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1.0 SUMMARY 
 

The Rocktsone Property (the “Property”) report was prepared for 401385 Ontario Inc (the 

“Company”). Clark Exploration Consulting of Thunder Bay, Ontario was contracted by 

1401385 Ontario Inc. to conduct a VLF program to follow up work on the property to re-

evaluate the potential for economic base metal and graphite mineralization.  The program 

was 7 days in duration and carried out between September 18th to October 2nd 2019. The 

exploration program involved VLF surveying along GPS survey line while utilizing a VLF 

EM-16 unit.  The survey consisted of 10.02km of VLF survey lines was successful in 

identifying several potential anomalous zones.  The VLF data should be utilized with 

historic geophysical data to aid in further base metal exploration efforts 

Drilling of geophysical anomalies in 2012 by Greencastle Resources targeting Cu-Zn 

VMS mineralization encountered 0.82% Zn, 0.15% Cu over 24 metres hosted in graphitic 

argillite which has also been evaluated for graphitic carbon (Cg). 

The mining claims that comprise the Property are located 55km west of Thunder Bay and 

20 km southwest of Kakabeka Falls (Figure 1).  The property is situated in the Marks and 

Adrian township within NTS map sheets 52A/05 in the Thunder Bay Mining Division.  The 

Property is comprised of 27 cells totalling 834 hectares. The claims are shown in Figure 

2 and are listed in Appendix I.  The total work requirements for the claims is $15,200 

annually. 
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Figure 1: Rockstone Property Location Map 
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Figure 2: Rockstone Property Claim Map 
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2.0 LOCATION AND ACCESS 
 

The Rockstone Project is located approximately 45 km west of Thunder Bay Ontario, 

within NTS map sheets 52A/05 in the Marks Township within the Thunder Bay Mining 

Division of Ontario. The property is located approximately 45 kilometres west of the city 

of Thunder Bay, Ontario. The city of Thunder Bay has a population of 110,000 and 

provides support services, equipment, and skilled labour for both the minerals exploration 

and mining industry. Rail, national highway, port and international airport services are 

also available out of Thunder Bay. 

From Thunder Bay, the property can be reached by travelling west on Highway 11/17 and 

then west on Highway 590 which is just past the town of Kakabeka Falls, Ontario. Follow 

Highway 590 for approximately 12 kilometres to the Adrian Lake Road. The property can 

be directly accessed via Adrian Lake Road.  

3.0 REGIONAL GEOLOGY 
 

The area around the Property is underlain by Neoarchean rocks of the Shebandowan 

Greenstone Belt, within the Wawa Subprovince of the Superior Province and by Paleo-

Mesoproterozoic rocks of the Southern Province. (Rogers and Berger, 1995). The 

Shebandowan Greenstone Belt is fault-bounded to the north by metasedimentary and 

felsic intrusive rocks of the Quetico Subprovince and is overlain to the south by 

Paleoproterozoic metasedimentary rocks of the Animikie Group also known as the 

Gunflint and Rove Formations (Figure 3) (Bajc 1999). The Neoarchean rocks of the 

Shebandowan Greenstone Belt are composed mainly of ultramafic, mafic, intermediate 

and felsic metavolcanic rocks. Related intrusive rocks include peridotite, gabbro, felsic 

porphyries, and clastic and chemical metasedimentary rocks (Rogers and Berger, 1995). 

The supracrustal rocks are divided into two assemblages based on morphology, 

composition, structure and metamorphism which correlate with the Greenwater and 

Shebandowan assemblages described in the work of Carter (1990) (Berger and Rogers 

1995). 

The Greenwater assemblage is commonly associated with volcanogenic and magmatic 

base metal mineralization (Corfu and Stott 1998) whereas the deformation and magmatic 

events in the Shebandowan assemblage are temporally associated with gold 

mineralization (Stott and Schnieders 1983; Jobin-Bevans, Kelso and Cullen 2006). 
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Figure 3: Rockstone Property and Regional Geology 
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4.0 PROPERTY GEOLOGY 
 

The Rockstone Property sits within the eastern portion of the Shebandowan Greenstone 

Belt (Rogers and Berger, 1995). and is underlain  primarily by supracrustal rocks of the 

Greenwater assemblage of metavolcanics and associated metasediments (Figure 3).  

The rocks types found within the property boundary include; mafic, ultramafic, 

intermediate metavolcanics, coarse clastic metasedimentary rocks, dacitic and andesitic 

flows, tuffs and breccias, felsic to intermediate metavolcanics, alkaline metavolcanic 

rocks, and metasedimentary rocks comprised of: conglomerate, arkose, arenite, wacke, 

sandstone, siltstone, and graphitic argillite.  There is a fault running northwest – southeast 

through the property and there are two iron occurrences within the property boundary. 

Portions of the property are also underlain by mafic intrusive rocks (Bajc, 1999). 
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5.0 EXPLORATION HISTORY 
 

1957: New Fortune Mines drilled one hole of 145 ft. on an outcrop of magnetite iron 

formation on what is now claim 240669, 286581, 240671, and 190752 of the 

Property and intersected 80 ft. of 30.82% iron. No other elements were assayed 

for. (AFRI# 52A05SW0021) 

1961: Hanna Mining Company conducted a detailed magnetometer survey and geological 

mapping covering parts of claims 324567, 196330, 240668, 220556, 127870, 

122999, 105848, 240669, 286581, 171848, 108805, 334928, 240671, and 190752 

on the Property. The survey was conducted as a follow up to the previous work by 

New Fortune Mines in order to better define the iron formation, and the survey 

outlined a narrow, folded band of iron formation. (AFRI# 52A05SW0005) 

1962: Hanna Mining Company completed another magnetometer and geological survey 

in the area, this time further east on claims 190751, 155787, 171776, 307299, 

220557, 324481, 155789, and 240670 on the Property. The survey identified two 

amin anomalous areas in which the magnetic intensity is sufficiently strong to be 

caused by iron formation. (AFRI# 52A05NW0010) 

1967: Antioch Investments completed a magnetic and electromagnetic survey on two 

blocks covering claims 105848, 240669, 334928, 240671 and claims 155787, 

307299, 324481, 240670 on the property. The author concluded that the magnetic 

data indicated the presence of banded iron formation with high magnetite content 

in both grids. (AFRI# 52A05SW0004) 

1996: Cumberland Resources Ltd. conducted a soil geochemistry survey on a grid which 

was mostly on claims 250958, 240668, 220556, 127870, 122999, 105848, 240669, 

171848, 108805, 334928, 240671, 286581, and 19052 of the current Property. The 

grid consisted of 12 km of line, and a total of 174 B-horizon soil samples were 

collected at 50m intervals and analyzed by the ICP method for 32 elements. The 

results were described as being inconclusive, with the best anomaly being achieved 

from zinc. A continuous zinc anomaly with values ranging from 100 to 288 ppm 

extends for 2000m on the west end of the grid, with background values for zinc on 

the property said to be less than 40 ppm (McCrindle 1996). Further work was 

recommended, including mapping and, where possible, lithogeochemical and 

assay sampling in order to try to determine the cause of the soil anomalies. (AFRI# 

52A05NW0005)  
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1997: Cumberland Resources Ltd. conducted magnetic and electromagnetic surveys 

(VLF and Max-Min II+) over a 9.9 km grid that covered the area of the soil 

geochemistry anomaly outlined the previous year and described above. The 

magnetic survey was interpreted as defining magnetite rich iron formations toward 

the eastern part of the survey, while the Max-Min II+ survey did not locate any 

conductive trends, but did produce readings in the eastern part of the grid consistent 

with the presence of strong magnetite iron formations (Middaugh 1997). (AFRI# 

52A05NW0022) 

2000: Falconbridge Ltd conducted a humus sampling program on their Marks-Adrian 

Property. The geochemical sampling program consisted of 112 humus samples 

collected from 18km of traverse lines with samples being taken every 400m. Three 

samples returned an average of 300ppm Zn with the highest begin 428ppm 

(SA31643). Most of the work was conducted further west of the current property. 

(AFRI# 52A05NW2013) 

2001: Whalen Resources Ltd. conducted a program of digging test pits and trenches 

south of the current Property. A total of 34 test pits were dug at least 7m deep to try 

to locate bedrock, and where bedrock was exposed a 2-3m trench was dug until 

the overburden got too deep. Four trenches were dug of varying length for a total 

length of approximately 170m. The trenching showed that the area was underlain 

by deformed mafic pillowed volcanic, though only one trench exhibited 

mineralization, with ~1% fine grained disseminated pyrite in a siliceous, altered, 

mafic volcanic (Spence 2001). No samples were taken during the program. (AFRI# 

52A005NW2018) 

2004: GLR Resources Inc. performed an airborne time domain electromagnetic (TDEM) 

geophysical survey which covered parts claims 335528, 324567, and 127870 at the 

west side of the current Property. However, the flight lines are further west. (AFRI# 

52A05NW2027) 

2007: Sabina Silver Corporation conducted a versatile time domain electromagnetic 

(VTEM) geophysical survey over a large property, which included all 1401385 

Ontario’s current Property. This survey was subsequently used as the basis for the 

2012 diamond drilling program by Greencastle.   
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2012: Using an airborne VTEM and magnetic survey carried out by Sabina Silver Corp. 

over the Rockstone property in 2007, Greencastle reviewed a number of the VTEM 

anomalies using the Maxwell plate modeling method by Geotech Ltd. and selected 

four separate, potential base metal volcanogenic massive sulphide (VMS) targets 

to be tested by diamond drilling. A total of 916 meters were drilled in four holes on 

these targets. It should be noted that two of the holes drilled in 2012 (GC-12-03 and 

04) are no longer on the current Property.  

Table 2. Greencastle 2012 Drill Hole Summary 

Hole 

Number 
Easting Northing 

Length 

(m) 
Dip Azimuth 

GC-12-01 291260 5364780 201 -45 42.5 

GC-12-02 290260 5365599 261 -45 66 

GC-12-03* 291208 5368638 192 -45 65 

GC-12-04* 288210 5365180 262 -45 215 

 

*Note: Hole GC-12-03 and GC-12-04 is not located on the current Property. 

The best intersection was found in drill hole GC-12-01 between  60.5 m and 84.5 

m which returned 0.82% Zn, 0.15% Cu over 24 metres  within a graphitic argillite 

unit.  The unit is thinly bedded graphite-rich, very fine grained, dark grey to black in 

colour. The mineralization occurs within a brittle brecciated zone with angular clasts 

ranging in size from 3mm-5cm (syntectonic breccia).  Mineralization occurs within 

the white carbonate/quartz matrix to the clasts as stringers and pods of 

pyrite+pyrrhotite (1-5%) with lesser reddish brown sphalerite and chalcopyrite. The 

pulps from this 24 m interval were subsequently analysed for carbon as graphite 

and returned 25% graphite over the 24 m section, using the graphitic carbon by 

LECO analytical procedure. 

In GC-12-04, two weakly mineralized zones were identified:  0.32% Zn over 2.5 m 

from 177.8 m to 180.3 m and 0.15% Zn over 20.2 m from 182.3 to 202.5 m. 

In September 2012, Greencastle contracted Crone Geophysics to conduct 3D Borehole 

Pulse Electromagnetic Surveys on the four holes and again interpreted the results using 

the Maxwell plate modelling method. This work identified several anomalous conductive 

features which should be re-evaluated for further exploration 
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2014: Greencastle Resources contracted SGS to conduct metallurgical testing to 

determine the economic validity of the graphite intersections in the 2012 drilling 

program. A 22.7kg sample was used for the test work  and a batch flotation 

program was then undertaken to focus on the possibility of producing a final 

flotation concentrate grading treater then 90% C(t), at the coarsest grind possible. 

The highest carbon grade achieved was 65.3% C(t) and it was determined that at 

this point in time with current technology this deposit would be deemed as unviable 

to process, as the gangue material are too intertwined with the graphite at such a 

fine grain sizes to be economically viable to liberate. (AFRI#20013185) 

- In 2014, a small VLF survey was carried out in the vicinity of hole GC-12-01 in an 

attempt to detect possible extensions to the graphitic conductor identified in that 

hole. The survey results were interpreted by M. St-Pierre (P.Geophysicist), who 

concluded that no definite lateral extension of the graphitic zone was apparent in 

the VLF data, but a strong, persistent trend defined in the southwest portion of the 

survey area could be caused by graphitic mineralization.  He recommended that 

the VLF survey be extended to the southwest, and that readings be taken at 12.5m 

spacing instead of the 25m spacing used in the original survey (St-Pierre 2014). 
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6.0 VLF PROGRAM 
 

Clark Exploration and Consulting personnel carried out a VLF survey for 1401385 

Ontario Inc on their Rockstone Property located in Marks and Adrian Township in the 

Thunder Bay Mining Division. The program was seven (7) field days and carried out 

between the dates of September 18th to October 2nd, 2019. The VLF survey was carried 

out along pre-planned GPS lines which varied from 850 to 1375 metres at two different 

orientations, lines 1 to 4 were north-south, and lines 1A to 6A were at 037 degrees. The 

two different orientations were used in the northern part of the property to see if the 

conductive zones could be correlated with the different line orientations.  

The VLF EM-16 unit was used to carry out the VLF measurements. The survey 

consisted of ten lines totaling 10.02 km with an azimuth of 000 and 037 degrees. The 

VLF survey lines were chosen to best cover the anomalies that were intersected in the 

drilling conducted in 2012 by Greencastle Resources. 

The VLF survey lines were completed while using a handheld Garmin 64s. Each VLF 

station was located based on points that were laid out prior to the survey at 25 metre 

spacing. Transmitter NAA (Cutler, Maine) was read using the Geonic VLF-EM-16 at 

each station and the data recorded in a notebook. 
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Figure 4: Rockstone VLF Stations 
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7.0 VLF DATA COLLECTION 
 

VLF EM-16 Receiver # 13686 

VLF Transmitter: NAA 24.0 kHz Cutler, ME, USA 

VLF Survey Direction: 000 and  037 

Parameters of Measurement: In-phase and Quadrature components of vertical 

magnetic field as a percentage of horizontal primary field. (Tangent to tilt of angle and 

ellipticity). The transmitter NRK was to the west.  

 

The VLF data was collected as follows for each survey line: 

• Each station was created prior to the survey along the desired azimuth and 

navigated to using the handheld Garmin 64S GPS Unit. 

• VLF data was for station NAA was recorded into a notebook (InPhase and 

Quadrature) 

• The data was transcribed into a spreadsheet containing the location data for 

each station.  

Table 1: Example of VLF Field Data 

Line 4 NAA – 
Inphase 

NAA- Quad Notes 

231 0 -35 Poplar 

230 -2 -15 Poplar 

229 0 -15 Poplar 
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8.0 CONCLUSIONS AND RECOMMENDATIONS 
 

The VLF program carried out between September 18th and October 2nd, 2019 consisting 

of 10.02km of VLF survey lines was successful in identifying several potential anomalous 

zones along the VLF survey lines. The VLF data should be utilized along with historic 

geophysical data to aid in further base metal exploration efforts on the property. 

The previous work done on the Property to date has indicated the presence of low grade 

copper-zinc volcanogenic massive sulphide (VMS) mineralization. The 2012 drilling by 

Greencastle drill tested three of the airborne conductive targets and confirmed that the 

geology over the general area has potential for base metal VMS mineralization since 

moderate Zn-Cu mineralization (0.82% Zn, 0.15% Cu over 24 metres) was encountered 

in one hole, while all holes encountered graphitic argillite rock units within a sequence of 

intermediate to felsic metavolcanics. The pulps from this 24 m interval were subsequently 

analysed for carbon as graphite and returned 25% graphite over the 24 m section, using 

the graphitic carbon by LECO analytical procedure. 

Down-hole pulse EM surveys of each hole suggest several off-hole conductive targets 

which require follow-up evaluation and possible testing as part of a future phase of drilling 

in the area to identify a potential larger source of VMS mineralization. Assuming that these 

drill intersections potentially represents base metal mineralization remobilized into a 

distal-type setting, then a number of the clusters of AEM conductors near the currently 

tested drill targets within the Property boundaries should be considered for further 

exploration for proximal-type VMS mineralization.  

An initial exploration program of ground geophysics, mapping and sampling is 

recommended to evaluate the Property.  The ground geophysics will be comprised of 

magnetic and electromagnetic surveys on cut lines.  Due to the lack of outcrop and known 

complexity of folding and deformation of the supracrustal rocks, the magnetic survey will 

help define the geological stratigraphy and structure.  The electromagnetic survey will be 

used to better refine the VTEM anomalies in preparation for diamond drilling.  The 

mapping and sampling will assess the geological environment around the conductive 

zones and assist in defining stratigraphic and structural setting of potential drill targets. 
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TENURE 
NUMBER Cell Type Status ANNIVERSAR EXTENSION HOLDER Township Work Required 

155787 Single Cell Mining Claim Active 2019-09-01 0:00 2020-02-01 0:00 (100) KENNETH ROBERT KUKKEE ADRIAN,MARKS 400 

155788 Single Cell Mining Claim Active 2019-09-01 0:00 2020-02-01 0:00 (100) KENNETH ROBERT KUKKEE MARKS 200 

155789 Single Cell Mining Claim Active 2019-09-01 0:00 2020-02-01 0:00 (100) KENNETH ROBERT KUKKEE MARKS 400 

171776 Single Cell Mining Claim Active 2019-09-01 0:00 2020-02-01 0:00 (100) KENNETH ROBERT KUKKEE MARKS 400 

190752 Single Cell Mining Claim Active 2019-09-01 0:00 2020-02-01 0:00 (100) KENNETH ROBERT KUKKEE MARKS 400 

190751 Single Cell Mining Claim Active 2019-09-01 0:00 2020-02-01 0:00 (100) KENNETH ROBERT KUKKEE ADRIAN,MARKS 400 

220556 Single Cell Mining Claim Active 2019-09-01 0:00 2020-02-01 0:00 (100) KENNETH ROBERT KUKKEE MARKS 200 

220557 Single Cell Mining Claim Active 2019-09-01 0:00 2020-02-01 0:00 (100) KENNETH ROBERT KUKKEE MARKS 400 

240669 Single Cell Mining Claim Active 2019-09-01 0:00 2020-02-01 0:00 (100) KENNETH ROBERT KUKKEE MARKS 400 

240670 Single Cell Mining Claim Active 2019-09-01 0:00 2020-02-01 0:00 (100) KENNETH ROBERT KUKKEE MARKS 400 

240671 Single Cell Mining Claim Active 2019-09-01 0:00 2020-02-01 0:00 (100) KENNETH ROBERT KUKKEE MARKS 400 

286581 Single Cell Mining Claim Active 2019-09-01 0:00 2020-02-01 0:00 (100) KENNETH ROBERT KUKKEE MARKS 400 

307299 Single Cell Mining Claim Active 2019-09-01 0:00 2020-02-01 0:00 (100) KENNETH ROBERT KUKKEE MARKS 400 

324480 Single Cell Mining Claim Active 2019-09-01 0:00 2020-02-01 0:00 (100) KENNETH ROBERT KUKKEE ADRIAN,MARKS 200 

324481 Single Cell Mining Claim Active 2019-09-01 0:00 2020-02-01 0:00 (100) KENNETH ROBERT KUKKEE MARKS 400 

250958 Single Cell Mining Claim Active 2020-04-14 0:00   (100) KENNETH ROBERT KUKKEE ADRIAN,MARKS 200 

250959 Single Cell Mining Claim Active 2020-04-14 0:00   (100) KENNETH ROBERT KUKKEE ADRIAN,MARKS 400 

108805 Single Cell Mining Claim Active 2020-05-06 0:00   (100) KENNETH ROBERT KUKKEE MARKS 400 

122999 Single Cell Mining Claim Active 2020-05-06 0:00   (100) KENNETH ROBERT KUKKEE MARKS 400 

196330 Single Cell Mining Claim Active 2020-05-06 0:00   (100) KENNETH ROBERT KUKKEE MARKS 400 

105848 Single Cell Mining Claim Active 2020-09-01 0:00   (100) KENNETH ROBERT KUKKEE MARKS 400 

240668 Single Cell Mining Claim Active 2020-09-01 0:00   (100) KENNETH ROBERT KUKKEE MARKS 200 

334928 Single Cell Mining Claim Active 2020-09-01 0:00   (100) KENNETH ROBERT KUKKEE MARKS 400 

127870 Single Cell Mining Claim Active 2020-09-07 0:00   (100) KENNETH ROBERT KUKKEE MARKS 400 

171848 Single Cell Mining Claim Active 2020-09-07 0:00   (100) KENNETH ROBERT KUKKEE MARKS 400 

324567 Single Cell Mining Claim Active 2020-09-07 0:00   (100) KENNETH ROBERT KUKKEE MARKS 400 

335528 Single Cell Mining Claim Active 2020-09-07 0:00   (100) KENNETH ROBERT KUKKEE ADRIAN,MARKS 400 
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APPENDIX II 
VLF Raw Data Line Profiles
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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 

EMlo inclinometer may be damaged 
by exposure to temperatures 
below -30°c. Warranty does 
not cover inclinometers damaged 
by such exposure. 
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GEONICS LIMITED 
1745 Meyerside Dr. Unit 8 Mississauga, Ontario Canada LST 1 C6 

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

r-------------........-~--___,.,,....,,.,,,..--------::-c-:---=---,,,-··· =·=--=-·--------.;.;......~ ;~· 

June 1997 

OPERATING MANUAL 

for 

EM16VLF-EM 



EM16 

Section 1: 

Sectiori 2: 

Section 3: 

Section 4: 

Section 5: 

Section 6: 

Section 7: 

Section 8: 

MANUAL 

INDEX 

Instrument Specifications 

Photograph showing labeled controls 

Principles of Operation 

Selection of Transmitter 

VLF Transmitter Information and Schedules 

Field Procedure 

(I) Orientation & Taking a Reading 
(II) The Inclinometer Dials 
(~!!)Plotting the Results 

Interpretation 

Miscellaneous Notes and Servicing 

Modelling Experiments 
by Rogow~ky and Bowes 

Reprints 

(I) "Five Years of Surveying with the 
VLF-EM Method" Paterson & Ronka 

Page 

1 

2 

3 

14 

15 

19 

19 
19 
21 

22 

32 

34 

40 

(II) "VLF Mapping of Geological St"ructure: 51 
GSC Paper 76-25 by Telford,King and Becker 

(III)"Contouring of VLF-EM Data: D.C. Fraser, .68 
· Geophysics, Vol.34, No.6, Dec. 1969 



MEASURED QUANTITY 

SENSITIVITY 

RESOLUTION 

OUTPUT 

OPERATING FREQUENCY 

OPERATOR CONTROLS 

POWER SUPPLY 

DIMENSIONS 

WEIGHT 

CAUTION: 
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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 ellipticityj. 

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 

EMlo 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 OPERAT.ION 

The VLF-transmitting stations operating, for conununications 
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 fi~ally balanced out by a measured percentage of a signal 
from,.'the other coil, after being 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 11'/2-signal from the horizontal coil is a _measure 
of'the quadratur~ 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 is 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 
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FIGURE 2 Continued ••• 

when both input signals are equal in amplitude 
and phase. Thus, the setting of the quadrature 
control for minimum output from ~~e 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. 

FIGURE 3 shows the proper planning of survey in relation 
to the direction of strike and primary field, 
direction of survey lines etc. 

FIGURE 4 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. 

FIGURE 5 shows on the left the physical direction of the 
primary (Hx> and secondary (Hz) 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 Hx in the 
target and the phase advance of the secondary 
field Hz compared to Hx. We must remember that the 
Hz will have additional phase lag when it penetrates 
back towards the surface. 

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

FIGURE 6 This graph shows the primary field attenuation in 
nepers, relative amplitude and phase lag in radians 
of the primary field as function of depth and con
ductivity of the ground. This graph is for 20 kHz. 

FIGURE 7 shows the maximum obtainable amplitude Hz 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 1 

FIGURE. 8 

FIGURE 9 
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Continued ••• 

The equation for the phase shift and attenuation 
of the primary field in conductive material, where 
a/£w>>l is as follows: 

f --wµa where (l = attenuation, nepers/m 
a=B=.-- B = phase lag, radian/m '\: 2 

w = 21rf 
µ = magn. permeability = 411xlo- 7 

a= mhos/m 

This graph gives the amplitude and phase shift of 
the field (in conductive media) as function of 
skin depth, 6 = 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. 
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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 
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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. In 
other words, the strike of geology should point to the trans
mitter. (See Figurd 3). Of course, ±45° variations are 
tolerable in practice. 

Tuning of the EM16 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 1000 to 1400 UT each Tue. 

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

NAU 1200 to 2000 UT each Wed. 

NDT 2300 to 0900 UT first Thu.-Fri. of month, 2300 to 0700 UT all other Thu.-Fri. 

NLK 1600 to 2400 UT each Thu. (1500 to.2300 UT during daylight saving time) 

NPM 1800 to 0400 UT last Wed.-Thu. of month, 1800 to 0200 UT all other Wed.-Thu. 

NSS No-longer in operation. 

NWC 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. 

.,, 
SI) 

OQ 
(0 

....... 
u, 



Station 

FUO 
GBR 
JXZ 
NAA 
NAU 
JJI 
NLK 
NPM 
NWC 
UMS 

Notes: 
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VLF STATION INFORMATION 

Frequency Location Co-ordinates Kw 

15.1 Bordeaux, France OOW48-44No5 soo 
16.0 Rugby, England 01Wll-52N22 750 
16.4 Helgeland, Norway 13EOl-6oN25 350 
24.0 Cutler, Maine o7W17-44N39 1000 
28.5 Aguada, Puerto Rico 67Wll-18N23 100 

- - . 

22.2 Ebino Citv. Japan 130°E46'~32°No5' ~00 
24.8 Seattle, W~shihgton 121W55-48Nl2 34 
z1:.4 Lualualei, Hawaii 158W09-21N25 <>OO 
22.3 N.W. Cape, Australia 114E09-21S47 1000 
17.1 Moscow, Russia 37E01-55N49 1000 

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

2. In the event that an EMlo 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 proper 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 

North America 
North 
West & Alaska 
Midwest 
East 
South 

Mexico & Central America 

South America 
North 
West 

Asia 
East 
Central 

Japan 

Australia 
East 

Africa 
North 
West 
Central 
East 
South 

FUO GBR JXZ NAA UMS 

NAA NLK GBR 
NAA NLK NPM 
NAA NLK 
NAA NLK ,GBR 
NAA NLK . · NAU 

NAA NAU NLK·NPM 

GBR NAA NAU 
GBR NAA NAU NPM 

JJ;l NWC UMS 
FUO UMS 

NWC NPM JJI 

NAA NWC FUO GBR UMS 
NAA NWC FUO GBR UMS 
NAA NWC FUO GBR UMS 
NAA NWC FUO GBR UMS NWC 
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.11). 

To take a reading, first orient .the reference co·il ( in the 
lower end of the handle) along the magnetic -lines.(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 1ao0 

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 .1ines. 

The lower end of the handle, will as a rule, point towards 
the conductor. (Figs.13 & 14) The instrument is so calibratep 
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 distanc~ to the 
next station along the slope of the terrain. 
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Open both eyes. 

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

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.IS) 
The horizontal scale should be the same as your other maps on 
the area for convenience. 

A·m(?re 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,reprint of this paper is included in this manual for the 
convenience of the user: 

· This--simple 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 evaluation 
of this data. 

--·-, 

. 

J 
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INTERPRETATION 

The VLF primary field's magnetic compoqent 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 
ma~netic 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 
nepers per meter (1/e) is: 

a= a= [w ~a]~ 
per meter and 

where w = 
µ = 
a = 

the attenuation in 

2 ,r f 

µoµr= 411'xlo- 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 J 
have a more interesting sulfide target under a swamp._ for ex~ple: 



-, 

g_l.. z R • I ( +) 

I 
I 

' \ \ 
\ 

Za \, 

L 
(-) 

- ,,..-

-__.. 

... ' 

' ' ...... -
~ ..:::;:-- -- -...................... -... -

z 
L. 

... -
- 02 I 

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

..,,,,, _,,,,.. 

- -I 

-

., ,,. .,,. 

_/ 
/ 

_,.; 

/ ,. 
,, ,, 

/ 

,, 
/ 

/ 

/ 

PHASE SHIFTS IN CONDUCTIVE MEDIUM 

~1 OVERBUROEN,OOWNWARO TRAVEL 
ROCK FROM OVERBURDEN TO THE 
CENTER OF TARGET 

~J SHIFT IN TARGET, FINITE CONDUCTIVITY 
SECONDARY FIELD IN OVERBURDEN ANO 
SOME ROCK 

¢5 TOTAL OF ALL !251 TO 52)'4 
'ti 
fll 
\Q 
(D 

N 

F i7. ;t 
w 



\) 
P

a
q

e
 

24 
\l 

~
 

t... 
\ 

'-o 

~ 
In

 
.. 

0 
~
 

() 

l.. 
f 

t 
I~

 
t 

i 

1
1

, 
"' 

\ 
i 

\) 
~
 

~
 

\ 
I 

~ ~
~
~
 ! 

\ 
I 

i ~1~ ~ 
\ 

I 
() 
~
 

0 
\ 

-s.... 
:'4,, 

~
"
 --Q

 
I 

f 
)! .. ~
~
~
 

(\J
 

\ 
I 

3
4

!i~
 

0 
\ 

I 

"
i
 \) \)~

 
t'-

\ 
t-

I 
(
J
~

\
A

,
~

 
"

~
~

.1
~

 ........ 
\ 

O
J 

l.... 
~

"
"
'~

 °' 
\ 

11 
• 

II 
H

I,.. 
11 

•
-

\ 
I 

Q
:: (?S

 ~
 ~
~
 

u_ 
\ 

J 

\ 
J 

\ 
J 

\ 
I 

\ 
I 

\ 
I 

... 
\ 

I 
0:: 

\ I 

,{ 
~
 

I 
\ 

I 
\ 

I 
\ 

I 
I 

., 
\ 

I 
I 

I 
I 

I 
I 

I 
( 

I 
!ta 

I I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

/ 
/ 

/ 
/ 

0 
<D 

co 
~
 

(\J
 

0 
N

 
~
 

• 
• 

• 
• 



• 
...., 
\I-... 

0 0 -c-I 
0 v 

I 
I 

0
-
... 

(\J 
+

 
-

I I ' I I I I I I I J 
I 

I 
I I ' ' ' 

C' 
-€' 
~
 

&
 

\~~~~ 
\ \ \ \ 

"
:! 

\ 
~

, 
~
 ', 

...... 
\ 

J 
\ 

' 
, 

\l 
I 

~
 

I 
Q

 
I 

I 

' I ' I 
o l.'b 

I 
l 

(\J 

P
aq

e 
25 

a.: 
f-w

 
~ a::: 

Gj 
m

 
I 

>
 

a::: 
M: 

::::, 

0 
ti) 

~
 

J: 
(0

 

0 
-c-

• 

2 
er 

::::, 
·-

f-
w

 
\J.. 



P
a
q

e
 

26 

/ 

~
 

/ 
I 

Q
f / 
I ' 

) 
a-. 
-

\ \ \ 

v, 

. 

ct, 
C

i\ 

l 
'U

 
·-lL

 
·-

\ 
'I--

-0 
\ 

0 
\ 

l !· l I 

"' 
' \ 

' 
I 

' \ ' 
\ 

I 
-

I ' 
I 

I I 
-

' ' 
) 

' 
I 

J 
0 

t 
0 

0 
\ 

) 

C
\I 

C\I 
..J.. 

I 

' 
\ J 



Page 27 

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. ~his 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 Hz (Fig. 20a). The 
radius of the sphere is given by 

a = 1. 3 h 3 , Hz ( max )0
• 

-
For a cylindrical conductor the depth 'h' equals 1. .168X and 
the radius of the cylinder is given by 

a = 1.22 h Hz·Cmax). 

In these equations Hz= 1 means 100% on the instrument dial. 

The determination of the qepth is generally more reliable 
than the estimation of the- actual dimension a. The real 
componenr. of Hz, 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. 2"h \ 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. In 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 20d arid 20e. 
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Quadrature -----.,,,,.-- ----
/ --------

Conductive overburden 
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The effect of 

conductive overburden 

Fig. 20c 
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Two vertical bodies 
Fig.· 20d. 
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A+B Surface 

~B 

Two bodies - Large and Small 

Fig. 20e 

Horizontal slab 

Fig. 20£ 
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Quadrature 

In-phase 

Conductive clay 

Poor conductor 

Clay etc. 

Fig. 20g 

Total Vector 

Time-Vector diagr. 

of the total field. 
Fig. 20h 
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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 irrel~vant 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. 

MISCELLANEOUS NOTES 

1) It has been shown in practice that this instrument can 
be used (in proper areas) also underground ir. 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 zonas 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". 

f . 
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It may be occasionally necessary to clean ~e contacts of 
the plug-in unit. For this, use a clean rag that is very 
slightly moistened with oil. '1'he oily rag is good 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 

E M 1 6 

Contributed by 

Target: 

Ground: 

Readings: 

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). P%1m.ary 
field is East-West. The 
instrument was moved along the 
zero-lin~ 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. 
1 sq. 

= 2 feet 
= 10 t 

. -------··---·-· ··---·----
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GEONICS LIMITED 
2 Thorncliffe Park Drive, Toronto 17, Ontario, Canada. Telephone: 425-1821 Area Code 416 

''FIVE YEARS OF SURVEYING 

WITH 

THE VLF - E.M. METHOD'' 

By 

Norman R. Paterson1 

and 

Vaino Ronka2 

PRESENTED AT THE 1969 ANNUAL INTERNATIONAL MEETING 
SOCIETY OF EXPLORATION GEOPHYSICISTS 

1. Consulting geophysicist, Toronto, Canada 
2. Presidel't, Geonics Limited.Toronto, Canada 
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·rm YEW or !>URV'&XJNG Wmt THE YLr - [,M, MtDtOP .. 
- hy ~ 

INI8QDIJCTION 

Th<" ld1~., of u::lnq radto slgnah for elrr.tromaqncttc prospecllnq Is not new; 
mcasurrmt'nts of attenoaUon .n,nd polarization were made by Hack In 1909 and 
rr.ldm.\n in l9l3 (I) ln varto,.ut gcoloqlcal sltueUons. t:ve and keyes (2) 
mNlsur<"d siqn,,i,l strenqth In the vtctnlty of sr.veral ontbodies. A.nomaloos 
r.odlo bnha\'tour h.,s oftt•n her.n Mt('ld ntiaM lar<J(' conductive bodtes. 

Radio·frequency E.M. rru?thod~ uslnq qround-transp<>rtable tro11nsm.ltters were 
t>mploycd In the 1930,i 'Ind. to ft teuttr extent. as recently as 1960. for both 
Ptt'ls()Cr.tlnq and qc,ol<'\Qtcnl tMpping. 8ecause cf the relatively htqh frct'fl,llencles 
emplovrd~ the method suffered from poor penetration and dlffleuUy ln dlscrtm ... 
in..,Ung bctw<!:cn liod!es of dJfferent conductivtUes. In North Amertca the method 
was 1tNlndoned tn f,wour or low-frequency C .M. for ne,1r1y all prospecttnq 
<'IPPllcaUons. 

In Europe. the use of rftdlo-frrquency mf!thods oontlnued underqround. for 
mapplnq coal-seams and for eXJ>lorinq in the vicinity or base ... metal ore
bodtes. The Russians (3) have been SUOCf!ssful in applying radio Shadow 
teehnJ.ques In drill-holes f-or routlne exPlorJJt1on and mepptnq of sulphide 
bodies to considerable depths .st fn,qu_endes up to 1000 kHi. Below the 
overburden layer. attenuotion ln most rocks~ even ltt the•e frequencies, ts 
qulte tow. 

C..splte these and othff activities. radio-frequency methods were not ac
cepted for routine 1urfacP. ot airborne exploratlCffl untll Geontcs Limited 
introduced a "pesstve• ln•trument worting tn the VLF ranqe (15 "' 2S kHzl ln 
1964. Powerful mllltary radio tranamttters alb.lated convenlenUy arouftd the 
globe provided th,o primary t .M. st<,nal. 

Success(ul surveys were e.,nied out with. thls Instrument tn 1965. By the end 
of 1966 the method was tn widespread use. and in l967 sewnll slMllar systems 
were tntrotluced or under developm:ent~ At. least two attb>me ver.tons were 
tested in 1968~ By 1969 atrbome and/oc qround Instruments wete beJnc; manu
factured by more than flve North American firms, 

ln this pepcr we desertbe brteily the theocy and appllcaUon or the method~ we 
outltne the prtndple of operation of the Geon.1c. £.M. - 16 Instrument (4), and 
we present Sl')fl'le field results which have been chosen to illustnlte certain 
f~ature,: of the data that are helpful ln Interpretation. 

za 

flGUft[ I 
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The YJ..f Method 

c.M. rrospt"ctlnq mt'!thods f('!l'f nn thr mr-,surC'mrnl of :1,·,·,1n,t.u, fl.•l•h• ,,,·:, 
r.raled by OC\nductlng bodlPs In tht- qrnmd whr" suhf••ct""d In ., f'ti.,Mr·.- 1 • li.1. 
1tqnal. •Aciivr"' ffl<'thnrls employ lrAnsport.lhl<' trAn~tnlttcr2', ,1r111•r,tlhc v.-.,rt. 

lng Ln tht• fmquency ranqe ~00 to S,000 Hr. ATMAG ls., .. p,,~:-;I• ... • ffl"th,,.t 
ndylng on elrctrleal dt•ctv1r~111 Qt'!neratcd by thundrutnrmi; whlr.h t•rnd•n;,· · 
measurable tlgnals tn the SO to S.00 Hz r11.,qr., 

'n,e VLr E.M. mnlhod ls also "J>ll:SSIV<'! ... in thU c.,s,,. rmploytnq thiJ r.11t:,1.•t.,1. 
ft"Otn powerful mlUtary radio transmitters <'l!l lhc, prtm,uy :;lqMb. riq,:rp 1 
shows the approximate locaUon 11nd stqn<'ll-rftnQf!' of th<' m,,tn lran:.MlU··r:: 
work.Ing In the U to ZS kH.z radio band. fmquendl'!s and powr,r tlUlpul!\ of 
these and other stations are listed below. 

Frequency Rad wed 
iWl!!!! l&l!i!!!! -lHL ~ 
(!)() Rome,llaly 27.2 50 
LP'Z M.tn.e Grando, Buenos Aires 23.6 72.1 
PKX M.tlabar. Java 18.98 162 
ROil Gorti, Russia 17.0 31S 
UFT Sainrc Assise, Paris, France 20.7 60.8 
UMS Moscow~ Russia 17.l 200 
NAA Coder, M.tine, U.S.A. 17.8 1000 
NI..KJNPG Jim Cn:el:, Wash, U.S.A. 18.6 300 
Nl'M Lualuaie.i, Hawaii, U.S.A. 21.4 300 
NWC Nordl West Cape, Auslralia 22.3 1000 
WWVL Fort Collins, Colo; U.S.A. 20.0 4 
GBR Rugby. Eagland 16.0 ,00 

The rad.lnUOn from these tmnsmltters oontalns both electric and magnetic oom
ponent8 and travel• ln thnM modes: skywave. spacewaw and qroundwave~ 
At the lal"9e dt•tanees we are concerned wlth. we receive mainly the skywave 
W!IW""Q\Jlded by the i('lnosphere and earth surface. The magnetic component 
ls the one of maln interest to us~ as beneath the oround eurface tt cames the 
bult of the signal energy. and it offers certain advantages ln practical field 
measurement. 

rtqure 2 Illustrates the behaviour or the 111o;net1e field :froM a distant, vertical 
radto antenna.. The Held ts p0larltcd roughly cylln.drtcally about the antenna~ 
the vector assuMtng an attt.tude roughly parallel to the average o,:ound surface. 
(At large distances rectan,;ruiar oomp<>nents can be assumed.) 

2b 

f tGUft( 1 
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u,~tnw th~ qrnund .JUfl,tC't" lhr- m,,iJnf'tlC' ftt'hl i¥ ,\\Wnu,tl"'d And consrqUNtUV 
di!'.t11rh•d hoth tn ph.--s~ 11:ml dlMcttoo. Tht• br-ht1vtour ,,f thl! flc,,ld nrM th(! 
qroun<l/<tlr lntNi,,o~ h11~ bf.en drscrthcd t'iy Norto11 (S); tts c(fect on VLr 
mtMs11rrmr:1ts ls und1'1' study .,, the 11r~St'"nt Ume. 

AUtnuauon and Phase Shift 

For nor purpo,cs, (and a1sumlnq that </•...,E>)O. we shall talc.e tt that the 
prtmary maqnettc field suffP.rt bolh attenuuon (nepers) and phase shift (radians} 
rooghl y equal to 

Where 

-I meters 

= ,111,gular frequency 

!" = magnetic penneabUtty In hervys/m 

tJ" = electric.al conductivity tn mho$/m 

E: • dlelectrtc constant tn farads/m. 

At• frequency of 20 kHz. ond at the free-,p,,ce permeability of 1.26 x 10-
6 

henr,,s/m. we obtaln: 

Attenuation ... 29 nepers/m 

Phase shtft ~ - • 29 radlan1/m 

At the • akin depth•. primary field amplitude ts reduced .l...n!2!.r to l/e of lts 
ltl'f:lft91:h at ground surface, and the fteld has suffered a neoaUw: phaae-shtft 
of .I...Wllll • 

In relatively not1-conduct1ve rod:s (G" • 10-3 mhoa/m) ..,. obtain a •kin depth 
of about 100 meters. and a pha .. -1hlft of about O .01 radlano/m. 

Attenuation and pha.se-aht.ft at a rang,e of rock. and soil conductlvltles are shown 
in F'i9Ute 3. 'two thlnqs 4n!t e'Yident from tJwae Qffiphl:: 

I. 

2. 

AttermaUon ls a llmtUnq factCX' in the 1,1.se of the VLF method 
in a,eaa of conductive overburden or moderately comh.tetlve 
country rocks {bear in mind that the secondary fields from 
buried oonductors are further attenuated tn their passage 
upward to the measurtnq lnst:Nment). 

The pr1Nry field coupling with buried conductor, wlll be 
shl~d appredably in phaae. even in rocks of relatively 
tow conduettvlty (and the seoondary fields measured at 
surface will be phase-shifted approximately twice as much). 

-4-

Attenuation la a factor that cannot be overcome and mUst be kept ln mind con
stantly II\ applying lhe VLF E .M. method. 

Phase-ahlft can howeW11' be of. very real velue tn d11Un9Wshlng conduct.ors 
lying at depth from th011e oonO.ned to the near-surface. 

the f9lfflutf.on Ellipse 

Meaauremenu of the aeoondarr field are nonnlly made ln the VLF method by 
comp,,rlrl; •1-la'II\ the wrllcal and horiloontal directions. Since the primary 
field Is neatly halr.ontal, - theNlby obtain a roullh mea1uN1 of aecondory 
field strength; we can also determine approximate the phase of the secondary 
field with ..,.pect to the prt11111ry. 

1'o understand how.lhe•e meu:uromenta 41'9 actually made* lt la necessary to 
examlne the pqlar:tzatlof\ ell lpse. 

Assume the primary tleld ll to be horizontal and of z.ero phase angle: 

Let the •eoondary field at the tame point In apace be represented by! 

where 't ntJ)ffscnts positive or neqative phase-•hltt~ 

And let~ be inclined upward ln the plane of B. by the angle o< • 

The componenta of Jl and~ In the x(horl&<>ntal) and y(Vfflleall dlrecttons 
are: 

Hx "' H oos(l)t 

- 0 

• .6 H cos (<o>t + 4' I coso< 

• L.:l,H co• ('41 +4') Olnc,< 

Summlnq: thcte. we obtain: 

c.1,1 • H coS<,)l +AH cos («>l •4'1 """"' 
• X co•(<-> I + <I>'! 

Cy{d • H CO:\ (wt •~) stn"'

Y CdS (wt •<t>J 
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• s 

q,' •tan-I LIH cool)( •Ind, 
H +AH coao<. cosq,: 

By eUmlnatlnq t. we can derive (6) 11n expteaslon for the !oOJs of .CJ!l. the 
resultant of the prlmary and secondary fJelds: 

C 
2 

• 2C C cos b • sin 2 6 
_:J_ _JL.X 

y2 lCY 

where b = <1>' - <I> 

This ls the equation of an elUpse whose minor axis Js 1ncline<t to the vertical 
by the angle 8 where: 

tan 28 = ~ 
x2 _ Y2 

Evidently the resultant field rot.ates tn space, varying in magnitude as it goes, 
so as to describe an "ellipse of Po1ar1ut1on•. 

The ratio b/a of minor to maJor axes (eecentrlclty) of the elilpse increases as 
cf> becomes larger. and can therefore be used to obtain a rough measure of 

thls useful quantity. lf Ll H ls much smaller than H, the eccentricity 
becomes: 

€ • AH sin "' sin g, 
H W 

while the 1ncllnat1on of the ellipse reduces to 

9 =tan-I~ sln<l(cos,j, +(~)2 sin 2: stntj, J 
In the spec141 case where <f, '* 0 the ellipse reduces to a straight Une, of 
lnellru,Uon, 

e • ton·!~ Sino< 

(2) 

At the point .ihere o{ • 0 and both prtmary and secondary fields are hortz:ontal. 
both the ratio and the !ncUnatton are zero, 

lt is important to note that the sign of the eccentricity changes as the phase 
angle goes from positive to negattw. The slgnlflcance of this can be seen 
from an examination 6f"proflles of E and 4> in the presence of a cylindrical 
secondary field about a hort.z.ontal Hne source of. current (Flqure 6) lying at a 
depth d bel(!W the ground. 
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Let us consider two cases, representing (I) a good conductor lying ln a weakly 
condum:lve ground; (ll) a very poor conductor iylng ln non-conduettw ground or 
on the ground surface. 

(!) In this case (fl will be negative. as the prtmary and secondary 
fields wUJ be delayed in their passage through the ground • 

Let 4> "" -4$• and 

let (AH/11)
0 

~ 0.2 

the profiles in Figure 7 show the form of the elllpse of polarization. 
Inclination 8 reaches lts maximum of tan-1 0 .0625 at apJ'.)rold.mately 
x -d and lts mlnimum at x: = -+d,. values going from positive to 
negative ln the direction of the primary fleld Ji, 

Eccent.rlcity E has its maximum and minimum of± 0 .0706 at ap
proximately the nme points. but values are of the opposite sense~ 

(It) In thls case~ will be weakly posltive, as the phase angle of the 
secondary field from a discrete conductor below the plane of mea ... 
surement will be positive with respect to the primary field at the 
same polnt. .. Let<(;> = +10° and 

let (AH/I!) 
0 

O. 2 

The profUes in Flgure 8 are similar to those in Case (l). 
only the eccentricity now has the same sense as the In
clination. 'nils is consistent with the sense of the ex
pression for eccentricity (equation un as it is affected 
by the sign of the phase angle <P . 
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b. Allow the conductor to assume larger dimensions so that 
the secondary field be<:omes a greater fraction of the 
primary. 

Let (p -= +10° and 

let (6H/H)
0 

= 0,5 

The profiles in Figure 9 resemble those of Figure 8 scaled 
up by the factor 2 .5. In fact, the inclination and ec
centricity are both ne.arly proportional to the ratio of 
!iecondary to prtmary fiel-ds (phase angle remalning con
stant), becoming increasingly so for small secondary 
fiE"lds. 

FIGURE 7 
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EUoct pf l&hnuth 

So far we Mve co1uldered only primary •nd aeooncN.ry field• In tM a&n'le wir
ttcal plane. tn practice thlt t• •eldoM the oate 10 we l'l\uet •xattttne 1hfl effect 
of varylnq the hcxll:ontal anqle "fr '*ctrnuth) of the t:econdary fteld Mlatlvn to 
11\epn-ry, 

tn tht• mu -.aaUoa U) Nl!Hlnl the MMe. •• th.a vertioU componf!nl, 
J:::,,. ff •tn t( • ll the only one that aff~ct1 the eeo1ntrtcUy. 

Equ:atton (2) aHwn•• the factoc co• 'fr tn ltl Htcond tenn, affectlnQ the lndin
&ltOft only 11l9htly for low ,...,..rr lleld atrenqtt,,. 

e • 1an·t~f •In"' ooa+ + (~)2 •In 2o< "!':i:'.•ln<>] 

U the pn,fila 11 ntN.lund ln 1h.e dl!WcUon of the prtm~ry field. equ1JUon (3) 
beoomes 

£quoUon {4) la unaffected, thouth U must be ...,..elftbered that ( AH/HI will 
be redu""d ...,ghly In Pl'OP(IIUon to OOS'f f« sheet- ..- rtbbon-lllte oondlk.xs • 

TIMI net effect of varytnq !be &dlllllth of the aeoondory field la to atreteh out 
a,., .-aly elthor side of !ti CO'OH"°""r and to reduoe the otnln;111 of both 
Ille lllcllnatlon Hd ecoentticlty YtillH roughly In proport!On to OOI If . The 
reduction of the llldlllatlon ...iueo Wiil be ollvhtly IHI In the c:aoe of novaltw, 
phase ""91•• 1IMm for paoltl.,. phaoe an9le•. 

- 9 -

METHOD Pl OPERATION 

It lo apparent from the above that the VLF palorlzatlon elllpae In the vicinity 
of an electrical oon<kctor l• to some extent dt&mct.eli1Uc of the properties 
of the condu..-. We h•w al•o •een !hot two pa,tiower parametan of the 
elllpH • the llldinatlon and the eocentnclty - tefleet the relative field otnlnQ!h 
end phue of the prtmary and Hoondary llelda. Let 111 ...... 1no thlo men, 
closely. 

FO< rel•tlvely small secondary field 11renqtha equation (2) Mduces to 

e • tu"
1 "7f1- oln « oos 4' 

• tan"1 ~ (tee!) 
H 

lndic:e:Unq that the tangrent of the tncHna.tlon (and henoe the lncllnaUon 1taeif. 
foe amall an9Je1) ts needy proJ)«'tional to the .ml component of the secondary 
field. measured tn the vertical dlrection. 

The error ln thil approxlme.tely 11\(;reases for large 1econdary fields, reachlnq 
approximately 101. foe ( AH/1!1

0 
• o.s. 

The eecentricU;y E expn1aaed ln equation (l). can be writtfl!n as 

£ • ~ (quadratwel 
H 

1howin9 a direct proportloneUty to the~ component of the vertical 
saoondary fletd. the opproximaUon inherent ln thh ex:preHlon leads to •m.o,ll 
errors at large 1eoondary field 1tranqth1. 

Measurements the.refor"e of lnc.ltMUOn and eccentrtclty are nearty proportional to 
the n!!al and QUadratu~ components of the verttc.at secondary fleld: and they may 
be u1ed to repre•ent these quontittes within acc:eptable limits~ 

Ptinctele of E · M , -1§ 

Mr. Vatno P.onk.a ueed the atx,ve n!!latLouhtp• in the deslqn of the Urst VLF 
instrument, Che Geonlcs E.M.-16 (4). 

the tnstrument ha• nwo recelv:LnQ coUs: the stqnol coll with a I\Offllally vertical 
6 x:ss, And the refen!lnce coil with a hortzontaJ ,ud.•. ~ch con ls tuned to the 
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eme primary signal by mean• of :Plug ... ln cryatol modu.ht•. but each ha• a •ep
an11te ampUflM. To obtain I! nu1dln9 the lnatrument ls opented in the manner 
ahown ln Fiqure l l. In tht• ft.gun, lt le a1aumed that the primary field ta pa
rallel to the aurwy Hne: the'atauon• refen to the transmitter location. 

The direction of the prtmary fteld 11 flnt determined by holdlnq the alonal coil 
hor1%ontal tF1gure l la) and odenttng the inatrument for minimum ooupltng. This 
la detected by a mlnlmum audible etgnat ln the loud-apeaker mounted on the 
console .. 

The instrument le then held vertically wt.th 1te: reference ooU ln a direction at 
right angles to the tre.namitter location (F19'Ufe l lb), at which polnt lt 1$ recelv
lng the full effect of the prtmory field. 

The operator then rotates the instrument (Flqures llc, d) ln the vertice:l plane 
until a mlntmum stqrml is reqistered. At thls polnt the signal ooil ls oriented 
alone) the mlnor axla of the elllpae of polartu.tlon, and the tilt angle of the 
instrument ls the angle of 1noUnat1on of the ellipse. The tangent of the Wt 
angle ls therefore an approximaUon to the ratlo of the real component of the 
vertical secondary fteld to the horizontal primary fleld. The E.M.-16 registers 
both the tilt nngle in degrees and the tan;ent of the anqle, expressed in percent. 

ffoldinl) the insttument steady ln the minimum dlreot!on the operator then rotates 
the •quadrature• knob With hla left hand {Flqures llc, d). until the best slgnal 
mlnJ.mum ls obtained. Through thls adjustment a PT()portton of the voltage ln the 
reference coll (after first shifting lta phase 90•) ls used to com.pen.sate the volt
age in the sional coll. The callbratlon of the knob registers the pe:roentage of 
the reference signal used in the oomperuu1t1on. thereby provtd1ng a direct mea
surement of the ratio of the signal stren;ths in the two receiver ootls. As we 
have seen (equation (l)), thll quantity is an approximation to the ratio of the 
quadrature component of the vert:lcol secondary field to the horl:ontal primary 
!leld. 

Proflles reC!Otded with the E .. M.-16 resemble closely thoee in Fiqures 7 - 9* 
with the ordf.natea aprea4ed in percent rather than frac:rtions. 

2. 

3. 

• 12 -

Anomalies tend to be generated by oonduc:tivtt.y d\anges in the 
overburden, or at the overburden/bedrock lnterfaoe. These may 
be difficult to recognize from anomalles due to conductors within 
the bedmck. 

Since the frequency ls high, the response factor of many geologica.l 
conductors (lncluding orebodtes} ls above the renge where apprec
iable quadrature effects are generated. Phase-shifts are more usually 
assoc.tated. With the effects of oonducttve qround on the primary and 
secondary signals. (see Floure 3). Quadrt!lt:ure measurements cannot 
often be used to assist 1n discrimlnating between geologloal conductors 
of higher and lower conductivttles. 

Because of restr.lcttons 2 and 3" lt ls often advisable to follow up the VLF survey 
With one or more proflles by the hod2t0nutl loop E*M .. or other discriminatory 
method, before costly d.rtlltng 1« oerrled out. 

Data Reduetton and Interpretation 
Because VLF anomalies are produced by such a Wide ronge of qeoiogtcal effects, 
profiles tend to be •cluttered•* and the int.el1)t'eter ffl(ly need some assistance in 
distinguishing trends and classifying groups and patterns. This may be done by 
dlqitizlng the deta end performing filtering, trend annlysis and cross-coneiation. 

Fraser {7} has developed a simple technlque of filtering and differentiating Ult 
angle profiles that oan be applled effectively in the field or office for ropid geo
loc;ical correlation and interpretation. By aventglng pairs of stations and taking 
differences between pairs aepareted by a di.stance that is appropriate to a particular 
der,th of tntereat, values may be plotted and contoured ln plan th.at transform in
tlectlons (including cross-oven) into •higtts• and •iows• ~ and smooth or accentuate 
ln accordance wlth the depth to the anomaly source. An eMmple of the application 
of this method is shown in the next :section. 

VL'f' interpretation has been mainly quoUU,tlve to data, though theoretical work ls 
being done currently at several centres.. Simple rules-of-thumb are easy to de
velop, based on the assumption of a plane, horizontal# prtmary field. 

For a small, spherical body, depth to centre ls approx:lmateiy 

d = L:,. x, whe"' ..Ci. x Is the hori:llonuol 
distance between points of maxi
mum and mlntmum inctlnatton 

and radius ls approximately 

r • 1.3 d 

For a thin cylinder. depth to centre is approximately 

and radius ls approximately ,------
r= 1.22 d 
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Fi1ld Oooration aod APPU®Uona 

The E.M.-l6 and other VLF qround t~M. lnstruments share the S<'\me advant,vie;. 
in finld operations~ , 

l. 

2. 

3. 

4. 

s. 

1'hey are HQht (2 3 lbs.) and excMdingly port..,bln. 

They need no trl'lnlmltter. further fflduclng complexity, 
cost, and oparatinQ pen,,onnel (the ln8trument ls nor
mally opereted by one man). 

Retu:Unqs. nre extremely raipld, as signals are stronq "nd 
nulls clear and un-wawring wtthtn the recomm-cnded. 
operating ran~ of tnmsmltters. 

Power consumption 111 negUglble (one set of "'penllte" 
battertH generally lasts well over a month). 

The operation ls so simple that unskllled personnel can 
be tmined as operators in a matter of hour, .. 

trom a geolO(Jlcal point of View the followtng advantages aire pertinent: 

I. 

2. 

3. 

The method ls capable of a large depth of e:xploration 
in non·oonductlw rocks (see Figure 3}. 

The relattvel y hl9h frequency provides high response 
factors for bodies of quite small dimensions~ Relatlve-
1 y • dlsoonneoted• sulphide ores have been found to pro
duce measurable VLF signals. 

For ,the aame,reaaon, poor conduattrs such as sheared 
contacts, bteocla zones, narrow faultsi alteration umea 
and porous now·toP• normally pmduoe VLF anomalies. 
The mettlod can dler,mn be u•ed effeclively b: Qeological 
mapping. 

4. The method can be used Without dtffieulty ln mountainous 
tem,ln, though If the <lfflUnd I• oonduclive the profile will 
be di•- In the dlreclion of die Qn>Und surface. This 
can often be reCC>Qnized and/or removed 1emJ.-quant1tatively. 

There fm!I relatively few diaadvantages to the method, and none from an oper
ating atandpoint. 

I. In conductive 9"1Und the depth of exploration la severely 
limited (see F!gun, 3). 

- 13 

From Figures 1 - 9 lt can be seen that for a line source# depth ls approximately 

d. ~ 
2 

This model approximates the steeply dipping sheet, or holf-plane ,, 

:noun,a 12(1) to 12{8) show examples of VLF t.M. profiles over a variety of bed
rock conductors, and have been selected to illustrate some of the important features 
of the method. AU of the drill holes 1n these examples were drilled to test the VLF 
anomalies. 

Example 12!1! Denton Township. Ontario 

The in-phase {real component} profile shows the asymmetry 
typical of a ~.e:Uvely fiat dip. The peaks occur roughly 
15 feet from the lnfiectlon PQ1nt1 which ls consistent wtth 
a conductor depth of about 50 feet. The quadrature profile 
shows a weak .. posiUve inflection, suggesting that the body 
ls a very poor conductor, and thnt overburden is relativei y 
non-conductive~ 

Timmins, Ontario 

These are fairly typical profiles, showtng ,e: positive in
phase cross-over and a negative qua~ture anomaly. 
The conduotor here ls retatlwty massive and wide; the 
overburden is 70 ao feet thick ond moderately conductive 
(5 - 10 x 10-3 mho:s/m). The shape of the in-phase 
anomaly is consistent with a brood body, and also sug
gests a contribution from the overburden itself. nte 
quadrature anomaly is caused almost entirely by the 
conductlng 'body. 

Exampte 12 (3) Mississippi Lead District 

The profiles show a number of anomalies , of which only 
one has been drtlled. Depth in this case is 250 feet, 
whlch is consistent With the depth derived from a sphere 
model using the adjacent peaiks on either profile. The 
conducting body ls probably discrete and fiat-lying. 

The relatively strong quadrature component suggests mod
erately conductive oountry rocks, ln the range typical of 
Umestones and dolomites. 



,-: 
z 
0 

a.: 

1; 3= 
I-

z 
0 
I-
z 
LLJ 
0 

x) 

..,. 
0 
N 

+ 

• I~ • 

The body itself is probttbly 4 poor conductor, thouQh at 
VLF frequencies lt cleerly qenerMe• a respectable 
secondary field. 

£xp.mple 12 (1) Gooderham, Ontario 

The scale of th.la figure la more compra•sed than the 
othera~ but two or po:uUbly three conductors are cleeirly 
indicated. The left-hand anomaly le typical of a good 
conductor lying: close to surface - and drilling conflrms 
this. The r1ght .. hand anomaly ls auggeatlve of a very 
weak conductor~ alao dose to sutface. This has not been 
drilled, but low frequency £.M. and t.P. surveys confirm 
that it ls probably pooriy connected. The central con
ductor looks like an overburden effect. 

Example J 2{5) Coppennine River, N.W.T. 

This is a very typical anomaly for the area. where ex
tensive VLF surveys have been carrled out to map faults 
and brecda zones. The weak~ negative quadretute 
response indicates that the fault %one ls a moderate 
conductor. This ls confirmed by I.P-. survey and drilllng. 
Chlorttizatlon and hemaU~tlon in and adjacent to the fault 
may contribute to the eonductivlty. 

Exa,mpie 12C6) Windsor~ Nova Scotia 

The country rocks here are moder.-,.tely oonductlve and lt ls 
surprising that more quadrature response ls not obta.tned. 
Possibly the main anomaly ls caused by conductive material 
lying close to surface" It would be Interesting to drlll a 
deep hole to test the strong quadrature anomaly to the right 

· of the known ore-zone • 

Example 12{1) Tudhope and Bryce Townships~ Ontario 

Th.is example ts lncluded mall'lly to show the quadrature re
aponae that can be produced from a good conductor even at 
shallow depth ln relaUvely non-conductive: rocks. The 
quadrature pf'Ofile also reflects the dip of the conductor. 
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Examolt 12{8} Coppermlne Rlver ~ N. W. T. 

Th.ll la an example of VLF in-phase de.US prooeaaed and 
contoured in accordance with Fraser•• (1) ptogram .. The 
use with which thlt map can be compared WI.th the geology 
and other O&OPhYtioal results, la one of 1ts main advantages. 
Certain nnd1, ln particular the one incUned to the west of 
the main north .. 1ooth anomaly, ue emphasized by this pre
sentation d the de.ta. 

The quadntture profile~ ahown auperlmposed on the ln-
phase contoura,. ls used to assist in identifying the conductors. 
In thll'll caae, the major faults appear to correlate with the stronqer, 
negatlve quadrature anomalies. 

CONCLUSIONS 

The usefulness of. the VLF E. M. method in mineral exploraUon 
and geological mapping has been establ!shed. and there ls no 
doubt that it will enjoy conUnued populartty. 

Measurements of the quadrature component are helpful ln resolv
ln9 anomalies from the various geological sources. 

Better methods of da.t.-,. processing and interpretation are required 
if the VLF E.M. method ls to be used to Its fullest advantage, 
partlcularl y in airborne surveys. 

Airborne methods appeer to have tremendous potenUal ln both 
prospecting and mappin9 ~ Instrumentation for both helicopter 
and fixed wtn9 use 18 being field tested and will shortly be ln 
routine oper3tton6 

• Active• radlo frequency methods for exploratton from drill holes 
have been proven to be effective, and will probably find greater 
acceptance now that VLF E~M. has established us place in ore 
prospecting. 
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VLF MAPPING OF GEOLOGICAL STRUCTURE 

Abstract 

Field measurements with the EMl6 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 OttawG indicate that this technique is 
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 £Ml6 alone produces little quantitative information. although the relative positions of 
the high and low resistivity beds are generally clear. For this reason. it is desirable to 
supplement the £Ml6 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. 

Rffsumff 

Des mesures, sur terrain, avec l'appareil EMl6 confirment l'utilftff de la mlthode 
TBF comme outil de cartographie des structures gffologiques peu profondes. tes n!sultats 
obtenus ci travers la faille de Gloucester au sud-.ouest d'Ottawa indiquent que cette technique 
s'adapte tres bi.en au probleme posl dans des situations glologiquement simples. 

tes n!sultats de terrain concordent tres bien avec les calculs thh>rfques. Cependant 
cew:-ci dffmontrent qu'il est difficile d'obtenir des informations quanUtatlves a partir des 
mesures £Ml6 seules. Afin d'obtenir des n!sistivftls apparentes des dew,: c6tls du contact. 
on doit complffter les mesures EM16 avec des mesures de l'imp4dance de surface. Ceci est 
surtout vrai dans des cas oit l'on sotcp(;'OMe que l'anomalie est lifff! cl un accident topographique 
de la roche en place plut6t que par une opposition des ms de n!sistivitl dlfflrente. 
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VLfl MAPF!NG OF GEOLOGICAL STRUCI'URE 

W.M. Telford1, W.l". Kini and A. Becker
3 

Foreword 

This paper is a summary of the work done by W. F. King while working under the 
direction of Dr. A. Becker as a graduate assistant for the °'°logical Survey of Canada. 
during the summers of 1969 and 1970. The data described form part of his M.Sc. Thesis 
dissertation. worl-~ng 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. 

INTRODUCTION 

It has long been observed that electromagnetic plane 
waves prop(lgating 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. In the 
• y 

"' l'z 

-z 
Figuz:e l. Two-dimensional fault with strike length 

infinite in· y-direction: insert shows E 
polarization vectors. 

1
Department of Geophysics. McGill University. 
P.O. Box 6070, Station A. Montreal H3C 3Gl, Canada 

2 
Chevron Standard Company Ltd., 400 5th Ave. S. W. 
Calgary, Alberta 

3
ManagingDirector, IREM-MERI. P.O Box 6019, 
Station A. Montreal lf3C 3A7, Canada 

L. s. Collett. 
Head. Terrain Geophysics Program. 
Resource Geophysics and Geochemistry Division 

extra low frequency range (ELF) this phenomenon is 
readily observable near coastlines (Weaver. 19E3) 
while in the audiofrequency range (AFMAG) the ~rrf:<.'~ 
was first observed by Shaw (oral comm •• 1961) ir. :~ 
vicinity of faults and shear zones. More reC'f!nt J. 
Collett and Bell (1971) have discussed how the AF~~~ 
method can serve as a useful tool in structural mepp:n£. 
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 inc,dent on a semi-!nfinite conducting 
medium divided by a vertical discontinuity into two 
regions of different i:esistivity. Weaver's calculations 
were later confirmed experimentally by Dosso ( 1976) 
on a 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 ( I 97'la. b) 
who round that the spatial variation of the vertical 
component was strong-ly innuenced 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 a 
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 wilt be 
shown later, in the results section. we were fortunat~( 
to be able to perform the measurements in relatively 
simple geological environments so that a good comparison 
could be made between our theoretical predictions of 
electromagnetic field behaviour· and the observed 
variations. 

~r:;t~e·..: ~nd &ppr.>vert for publication. August, 1976. 
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Figure 2. 

Subsurface curNnt flow 
(~. relative amplitude 
distribution) at 10 kH& in 
the structure or Figure 1. 

THEORY 

Vertical magnetic field variations 

A number or authors (Jones and Price. 1910) • 
Swift (1911) have discussed the mathematical basis ror 
the distortion or an electromagnetic plane wave over a 
vertical discontinuity separating two half-spaces or 
different conductivity. with and without an overburden 
layer above. For a remote natural EM source the 
direction or 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: 

and: 

aE aE z x 
-- - -- • juip H ax az o y 

3H 
-1.. • -oE 
az x 

au 
_:y_ • oE 
ax z 

3E 

a!- • -jl.OpoH& 

38 
a!- • j<OpOHX 

ror E normal to strike 
(H polarization) 

ror £ parallel to atrike 
(E polarization) 

au auz ~---·-·oE oz ax y 
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Figure 4. Tilt and ellipticity profiles for d/6 • l/10, 0 for the structure of Figure 2. 

FREQUENCY : 10 KHz 

.d/8 VARIABLE --- TOTAL FIELD 

4500 400 900 1000• 
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Figure 5. Total field. IHzlHxl • profiles over the structure of Figure 2 with d/6 • 0, 1/30. 1/10. 1/3. 
3 



The E polarization is particularly convenient for 
the VLF method. which. measures Hz 'and Hx. . It is 
customary. where possible. to select a remote station 
whose ffx 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 Hx 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 SwiCt, 1969; Ku et al.. 1973) the actual 
subsurface electric field distribution for a given 
geological situation. 

Figure 2 shows the sutisurface current now (actually 
the Ey field amplitude distribution) at 10 kHz in the 
structure of Figure 1 with an overburden of l 00 nm. 
5 m thick and the contact separating beds of 1000 and 
10 ooo nm. Since the skin depth (6 .. soovpil) for 
100 nm 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 all the significant overburden parameters. 

Theoretical profiles of Hx, Hz and Az-x 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. Calla 
sharply .to a.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 
ot d/6 the background value of Hx is actually larger on 
the conductive side than at large distances to the right. 

The Hz field shows a peak directly over the contact 
which decays to zero on the flanks. A.gain 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 Hz and Hx is roughly an inverted 
image of the vertical magnetic field, wath a minimum of 
32° above the contact and a more or less linear increase 
on both sides. the steep slope again appearing over the 
conductive bed. When d/6 = 0 the phase shift is zero 

"° 

o ....................................................................................................... ____ • .. -· •• 0 ........ 
Figure 6. Peak amplitude of total field plotted against log 

Kea for structure of Figure 2. No overburden. 
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Figure 7. Peak amplitude of total field plotted against 
log Kea and log Koc• tor d/6 .. 1. 113. 1/10, 
1/30 and structure of Figure 2. 

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

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

2e 2a cos A 
tan "'. 1 - a2 

2 1 + a 2 - .,J(l+a
2) 2 - 4a

2 
sin

2 
A 

r -~~~~----~----~~~~~ 
. 2 

1 + a + 
., 2 · 2 2 
'f(l+R ) - 4a sin A 

where A • + z - + x the phase difference between vertical 
and horizontal field components. and. R • IHz/H:xl ia 
their amplitude ratio. With a little manipulation and 
assuming that Hx is considerably .larger than Hz, which 
is generally the case. these relations become: 

tan e = a cos A 

r = a sin A. 
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Figure 8. Theoretical profiles of Pa and + over structure 

of Figure 2 for d/6 ., o. 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: 

2 2 2 a =tan 0 + r 

The parameters e 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 c 1/10 and zero (no overburden) 
are shown in Figure 4. The polarization ellipses at 
several 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 Hz/Hx. 

Clearly the overburden has a pronounced effect 
on both the tilt and ellipticity profiles. Figure 5 
illustrates this point further, wnere the total vertical 
secondary field Hz, expressed as a percentage of the 
primary field, is plotted for increasing values of d/6. 

· Two additional parameters may be employed to 
determine maximum response over the contact. These 
are Kea, the ratio of reststtvities in the conductive 
and resistive beds and Koc, the ratio of overburden 
reaiativity to the resistivity of the more conductive 
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bed. When d/6 = o. the maximum total field response 
is controlled by Kea only; this is shown in Figure 6. 
where I Hz/Hxl max is plotted against log Kea· 
Figure 1 displays total field values for variable Koc 
as well as Kea, corresponding to d/6 ratios of 1/30. 
1/10, 1/3 and 1. When d/6 = 0, the peak response 
will be 50\ fo.r any Kea = 1/10 (10 Om vs 100 Om • 
1000 Om vs 10 000 .Om. etc. ) ; it should be noted, 
however. that the profile widths will be different . 
This will aJso be true for other values of d/6 when Kea 
and Koc 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 • o, it would be possible 
to use the Hz measurements to determine the structure 
parameters from the IHz/Hxl max ratio, from the skewness 
of the profile,. and from the profile width. A conductive 
overburden, 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. 

,,.~-·-
IO 

.,. 

Figure 9. Variations of amplitude I Pal Pd 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. 

5. 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 

Another,method which can be useful for the mapping 
of latenal discontinuities involves the simultaneous 
measurement of Ey and ffx 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 

l 
--N-- fll CU'IUII. -

I 

in MKS units. 

VlF SURVEY 
GEONICS EM-16 

Gbucfflt!r T•~ OnltriJ 
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Usually, z is a complex quantity because~ and ffx 
are not in phase with each other. Thus Figure 8 shows 
theoretical profiles for the apparent resistivity and the 
phase difference ~tween E and ff across the original 
contact of Figures 2 to 6 for the d/6 ratios used 
previously. It is again apparent that increasing depth 
of overburden infiuences the results by decreasing 
values of both Pa and + on each side of the contact. 
while smoothing the profile slope directly over it. 

Although the variation in the apparent resistivity 
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 f paf 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 aounding 
normally involves measurement of horizontal orthogonal 
E and ff fields over a range of frequencies, it ie possible. 
by assuming a resistive bedrock, to estimate the over
burden parameters from this master chart even when 
I Pal and + have been detel'111ined only at a sing!~ 
frequency in the field. 

..l'IWIIE -
CIIW:ll!A'IVIE ··--·-

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

Measurement of magnetic field dlt and ellipticity 

The Geonic• EM16 VLF receiver bu been described 
ebewhere (King. 1971: Pateraon and Ronica. 1911: 
Phillip• and Richards. 1915). At least two other 
Instruments - the Scintrex S(i()PAS and Crone RADEM -· 
are also designed to meaave properties of the 
polarizatioa ellipse over the ume frequency range. 
With the EM16 a minimum signal fs 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.·900 phase 
shift to one of them. Thfseomparison is made· with .. the 
use of the •quadrature• dial which then allows a direct 
reading of the ellipticity. As indicated previously the 
tilt angle reading. in percent, is associated with the 
"In-phase* component of the secondary vertical field 
and the ellipticity fa aasocfsted with the •quadrature". 
component of the same quanUty. 

-.N-
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In order to avoid ambiguity in profile plotting and 
interpretation. some afgn convention must be maintainec. 
during field surveys. From the equations for 
£-polarization involving Hz and Hx in the previous 
sectfon. we find that: 

Hz·- aE1/ax 
H aE /az x y 

Thus the value of tan 8 may be poaftive or negative. 
depending on the sign of aE,,/ax; since Ey is larpr 
on the reafative side of the fault. the x-gradient will 
be positive if the traverse proceeds from the conductive 
aide and vfce versa. For consistency the following 
azimuth orientation was maintained during field work. 

For travenes approximately east-west (north-aoutll), 
the operator faces east (north) as nearly as possible. 

...... dependingJon.the~tranamitter · azimuth. to make 
.. measurementa;,whfle'.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-soutb) 
traverse. while a negative response indicates the 
resistive bed is east (north). 

Figure 12. VLF total field profiles, Leitrim area. 
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Measurement of complex wave impedance 

The Westinghouse Georesearch Model C-602 VLF 
Wave Impedance Meter was used for measuring Pa 
and +. 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 Hx magnetic field component and a 10 m 
dipole. consisting of two electrodes driven into the 
ground. for the Ey orthogonal electric field. Both are 
null instruments. With the Westinghouse meter the Pa 
and f 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. 
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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 a nearly vertical dip-slip 
fault downthrown to the northeast and displaced 
upwards on the southwest. 

" d- l"NASI!-------

Figure 13. AppJrentconductivity <oa> and phase(~) profiles on lines 20+00N. lO+OOS. and 4o+50S. Leitrim area. 
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A brief description of the various formation& and 
their resistivity is tabulated below (Andrieux written 
comm. • 1911): 

Formation 

Carlsbad 

March 

Nepean 

Ottawa 

Oxford 

Rockcliffe-
St. Martin 

Geology 

Shale. limestone-
dolomite 

SS-dolomite layers 

SS-siliceous cemented 

'Limestone. shale-SS 
layers 

Thick dolomite with 
some ls 

Shale + SS levels; 
ls • sh + dolomite 

Resistivity 

850m 

1500 - 3000 

2000 - 3000 

5000' 

low! 

VLF profiles showing in-phase and quadrature 
response over this area are displayed in Figure 11 and 
those for the total field (R) in Figure 12. Line spacing 
was about 500 feet on average and the traverses. 
approximately normal to the fault. were generally one 
mile long. As indicated. the lines strike east-northeast; 
the Cutler Maine transmitter. NAA ( 17. 8 kHz) which is 
about 400 miles due east of the area. was used for the 
entire survey. Although a VLF transmitter located 
approximately north or south or Ottawa would have 
been more su1tuble. the Cutler station provided the 
best signal for this area. Readings were taken facing 
north. Station spacing varied Crom 50 feet near the 
fault to 200 feet remote Crom it. 

• •• •I I 

Figure 14. Airborne VLF and traverse line. Smoky 
Creek fault area. Lake Abitibi-Noranda area. 
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INTERPRETED SECTION 

fO+OON 20+00N 
VLF total field. and Pa profiles line A.3, 
Smoky Creek fault. 

The date displayed in Figure 11 provide excellent 
examples or the vertical contact between beds or 
contrasting resistivity. Nearly all the proCiles show a 
pronounced anomaly where the Gloucester fault is 
expected to occur. consisting or asymmetric in-phase 
and quadrature peaks with the steeper slope to the 
northeast. corresponding to the more conductive bed. 
The quadrature anomalies, which are r.nerally broader, 
flatter and or smaller amplitude than the in-phase, also 
have a characteristic local minimum or cusp (e.g. Lines 
24+50N, o+OO; 14+008, 19+008, 25+508, 41+008. 41+008. 
5o+OOS, 12+008, 83+008) coinciding more or less with 
the in-pha~ maximum on many proCiles. 

There is another distinct anomaly about 2000 feet 
east or the Gloucester fault between lines 21+008 and 
65+508. Both in-phase and quadrature peaks are 
negative, the latter displaced slightly to the west of the 
in-phase on several lines, notably 6o+50S. The steeper 
slope is on the southwest. Slight quadrature cusps are 
evident on lines 4o+508, 45+008 and 5o+008. These 
data define a &e<!Ond contact with the resistive bed to 
the northeast. 



A third anomaly still farther east appears between 
unes 32+00S and 60+SOS. 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 32+00S, appears to merge with 
it to the southeast. On line 60+SOS 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 Fii:turr 11. probably give 
a clearer picture of the threr '-'Ortacts discussed above. 
smce the anomaluis arC" all pos1t1ve and there is less 
clutter. 

Wave impedance profiles carried out on lines 20+00N. 
tO+OOS and 40 .. 505 are ::;hown m 1-·igure 13. Hf!re we 
have plotted the upparent conductivity < reciprocal of 
apparent resistivity) and• the phase difference from 
45°. On line 20 .. 00N there 1s one pronounced break 
for both parameters. approximately at 36+00W. The 
l{enerally low apparent conductivity 4 - :? m11limhos/m 
west of this station rises shnrply nnd remains greater 
than 20 millimhos per metre for the eastern portion of 

· the traverse. The phase angle between Ey and Hx 
increases abruptly at the same point and there is a 
difference of 15° - 20" between the average values 
t•1ther side? of It. These results agree qualitatively with 
the theoreucal profiles of Figure 8. that is. the more 
'-.'Onduchve bl'd on the C"ast produces a larger phase 

-. angle than on thr resistive side. unlc•ss t!1t• structure • 
outcrops. In this case th(' fac·t thllt th•• phas,• angle on 
the condueuve sute ('lteeeds 45" b<'rms tn 1mhcate the 
presence qf n rrs1st1ve overburden 1Jn ttmt side. 

The profile from IO•OOS exhibits the same properties 
as the one from 20+CJON. the contact being at 15+00W. 
Although the phase break is not as pronounced here. 
the difference hNween the average values of east and 
west sections 1s about 15°. Comparing all four profiles 
with Figures 11 'IHlcl 12. it is clear that the fault is 
located within SOieet m all cases. 

Three contact·s1·are indicated in the 0 8 nnd t profiles 
for line 40+50S, near stations 6+00E. 29+00E and 44+SOE. 

· These results correlate well with EM16 profiles in 
Figures 11 and 12, where peaks appear at S+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 105 
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 results 
and theory is excellent. In particular. there does not 
appear -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 locatf:d an the 
contacts within 50 feet of their positions found in the 
tilt angle survey. which is roughly the error in the 
pace and compass traverses employed. The apparent 
conductivities of the Carlsbad and Oxford formations 
obtained by .hese measurements. about 15 and l 
millimhos/m respectively. do not represent true 
formation resistivities. because or 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 aides 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 40+505 between 29+00 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 miles in the area. The geological 

· map for the area-. indicates 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 airborne VLF Barringer RA DIOPHASE survey 
( Becker and McNeil. 1969). The field situation is shown 
in Figure 14 which indicates the position or one VLF 
profile (line Al) with respect to the fault and the airborne 
anomalies. 

EM16 total field profiles. together with the 
correspondi'ng apparent resistivity profile are shown 
in Figure IS for line A3. Here. the Smoky Creek 
fault is located at station lS+SON, marked by extremely 
high < 100\) total field peak and a very abrupt increase 
in resistivity from 100 nm to 60JO nm. The steep slope 
of the EM16 profiles is also consistent with the more 
conductive zone on the south side. 

DC resistivity shallow depth soundings were carried 
out in an attempt to clarify the EM16 results. These 
indicate 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+SON. This abrupt change in depth of a conductive 
<< 100 nm) layer - essentially a steep contact between 
overburden and resistive bedrock - is the source of the 
anomaly. Possibly the fault itself. supposedly located 
at lS+SON, is responsible for the bedrock step. although 
there is no evidence to support this. Thus the VLF and 
Pa profiles. although 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 or contrasting resistivity. covered 
by a uniform layer or overburden. Thus 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 
or overburden, however. the VLF dats may be misleading, 
as described in the survey or the Smoky Creek fault. 
Similar sudden lateral changes in overburden 
resistivity, although no examples are given here. would 
doubtless have the same effect. At present shallow 
seismic and resistivity sounding are the only geophy,sical 
methods available to clarify such situations: both are 
slow and relatively expensive. Obviously a simple and 
rapid technique Cor mapping bedrock terrain and 
estimating overburden resistivity is very desirable. 
not only in connection with the type or survey described 
here, but in many other applications as well. 
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CONTOURING OF VLF-EM DATAt 

D. C. FRASER" 

Prospecting for conductive deposits. with plotted on a field map. 
ground VLF-EM instruments has received con- A data manipulation procedure is described 
siderable impetus with the recent development of which transforms noisy noncontourable data into 

··lightweight receivers. The large geologic noise less noisy contourable data, thereby eliminating 
component, which results from the relatively high- the dynamic range problem and reducing the 
transmitted frequency, has caused some critics to noise problem. The manipulation is the result of 
avoid use of the technique. Those who routinely the application of a difference operator to trans-· 
perfonn surveys with a VLF-EM unit find that, form zero.aossings into peaks, and a low-pass 
in some areas, a 5-degree peak-to-pea,k anomaly smoothing operator to reduce noise. Experience 
can be significant, whereas anomalies having has shown that field personnel can routinely 
amplitudes in excess of 100 degrees may occur as · ,perform the calculations which simply involve 
well. Consequently, there is a dynamic range additions and subtractions. 
problem when presenting the results as profiles 

INTRODUCTION tive ·ocean water.· Skin -depth is approximately 
VLF-EM data can be exceedingly difficult to 3.6'\/'P meters, where P is the resistivity of a 

interpret because a large geologic noise component ··. homogeneous half space in ohm-m, on the assump
can result from the relatively high-transmitted tion that the frequency is 20,000 Hz and that the 
frequency of about 20,000 Hz. Routine surveys halfspace is magnetically nonpolarizable. Conse
can yield useless data unless special care is taken quently, depth of exploration is severely restricted 
-both in survey procedure and in data presenta- for overburden resistivities less than 200 ohm-m. 
tion. Since the area to be prospected normally is of 

The purpose of this paper is to describe the considerable distance from the transmitter sta
survey procedure and the method of data presen- tions, the primary field is uniform in the area, 
talion in use by the Keevil Mining Group and to allowing rather simple mathematics to be used in 
illustrate the advantages of this approach. anomaly prediction and analysis. 

VLF-EM GROUND SURVEY PROCEDURE AND 
DATA TREATMENT 

The primary field 

VLF-EM transmitter stations are located at 
several points a.round 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-

Su,ve,y procedure and da.ta 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 e:-:.pected 
strike of a conductor. The following points relate 
to the method of data treatment. 

1. Rea.dings should be taken every SO ft, as 
will be shown below. 

2. Transmitter stations should not be changed 

t 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. 
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Contouring VLF'·EM Data 

for a given block of ground, to avoid distor- suitable for contouring. Normally, negative 
tion in the contour presentation. Hence, fill- values are not contoured since, being caused 
in lines should be run with the same trans- by dip angle flanks, they do not aid inter-
mitter station as other lines in the block.. The pretation but only confuse the picture. The 
ield direction of this station should be shown positive values generally are contoured at 
on the data map. 10-unit intervals, and the zero contour is 

3. List the dip angle1 data in tabular form, as shown only when it b~ckets an anomaly. 
follows: In quiet areas, S-unit contours may be 

a) list in the direction of north (top of meaningful. • 
paper) to south, or from west to e8$t; . Emmt,k .. 

b) designate south or east dips as nega-
tive;· and Figure 1 presents dip~angle data, according to 

c) perform calculations as shown in the Crone· cbnvention, . in the vicinity of the 
Table 1. Temagami m,ine of Copperfields Mining Co~ra-

Thus, the filtered output or contourable tion Limited in Ontario. This figure illustrates 
quantity simply consists of the sum of the that several conductors are present yielding large 
observations at two consecutive data sta- dip angles. A complex pattern has resulted which 
tions subtracted from the sum at the next requires some thought to interpret properly • 

. ,, two consecutive data stations. The theo- Figure 2 presents the filtered data in contoured 
retical basis for this procedure will be de- form where only the 0, 20, and 40 .contours are 
scribed below. shown for simplicity. The conductor pattern is 

4. The ~ght-hand column (filtered data) is immediately apparent, even to exploration per-
sonnel untrained in VLF-EM interpretation. The 

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 a conductor to the south. 

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 calculadons 

Location Measured Apply sign and form the Take first differences of 
dips m.oving sum of pairs alternate entries of entries 

3+oos 6S -6 
>(-6)+(-7)= -13 

3+sos 7S -7 

)(-7)+(-8)= (-23)-.(-13) = -10 
4+oos SS -8 

(-39)-(-15) -24 
4+sos 158 -15 

-39 + 7 

s+oos 248 -24 
-16 +s1 

s+sos SN +8 
+1s +38 

6+oos 10N +10 
+22 +s 

6+SOS 12N +12 
+26 + 6 

1+oos 14N +14 

1+sos 
+28 >( +34)-( +26)- +s 

14N +14 
>(14)+(20)= +34 

s+oos 20N +20 
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FIG. t. Dip-angle data in the vicinity of the Temagami mine. The arrow ~efines 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 yields a clearly defined 
anomaly which was located over the negative 
center of the SP. 

THE PILTER A.ND ITS EPPECT ON 
ANOMAUES 

Tiu; fdtcr operator 

The Iii ter operator was designed to meet the 

following criteria: 

1. It 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 de 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 simpk 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. 

M2 -Mi, 

where Mt and Ms are any two consecutive data 
points. 

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

where M1, M2, M3, and M, are any four consecu
tive data points. The filtered ou tpu tthen is 

i(M:i - M1) + i(Ma - M2) + l(M4 - Ma) 

=HM:.+ Mt - M, - M:zJ. 

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

which is plotted midway between the Ma and M 3 

dip-angle stations. 
This filter has its frequency (wavenumber) 

response displayed in Figure 4, for a station spac
ing of 50 ft. Its characteristics are as follows: 

l. All frequencies are shifted by 90 degrees. 
2. Noise having a wavelength equal to the 

station spacing and de bias arc completely 
removed. 

3. Maximum amplitude occurs for wavelengths 
of250 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 a 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 Sa). This dike may be replaced by a 
loop of wire of dimensions traced out by the main 
current concentration in the dike. The secondary 
field geometry of the loop and dike then will be 
practically identical, as has heen shown by Fraser 
(19<16), Parry (1966), and Parry et al (1965). This 
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FIG. 3. Dip-angle (upper map) and filtered data (lower map) over a small grid in the Temagami area. The arrow 
defines the VLP-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 ancl in length will be considered herein. 
Only the top line source· of Figure Sa will con
tribute to the measured dip angles because the 
other current line sources are very far away. 

The horizontal Hsz: and vertical llsz secondary 
fields are (Figure Sb) 

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

[ 
ll,. J a tan- 1 

Hsz: + Ho 

[ 
kx J = tan-1 kz + x2 + z2 • 

Model dip profiles can be computed for various 
depths z only by assuming a value for k. 

As a means of testing the effect of the filter 
Oflerator, a single k value was chosen to yield a 
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shape. 

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 SO 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 = SO ft to 25 degrees for z = 500 ft. 
Filtered peaks vary from 118 degrees for 
z = SO ft to 8 degrees for z = 500 ft. Thus, the 
filter amplifies near-surface anomalies and 
attenuates deep-source anomalies. There is 
neither amplification nor attenuation when z 
is 100 ft. 

2. On the basis of anomaly resolution and usual 
noise levels, clip 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 SO ft recommended herein to 
100 ft causes the passband curve of Figure 4 to 
shift to the left, such that the peak is at 2X 10--3 

cpf rather than 4 X 10--3 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 
IOO-ft station interval rather than a SO-ft interval. 
Howe_ver, anomalies from near-surface conductors 
will have poorly defined waveforms for a IOO-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 SO-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. 
pea.ks at ~= ±1. 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 erroneous 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 z, and run in the 
direction of the primary field Ho, the anomaly is, 

(2x2 - z2) 
Hsx = kHo----

(x2 + z2)6/2 

3xz 
Hs = kHo , 

z (x2 + z2)&/2 

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), 

( 
Hsz ) 

a tan- 1 

Hsx + Ho 

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 
amplifk-i; the anon1aly, for the small sphere sizes 

usually encountered in nature, assuming data. 
spacing is SO ft. 

TOPOGR.APIDC IIDECT 

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 an~ 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. 

ADDfflONAL APPUCATIONS 

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 SO-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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