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Executive Summary:

Claim 4266871 is located in the Sault Ste. Marie Mining Division, approximately 65 kilometers
north of Sault Ste. Marie, Ontario. The Claim consists of 2 16 hectare units and is located less
than 500 meters due east of the deposit known as the East Breccia. The Sandra Breccia is a new
discovery in the area of the Tribag Mines.

A VLF EM-16 Survey program was carried out in January 2017, using a VLF EM-16 and a
handheld Garmin GPS-60C. 1 transmitter station (NML-La Moure, North Dakota) was read at
each station.

The objective of the VLF Em-16 Survey was to determine if the weak magnetic anomaly east of
the East Breccia deposit represented a possible mineralized Breccia Pipe. There are three
known mineralized breccia pipes located to the west of Claim 4266871. The Breton Breccia
contains an estimated 40 million tons of 0.3-0.4% Copper. The West Breccia has a resource of
223,000 tons of 0.75% copper, while the East Breccia contains a historical resource of 125
million tons of 0.13% copper. The West Breccia and the East breccia deposits have associated
high airborne magnetic responses.

Highlights:
» Ground Follow up of the VLF Em-16 survey in 2015 discovered several new sites carrying
copper-malachite-pyrite mineralization. The most significant is shown in Figures 7 & 8.

» This new Breccia discovery has been named the “SANDRA BRECCIA”

» The VLF EM-16 survey outlined conductors that could be the mineralized zones near the
tops of a breccia pipe

> The new mineralization discovered on claim 4266871 is similar to that of other breccia
pipes in the area.

Introduction

The Sandra Breccia property (claim 4266871) is located in the Sault Ste. Marie Mining Division,
approximately 65 kilometers north of Sault Ste. Marie, Ontario. The property consists of 3-16
hectare claim units.

In January of 2017, 11 VLF traverse lines were surveyed using a Geonics EM-16 VLF Instrument.

This Assessment report describes the findings and results of the VLF EM-16 survey utilizing the
new VLF 2DMF processing software of which the author of this report has contributed to
development



Location and Access
Claim 4266871 is located in the mining District of Sault Ste. Marie.

The Claim group is located near the West boundary of Norberg Township. The property is

located approximately 65 km. north of the city of Sault Ste. Marie, Ontario.

The claims are located on NTS Maps 41N/1. The Mining claims are found on Norberg Plan G-
3120. (See Figures 1,2 & 3)

Access to the property can be accomplished by a 2 wheel drive vehicle along the Carp River
road. Winter access is by snow machine only, unless logging is taking place in the immediate

vicinity of claims and along the East Breccia Access road.

Directions to the property is as follows:

Drive north from Sault Ste. Marie on Highway 17 for approximately 40 minutes to the
junction of the highway 538 to the Batchawana Bay.

Continue north on Highway 17 for 200 meters to the Carp River Road.

Follow the Carp River Road for 20 kilometers until you reach the bypass to Mile 67 Road.
Turn right and continue on the main road. As you pass a lake on the left side, there is a
steep turn to the right

At this junction is where the #3 Post for claim 4266871 is found next to the road.

Claim Block
The claim number covered by the VLF-Em-16 survey is 4266871. The claim consists of 3-16

Hectare claim units. (See Figure-2)



Figure 1 General Location Map
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Figure 3 Claim on Airborne EM Magnetics
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Personnel

The VLF EM-16 and GPS field navigator responsible for the collection of all raw data and the
processing of raw data with the VLF2DMF Software was Shaun Parent

Work Performed

The VLF EM-16 survey consisted of running 11 VLF traverse Lines totaling 6.18 Km

The VLF survey lines were chosen to best cover the complete 4266871 Claim as in Figure-3

All VLF were aligned to cover the magnetic anomaly and are shown on a Google earth image in

figure 4. A total of 6.18 Kilometers of VLF surveying was carried out on Claim 4266871.

The VLF lines were completed while using a handheld Garmin 60-CSX GPS. Each VLF station was

located based on its azimuth and distance from the start of the survey line. Transmitter station

NML was read using the Geonics VLF- Em-16 serial number 0236 at each line station. The

following parameters were used throughout the survey.

Table 1 VLF Lines Surveyed

Line Number Azimuth Surveyed Stations Line Length Meters
SB1Ee 128 2+60S to 4+00S 136
SB2Ee 133 2+20N to 7+80S 982
SB1E 180 4+40S to 0+20S 439
SB2E 180 1+20N to 2+40S 445
SB2EA 142 1+20S to 10+60S 940
SB3E 142 1+00S to 8+40S 750
SB4E 171 1+00S to 9+00S 800
SB5E 146 1+00S to 6+60S 560
SB6E 146 1+20S to 3+40S 210

3E 187 5+75N to 10+75N 500
4E 184 5+75N to 10+00N 425

10




VLF Data Collection:

VLF Em-16 Receiver # 236

VLF Transmitters :

VLF survey direction: See Table 1

NML La Moure, North Dakota 25.8 KZ
Only data collected for transmitter NML, La Moure, North Dakota has
been processed for this report

Parameters of Measurement: In-phase and Quad-phase components of vertical magnetic field
as a percentage of horizontal primary field. (Tangent of tilt angle and ellipticity). TX transmitter

NML was to the west.

The VLF Field data was collected as follows on each surveyed line.

e Each station was saved using the Handheld Garmin 60CSX Handheld GPS Unit
e VLF data for Station NML was recorded in a notebook as In-Phase and Quadrature
corresponding to the line and station. See example in Table 2

e The handheld Garmin Field data was downloaded onto the Garmin map source program

where line information could be viewed relative to local features such as claim lines,

roads.

e The Garmin filed data and the raw VLF notes were then combined and compiled onto an

excel spreadsheet which was then entered into the VLF2DMF Processing software.

Table 2 Example of VLF Field Data Collection

Line 4E NML - Inphase NML - Quadrature
0+00 12 -7
0+20E 14 -9
0+40E 16 -10

11



VLF Data Processing:

The result of entering this field data into the software produced profiles of survey lines as well
as plan maps of combined surveyed lines. All of which are found at the end of this report

1) Plan Map of Lines Surveyed (Figure-4)

2) Raw VLF Profiles for Transmitter NML

The Raw data collected in the field is plotted showing the In-Phase component as a red
dashed line and the quadrature component as a blue dashed line. In-Phase inflections

and cross overs are usually plus to minus, while Quadrature responses are negative to
positive.

3) Fraser Filter Profiles for Transmitter NML

The data processing technique commonly referred to as the Fraser Filter was applied to
the raw data. This filter transforms In-Phase cross overs and inflections into positive
peaks, while Quadrature responses are negative to positive giving a negative peak
anomaly when the Fraser Filter is applied.

4) Fraser Filtered Plan Maps NML In Phase and NML Quadrature (Figures 5, 6)

The VLF2DMF software uses the Fraser filtered profiled data and produces contoured
results on a plan map. Positive peaks in the In-Phase Component are shown as orange
and negative peaks in the Quadrature component are shown on the plan maps as blue
to dark blue. The intensity of the response is measured on the scale bar to the right of
the plan maps.

12



Figure 5 TX NML Fraser Filter Quadrature Values
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Figure 6 TX NML Fraser Filter In-Phase
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Figure 8 Photo of Discovery Outcrop
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Conclusions and Recommendations

The Ground VLF Survey was successful with

1)
2)
3)
4)
5)
6)
7)
8)

Discovery of a new mineralized outcrop on line SB4E (Figure 7 and photo 1)

Finding several other VLF Tends in the area surveyed

Using the VLF2DMF VLF processing software

Further processing of VLF data to construct a cross section model similar to Figure 7.
The discovery of a new Breccia pipe in an area that has been explored since 1953
Ground Follow up of VLF trends, those under the lake are no accessible

Further Prospecting and sampling of outcrops near VLF trends

Fill in In VLF traverse lines along an azimuth of 45 degrees
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Certificate of Qualifications

I, Shaun Parent, P. Geo (LTD.) residing at 282 B Whispering Pines Road, Batchawana Bay,
Ontario do certify that:

1.

| am a consulting Geoscientist with Superior Exploration, Adventure & Climbing Co. Ltd.
which provides VLF Survey-Interpretation-Modelling using our VLF2DMF Software for
the Mining Sector worldwide.

| am the registered owner of Claim 4266871.

| graduated with a Geological Technician Diploma from Sir Sandford Fleming College in
1986.

| graduated with a BSc. from the University of Toronto in 1986.

I am a member in good standing with the Association of Professional Geoscientists of
Ontario #1955 and a member of the Prospectors and Developers Association of Canada.

| have been employed continuously as a Geoscientist for the past 26 years since my
graduation from University.

The nature of my involvement with this assessment report was to carry out the VLF
Survey

As well as to do the interpretation of the VLF using the EMTOMO VLF2D Software of
which | have been developing with the software designer Fernando Santos of the
University of Lisbon, Portugal.

Dated this 20th. day of June 2017

Shaun Parent, P. Geo (Limited)
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Profiles Line 4E Figure 1 Raw Data

VLF-EM raw data
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Profiles Line SB1E Figure 1 Raw Data
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Profiles Line SB1Ee Figure 1 Raw Data

VLF-EM raw data
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Profiles Line SB2E Figure 1 Raw Data

VLF-EM raw data
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Profiles Line SB2EA Figure 1 Raw Data

VLF—-EM raw data
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Profiles Line SB2Ee Figure 1 Raw Data

VLF-EM raw data
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Profiles Line SB3E Figure 1 Raw Data

VLF-EM raw data
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Profiles Line SB4E Figure 1 Raw Data

VLF-EM raw data

Line: Claim 4266861 L 4E .
stations

0+00 2+005 4+005 6+00S 8+005 10+005 11+605
195 I \ I I I

Freq.(kHz) 0 =00 400 500 800 1000

Distanece (m)
—=— R 252

o 1 252

Profiles Line SB4E Figure 2 Fraser Filter

Data (kHz)

—8— R 25

e INM2L5- Fraser Filter — from raw data
Line: Claim 4268861 L 4E

O+R05  1+408 24603 34603 4+605  5+803 6+803 8+003 89+203 10+203 11+408

—

DD
=

| |

1204 L

—2004d 0 125, 250. C

_280 | T | T m | T | | T | T [
200 400 600 BO0O 1000

Distance {m)

27



Profiles Line SB5E Figure 1 Raw Data

VLF-EM raw data
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Profiles Line SB6E Figure 1 Raw Data

VLF—-EM raw data
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Appendix 1 EM16 Specifications

MEASURED QUANTITY

SENSITIVITY

RESOLUTION
OUTPUT

OPERATING FREQUENCY

OPERATOR CONTROLS

POWER SUPPLY
DIMENSIONS
WEIGHT

CAUTION:

EM16 SPECIFICATIONS

Inphase and quad-phase components
of vertical magnetic field as a
percentage of horizontal primary
field. (i.e. tangent of the tilt
angle and ellipticity).

Inphase: +150%
Quad-phase: * 40%
1%

Nulling by audio tone. Inphase in-
dication from mechanical inclinometer
and quadphase from a graduated dial.

15-25 kHz (15-30 kHz optional) VLF
Radio Band. Station selection done by
means of plug-in units.

ON/OFF switch, battery test push

_button, station selector switch,

audio volume control, quadrature dial,
inclinometer.

6 disposable 'AA' cells.
53 x 21.5 x 28 cm

Instrument: 1.8 kg
Shipping: 8.35 kg

EM16 inclinometer may be damaged
by exposure to temperatures
below -30°c. Warranty does

not cover inclinometers damaged
by such exposure.
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EM16 SPECIFICATIONS

MEASURED QUANTITY Inphase and quad-phase components
of vertical magnetic field as a
percentage of horizontal primary
field. (i.e. tangent of the tilt
angle and ellipticity).

SENSITIVITY Inphase: +150%
Quad-phase: * 40%
RESOLUTION 1%
OUTPUT Nulling by audio tone. Inphase in-

dication from mechanical inclinometer
and quadphase from a graduated dial.

OPERATING FREQUENCY 15-25 kHz (15-30 kHz optional) VLF
Radio Band. Station selection done by

means of plug-in units.

OPERATOR CONTROLS ON/OFF switch, battery test push
_button, station selector switch,
audio volume control, quadrature dial,
inclinometer.

POWER SUPPLY 6 disposable 'AA' cells.
DIMENSIONS 53 x 21.5 x 28 cm
WEIGHT Instrument: 1.8 kg

Shipping: 8.35 kg

CAUTION:

EM16 inclinometer may be damaged
by exposure to temperatures
below -30°c. Warranty does

not cover inclinometers damaged
by such exposure.




Appendix 2 Operating Manual for EM16 VLF-EM (attached)

GEONICS LIMITED

1745 Mayerside Dr. Unit 8 Missisauga, Sntann Canada 13T 108

June 1997

Tel: (5031 700580
Fas: MIOSYARFN 204
Eomiafl geonicaEgec s corn
LiRL: ltpsffisnow guonics.com

OPERATING MANUAL
for
EM16 VLF-EM

"
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|- GEONICS LIMITED

1745 Meyerside Dr. Unit 8 Mississauga, Ontario Canada L5T 1C6

Tel: (505) 670-9580
Fax: (905) 670-9204
E-mail: geonics@geonics.com
URL: http://www.geonics.com

June 1997

OPERATING MANUAL

for
EM16 VLF-EM
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MEASURED QUANTITY

SENSITIVITY

RESOLUTION
OUTPUT

OPERATING FREQUENCY

OPERATOR CONTROLS

POWER SUPPLY
DIMENSIONS
WEIGHT

CAUTION:

Page 1

EM16 SPECIFICATIONS

Inphase and quad-phase components
of vertical magnetic field as a
percentage of horizontal primary
field. (i.e. tangent of the tilt
angle and ellipticity).

Inphase: +150%
Quad-phase: * 40%
+1%

Nulling by audio tone. Inphase in-
dication from mechanical inclinometer
and quadphase from a graduated dial.

15-25 kHz (15-30 kHz optional) VLF
Radio Band. Station selection done by
means of plug-in units.

ON/OFF switch, battery test push
button, station selector switch,

" audio volume control, quadrature dial,

inclinometer.
6 disposable 'AA' cells.
53 x 21.5 x 28 cm

Instrument: 1.8 kg
Shipping: 8.35 kg

EM16 inclinometer may be damaged
by exposure to temperatures
below -30°c. Warranty does

not cover inclinometers damaged
by such exposure.
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PRINCIPLES OF OPERATION

The VLF-transmitting stations operating, for communications
with submarines have a vertical antenna. The Antenna current
is thus vertical, creating a concentric horizontal magnetic
field around them. When these magnetic fields meet conduc-
tive bodies in the ground, there will be secondary fields
radiating from these bodies. (See Figures 3 & 4). This
equipment measures the vertical components of these secondary
fields.

The EM16 is simply a sensitive receiver covering the fre-
quency band of the VLF-transmitting stations with means of
measuring the vertical field components.

The receiver has two inputs, with two receiving coils built
into the instrument. One coil has normally vertical axis
and the other is horizontal.

The signal from one of the coils (vertical axis) is first
minimized by tilting the instrument. The tilt-angle is
calibrated in percentage. The remaining signal in this coil
is finally balanced out by a measured percentage of a signal
from.the other coil, after belng shifted by 90 This coil
is-normally parallel to the primary field, (See instrument
Block Diagram - Figure 2). .

Thus, if the secondary signals are small compared to the
primary horizontal field, the mechanical tilt-angle is-an

- accurate measure of the vertical real-component, and the
compensation 1/2-signal from the horizontal coil is a measure
of “the quadrature vertical signal.

Some of the properties of the VLF radio wave in the ground
are outlined by Figures 4 thru 9.

ACCOMPANYING NOTES FOR FIGURES 2 ~ 9

FIGURE 2 1is the block diagram of the EM16. The diagram is
self-explanatory. ‘Both the coils (reference and
signal coil) are housed in the lower part of the
handle. The directions of the axis of the coils
are as follows: The reference coil axis is basi-
cally horizontal and is kept more or less parallel
to the primary field during measurement. The
signal coil is at right angles to the reference
coil and its axis is, of course, vertical.

The signal amplifier has the two inputs, one
connected to the signal coil and one to the refer-
ence channel. By tilting the coils, the operator
minimizes the signal from the signal (vertical
axis) coil. Any remaining signal is reduced to
zero by the quadrature control in the reference
channel. The signal amplifier has zero output




FIGURE 2

FIGURE 3

FIGURE 4

FIGURE 5

FIGURE 6

FIGURE 7

Page 4

Continued...

when both input signals are equal in amplitude
and phase. Thus, the setting of the quadrature
control for minimum output from the receiver
indicates the relative amount of the quadrature
signal of the vertical coil. The measured

value does not depend on the absolute value of
the signal, only the relative values are measured.

shows the proper planning of survey in relation
to the direction of strike and primary fleld,
direction of survey lines etc.

explains the time delay (phase lag) # of travelling
electromagnetic wave above and in the conductive
ground. The amplitude of the wave in the ground

is also attenuated.

shows on the left the physical direction of the
primary (Hy) and secondary (H,) field vectors in
relation to conductive ground and target. The
location of secondary current distribution in the

target is shown schematically. We see that most

current concentration is in the upper edge of the
good conductor. The return secondary current is
more spread due to the diminishing primary field

in the conductive rock. On the right, the time
vectors show the retarded phase of Hyx in the

target and the phase advance of the secondary

field Hy compared to Hx. We must remember that the
Hy will have additional phase lag when it penetrates
back towards the surface.

This figure shows a positive real component of the
H; while the quadrature remains negative.

This graph shows the primary field attenuation in

nepers, relative amplitude and phase lag in radians
of the primary field as funttion of depth and con-
ductivity of the ground. This graph is for 20 kHz.

shows the maximum obtainable amplitude H, from a
sphere or horizontal cylinder as a function of the
radius-to~depth ratio. The schematic on the left
shows the depth determination for the spherical or
cylindrical target.




FIGURE 7

FIGURE 8

FIGURE 9

Page 5

Continued...

The equation for the phase shift and attenuation
of the primary field in conductive material, where

o/ew>>1 is as follows:

8 ﬁmufaﬁ where a = attenuation, nepers/m
o= =3 B = phase lag, radian/m
A w = 29f
¥ = magn. permeability =41x10"
¢ = mhos/m

This graph gives the amplitude and phase shift of
the field (in conductive media) as function of
skin depth, § = 1/a .

This equation gives the skin-depth in meters for
certain conductivity and frequency. Normalize
this to one, and the graph in Figure 8 gives the
amplitude and phase shift of the wave at any
relative depth. '

The vertical field from a long wire source is
plotted here. A vertical semi-infinite sheet
target would be simulated this way. In practice
it hardly works accurately due to the spread of
the secondary current in the target because of
the finite conductivity and the attenuation and
phase shift of the primary field as function of
depth.

7
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SELECTION OF THE STATION

The magnetic field lines from the station are at right
angles to the direction of the station. Always select

a station which gives the field approximately at right

angles to the main strike of the ore bodies or geological
structure of the area you are presently working on. 1In
other words, the strike of geology should point to the trans-
mitter. (See Figura 3). Of course, +45° variations are
tolerable in practice.

Tuning of the EM1l6 to the proper transmitting station is
done by means of plug-in units inside the receiver. The
instrument takes two selector-units simultaneously. A
switch is provided for quick switching between these two
stations.

To change a plug-in unit, open the cover on top of the instru-
ment, and insert the proper plug. (Figure 10) Close the cover
and set the selector switch to the desired plug-in.

On the following pages is a variety of information on the
most commonly used (i.e. reliable) VLF Transmitters including
transmission frequency, geographical location and their
scheduled maintenance periods.




VLF Transmitter Information

NORMAL MAINTENANCE PERIODS:

GBR
NAA

NAU
NDT
NLK
NPM
NSS
NwC

1000 to 1400 UT each Tue.

1200 to 2000 UT, testing 2000 to 2200 UT each Mon. (if holid&y falls on
Mon., maintenance will performed preceding Fri.), may be off 1800 to

2000 UT Thu.

1200 to 2000 UT each Wed.

2300 to 0900 UT first Thu.-Fri. of month, 2300 to 0700 UT all other Thu.-Fri.
1600 to 2400 UT each Thu. (1500 to 2300 UT during daylight saving time)

1800 to 0400 UT last Wed.-Thu. of month, 1800 to 0200 UT all other Wed.-Thu.
No longer in operation.

0000 to 0800 UT each Mon. (if holiday falls on Mon., maintenance will be

performed Tue.)}, may be off 0000 to 0400 UT Tue. (Wed. if holiday falls on
Mon.)

For further information the U.S. Naval Observatory, Time Service Division, Washington, D.C.

may be contacted at (202) 653-1525.

ST @8eg
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VLF STATION INFORMATION

Station Frequency Location Co-ordinates Kw
FUO 15.1 Bordeaux, France 00W48-44N65 500
GBR 16.0 Rugby, England 01W11-52N22 750
JXZ 16.4 Helgeland, Norway 13E01-66N25 350
NAA 24.0 Cutler, Maine 67W17-44N39 1000
NAU 28.5 Aguada, Puerto Rico 67W11-18N23 100

- JJI 22.2 Ebino City,., Japan 130°E46'=32°No5' 500
NLK 24.8 Seattle, Washington  121W55-48N12 34
NPM - 2%.4- Lualualei, Hawaii 158W09-21N25 600
NWC 22.3 N.W. Cape, Australia 114E09-21347 1000
UMS 17.1 Moscow, Russia 37E01-55N49 1000

Notes:

1. Use of NAU (Puerto Rico) 28.5 kHz requires factory
modification of VLF instrument.

2. In the event that an EM16 unit is being returned
to Geonics for: '

- modification of frequency range to include
NAU, 28.5 kHz, or

- addition of the 16R resistivity attachment,

please ensure that all station plug-ins are
also returned, for propéer calibration.
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GEOGRAPHIC USE OF VLF STATIONS

The following list of plug-ins are the standard plug-in crystals
provided with the EM16 for the various areas listed throughout
the world.

Europe :  FUO GBR JXZ NAA UMS
North America “
North : NAA NLK . GBR
West & Alaska :  NAA NLK . NPM
Midwest ¢ NAA NLK
East : NAA NLK - .GBR
South :  NAA NLK » NAU
Mexico § Central America : NAA NAU NLK:NPM
South America
North :  GBR NAA NAU
West :  GBR NAA NAU NPM
Asia ‘ _
East : JJI NWC uMs
Central :  FUO UMS
Japan : QJI NPM NWC
Australia :
East : NWC NPM JJI
Africa )
North : NAA NWC FUO GBR UMS
West :  NAA NWC FUO GBR UMS
Central :  NAA NWC FUO GBR UMS
East :  NAA NWC FUO GBR UMS NWC

South : NAA NWC (FUO GBR UMS 10% noise)
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FIELD PROCEDURE

Orientation & Taking a Reading

The direction of the survey lines should be selected approxi-
mately along the lines of the primary magnetic field, at right
angles to the direction to the station being used. Before
starting the survey, the instrument can be used to orient one-
self in that respect. By turning the instrument sideways, the
signal is minimum when the instrument is pointing towards the
station, thus indicating that the magnetic field is at right
angles to the receiving coil inside the handle. (Fig.1ll).

To take a reading, first . orient the reference coil {in the
lower end of the handle) along the magnetic 1lines. (Fig.12)
Swing the instrument back and forth for minimum sound intensity
in the speaker. Use the volume control to set the sound level
for comfortable listening. Then use your left hand to adjust
the quadrature component dial on the front left corner of the
instrument to further minimize the sound. After finding the
minimum signal strength on both adjustments, read the inclino-
meter by looking into the small lens. Also, mark down the
quadrature reading. '

While travelling to the next location you can, if you wish,
keep the instrument in operating position. If fast changes in
the readings occur, you might take extra stations to pinpoint
-accurately the details of anomaly. ‘

‘The dials inside the inclinometer are calibrated in positive

and negative percentages. If the instrument is facing 180°
from the original direction of travel, the polarities of the

readings will be reversed. Therefore, in the same area take
the readings always facing in the same direction even when
travelling in opposite way along the lines.

The lower end of the handle, will as a rule, point towards

the conductor. (Figs.l3 & 14) The instrument is so calibrated
that when approaching the conductor, the angles are positive
in the in-phase component. Turn always in the same direction
for readings and mark all this on your notes, maps, etc.

THE INCLINOMETER DIALS

The right-hand scale is the in-phase percentage(ie.Hs/Hp as
a percentage), This percentage is in fact the tangent of the
dip angle. To compute the dip angle simply take the arc-
tangent of the percentage reading divided by 100. See the
conversion graph on the following page.

The left-hand scale is the secant of the slope of the ground
surface. You can use it to "calculate" your distance to the
next station along the slope of the terrain.
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(1) Open both eyes.

(2) Aim the hairline along the slope to the next station
to about your eye level height above ground.

(3) Read on the left scale directly the distance necessary
to measure along the slope to advance 100 (ft) horizon-

tally.
We feel that this will make your reconnaissance work easier.

The outside scale on the inclinometer is calibrated in degrees
just in case you have use for it.

PLOTTING THE RESULTS

For easy interpretation of the results, it is. good practice
to plot the actual curves directly on the survey line map
using suitable scales for the percentage readings. (Fig.15)
The horizontal scale should be the same as your other maps on
the area for convenience.

A more convenient form of this data is easily achieved by

“transforming the zero-crossings into peaks by means of a

simple numerical filtering technique. This technique is
described by D.C. Fraser in his paper "Contouring of VLF-EM
Data", Geophysics, Vol. 34, No. 6. (December 1969)pp958-967.
A reprlnt of this paper is included in this manual for the
convenience of the user.

-Thrs«31mple data manipulation procedure which can be imple-

mented in the field produces VLF-EM data which can be contoured

~and as such provides a significant advantage in the evaluatlon

of this data.

- — . —
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INTERPRETATION

The VLF primary field's magnetic component is horizontal.
Local conductivity inhomogeneities will add vertical
components. The total field is then tilted locally on both
sides of a local conductor. This local vertical field is
not always in the same phase as the primary field on the
ground surface. The EM16 measures the in-phase and quadra-
ture components of the vertical field.

When the primary field penetrates the conductive ground and
rock, the wave length of the wave becomes very short, maybe
only few tens of meters, depending on conductivity and fre-
quency. At the same time the wave travels practically direct-
ly downwards. The amplitude of the field also decreases very
- fast, completely disappearing within one wavelength. The
macnetic field remains, however, horizontal.

Figure 16 shows graphically the length and phase angle of the
primary field penetrating into a conductive material.

The phase shift in radians per meter and the attenuation in
nepers per neter (l/e) is:

k
B=a= [9~§—9-] where w =279Tf¢
U = Boly= 49x10”7
¢ = conductivity

mho/m

Figure 16 also reminds us of the fact that all secondary fields
have a small (or large in poor conductors) positive phase shift
in the target itself due to its resistive component, and that
the secondary fields have another negative phase shift while
penetrating back to surface from the upper edge of the target.

‘The targets are located somewhere in the depth scale (phase
-shift scale in this case). Suppose we have a semi-infinite
vertical sheet target starting from the surface. Figure 17
shows that the total integrated primary field inphase and

quadrature flux has a value of + 0.5 and - 0.5 respectively.

These two charts can be used to analyze the inphase and quadra-
ture readings taken on both sides of the target. If one knows
the actual conductivity of the overburden and the rock, the
task is easier. Because of the many variables involved the
precise analysis is usually impossible.

The most frequently encountered and easily solved problem is,
however, the separation of surface conductors from the more
interesting ones at depth. This is easily done by observing

the negative quadrature signals compared to the usually positive
or zero ones from the surface targets. See the sample pro-
files in Figures 18 and 19. This way we can often tell if we
have a more interesting sulfide target under a swamp for example.

-
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Another use for the quadrature polarity is in the tracing of
a fault or a shear zone. Normally these weak conductors
give a fair amount of positive (the quadrature follows the
in-phase polarity) quadrature. When we have a local sulfide
concentration in these structures, we get a negative quadra-
ture response.

All the interpretation is made easier by other indications

of the depth to the target. The horizontal distance between
the maximum positive and negative readings is about the same
as the actual depth from the ground surface to the centre of
the effective area of the conductive body. This point is not
the centre of the body, but somewhat closer to the upper edge.

Theoretically, the depth 'h' of a spherical conductor with
radius 'a' equals AX where AX is the horizontal distance between
the maximum points of the vertical field H, (Fig. 20a). The
radius of the sphere is given by '

a=1.3 h 3_H,(max).

For a cylindrical conductor the depth 'h’ equals 1.;GAXAahd»
the radius of the cylinder is given by :

a=1.22h Hy(max).
In these equations H, = 1 means 100% on the instrument dial.

The determination of the depth is generally more reliable
than the estimation of the actual dimension a. The real
component. of H,, which we should use in these calculations,
decreases proportionally for a poorer conductor and with the
depth in conductive material.

One can also draw some conclusions about the dip and shape
of the upper area of the conductor by observing the smaller
details of the profile. See the modelling curves.

A vertical sheet type conductor, if it comes close to the
surface, gives a sharp gradient of large amplitude and slow
roll-off on both sides. (Fig. 27F & 20c).

Horizontal sheets should give a single polarity on the edge
of it, and again the opposite way on the other edge. (Fig.20f)

When looking at the plotted curves, one notices that two
adjacent conductors may modify the shape of the anomalies
for each one. 1In cases like this, one has to look for the
steepest gradients of the vertical (plotted) field, rather
than for the actual zero-crossings. Forget the word “"cross-
over". Look for the centres of slopes on the in-phase for
location of targets. See Figures 204 and 20e.
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As with any EM, the largest and best conductors give the
highest ratio of in-phase to quadrature components. In VLF
however, the surrounding conductive material influences the
results so much that it is almost an irrelevant statement
except in a few cases. Also in practice most of the ore
bodies are composed of different individual sections, and
therefore one cannot use the in-phase/quadrature ratio as

the sole indicator of the conductivity~size factor. In other
words the characteristic response curves are flat, much
flatter than with modelling.

MISCELLANEQUS NOTES

1) It has been shown in practice that this instrument can
be used (in proper areas) also underground in mines. The
rails and pipes may cause background variations. It was
found in one mine even at 1400 foot level, that the signal
strength was good. By taking readings at two directions
at each station, one could obtain a very good indication
about the location of the ore pockets in otherwise diffi-

cult geology.

2) On the other hand a thick layer of conductive clay can
suppress the secondary field to a negligibly small value.

3) In mountainous areas one can expect a smooth rolling back
ground variation. However, the actual sharper anomalies
induced by conductive mineral zones can be usually easily
recognized. Background variations can be effectively
removed by standard numerical filtering procedures to
emphasize local anomalies. +

*

4) Faults and shear-zones can give anomalies, but not with-
out a reason. There must be conductivity associated with
them. Reverse quadrature may indicate sulfide deposits
in these structures. '

SERVICING

Changing the batteries is done by removing the cover and
changing the penlight batteries one by one. Please notice
the polarities marked on each individual cell. To test the
condition of the batteries, turn the instrument on, press the
push-button on the front panel. There should be a whistling
sound in the loudspeaker if the batteries are in useable
condition. If the sound is not heard, the battery voltage may
be low, or the battery holders may be dirty or faulty.

* Telford, King and Becker, "VLF Mapping of Geological
Structure®. .

+ D.C. Fraser, "Contouring of VLF-EM Data".
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It may be occasionally necessary to clean the contacts of
the plug-in unit. For this, use a clean rag that is very
slightly moistened with oil. The oily rag is gond also for

the battery terminals.

If any repairs are necessary, we recommend that the instru-
ment be shipped to Geonics Limited for a thorough check-up
and testing with proper measuring instruments.
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GEONICS LIMITED

i

EM 16

Contributed by

Target:

Ground: .

Readihgs:

Station:

Scale:

MODEL EXPERIMENTS

T.P. Rogowsky and W. A. Bowes
of Martin, Sykes and Associates,
Steamboat Springs, Colorado.

We wish to thank them for their
permission to use the very
illustrative results.

28 gage zinc plated roofing
sheet, 6 x 48 feet, above

ground.

The area was covered by 2.5 ft.
of conductive soil on top of

gravel and clay. The area was
found to be free of anomalies.

The graphs show the view (cross
section) to North. Readings
towards right (East). Primary
field is East-West. The
instrument was moved along the
zero-line except where shown as
a separate sloping line (side
of a hill). The quadrature
component was negligibly small
except where shown in the
graphs. :

WWVL, 20 kHz

1 sq. = 2 feet
1 sq. = 10 %
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TEIVE YIARS OF SURVEXING WIIH IHE VLL - LK.M, MLTHOD"
- by -

Nomosn R, Paterson and Valno Ronka

INIRODUCTION

The tdea of using radio signats (or el ¢ I$ not naw;

5 of at and polarization were made by Hack in 1908 and
Feldman in 1932 (1) in various geological situations. Eve and Keyes {2}
measured signal strength in the y of several .« A 1S
radio bihaviour has aften been noted near large conductive bodles .

Radio-freg YyE. M, hods using qround: P e S were

smployed in the 1936x and, to & lessor extent, as recently as 1980, for both

prosy 9 and acological ing. B cf the relatively high § 1
loyed, the hod suffered from poor and difficulty tn discrim~

{nating between hodies of different conductivities. In North Americs the method
was abindoned in favour of Jow-frequency L.M . for nearty all prospecting
applications .

In Curope, the use of radio-fi thod: a unds d, for
Loy coal and for loring tn the vicinlty of base-metat ore~
bodies. The Russlans (3} have been succnssful in applying radio shadow
techniques in drill-holes for routine lovation and g of sulphid:
bodies to derabie depths st ctes up to 1000 kHe. Below the
burden layer, in most rocks, even at theze frequencies, is
quite tow.
Despite these and other activities, radio-frequency methods wers not ac-
cepted for routine surface or alrb until Limited
introduced a "passive” in the VLF range {15 ~ 25 kHz} In
1364. Powcrful military radio ity d ntiy around the

globe provided the primary E.M. signal.

Sucomssful surveys were carried out with thls instrument in 1965, By the end
of 1966 the method was in widespread use, and in 1967 several similar systems
were Introduced or under development. At least two airbome versions were
tested in 1968. By 1963 alrborne and/or ground Instruments wers belng manu-
factured by more than five North American firms .,

In this psper we describe briefly the theory and spplication of the methed, we
autline the principle of operation of the G £.M. - 1§ {4), ard
we present some fleid resuits which have been chosen to {llustrate certain
features of the data that are helpful in Interpretation.

2a

FIGURE 1

age 41

ITHLORY
The VLT Methed
C.M. prospecting h rely on the E of secondary frobds aen §
erated by oonducting bodies in the grrand when subjrcted w s primary 1A, '
signal. TActive” hods employ table transmitters, acuenaliy wert -

ing in the (requency range 400 10 5,000 Hz., AFPMAG (3 a "Rasabs * methes,
relylng on electrical discharqes generated by thuaderstams which peodac.
messurable signals in the 50 to 500 Hx range,

The VLF E. M. mathod is aiso “passive”, in this case cmploying the rufiation
from powerful military radlo transmitters as the primary sigmals, Figure §
shows the approximate location and signal-range ot the matn transmittrs
working in the 15 to 25 kHz radio band. F ies and power p of
these and other stations are Hsted below,

Frequency Radiated
Sution Lacation o kHI_ power (kw}
j1o0] Rome, laly 272 30
LPZ Marie Grande, Buenos Aires 23.6 72.4
PKX Maisbar, Java 18.98 162
ROR Gorki, Russia 17.0 315
UFT Sainte Assise, Paris, France 20.7 0.8
UMS Moscow, Russix 17.1 200
NAA Cutler, Maine, U.S.A. 1.8 1008
NLEK/NEG Jim Creck, Wash, U.S.A, 186 300
NPM Lusluaiei, Hawaii, 1.5.A. 214 300
NWC North West Cape, Australia n3 1000
WWVL Fort Colling, Colo, U.S.A. 200 4
GBR Rugby, Eangland 160 500
The radiation from these s both slectric and magnetic com~

ponents and travels in thuyve modes: skywave, spacewave and groundwave .
At the large distances we are concemed with, we receive malinly the skywave

guided by the i h and earth surfy The mag nt
is the one of maln to us, as b h the ground surf it carries the
bulk of the signal energy, and {t offers certsin advantages In practical field
measurement .

Figure 2 11l the beh of the field from a distant, wertical
radio antenna. The field {5 polarized roughly cylindricaily about the antenna,
the vector ing an d: ghly parallel to the average ground surface,
{At large ar can be d.}

B

o

FIGURE 2



elaw the gtound suetacs the magnetic field i3 Mttenuated and consequently
distorted both in phase ami drecticn.  The behaviour of the feld nesr the
ground/atr interface has bean described by Norton (S): it elfect on VLT
measuremends 18 under study at the prosent ime,

Altenyotion and Phase Shift

For our putposes, (and assuming that €/:o €)1}, we shall take (¢ that the
primary magnetic fleld suffers both attenuation {nepers) and phase shift (radtans)
roughly squal to

f'—b’g-‘— meters-l

s = gagular frequency
M = magnetic permeability In henrys/m
& = electrical conductivity {n mhos/m
& = dielectric constant tn farads/m.
At & frequency of 20 kHz, and at the free-space permeabliity of 1.26 x !0-6
henrys/m, we obtain:
Attenustion = .29 nepers/m
Phase shift = - .29 radlans/m

At the “skin depth®, primary fleld amplitude is reduced ) neper to 1/e of Lts
strength st ground surface, snd the Held has suffered & negative phase-shift
of ] sadian

In retatively non=conductive rocks (€ = 10”7 mhoa/m) we obtatn a skin depth
of about 100 meters, and a phase~shift of sbout 0.01 radians/m.

Atteruation and phase-shift at a range of rock and sotl conductivities are shown
in Figure 3. Two things are evident from these graphs:

1. Atterszation 18 3 lUmiting factor in the use of the VLF method
in areas of conductive overburden or moderately conductive
country rocks (bear fn mind that the secondary felds from
buried conductors are further ntt;enua!ed in thelr passage

to the .

2. The primary field coupling with buried conductors will be
shifted sppreciably in phase, even in rocks of relatively
low ductivity {and the dary flelds d at
surface will be phase-shifted approximately twice as much].

-4 -
Attermstion is & factor that cannot be overcome and must be kept in mind con-
stantly in applying the VLF E.M. methad.

Phase~-shift can however be of veory real value In dnu.nquiahmq conduciors
1ying at depth from thoge fined to the near-sush:

zation +1-3

M of the dary fleld ave ,madcmmawrmethodby

1gnala’in the vertical and hord dons . Since the primary
field is nearly horizontal, we thereby obtain & rough measure of secondory
field strength; we can slso determine approximate the phase of the secondary
field with respect to the primary.

d d how these are actually made, it is necessary to

To
examine the polarization ellipse.

Assume the primary field H to be horizontal and of zero phase angis:
lﬂl - Hoosewt
Let the secondary fleld at the same point in space be represented by:
"Ani =AH cos (wr + )
where & represcnts positive or negative phase-shift.

and let &} be inciined upward in the plane of | by the angle oC .

The components of f and AH 1n the x{h 1) and yivertical) directi

are:

H_ = Hooswt
x

Hy =0
An, - AH cos (wt + 4} cosx

,Qav = /\H cos (et +&) sinot

Summing these, we obtain:
c, () = Hocoswt +AH cos (w1t +$) conot
» Xeos (Wt ¢ d) }

<, () = Hocos fat +d)ainw
v ¥ cos (wt +B)
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U -
where ¢ =tan”! o
H +/\ Hcos o cos

By eliminating t, wa can derive (6} an expressian for the locus of Gft} the
resultant of the primary and secondary flelds:

2 2
* € -2 L 24
C2 C_C cos sin
X Y2 XY
‘.
where é=¢-4’

This 1s the equation of an ellipse whose minor axis 18 inclined to the vertical
by the angle 8 where:

tan 28 = ZXYoosd

2 -
Evidently the resultant field rotates tn space, varying in magnitude as it goes,
50 a3 to describe an "ellipse of polarization™.

The ratio b/a of minor to major axes (eccentricity) of the eliipse increases as
¢ becomes larger, and can therafore be used ta obtaln a rough measure of
this useful quantity., If Z\H is much smaller than H, the eccentricity
becomes:

€ =AHsin® sind
H

{1}
while the Inclination of the sllipse reduces to
2
-1[Aan (Ag) sin 2 sin & ]

8 = tan [H smuco:cb H 2 @
In the spscial case where ¢ = ( the ellipse reduces to a strajght line, of
inelination:

6= tan'!%f"- sinex
At the polnt where & = § and both primary and dary flelds are b 1,

both the ratio and the inclination are zero,

1t is tmportant to note that the sign of the eccentricity changes ag the phase
angle goes from positive to tive, The signifl of this can be seen
from an examination of profiles of £ and tb!n the presence of a cylindrical
secondary field about 2 horizontal line source of current (Flgure ] lying at a
depth 4 below the ground.

sb

Field over line
current source.

A

AH/H = (AH/H), cos «

{~x}

FIGURE &

Ellipse of Polarization
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Wa may write:
o =t ox/, @
A HA,
x2 . dZ
ac;_%;s:.‘_
which we may also write:
(Bury), = (aus), eonx @
Let us {der two cases, ting {1} 2 good conducter lying in a weakly

conductive ground; {I1) a very poor corluctor lylng In noneconduetive ground or
on the ground surface.

{ In this case ¢ will be negative, as the primary and secondary
fields will be delayed in thelr passage through the ground.

Let ¢ = «~45% and
let (AHM) = 0.2

‘rhe profifes in Figure 7 show the form of the ellipse of polarization.

[ hes 1ts of tan~1 0.0625 at spproximately
x # -d and its minimum at x = +d, vaiues going from positive to
negative in the drection of the primary fleld .

Eccentricity € has Lts maximum and minimum of + 0,0706 at ap-
proximately the same points, but values are of the opposite sense,

[211] In thds case (b will be weakly positive, as the phase angle of the
secondary fleld from a discrete conductor below the plane of mea~
surement will be positive with respect to the primary fieid at the
same polnt.

a, tet © = +10° and
et (AH/H)O =0.2

The profiles in Flgure 8 are similar to those in Case (I},
only the eccentricity now has the same sense as the in-
clination. This Is conslstent with the sense of the ex~
pression for eccentricity (equation {1)} as it is affected
by the sign of the phase angle ¢) .
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Allow the conductor to assume larger dimensions so that

~8

_|?

the secondary field becomes a greater fraction of the

primary.

Let @ =+10° and
let (AH/H), = 0.5

The prafiles in Figure 9 resemble those of Flgure 8 scaled

up by the factor 2.5.

In fact, the inclination and ec~

centricity are both nearly proportional to the ratic of

secondary to primary fields (phase angle rematning con-

stant}, becoming incraasingly so for small secondary

fields.

FIGURE 7

Case (II)b.

Poor conductor of large

(AH/H),=0'5

Page 44

C

6
O,
l
! S
55 x a
o= . T4
c 9 I*‘
~ 5 !
88 I
©
~ 5 3 +I
Hz3o i
= o
— &= P2
Og\. l
3,) »"03 q‘i
o 8§ i
O a4 oo
|
o |
!
1
o - / - o
+ + i
{
|
Ll
!
I
\Ul
o~ }“'f
o . |
llo 9 o’
T *+ gl Ho
~ F <3|
T & |
d |
N Lo
¢
Lo
i FIGURE 8
Ta
e,
+]1
o |l
PR
[ xco--l
+
57 I 1
3
c g I
,-c,,gé ol
2ot M
233 ‘
so ¥ ‘
[ Qi |
© oo L
ey
EES . {
T oo \
\
o0
+
LY o - i’-;/q bl
' 3 : = ; e ‘
+ P i i i
{
\ o
v
\
i
w1t
. |
o |
o+ [o2) l..w
[ ‘l
1 c
<3 l
]
+00
HE
|
L}

-0

Eif.BE g



Lffect of Asloruth.

$0 {ar we have considerad only primary and ssoondery flelds in the same ver-
tical piane. [n practice this ix seldom the Care 1o wa must examine the effect
of varying the b engle ¥ 4 ) of the y fteld relative to
the primary.

In this cars squation {1} remetns the same, as tha vertical component,
ODH sineg, is the ooly one that affects the ecoentricity.

Equation {2) assumes the factor oot \lf in 1tk sscond term, sffecting the Inclin-
atton only slightly for low Bisld gths .

¢ - wn [%x ainw cosd + (.%!i)2 m_zisg.!_i’_uni:] ©

if the profile is measuped in the direction of the primary field, egquation {3}
bacomes

oL mtant . Ese ¥

d 1]

Equnnon (4) s umﬂected, though it must bs remembered that { AH/H)  will
be to cosy for shest~ or ribbon-ike con. .

The net affect of varying the azimuth of the sacondary fiald {a to stretch out
u- nmualy either side of its cross-over and to reduce the strength of both

and walues roughly in tocos ¥ . The
mdualon of the inclination vatues will be siightly lass in the case of negative
phase anglea than for positive phase sngles.

METHOD OF OFERATION

Seneral

It is apparent from the sbove that the VLF polarization ellipse in the vicinity

of an electrical conductor {3 10 some extent charsctenistic of the properties

of the conductor, We have algo sesn that two particular parameters of the
elitpse - the Iaciination and the eccentricity ~ reflect the refative field strength
end phinse of the primary and secondary fields. Let us examins this more
closaly.

For relativaly small dary fleld gth ton {2} red to
-1
e = wun Aﬂn sin o cos §

- tan~t _Aiﬂz freal)

i that the of the incl {and hence the tnclination nsdt.
for small anvlu) s neatdy pmporuonal o the res] comp of the ¥
field, d in the vertical 4l

‘The error in this iy 4 for larye dary fislds, reaching
approximately 10% for ( AR/‘H)O -Q.5.

The triclty € d in eq {1), can be writtan as

€ = Aay, {quadrature}
H

showing a direct proportionality to the gu‘a_tgg component of the vertical
sacondary field. The in this iaads o smakl
amors at large secondary field strangths.

Measurements tharefoce of inclination and eccentricity are nearly proportional to
the reai and aqusdrature components of the vertical secondary fleid: and they may
be uked to these within lmits .

erinciple of £.M.=3§

Mr. Vaino Ronka used the above relatlonships in the design of the first VLF
instrument, the Geonics E.M.~16 (4},

The (nstrument has two recelving cotls: the signal coll with a normsily vertical
sxis, and the reference cotl with a horszontal axis. Each cofl is tuned to the

Conductor
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same primary signal by mesns of plug-in crystal modulu but each has a sap-
arste amplifier. To obtain s ding the d in the mannsr
shown In Figure 11. In this figure 1t (e sasumed that the primary fleld {8 pa—
railel to the survey line; the'station’ refers to the transmitter loeation,

The direction of the primary fleld is first determined by holding the signs] cotl
horizontal {Figure 11a} and orienting the 1 for ooupling. This
1¢ detected by a mintmum sudible signal {n the loud-speaker mountsd on the
consols,

The inatrument is then haid y with its ref coll in & direction at
right angles to the ranamitter location (Figure 11b), at which potnt it is recelv-
ing the full effect of the primary field,

The operator then yotates the instrument (Figures 11c¢, d) in the vertical plane
until a minimum signal is registered. At this point the signal coll 18 orlented
along the minor axds of the ellipse of polarization, and the tlt angle of the
instrument is the angle of Inclination of the ellipse. The tangent of the tilt
angle {s therefore an approximaton to the ratio of the real component of the
vertical secondary fteld to the horlzontal primary flald, The E.M.-16 registers
both the tilt angle in degrees and the tangent of the angle, expressed In percent.

Helding the instrument steady in the i ion the then rotates
the *quadrature” knob with his left hand (Figures Ile, d), untl the best signal

minimam is obtained. Through this adjustment a groportion of the voitage in the
reference coll {after first shifting ita phase 90*) {s used to compensate the volt-

age in the signal coll,  The calib of the knob regi the g
the teference aignal used in the <1 thereby p: g & direct mea-
surement of the ratio of the signal strengths in the two recelver colls. As we
have saen ( {n, tis iz an to the ratio of the
dra of the vartical dary field to the horizontal primery
fleld.
Profiles recorded with the E.M +~16 resemble closely those in Figures 7 - 9,
with the ordl d in rather than fractions,
-}

2, Anomalies tend to be d by ductivity ch in the

overburden, or at the burden/bedrock interface. These may

be diffieult to recognize from anomalies due to conductors within

the bedrock.
3, Slnce the !:equoncy is high, the response factor of many geological

} 15 above the range where apprec-
iable quadrature effects are generated. Phase~shifts are more usually
assnociated with the effects of conductive ground on the primary and
asecondary signals, (see Flgure 3). Quadrature measummom.s cannot
often be used to assist in discriminating b o

of higher and lower conductivities.

Bocause of restrietions 2 and 3, 1t 1s often sdvisable to follow up the VLT survey
with one or more profliles by the horlzomal loop E.M. or other discriminatory
method, before costly drlling is carried out,

s d e

Because VLT anomalies are produced by such 2 wide rangs of geclogical effects,

pmﬁles wnd to be "ol d*, and the may need some assistance in
trends and classifying groups and patterns, This may be done by

digitizing the deta end parforming filtering, trend analysis and cross~correlation.

fraser {7) has developed a simple tachnique of filtering and differentiating tilt
angle profiles that can be applied effectively in the field or office for rapid geo-
lcqica! and By ging pairs of and taking

b paxm p dbya & that is iate to a panticular
do;th of tntarest, values may be plotted and contoured in plan that transform fn-
flections {including cross-overs) Into *higha® and “lows*, and smooth or accentuate
in accordance with the depth to the anomaly source, An example of the application
of this method is shown in the next section.

VLT interpretation has been mainly qualitstive to data, though theoretical work is
being done currently at several centres. Simple rules-of-thumb are sasy to de-
velop, based on the of & plane, h . primary Held,

For a small, spherical body, dapth to centre I3 approximateiy

d= I\ x, where % xis the horlzontal
distance between pointg of maxi~
mum and mistmam inclination
and radius 1s approximately
r=1.3d 3/mn~ 8 max.
For a thin cylinder, depth to centre is approximately
d=0.862\x

and radius is approximately

r=1.22 4 Jan' 6 max.
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Eisld Operstion and Avplications

The E.M.-16 and other VLF ground £.M. instruments share the same advantanes
in fiald operations .

1. They are light (2 - 3 1bs,} and excesdingly portable.

2. They need no » further reducing complexity,
cost, and oparating personnel {the 1nstmment 18 nor-
mally opereted by one man)},

3. Readings are extremely rapid, as signals are strong and
nulls clear and un-wavering within the recommended
operating rsnge of transmitters ,

4, Power consumption s negligible {one set of “penlite”
batterles generaily tasts well over & month},

5. The operation is 80 simpie that unskilled personnel can
be trained 83 operators in a matter of hours .

From a geologlcal point of view the following advantages are pertinent:

1. The method ta capable of a large depth of exploration
in non=conductive rocks (see Figure 3}.

2. The relatively high 2 des high P
factors for bodies of qulte sman dimensions. Relative~
1y “disconnected” sulphide ores have been found $0 pro~
duce measurable VLT signals,

3. For the same.resson, poor s such as sh d
<. contacts, braccis zones, narow faults, alteration zones
and porous fow tops normally produce VLE anomalles.
~The methad can therafore be used effactively for geclogical
mapping.

4, The method can be used without difficuity In mountainous
tersaln, though {f the ground Is conductive the profile will
be distorted in the direction of the ground surface. This
can often be tred and/or d seml: oly.

There ars relstively fow disadvantages to the method, and none from an oper-
ating standpoint,

1. In conductive ground the depth of exploration is saverely
limited {see Flgurs 3},

- i3 -

From Figures 7 - 9 it can be seen that for a line source, depth is approxdmately

vavy
d = )

This model approximates the ateeply dipping sheet, or half~plane.

EIELD EXAMELES

Figures 12{1) to 12(8) show exampies of VLF E.M. profiles over a variety of bed~
rock conductors, and have been selected to fllustmte some of the important features
of the method, All of the drill holes in these examples were drilled to test the VLY
anomaliss.

Example 1201} Denton Township, Ontardo

The in~phase (real component} proftle shows the asymmetry
typical of & relatively filat dip. The peaks occur roughly
73 feet from the inflection point, which {s consistent with

& conductor depth of about 50 feet. The quadrature profile
shows a weank, positive inflection, suggesting that the body
iz a very poor o » and that o is relatively
non~conductive .

Example 12(23 Timmins, Ontario

These are falry nrplcal proflies, showinq a posmve in-
phase or
The conductor hare is mlatlwiy massive and wide; me
averburden is 70 - 80 feet thick and moderately conductive
(5 = 10 % 103 mhos/m). The shape of the in-phase
anomaly is consistent with a broad body. and also sug-
gests a contribution from the overburden itself. The
quadrature anomaly is caused almost entirely by the
conducting body .

Exampie 12(3) Mississippl Lead District

The profiles show a number of anomaties, of which only
one has been drtlied. Depth in this case is 250 feet,
which i{s consistent with the depth derlved from a sphere
model using the adjacent peaks on elther profile. The
conducting body 1s prebably discrete and flat-lying.

The relatively strong ! mod-
arately conductive country rocks in the range typical of
{imestones and dolomites.




ONT.

DENTON TWP.

.14 -

“The body ltself is probably & poor conductor thouqh &t
VLF & es it cleadly
secondary fisld.

Example 12{4) Gooderham, Ontarlo

The acale of this figure {8 more comprassed than the
others. but two or possibly three conductors are clearly
indicated. The left-hand anomaly ia typical of a good
conductor iying close 10 surface — and driliing confirms
this, The right-hand anomaly is suggestive of a very
weak conductor, also close to surface, This has not been
drilled, but low frequency E.M. and [.P. surveys conflrm
that it is probably poorly connected, The central con-
ductor looks l1ke an overburden effect.

Example 12{5) Coppermine River, N.W.T,

This is a very typical anomaly for the area, where ex-
tensive VLF surveys have bzen camrled out to map faults
and breccla zones, The weak, negative quadreture
response indicates that the faull zone is & moderate
conductor. This i confirmed by 1.P. survey and drilling.
Chloritization and hematization In and adjacent to the fault
may contribute o the conductivity

Example 12(6)
The country rocks here are moderately comductive and it 18
surprising that more d b d

Windsor, Nova Scotia

15 not -

- Possibly the main anomaly is caussd by conductive material

lying close to surface., It would be Interesting to <rill a
deep hale w test the strong quadrature anomaly to the right

- of the known ore-zone,

100 ft.

Example 12{7} Tudhope and Bryce Townships, Ontario

This example 18 Included malnly to show the quadrature re-
sponse that can be d d from » good o aven at
shallow depth fo relatively non-conductive rocks, The
guadrature profile also reflects the dip of the conductor.

15a

o
+100'
+200'
+300'

+20%

+ 10%
0

— 0%

—20%+

FIGURE 12{1)

TIMMINS, ONT.
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Rxample 12081 Coppermine River, N.W.T.

This is an example of VLF In-phase data processed and

contoured {n accordance with Fraser's (7) program. The N
ease with which this map can be compared with the geclogy =
and other geophysical results, is one of its main advantages,

Certaln trendk, in particular the one inclined to the west of

the main north~south anomaly, are emphasized by this pre-

sentation of the data.

The quadrature profile, shown superimposed on the in~

phase contours, Is used to assist in identifylng the conductors.

In this case, the major fauits sppear to comrelate with the stronger,
negative guadrature anomalies .,

LONCLUSIONS

The ussfulness of the VLF E. M. method in mineral exploration
and gectogical mapping has baen established, and there Is no
doubt that it will enjoy continued popularity.

M s of the dre t are helpful in resolv-
ing anomalies from the various geclogical sources,

Better hods of data ing and i are required
if the VLF E.M. method Is to be used to lts fullest advantage,
particularly in airborne surveys.

Nrbome methods appear to hcve tremendous potential in both

g an ton for both helicopter
snd fixed wlnq use is belnq field tested and will shortly be in
routine operation.

*Active* radlo fi thods for expl from drill holes
have been proven to be effective, and will probably find greater
acceptence now that VLF E.M. has established its place in ore
prospecting.
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VLF MAPPING OF GEOLOGICAL STRUCTURE

Abstract

Field measurements with the EM16 instrument, in several areas definitely confirm
the usefulness of the VLF method for mapping shallow geological structure. Results obtained
across a portion of the Gloucester fault southeast of Ottawa indicate that this technique {s
particularly suitable in areas where the geology is simple. The field results generally agree
rather well with theoretical model data. The latter, however, indicates that mapping with
the EMI16 alone produces little quantitetive information, although the relative positions of
the high and low resistivity beds are generally clear. For this reason, it is desirable to
supplement the EM16 data occasionally with surface impedance measurements to obtain
apparent resistivities on both sides of the contact. This is especially true where it is
‘suspected that the observed anomaly is caused by an accident in the bedrock topography
rather than by the opposition of beds of differing resistivity,

Résumé

Des mesures, sur terrgin, avec l'appareil EM16 confirment l'utilité de la méthode
TBF comme outil de cartographie des structures géologiques peu profondes. Les résultats
obtenus a travers la failte de Gloucester au sud-ouest d'Ottawa indiquent que cette technique
s'adapte trés bien au probléme posé dans des gituations géologiquement simples.

Les résultats de terrain concordent trés bien avec les calculs théoriques. Cependant
ceux-ci démontrent qu'il est difficile d'obtenir des informations quantitatives a partir des
mesures EM16 seules. Afin d'obtenir des résistivités apparentes des deux cbtés du contact,
on doit compléter les mesures EM16 avec des mesures de l'impédance de surface. Ceci est
surtout vrai dans des cas ou l'on soupconne que U'anomalie est liéé & un accident topographique
de la roche en place plutét que par une opposition des lits de résistivité différente.
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VL¥ BMAPFING OF GEQLOGICAL STRUCTURE

W.M. Tetford’, W.F. King® and A. Becker"

Foreword

This paper is 8 summary of the work done by W. F. King while working under the
direction of Dr. A. Becker as & graduate assistant for the Geological Survey of Canads
during the summers of 1969 and 1970. The data described form part of his M.Sc. Thesis
dissertation, working under thesis supervisor, Prof. W.M. Telford, Department of Mining
Engineering and Applied Geophysics, McGill University. This paper is a product of
the application of new geophysical techniques being adapted to the geological mapping
mission of the Electrical Methods Section, Resource Geophysics and Geochemistry Division,

Geological Survey of Canada.

L.S. Collett,
Head, Terrain Geophyaics Program,
Resource Geophysics and Geochemistry Division

INTRODUCTION

It has long been observed that electromagnetic plane
waves propagating along the earth's surface are locally
distorted by near-surface discontinuitites in electrical
resistivity. In such cases the horizontal magnetic field
components normally present induce in the ground a
non-uniform eddy current distribution which results in
an anomalous vertical magnetic field component. l? the

A P2

Y-:
Figure 1. Two-dimensional fault with strike length
infinite in’ y-direction: insert shows E
polarization vectors.
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Station A, Montreal H3C 3A7, Canada

extra low frequency range (ELF) this phenomenon 1s
readily observable near cosastlines (Weaver, 19€3)
while in the audiofrequency range (AFMAG) the eflec
was first observed by Shaw (oral comm.., 1961) ir ihe
vicinity of faults and shear zones. More recent 4,
Collett and Bell (1971) have discussed how the AF:AT
method can serve as a useful tool in structural mepping.
Finally at very low frequencies (VLF} i.e. in the
10-20 kHz range the effect of geological structure has
been observed by Becker (1967), Fraser (1969) and
Patterson and Ronka (1971). '

These effects were explained theoretically by
Weaver (1963) who obtained closed form solutions for
plane waves incident on & semi-infinite conducting
medium divided by a vertical discontinuity into two
regions of different resistivity. Weaver's calculations
were later confirmed experimentally by Dosso (1976)
on & laboratory scale model. Both authors forecast a
sharp increase in vertical magnetic.field component
near an electrical discontinuity. This quantity exhibits
a maximum value at the discontinuity and decreases
gradually to zero away from it,

The rate of decrease is a function of the electrical
properties of the material on either side of the
discontinuity, being greater on the conductive side.
More recently this problem was studied by Geyer (197%a, d)
who found that the spatial variation of the vertical
component was strongly influenced by the dip of the
interface. ;

The purpose of the present study was to examine in
some detail the variation exhibited by the field components
of a plane electromagnetic wave in the vicinity of &
fault. In particular we have elected to study the variation
in the vertical magnetic component and in the surface
wave impedance across the discontinuity. As will be
shown later. in the results section, we were fortunate(
to be able to perform the messurements in relstively
simple geological environments so that & good comparison
could be made between our theoretical predictions of
electromagnetic field behaviour and the observed
variations.

Mznusermst reazived and gpproved for publication, August, 1976.



Pége Sa

MORMALIZED Wy

Ny PINENY

Ny oWy DUENEILS
y 338l

"uASL

Figure 2.

Subsurface current flow

(By. relative smplitude

distribution) at 10 kHz in

the structure of Figure 1.

CRECUENCY 30kNy

My

/3 « 1/

3 3 &

»

4

Pigure 3. Theoretical profiles of H,, Hy and Ag-x

weshe ] . eeeAS

over structure of Figure 2.

THEORY

Vertical magnetic field variations

A number of authors (Jones and Price, 1970),
Swift (1971) have discussed the mathematical basis for
the distortion of an electromagnetic plane wave over a
vertical discontinuity separating two half-spaces of
different conductivity, with and without an overburden
layer above, For a remote natural EM source the
direction of E., the electrical and H, the magnetic
horizontal vectors is random with respect to the
co-ordinate system shown in Figure 1. These vectors,
however, may be resolved into components parallel
and normal to the contact. The appropriate Maxwell
equations thus become:

GEz BEx
I TR
f_’fy_ - -oE for E normal to strike
az “x (H polarization)
oH
ax z

and: 2E
ax dmy‘oﬂz
ffy. - H for E parallel to strike
9z JouMy (g polarization)
M M e
az ax y
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The E polarization is particularly convenient for.
the VLF method, which meagures H, and Hy. It is
customary, where possible, to select a remote station”
whose H, vector is roughly parallel to the survey lines,
that is, the station location is more or less parallel to
strike.

The VLF source field, propagating parallel to the
earth surface and refracted vertically downward at the
ground interface, thus provides H, and Ey components
approximately in the appropriate direction. The ground
current flow may be readily illustrated by calculating
with the aid of numerical techniques (Swift, 1967;
Madden and Swift, 1969; Ku et al., 1973) the actual
subsurface electric field distribution for a given
geoalogical situation.

Figure 2 shows the subsurface current flow (actually
the E, field amplitude distribution) at 10 kHz in the
structure of Figure 1 with an overburden of 100 Qm,
$ m thick and the contact separating beds of 1000 and
10 000 Om. Since the skin depth (5 = 500 V{p/1) for
140 Qm and 10 kHz is about 50 m, the EM wave is not
greatly attenuated in the overburden. Use is made of
the ratio d/6, where d is overburden thickness, since
it involves sall the significant overburden parameters.

Theoretical profiles of Hy, H, and Az-yx over the
same structure, are illustrated in Figure 3. As the
fault is approached from the left (conductive side) the
horizontal magnetic field increases to a maximum, falla
sharply to & minimum as the contact is crossed and then
increases slowly to background value as the traverse
proceeds to the right. The slope is always steeper on
the conductive side of the contact, although increasing
overburden thickness and/or conductivity reduces the
profile amplitude considerably. For very small values
of d/6 the background value of H, is actuslly larger on
the conductive side than at large distances to the right.

The H, field shows a peak directly over the contact
which decsys to zero on the flanks. Again the slope is
steeper on the conductive side and the peak amplitude
is controlled by d/6. In the bottom profile. the phase
variation. A. between H, and Hy is roughily an inverted
image of the vertical magnetic field, with a minimum of
32° sbove the contact and a more or less linear increase
on both sides. the steep slope again appearing over the
conductive bed. When d/8 = 0 the phase shift is zero

0
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Figure 6. Peak amplitude of total field plotted against log
KCR for structure of Figure 2. No overburden.
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Figure 7. Peak amplitude of total field plotted against
log Kcp and log Ko, for d/6 = 1, 1/3, 1/16,
1/30 and structure of Figure 2.

at the contact; as this ratio increases, the cusp persists,
although its phase increases.

Because H, and Hy, differ in phase in the vicinity
of a conductive discontinuity, the resultant EM wave
is elliptically polarized (Heiland, 1940; King, 1971;
Paterson and Ronka,. 1971). The wave tilt @ (inclination
of the major axis with respect to the horizontal) and
ellipticity r (ratio of minor to major axes) of the ellipse
are given by:

tan 20 = R SO; A
rz 1t R2 - \’(14-8.2)2 -~ 4R§ azin2 A

T .z

1+ Rz * ‘J(th) ~ 4R gin” A
where A = $z — b, the phase difference between vertical
and horizontal field components. and, R =[H,/H,} is
their amplitude ratio. With a little manipulation and
assuming that Hy is considerably larger than H,, which
is generally the case, these relations become:

tan @ =R cos A

r =R sin A.
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Figure B. Theoretical profiles of pg and ¢ over structure
of Figure 2 for 4/6 =0, 1/30, 1/10, 1/3.

In this case it is useful to note that the total normalized
vertical field can be directly calculated from the
measurements from:

Rz -—-tan29+r2

The parameters © and r are related to "in-phase™
and "quadrature" components of the secondary magnetic
field (see section on instrumentation). Profiles of tilt
and ellipticity, for d/6 =1/10 and zero (no overburden)
are shown In Figure 4. The polarization ellipses at
severasl stations along the traverse are included in the
latter profile. Directly above the contact, if the value
of A is zero, the ellipse degenerates to a straight line
whose slope is Hy/Hy.

Clearly the overburden has a pronounced effect
on both the tilt and ellipticity profiles. Figure §

- {llustrates this point further, wnere the total vertical
secondary field H,, expressed as a percentage of the
primary field, is plotted for increasing values of d/5.

" Two additional parameters may be employed to
determine maximum response over the contact. These
are Kog, the ratio of resistivities in the conductive
and resistive beds and Kgc. the ratio of overburden
resiativity to the resistivity of the more conductive
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bed. When d/6 =0, the maximum total field response
is controlled by Kcp only; this is shown in Figure 6,
where |H;/Hy| max is plotted against log Kcop-
Figure 7 displays total field velues for variable

as well as Kcp, corresponding to d/6 ratios of 1/30.
1/10, 1/3 eand 1. When d4/6 = 0, the peak response
will be 50% for any Kcr = 1/10 (10 im vs 100 Oim.
1000 Om vs 10 000 Qim, etc.); it should be noted,
however, that the profile widths will be different.
This will also be true for other values of d/6 when Kcp
and Ko are fixed.

From the foregoing discussion it is clear that, in
areas where the overburden resistivity is large compared
to rock resistivity or where d ~ 0, it would be possible
to use the H, méasurements to determine the structure
parameters from the [H,/H,| max ratio, from the skewness
of the profile, and from the profile width. A condugtive
averburden, however, affects these quantities greatly
and other techniques are required. In general, we may
summarize the behaviour of EM field components over
a vertical fault as follows:

1. The total field response is an asymmetric peak over
the fault and decays more rapidly on the more
conductive side.

2. . The in-phase component of the secondary vertical
magnetic field is also an asymmetric peak above
the fault and decays more rapidly on the more
conductive side.

Figure 9. Variations of amplitude [pg/p;| and phase ¢
for two-layer earth with resistive basement
(after Cagniard (1953)).
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3. The quadrature component displays a local minimum
over the fault, the response being broader than :
that of the in-phase.  The minimum becomes less
pronounced with increasing depth of overburden.

4. Both in-phase and quadrature response decrease
with increasing depth of overburden. The quadrature
response becomes greater than that of the in-phase
when the overburden thickness is more than
approximately one-half a skin depth. '

§. In-phase and quadrature response increase with
increasing resistivity contrast across the fault.

6. Anomaly width decreases with increasing frequency,
for a given resistivity contrast.

_Surface impedance variations

Anothermethod which can be useful for the mapping
- of latersl discontinuities involves the simultaneous
. measurement of Ey and Hy as in magnetotellurics
{Collett and Becker, 1968). The surface impedance,
'Z, is the ratio of these two quantities and defines the
“apparent resistivity” for the underlying terrain via

1 2
P = e 14

in MKS units.

GEONICS EM-16
Glcester Twp., Ontoriy
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Usually, Z is a complex quantity because Ey and Hy

~:. are not in phase with each other. Thus Figure 8 shows

theoretical profiles for the apparent resistivity and the
phase difference between E and H across the original
contact of Figures 2 to 6 for the d/6 ratios used
previously. It is agsin apparent that increasing depth
of overburden influences the results by decreasing
values of both g, and ¢ on each side of the contact,
while smoothing the profile slope directly over it.

Although the variation in the apparent resigtivity
near the .contact can only be calculated numerically,
the values of this quantity and the accompanying phase
difference, remote from the fault, can be computed
analytically. Variations of amplitude [p,] and phase
$ for a two-layer earth ~ that is, the overburden layer
remote from the fault ~ are shown in Figure 9.
These are the standard master curves developed by
Cagniard (1953), reproduced only for a conductive
upper layer. Although magnetotelluric sounding
normally involves measurement of horizontal orthogonal
E and H fields over a range of frequencies, it is posaible.
by assuming a resistive bedrock, to estimate the over-
burden parameters from this master chart even when
{ps] end ¢ have been determined only at a single
frequency in the field.

Figure 11. VLF in-phase and quadrature profiles, Leitrim area.



INSTRUMENTATION

Measurement of iiukneﬁc.ﬁel’d tilt and ellipticity

The Geonics EM16 VLF receiver has been described
elsewhere (King, 1971; Paterson and Ronkas, 1871
Phillips and Richards, 1975). At lesst two other

instruments — the Scintrex SCOPAS and Crone RADEM -

sre also designed 10 meéasure properties of the
polarization ellipse over the same frequency range.
With the EM16 a minimum signal is obtained in the
receiver by aligning the instrument receiver axes with
the major and minor axes of the field polarization ellipse.
At this tilt angle, the voltages induced in the two
receiver coils are exactly in quadrature with each other
and may be directly compared by adding a 90° phase -
shift to one of them. This comparison is made with the
use of the "quadrature® dial which then allows a direct
reading of the ellipticity. As indicsted previously the
tilt angle reading, in percent, is asgociated with the
"“in-phase™ component of the secondary vertical field
and the ellipticity is associated with the "quadrature™
component of the same quantity. ’

VLF  SURVEY
GEONICS ' EM-16
Gloucester Fopt, Onlard
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In order to avoid ambiguity in profile plotting and
interpretation, some sign convention must be maintainec
during field surveys. From the equations for
E-polarization involving H, and Hy in the previous
section, we find that:

2‘_ L 9E_/Jox

H 3E Joz
x ¥y

Thus the value of tan 8 may be positive or negative, !

depending on the sign of 3E,/3x: since Ey is larger

on the resistive side of the fault, the x-gradient will

be positive if the traverse proceeds from the conductive

side and vice versa. For consistency the following

azimuth orientation was maintained during field work.

For traverses approximstely east-west {(north-south),

‘the operstor faces east (north) as nearly as possible,
... .depending-on-the-transmitter azimuth, to meke
.. .measurements;while-dip-angles to the east (north) are

reckoned positive. With this convention, both in-phase
and quadrature values are positive when the resistive
bed lies to the west (south) for an east-west (north-south)
traverse, while a negative response indicates the
resistive bed is east (north).

A
[~
P 0 £00 foet
o 73 por cowt

Figure 12. VLF total field profiles, Leitrim area.



Measurement of complex wave impedance

The Westinghouse Georesearch Model C-602 VLF
Wave Impedance Meter was used for measuring p,
and é. A Geonics EM16R unit, unavailable at the time,
is equally suitable for this purpose. Both employ the
magnetotelluric method, with a horizontal axis coil to
detect the H, magnetic field component and a 10 m
dipole, consisting of two electrodes driven into the
ground, for the Ey orthogonul electric field. Both are
null instruments. With the Westinghouse meter the pg
and ¢ values are read off graphs supplied with the
instrument. Its frequency range is 10-60 kHz. The
EM16R is a modified form of the EM16, whose frequency
range is about 15-25 kHz; resistivity and phase
readings are obtained from dial readings at null

signal, s

s
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FIELD WORK

Gloucester Fault

The principal test area for field work was in the
vicinity of Leitrim. near Ottawa, where the Gloucester
fault strikes roughly southeast for some 30 miles. The
map in Figure 10 includes some geology and aeromagnetic
contours. Beds of Carlsbad shale form the north side
of the contact, adjoining Oxford limestones in the north-
west half, while March and Nepean sandstones occupy
the southeast portion (Wilson, 1946).

Aeromagnetic contours indicate very little suscep-
tibility contrast between these formations. The fault
trace determined by geological mapping is a smooth
line; that outlined by the VLF Survey differs only in
detail in some areas. This is & nearly vertical dip-slip
fault downthrown to the northeast and displaced
upwards on the southwest.

Heorizotol Scele 0=====! fowr
0 60"~ PHASE = o oo e e e

Vertiowl  Scele
l 30 MULLAROS [M - OF ~——

Figure 13. Apparent conductivity (o,) and phase ($) profiles on lines 20+00N, 10+00S. and 304-503. Leitrim aree.
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100 N\—

A brief description of the various formations and
their resistivity is tabulated below (Andrieux written _f_‘!_;__
comm., 1971): ‘

Formation Geology Resistivity

' Carlsbad Shale, limestone- 85 Qm
dolomite

March SS-dolomite layers - 0 . 1 4 s

Nepean SS-giliceous cemented 1500 - 3000

Ottawa ‘Limestone, shale-SS 2000 - 3000
layers

Oxford Thick dolomite with 5000
some s

Rockcliffe- Shale + S8 levels; low?
St. Martin Is + sh + dolomite

PERCENT

pa-QL- M

VLF profiles showing in-phase and quadrature
response over this aresa are displayed in Figure 11 and 2 D
those for the total field (R) in Figure 12. Line spacing 10<° ’ )
was about 500 feet on average and the traverses, t
approximately normal to the fault, were generally one 1 l ‘
mile long. As indicated, the lines strike east-northeast;
the Cutler Maine transmitter, NAA (17.8 kHz) which is 0 s T N oNes
about 400 miles due east of the area, was used for the
entire survey. Although a VLF transmitter located
approximately north or south of Ottawa would have
been more suntable. the Cutler station provided the
best signal for this area. Readings were taken facing
north. Station spacing varied from 50 feet near the v
fault to 200 feet remote from it. ‘ INTERPRETED SECTION

400 10 +CON 20+00N

Figure 15. VLF total field, and p, profiles line A3,
Smoky Creek fault.

METERS

£z 0O

The data displayed in Figure 11 provide excellent
examples of the vertical contact between beds of
contrasting resistivity. Nearly all the profiles show a
pronounced anomaly where the Gloucester fault is
expected to occur, consisting of asymmetric in-phase
and quadrature peaks with the steeper slope to the
northeast, corresponding to the more conductive bed.
The quadrature enomalies, which are generally broader,
flatter and of smaller amplitude than the in-phase, also
have a characteristic local minimum or cusp (e.g. Lines
24+50N, 0+00; 14+00S, 19+00S, 25+50S, 41+00S, 47+00S,
50+00S, 72+00S, 83+00S) coinciding more or less with
the in-phase maximum on many profiles.

There is another distinct anomaly about 2000 feet
east of the Gloucester fault between lines 21+00S and
ot . “ . 65¢505. Both in-phase and quadrature peaks sre .

it negative, the latter displaced slightly to the west of the
in-phase on several lines, notably 60+505. The steeper
slope is on the southwest. Slight quadrature cusps are
. evident on lines 40+50S, 45+00S and 50+00S. These
Figure 14. Airborne VLF and traverse line, Smoky - data define a second contact with the resistive bed to
Creek fault area, Lake Abitibi~Noranda area, the northeast.




A third anomaly still farther east appears between

lfues 324008 and 60+505. Here the peaks are positive -

and the asymmetry indicates the resistive bed is on
the southwest side of the contact. The quadrature
response is larger than the in-phase on several lines.
This feature, which is.about 1300 feet east of the
second contact on line 324008, appears to merge with
it to the southeast. On line 60+50S the separation has

decreased to about 800 feet. ‘producing a crossover type
. of response due to the proximity of the positive and

negative peaks.

The total field profiles of Figure 12. although they
contain less information than Figure 11, probably give
a clearer picture of the three conrtacts discussed above,
since the anomalies are all positive and there is less
clutter.

Wave impedance profiles carried out on lines 20+00N,
10+00S and 40+50S .are shown in Figure 11, Here we
have plotted the apparent conductivity (reciprocal of
apparent resistivity) and ¢ the phase difference from
45°. On lne 20+00N there 15 one pronounced break
for both parameters, appraximately at 36+00W. The
generally low apparent conductivity 4 - 2 millimhos/m
west of this station rises sharply and remains greater
than 20 millimhos per metre for the eastern portion of
~‘the traverse. The phase angle between Ey and H,

- ncreases abruptly at the same point and there is a
difference of 15° - 20° between the average values
etither side of it. These results agree qualitatively with
the theoretical profiles of Figure 8. that is, the more
conductive bed on the east produces & larger phase

- angle than on the resistive side. unless the structure .
outcrops. In this case the fact that the phase angle on
‘the conductive side exceeds 457 seems to indicate the

=+ presence of a resistive overburden on that side.

* The profile from 104005 exhibits the same properties
“‘as the one from 20+Q0N, the contact being at 15+00W.
Although the phase break is not as pronounced here,
the difference hetween the average values of east and
west sections 15 about 15°. Comparing all four profiles

- with Figures 11-and 12. it is clear that the fault is
located within 50 féet in all cascs. ‘

 Three contacts-are indicated in the g, and ¢ profiles
for line 40+50S, near stations 6+00E, 29+00E and 44+50E.

- These results corrélate well with EMI6 profiles in

Figures 11 and 12, where peaks appear at 5+50E, 29+00E
and 44+00E, corresponding respectively to the Gloucester
and the two additional faults discussed previously. All
the previous remarks concerning lines 20N and 10S

= apply here as well.

It is to be noted that the geological section derived
-by Wilson (1946), which is also shown in Figure 13,
agrees with the position of the fault as indicated by the
VLF measurements. It does not, however, suggest the
presence of the other two features farther to the east.
Summing up. the correlation between field resuits
and theory is excellent. In particular, there does not
ppear -to be any anomalous conductivity associated
with the faults themselves, such as exhibited by
graphite and water-filled shear zones. In Figure 12
the trace of the Gloucester fault as mapped by the VLF
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survey wanders somewhat from its location determined

- geologically by Wilson (1946). The variation, however,

is generally within 500 feet.

The wave impedance measurements located all the
contacts within 50 feet of their positions found in the
tilt angle survey, which is roughly the errcr in the
pace and compass traverses employed. The appsrent
conductivities of the Carlsbad and Oxford formations

- obtained by .hese measurements, about IS and 3

millimhos/m respectively, do not represent true
formation resistivities, because of the presence of
overburden. The fact that the phase variations, in
the vicinity of Gloucester fault, do not agree with the
theoretical profiles in detail is probably due to
irregularities in the overburden and/or multilayer
beds on both sides of the contact.

Detection of the two faults east of the Gloucester
fault indicate a resistive zone in the Carlsbad Shale
(see Fig. 13, line 404508 between 29400 and 44+00E)
which cannot be due to a change in the bedrock terrain.
since both overburden and shale resistivities are
comparatively low. The resistive block may be Ottawa
limestone. locally uplifted from below the Carlsbad:
outcrops of this formation are found northwest of Leitrim.

Smoky Creek Fault

Further field tests were carried out over the Smoky
Creek fault in the vicinity of Lake Flavrian, several
miles northwest of Noranda, Quebec. The fault strikes
southeast for about 20 niles in the area. The geological

- map- for the areaindicates granodiorite on both sides,
- that is. there is-no contrast in-lithology across the

. contact.. This feature was indicated by an early airborne
- AFMAG survey (Sutherland. 1967) and more.recently .

by an girborne VLF Barringer RADIOPHASE survey
(Becker and McNeil. 1569). The field situation is shown
in Figure 14 which indicates the position of one VLF
profile (line A3) with respect to the fault and the airborne
anomalies.

EM16 total field profiles. together with the
corresponding apparent resistivity profile are shown
in Figure 15 for line A3. Here. the Smoky Creek
fault is located at station 15+50N, marked by extremely
high (100%) total field peak and a very abrupt increase
in resistivity from 100 {Im to 6040 Om. The steep slope
of the EMI16 profiles is also consistent with the more
conductive zone on the south side.

0OC resistivity shallow depth soundings were carried
out in an attempt to clarify the EM16 results. These
tndicate that the thickness of the overburden is at least
57 feet at 7+50N, 43 feet at 13+50N, but 6 feet or less at
16+50N. This abrupt change in depth of a conductive
(< 100 Om) layer — essentially a steep contact between
overburden and resistive bedrock ~ is the source of the
anomaly. Possibly the fault itself, supposedly located
at 15+50N, is responsible for the bedrock step, although
there is no evidence to support this. Thus the VLF and
pgq profiles, aithough characteristic of a contact between
two beds of different resistivity. appear to be the
reflection of a sudden change in the depth of overburden.

11




CONCLUSION

The field results described in this report agree
very well with the theory of VLF response over a vertical
contact between beds of contrasting resistivity, covered
by & uniform layer of overburden. Thug the method is
a useful qualitative supplement to field geology in
mapping such structures. Subsequent work in the
. Ottawa Valley and St. Lawrence Lowlands (Williams, 1976)
has confirmed this.
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In areas where there are abrupt changes in depth
of overburden, however. the VLF data may be misleading,
as described in the survey of the Smoky Creek fault.
Similar sudden lateral changes in overburden
resgistivity, slthough no examples are given here, would
doubtless have the same effect. At present shallow
seismic and resistivity sounding are the only geophysical
methods available to clarify such situations: both are
slow and relatively expensive. Obviously a simple and
rapid technique for mapping bedrock terrain and
estimating overburden resistivity is very desirable,
not only in connection with the type of survey described
here, but in many other applications as well.
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CONTOURING OF VLF-EM DATA{}

D. C. FRASER*

Prospecting for conductive deposits with
ground VLF-EM instruments has received con-
siderable impetus with the recent development of

“lightweight receivers. The large geologic noise
‘component, which results from the relatively high-
transmitted frequency, has caused some critics to
-avoid use of the technique. Those who routinely
perform surveys with a VLF-EM unit find that,
in some areas, a S-degree peak-to-peak anomaly
can be significant, whereas anomalies having

amplitudes in excess of 100 degrees may occur as -

well. Consequently, there is a dynamic range
problem when presenting the results as profiles

plotted on a field map. .

A data manipulation procedure is described
which transforms noisy noncontourable data into
less noisy contourable data, thereby eliminating
the dynamic range problem and reducing the
noise problem. The manipulation is the result of
the application of a difference operator to trans-
form zero-crossings into peaks, and a low-pass
smoothing operator to reduce noise. Experience
has shown that field personnel can routinely

perform the calculations which simply involve

additions and subtractions.

INTRODUCTION
VLE-EM data can be exceedingly difficult to

interpret because a large geologic noise component”

can result from the relatively high-transmitted
frequency of about 20,000 Hz. Routine surveys
can yield useless data unless special care is taken
both in survey procedure and in data presenta-
“tion.
" “The purpose of this paper is to describe the
survey procedure and the method of data presen-
tation in use by the Keevil Mining Group and to
illustrate the advantages of this approach.

VLF-EM GROUND SURVEY PROCEDURE AND
DATA TREATMENT

The primary field

VLF-EM transmitter stations are located at
several points around the globe. They broadcast
at frequencies close to 20,000 Hz, which is low
compared to the normal broadcast band. The
purpose of these stations is to allow governmental
communication with submarines, and the low
frequency allows some penetration of the conduc-

tive ocean water. Skin depth is approximately
3.6+/P meters, where P is the resistivity of a

-~ homogeneous halfspace in ohm-m, on the assump-

tion that the frequency is 20,000 Hz and that the
halfspace is magnetically nonpolarizable. Conse-
quently, depth of exploration is severely restricted
for overburden resistivities less than 200 ohm-m.

Since the area to be prospected normally is of
considerable distance from the transmitter sta-
tions, the primary field is uniform in the area,
allowing rather simple mathematics to be used in
anomaly prediction and analysis.

Survey procedure end data treatment

The survey procedure first consists of selecting
a transmitter station which provides a field
approximately parallel to the traverse direction,
i.e., approximately perpendicular to the expected
strike of a conductor. The following points relate
to the method of data treatment.

1. Readings should be taken every 50 ft, as
will be shown below.
2. Transmitter stations should not be changed

1 Manuscript received by the Editor April 24, 1969; revised manuscript received August 18, 1969,
* Keevil Mining Group Limited, Geophysical Engineering & Surveys Limited, Teck Corporation Limited, Toronto,

Ontario, Canada,

Copyright ©1970 by the Society of Exploration Geophysicists.
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for a given block of ground, to avoid distor-
tion in the contour presentation. Hence, fill-
in lines should be run with the same trans-
- mitter station as other lines in the block. The
field direction of this sta.non should beshown
on the data map.
3. List the dip angle® data in tabula.r form, as
follows:
a) list in the dlrectxon of north (top of
paper) to south, or from west to east;
b) dsxgnate south or east dips as nega—
tive; and
¢) perform calculations as shown in
Table 1.
Thus, the filtered output or contourable
quantity simply consists of the sum of the
‘observations at two consecutive data sta-
-tions subtracted from the sum at the next
-z two consecutive data stations. The theo-
retical basis for this procedure will be de-
- scribed below.
4. The right-hand column (filtered data) is

1 This:paper assumes that data is recorded as for
the Crone Radem which defines a north-dipping field
as a ‘south “dip” on the instrument. This convention
was chosen because a south reading is interpreted as
arising from 2 conductor to the south.
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suitable for contouring. Normally, negative
values are not contoured since, being caused
by dip angle flanks, they do not aid inter-
pretation but only confuse the picture. The
positive values generally are contoured at
10-unit intervals, and the zero contour is
shown only when it brackets an anomaly.
In quiet areas, S-unit contours may be
meaningful. .

" Example -

- Figure 1 prmts dlp—angle .data, according to
the Crone’ convention, in the. vicinity of the
Temagami mine of Copperfields Mining Corpora-
tion Limited in Ontario. This figure illustrates
that several conductors are present yielding large
dip angles. A complex pattern has resulted which
requires some thought to interpret properly.

Figure 2 presents the filtered data in contoured
form where only the 0, 20, and 40 contours are
shown for simplicity. The conductor pattern is
immediately apparent, even to exploration per-
sonnel untrained in VLF-EM interpretation. The
three anomalies correlate with a zone of nearly
massive pyrite and two brecciated fault zones.
Depth to bedrock is 15 ft.

In practice, all the data of Figures 1 and 2 are

Table 1. Example of calculations

Apply sign and form the .
. Measured : : Take first differences of
Location dips movmogf i:rgi:i pairs - alternate entries
34008 6S -6
34508 78 7>(—6)+(“7) = 8
rr00s N 8><—7>+(—8>= —15 (=) —(~13)=  ~10
44508 158 15 5 (=9 =(=15= —-n
-39 + 7
54008 248 ~24 s 57
54508 8N + 8 18 +38
6-+-00S 10N +10 2 +8
+
64-508 12N +12 ) +6
+26
74008 14N +14
74508 N 14 +28 (+38)—-(+26)= + 8
84008 20N 20>(14)+(20) - +34
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F16. 1. Dip-angle data in the vicinity of the Temagami mine. The arrow defines the VLF-EM primary field direction
from the transmitter at Seattle, Washington.

placed on a single map. The above example illus-

trates that this very simple one-dimensional -

filtering scheme yields a practical and effective
approach to VLF-EM data handling.

The filter improves the resolution of anomalies,
thereby making them easier to recognize. An
inflection on the dip profile from a conductor
subordinate to a larger one yields a positive peak,
thereby emphasizing the presence of such a
conductor. Figure 3 illustrates this effect where
nine lines were run over an SP (self-potential)
anomaly in the Temagami area. The dip-angle
anomaly is very poorly resolved due to the re-
gional south dips produced by an areally large
conductor to the south of the map area. The con-
toured VLF-EM data vields a clearly defined
anomaly which was located over the negative
center of the SP.

THE FILTER AND ITS EFFECT ON
ANOMALIES

The filter operator

The filter operator was designed to meet the

following criteria:

1. Tt must phase shift the dip-angle data by 90
degrees so that crossovers and inflections
will be transformed into peaks to yield
contourable quantities.

2. It must completely remove dc and attenuate
long spatial wavelengths to increase resolu-
tion of local anomalies.

3. It must not exaggerate the station-to-
station random noise.

4. It must be simple to apply so that field
personnel can make the calculations without
difficulty.

The first two criteria are met by using a simple
difference operator, i.e.

Mz"'Ml)

where My and M, are any two consecutive data
points.

The third criterion is met by applying a
smoothing or low-pass operator to the differences,
ie
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Fic. 2. Filtered'data computed from the map of Figure 1.

M — M)+ 3(Ms — M) + (M — My),

where M1, My, M;, and M, are any four consecu-

tive data points. The filtered output then is
(M — M) + (M — M) + (M — M)
=M+ M — M\ — M)

‘The final criterion is enhanced by eliminating
the constant, so that the plotted function becomes

foa= (Ms+ M) — (M + M),

which is plotted midway between the M2 and M;
dip-angle stations.

This filter has its frequency (wavenumber)
response displayed in Figure 4, for a station spac-
ing of SO ft. Its characteristics are as follows:

1. Allfrequencies are shifted by 90 degrees.

2. Noise having a wavelength equal to the
station spacing and dc bias are completely
removed.

3. Maximum amplitude occurs for wavelengths
of 250 ft, or five times the station spacing.

The frequency : (wavenumber) ‘response of the
filter is shown for a station spacing of 50 ft,
because this is the most suitable spacing for defin-
ing sulfide bodies within a few hundred feet of
surface. This will be demonstrated below.

The dike model

A conducting dike in 2 VLF-EM field will
produce a secondary induction field from eddy
currents maintained in it by the primary field.
These eddy currents will tend to flow in such a
manner as to form line sources concentrated near
the outer edges of the dike since the field is uni-
form (Figure 5a). This dike may be replaced by a
loop of wire of dimensions traced out by the main
current concentration in the dike. The secondary
ficld geometry of the loop and dike then will be
practically identical, as has been shown by Fraser
(1966), Parry (1966), and Parry et al (1965). This
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Fi16. 3. Dip-angle (upper map) and filtered data {(fower map) over a small grid in the Temagami area. The arrow
defines the VLF-EM primary field direction from the transmitter at Balboa, Panama.

allows a mathematical model of a dike to be
constructed because the field from a line source is
known.

For brevity, only a dike which is large in depth
extent and in length will be considered herein.
Only the top line source of Figure 5a will con-
tribute to the measured dip angles because the
other current line sources are very far away.

The horizontal Hs, and vertical Hs, secondary
fields are (Figure 5b)

b4

HS: = kHo
x? + 2%

x
s, = kll g ———

%+ g2’

where % is a positive constant having the dimen-
sion of length and is related to the conductivity
and dimensions of the dike, and where H is the
primary VLF-EM strength at the dike. The
measured dip angle is

.
st+H0
kx

tan—! [----—»-——-—-
kz +

I

s + z’]'

Model dip profiles can be computed for various
depths 2 only by assuming a value for &.

As a means of testing the effect of the filter
operator, a single & value was chosen to vield a
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maximum dip angle of 35 degrees when depth z
to top of dike (or line source) was 100 ft. Figure
6 illustrates the dip angle and filtered profiles for
this case for a station spacing of 50 ft and for
several depth values.

The following are the main characteristics of
these dike and filtered anomalies:

1. Peak-to-peak angles vary from 93 degrees
for z=50 {t to 25 degrees for z=>500 ft.
Filtered peaks vary from 118 degrees for
£=>50 ft to 8 degrees for =500 ft. Thus, the
filter amplifies near-surface anomalies and
attcnuates deep-source anomalies. There is
neither amplification nor attenuation when g
is 100 ft.

2. On the basis of anomaly resolution and usual
noise levels, dip angle data can detect dike-
like conductors in a resistive medium to a

depth of 500 ft, while filtered data can detect
such bodies to a depth of 300 ft. Conductors
in the upper 200 ft generally will be more
easily recognized on the filtered data.

VLF-EM data commonly is measured at 100-
ft intervals in Canada. A change in the sample
interval from the 50 ft recommended herein to
100 {t-causes the passhand curve of Figure 4 to
shift to the left, such that the peak is at 2X 103
cpf rather than 4X107* cpf. Similarly, the
anomaly curves of Figure 6 remain correct in
shape provided all distance dimensions are
doubled. Consequently, detection of conductors
to a depth of 500 ft, when utilizing the filter
operator, might appear facilitated by use of a
100-ft station interval rather than a 50-ft interval.
However, anomalics from near-surface conductors
will have poorly defined waveforms for a 100-ft
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data station interval, and will alias as deeper
conductors. This “geologic noise” will somewhat
confuse the contoured output. Generally, a
comparison of the 50-ft data station dip angle
profiles with the contoured filtered output suffices
to indicate approximate depth to source and to
allow recognition of sources deeper than 300 ft.

As an aside, some geophysicists have claimed
that a reasonable dike model depth estimate can
be obtained directly as half the distance between
dip angle peaks, because the vertical field Hs,
‘peaks at x=1s. However, this formula is not
.applicable to dip-angle data, as can be seen by the
dike curves of Figure 6. For this example, the
formula provides erronecus depth estimates of
150, 200, 325, 425, and 625 for true depths of 50,
100, 200, 300, and 500 ft.

The sphere model

A conducting sphere in a VLF-EM field will
produce an anomaly according to equations in
Ward (1967). For a traverse directly over a
sphere having its center at depth 2, and run in the
direction of the primary field Hy, the anomaly is,

(222 — 2%)
Hs, = kHyj———
(x2 + z2)572
3xz
Hs, =

kH, (x2 + 22502 ’

where k is a positive constant which saturates at
R3/2, where R is the sphere radius, and where
quadrature is ignored. The measured dip angle
as a function of station location x is (where x is
zero directly over the sphere center),

tan—[(____,i?z___)
st + HO

= tzm"[ Skaz ]
R(2x? — 2%) + (v + 27)0°

Model dip profiles can be computed for various
depths z only by assuming a value for k. The
sphere curves of Figure 6 assume a saturated k-
value for a sphere radius of 50 ft. Obviously, a
sphere having its center at a depth of greater
than twice its radius generally will not be detect-
able. However, the filter operator aids in the
recognition of a spherical conductor because it
amplifics the anomaly, for the small sphere sizes
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usually encountered in nature, assuming data
spacing is 50 ft. .
TOPOGRAPHIC EFFECT

Whittles (1969) recently described a topo-
graphic effect which may arise when surveying
with VLF-EM in mountainous regions. The
spatial wavelengths which result from the phe-
nomenon he describes are greatly attenuated by
the filter and generally do not appear on the con-
toured maps. Whittles advocates the use of first
derivatives to remove the topographic effect. The
filter operator described herein uses the first
difference (i.e., the discrete first derivative) as one
of its components.

ADDITIONAL APPLICATIONS

The simplicity of the calculations allows practi-
cal application of the filter to any form of ground
geophysical data which yields zero-crossings over
tragets, such as vertical loop EM and Afmag.
However, it is difficult to justify the use of the
filter on vertical loop EM data because neither
dynamic range of anomalies nor geologic noise
is large. In Afmag, utilization of the filter is not
recommended because of the varying direction of
the primary field.

Airborne VLF-EM systems, which measure
parameters yielding zero-crossings over targets,
are being marketed. If the data were collected on
magnetic tape, a computer could be used to apply
the filter, thereby allowing contouring of the
data. However, in this situation more sophisti-
cated filter operators should be employed.

If the filter is to be applied to data other than
ground VLF-EM, the sample interval should be
selected to ensure that the passband of the filter
is correct relative to the frequency components of
the anomalies sought.

CONCLUSIONS

A consideration of geologic noise and conductor
shapes illustrates that VLF-EM data should be
collected at 50-ft intervals, and that the de-
scribed filter operator should be employed. The
filtered data, when contoured, provides a data
presentation which simplifies interpretation. The
filter also amplifies anomalies from near-surface,
highly conducting ore pods which is an important
feature in several mining districts such as at
Tribag and Temagami, both in Ontario, and in
Louvicourt Township of Quebec.
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