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ABSTRACT

Geophysical surveys were carried out in Whitchurch, Uxbridge and part of Markham Townships 
and in the Paris area of southern Ontario with the aim of outlining economically exploitable gravel 
deposits. The seismic refraction method was tried in some of these localities, but because of unfav 
ourable velocity conditions, was successful only in a few instances.

SMC 13062

Figure 1-Key map showing location of test areas. Scale 
1:3,168,000 or 1 inch to 50 miles.

After preliminary ground tests with an electromagnetic method using very low frequency (VLF) 
fields had indicated sufficient resistivity contrasts between sand and gravel, airborne resistivity sur 
veys were carried out in the above areas, likewise making use of electric fields generated by VLF and, 
in some of the areas, broadcast band (BCB) transmitters. The depth of penetration approached 200 
feet (60 m) with VLF, and 25 feet (8 m) with BCB'fields.

The results suggest that the airborne method can aid in mapping Pleistocene geology and in out 
lining sand and gravel deposits, provided they do not contain conductive water. Two conventional 
ground resistivity profiles executed for comparison purposes showed general agreement with the re 
sistivity picture obtained by the airborne method.





Ground and Airborne

Geophysical Studies of Sand and Gravel
in the 

Toronto Region

by

R.S.Middleton 1

INTRODUCTION

In the fall of 1969, the Ontario Department of Mines and Northern Affairs 
began a study of the physical properties of sand and gravel deposits in the Ux 
bridge-Whitchurch Townships area in order to determine if these deposits could 
be mapped by geophysical methods. Demand for sand and gravel in the Toronto 
region dictated the need to obtain accurate inventories. Geological mapping me 
thods used to date are useful in outlining surficial geology, however, long periods 
of time are needed to map the region in sufficient detail. Since gravel deposits 
can be extracted economically from depths up to 100 feet (30 m), it became nec 
essary to produce a sand and gravel inventory for depths beyond the scope of a 
surficial geological map. Such inventories should also be useful in regional plan 
ning of urban development and transportation facilities.

To begin with, ground geophysical tests were carried out in Uxbridge and 
Whitchurch Townships which are located 18 miles (30 km) north of Toronto. 
The location of the area is shown in Figure 1. The purpose of this study was to 
determine if sand and gravel deposits could be mapped by geophysical methods. 
During these initial tests, a method was sought which could approximately out 
line the geology in three dimensions in addition to directly detecting aggregate 
zones. To provide the most economic and rapid way of mapping, the method 
would have to use an airborne platform.

The Uxbridge-Whitchurch townships area was chosen because it is close to 
Toronto , contains numerous sand and gravel deposits, the Pleistocene geology 
of the area had been recently mapped by D.F. Hewitt (1969), and a wide variety 
of soil types had been noted in the area. Initially, seismic, resistivity, and ra- 
diowave field strength methods were tested to determine the most diagnostic 
properties of the gravel deposits. The seismic technique was used to investigate 
the velocity contrast between gravel zones and other materials. Resistivity profi 
les were carried out to determine the electrical properties of gravel, sand

Formerly Geophysicist, Division of Mines. Manuscript accepted for publication by 
the Chief, Geophysics/Geochemistry Section, July 30, 1973.

This report is published with the permission of E.G. Pye, Director, Geological 
Branch.
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and clay. Field strength studies were carried out in order to see the effect of the 
electrical properties of the ground on the field strengths of radiowaves and to de 
termine the presence, if any, of diagnostic conductors that could be associated 
with gravel deposits.

Following the ground geophysical tests, Barringer Research Limited was 
contracted to carry out an airborne VLF (very low frequency) E-PHASE 1 survey 
of a small area in Uxbridge Township in order to evaluate electrical field meas 
urements as a means of measuring the resistivity of the ground. This survey was 
carried out in June 1970. The results have been published in the form of a pre 
liminary map, P.686 (ODMNA 1971). In addition to this survey in Uxbridge 
Township, another small area located near Paris was surveyed with the VLF me 
thod. Results of this survey are given later in this report.

The airborne resistivity tests showed that the depth of measurement 
achieved with the VLF waves was greater than the economical mining depth, 
and it was therefore decided to use higher frequencies to map gravel zones at 
shallower depth. A two-frequency (VLF and broadcast band) airborne resistivity 
survey was carried out in the southern part of Whitchurch and Uxbridge Town 
ships in April of 1971 in order to map regional Pleistocene geology and locate 
known sand and gravel deposits. The results of this survey have been released in 
the form of preliminary maps P.725 and P.726 (ODMNA 1971).
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GEOLOGY OF THE TEST AREA

The Pleistocene geology of the test sites in the Markham-Newmarket-Paris 
areas has been described by D.F. Hewitt (1969), D.F. Hewitt and P.F. Karrow 
(1963), W.R. Cowan (1970) and L.J. Chapman and D.F. Putnam (1951).

A useful list of other previous geological work in the area has been reported

1 Registered trademark of Barringer Research Limited.



by Hewitt (1969) as follows:

The bedrock geology of the area is described by Caley (1940). The Pleistocene geology of parts of 
the area is described by Coleman (1932, 1936a); Watt (1955); and Karrow (1964, 1966). A good gen 
eral description of the physiography is given by Chapman and Putnam (1951). This latter book in 
cludes a generalized map on the scale of approximately l inch to 4 miles [l :253,440]. Among the most 
useful publications on the surficial geology of the area are the soil survey reports of York and Ontario 
counties: Reports 19 and 23 of the Ontario Soil Survey, Hoffman and Richards (1955) and Olding, 
Wickland, and Richards (1956). Sand and gravel deposits are described by Hewitt and Karrow 
(1963). Further descriptions of sand and gravel deposits in Whitchurch and Uxbridge Townships are 
given by Turner (1964).

The main feature of interest in the Uxbridge and Whitchurch Townships 
area is the Oak Ridges Kame Moraine. This feature, shown on Map 2124 (Hew 
itt 1971), extends in an east-west direction through the area and is flanked on its 
southern margin by clay, sand till, glaciolacustrine clay, interglacial clay and silt, 
and the Schomberg Lake clay and silt. The clay till overlies the kame moraine 
and is known to be O to 50 feet (15 m) or more in thickness. The Oak Ridges 
Kame Moraine is very complex and contains large areas of fine blown sand, cross 
bedded sand and gravel deposits, "kettle" deposits, melt water channels and esk- 
ers.

The Pleistocene geology in the Paris test area has been described by Cowan 
(1970) on Preliminary Map P.582. The central part of this test area is known as 
the Paris Moraine and consists of Wentworth Till, sand till, and stoney or silty 
till. Surrounding the Paris Moraine are the glacial fluvial outwash and deltaic 
deposits, ice contact deposits, and kame gravels.

GROUND GEOPHYSICAL STUDIES

Ground geophysical investigations were carried out in November, 1969, in 
order to determine the physical properties of sand and gravel deposits. The Ux 
bridge and Whitchurch Townships area was chosen for these tests because these 
areas are located close to Toronto and provide a large percentage of sand and 
gravel for the Toronto market. The location of the test areas is shown in Figure 
2. VLF field strength tests, using a Crone Radem unit, were carried out over a 
number of gravel deposits in order to determine if conductors existed in the 
neighbourhood of gravel deposits. Changes in field strength also suggest resistiv 
ity contrasts between sand and gravel while dip angles would be more suggestive 
of the presence of conductors.

The velocities of seismic waves in sand and gravel were measured by the re 
fractive method using a Huntec FS-3 seismograph to determine if seismic techni 
ques could outline gravel zones.

VLF Electromagnetic Tests

Electromagnetic tests using the Crone Radem unit were carried out over the 
Uxbridge Township Road Commission Pit in Uxbridge Township, the Timber-
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LEGEND

1. Two-frequency airborne resistivity survey 1971.
2. VLF airborne resistivity survey 1970.
3. Ground VLF field strength test. Uxbridge Road Commission pit.
4. Ground VLF field strength test, Timberman pit.
5. Ground VLF field strength test, Lemonville pit.
6. Ground VLF field strength test, Giordano pit. Uxbridge Township.
7. Seismic refraction test, Rockmor pit.

8. Seismic refraction test, Sebastian pit.
9. Seismic refraction test Uxbridge Road Commission pit.

10. Seismic refraction test, Giordano pit, Uxbridge Township.
11. Seismic refraction test, Consolidated Sand and Gravel pit. 
1 2. Ground resistivity profile along line 29, Whitchurch Township;

13, Ground resistivity profile. Uxbridge Township

Figure 2-lndex map showing location of ground and airborne geophysical tests in the Markham- 
Newmarket area. Scale 1:250,000.

man Pit in Uxbridge Township, the Lemmonville Pit in Whitchurch Township, 
and the Giordano Pit in Uxbridge Township.

Profiles of field strength and dip angle are shown in Figures 3, 4, 5 and 6. The 
VLF stations used for these measurements are very powerful transmitters lo 
cated in Seattle, Washington and Cutler, Maine, U.S.A., serving to transmit 
messages to submarines and other shipping. The ground waves from these sta 
tions are used in a manner similar to conventional electromagnetic prospecting
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Figure 3-VLF field strength and dip angle profiles over Uxbridge Township Road Commission Pit.
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Figure 4-VLF Field strength and dip angle profiles over Timberman Pit, Uxbridge Township.
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in that the magnetic components of the VLF waves induce currents in any con 
ductors present, thus creating a secondary magnetic field that can be measured 
by the receiver. The frequency of the Cutler, Maine station (NAA) is 17.8 kHz 
and therefore is useful in mapping surficial geology. The Seattle station (NLK) 
broadcasts at 18.6 kHz.

Dip angles did not indicate any definite conductors in the vicinity of some 
gravel, although conductors associated with fence lines were found. It was gener 
ally noted that dip angles in the vicinity of some gravel deposits such as the 
Timberman Pit, the Uxbridge Township Road Commission Pit, and the Gior- 
dano Pit did change only slightly. However, field strengths (total component of 
the magnetic portion of the VLF field) showed decreases of the order of 10 to 15 
percent over areas containing gravel, thus indicating that gravel is associated 
with more resistive terrain. Decreases in field strength were best indicated in the 
profiles over the Uxbridge Township Commission Pit and the Giordano Pit.

Seismic Refraction Tests

Seismic refraction work using a Huntec FS-3 refraction seismograph was 
carried out to determine the average seismic-wave velocities in sand and gravel. 
Velocity determinations are made with this instrument by setting off a shock 
wave with a hammer and measuring the time of arrival for the primary and sec 
ondary waves over a known distance. Shock waves are detected with a geophone 
connected to a recorder. The time of initiation of a shock wave is recorded by an 
inertial switch mounted in a plate which is struck by the hammer.

The refraction profiles were executed along lines that were carefully meas 
ured at 10 foot (3m) intervals. Time-distance plots for the Rockmore Pit in Vau 
ghan Township, the Sebastian Pit in Whitchurch Township, the Uxbridge 
Township Road Commission Pit in Uxbridge Township, the Giordano Pit in Ux 
bridge Township and the Consolidated Sand and Gravel Pit in western Uxbridge 
Township are given in Figures 7, 8, 9, 10 and 11.

Arrival times for the various seismic waves are marked on pressure sensitive 
recording paper by a moving scriber. The arrival times shown in Figures 7 
through 11 represent primary and secondary arrivals. The chart paper is ad 
vanced manually on the recorder as the survey progresses. Thus the distances on 
the figures do not occur at regularly spaced intervals. Figures 7 to 11 are given as 
representative recordings for a large number of tests.

Figure 7 indicates the existence of a thick uniform sand layer. Figure 8 dem 
onstrates two uniform layers of similar velocity. The upper part of the first layer 
is partly disturbed, possibly frozen in places, as shown by the irregular wave ar 
rivals.

Figure 9 illustrates a two-layer case where the first layer is known to be com 
pact sand and the second layer a bed of gravel and sand. Figure 10 again shows a 
two-layer case where the first layer is known to be a thick bed of gravel with 
some sand. Figure 11 indicates a thin unconsolidated first layer, a uniform sec 
ond layer consisting of cross-bedded sands and gravels, and a third layer of 
slightly higher velocity.

The purpose of the seismic refraction tests in the Rockmore Pit in Vaughan
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Figure 7-Seismic time-distance plot, Rockmor Pit, Vaughan Township.
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Figure 9-Seismic time-distance plot, Uxbridge Township Road Commission Pit.
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Figure 10-Seismic time-distance plot, Giordano Pit, Uxbridge Township.

12



Third layer

90 120 

Distance in feet

180 210 

SMC 12641

Figure 11-Seismic time-distance plot, Consolidated Sand and Gravel Pit, western Uxbridge 
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Township and the Sebastian Pit in Whitchurch Township was to determine the 
seismic-wave velocity in sand. Both of these pits contain extensive, relatively 
homogeneous sand deposits. Primary wave velocities for sand ranged from 909 to 
1,786 feet per second (272 to 544 m/s). Semi-frozen sands were encountered dur 
ing the tests and appeared to have velocities of the order of 2,340 feet per second 
(713 m/s). A mean velocity for sand was calculated to be 1,500 feet per second 
(460 m/s).

Primary wave velocities for gravel ranged from 1,820 to 4,000 feet per second 
(545 to 1220 m/s) in the Consolidated Sand and Gravel Limited pit, the Gior- 
dano Pit and the Uxbridge Townships Road Commission Pit.

A velocity contrast of 700 feet per second (213 m/s) between sand and gravel 
was found. It is concluded that seismic methods may be used on a local basis for 
detecting the presence of gravel. However, thickness of gravel may only be calcu 
lated when a higher velocity medium is at the base of the gravel. Since sand has 
a lower seismic-wave velocity and occurs below as well as above gravel deposits, 
the outlining of gravel reserves with seismic methods in this area is often not fea 
sible.

AIRBORNE AND GROUND RESISTIVITY STUDIES

Methods and Field Procedures

The suggestion of a resistivity contrast between sand and gravel as a result 
of the field strength tests led to the approach of utilizing radio waves to carry out 
resistivity measurements from the air. Barringer Research Limited was there 
fore contracted to carry out an experimental survey utilizing electric fields from 
VLF radio waves to measure the resistivity of the ground.

The airborne system used in these resistivity measurements is known under 
the trade name 'E-PHASE'. During the initial test work in Uxbridge and Whit 
church Townships and the Paris area, the system was capable of measuring the 
horizontal and vertical components of the electric field in the VLF range only. 
Since that time, the system has been expanded to measure the electric fields in 
the frequency range from VLF to broadcast band.

Electromagnetic waves are composed of two fields, the magnetic field Hy and 
an electrical field Ez as shown in Figure 12. At a distance from the transmitter in 
areas where the resistivity of the ground is greater than zero, a horizontal elec 
tric field is generated which accounts for power loss into the earth. Figure 12 il 
lustrates that the horizontal electric field vector Ex is very small over conductive 
ground, whereas it increases over resistive ground. This phenomenom is due to 
tilting of the waves over a resistive earth. It can be shown that in the case of a 
plane propagated wave and a homogeneous earth (ignoring displacement cur 
rents), the ratio of the horizontal to the vertical electric field is directly propor 
tional to the square root of the ground resistivity. For a uniform half-space, the 
mathematical relationship of the electric fields to resistivity is:
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Ex(In-phase) = EX ( Quad-phase) =

E; E;
where,
Ex = horizontal component
Ez s vertical component of the electric field

CO = 2nf , where f z frequency in Hertz
60 = the permittivity of free space, and
Pi = the resistivity of the ground in ohm-metres

EX (In* phase)

For airborne resistivity measurements, the quadrature phase component of 
the horizontal electric field is utilized in order to eliminate problems with 
changes in antenna orientation. The ratio of Ex (quadrature phase) to Ez can be 
measured to an accuracy of  0.1 percent at VLF band frequencies and  0.2 
percent at broadcast band frequencies. Under ideal conditions, the resolution of 
the system at VLF band frequencies is approximately 10 ohm-metres and at 
broadcast band frequencies less than l ohm-metre.

The electric and magnetic fields travel above and below the surface of the 
earth as shown in Figure 13. The depth of effective penetration or skin depth of 
the electromagnetic wave is a function of its frequency and the resistivity of the 
ground. Figure 14 shows the relationship of skin depth 5, to resistivity of the 
ground for two different radio frequencies, one a VLF of 20 kHz and one a broad 
cast band frequency of l MHz. According to Stratton (1941), the formula for 
skin depth is:

8, -

where,
jU = magnetic permeability in henry/m
P! = the resistivity in ohm-metres
CO = 277-f
f = frequency in Hertz
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It may be noted from Figure 14 that in sand, which would typically have re 
sistivities of the order of 100 (lO2 ) ohm-metres, the effective depth of penetration 
of a broadcast band wave would be of the order of 5 m, whereas the effective 
depth of penetration of a VLF wave would be of the order of 35 m.

Antenna for measuring the vertical electric field and the horizontal electric 
field are mounted on an aircraft in order to carry out the surveys. All survey data 
were recorded on a MFE-6 channel chart recorder. The flight path was recorded 
by a flight strip camera mounted on the aircraft. Positions of the aircraft trav 
erses were plotted on a photo mosaic base. The analog records were digitized at 
the end of the flight, and the data were reduced to profiles of resistivity in ohm- 
metres. These profiles were merged with the flight path recovery and then con 
toured on the final maps. Line spacing for the VLF tests carried out in the Ux 
bridge and Paris areas in 1970 was 800 feet (240 m). For the two-frequency sur 
vey performed in Whitchurch and Uxbridge Townships in 1971, it was 1000 feet 
(300 m). The survey altitude was maintained at 200 feet (60 m) above the surface 
of the ground.

Other Airborne Resistivity Surveys

Airborne resistivity surveys to map overburden, bedrock topography and 
gravel deposits have been carried out in other areas of Canada in 1970 and 1971. 
A survey of six townships in the Matheson area was completed for the Ontario 
Department of Mines and Northern Affairs in order to map the Pleistocene geol 
ogy of Warden, Coulson, Beatty, Munro, Hislop and Guibord Townships 
(ODMNA 1971 a,b,c,d,e,f). Surveys for the Saskatchewan Department of High 
ways were also carried out in the spring of 1971 (Cully 1972), in order to locate 
gravel.

Airborne VLF Surveys in the Uxbridge and Paris Areas

Airborne resistivity surveys utilizing VLF fields from the Cutler, Maine 
transmitter NAA (17.8 kHz) were completed in a small portion of Uxbridge 
Township and in the Paris area. These surveys were carried out in June of 1970 
to determine the feasibility of using VLF radio waves to map the resistivity of 
the ground. A small portion of the Uxbridge area was chosen because a large 
number of gravel deposits occur within the area. The location of this area is 
given in Figure 2. The instruments were mounted in an Alouette II helicopter. 
The flight path was recorded by a strip camera mounted on the ski of the heli 
copter. The helicopter traverses were plotted on a photo mosaic base. The hori 
zontal and vertical electric field was recorded on a six-channel MFE chart rec 
order and later digitized for computer processing. Profiles of resistivity in ohm- 
metres were generated and merged with the flight path recovery. Final contour 
maps were produced from the profiles and published as Map P.686 (ODMNA 
1971). Results of this survey are shown in Figure 15 beside a geological map of 
the same area (after Hewitt 1969).
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LEGEND
CENOZOIC

PLEISTOCENE AND RECENT
5 Alluvium.
4 Peat and muck.
3 Sand and gravel, kame, kame moraine.
2 Oak ridges kame moraine.
1 Clay till, sand till.

SYMBOLS
\ Geological boundary, 
l position interpreted.

Sand, gravel pit. 

Known gravel deposits.

Resistivity contours in ohm-metres.

l
Depression

Figure 15-Resistivity contours and Pleistocene geology, Uxbridge Township test area.
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Ground resistivity checks of the airborne resistivity results showed that the 
depth of penetration of the VLF field was much greater than originally antici 
pated and was found in places to be of the order of 200 feet (60 m). Areas of high 
resistivity however, correlated with gravel on surface and at depth. It was there 
fore decided that higher frequencies were necessary to map resistivities to the 
shallower depths reached in economical quarrying. In addition, it was found 
difficult to correlate surficial geological mapping with the resistivity data show 
ing conditions at depths of about 100 to 200 feet (30 to 60 m).

The data recorded in the Paris area were reduced in exactly the same man 
ner as the Uxbridge survey. The contour map is shown in Figure 16. The resistiv 
ity values show trends in a southeast direction that correspond with known 
glacial meltwater channels. Again in this area, it was discovered that the depth 
of penetration was greater than the depth of interest to commercial gravel pit 
operators and Pleistocene geologists.

Both of these airborne VLF surveys indicated that radio waves could be 
used to determine the resistivity of the ground and to show, indirectly, areas 
containing higher percentages of gravel.

Two-Frequency Airborne Resistivity Survey of Parts of Uxbridge, 
Whitchurch and Markham Townships

In April of 1971, a two-frequency airborne resistivity survey was flown over 
a larger area of Uxbridge and Whitchurch Townships to determine the useful 
ness of broadcast band and VLF frequencies for mapping resistivity. A larger 
area was chosen in order to include a variety of Pleistocene geological units and 
soil types as well as a larger number of gravel deposits. Lines were flown in an 
approximate north-south direction at 1,000 foot (300 m) spacings. The equip 
ment was mounted in a DeHavilland Beaver aircraft with the antennae in a tail 
stinger. Flight path recovery was carried out on a photo mosaic base using a strip 
camera mounted in the aircraft that recorded the aircraft traverses over the 
ground.
The VLF frequency used in this survey was again Cutler, Maine, station NAA 
broadcasting at 17.8 kHz, whereas the broadcast band frequency used was sta 
tion CFRB, Toronto, 1010 kHz. Both the vertical and the horizontal electric field 
from each radio wave were recorded simultaneously on a six-channel recorder. 
The data were later digitized and computer processed to produce apparent resis 
tivity profiles which in turn were used to contour final maps in ohm-metres. The 
contoured resistivity maps have been published as preliminary maps P. 725 and 
P.726 (ODMNA 1971h, i).

A shaded version of the broadcast band apparent resistivity map (P.725) is 
given in Figure 17. It shows a series of resistivity anomalies trending northwest. 
These resistivity trends are interpreted to be reflections of meltwater channels 
containing granular materials of a higher resistivity than the surrounding sands, 
silts, and clays. The location of all the known sand and gravel deposits in the 
survey area are shown on the figure as black dots.
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Figure 16-Resistivity contours and Pleistocene geology, Paris test area.
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LEGEND SYMBOLS
CENOZOIC 

PLEISTOCENE 
RECENT

W Alluvium, unsubdivided. 
9 Muck, peat, marl 

WISCONSINAN
8 Older alluvium gravel, sand 
7 Glaciolacustrine beach deposits

gravel, sand, washed till 
6 Sand 
6a Glaciolacustrine shallow water and

deltaic sediments, some silt. 
6b Glaciolacustrine sand underlain by

patchy deltaic or outwash gravels. 
6c Glaciolacustrine shallow water and

deltaic sediments, some silt 
5 Glaciofluvial outwash and gravelly

sand in many places overlain by several
feet of sand. 

4 Mainly kame gravel 
3 WENTWORTH TILL stony, silty.

sand till, in many places modified
on surface

2 FOR T STANLEY TILL: silt till. 
1 River or stream section

Deposits on this sheet are mapped where they 
reach three feet or more in thickness. 
Thinner deposits are not shown.

-600-

O

Glacial meltwater channel with 
inferred direction of flow

Hummocky topography

Abandoned shoreline.

Geological boundary, position 
interpreted.

Sand and gravel pit.

Till sample locality: (see report)

Resistivity contours in 
ohm-meters

Depression

Miles

Figure 16-Legend and symbols.
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In the west-central part of the survey area, an east-trending series of pits is 
shown which was originally interpreted by Hewitt (1969) as a buried spillway. 
The contours on the broadcast band resistivity map suggest, however, that these 
sand and gravel deposits are associated not with an east trend but with south- 
east trends. Some gravel pits shown as dots on Figure 17 do not correlate with 
high resistivity areas. In these cases the known sand or gravel deposit could be 
either not resistive in the upper 25 feet (8 m) or occur mainly at a depth greater 
than 25 feet (8 m).

The resistivity distribution in Figure 17 shows that the southern part of the 
survey area has resistivities less than 100 ohm-metres whereas the northern and 
eastern parts of the survey area contain a number of areas of higher resistivity. 
The southern part of the survey area is covered by a veneer of clay till, whereas 
the northern and eastern parts contain exposed kame sands and gravels. The ge 
ology of the survey area is given in Figure 18 as simplified from Map 2124 (Hew 
itt 1969).

An area of very high resistivity in excess of 800 ohm-metres is located in the 
northwest corner of the survey area. Ground checking of this area showed that 
the area is underlain by thick beds of deep sands and wind deposited sands. The 
presence of coarser materials in this area is not known because of the lack of drill 
data. A number of gravel deposits occur in the northeastern part of the survey 
area and are shown to be associated with near surface high-resistivity zones. A 
number of resistivity anomalies on the map have yet to be explored.

The apparent resistivity map based on the VLF survey is given in shaded 
form in Figure 19. The locations of known sand and gravel deposits are also 
shown to illustrate the correlation between resistivities of approximately the up 
per 150 feet (45 m) and the location of sand and gravel. The resistivity anomalies 
in this diagram are more scattered throughout the whole survey area, because 
the depth of measurement extends beyond the thickness of the clay till and in 
cludes kame sand and gravels beneath the clay till. For this reason, a number of 
resistivity anomalies occur in the southern part of the survey area but are absent 
in the broadcast band survey. A number of areas of higher resistivity were out 
lined by the VLF survey in the northern and eastern parts of the area similar to 
those shown in the broadcast band survey. These areas of high resistivity are 
known to correlate with areas of kame deposits.

Some trends of resistivity anomalies in a northwest direction are also sug 
gested on the VLF resistivity map indicating possible meltwater channel gravel 
deposits. Such deposits have been outlined by the VLF survey beneath the area 
of clay till cover. A number of gravel deposits throughout the area are found to 
correlate with areas of high resistivity determined from the VLF frequency. This 
suggests that these gravel deposits extend to depths of 150 feet (45 m) or more. 
On the whole, most of the gravel deposits within the survey area correlate either 
with the broadcast band or the VLF airborne resistivity survey results.

Interpretation of the combined results of the broadcast band and VLF resis 
tivity data shows that Pleistocene geology can be mapped on a detailed scale, 
and that areas of silt and clay cover overlying undiscovered gravel deposits ap 
pear as low resistivity areas on the broadcast band maps. On the VLF maps on 
the other hand, deposits buried under clay and silt are indicated as high resistiv 
ity areas (Middleton 1973).
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Groundwater Data

The depths of the water table within the survey area were taken from drill 
logs filed with the Ontario Water Resources Commission. The depths were con 
toured at 25 feet (8 m) depth intervals in order to provide the map shown in Fig 
ure 20. The water table information was compiled in order to observe the effect 
of the water table on the resistivity values. The compilation showed that the 
depth to the water table is great in the central and eastern portions of the survey 
area. A greater depth to water table is often associated with sand, whereas a 
shallow water table is associated with higher clay content. The patterns of the 
water table depth map indicate that the water table in a regional sense does not 
affect the resistivity values but is more related to the Pleistocene geology. It is 
therefore suggested that airborne resistivity maps could only aid indirectly in 
mapping the water table by determining the type and distribution of soil and 
glacial materials.

The initial VLF airborne resistivity test in Uxbridge Township showed that 
the Giordano deposit had an area of high resistivity associated with the east end 
of the property, whereas the west end contained areas of very low resistivity. 
Ground checking showed that the water table in the western part of the Gior 
dano deposit came close to the surface and that the water was very conductive. 
This suggests that interpretation of the resistivity results must take into consid 
eration the fact that some conductive waters could mask the presence of gravel 
by reducing the resistivity contrast between the gravel and surrounding materi 
als. The frequency of occurrence of conductive waters in the Oak Ridges Kame 
Moraine area is not known, but the fact that the water table does not directly 
influence the resistivity readings on a regional scale suggests that conductive 
waters are fairly rare.

Ground Resistivity Studies

As a follow-up to the airborne surveys, ground resistivity profiles were meas 
ured using conventional resistivity methods in Whitchurch and Uxbridge Town 
ships. Current electrodes made of steel stakes were employed to pass current 
into the ground, and porous pot non-polarizing electrodes were used to make the 
potential measurements. A pole-dipole electrode array was used for the first sur 
vey. The configuration of this array and the equation for computing the appar 
ent resistivity are given below.

* # # j|e Where: l = current at c, and c2
V = voltage between p. and p, 

•c z c i P. P 2 TT =3.14
c t = current electrode 

oc 2 current electrode at infinity 
p, potential electrode 1

~ v / __1 \ Pz potential electrode 2
: Resistivity p -~1LI. l ~:———:~~ l a = potential electrode spacing

l l -—3— j n = number of "a" spacings\ na a + na 7 M
v ' SMC 1?fi4Q

Apparent
l i -J———i— i

\ na a + na 7
SMC 12649
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The resistivity measurements were made by placing two porous pot elec 
trodes, separated by a fixed distance a, into the ground and measuring the po 
tential difference between them, while the current was sent through the current 
electrodes. A number of readings are taken by placing the potential electrodes at 
a number of positions away from the current electrode. The maximum distance 
from the current electrode was 5a, resulting in a sounding with five determina 
tions. Figure 21 shows a resistivity profile along flight line 29 of the broadcast 
band and VLF survey in Whitchurch Township.

E-PHASE- AND GROUND RESISTIVITY PROFILES-FLIGHT LINE 29

VLF: 50-150 feet 
18-50 metres

BCB: 10-25 feet 
3-9 metres

Nv
V

J/l
/i
l \

A /'S\ /' *
\\// \ V ; \

0 = 1

(1 = 3
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3000

Pit, water 
and clay

Clay till
Gravel 

Sand 

SMC 12650

Figure 21-Airborne and ground resistivity profiles along flight line 29, Whitchurch Township.
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An a spacing of 50 feet (15 m) was used, thus giving three depths of meas 
urements of approximately 50, 75, and 100 feet ( 15, 23, 30 m). This profile shows 
that high resistivity is associated with unextracted gravel beneath the highway 
on the north side of the gravel pit. The gravel pit itself was found to be very con 
ductive owing to the presence of clay material washed into the bottom of the pit 
and the presence of conductive water. The airborne resistivity profiles show fea 
tures identical to those illustrated by the ground profiles. This area, having rela 
tively homogeneous geology, makes it possible to obtain remarkably similar 
readings in the broadcast band, VLF, and ground resistivity results.

Normally, some differences in the resistivity values of airborne and ground 
surveys are to be expected because a different volume of ground is measured by 
the ground survey than by the airborne survey. The area influencing the air 
borne measurement is a circle with a diameter equal to the height of the aircraft, 
and the volume of influence can be approximated by a hemisphere of earth be 
neath the aircraft. A continuous current sheet travels through the ground result 
ing from the creation of a horizontal electric field, as illustrated earlier in this re 
port (Figure 13). However, the volume of measurement of ground resistivity 
surveys is determined by the position and array of the electrodes, and localized 
current paths are created in the earth.

Over a second target in Uxbridge Township, containing known gravel at sur 
face, profiles with a spacings of 30 and 100 feet (9 and 30 m) were carried out. A 
Wenner electrode array was used in this instance. The results, along with the 
corresponding airborne profiles, are given in Figure 22, which also shows the dis 
tribution of electrodes for the Wenner array. Very high resistivities, in excess of 
2000 ohm-metres, are found to be associated with the known gravel. A wide 
range of resistivity values can be observed in the vicinity of the gravel deposit. 
This is typical of the variation in resistivities found in surficial materials.

Comparing the general features in the ground profiles with those of the air 
borne profiles, we find that the profile with the a spacing of 100 feet (30 m), 
measuring the material down to 50 feet (15 m) deep, shows a resistivity high that 
can be correlated with the anomaly appearing in the VLF results. The ground 
profile with an a spacing of 30 feet (9m) i.e., less penetration, gives a broader re 
sistivity high that may be correlated with both the broadcast band and VLF re 
sults.

The interpretation of this set of profiles suggests that gravel which occurs at 
surface is reflected by the broadcast band airborne data and short spacing 
ground resistivity measurements. The VLF survey and the ground profiling with 
the longer spacing, on the other hand, indicate that the gravel extends to greater 
depths.

CONCLUSIONS

Ground geophysical tests over known sand and gravel deposits showed that 
the resistivity method was the most promising and economic technique for out 
lining some gravel deposits. Resistivity surveys can be carried out from an air 
borne platform utilizing vertical and horizontal electric fields. Surveys flown 
with the E-PHASE system showed that regional Pleistocene geology and the
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AIRBORNE AND GROUND RESISTIVITY PROFILES OVER GRAVEL
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Ground Resistivity Profiles

; Airborne E-Phase Profiles

Figure 22-Airborne and ground resistivity profiles over gravel in Uxbridge Township.
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location and direction of meltwater channels could be mapped using an airborne 
resistivity technique and that areas of potential gravel and sand could be gener 
ally outlined. It was discovered that the Pleistocene geology in the Uxbridge- 
Whitchurch Townships area was very complex and that gravel deposits occur at 
random and in a variety of shapes and sizes. For this reason it is recommended 
that in future detailed airborne surveys, the line spacing be reduced to the order 
of V 10 mile (0.2 km) in order to properly delineate gravel deposits of economic 
importance. For the purpose of mapping regional geology, however, 1,000 foot 
(300 m) line spacing appears to be adequate.

Seismic refraction techniques were found to be useful in locating gravel in 
only a few instances because most of the gravel deposits are underlain by sands 
which do not provide the required velocity contrast. Ground resistivity measure 
ments generally produced results coincident with those of airborne resistivity 
surveys, however, differences in the amplitude of the readings were noted in 
areas of complex geology.

Where conductive ground waters are present, they reduce the resistivities of 
all ground materials including sand and gravel and thus mask any resistivity 
anomalies that may be associated with aggregate material. Conversely, it may 
be important for the purpose of ground water mapping to note the areas of con 
ductive ground where clay is not known to occur in order to determine the ex 
tent of porous deposits containing large quantities of conductive water. It should 
also be kept in mind that some gravel deposits with a high silt or clay content 
would tend to have lower resistivities than clean sand or gravel deposits.

A number of gravel deposits in the survey area appear to have high resistivi 
ties because they are drained of water. Near surface gravels are more commonly 
drained than deposits of clay or fine sand. This phenomenom is evident from the 
"Depth of Water Table" map shown in Figure 20. Gravels of fairly uniform peb 
ble size are more likely to be drained than gravels containing high percentages of 
sand, silt, and clay.
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