and Ottawa limestone
is expected to occur, there 1s a very slight bump on the In-
phase and quadrature components but this is an extremely minor
response., In additlon, the‘conductivity of the Rockeliffe
shale is greater than that of the Ottawa limestone, and a

negative response would be expected.

Line 17
The anomaly at station 10+00E i1s caused by a fence.
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The in-phase response displays a negative peak at
station 24+00E. The quadrature response 1s also negative, but
it shows a local maximum at 24+00E. This response indicates
a contact with the higher resistivity on the east, and this is
probably the contact between the St. Martin shale and the
Ottawa limestone, as indicated by the geological map. The
total field response exhibits an almost symmetrical peak at
24400E, making it impossible to determine which side of the
contact has the higher resistivity solely on the basis of the
total field response. The in-phase component diéplays a small
poslitive "shoulder" on elther side of the negative peak, but
the significance of this is not clear.

The large anomaly at the east end of the proflle is

‘caused by a power line at 39+90E.

Line 18

The response on this profile is quite similar to that
of the previous line. The in-phase component displays a
negative peak at station 27+00W while the quadrature component
is slightly negative, but almost flat in the vieinity of the
in-phase anomaly. The quadrature does, however, show a slight
local maximum directly over the in-phase peak. This response
indicates a contact with the higher resistivity on the east.
Although the geological map shows the Ottawa limestone on

elther side of the fault, the more conductive St. Martin shale
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is closer to the surface on the west side of the fault, and
the apparent resistivity on that side of the contact can be
expected to be lower. The response 1ls, therefore, the
expected one. The total fleld proflle, therefore, exhibits a
single peak over the fault. Once again the total fleld peak
is quite symmetrical, making 1t Ilmpossible to determine the
nature of the contact without looking at the ln~phase and
quadrature components separately.

Approximately four mlles to the east of Russell, }
another fault 1s shown parallel to the two faults already
described. This fault oceurs in the Ottawa limestone and 1s
about six miles in length. 1In spite of the fact that the same
formation (Ottawa limestone) occurs on either side of the fault,
profiles were conducted along Lines 19 to 22 to determine if i

this contact could be detected. i

Line 19

There is no anomalous response on this profile,

Line 20
An overhead power line at 35+20W accounts for the very
sharp cross-over of hlgh amplitude at that station. There is

no other response on the profile.
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Line 21

There 1s a broad, low amplitude in-~phase and
quadrature response in the form of a negative bump centered
at about 21+00E, resulting in a broad bump on the total field
profile. This response seems to indicate a contact with the
higher resistivity on the east. Since it is a low amplitude
response, the conductivity contrast between the two sides of
the contact cannot be large, although there are at least
several feet of overburden in the vicinity of the profile. This
is possibly the fault indicated on the geologlcal map. Since
the St. Martin shale is closer tb surface on the west side of
the fault, the apparent resistivity of the Ottawa limestone can
be expected to be lower on that side. If this is the case, then

the response obtained is to be expected.

Line 22

There 1s a very broad ln-phase response of fairly high
amplitude at the west end of the profile. This response is in
the form of two positive peaks, one at 50+00W, and a smaller one
at 56+00W. The quadrature component displays a broad peak of
low amplitude at about 45+00W, and a smaller one at about 53+00W.
The total field response therefore exh;bits two peaks, one at

50400W, and the other at 56+00W. This response seems to indicate

a contact (or perhaps even two) with the higher resistivity on the

west slde of the contact. The location of the fault shown on the
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map 1is slightly more than one-half mile to the east. 1In
addition, a small negative anomaly (if any) is to be expected
over the fault. The obtailned response is in the middle of an
open field covered by, at least, several feet of overburden
(and possibly much more). There are no power lines or buried
telephone cables 1in the viecinity, and fences are remote enough
to have no influence on the response. The response, therefore,
seems to be valid. If this is the case, there is a contact
present which is not shown on the map. There 1s-no indication
of a similar contact on Lines 19 to 21, but profiles might be
conducted parallel to Line 22 and about 500 feet to the north
and south of it to see if a contact is 1in evidence. It is:
possible that this is only a loéal feature.

About two miles to the west of Russell, a fault is
shown which strikes roughly south-west to north-east. (i.e.
perpendicular to the Gloucester fault). This fault passes
about a mile north of Russell, and Wilson assumes it continues
indefinitely to the north-east, although the area is covered
with a heavy mantle of overburden. West of Russell, this
fault separates the Oxford dolomite from the Queenstone shale,
while east of Russell the contact 1s between the dttawa
limestone and the Carlsbad shale. Near the west end of this
fault, a smaller fault (about a mile in length) is shown

branching off to the south-west. This results in a downthrown,
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triangular block of Ottawa limestone between the Oxford

' dolomite and the Queenston shale.

Profiles were conducted along Lines 23 to 29 in

order to delineate this system of faults.

Line 23

The large, sharp cross-over at 9+60N is caused by a
buried telephone cable.

An unusual response occurs between 13+00N to 15+00N.
The in-phase component 1s in the shape of a negative, sharp
asymmetrical peak, while the quadrature component, although
also negative, 1s almost a mirror image of the ln-phase.
This response occurs very near a small stream (about 60 to 65
feet wide and only 2 to 3 feet deep) which is located at
14+485N to 15+50N on the proflle. As the stream is crossed
(from south to north) the in-phase component becomes positive
(giving the appearance of a false cross-over) while the
quadrature becomes negative. Thils results in a total fleld
profile which looks like a typlcal cross-over response. 1l.e.
a sharp minimum between two peaks, although the southern peak
(corresponding to the large negative ln-phase value) has a
much higher amplitude than the one to the north. The minimum
of the total field profile is directly over the stream.
(Similar responses will be encountered later, and will be

discussed at that time.)
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A definlte fault type response occurs 1ln the
vicinity of statlion 20+00N. The in-phase component is quite
noisy in this vicinity, but the quadrature response seems
undistorted. The quadrature component displays a positive,
nearly symmetrical peak at 20+50N, while the ln-phase also
shows a peak at this location, but of smaller amplitude. A
cross-over in the in-phase occurs at 21+50N, but the reason
for this is not clear. Both components are distorted by a
fence at 24+00N. The total field response is a single peak at
station 20+50N. This peak appears to have a steeper slope on
the north side, although it is distorted somewhat on that side.
The response indicates a contact with the more conductive side
on the north, and it coincides almost exactly with the fault

shown on the map. This contact 1s undoubtedly that between

'the Ottawa limestone and the Queenston shale. A few outcrops

can be found in this area, particularly along the stream, and

Wilson no doubt determined the positlon of the fault from these.

There is no response to indicate the presence of the
smaller fault tp the south, separating the Oxford dolomite and
the Ottawa limestone. However, this fault 1s shown close to
the road at the beginning of the profile, and, if it is present,
its response (if any) could be lost due to the interference

from the power line.
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Line 24

A response similar to the unusual anomaly obtained
on Line 23 is observed between stations 3+00N to 6+00N. The
in-phase component is a very sharp, negative peak while the
quadrature component is a sharp, positive peak, being almost
a mirror image of the in-phase. There is a stream (the same
one which crosses Line 23) between stations U4+75N and 5+50N.
As on Line 23, the in-phase component becomes positive and
the quadrature negative as the stream 1s crossed (from south
to north). Thils gives the appearance of a false cross-over on
the in-phase. The total fleld proflle again shows a minimum
over the stream. This response coincides with the smaller
fault shown by Wilson. However, the response that would be
expected over this fault 1s a positive peak similar to the
many others already observed, since the contact is between the
highly resistive Oxford dolomite and the less resistive Ottawa
limestone. This response_is not typical of a fault (or a
conductor either, for that matter) and it is assumed that it
is not due to the fault shown by Wilson. Since this type of
response seems to occur in the proximity of a stream, it will
be called a "stream response". It will be discussed later
in some detail.

A fault type response occurs in the vieinity of

station 9+50N. The in-phase and quadrature components are
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both in the shape of a peak, with the in-phase having a
slightly higher amplitude than the quadrature. A fence at
11+75N causes a very strong cross-over, and this interferes
with the response on the north side of the contact. The
total field response is a Well—defined peak at 9+50N. It
appears to be almost symmetrical, but 1s distorted on the
north side by the fence. This indicates a contact at 9+50N
with the more resistive side on the south. It 1s proﬁably
the contact between Ottawa limestone and Queenston shale, -
although it is nearly 500 feet south of where it is shown on
the map. There are fewer outcrops as one proceeds east, except
along the rilver, making 1t more difficulf to determine accurate-
lyithe position of the fault. |

The profile crosses the north branch of the Castor
River between 12+25N and 13+00N. There appears to be a stream
type response associated with the river, although fences at
11+75N and 12+00N distort the in-phase and quadrature response
just to the south of the river. However, the sharp,>negative
in-phase peak and the sharp, positive quadrature peak are
present. It i1s interesting to note that the.quadrature shows a
false cross-over across the fence at 11+75N, and possibly this
is due to the response from the stream. The total field
profile indicates the cross-over at 11+75N. An overhead
power line at 15+00N greatly distorts the response to the north

of the river. The in-phase and quadrature qulickly become

B
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positive, and at 14+50N the in-phase component is right off
the positive end of the scale. The response over the river is

therefore greatly distorted, and cannot be considered rellable.

Line 25

The large, narrow.anqmaly at station 3+00N is caused
by a fence at 3+05N. The remainder of the profile shows no
anomalies, although the in-phase and quadrature components are
a little noisy. If the faults are located where they are shown

on the map, they have not been detected.

Line 26

The profile crosses the north branch of the Castor
River between 3+50S and 4+50S. There is a distinct response
which 1s spatlally associated with the river, but it does not
resemble the stream responses already observed. The in-phase
component shows a falrly sharp peak on the north bank of the
river (3+508) while the quadrature shows a depressed value at
that point. On the south bank of the river (4+50S) the quad-
rature shows a positive peak while the in-phase displays a
negative value. This results in a relatively small peak over
the river on the total field profile. Unfortunately, no
reading was possible at 44008 (in the middle of the river).
Possibly this may have shown a large negative value for the
in-phase component, and a high positive value for the quad-

rature, similar to previous stream responses. In any event,
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~there 1s definitely a response associated with the river.

This response 1is distorted to the north by overhead power lines
at 0+60S; no reading was possible at 0+50S because of power
line interference.

The small cross-over at 20+50N is caused by a fence at
that location.

The anomaly at 30400N is caused by a fence at 29+75N.

The high in-phase and quadrature values at station

'32+00N are caused by some man-made structure. The azimuth to

Cutler, Maine 1s distorted by about 20 degrees at this station
(i.e. the instrument points east-south-east instead of east
when the direction to the station is determined). This is
usually indicative of a buried plpe or telephone cable,
although there were no markers to indicate a telephone cable.
There 1s probably a metal drain pipe in the ground.

For the most part, the in-phase and quadrature compon-
ents are generally noisy on this profile.

There is no indication of the fault shown on the map.

Line 27
The very high in-phase values at station 3+00N and

L+00N are caused by fences at 3+12N and 4+10N respectively.
These readings should have been taken further away from the

fences to avoid distortion of the response.

The small in-phase cross-over at 32+25N occurs over

s i e e
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a drainage diteh, and there is possibly a metal drain pipe
running along the ditch.

There is no indlcation of a fault anywhere on the

profile.

Line 28
The response on this profile is almost completely flat,

with no anomalies at all.

Line 29
This response is also completely flat. If the fault

shown on the map 1s correctly located, it has not been detected
on any of the proflles on Lines 25 to 29. The area around these
profiles is completely covered with overburden.

Profiles were obtalned on Lines 30 to 32 in order to
further investlgateathe so-called stream response. These three

traverses cross the Castor River in the vicinity of Russell.

Line 30

The very sharp cross-over of extremely high amplitude
at 19+25S is caused by;a fence. This is a very strong response
for a fence, and it is not known why this particular fence
(apparently quite ordinéry), glves such a response. Overhead
power lines at 1+10S and 0+20N account for the large cross-

overs at those locations, while a fence at 9+50N gives yet
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another strong cross-over.
The profile crosses the Castor River between 25+00N
and 26+25N. Unfortunately, an overhead telephone line at
27+00N and overhead power lines at 28+00N both give a strong
response and their influence 1s seen immediately at station
26+50N, which shows large positive values for both the in-phase
and quadrature. At 25+00N, the In-phase 1s negative, and the
quadrature positive (similar to previous stream responses), but
these readings cannot be consldered relliable. There may or may

not be a response associlated with the river.

Line 31

The large, sharp cross-over at41+75N is caused by a
buried telephone cable. A power line at 10+00N causes the
anomaly in the vicinity of that station. (It was impossible to
get a reading near 10+00N because of power line interference,
and that is the reason for the gap in the profile).

The profile crosses the Castor River between 18+50N and
20+00N, and a response similar to those observed previously
dccurs. The in-phase component shows a negative peak at the
south bank of the river, while the gquadrature displays a
positive peak. As the river is crossed from south to north,
the in-phase becomes positive and the quadrature decreases,
until 50 feet north of the north bank, the in-phase shows a

positive peak and the quadrature is depressed. A false cross-
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over occurs Iln the in-phase component at the north bank of
the river. This results 1n a total field response which dis-
plays a minimum value between two peaks. 1In this case the
minimum occurs over the north bank of the river, while in two

previous cases 1t occurred over the river ltself.

An overhead power line causes the cross-over at 23+25N.

There 1s a fault or contact type response at 30+00N.
The in-phase and quadrature both display a positive peak, with
the quadrature response being somewhat broader and having a
higher amplitude than that of the in-phase. This indicates a
contact with the higher conductivity on the north side. This
1s possibly the contact between the Ottawa limestone and the

Carlsbad shale, although the fault is shown about 1500 feet to

the north.

Line 32
The cross-over at station 9+50N 1s caused by a fence.
The Castor River crosses the traverse line between
15+50N and 15+80N and shows a response quite similar to the
previous streams. The in-phase component shows a large
negative peak at the south bank of the river, while the-
quadrature displays a falrly sharp positive peak. This
response is broader than any of the other stream responses.
On the north bank of the river, the quadrature does not become

negative because of power line interference. The effect of the

itk Eonmn




z
m -151-
W 0
t :
.”,. A,. 4 | .m ~
d d _
© - (@) o 4
3 —- ™ 0
(o] .n.-... .
o]
@ o
(I o
9 0
)] [ i
8
[a N
i
o]
o]

6.39 GEONICS EM-16 RESPONSE

N
(32} 1
jeal
&
3
W .
(o]
1 \ =
A s
HH
=}
! oo
(a»] o (aw)
(42} N -—
INED ¥ad 4 INTD ¥ad
{

10N 15N 20N 25N 30N

5N

et i Ao



eniee s st SRS BT

e e e a1 £

-152-

power line at 19+475N can be seen at station 17+00N where

the in-phase and quadrature are both starting to become
positive. The cross-over at 19+75N and 21+75N are both caused
by overhead power lines.

A contact type response similar to that on Line 31
occurs at 26+00N. The in-phase and quadfature are both
posifive peaks, indicating that the higher conductivity is to
the north. The quadrature response has a higher amplitﬁde énd
is broader than the in-phase. This results in a single peak on
the total field profile. This is possibly the contact between
the Ottawa llimestone and the Carlsbad shale, but is about 2500
feet south of where the fault is shoWn on the map. This res-
ponse, and that on Line 31, are quite similar to the response

at the northern end of Line -23.

(11) Discussion of Results

The contact between the Oxford dolomite and the
Carisbad and Queenston shale is easily identified on Lines 1
to 8. The results indicate that, in the vicinity of Lines 1
to 6, the Gloucester fault 1is as much as 1000 feet west of
where it has been mapped. This 1s undoubtedly due to the lack
of outecrop in this area, making it difficult to determine the
exact locatioh of the fault solely by geologlcal mapping. On
Lines 7 and 8, however, the location of the fault on the map

nearly coincides with the EM~16 anomalies on those lines.




N ot St A g e e e o g e

e e e e e AT DT

~-153-

The results are not as good further south along the
Gloucester fault, where the contact 1s between the Oxford
dolomite and the Ottawa limestone. In fact, four of the
traverses (Lines 9, 11, 13, 14) show no response at all. The
only profile that shows the type of response to be expected
over thls contact is Line 10, but the anomaly oécurs 1200
feet west of where the fault 1s mapped. Since the other lines
show no similar responses, 1t 15 impossible to say whether
this contact is due to the fault or not. Lines 10 and 12 show
a éontact about 500 feet east of where the Gloucester fault has
been mapped, but the higher conductivity 1s on the west;
presumably thils is not the Gloucester fault. It is difficult
to say what causes these two responses, but they appear to be
local events. Since the true resistivity contrast between the
Oxford dolomite and the Ottawa limestone is only of the order
of 2 to 1, 1t is not surprising that the contact between these
formations cannot be dellneated.

The results are satisfactory over the fault which is
parallel to, and immediately to the east of, the Gloucester
fault. This fault has been detected on Lines 15, 17 and 18
quite close to where it is mapped. 4 very minor response
(not having the right sign to be caused by the fault) occurs on
Line 16. There are no wave impedance traverses to substantiate

the EM-16 results, but, nevertheless, the location of the

contact can be inferred on the basis of the EM-16 responses alone.
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The fault parallel to, and farthest to the east of,
the Gloucester fault was not detected. A minor contact type
response on Line 21 cannot be definitely attributed to the
fault. Line 22 exhibits an anomaly west of the fault, but
presumably not associated with 1t. The same formation (Ottawa
limestone) occurs on elther side of the'fault, and the
conductivity contrast is not large enough to give a good
response,

»No evidence was found to support the short fault

- (striking roughly NE-SW, -about a mile west of Russell)

separating the Ottawa limestone and the Oxford dolomite..
Howevér, fault type responses occur north of the Castor River
on Lines 23, 31, and 32, and these are believed to be caused
by the contact between the Ottawa limestone and the Carlsbad
shale; This seems to support the long fault, striking roughly
SW-NE indicated by Wilson. However, the responses on Lines 31
and 32 indicate that the fault should be further south, about
1000 feet north of the Castor River. The only outcrop in this
area occurs along the river, and Wilson probably only estimated
the location of the fault. Since Lines 25 to 29 do not detect
the fault at all and since, east of Russell, it is only shown
as assumed, it 1s probably safe to conclude that the fault is
not where it is shown on the map. In the vicinity of Russell,
it 1is possibly just north of the Castor River, but east of

Russell its location 1s unknown.
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One of the more Iinteresting results of the survey
in the Russell area are the stream responses (so called
because they are all associated with streams or rivers) which
appear on Lines 23 to 26 and Lines 30 to 32. These responses
seem to be stronger when they occur over streams which pass
through the Ottawa limestone (Lines 23, 24, 31, 32). The
responses over the streams on Lines 26 and 30 are not as well
defined, and these occur in the Oxford formation. It is
difficult to account for these responses. If the stream was
flowing along a fault, one would expect elther a fault type
response or a conductor type (cross-over) response (due to a
water-filled shear) over the stream. However, these stream
responses are neither fault type nor conductor type responses.
Perhaps the response is due to the presence of the stream
itself. One would expec?hthe stream water to have a higher
conductivity than the surrounding bedrock and therefore a
conductor. type response should occur. However, there seems to
be a false cross-over (not a true cross-over) on the ln-phase
component which either occurs in the middle of the stream, or
near the north bank of the stream,and the gquadrature compdnent
is really a mirror image of the in-phase. It is known that
conductive overburden can reverse the sign of the quadrature
component (ref. EM-16 manual), and perhaps this effect is
somehow involved. In any event, these stfeam responses are

not well understood.
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6.3 Noranda Area

(1) Geonics EM-16 and Wave Impedance Profiles
Across the Smoky Creek Fault

Line A-3

This traverse was conducted at the side of a road at
the north-west end of Lac Flavrian. The geological map
(Fig. 5.4) shows granodiorite on both sides of the Smoky Creek
fault. The EM-16 profile (Flg. 6.40) has a negative in-phase
peak of high amplitude (=100%) at station 15+50N, indicating a
contact with the hilgher resistivity on the north-~east side.

The quadrature dlsplays a local maximum over the negative
in-phase peak. Wave impedance results confirm such a contact
(See Fig. 6.41)., Between stations 0+00 and 12+00N the apparent
resistivity varies from 100 to 150 ohm m., while between statlons
13+00N and 16+00N it rapidly increases to more than 6,000 ohm m.
Between stations 16+00N and é5+00N, the apparent resilstivity
generally varies from 5,000 to 8,000 ohm m., while at 25+00N it
has a somewhat lower value of about 3300 ohm m.

It appears that this contact is indeed the Smoky Creek
fault. On the south-west side of the fault the apparent
resistivity is about 100 to 150 ohm m., while on the north-east
side of the fault it is roughtly 5,000 ohm m.

The horizontal magnetic field strength, as shown by ‘the
equlvalent vertical electric field strength in Fig. 6.42, is

clearly lower on the more reslstive side of the fault. In fact,
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the field strength on this particular profile clearly
1llustrates the behaviour shown by it in the theoretical
profiles in Fig. 3.9. Approaching the contact on the less
resistive side, the field strength increases (8+00N to 13+00N),
then suddenly decreases as the fault 1s crossed (say around
144+00N), and then assumes a distinctly lower value on the more
resistife side of the fault. The very high resistivity
contrast and the thin overburden (meaning a small value for d/§)
is undoubtedly the reason why thls traverse best demonstrates
the expected behaviour of the horilzontal primary magnetic field
strength.

The phase angle (Ey~HX) does not illustrate the
behaviour shown in Fig. 3.2. The phase angle is relatively
high in the more conductive zone between 1+00N and 10+00N (as
expected), and decreases somewhat as the contact is approached,
but then increases rapidly on the resistive side of the contact.
The phase angle 1s, in fact, extremely high at station 22+00N
(so high that it is off the conversion table in the wave
impedance manual) and, although there were no power lines in the
immediate vicinity of the station, this reading must be
considered unreliable.

DC resistivity (depth probing) profiles were obtalned
at stations 7+50N, 13+50N, and 16+50N. An expanding Wenner
array was used, and the interpretation was done by the method

of asymptotes, described by Keller and Frischknecht (p. 122).
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This method assumes a single layer of overburden overlying
resistive basement rocks, and polnts on the profile obtained
wlth very short electrode spaclngs are ignored, since they
reflect resistivity variations within the first few feet of
the surface. The method can be used to estimate the minimum
depth of overburden even 1f the electrode array 1s not
expanded to the point where the high resistivity basement affects
the sounding curve appreclably. The DC resistivity proflles are
shown in Appendix IIT and reveal that the dramatlic change in
apparent resistivity on Line A-3 1s caused by a change in the
thickness of overburden, and not by a contact between two for-
mations with different resistivities.

The overburden is at least 57 feet thick at station
T+50N, and at least 43 feet thick at 13+50N. However, the over-
burden thickness at station 16+50N is only about 6 feet. At the
latter station, this is probably a maximum figure, since the
shape of the curve makes 1t difficult to draw the asymptote.
Since the overburden resistivity is only about 50 to 60 ohm
meters (as seen from the DC resistivity curves), such a rapid
thinning of overburden 1is critical. The abrupt change in
apparent resistivity appears as a contact on the wave impedance
and EM-16 profiles, even though there 1s no change in the
bedrock lithology. (Actually, this may be regarded as a vertical
contact between the overburden and the bedrock). A change in

overburden thickness from about 50 feet to about 5 feet in a very
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short lateral distance possibly indicates that the bedrock

i1s extremely undulatory. On the other hand, this thinning

is possibly due in some way to the Smoky Creek fault, in
which case the fault 1s the indirect cause of the observed
anomaly. It 1s very tempting to say that the fault is somehow
rélated to the\change in bedrock topography, since the EM-16
anomaly occurs exactly where the fault is mapped. There is,

however, no evidence to support this argument.

Line A-2

According to the geological map, (Fig. 5.4), the fault
should occur at about 8+00N on the profile. Granodiorite
occurs on both sides of the fault. There is no anomalous
response in the vicinity of 8+00N. However, the EM-16 in-phase
component shows a negative peak at about 18+00N, and the quad-
rature component displays a local maximum at that"point-(Fig.
6.43). This indicates a contact with the higher resistivity on
the north side. At 21+00N, the in-phase component shows a
positive peak, while the quadrature displays a local minimum at
20+00N. This indicates a contact at about 20+00N or 21+00N with
the higher resistivity on the south side of the contact. The
EM-16 results, therefore, indicate a zone of higher resistivity
between 18+00N and 20+00N. Wave impedance results confirm the
existence of this zone of high resistivity (Fig. 6.44). The

apparent resistivity 1s less than 100 ohm m. between stations
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0+00 and 14+4+00N, but increases from about 130 ohm m. at
station 15+00N to about 830 ohm m. at 19+00N. The apparent
resistivity then suddenly decreases to 130 ohm m. at 20+00N.

According to wave impedance results the zone of higher

apparent resistivity occurs from about 16+00N to 19+00N or 19+50N.

DC resistivity depth sounding curves were obtained at stations
5+00N, 15+00N, and 20+00N, indicating that the overburden
resistivity in the area is about 40 ohm meters, on the average.
These curves reveal that the overburden 1s at least 30 feet
thick at station 5+00N and at least 36 feet thick at 15+00N.
However, at station 20+00N (which appears to be very near the
northern boundary of the resistive zone) 1t is only about 11 feet
thick. It is unfortunate that a depth sounding curve was not
obtained at station‘18+OON or 19+00N, for the overburden is
probably very thin over those stations. The narrow zone of high
apparent resistivity between stations 16+00N and 19+00N is there-
fore due to a bump in the basement topography, and the flanks of
the bump (where there is an abrupt change in the apparent
resistivity) appear as contacts on the EM-16 and wave impedance
profiles.

An EM-16 response somewhat similar to that between
18400N and 20+00N occurs further north on the profile. There is
a negative in-phase peak at station 32+00N, while at 40+00N the
in-phase component displays a high positive value. This indicates

a contact at about 32+00N wlth the more resistive side on the
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north, and possibly another contact at about 40+00N (or
possibly slightly farther north) with the more resistive side
on the south of the contact.

Thus the EM-16 results seem to indicate a fairly wide
zone (at least 800 feet) of higher resistivity between 32+00N
and about U40+00N. Wave impedance results once again confirm
the EM-16 results. Between stationsv21+00N and 31+00N, the

apparent resistivity varies from about 50 ohm m. to slightly

‘more than 100 ohm m. At station 32+00N, the apparent

resistivity suddenly increases to about 250 ohm m. and then to
more than 800 ohm m. at 33+00N. The apparent resistivity
decreases somewhat to slightly more than 400 ohm m. at 34+00N,
increases suddenly to more than 2,000 ohm m. at 35+00N and
36+00N, and decreases to less than 300 ohm m. at 38+00N. The
apparént resistivity then suddenly increases to almost 7000

ohm . m. at 39+00N and to slightly more than 9000 ohm m. at

‘4L0+00N. There is clearly a zone of higher resistivity from

32+00N to at least 40+00N, cqntaining two small bands of lower
resistivity, at 34+00N and 38+00N. It is not possible to say
where the high resistivity zone terminates, but the high EM-16
in-phase component at 40+00N seems to indicate that it ends
slightly north of 40+00N. DT resistivity depth sounding curves
at stations 27+00N and 34+00N once again indicate that the

apparent contact is caused by bedrock topography. There are
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near surface resistivity varlations within the first 10

feet of overburden at station 27+00N, but it is apparent that
there are at least 40 feet of overburden at this location.
However, there are only about 6 feet of overburden at station
34+00N, indicating that the overburden abruptly thins between
these two statlons. Thus we have another bump 1in the bedrock
which occurs at about statlon 32+00N. Thls appears as a
contact on the EM-16 profiles.

Again the horlzontal primary magnetic field strength
(as shown by the equivalent vertical electric field in Fig.
6.45), is distinctly lower over the two resistive zones (i.e.
between about 17+00N and 21+00N, and between 32+00N and 40+00N)
as expected.

The phase angle (Fig. 6.45) varles considerably, as can
be expected 1n an area where there are several zones where the
apparent resistivity varles. The very low value exhiblted by
the phase angle is not very indicative in cases where there are

many zones of different apparent resistivity fairly close

together.

Line A-1

This traverse was conducted approximately 1000 feet to
the west of A-2. According to the geological map. in Fig. 5.4,
granodiorite occurs on both sides of the Smoky Creek fault,

which should occur at about 18+50N on the profile.
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The responses on thls profile are quite simllar to
those on Liné A-2. A négativéﬁinuphase peak occurs at about
8+00N or 9+00N and a positivé.inuphasé péak occurs at about
15+00N or 16+00N (See Fig. 6.46), A local minimum in the
quadrature response occurs at. l4+00N. Unfortunately, the
south end of the profile is dlstorted by a power line at 0+10N,
The EM-16 results indicate a zone of higher reslstivity between
stations 8+00N and 15+00N (approximately). Wave. impedance
resylts substantiaté'this-(Fig.'6.M71, although the zone of high
apparent resistifity 1s soméWhat narrower. than the EM=16 results
indicate. Between stations 2+00N and 10+00N the apparent
resistivity varles from about. 25 to 100 ohm m., and then sudden-
1y lncreases to almost 9000 ohm m, at 11+00N, The apparent
reslstivity then decreases to slightly less than 800 ohm m. at
12+00N, increases to about 1600 ohm m. at 13+40N and suddenly
decreases to slightly less than 150 ohm m. at 15+25N. The zone

- of high resistivity therefbré oceurs between5abgu£u 10+50N and

14450N, with a narrow band of lower resistivity at 12+00N.
Unfortunately, there are no DC rééistivity results on Line A-l,
but it is assumed that the zone of high apparent resistivity

is agaln caused by a bump in the bedrock. Apparently thils bump
has very steep flanks, since the apparént résistivity changes
abruptly in a very short 1atéra1 distance. The extremely high
apparent resistivity at 11+00N probably Indicates that the

bedrock.1s almost at surfacé at that statilon.
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A very large negative ln~phase peak, accompanied by

a local quadrature maximum, occurs at 36+00N. This indicates
a contact with the higher resistivity on the north side. The
wave Impedance results show a zone of higher resistivity
between stations 34+00N and 37+00N. This high resistivity
zone should result in an EM~16 in-phase response similar to
those already observed. 1i.e. there should be a negative
in-phase peak at the southern edge of the zone and a positive
in-phase peak at the northern limlt of the zone, resulting in a
false cross-over approximately over the center of the zone.
There is no positive in-phase peak, in spite of the fact that
there seems to be a sharp contact at about station 37+00N
between the resistive zone to the south and the more conductive
zone to the north. The apparent resistivity is slightly more
than 1000 ohm m. at 36+00N and decreases rapidly to less than
100 ohm m. at 37+50N.‘ The contact on the south side of the
resistive zone seems to be at about 34+00N or 35+00N, while the
EM-16 in-phase component locates it at 36+00N. It 1s once again
assumedlthat this zone of high apparent resistivity is caused by
a high in the bedrock topography. There are no DC resistivity
curves to support this, but simllar responses on Lines A-3 and
A-2 are caused‘by bumps in the bedrock.

A negative in-phase peak at 52+50N and a positive
in-phase peak at 59+00N indicate a third zone of high

resistivity between those polnts, but there are no wave lmpedance
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results to substantlate thils.

The wave impedance results on Line A-1 were obtalned
at three separate times, wilth stations 2+00N to 10+00N, 8+00N
to 24+00N, and 25+00N to 45+00N being read on different days.
This accounts for the discontinuities in the equivalent
electric field strength (Fig..6.48) at 16+00N and 24+00N, since
it is not uncommon for.the VLF transmitter at Cutler to broad-
cast at slightly different power levels from day to day. The
discontinuity at 11+50N 1s due to the fact that the transmitter
increased power at that polint whlle the traverse was being
conducted, -and again at 15+00N, For this reason, it is
difficult to determine the behaviour of the horizontal magnetic

field strength over the resistive zone between 10+00N and 15+00N.

Nevertheless, it can be seen that the fleld strength is decreas-

ing from 5+00N to 10+00N, and increasing from 15+00N to 20+00N,
and it is safe to conclude that the field strength is consider-

ably lower over the resistive zone. The field strength variles

considerably between 25+00N and 45+00N. The low value at 30+00N

does not colncide with a zone of high résistivity, but the fileld

strength 1s definitely lower over the resistive zone between

35+00N and 38+00N.

The phase angle (Ey—Hx) varies considerably on Line A-1.
(N.B. - changing the power output of the transmitter affects
only the field strength readings, and not those of phase angle

and wave impedance). However, it is relatively lower over the
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reslstive zones between 10+00N and 15+00N, and between about

32+00N and 38+00N.

Line A-4

This traverse was conducted approximately 3400 feet
to the west of A-1. Granodiorite occurs on both sides of the
fault, which should occur at about U43+00N, which is at the
extreme north end of the profile. '

The traverse crosses a large granodiorilite outerop
bétween 0+00 and 4+50N. This outerop 1s about 1000 feet long
in the east-west direction, and 450 feet wide in the north-
south direction (along the traverse). The outecrop displays
considerable relief (about 20 feet high) and has steep flanks.
This is visual proof that the bedrock surface is very hilly.

Unfortunately, the EM-16 response (Fig. 6.49) over the south

flank of the outcrop 1s distorted by a power line at 0+50N,
which causes a large cross-over at that station. However, a
very large positive in-phase peak occurs at 4+50N, where the.
north flank of the outcrop abruptly disappears beneath the
overburden. This response indicates a contact with the
resistive side on the south, which is exactly the case. This
clearly shows that it i1s possible to have a large EM-16
response over the flanks of a hill 1in the bedrock, where the

apparent resistivity changes abruptly if overburden is present.
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There appear to be alternating zones of low and high
resistivity between 25+00N and 35+00N. A negative in-phase
peak at 26+00N and a positive one at 30+50N indicate a zone of
higher resistivity between those points while a negative
in-phase peak at 33+00N seems to indlicate a zone of lower
resistivity between 30+50N and 33+00N. Another positive
in-phase peak at 34+50N indicates a second narrow zone of
higher resistivity between 33400N and 34+50N. These alter-
nating zones of high and low resistivity probably reflect-
the undulating nature of the sﬁrface of the bedrock in this
area. The quadrature component 1s generally positive over all
these zones, but varies slightly.

The in-phase component dlsplays high negative values
(-20%) at the north end of the profile. The Smoky Creek occurs
at U45+00N, and this i1s where the Smoky Creek fault is supposed
to lie. It was impossible to cross the creek and complete the

profile.

Wave impedance readings were not conducted on this

traverse.

(1i) Geonics EM-16 and Wave Impedance Profiles
Across the Lols Lake Shear Zone

Line C-1

This traverse crosses two INPUT anomalies, which should

appear on the profile at about 21+00S and 31+50S respectively

(Fig. 5.5).
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The large EM-16 anomaly (Fig. 6.50 and 6.51) at the
beginning of the proflle 1s caused by a power line at 0+15S, and
another at 1+058.

There 1s a distinct ln-phase peak at 19+50S, and a local
quadrature minimum at 19+00S. This indicates a contact at about
19+00S with the more resistive slde on the south. There is also
a negative in-phase peak at 22+50S, 1ndicating a contact at that
point with the more resistive side to the north. The EM-16 -
results therefore indicate a zone of high resistivity between
about 19+00S and 22+503. Wave impedance results once aga;n'bear

out the EM-16 interpretatlon (See Fig. 6.52). There is a zone
of high apparent resistivity between 19+50S and 23+00S. ©n
elther side of this zone the apparent resistivity 1s generally
less than 100 ohm m., while at the center of the zone at 214508,
it approaches 600 ohm m. This resistive zone seems to be the

feature which causes the INPUT anomaly at 21+00S. Bearing in

mind the results from the Smoky Creek area, this zone of higher

apparent resistivity is possibly caused by a bump in the bedrock
topography. However, there are no DC resistivity results for
the Lois Lake area, and it is impossible to prove or disprove
this conjecture. The remainder of the EM-16 profile is devoid
of features out to 39+00S, and the INPUT anomaly at 314508
remains unexplalned.

The horizontal primary magnetlc field strength which

varies between 15 and 20 millivolts/meter 1s distinctly lower

-
5

NN e
e T,

e o AT e g

et




B A

-183~

over the slightly more reslstive zone between 8+00S and 11+008S.
It is also lower at 17+SOS, which corresponds to a narrow zone
of slightly higher resistivity.

The phase angle (Ey—Hx) shown in Fig. 6.53 varies
considerably along Line C-1. It decreases from about 35
degrees at 0+00 to about 20 degrees over the slightly more
resistive zone at 10+00S, increases to almost'50 degrees at .
about 18+00S and then decreases to about 30 degrees over the
resistive zone between 20+00S and 24+00S. It increases to

around 40 degrees over the low resilstivity zone between 25+00S

and 30+008S.

Line C-2
A fault is shown on the geological map in Fig. 5.5,
corresponding to station 0+00 on the profiles of Figs. 6.54 to

6.58. Basalt and andesite occurs south of the fault, while

rhyolite occurs on the north side of the fault. An INPUT anomaly

occurs at about 17+50S on the profile, and a second is shown at

about 25+00S, at the creek. (0+00 is about 900 feet south of the

road).
The EM-16 in-phase and quadrature (Fig. 6.54) are both

negative from about 10+00S to 9+00N (i.e. for almost 2000 feet).

There 1s a distinct negative in-phase peak at 1+00N with the
more resistive position on the north side of the contact., Wave

impedance results tend to confirm this (Fig. 6.56). Between

RN s




{

NOL .o SO| . soz
. - ] 1 o¢ll
. 02 -
|q
™
2
- o o
Q
2
l
0 , : - 02
v ——m- JUNLYHAYND
——  3SYH4-NI
L 0%
~ 2-0 INIT- vso oma ,




-185-

TN

SOl

1o rA

— @7314 .vLoL

) ...‘.MN.,:.OA INIT- sst9 -o1a

o¢

ob.

‘lNBO g3d



OHM METERS

10,000

. 6,000

3,000

1,000

600

300

100

30

10

.t 111

L

FIG, 6

APPARENT RESISTIVITY

Ce—

‘_;86-

.56 -LINE . C—. 2

10S o _ ION




- NOl

sol - S02

-187-

—_— HLONINLS a3l
218103713 LNITVAIND3

i

2-0 AN - s o

Sl
O¢

T ¥BL3IR/BLTOAITUN




NOI
i

- =188~

oy

319NV 3SVHd

2-0 3NIT - ss9 ..wH..m_.

(o )

o2

"0¢

obv

0¢g

09

oL

$33Y¥9340




-189-

5+00S and 1+00N the apparent resistivity 1s approximately
300 ohm m. From 2+00N to 9+00N the apparent resistivity
Increases greatly, although it wvaries considerably. The
contact seéms to be between 1+00N and 2+00N, where the apparent
resistivity increases from Jjust over 300 ohm m. to almost 700
ohm m. This contact is probably the fault shown on the geo-
logical map, since the spatlal correlation ls excellent. Never-
theless there are no DC resistivity dépth sounding curves to
determine the overburden thlckness, and it is possible that the
overburden is much thicker south of the apparent contact. How-
ever, since the reéponse occurs almost exactly where the fault
is mapped, and different formations occur on either side of the
fault, it is improbabie that the response ls caused by bedrock
topography, in this case.

A cross-over type response occurs at 19+00S, indicating
- a narrow conductor at that point. This is confirmed by wave
impedance results. . A narrow band of low resistivity occurs at
19+00S. The apparent resistivity decreases raﬁidly from almost
300 ohm m. at 17+00S to 31 ohm m. at 19+00S. At 18+00S and
204+00S the apparent resistivity is about 100 ohm m. This band
of low resistivity, no greater than 100 feet in width, causes
the EM-16 cross-over at 19+00S and accounts for the northern-
most INPUT anomaly on the profile. It is probably a graphite

shear zone, since it has a long strike length according to the

INPUT results.
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The creek occurs at 23+75S, and up to this point
there is no 1ndication of an anomaly south of the previous
one. The southern INPUT anomaly must therefore occur Jjust
south of the creek, which could not be crossed.

The horizontal magnetic field strength as shown by
the equivalent electric fleld strength in Fig. 6.57 is
considerably higher over the low resistivity zone at 19+00S.
The gap in the profile near 0+00 is due to the fact that
stations 0+00 to 23+00S and statlons 1+00S to 9+00N were read
on different days, and the VLF transmitter was operating at a
lower power when the latter statlions were read. Nevertheless,

it can be seen thaﬁ the magnetic field strength (Hx) between
0+00 and 9+00N is decreasing as the apparent resistivity is
increasing.

The phase angle (Ey—Hx) shown in Fig. 6.58 is
extremely high over the low résistivity zone at l9+OOS.
Between 0400 and 10+00S, the phase angle 1s generally low,
varying from 15 to 25 degrees. It increases to almost 70
degrees at 19+400S and then decreases further south, away from=
the low resistivity.zone. The phase angle, like the apparent
resistivity, variles considerably between 0+00 and 9+00N. There
appear to be narrow bands of varyling resistivity in this part
of the traverse (probably assoclated in some way with the

fault), and this accounts for the varying phase angle.
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Line C-3

The traverse posslbly crosses an east~west fault at
about 4+00S (Fig. 5.5). An INPUT anomaly appears at the
southern end of the traverse (near the south shore of Lac
Deguisieri, but apparently 1is not crossed by the traverse.

A large cross~over type response occurs at 12+75S, and
seems to indicate a conductor at that point (Fig. 6.59). How-
ever, wave lmpedance results reveal that the apparent
resistivity along the proflle varles greatly, and the situation
is quite complex (Fig. 6.60). | '

A zone of very high reslistivity occurs between 15+008
and 17+00S. As 1n previous cases, a large, positive in-phase
peak occurs at 14+50S (i.e. almost directly over the northern
edge of thils zone.) Just north of this highly resistive zone,
there 1s a zone of low resistivity, located approximately
between 12+00S and 9+00S. There seems to be a narrow band of
more resistive material at 10+00S, in the middle of this zone
of low resistivity. The negative in-phase peak at 10+00S
indicates a contact with the higher resistivity on the north
side. There is a contact at about 9+503 betweeh the low
resistivity zone (150 to 300 ohm m.) and a zone of higher
resistivity to the north (1000 to 2000 ohm m. between 8+5083
and 7+00S) and this 1s probably the source of the negative

in-phase peak. It is not known why the apparent resistilvity




CENT

PER

PER CENT

FIG.‘.6.59 - LlNE C~-3

~

€609 . TOTAL FIELD —

-192-




et TS ey

T———

100,000

OHM METERS

60,000

11 1 111

30,000 -

-

710,000 4

- 6,000 4 -
.

-193-

B

1. 6.60 -LlN/E | 0-3

APPARE NT RESTIVITY

(°a

100

208




MILLIVOLTS /METER

DEGREES

‘FIG. 6.1 - LINE C-3 . -19k-

EQUIVALENT ELECTRIC
FIELD STRENGTH —

10
0 T T T 1 T )

208 108 0
401 PHASE ANGLE =




Rl o O

=

s e e MRS TERT AT

-195-

varies so erratiéally along this profile. Extreme (and closely
spaced{ undulations in the bedrock topography are a possibil-
ity. "

The horizontal magnetic fileld strength (Fig. 6.61)
varies greatly. As expected, the equlivalent electric field
strength is high over the zone of low resistivity between
10+00S and 134008, and lower over the high resistivity zone
between about 15+00S and 18+008S.

The phase angle (Ey-Hx) also varies greatly, but it
is considerably higher over the resistive zone betWeen 154008
and 20+00S than over the less resistlve zone between 10+00S
and 13400S. If anything, this.is Just the opposite of what
would be expected. It definitely seems that the-phase angle
cannot be relied upon to show any characteristic behaviour in
compléx areas where there are closeiy spacéd, narrow zones

of varying resistivity.

Line C-4
The geological map in Fig. 5.5 shows a fault
corresponding to station 10+00S on the profile of Fig. 6-62.

Rhyolite occurs on the north side of the fault, while basalt

occurs on the south side.
The EM-16 response is difficult to interpret (Fig. 6i62).
There is a negative in-phase peak at 14+50S and a positive peak

at 7+OOS, which seems to indicate a resistive zone somewhere
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between those two'points. There 1s another negatlve in-phase
peak at about 2+00S, but a power line at 0+50S influences the
in-phase and quadrature readings (making them more positive)
approximately as far as statlon 2+003, and 1t 1s impossible to
say exactly where the negative in-phase peak occurs. This
seems to 1lndicate a more conductive zone somewhere between .
74008 and 2+00S. (The cross~over occurs at about 5+00S).

It is difficult to say how these zones are associated
with the fault. There are no wave impedance results for this
line. It 1s posslble that one of the contacts 1s the fault

shown on the map.

Line C-5

The geological map shows a contact between rhyolite

“and basalt located approximately at 7+00S on the traverse

(Fig. 5.5). A fault occurring in the basalt is shown south
of the contact at about 10+008S.

A power line at 0+80N distorts the in-phase component
until about station 1+00S, and the quadrature as far as about
4+00S (Fig. 6.63). (The readings become positive as the power
line 1s approached). However, a good cqntact type response
occurs at about 8+50S or 9+00S. This is a negative in-phase
peak accompanied by a local quadrature maximum, indicating a

contact with the higher resistivity to the north. This

-—-pesponse is possibly due to the contact shown on the map
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(between rhyolite and basalt), or may be associated with the
fault shown south of the contact. The fault 1s accompanied

by a sllight rise in the topography and 1ls easily identifled
when mapping. Unfortunately, the relationship (if any) between
the fault shown in the basalt and the rhyolite-basalt contact

is not known.

Line C-6

The geological map in Fig. 5.5 shows a contact between
rhyolite and basalt at about 2+50S on the traverse. A fault is
shown occurring in the basalt at about 8+00S.

Once again the In-phase and quadrature components
become highly positive at the north end of the profilile because
of a power line at 0+80N (Fig. 6.64). There seems to be a
contact type response at about 8+00S. The in-phase component -
1s a negative peak, while the quadrature seems to be a maximum
in the vicinity of this negative peak, but is unfortunately
distorted by the power line from about 5+00S to 0+00. The res-
ponse coincides with the location of the fault shown on the map,
and indicates higher resistivity on the north side of the fault.
This response somewhat resembles that of Line C-5, and seems to

indicate that the response on that line is due to the fault

-shown on the map. Line C-5 and Line C-6 do not extend far

enough to the south to glve a clear plcture of what 1s really

happening here.
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(i1i) Discussion of Results

The Noranda area 1s situated in the Canadian Pre-
cambrian shield, and the geology of the area is vastly
different from that of the St. Lawrence Basin, where the base-
ment is covered by hundreds of feet of flat~lylng Paleozoic
sediments. In the Noranda area, the metamorphosed igneous
rocks of the basement are covered py a maximum‘of several tens
of feet of overburden (generally glacial drift), and they often
outerop. Thus bedrock is close to surface, and it apparently
exhlbits rugged topography. Thls greatly affects VLF
responses: In.the area.

All the EM-16 responses inrthe Smoky Creek area are
caused by bedrock topography. The overburden is generally from
30 to 50 feet'thick, and has a resistivity of about 40 ohm
meters. However, the bedrock surface is very hilly.v The hills
are a few hundred feet wide and apparently have very steep
flanké. This results in an abrupt (and often very large) in-
crease in apparent resistivity over these hills, which come to
within several.feet of the surface. These'hills are apparently
unrelated to the Smoky Creek fault, since there are at least
two such hills on Lines A-2 and A~1l, neither of which correlate
with the location of the fault. One of these hills in the
bedrock outcrops on Line A-U4, but at least 4000 feet south of

the fault. Only the abrupt change in bedrock topography on
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Line A-l may posslbly be related to the Smoky Creek fault.

For these reasons, the attempts fo locate the Smoky Creek fault

by means of VLF measurements may be regarded as unsuccessful.
In the Lols Lake area, one of the INPUT anomalies on
Line C-1 1s due to a zohe of high apparent resistivity abou-
300 feet wide (possibly another hill in the bedrock, while no
response was obtained over the southernmost INPUT anomaly on
this line. There ls a relatively good response over the Lois
Lake fault on Line C-2, while a graphite shear zone is the
cause of the INPUT anomaly about 1800 feet south of the fault.
The apparent resistivity on Line C-3 varies so much (possig%y
due to rugged bedrock topography) that it is impossible to
determine the location of the fault by either the EM-16 or
wave impedance profiles. The EM-16 profile on Line C-4 shows
three contacts, but it is not possible to say if any of them
are caused by the fault. However, the EM-16 profiles on Line
C-5 and C-6 show a single contact type response, probably due

to the fault, but possibly due to a basalt-andesite contact.
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CHAPTER VII

CONCLUSIONS

The field results in many cases agree very well with
the theoretical results of Section 3.2. The theoretical
profiles show the type of EM-16 response to be expected over
a vertical fault, and this type of anomaly is observed over
the Gloucester fault. In fact, in all three of the areas
investigated, distlnct contact type fésponses are observed
over nearly all abrupt changes in apparent resistivity. The
vertical secondary field componehts (in-phase and quadrature)
behave as predicted over such changes. The wave lmpedance
data shbw that the horizontal magnetic field strengt£ is
lower over areas of relatively high apparent resistivity,
in agreement.with the theoretical results. The phase angle
(between Ey and Hx) seems to vary considerably along any given
profile. This is probably because there are several zones of
different apparent resistivity on most of the traverses
investigated with the wave impedance apparatus. Nevertheless,
the phase angle is generally lower over zones of relatively
high apparent resistivity than it is over zones of low
resistivity. This behaviour 1s essentially correct from a
theoretical viewpoint.

The field results definitely confirm that the VLF

method is a useful technique to supplement geological mapping
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in areas covered by overburden. In all cases where there are
both EM-16 and wave impedance data available on a given
profile, the EM-16 responses correlate wilth changes in the
apparent reslstivity. All reslstive and conductive zones
indicated by the EM-16 are verified by the apparent
resistivity profiles.

In areas where the geology is relatively uncomplicated
(such as sedimentary basins, like the St. Lawrence), 1t is
relatively easy to map structural features such as faults and
shears, provided that there 1s a sufficlent resistivity con-
trast across these features. In such regions 1t is possible
to map the features using only EM-16. All interpretation of
the EM-16 profiles should be done by examining both the in-
phase and quadrature responses. Calculating the total
vertical secondary field A/TTﬁ:?ﬁKEETZ_i_TﬁﬁﬁﬁﬁKTUﬁE7?>
simplifies the results for graphical presentatlon, but inter-
pretation should not, in general, be based upon the'total
field profile.

The main disadvantage of mapping with the EM-16 alone
is that 1little quantitative information, other than which side
of the contact exhiblts a higher resistivity, can be obtained.
This is true, however, of most EM induction methods. For this
reason it is occasionally desirable to supplement the EM-16
data with wave impedance profiles to obtain information on

apparent resistlvity, phase angle, and primary magnetic field
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strength. Since wave Impedance datg take much longer to
obtaln than EM~16 data, 1t is desilrdble to keep wave
impedance traverses to a minimum 1f the survey 1s to be
conducted as rapldly as possible.

EM-16 results are more difficult to interpret in
areas where the.bedrock exhibits rugged topography. High
spots in the bedrock (thin overburden) and low spots in the
bedrock (thick overburden) wilill appear as zones of higher
and lower apparent resistivity, respectively. Using only
EM-16 and wave impedance data, it i1s impossible to determine
whether or not these zones are, in fact, due to bedrock
topography, or whether they are due to a change in lithology.
In these cases it 1s necessary to obtain DC resistivity depth
sounding curves to determine the thlckness of the overburden.
This is a major disadvantage to the VLF method, since one of
the features of the EM-16 is the speed with which a survey can
be conducted. Clearly if the VLF data must be supplemented
with DC resistivity data, the speed of the survey is greatly
reduced.

Finally, if one is contemplating use of the EM-16,

a little prior knowledge of the nature of the overburden would
be very helpful. The theoretical curves of Figure 3.12 will
prove extremély useful if the approximate resistivity and

thickness of the overburden are known.
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Appendix'I

Conversion of Wave Impedance Dial Reading

(in ohms) to Apparent Conductivity (in mhos/meter).
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Appendix II

Conversion of Phase Dial Reading to Phase

Angle Between Ey and HX.
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Appendix III

DC Resistivity Depth Sounding Profiles for the

Smoky Creek Area (Wenner Array).

Line A-3 Station T7+4+50N
Station 13+50N
Station 16+50N

Line A-2 Station 5+00N
Station 15+00N
Station 20+00N
Station 27+00N
Station 34+00N
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. STATION 5+00N
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LINE .A-2
STATION 34+ OON
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