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Abstract

There are many areas in Northern Ontario in which there are considerable
thicknesses of a clay-rich and hence electrically conductive overburden.
This conducttive overburden is a hindrance to the application of traditional
EM exploration methods in areas with high mineral potential. The AMT( Audio
frequency magnetotelluric) method with it°'s greater depth penetration 1is
particularly suited to this problem of mapping the conductivity of the
basement rocks beneath thick conductive overburden. AMT surveys were carried
out on a regional scale at six sites in the Timmins, Cochrane and Kirkland
Lake region. The AMT technique was successful 1in all of these areas in
mapping the basement conductivity. In the Moody township area our data show
that the metasediments are highly anisotropic in +heir conductivity. WHe
attribute this to a preferred direction of fracturing or to the presence of
cracks parallel to the fabric of steeply dipping metasediments. A detailed
survey at the Night Hawk Lake geophysical test site «clearly delineated the
conductive graphitic zone and our data suggests that the conductive feature
extends further to the west than previously thought. As part of our
research, since we thought it was important to understand in some detail the
electrical structure of the overburden, we have carried out laboratory and
in situ measurements of the conductivity of the sand, silt and clay soil
components of the overburden. The clays are the most conductive overburden
component with an average resistivity of 23 ohm-m. Complex resistivity
measurements on these silts and clays, in the frequency range .01 Hz to
i1 MHz, show that they have little frequency dependence in +heic resistivity.
In areas in which the conductivity varies laterally, as well as with depth,
tensor AMT measurements can provide important information on the electrical
structure that can not be obtained with the scaler AMT method. We have
developed a tensor AMT system and carried out preliminary testing.
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. INTRODUCTION:

The wuse  of traditional electromagnetic exploration and mapping
techniques in Northern Ontario is hindered in many areas by the presence of
an extensive, thick and conductive overburden laver. The AMT(Rudio Frequency
Magnetotelluric) method with 1t's greater depth penetration 1is particularly
suitable in these environments. We have applied the AMT amethod, at six
sites, to the mapping ot the electrical structure of the basement rocks
beneath a thick overburden layer. As well, for the purpose of characterizing
the electrical structure of the overburden, we have carried out laboratory
and in situ measurements of the electrical conductivity of the sand, silt
and clay soils that comprise the overburden.

Qur study area, shown in figure 1, has been limited to the eastern part
of the Abitibi clay belt that lies within Ontarie. This region is an
economically important mining region but it is covered by extensive areas of
thick conductive overburden. Thus it is an excellent area in which to apply
the AMT technique.

Our work on this project can be grouped into the following catagories:

1. Regional AMT surveys with relatively large station spacings(.5-1 km).
These surveys have been carried out in the following areas: Moody Township
(A}, Bowman Township (E), Marter Township (B,C), Elk Lake (D), Night Hawk
Lake (F), and kirkland Lake (5). .

2. A detailed AMT survey with short station spacings (23-150 m). This
survey was carried cut on the Night Hawk Lake geophysical test site,

J. Laboratory and in situ measurements of the complex resistivity of
clays, sands and silts from the region.

4, Development of a tensor AMT system and initial tests at the Milton
site. .

2. DESCRIPTION OF THE AMT METHOD:

In the AMT method, the magnitude of the apparent resistivity is measured
at each station for frequencies in the audio range (10 Hz.-10 kHz}). The
functional dependence of the apparent resistivity with frequency is wused to
deduce the variation of resistivity with depth in the subsurface.
Anomalously conductive or resistive zones are outlined by the dependence of
resistivity on the horizontal position. The AMT method has the advantage
that a source transmitter iz not required making the field operations
relatively simple. As well the measurement time of 30 minutes per station,
for a sinagle orientation, is relatively short.

" The apparent resistivity 1is determined at a set of 11 discrete
frequencies from 13 Hz to 8.6 kHz. The apparent resisitivity 1i1s computed
from simultaneous measurements, at a specific frequency, of the horizontal
orthogonal components of the electric and magnetic field at the earths
surtace according to:

-
Q‘z'é'?fp —l:i-l

E-Magnitude of electric field at frequency f (volt/m)
H-Magnitude of magnetic " " (amp/m)
p-Hagnetic permeability (henry/m.)



s

[rO——

-

8 SAMPLING & INSITU MEASUREMENT LOCATION
O SAMPLING LOCATION

LACUSTRINE DEPOSITS ':""
CLAY-TILL DEPOSITS L
OUTWASH AND DELTAIC DEPOSITS

BEDROCK UPLAND WITH LACUSTRINE
DEPOSITS IN DEPRESSIONS

———
0 10 20km

Figure 1., Study area showing the AMT survey sites and clay sampling locationg
for the.electrical properties measurements,
AMT survey sites: ,
AR- Moody Township, B,C- Marter Township, D- Elk Lake,
E- Bowman Township, F- Night Hawk Lake, G- Kirkland Lake.
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An inducticn coil is used to measure the magnetic field and an electric
dipole 1s used to measure the electric field. The apparent resistivity is
measured for two orthcgonal orientations of the eléctric and wmagnetic field
sensors. The measurement of the apparent resistivity in two orthogonal
directions permits one tc determine i1f the earth can be successfully modeled
with a layered earth structure. The survey lines are coriented approximately
perpendicular to the known principal structural direction for the basement
rocks.,

The scalar AMT data can be plotted and viewed, for interpretation
purposes, in many different forms. For the purposes of depth sounding., the
apparent resistivitv is plotted as a function of frequency. Then, for a one
dimensionel earth, a heorizontally lavered mocdel, invelving the laver
thicknesses and resistivities as parameters, can be used to fit the data by
an inversion technigue. This procedure gives the resistivity variation for a
depth rance limited by the frequency range measured. HKHhen the apparent
resistivity, at a fixed frequency, is plotted as a function of distance
along the survey line, the resulting profile directly identifies lateral
variations in resistivity. Two-dimensional forward modelling can be wused to
fit these profiles with a two-dimensional electrical model.

The ©PRBostick transformation(Bostick, 1972) 1is wused to compute an
approximation to the variation of resistivity(the Bostick resistivity) with
depth from the measured dependence 0f apparent resistivity on frequency.

In the tensor AMT method one, determines the elements of the impedance
tensor 2,5 and associated apparent resistivity 13 that relate the measured
horizontal components of the electric and magnetic fields at frequency w.

Eu an zxv H" 2
— : €1,=J_’ij|
EV va ZYV HV w“

The tipper defined by two complex coefficients A}B relates the measured
vertical magnetic field to the horizontal field.

He = AH. + BH,

The tensor technique and the analysis and interpretation of the associated
impedance tensor and tipper is discussed in Vozoff, 1972,

3. REGIONAL AMT SURVEYS:

3.1 Moody Township:

The 20 km north-south AMT survey line(43 stations) in this region
crosses several different basement rock units mepped as metavolcanics,
ultramafics , metasediments and felsic intrusives. These basement recks have
an approximately east-west geologic strike. The ratio of the apparent
resistivity measured in the east-west direction to that measured in the
north-south direction, which is shown in figure 2, clearly indicates the
high degree of anisotropy over the metasediments and metamorphosed
ultramafic rocks. The more conductive east-west direction, which is
consistent with the geologic strike direction, may be related to the
principal orientation of major fractures or to the presence of water-filled
cracks which mav be parallel to the fabric of steeply dipping metasediments.
For the stations over the metavolcanics, fitted one dimensional models give

il



a surface layer of 100 m of 450 ohm-m overburden overlving the

metavolcanics with resistivities in the range 8000-50000 ohm-m. The two _
dimensional nature of the metasediments and ultramafics preclude= fitting a

lavered earth model “to these data.
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Fiqure 2. A sketch of the geologic section with the AMT stations and the

anisotropy piot for the north-south profile in Moody township. Lithologic

units (Early Precambrian): Glc-Metavolcanics, G7-Ultramafics,

65-Metasediments, G10c-Felsic Intrusives. All units are covered with -
approximately 100 m of overburden.

3.2 Marter Township:
Two profiles were completed in this region. The data for profile B
indicate that the basement volcanics and the overburden are relatively
homogeneous with no lateral variation. The sands and gravels are generally
on the order of 100 m thick with resistivites of 800 to 3000 ohm-m. The
basement rocks have resistivities of 20,000 to 60,000 oha-m.
The data for profile C alsc indicate that the basement rocks in the area -
are relatively honmcgeneous in their electrical conductivity with little
lateral variation. A one dimensional interpretation of the apparent
resistivity data gives the bedrock basin structure shown in figure 3. This —
interpretation is consistent with the section obtained by drilling.
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Fiqure 3. Electrical cross section obtained by cne dimensional inversion of
apparent resictivity data for profile C.

3.3 Elk Lake:

The profile in the Elk Lake region was selected to sample the Cobalt
Group sedimentary rocks between intrusive rocks to the north and south, and
to cross the Montreal River fault. The interpreted average electrical
section for B stations from the Cobalt Group consists of 280 m of 2000 ohm-m
Cobalt sedimentary rocks overlying a 100 m thick and 1000 chm-n weathered
layer. Underlying the weathered layer are Precambrian metavolcanics with
resistivities of approximately 25,000 ohm-m. Our interpretation suggests
that the Montreal River fault, which shows up clearly on the preofiles, dips
to the southwest.

3.4 Fowman Township:

In this region southwest of Matheson, 50 statxons were placed
approximately on a grid pattern over a rectangular area with dimensions of
13 km by 11 km. The surface material consists mostly of clay plain with some
eskers and bedrock outcrop. The clay plain in the north has resiztivities
that are generally less than 100 ohm-m with 20-30 ohm-m in some localities.
Contour plan maps of overburden thickness(figure 4) and resistivity, and
basement resistivity were created from one-dimensional inversions of the
data at each station. The map of the basement resistivities shows that for
this area the felsic metavolcanics are more resistive than the intermediate
to mafic volcanics and demonstrate that we are quite sucessfull at mapping
through conductive clay cover. ‘

i



|

Do o etm—

3000 3100 3200 3300 3400 3S00 3600 3700 3800 3900 4000 4100 4200 4300 4400

—T

7600 + . 47600

7500}
7400+
7300}
7200
7100
7000
6900
6800 }
6700

>
’K

3000 3100 3200 3300 3400 3500 3600 3700 3800.59b0 40b0 4{50 42b0 4300 4400

6600}

Figure 4. Overburden thickness( meters) for the Bowman township survey area
derived from one-dimensional inversions of the apparent resistivity data.
The distance scales are in meters.

3.3 Night Hawk Lake:

This regional survey of 37 stations covers the area surrounding the
geophysical test site with a north-south and east-west profile centered on
the test site. In general the interpretation shows there is a moderately
resistve surface layer of 500 ohm-m( esker and outwash plain) overlying
basement rocks with resistivities on the order of 10,000 ohm-m. The .
resistivity of the surface layer decreases to 100 ohm-m towards the west and
to the south as a result of more clay in the overburden. There is a zone of
highly resistive basement rocks that shows up clearly on the western leg of
the east-west profile. This zone corresponds to a basement unit of strongly
carbonatized volcanic rocks. In the northern part of this survey area one of
our stations has a high degree of anisotropy perhaps reflecting the presence
of the Destor-Porcupine fault in this region.

3.6 Kirkland Lake: :

This survey of 13 stations was completed in Arnold and Morrisette
Townships north of Kirkland Lake. Resistivities of the surface layer on the
Munro esker are 10,000 to 50,000 ohm-m compared to 250 ohm-m for the clay
rich overburden on the western boundary of the esker. The high resistivities
seen in eskers provide a relatively transparent window that allows the AHMT
method to map with high resolution the underlying basement rocks.



4, NIGHT HAWK LAKE GEOFHYSICAL TEST SITE DETAILED SURVEY:

At the test site, 36 stations were measured -on a rectanqular grid with
150 by 200 m spacing., This detailed survey clearly delineated the known
graphitic tonducter{(Barlow et al, 1982 and 1983) in the basement rocks. The
conductive zone as outlined on the plan map (figure S5) of the contoured
Bostick resistivity at a depth of 200 m appears to have a length of 700 m
and to extend turther to the west than previously thought. The AMT method is
able to detect the presence of the conductive body beneath the clay cover
where other methods fail. Detailed measurements using a 25 m station spacing
put the northern and southern edge of the conductive body at 100 N and
200 S,
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Figure 3. Bostick resistivity plan map at a depth of 200 m at the Night Hawk
Lake test site. Contour labels are in units of 10 log% .

Two-dimensional modelling(figure &) shows that a wedge shaped body of
limite' depth extent produces a magnetotelluric response similar to that
observed in our data. One-dimensional modelling of our AMT data in the
northern part of the grid away from the conductor gives a 400 ohm-m and 94 m
thick overburden layer overlying 170 m of bedrock with a resistivity of
9400 ohm-m. The section is underlain by bedrock with a resistivity of
34,000 ohm-m. A controlled source AMT survey at the test site gives
resistivity anomalies that are identical to those observed in our AMT
survey( percsonal communication, Phoenix Geophysics).



200 -
300-
400~ 10000 oha.»
300 -
600~

L0G F

N K

\f ,
\

i

Po (ohm m)
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lines) and the measured response(dashed lines).
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3. Tensor AMT Measurements:

If the resistivity of the earth varies laterally as well as with
depth(i.e. a one or two-dimensional earth) then the scalar AMT method is
more difficult to interpret than the tensor AMT method. As well, the tensor
method provides more information about the nature of the resistivity
structure such as the strike directions for two dimensional structures and
indicates whether the electrical st-ucture is one, two or three-dimensional.
However, the tensor technique requires more sophisticated instrumentation
involving the simultaneous digitization of the signals measured on two
electric field censors and three magnetic field sensors and the computation
of the magnitude and phase of the signals in narrow bands within the
frequency range of interest. The greater degree of difficulty in carrying
out tensor measurements has in the past limited their use to the low
frequencies in which only one or two stations per day are measured. The
amount of data analysis that can now be carried out in the field in a
reasonable time using microcomputers allows the tensor AMT technique to be
used more routinely.

As part of thic project, we have develaoped a tensor AMT system capable
of measuring the tensor apparent recistivity in the frequency range ! Hz to
10 kHz., Field tests of this system have been carried out at the Milton test
site. The principal components of the truck mounted system are a
preamplifier, lowpass filter, data acquisition unit and a computer for data
storage and analysis, The six channel system collects data at a maximum rate
of 40 kHz. In our present system we measure two horizontal components of the
electric and magnetic field and the vertical magnetic field. The full



frequency range has been divided into four bands, 1-40 Hz; 40-400 H:z;
400-4000 Hzy 4-19 kHz.

The preamplifiers provide a selectable broadband signal amplification
and have rejection filters for &0 and 180 Hz. The low-pass filters, for
which the cut-off frequency can be set for the appropriate band, prevent
aliasing of the power spectra by signals whose frequency content is above
the band of interest, The data acquisition unit digitizes the analog signals
on the five channnels and stores the results in 1t's uwn memory tor each
data cycle. The data cycle can be up to 1024 data samples in length. The
data acquisition unit is independent of the computer, when collecting data,
but all of the parameters of the digitization process such as cycle length,
sanple rate, and number of channels are controlled by the computer. At the
completion of a data acguisition cycle, the data is transferred from the
data acquisition unit to the computer memory and then a new data acquisition
tycle is initiated. The impedance tensor and the ascociated apparent
resistivities are calculated in the field to ensure that the data gquality is
acceptable and all auto and cross powers of the field components are savad
for more detailed analysis in the laboratory.

Preliminary testing of the equipment at our Milton test site has been
carried out. A typical record, showing the outputs of the electric and
magnetic field sensors for a single data acquisition cycle, is displaved in
figure 7. The signals displayed on the magnetic field channels, since they
are the outputs of induction coils, are the time derivatives of the magnetic
fields. In figure 8, the signal amplitudes for the 400 Hz to 4 kH:z band
display the characteristic decrease in signal strength in the 2-4 kH:z band.
Apparent resistivities are shown in figure 9.
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6. ELECTRICAL RESISTIVITY OF SURFICIAL DEPOSITS:

6.1 Introduction: .

In addition to our AMT surveys, we have measured the resistivity of the
sand, silt and clay components of the overburden with bcocth laboratory and in
situ measurements. There were two main goals in our work. One was to
characterize the "typical" resistivities of the different overburden
components, that is the ciays, silts, and sands and from this to derive a
typical electrical section and it’s variability in the area. The other was
to study the freguency dependence of the resistivity. We have concentrated
most of our work on the clays and silts since they are the most conductive
overburden component.

6.2 Overburden Stratigraphy:

In the Abitibi clay belt, the glaciolacustrine clays, silts and sands
which were deposited in proglacial Lake Barlow-0Ojibway generally form a
horizontally stratified section. The clays and silts are commonly varved.
The clays may be masked by sands from outwash deposits or derived fronm
eskers. Clay pockets in buried bedrock valleys and between bedrock outcrops
are probably quite common.

The distibution of overburden thicknesses obtained from drill hole logs
in the assessment files at 06S is shown in figure 10. It is the clay and
silt within the overburden that predominate in limiting the depth of
penetration for EM methods. Measurements on the thickness of the clay layer
within the overburden, which are not as numerous as the overburden
thickness, indicate that 30 m of clay is typical in many areas.
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Figqure 10. Typical overburden thickness for the map area. The maximum depth
in each locality was taken fer to produce this distribution.

6.3 Measurements Techniques:

Samples for the resistivity measurements were collected in 1" diameter
plastic tubes, with the original moisture content preserved, from gravel
pits, road cuts and exposures along rivers. The magnitude and phase of the
resistivity was measured over the frequency range of .01 Hz to 1 MHz. The
sand, silt and clay size fractions were determined by sieving and
sedimentation analysic. The clay size fraction{(<4 um) typically contains 70%
clay minerals. From X-ray diffraction work on a few of the clays it was
determined that the principal clay minerals were chlorite (40%) and illite
(30%) . ,



t&.4 Low Freguency Resistivity Measurements

The results of the low frequency (S0 H:z) or DC concuctivity measurements
are shown 1n figure 11 in which one measurement per site, frcm the widely
scattered localities has been plotted. The trend of increasing conductivity
with increasing clay content along with & considerable degree of scatter for
8 fixed clav content is evident. This scatter is controlled mostly by the
different pore water conductivities and formation factors for samples from
different environments{(Shainberg et al, 1980).
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Figure 11. Low frequency (S0 Hz) conductivity measurements as a function of
clay content. )

In figure 12 the distribution of resistivities for silts and clays are
given., For the purpoces of presenting the data, the samples have heen
divided into three classes. Clays contain more than 35% clay (clay size
fraction), <ilts have lTese than 35% clay and less than 70%Z sand. The
resistivities of the clays are tightly agrouped with an average of 23 chm-m
whereas the resistivities of the silts are more variatle,
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Figure 12. Distributions of clay and silt soil resistivities.

We have also carried out i1n situ resistivity measurements using a Wenner
array with a spacing of .5 m. These in situ measurements show that the lab
neasurements are consistently lower than the in situ measurements by
approximately a factor of 2. We believe that this difference is due to both
cracks in the near surface soil and to differences between the horizontal
and vertical resistivity of the soil. Measurements on varved clays in this
area by Kenney and Chan indicate that horizontal and vertical hydraulic
conductivities can be different by up to a factor of 5, which would indicate
that one could expect significant differences in resistivity.

6.5 Resistivity Frequency Dependence:

We have also measured the frequency response of the lab samples:
Laboratory measurements of the frequency dependence of the resistivity of
kaolinite, illite and and silty clay by Mehran and Arulanandan have shown a
significant frequency dependence in the range 50 Hz to 100 kHz. Dur samples,
by contrast, generally show very little dispersion in their resistivity as
can be seen in figure 13. One of our samples with a clay content of 94%
displayed a curious negative PFE and positive phase angle.

14
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Figure 13. The frequency dependence of the phase and magnitude of the
resistivity of some typical soil samples. Sample 1: Varved clay; clay 66&%,
silt 2&%, sand B%, Sample 2: Sandy Loam; clay 14%, silt 304, sand 56%.
Sample 3: Varved silt loam; clay 9%, silt 63%, sand 28%. Sample 4: Feat

6.6 Di-cussion: .

These resistivity measurements have been useful in predicting a typical
electrical section for the overburden in this region. Our measurements show
that the clays have typical resistivities of 23 shm-m and silts typically
70 ohm-m. The frequency dependence of the clays appears to be small and of
little significance to most EM techniques. The relationship between the in
situ and laboratory measurements requires further investigation.

7. CONCLUSIONS:

The AMT technique has been applied on a regional scale in a variety of
different environments., The method has proven itself to be useful in mapping
changes in rock lithology when these basement rocks are buried beneath
significant thicknesses of conductive clay-rich overburden. In Moody
Township , the method detected an area in which the basement rocks appear to
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be significantly morr conductive in the east-west direction than in the
north-south direction as reflected in the high anisotropy seen in the
meazured apparent resistivities. This is an area with a highly unusual
electrical structure and for this reason merits further work with tensor AMT
which is particularly useful in understanding two-dimensional structures.

At the Night Hawk Lake geophysical test site the AMT method was very
successful in outlining the known graphitic conductor. Our results show that
the anomolous zone extends further to the west, beneatn increasingly
coenductive overburden., than had been previously mapped. This is another area
in which tensor AMT measurements could provide additional information on the
electrical structure.

The tensor AMT system that has been developed can now be applied to the
areas outlined previously. There are some areas in which our existing tencscr
system can be improved. At present the data are acquired at a speed facster
than that at which they can be processed. Thus the computational speed
limits the amount of data that can be processed which in turn limits the
quality of the computed apparent resistivities. The in field computational
speed could be improved if a number of critical routines that presently run
using a compiled Basic language are rewritten in assembly language.

Typical resistivities for the sand, silt and clay soil components of the
overburden have been determined by laboratery and in situ measurements. The
clays are the most conductive with an average resictivity of 22 chm-m in the
area and they have a relativeley low frequency dependence in their
resistivity. It would be useful toc study clays from other areas in Northern
Dntario to obtain a broader picture of the variability of the resistivity of
these glaciolacustrine soils. The significant differences observed between
the in situ and laboratory measurements requires further study. The
dependence of clay resistivities on depth of burial should also be studied.

16
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. APPENDICES:

B.1 fippendix A

Fapers Presented:

Dec./81- Geocscience Research Seminar, Ontario Geological Survey.
AMT sounding in the Clay Belt, D.T. Hsu, J.D. Redman, O.M. Ilkisik ¥
D.W., Strangway.

Aug./B2- Sixth workshop on electromagnetic induction in the earth and moon,
International Asscciation of Geomagnetism and Aeronomy.
Audio Frequency Magnetotellurics- A new method for the measturement
ct apparent resistivity, J.D. Redman and D.W, Strangwav.
One and two-dimensional interpretation of AMT data from the
precambrian c+ Morthern Ontaric, O.M. Iliisik, J.0. Eedman, D.T. Hzu &
D.W. Strangway. :

Dec./B2- Geoscience Research Seminar, Ontario Geological Survey. Audiofreguency
Magnetotelluric Mapping in Selescted Positions Near Cochrane, Timmins
and Kirkland Lake.

Sept./B3-Society of Euxploration Geophysicists, Annual meeting.
Audiomagnetotelluric Mapping 1n Frecambrian Terrian in the Presence of
Clay-rich 6lacial Overburden, O0.M. Ilkisik, D.¥W, Strangway and
J.D. Redman
Electrical Resistivity of the Pleistocene Surficial Deposits in the
Abitibi Clay Belt of Northern Ontario, J.D. Redman O.M. Ilkisik and
D.W. Strangway

Dec./83- Geoscience Research Seminar, Ontario Geological Survey.
Electrical Resistivity of the Pleistocene Surficial Depcsits in the
Abitibi Clay Belt of Northern Ontario, D.W. Strangway, J.D. Redman %
0.M. Ilkisik.
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AUDIOMAGNETELLURIC (AMT) SOUNDING IN THE CLAY BELT
Hsu, D., Redman, J.D., Ilkisik, M., Strangwayv,
D.W., Departments of Geology and Phvsics,
University of Toronto.

A series of surveys have been conducted in three

clay-covered recgions in the Abitibi greenstone

belt. These surveys were carried out using the AMT
technique whichuses natural energy to conduct elec-
tromagnetic sounding. The source is distant light-
ning storms which roughly give a planc wave source

field. Electric and magnetic field measurements

in the frequency range from 10 hz. to 10 khz. per-

mit sounding to varying depths depending upon the

frequency. The data gives results in the form of
resistivity versus frequency of sounding. Surveys
in Bowman Township near Matheson were conducted on

a two-dimensional grid and the data consistently

show the presence of four layers, a thin resistive

surface layer a few metres thick, followed by a

very conductive layer of clay. Bedrock is at a

depth of 50-100 m. and is very resistive. At

depths of S km. or so the resistivity drops off
again. This survey gives a map of the resistivity
and the thickness of the clay and clearly outlines
near surface features such as an esker.

A survey in Moody Township near Lake Abfitibi
again clearly outlines the clay properties and
thickness but also shows that at the lower frequen-
cies we are able to map the electrical resistivity
of the basement beneath the clay cover. Over a
region tentatively identified as metasediments, the
bedrock is seen to be strongly anisotropic, perhaps
reflecting anisotropy of the sediment itself.

In a third region, Marter Township near
Englehart, a survey profile was able to clearly map
a region of thickening clay in the overburden as
well as to show high resistivity over a large esker.
This profile was taken in an area where the over-
burden has been drilled in a program of the OGS and
our results can be interpreted to be in general ag-
reement.



1.2

Audio Frequeancy Magnetotellurics - A new method for the measurement
of apparent resistivity.

J.D. REDMAN (Department of Physics, University of Toronto, Toronto,
Ont .

D.W. STRANCWAY (Department of Geology, University of Toronto,
Toronto, Ont.)

A new approach to the determination of the magnitude of the
apparent resistivity, for the AMT (audio~frequency magunetotellurics)
wethod is described. One of the present limitations with the AMT
method, resulting from the usual measurement procedure in which the
phase of the electric and magnetic fields are not measured, is the
lack of any weans for assessing the reliability of the apparent
resistivity estimate, such as could be obtained from the degree of
correlaticn between the electric and magnetic field, 1f the phases
were measured.

In the method described here, a series of pulses or events (Ey, Hy)
are selected from the bandpass filtered electric and magnetic
fields. The correlation coefficient, between the electric and
wmagnetic field bandpass filtered signal, is computed for each pulse
together with the integrated pulse magnitudes. Pulses with a low
correlation coefficient are removed from the data sets composed of
the E;, H; pulse magnitudes. A best fit straight line, in a least
squares sense, is fitted to the reduced data set composed of the Eg,
Hy pulse magnitudes. The slope of the line can be used directly to
compute the apparent resistivity. The standard deviation of the
slope estimate and the correlation coefficient for the data set
provide the estimate of data quality desired. The method is applied
to data collected on the Eye-Dashwa Lakes pluton near Atikokan,
Ontario.

2.5

ONE AND TWO DIMENSIONAL INTERPRETATION OF AMT DATA FROM THE PRECAMBRIAN
OF NORTHERN ONTARIO

J.D. REDMAN, 0.M. ILKISIK, D.T. HSU, D.W. STRANGWAY (Dept. of Geology,
University of Toronto.

Audiofrequency magnetotelluric (AMT) soundings have been conducted
in Northern Ontario during the summer of 1981. The work is concentrated
in Matheson, Lake Abitibi, Engelhart and Elk Lake regions. Apparent
resistivities for frequencies from 13 Hz to 8570 Hz were measured at 101
stations.

Electromagnetic mapping in Precambrian terrain is difficult in many
areas because of the presence of extensive conductive clay cover or
because of the presence of extensive fluid-filled and hence conductive
fractures. .

A survey in Moody Township near Lake Abitibi clearly outlines the
clay properties and thickness. Over a region, tentatively identified as
metasediments, the bedrock is seen to be strongly anisotropic, perhaps
reflecting anisotropy of the sediments themselves. If this is the case,
it will be possible to recognize steeply dipping metasediments with the
AMT method even vhen they are not exposed.

In &8 second region, Marter Township near Engelhart, two survey pro-
files mapped a region of thickening clay-rich overburden as well as
located high resistivities over a large esker, These profiles were
taken in an area where the overburden had been drilled in a program of
the Ontario Geological Survey. Our results can be interpreted to be in
general agreement.

Measurements in the Elk Lake area appear to be strongly affected by
two contact zones, and they show inhomogeneity and anisotropy. The
wajor feature in the area 1s the Montreal River Fault running through
the town of Elk Lake. The shape of the profiles suggests that the fault
dips to the southeast.

Surveys in Bowman Township, near Matheson, were conducted on a two-
dimensional grid and the data consistently show the presence of four
layers, a thin resistive surface layer a few meters thick, followed by a
very conductive layer of clay. Bedrock is at a depth of 50-100 m and 1is
very resistive. This survey gives a map of the resistivity and the
thickness of the clay-rich glaciolacustrine sediments and clearly out-
1ines near surface features such as an esker. At the lower frequencies
we are sble to map the electrical resistivity of the bagement beneath
the clay and/or esker cover.
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AUDIOFREQUENCY MAGNETOTELLURIC MAPPING IN SELECTED
POSITIONS NEAR COCHRANE, TIMMINS AND K1RKLAND LAKE,
Strangway, D.W., Ilkisik, O0.M., Redman, J.D.,
Department of Geology, University of Toronto.

During the 1982 field season, work continued on a
multiyear electromagnetic mapping study in Northern
Ontarfo. Audiofrequency magnetotelluric (AMT) data
were collected at 114 statfons from three different
locations.

In Moody and Marathon Townships between Lake
Abitibi and Cochran at the lower frequencies we are
able to map the electrical resistivity of the base-
wment beneath clay and/or esker cover. Anfistropic
behaviour of resistivity curves s typical for all
stations on metasediments. This behaviour is so
characteristic that it can be used for mapping of
wmetasediments in the area even when they are
covered by conductive glacfal clays. The fitted
wodels for isotropic resistivity curves were ob-
tained by using Bostick Transformation and one-
dimensional inversion techniques. These models
show a 100 m. thick overburden with an average re-
sistivity of 450 ohm-m. Underlying Precambrian
metavolcanics have resistivity values in the range
from 10000 to 50000 ohm-m. Most of the models im~
ply that there is a relatively low resistivity
layer at a depth of 8 km.

The Night Hawk Lake geophysical test site is lo~
cated in the northeast corner of Thomas Township,
near Timmins. There is a conductive graphite zone
i{n the bedrock under about 90 m of glacial over-
burden. A total of 73 AMT measurements were made
during the survey in this area. 36 of them were on
a rectangular grid with 150 by 200 m spacing. In
general there is a surface layer which has a mode-
rate resistivity of about 500 ohm-m. At the lower
frequencies, the apparent resistivity rises to
about 10000 ohm-m. As we examine maps for each
frequency, we see that at the center of the map,
the graphitic conductive zone is well~defined with
a resistivity value of less than 500 ohm-m. A re-
presentative map for 13 Hz is shown in Figure 1.

On the grid the dominant feature is that the
high frequency (8570, 5050 Hz) resistivities are
around 100 ohm-m in the west portion and around 500
ohm-m in the east portion of the maps. This is re~
lated to the increasing clay content fn the glacial
overburden towards the west. However as we examine
maps for lower frequencies we can see the presence
of the conductive body within the rhyolite with an
east-west strike. The body appears to extend to
the west at lower frequencies which are capable of
penetrating the conducting clay. Another weak and
smwall anomaly implies that another deeper and
shorter conductive zone lies parallel and to the
north of the main zone.

Measurements were made in Morrisette, Bisley and
Arnold Townships near Kirkland Lake along an east~
west profile perpendicular to the Munro esker zone.
The dominant pattern i{s one of very high resistivi-
ties up to 10000 to 50000 ohm-m underneath the
esker, In the west a surface resistivity value of
about 250 ohm~m 1is representative of the relatively
clay-rich overburden at the west boundary of the
esker, ’
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Figure 1. 13 Hz contour map of the apparent resis-
tivity over a graphitic conductor {n Night Hawk
Lake test range. Contour units in 10 logopa, co-
ordinates in metres.
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Audlomagnetotelluric Mapping in C1.2
Precambrian Terraln in the Presence of Clay-
Rich Glacial Overburden

O. M. Ilkisik, D. W. Strangway, and J. D. Redman
Univ. of Toronto, Canada

Audiomagnetotelluric (AMT) measurements were carried
out in Northern Ontario within the framework of a project
designed to describe the conductivity structure of the over-
burden (particularly in clay-rich regions) and Precambrian
bedrock in the area. Because the system has no artificial
source, field operations are rapid and simple to carry out. A
survey in Moody and Marathon townships near Lake Abitibi
clearly outlines the clay properties and thickness of glaciola-
custrine deposits. The clay is extremely conductive (30-50
)-m) compared to sand and gravel deposits (500-600 (}-m)
of roughly 100 m thick overburden. There is a strong and
uniform eclectrical anisotropy in an area believed to be
underlain by metasediments. This is probably because of a
preferred direction in steeply dipping metasediments. In a
second region (the Night Hawk Lake geophysical test range
near Timmins). there is a conductive graphite zone in the
bedrock under about 90 m of glacial overburden. High
frequency (8570, S050 Hz) apparent resistivities are around
80 €)-m in the western portion rising to 500 Q-m in the
eastern portion of the grid area. which covers the test target.
This is related to the increasing clay content in the glacial
overburden toward the west. However, at lower frequencies
(473 to 13 Hz), we can see the presence of the conductive
body within the rhyolite with an east-west strike. The body
is detected to the west at the lower frequencies, which have
penetrated the more conducting overburden.

Introduction

The method and instrumentation were described by Cag-
niard (1953) and Strangway et al (1973). respectively. Mea-
surements were made at 11 discrete frequencies from 13 to
8570 Hz. A grounded electric dipole of 100 m was used to
measure the electric field (E). Two induction coils. one
optimized for low frequencies and the other for high frequen-
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cies, were used to mcasure the magnetic ficld (/). After
prewhitening. analyzing, and mcasuring the ratio of the
orthogonal E and H signals electronically, we calculate the
scalar apparent resistivity (p,) at each [requency (/) using the
relationship p* = 0.2 f - (E/H)’. The mcasurcments of the
apparent resistivity as a function of frequency preserve the
variation of the true resistivity with respect to the depth.
This is a summary of AMT measurements made in Marathon

and Moody townships near Lake Abitibi and at the Nigh
Hawk Lake geophysical test range near Timmins, Ontario.

Moody and Marathon townships ncar Lake Abitibi

In Moody and Marathon townships between Lake Abitib
and Cochrane, 40 AMT measurcments were done during the
survey (Figure la). The oldest bascment material is Earl
Precambrian mafic mctavolcanics which underlie much ¢ |
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the map arca. The rocks were formed in a number of easterly
trending cugcosynclines. At the lower frequencies we are
able to map the electrical resistivity of the basement beneatt
the clay and/or esker cover. The resistivitics of the metasedi
ments (unit 5, GS) in the east-west orientation tend to be
morc conductive than in the north-south orientation (llkisil
et al, 1983). This anisotropic behavior of resistivity curves i:
typical for all stations on metascdiments (Figure 2). We
assume that this phenomenon is associated with fracturing in
steeply dipping metasediments. This behavior can be used
- for mapping of metasediments in the area even when the!
are covered by conductive glacial clays as at site A-34. '

At site A-1S which is located on metavolcanics. the
apparent resisitivity values are low for both orientation:
(east-west and north-south). In addition, A-28, A-27, and A--
14 show strong anisotropy. This suggests a low resistivity
structure within the metavolcanics with the preferred direc
tion of east-west at station A-15.

The fitted models for isotropic resistivity curves werc¢™
obtained by using the Bostick transformation approach and
1-D inversion techniques. These models show roughly an 80
100 m thick overburden with an average resistivity of 450 Q _
m. The underlying Precambrian metavolcanics have resistiv-
ity values in the range from 8000 to 50.000 2-m.

s00

400}

300

200

100

-vool Night Hawk Lake geophysical test range )

The Night Hawk Lake geophysical test range is located in
the northeast corner of Thomas township, near Timmin:
(Figure 1b). A total of 73 AMT measurements were made

during the survey in this area. Thirty-six of them were on a

-200

800 rectangular grid with 150 by 200 m spacing. The grid system
. of the test range covers a known conductive zone in feld:
40455 - - . spar, porphyry, and rhyolite tuff, which is under 90 m of
glaciofluvial overburden.
Fig. 3. Contour map of apparent resistivities at low On the grid, the dominant feature is that high frequency
frequency (13 Hz) with the block map at top. (8570 Hz) resistivities are around 100 Q2-m in the westerr
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FiG. 4. Upper plot shows

the apparent resistivity
pseudosecticn along line

1E. Lower plot is Bostick

resistivity cross-section

along same line. -
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part and around 500 (2-m in the castcrn part of the map. This
is related to the increasing clay content in the glacial
overburden toward the west. However, if onc examincs
maps for lower frequencies the presence of the conductive
body can be seen within the rhyolite with an east-west strike
(Figure 3). The body appears to cxtend to the west at the
lower frequencies, which are capable of penctrating the
conductive clay. The length of the body is not less than 700
m.
In Figure 4, the E-perpendicular data along line 1E are first
presented as a pscudoscction (upper plot) in which the
apparent resistivity is contoured as functions of frequency
and horizontal distance. This conductive zonec is interpreted
to be a "' Y'-shaped body with a depth extent.

The lower plot in Figure 4 is an alternative presentation of
the same data as a function of depth and distance using the
Bostick transformation. This transformation is based on the
asymptotic behavior of the apparent resistivity curves (Bos-
tick, 1977). Transformation of the apparent resistivitics from
frequency domain to depth domain can be done by this
formula:

Pu I-m
hg = 356 | =], = p, —,
8 (I)Pa P|+m

and the approximate true resistivity or Bostick resistivily
{pp) at that depth is where p, is the ‘effective resistivity or
Bostick resistivity (pg) at the critical depth h,. m is the
gradient of (p, versus f) dala at each frequency. The Bostick
transformation, in spite of its limitations, appears to work
reasonably well in these areas where the resistivity contrasts
are large. As can be seen in the pseudosection and the
Bostick resistivity cross-section along line IE (Figure 4) the
north and south edges of the conductor are at about +100 m
(100N) and -200 m (200S). The resistivity cross-section
gives a better picture of the location and shape of the buried
graphitic conductor near station F-24 (—-100 m).

By using Bostick transformations and 1-D inversion tech-
niques {Marqguardt, 1963; IJsu, 1981}, we found a layered
earth section in the northern part of the grid area which gives
a 95 m thickness of overburden with 30 m of clay-rich
matenrial at the west. Beneath the overburden, resistivity is in
the range of 15,000 to 60,000 Q-m. At the lowermost
frequencics there appear to be lower resistivities at a depth
of around 8-9 km.
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Electrical Resistivity of the Pleistocene M1.2

- .Surficial Deposits In the Abltibl Clay Belt of

Northern Ontario

J. D. Redman, O. M. llkisik, and D. W. Strangway,
University of Toronto, Canada

The conductive clays of the Abitibi clay belt of northern
Ontario are a serious impediment to the application of
electromagnetic techniques in the further exploration of an
economically important mining region. For the purpose of
obtaining a better understanding of the electrical properties
of these surficial deposits, we made resistivity measure-
ments of the different overburden components. These mea-
surements were carried out both in situ, and in the labora-
tory. The purpose of these measurements was to
characterize the **typical®’ resistivities and frequency depen-

dence of the resistivity, for the overburden components (i3
clay, silt, sand, and till). Typical resistivities at SO Hz for .
different soil classes are: clay. 20 Q-m: silty clay, S0 (;
loam, 90 Q2-m; sand. 40 §1. The phase and magnitude ot
complex resistivity measured in the range .01 Hz to 1 MY,
showed in general only a small frequency dependence.

Introduction

The conductive clays of the Abitibi clay belt of norih
Ontario are a serious impediment to the application of
electromagnetic techniques in the further exploration ot un
economically important mining region. For the purpos.
obtaining a better understanding of the electrical proper
of these surficial deposits, we made resistivity measure.
ments of the different overburden components. These mey.
surements were carried out both in-situ, and in the labo
tory. The purpose of these measurements was _»
characterize the ‘‘typical’ resistivities and the frequency
dependence of resistivity, for the overburden compone--.
(i.e., clay, silt, sand and till). The clays were given the m
attention in our work since they are the most conductr
overburden component and thus provide the greatest hin.
drance to useful electrical surveys.

The surface expression of the surficial deposits were w
mapped in the Abitibi clay belt by the Ontario Geologicul
Survey (Northern Ontario Engineering Geology Terruin
Study). The vertical electrical section of the overburden ¢
be quite complicated. The glaciolacustrine clays. silts, a
sands of the Abitibi clay belt were deposited in proglacial
Lake Barlow-Ojibway. On the glaciolacustrine plain. t* -
overburden consists of horizontally stratified sand. silt. a
clay layers. The clay and silt layers are commonly varveu.
showing a seasonal deposition pattern. In the northern pur
of the region around Cochrane, the clays are covered by
clayey to silty till acquired during a local readvance of an i
lobe. The varved clays in other areas may be masked by
sand plains from outwash deposits or derived from eskers. In
some areas, the clays lie in pockets or channels betwe:
bedrock outcrops.

The esker ridges composed principally of sands and grav-
¢ls can extend through the complete vertical section
lacustrine plain and may have, at their margins, clay and «
lenses interfingering with the sands and -gravels of thc
eskers.

The depth to bedrock and the thickness of the clay laye
within the overburden are quite variable. A reverse circul
tion drilling program carried out by the Ontario Geologica!

*“Survey (Averill and Thompson, 1981} in an area south of

Kirkiand Lake, where there are numerous bedrock ou
crops, found a maximum overburden thickness of 73 m. Tt..
overburden stratigraphy is also quite variable. A typica!
section, observed in one hole was: 0-11 mclay, 1114 m sil
14-62 m clay, 62-67 m silt, >67 m bedrock. In the Timmir
area, a seismic survey (Killeen and Hobson, 1974) showed
that bedrock topography buried bencath the clay cover is
quite rugged with variations of 40 m in § km (with an averag
overburden thickness of 30 m). Thus, it cannot be assume
that the clay forms a uniform layer. In fact, it can be quite
variable in thickness. A clay layer thickness of 30 m wae
shown to be typical, from drilling results and exposures, fc
areas of glaciolacustrine plain in the Abitibi clay belt.
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The main purpose of this work is to characterize the
resistivities of the sedimentary units of the overburden, with
particular emphasis on the conductive clays.

Resistivity measurements

Samples 10 be used for resistivity measurements were
collected from gravel pits, road cuts, and from exposures
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along rivers. In collecting the samples an attempt was made
to preserve the samples in their original state. Surface
material was removed to expose unweathered and undis-
turbed clay. Samples were obtained by pressing a plastic
tube (1 inch diameter by 1 inch length) into the face of the
clay. The samples were generally collected in an orientation
that allowed the horizontal resistivity to be measured. The

Table 1. Clay, silt, and sand fractions determined by sieving and sedimentation analysis, the resistivity at 50 Hz, and the percent frequency

effect (PFE) for representative samples. Clay fraction <dpum, silt fraction from 4 to 45um, and sand >45pm.

. Resistivity

Sample # Site Clay % Silt % Sand % Soil class (2-m) PFE
81-3 M 79.4 143 6.3 clay 35 1.0
814 M 93.8 6.1 A clay 17 -4.2
81-7 M 81.1 17.6 13 clay 30 2.0
81-8 L 55.5 40.8 3.7 silty clay 31 9
81-13 L 66.4 25.9 7.7 clay 3l 19
81-19 L 14.5 66.5 19.0 silt loam 132 2.0
81-24 L 62.2 329 4.9 clay 30 .1
81-29 L 9.2 62.6 28.2 silt loam 137 1.4
81-31 E 21.8 25.6 $2.6 loam 33 R
81-33 E 75.5 16.0 8.5 clay s -3
81-35 E 26.9 66.1 7.0 silt loam 4) .5
81-40 E 14.1 29.6 56.3 sandy loam 125 3.0

L = Larder Lake dump site, M = Matheson area, and E = Englehart area.
PFE = (ps ;= Pso 1sVps na % 100 :
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Fig. 2. The magnitude of the resistivity at 50 Hz is plotted
as a function of the sample clay content (<4um). The
Larder Lake samples were collected from different depths
within one varved clay layer.

samples were sealed in plastic bags to preserve their original
moisture content.

The complex resistivity was measured over the frequency
range of S Hz to | MHz. All measurements were carried out
using the HP4192A impedance analyzer. Four electrode
measurements, using separale current and potential elec-
trodes, were made from 5 Hz to 10 kHz. Above 10 kHz, a
four terminal and two electrode technique was used. Plati-
num mesh was used for the current electrodes and platinum
wire for the potential electrodes. A current density of
approximately .1 A/m was used for all measurements. The
samples were encapsulated during the measurement process
to prevent drying of the sample. The sand (>45 um), silt (4-
45 um) and clay (<4 um) size fractions were determined by
sieving and sedimentation analysis.
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FiG. 4. Sample 81-4 which contains 94 percent clay exhibi

an unusual positive phase and negative PFE at low
frequencies.

Results of resistivity measurements and soil class for sonre
representative samples from the Matheson, Larder Lake.
and Englehart areas are given in Table 1. The 50 }
resistivities for all the samples are shown in Figure 2 alo:
with their clay contents. For samples from the Larder Lake
dump site, it can be seen that the silt (silt loam) samples that
have low clay content have high resistivities that are on ti
order of 120-140 1-m whereas the clays have resistivities .
30-60 Q-m. These silt samples are from a varved layer in
which the clay content increases from bottem to top. Whe
one includes samples from other areas, then even the «
samples have resistivities of the same order as the clay
samples. This variability is probably related to the change in
pore water resistivity for different environments. For san
ples from the same environment, one would expect that tt
clay samples would have lower resistivities, as seen for the
Larder Lake dump site samples. In general, measurements
show that silts are more likely to have higher resistivitie
than clays and tend to have a larger variability. The averag
resistivity at SO0 Hz for different soil classes at the sites
studied was 24 2-m for clays (16 samples), 45 Q2-m for silt
clay (4 samples), and 87 2-m for loams (9 samples of loun
sandy loam, and silt loam). In-situ measurements at 1.1 He
using a small Wenner array with a = .5 m where it was
possible and @ = .05 m for thin layers gave an averag
resistivity for clays and silty clays of 59 1-m (21 sites) an

Z - 2ore o rreane 3700.Q-m for sands (9 sites). AMT (audio-frequency magne-

totellurics) surveys we carried out in these same areas
typically give resistivities of 20-50 Q-m for the conductiv
clay layer.

In general, the soil samples have a resistivity that is
relatively independent of frequency from 5 Hz to | MHz a°
shown in Figure 3 for different soil types. The comple
resistivity was measurcd in the range .01 Hz to | MHz for s
few samples. At the lower frequencies, resistivity was also
relatively independent of frequency. Sample 81-4 (Figure 4
shows a significant and unusual frequency dependence i
that the phase angle is positive at the lowest frequencies and
the magnitude increases with frequency at the lowest fre-
quencies. Negative PFE values similar to that observed i
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this sample were reported previously (Roy and Elliot, 1980)
for clay soils with clay content greater than 90 percent.

The principal clay mincrals contained in the clay size
fraction for samples 81-3. 4 and 13 is chlorite (40 percent)
and illite (30 percent). These clay minerals are typical for
immature glaciolacustrine clays.

Conclusions

Previous studies of the Abitibi clay belt demonstrated that
onc can expect to have complicated clectrical sections for
the overburden. In our work we obtained *"typical’” resistivi-

ties, from laboratory' and- in:situ ‘measurements, for the* -

differcnt sedimentary units within the overburden and
showed that in gencral the frequency dependence of resistiv-
ity is quite small.
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ELECTRICAL RESISTIVITY OF THE SURFICIAL DEPOSITS ,
IN THE ABITIBI CLAY BELT OF NDRTHERN ONTARIOQ ’ -
Strangway, D.W., Redman, J.D. and
Ilkisik, 0.M.,
Department ot Geology, University of Taronto.

In conjunction with our application of Audio Frequency Magnetotellurics teo
electromagnetic mapping in Northern Ontariao, we have carried out measurements on
the resistivity of the surficial deposits in this region. The conductive clays of—
the Abitibi «clay belt are a serious impediment to the application of EM
techniques in an important mining region.

The glaciolacustrine clays, silts and sands aenerally form a horizontally_
stratified section. Overburden thicknesses of 50 m and clay layer thicknesses of
30 @ are not uncommon. In some areas it is possible for the clays to be masked by
sands from outwash deposits or derived from eskers, Considering the high bedrock
relief, it is no doubt common to have clay pockets in buried bedrock valleys.

The principal aims of the electrical properties measurements were to
characterize the "typical" low frequency resistivities of the clays, <ilts, and
sands and to measure the frequency dependence of their resistivity in the range-
.01 Hz to 1| MHz. Samples of unweathered and undisturbed soils were collected ¢rom
gravel pits, rocad cuts and exposures along rivers. The sand, silt and «clay si:e
fractions for these samples were determined by sieving and sedimentation _
analysis, The principal clay minerals are chlorite 40% and illite 3J0% which are
typical for immature glaciolacustrine «clays. The average DC (low frequency)
resistivities are: clays(22 samples) 23 ohm-m, silts(13 samples) 72 ohm-m and
sands 1000-5000 ohm-m (insitu measurements). Using the drill hole 1logs from the "
overburden drilling program south of Kirkland Lake and our resistivity
measurements on silts and clays and sands one obtains overburden conductances of
up to 2 seimens for this area. Insitu DC resistivity measurements using a Wenner
array with a spacing of .5 m give consistently higher resistivities than 1lab
measurements on samples from the camep locations. We believe that this difference
is due to both cracks in the near surface soil and to differences between the
horizontal and vertical resistivity of the soil.

In general the samples show only a small frequency dependence in their
resistivity in contrast with previous measurements on clays. The frequency effect
between 5 and 50 Hz is typically less than 2.5%.
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8.2 Appendix B
Publications:

Ilkisrk, O.M. Hsu, D.T., Redman, J.D. and Strangwav, D.W., 1982, Surface
Electromaghetic Mapping in Selected Fositions of Northern Ontaric, Ontario
Geological Survey, Miscellaneous Paper 103 :

ItTkisik, 0.M., Strangway, D.W., and Redman, J.D., 1983, Audiomagnetotelluric
mapping in Precambrian terrain in the presence of clay-rich glacial overburden,
Journal of Geomagnetism and Gecelectricity, v. 35, 455-472.

Strangway, D.W., Ilkisik, 0.M. and Redman, J.D., 1983, Surface Electromagnetic
Mapping in Selected Fositions of Northern Ontario, 1982-83, Ontario Geoleooical
Survey, Miscellaneous Paper 113

Redman, J.D., Strangway D.W., and Ilkisik, O.M. , 1984, Surface Electromagnetic
Mapping in Selected Fositions of Northern Ontario, Ontario GBeological Survey,
Miscellaneous Paper 121

Thesis( enclosed under separate cover):
Redman, J.D., 1982, Audio Frequency Magnetotelluric Measurement Technigues,
Geophysics Dept., Univ. of Toronto.

Publications to be completed and submitted:
Ilkisik, 0O.M., Strangway, D.W., and Redman, J.D., Audiomagnetotelluric mapping
in the Night Hawk Lake Geophysical Test Range -a Case History to Beophysics.

Ilkisik, O.M., Redman, J.D. and Strangway, D.W., The detection of bedrock
conductors beneath conductive overburden, to Becphysics.

Redman, J.D., and Strangway D.W., Electrical properties of the glaciolacustrine
tlays of Northern Ontario, to Geophysics.
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O.M. Ilkisik, D.T. Hsu, J.D. Redman, and D.W. Strangway

Department of Geology, University of Toronto

ABSTRACT

In the summer of 1981, an audio-magnetotelluric (AMT)
survey was completed in four iocations in northern Ontar-
i0. Apparent resistivities, for frequencies from 13 Hz to
8570 Hz, were measured at 101 stations.

A survey in Moody Township near Lake Abitibi
clearly outlined the clay properties and thickness, and
also showed that, at the lower frequencies, we are able to
map the electrical resistivity of the basement beneath the
clay and/or esker cover. At one locality, the response of
the bedrock is strongly anisotropic, perhaps reflecting
anisotropy of the metasediments. If this proves to be the
case, it then will be possible to recognize steeply dipping
metasediments with the AMT method when they are not
exposed.

In Marter Township near Engelhart, two survey profi-
les mapped a deposit of clay-rich overburden, and lo-
cated high resistivities over a large esker. These profiles
were taken in an area where the overburden had been
examined by a rotary drilling program in 1979 by the On-
tario Geological Survey. Our results can be interpreted to
be in general agreement.

Measurements in the Elk Lake area appear to be
strongly affected by two contact zones, and they show in-
homogeneity and anisotropy. The major feature in the
area is the Montreal River Fault, which runs under the
town of Elk Lake. The shape of the profiles suggests that
the fault dips to the southwest. However additional field
work is needed to examine the complexities introduced
by major fluid-filled fauits.

Surveys in Bowman Township, near Matheson, were
conducted on a two-dimensional grid and the data con-
sistently showed the presence of four layers. A thin resis-
tive surface layer a few metres thick is followed by a very
conductive layer of clay. Bedrock is at a depth of 50-100
m and is very resistive; the resistivity drops sharply at
depths of several kilometres. This survey provided a map
of the resistivity and the thickness of the clay-rich glacio-
lacustrine sediments and clearly outlines near surface
features such as an esker.

In addition to the AMT survey, we have collected 42
clay samples from sites in Larder Lake and in Marter
Township to study their electrical properties. Laboratory
measurements show that in the Kirkland Lake area, the
clays have resistivities on the order of 20 ohm-m, in
agreement with the high frequency AMT data over clay-
rich overburden. .
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INTRODUCTION

An audio-magnetotelluric (AMT) survey in northern On-
tario was carried out during the summer of 1981. The pur-
pose of the survey was to conduct surface electromag-
netic mapping in selected positions in the clay belts of
northern Ontario, where a large proportion of the Early
Precambrian volcanic-sedimentary formations are man-
tled by glaciolacustrine deposits. The main interest was
to characterize the electrical structure of the extensive
clay-covered regions, the electrical properties of the clay
itself, and to test the capability of penetrating through this
conductive top layer to identify anomalies in the bedrock
below. There are major problems encountered using
some types of conventional EM mapping methods. A
second interest was to study the region covered by the
Huronian Supergroup, its resistivity characteristics, and
the possibility of determining its thickness and thus map-
ping the surface topography of the Early Precambrian
basement.

The work in northern Ontario concentrated in Bow-
man Township near Matheson, in Moody Township near
Lake Abitibi, in Marter Township near Engelhart and
around James Township near Elk Lake (Figure 1). The au-
dio-magnetotelluric method was used successfully in
each of these areas. to map the thickness of clay-rich ov-
erburden and to unambiguously determine some of the
characteristics of the underlying bedrock.

Additionally, we have collected 42 clay samples from
sites in Larder Lake and in Marter Township to study the
electrical properties and their frequency dependence.

One profile in Moody Township (A, Figure 1) in the
Great Clay Belt, and two in Marter Township (B and C) in
the Little Clay Belt, are composed of 15, 9 and 8 sites re-
spectively. An extensive, reverse-circulation, rotary drill-
ing program was completed in 1979 (Averill and Thomp-
son 1981). The surficial geology in Marter Township is
therefore well known. The fourth profile, which is along
Highway 560 near the town of Elk Lake and extends south
to Willet Township, includes 19 AMT stations. Eleven of
these are located in the area covered by the Huronian Su-
pergroup.

A detailed grid survey including 50 sites was com-
pleted in Bowman Township and the eastern part of Cur-
rie Township to map the resistivity variation toth laterally
and vertically.



AMT METHOD AND FIELD
PROCEDURE

Natural fields in the audio-frequency band (10 - 10* Hz)
are due to thunderstorm energy propagating in the earth-
ionosphere cavity. They occur more or less worldwide
and propagate around the world. This implies that the
AMT sources can be approximated as plane waves verti-
cally incident to the earth's surface. Cagniard (1953)
showed how natural electromagnetic fluctuations could
be used as sources for probing the electrical structure of
the earth. Using this approach, it was possible to mea-
sure the ratio of the electric field to the magnetic field and
thus to determine the apparent resistivity. At one particu-
lar frequency the apparent resistivity (p,) is defined using
the relationship:

_LEY
Pa = op LA

E: electric field in volts/m

H: magnetic field in ampereturns/m
w: angular frequency (2=f)

u: magnetic permeability

Information on the variation of apparent resistivity
with depth is related to electromagnetic wave penetra-
tion, referred to as skin depth. The skin depth is an in-
verse function of frequency. It is given as:

5 =503[ff3]”

5: skin depthinm
p: resistivity in ohm-m
t. trequency in hertz

To obtain the electrical structure of the earth, depth
sounding data, derived from the apparent resistivity as a
function ot frequency, have to be modelled by either
one-, two- or three-dimensional models. For a one-dimen-
sional structure, the mode! consists of horizontal layers
with the resistivity and thickness of each layer as model
parameters. Two-dimensional structures can have resis-
tivity variations in the direction perpendicular to the geo-
logic strike and/or with depth. Three-dimensional modell-
ing, which is closest to many real geologic situations, can
have structures in any form with various resistivities, how-
ever computing models in three dimensions is expensive.
For mapping purposes, one-dimensional interpretation at
stations distributed on a grid is a necessary step in order
to get a plan view of any three-dimensional structure that
may be present.

Instrumentation to operate in the audio-frequency
range (10 - 10* Hz) was first described by Strangway and
Vozoft (1969) and by Strangway et al. (1973). This instru-
mentation has since been improved and in the recent
past, several surveys have been conducted in various
parts of North America (Strangway et al. 1980).

In the surveys reported here, an 82 m dipole was em-
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ployed for measuring the electric field. The magnetic field
was measured with two induction coils, one optimized for
the low frequency range and the other optimized for the
high frequency range. The magnitude of the apparent re-
sistivities was measured at the discrete frequencies of
13, 22, 36, 83, 140, 210, 473, 858, 2140, 5050 and 8570
Hz (referred to in some of the figures as channel
A.B.C.D.K,E,F.G.H,I and J respectively). Two orthogonal
data sets at each site were measured to search for lateral
anisotropies. The data sets indicated as NS and EW in
the figures have the electric dipole laid out in north-south
and east-west orientation respectively and the magnetic
coils lined up perpendicular to these dipole orientations.
The data were plotted in log p - log f format for a general
qualitative overview.

The errors in apparent resistivity measurements for
real field data determined from tests of repeatability are
sometimes of the order ot 30-40 percent. In this survey,
anomalously low apparent resistivities, associated with
low source signal levels, were sometimes found at 2140
and 5050 Hz. Low apparent resistivities at 13 and 22 Hz
caused by wind noise was a problem in some measure-
ments, particularly in Marter Township. Interference from
power lines at 60 Hz was occasionally a problem in Bow-
man and in Marter Townships. Those poor quality data
points were identified by examining the sounding curves
in the field, and were removed or remeasured.

SURFICIAL GEOLOGY

The clay belts are an important subdivision of the Cana-
dian Shield physiographic province and record the site of
glacial Lake Barlow-Ojibway. Surficial geology is shown
in Figure 1. In Marter Township, a reverse-circulation ro-
tary drilling program was completed in 1979 (Averill and
Thompson 1981). The surficial geology in that area is thus
well known. Glacial Lake Barlow-Ojibway, a major progla-
cial body of meltwater, covered the area during part of
the Wisconsin recession. The Matheson till (Table 1) is
the lowermost unit known in the area; it consists of sandy
boulder till with minor gravet and lies directly on bedrock
of Precambrian age. It is an almost continuous sheet ex-
cept for local discontinuities around bedrock hills.
Giaciofluvial deposits overlie the Matheson till or lie di-
rectly on bedrock. They are confined mainly to broad
north-trending esker ridges and broad sand and gravel
plains. The most extensive deposits of Lake Barlow-Ojib-
way are the varved clays and silts which form plains and
an interconnected network surrounding bedrock out-
crops. In general, the lower part of the Barlow-Ojibway
formation consists of bedded silt and the upper part of la-
minated clay. Shore and nearshore deposits ranging
from fine sand to gravel and boulders form the uppermost
part of this formation. Clay and till glaciolacustrine sedi-
ments known as the Cochrane Formation, cover the
northern part of the research area. The youngest unit of
Wisconsin age consists of organic deposits which con-
tain shell, marl and peat (Hughes 1961).
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Figure 1. Geographic location and simplified surficial geology map (modified from Roed and Hallett 1979; Lee 1979a,b).
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Table 1. Wisconsin deposits in study area (after Averill
and Thompson 1981, Hughes 1961).

ORGANIC DEPOSIT

- Shell, marl, peat
COCHRANE FORMATION

- Clay till, glaciolacustrine sediments
BARLOW-OJIBWAY FORMATION

- Silt, sand

- Varved clay, massive clay (megavarve)
GLACIOFLUVIAL DEPOSITS

- Sand, gravel, esker
MATHESON FORMATION

-~ Sandy boulder till, gravel

BEDROCK GEOLOGY

The bedrock geology of the individual study areas is
shown in Figures 2a-d. The oidest rocks in the Superior
Province, where most of the survey was carried out, are
volcanic and sedimentary rocks of Early Precambrian
age. These rocks were deposited in a number of easterly
trending eugeosynclines which are possibly of different
ages and tectonically independent. Early Precambrian
mafic metavolcanics strike east and consist of massive
and pillowed flows, with minor related breccia and tuff.
The lavas are conformably overlain by greywacke and ar-
gillite. All of these rocks are overlain unconformably by
thinly bedded alternations of greywacke, shale with a few
beds of quartzites, and conglomerate of variable thick-
ness at or near the base. The Early Precambrian rocks
are folded along easterly trending axes. These folds ap-
pear to be modified in places by crossfolds of various or-
ientations, and are cut by several easterly trending faults
and some younger faults trending northwest, north-north-
west, and northeast. The youngest rocks of Early Precam-
brian age are felsic intrusions which are primarily granitic
and syenitic in composition. The Huronian Supergroup of
Middle Precambrian age is a sequence of sedimentary
and volcanic rocks that lies unconformably on the Early
Precambrian basement, which was deeply eroded and
has a rugged topography. The Huronian rocks are unde-
formed or very gently folded. The Cobait Group. the up-
permost group of the Huronian Supergroup, is composed
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of four formations, of which the lowest two are most exten-
sively exposed and best known. The Gowganda Forma-
tion consists of paraconglomerate, argillite, siltstone, su-
barkose and greywacke. It overiaps the other parts of the
Huronian and lies unconformably on Early Precambrian
rocks. The Lorrain Formation overlies the Gowganda con-
formably and is composed predominantly of quartzite
and arkose.

INTERPRETATION

AMT data interpretation consists of two main stages. The
first is a general qualitative overview of the data obtained,
and is usually first done in the field. it is convenient to rep-
resent the measurements on a (log p log f) scale. By po-
lynomial fitting, the bad readings can be detected and
poor data rejected. The pseudosections based on the
polynomial fits provide a rough idea of the two-dimen-
sional distribution of resistivity. The residual plots, fre-
quency-by-frequency, represent the resistivity values de-
termined by subtracting the mean value for each line from
the observed value. In the case of some two-dimensional
effects, the anisotropy (TE/TM) plots provide a meaning-
ful picture.

The second stage of interpretation is the fitting of a
layered earth model at each station by one-dimensional
inversion methods to get the best parameters that fit the
data obtained. We have been using a nonlinear, least-
squares estimation method (Marquardt 1962; Hsu 1981)
to invert AMT data.

Another simple form of presentation for AMT data in
the depth domain is the Bostick transformation (Bostick
1977). The result is an approximate depth-resistivity
cross-section which contains information on the quality of
data and the homogeneity of the subsurface. The appli-
cation of this transformation, as well as the inversion
method, to invert the data, saves labor, time and money
and provides the maximum use of the data.

In stratified environments, one-dimensional modeil-
ing along a survey line is generally enough to give a two-
dimensional configuration, but apparent resistivities can
be influenced by lateral anomalous conductors. Insuch a
case, layered mode! interpretations would be in error
(Kryzan and Strangway 1977). Two- or three-dimensional
modelling can have structures in any form with various re-
sistivities. For mapping purposes, one-dimensional inter-
pretation for stations distributed on a grid is necessary in
order to get a plan view of any three-dimensional struc-
tures present. However, some two-dimensional test mod-
els have been set up by using network solution techni-
ques (Madden and Thompson 1965), helping us to
understand the actual apparent resistivity curves.

MOODY TOWNSHIP (PROFILE A)

Profile A is north-south, roughly parallel to an esker ridge.
Ground moraine, essentially till and ciay, dominates. The
strike of the bedrock formations is approximately perpen-
dicular to the profile. The north part (north of site A-9) of
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Figure 2. Bedrock geology maps (after Pyke et al. 1973) and the locations of AMT sounding sites: a. Profile A in Moody
Township; b. Profiles B and C in Marter Township; ¢. Profile D in Elk Lake area; d. Grid E in Matheson Township.
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Profile A overlies metavolcanics. The field data for both
northerly and easterly orientations (Figure 3a) are very
similar at sites A-10, A-11, A-12, A-13 and A-15. This indi-
cates that there are no significant two-dimensional effects
in this part of the profile. It can therefore be reasonably
approximated by a one-dimensional structure. An aver-
age, which is computed by averaging the square root of
apparent resistivities at each frequency for each of these
sites and then averaging for the section, is used to repre-
sent the resistivity variation with depth in this profile seg-
ment. The fitted model using the one-dimensional inver-
sion technique suggests that there is about 50 m of
overburden with a resistivity of around 70 ohm-m (Figure
3b). A highly fractured weathered layer about 100 m thick
with resistivity about 2400 ohm-m lies beneath. The up-
permost part of the bedrock has a resistivity of approxi-
mately 32 000 ohm-m. The Bostick transformation shows
that the resistivity of the bedrock drops to 2000 ohm-m at
a depth of about 2000 m (Figure 3c).

The sounding curves of Profile A in Moody Township
show that there is very strong anisotropy at sites south of
site A-9. This phenomenon occurs without exception in
the low frequency range, and implies a peculiar charac-
teristic of the metasediments and metamorphosed mafic
and ultramafic rocks (G5 and G7 respectively in Figure
2a). The rocks are more resistive in the NS (north-trend-
ing) electrode orientation than in the EW (east-trending)
orientation. This may be due to the two-dimensional
structure of this area. The resistivities of the metavolcan-
ics and of the metasediments are not significantly differ-
ent in NS orientation. However, in the EW orientation, the
metasediments tend to be more conductive than the me-
tavolcanics, suggesting a preferred direction of fractur-
ing or of structure. At least two faults, one through A-9
and one near A-3, have been suggested by other geo-
physical interpretations (Pyke et al. 1973). Easterly trend-
ing, vertically bedded Early Precambrian rocks could be
an explanation of the anisotropic behaviour of the appar-
ent resistivity data.

On the other hand, sand associated with narrow
esker ridges interfingers laterally with glaciolacustrine
clays. The stations in the southern part of Profile A are on
the glaciolacustrine cover, but are not far from an esker
ridge. This local and near surface resistivity variation
could have produced an edge effect in the southern part
of Profile A and hence could be a cause of this anisotro-

Y.

The study suggests that the most probable explana-
tion is that the metasediments are themselves strongly
anisotropic. In thig case it will be possible to characterize
steeply dipping metasediments with the AMT method
even when they are not exposed. Additionally, it should
be possible to map bedrock in detail beneath regions
covered by eskers using the AMT method. Similar map-
ping would not be possible using conventional expand-
ing electrode array systems because of the lateral effects
and the need for deep penetration.

MARTER TOWNSHIP (PROFILES B AND C)
The sounding curves of Profiles B and C in Marter Town-
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ship all show a general similarity in both the NS and the
EW orientations. The overall similarity of sounding indi-
cates that the basement volcanic rocks and overburden
are both homogeneous in the area. Only Wisconsin de-
posits are present as glacial overburden. Profile B
crosses the south end of the Munro esker east of site B-6.
This is a major feature that can be traced northward 300
km to James Bay. In Marter Township, the esker is confi-
ned to regional bedrock highs and consists entirely of
sand (drill hole No. 6, Averill and Thompson 1981). Pseu-
dosections along Profile B are given in Figure 4a. Appar-
ent resistivities of about 1000 ochm-m were obtained on
the esker at higher frequencies. A one-dimensional inter-
pretation was not done for site B-6 because of the obvi-
ous two-dimensional structure in the vicinity. A depth-re-
sistivity cross-section compiled using the Bostick
transformation method is given in Figure 4b. Together
with one-dimensional inversion fits along Profile B, these
data reveal that the sand and gravel in this area is up to
100 m thick. Its resistivity ranges from 800 to 3000 ohm-
m. The bedrock generally has a layer several hundred
metres thick, of medium resistivity, overlying a highly re-
sistive unfractured section of bedrock with resistivities up
to 100 K ohm-m. There may be minor clay beds deep be-
neath the very thick sand and gravel in the eastern part of
the profile area.

The pseudosections of Profile C in Figure 5a show
the same homogeneity in both orientations as those of
Profile B, aiso implying that there is no major lateral varia-
tion. The high frequency readings, however, are different
from those in Profile B and are about 100 ohm-m, or less.
The pseudosections and residual plots of Profile C reveal
that the apparent resistivities are continuously decreas-
ing southwesterly. This implies either that the overburden
is getting thicker, or that the resistivity of the top conduc-
tive layer is getting lower. Drill hole No. 5 (Averill and
Thompson 1981) is located at the same site as C-4 and
has been used to control the model of the site and to de-
termine the resistivities of the layered earth. The cross-
section shown in Figure Sb was obtained by a one-di-
mensional interpretation at each site and reveals a basin
structure corresponding to that detected by drilling. The
basin has its edge at the northeast end of the line near
site C-8. The model suggests that there is a 50 m thick ov-
erburden at the southwest end of the survey line near site
C-1 and that the thickness decreases northeasterly to
about 30 m at site C-5. The bedrock resistivity, from the
model, is very homogeneous at about 20 000 - 60 000
ohm-m throughout the survey line.

ELK LAKE AREA (PROFILE D)

In the Elk Lake area, station locations were chosen to
sample different rock types in the northern part of the pro-
file. The apparent resistivity profiles in Figure 6a show
that, in this part of the survey line from site D-13 to D-19,
the structure is very complicated electrically. Site D-15
and D-16 lie on a sliver of Cobalt Group sedimentary
rocks about 2000 m wide, sandwiched between younger
mafic intrusive rocks (14 in Figure 2c) and older felsic
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intrusive rocks (10b). The measurements in the section
appear to be strongly affected by the two contact zones
and show inhomogeneity and anisotropy. The mafic intru-
sive rocks (sites D-11 to D-14) tend to be more resistive
than Cobalt Group sedimentary rocks and felsic intrusive
rocks (sites D-17 to D-19). The major feature in the area is
the Montreal River Fault running under the town of Elk
Lake. It is reflected in the apparent resistivity readings at
site D-10 and in the high frequency readings of D-11. The
shape of the profiles suggests that the fault dips to the
southwest. The section on the southern part of the survey
line lies on the Cobalt Group sedimentary rocks. Similarity
is shown from site to site, especially in the low frequency
range. The model fit of an averaged apparent resistivity
set in Figure 6b, computed from sites D-1, D-2, D-3, D-4,
D-5, D-6, D-8 and D-9, suggests that the top Cobalt sedi-
mentary rocks have a thickness of about 280 m and a re-
sistivity of about 2000 ohm-m. Beneath them could lie a
highly fractured weathered layer, with resistivity less than
1000 ohm-m and about 100 m thick. The underlying Early
Precambrian metavolcanics have resistivity values in the
25 000 ohm-m range.

BOWMAN TOWNSHIP (GRID SURVEY E)

In Bowman Township, the main features of the surficial
geology are a clay-covered plain, eskers and bedrock
outcrop (Figure 7b). Each unit shows different electrical
characteristics. The three subdivisions are clearly out-
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lined on contour maps of apparent resistivities in Figures
7a and 7¢. A contour map of frequency J (Figure 7a) gen-
erally reflects the surficial geology, and shows a highly
conductive clay-covered plain in the northwestern part of
the area with resistivities less than 100 ohm-m. A high-re-
sistivity region in the southwestern part of the area has re-
sistivities higher than 3000 ohm-m. An intermediate resis-
tive region is located to the east of the other two regions.
The contour maps at lower frequencies such as the map
of frequency C (Figure 7c¢) shows roughly the same pat-
tern as that of frequency J, indicating that they are af-
fected by the surface material.

The averaged apparent resistivity pseudosections
for three Profiles F, G and H are given in Figure 7d.
Sounding curves for the northwest segment of the map
and the pseudosection for line G, show a typical two-
layer structure: an extremely conductive layer on top of
an extremely resistive half space. High frequency read-
ings of 20-30 ohm-m reflect the top conductive clay-rich
overburden. The similarity of two sets of data for the NS
and EW orientations indicates the homogeneity in the gla-
ciolacustring plain. Anisotropy generally appears at
esker-complex sites, for example E-37 on Profile F and E-
24 and E-25 on Profile H. Apparent resistivities at high fre-
quencies are mostly about 100-300 ohm-m, then rise to
around 10 000 ohm-m at some sites. Strong anisotropy
was observed at sites near bedrock outcrops. High ap-
parent resistivities in the 10 000 ohm-m range were ob-
tained at high frequencies, indicating the thin overburden
and the very resistive bedrock.

The averaged data from the two orientations was em-
ployed to determine a best estimate of the electrical
structure at each site. It is a good approach to interpret-
ing data from such a glaciolacustrine-deposit covered
plain because of the obvious one-dimensionality shown
on the two sets of data. The top two layers, with resistivi-
ties of 10 to 40 ohm-m and thicknesses in the 20-100 m
range, are very conductive clay-containing overburden of
varying composition. The composition varies from a sand
and boulder-rich resistive unit to a very conductive clay
unit. The third highly resistive layer at 20-100 m beneath
the surface is associated with bedrock having resistivity
in the 10 000 - 50 000 ohm-m range. For those sites on
eskers and those near bedrock outcrop, one-dimensional
interpretation may be risky and misleading when strong
anisotropy exists. The determination of the top layer resis-
tivity is reliable, because of the general agreement of
high frequency data on both directions.

Three block maps, showing surface resistivity, be-
drock topography, and bedrock resistivity, and a contour
map of bedrock topography were created by using the
appropriate model parameters of the one-dimensional in-
terpretation (Figure 8a-d). Those sites with apparent re-
sistivity differences at frequency D of more than a factor
of 5 were left out due to the unsuitability for one-dimen-
sional modelling. The real surface resistivity map (Figure
8b) which is similar to the frequency J apparent resistivity
contour map in Figure 7a, reflects the resistivity variation
of surface material in the top few tens of metres. The three
types of material with their characteristic resistivities are
clearly outlined. The bedrock topography map was cre-
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Figure 5b. Two-dimensional configuration for Profile C derived from one-dimensional inverse models.

ated by contouring the thickness of the top one or two
conductive layers, representing the thickness of overbur-
den in one-dimensional interpretation. Elevation correc-
tion was not applied and the surface was assumed to be
flat, which is roughly the case in this area. The maps
show that a bedrock valley, 100 m below surface in the
northwest quadrant of the area, trends northwesterly near
sites E-4, E-5, E-8 and E-9. Another bedrock topographic
low at the southeastern corner of the area is near sites E-
35, E-36 and E-42. These two bedrock topographic lows
could imply that valleys in the oider metavolcanics are
separated by the younger intrusive rocks. The bedrock
topography in the rest of the survey area has no signifi-
cant variation in elevation. The area of bedrock expo-
sures has an overburden thickness of less than 20 m. The
areas covered by clay and by sand and/or gravel show
no signficant differences in bedrock topography; ali the
bedrock in both these areas is in the range of a few tens
of metres below the surface. The bedrock resistivity map
(Figure Ba) indicates that the resistivities of bedrock in
this area are extremely high in the range of 10 000 to 100
000 ohm-m. The lateral variation is not significant. Com-
paring the bedrock resistivity map (Figure 8a) with the
bedrock geology map (Figure 2d), the felsic metavoican-
ics (2a) in this area tend to be more resistive than the in-
termediate and mafic metavolicanics (1c¢). The felsic me-
tavolcanics form a ridge of high resistivity, trending
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roughly east in the north-central par of the area. The in-
trusive rocks in the south (10b, 9) have homogeneous re-
sistivity of about 10 000 ohm-m.

ELECTRICAL PROPERTIES OF CLAY

In applying EM exploration techniques, in areas where
there is an extensive clay cover, it would be useful to
have a better understanding of the electrical properties of
the clays. The clays are the most conductive component
of the overburden, with the exception of saline alluvium,
which is not known to exist in the area studied. In the Kirk-
land Lake area, the clays have resistivities on the order of
20 ohm-m, whereas the sands, gravels and tills have re-
sistivities in the range of 100 to 1000 ohm-m. Thus, clay is
the most important component of the overburden, in
terms of limiting the depth of exploration by EM methods.
Mehran and Arulanandan (1977) measured a strong
frequency dependence for the resistivity of kaolinite, illite,
and a silty clay in the frequency range 50 Hz to 100 KHz.
The conductivity dispersion, which was defined in this
case as the difference between the conductivity at 100
KHz and at 50 Hz, was dependent upon the water con-
tent, the type of electrolyte, and the electrolyte concentra-
tion. The measured conductivity dispersions were on the
order of 30 to 60 percent, decreasing with increasing



O.M. ILKISIK ET AL.

g 97

H01JdH4 3743S

(saul| paysep ‘ejep pajuslio M3 seul pIjOS ‘elep pajualio SN) PamojIo; 8q ued sajijoud jenpiaipul ay) ey}
0S S13YJ0 8Y) WOl JasH0 SI 8AIND YIBT ‘jeuuByI Aouanbaiy yors 10y g 8jijoid Buose seyjosd Anasises Jusseddy ‘B9 eunbiy

NV JOATH TwaIUON I1INE4 JOATYH TEeIJuON .
: 1at _ azt
ot _..2_ "l _ Q21 €1 .p. €1 Jot _nm.__ LI | az1 ﬂ € ) (1]
%10 ol (e mastesecie dimie ol s (o s 58w s ;i 910 018 (0 MW MEEI0 T e sese (o 8 8 % W e
Vet [ L I T R T ] ' ' ' Vb ! M [ [ T R | [ [ ' '
3 M N ' s |a 3 M N s |a,

\
I M
\

O INIT-OIHHIND N & = 0 INI1-OIHUINDO'N =&

109



by s

GRANT'118 SURFACE ELECTROMAGNETIC MAPPING IN NORTHERN ONTARIO

HURONIAN SUPERGROUP

‘D

=
: T
T2l
© F

J

S
H P -
=S|
— 3
v 7
S I
mb

'—‘?'
= 3
gé 1.
0. 4.
a I

?:)_.“m"?m? il .m;“ S .“?“ e

loll I |lr]|]llozlj ﬁ‘ll”lloaf ) lllllT]
FREQUENCY (HERTZ)

10"

BEPTH
(METER)

281.2
438.4
8u407.1

APP. RESISTIVITY

MODEL
RESISTIVITY  THICKNESS
(OHM-H) (METER)
2059.3 281.2
1554.1 157.2
24338.1 7968.7
2561.2
OBSERVATIONS
FREQUENCY
(HERTZ) (OHM-M)
13 6474, 3
22 9226.4
36 10753.2
83 9013.2
140 8076.8
210 5760. 1
473 3548.6
858 1440.2
2140 727.4
5050 1503.3
8570

1863.5

Figure 6b. One-dimensional model for line segment on Huronian Supergroup metasediments. Apparent resistivities are
averaged using data from sites D-1 to D-9. ’
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with increasing water content and with increasing electro-
lyte concentration. Silty clay gave the highest dispersion
and illite the lowest. If a similar conductivity dispersion
phenomenon exists in the glaciolacustrine clays, it could
cause serious limitations in the interpretation of some EM
methods. Thus it wouid be useful to have measurements
of the magnitude and the frequency dependence of the
resistivities of clays from northern Ontario.

Samples were collected from nine sites near Larder
Lake, Matheson, and Engelhart. Some samples were
taken from a vertical soil profile that was exposed in the
Larder Lake dump and others were collected from road
cut exposures and from exposures along rivers.

In collecting the samples, an attempt was made to
preserve the samples in their original state. When a suita-
ble site was found, the surface material was removed to
expose fresh undisturbed clay. Samples were obtained
by pressing a plastic tube (2.5 cm diameter by 2.5 cm
length) into the face of the clay. The sample was then
placed in a plastic bag that was heat-sealed later in the

O.M. ILKISIK ET AL.

day, so as to preserve the original moisture content of the
sample.

The complex resistivity was measured over the fre-
quency range 5 Hz to 108 Hz. This range more than cov-
ers the frequencies used in most EM exploration meth-
ods. The samples were encapsulated during the
measurement process to prevent them from drying.

All the measurements were carried out using the
HP4192A impedance meter. Four terminal measure-
ments were made between 5 Hz and 10 KHz, and above
10 KHz a two terminal technique, employing platinum
electrodes, was used. Two of the samples measured
gave the results shown in Figure 9. The resistivity magni-
tude changes little with frequency. Sample KL-36 had a
clay content of 26 percent, a water content of 13 percent,
and a resistivity of 24 ohm-m at 100 Hz and 22 ohm-m at
100 KHz. Sample KL-11 had a clay content of 77 percent,
a water content of 31 percent, and a resistivity of 36 ohm-
m at 100 Hz and 34 ohm-m at 100 KHz.

4
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Figure 9. The dependence of the resistivity magnitude and phase on frequency for two clay samples, one of which was a
varved clay. The dots and crosses are the actual measurements.
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CONCLUSIONS

With the AMT method, we have been able to character-
ize, in the areas surveyed, the conductivity structure of
clay-rich overburden and Precambrian Shield rocks un-
derneath.

In Moody Township near Lake Abitibi, the survey
showed a strong and uniform electrical anisotropy in an
area believed to be underlain by metasediments. If this is
true, then it will be possible to map out concealed, stee-
ply dipping metasediments with the AMT method. There
are many highly resistive eskers in northern Ontario which
could be used as electrical sounding windows into the
bedrock using this method.

Good correlation with known surficial geology in Mar-
ter Township near Engelhart was obtained when estimat-
ing the overburden thickness with the AMT approach.
The ability to sound through conductive overburden and
to detect conductors beneath has been proved to be
possible. The resolving power, however, has to be im-
proved by careful field measurements and careful model
parameter selection. An approximate depth-resistivity di-
agram could be computed by applying the Bostick trans-
form to field data to aid in interpreting survey results.

There are narrow conductive zones within the be-
drock in the Elk Lake area that are interpreted as conduc-
tive fault zones. To determine the thickness of Huronian
Supergroup rocks overlying Early Precambrian base-
ment, further detailed studies are required.

Maps produced by using grid survey data in Bow-
man Township near Matheson show a conductive region
(clay-rich overburden) in the northwestern part of the
area. A high resistivity region (bedrock outcrop) occurs in
the southwestern part, and an intermediate resistivity re-
gion (esker) occurs east of the other two locations. Some
bedrock valleys in the northwestern part of the area were
detected at depths of 50 - 100 m. Bedrock resistivity is
typically 10 to 100 Kohm-m. High frequency data give re-
sistivities of 20 to 30 ohm-m over clay-rich overburden.
This value is in general agreement with resistivities mea-
sured in clay samples. The value of the clay resistivity
seems fairly uniform in study areas ranging from Lake Ab-
itibi to Engelhart.
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ABSTRACT

Audiomagnetotelluric (AMT) data have been collected at
114 stations from 3 different locations during a muitiyear
electromagnetic mapping study in the clay-covered re-
gions of Northern Ontario.

In Moody and Marathon Townships near Lake Abi-
tibi, the resistivity at all stations shows an anistropic beha-
viour related to metasediments and to metamorphosed
ultramafic rocks. This can be detected even when the ul-
tramatfic rocks are covered by conductive clays. One-di-
mensional models show approximately a 100 m thickness
of overburden, with an average resistivity of 450 ohm-m.
Underlying Precambrian metavolcanics have resistivity
values in the range of 10 000 to 50 000 ohm-m. Conduc-
tors within the metavolcanics can be detected.

The Night Hawk Lake geophysical test site is located
in the northeastern comer of Thomas Township, near Tim-
mins. There is a conductive graphitic zone in the bedrock
under about 90 m of giacial overburden (Barlow et al.
1982). A total of 73 AMT measurements were made in this
area. Thirty-six (36) were on a rectangular grid with 150
by 200 m spacing. On the grid, the dominant feature is
that the high frequency (8570, 5050 Hz) resistivities are
around 100 ohm-m in the western portion of the area. This
is related to increasing clay content in the glacial over-
burden towards the west. However, as we examine iower
frequencies, we can see the presence of the conductive
body within the rhyolite, with an east-west strike. The
body appears to be traceable westward at lower frequen-
cies, which are more effective at penetrating the conduc-
tive clay.

Measurements were made in Morrisette, Bisley, and
Amold Townships near Kirkiand Lake along an east-west
profile perpendicular to the Munro Esker. The dominant
pattem shows high resistivities, up to 10 000 to 50 000
ohm-m, underneath the esker.

Measurements of the electrical resistivity and its fre-
quency dependence have been made on representative
samples of clays and sands. In the laboratory, clays have
an average resistivity (at 50 Hz) of 24 ohm-m; silty clays -
45 ohm-m; and loams - 87 ohm-m. These resulits are simi-
lar to results measured in the AMT field work and using lo-
cal in situ measurements. The frequency dependence is
quite small in these samples, although 1 sample shows
an unusual negative percent frequency effect.

ay, O.M. Ilkisik, and J.D. Redman

INTRODUCTION

During the 1982 field season, work continued on a muiti-
year electromagnetic mapping study in northern Ontario.
Parts of the glaciated Canadian Shield have very high re-
sistivities beneath a thin and relatively conductive surface
material. We applied the audiomagnetotelluric {AMT)
technique to define vertical and horizontal changes within
this surficial unit and to map characteristics of the
bedrock.

An interference analyzer described by Strangway et
al. (1973) was used to measure the scalar resistivities at
discrete frequencies of 13, 25, 36, 83, 140, 210, 473, 858,
2140, 5050, and 8750 Hz. Electrode spacing was 100 m
during normal surveys and 50 m for detailed surveys.

This report presents a summary of progress based
on audiomagnetotelluric measurements made in Moody
and Marathon Townships near Lake Abitibi (A), the Night
Hawk Lake geophysical test range east of Night Hawk
Lake (F), and Morrisette, Bisley, and Arnold Townships
near Kirkland Lake (G).

Two resistivity soundings were carried out, using a
Schiumberger array, at the Night Hawk Lake test site.
Thirty-five (35) additional samples were collected from
the Cochrane, Timmins, and Elk Lake areas for laboratory
measurements. In situ measurements of low frequency
resistivity, using a small Wenner array, were made at
these sample sites.

DATA PROCESSING AND
INTERPRETATION

The data were processed for presentation in several for-
mats. A cubic polynomial was fitted by least-squares to
measured p, values versus discrete frequencies. The po-
lynomial fitted 10 log p, values were then computed as a
function of log f (decreasing downward) and distance
along the lines, and then contoured as pseudosections.
These figures illustrate lateral and vertical variations si-
muitaneously. Although not presented here, residual re-
sistivity plots (difference of observed and averaged resis-
tivity at each particular frequency along the line) were
also prepared. These plots are especially useful in locat-
ing the low resistivity zones. Plots of the ratio of the east-
west to north-south components illustrate the anisotropy.
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We have interpreted the apparent resistivity
smoothed data with the Bostick transformation algorithm.
Transformation of the apparent resistivities from fre-
quency domain to depth domain can be done using

= 2% Y
ho= (s ) 36 (H) )
(Bostick 1977; Jones in press). This formula for the effec-
tive depth hgbecame popular after Bostick (1977) formu-
lated the concept of the "Bostick resistivity” p g corre-

sponding to depth hy f-m

P8 =Pe Trm )
where mis the gradient of the (p,vs f)data on a lo-
grithmic scale.

Combining the top of 2 layers using Kirchoff's Law
into a single fictitious layer with the same total conducti-
vity, i.e. h
S'=8,+8, where Ss‘;

we can calculate the effective resistivity

Ahg;
Pe = ZF 3

These resistivity values of pgare almost identical to the
Bostick resistivity values.

By taking into account the energy attenuation of the
electromagnetic waves at a certain depth interval, and
assuming that pg represents only a given portion of the
true resistivity, it is possible to calculate an aimost true re-
sistivity corresponding to that depth interval by

P = Pa1 Pe

pi = _, ™™= Ahg,) ()"
e = ") e (4)
i=2 N
where Nis the number of observations (llkisik and Strang-
way in preparation). Figure 8b is an example of the appli-
cation of this technique.

The calculations of pgor pgand p, are very simple
and can be done in the field using a hand calculator. This
provides a quick real-time quantitative interpretation
using only the scalar apparent resistivities. These calcu-
lations are also useful as an initial guess for expensive in-
version and 2-dimensional model programs.

We have derived a set of contour maps for the grid
areas. These maps are useful presentations of the obser-
vations as a single frequency slice through the region;
and together with pseudosections they represent a 3-
dimensional ‘picture’ of the area.

Another technique, singular value decomposition
(SVD) analysis of AMT data, gives us the important model
parameters and their effects through the frequency range
for a certain geologic section (Edward et al. 1980; Jones
1982).

We have been using a nonlinear, least-squares esti-
mation method (Marquardt 1963; ZXSSQ routine from
IMSL) to invert AMT data. Although the applicability of 2-
dimensional models depends on real geologic struc-
tures, especially in Precambrian terrain, along some lines
we attempted to use mostly Eperpendicular responses.
For 2-dimensional calculations, a computer program was
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used, based on impedance networks (Madden and Swift
1969).

DISCUSSION OF RESULTS
MOODY AND MARATHON
TOWNSHIPS

In Moody and Marathon Townships between Lake Abitibi
and Cochrane, 15 AMT stations were surveyed during the
summer of 1981 (likisik et al.1982). During the summer of
1982, an additional 28 AMT stations were completed. The
oldest basement material is early Precambrian mafic me-
tavolcanics which underlie much of the map area (unit 1
in Table 1). The geologic strike of the bedrock is east-
west which is approximately perpendicular to the profile.
Most of the stations lie along the northern part of the
Munro esker. Conductive clays cover the regions east
angd west of this roughly north-south oriented esker.

By using the audiomagnetoteliuric system at the
lower frequencies, we are able to map the electrical resis-
tivity of the basement beneath the clay and/or esker cov-
er. The resistivity curves from the sites which are located
on the metasediments and metamorphosed ultramafic
rocks (units G5 and G7 respectively in Figure 1a) show,
without exception, an anisotropic behaviour in the low fre-
quency range. This is true even in the areas covered by
conductive glacial clay as at sites A-33 and A-34.

The measured scalar resistivities in the east-west or-
ientation tend to be lower than in the north-south orienta-
tion. Pseudosections in both directions give rise to the
sketched geologic section. The anisotropy plot is given in
Figure 2. We assume that this lower resistivity is associ-
ated with the presence of foliation in anisotropically dis-
tributed minerals such as biotite, or with water-filled
cracks, which may be paraliel to the fabric of steeply dip-
ping metasediments.

We measured a low resistivity anomaly for both the
east-west and north-south orientations at site A-15 (Fig-
ure 1a) on metavolcanics. In addition, A-14, A-27, and A-
28 show strong anisotropy. This suggests a low resistivity
structure within the metavoicanics with an east-west
strike at station A-15.

Fitted models for isotropic resistivity curves (as at
site A-18) were obtained by using Bostick transformation
and 1-dimensional inversion techniques. These models
show roughly a 100 m thick overburden with an average
resistivity of 450 ohm-m. Underlying Precambrian meta-
volcanics have resistivity values in the range from 8000 to
50 000 ohm-m. Most of the models imply that there is a
relatively low resistivity layer at a depth of 8 km.

THE NIGHT HAWK LAKE
GEOPHYSICAL TEST RANGE

The Night Hawk Lake geophysical test range is located in
the northeastern corner of Thomas Township, east of Tim-
mins. A total of 73 AMT measurements were made during
the survey in this area. Thirty-six (36) of them were on a
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TABLE 1 TABLE OF LITHOLOGIC UNITS FOR THE STUDY AREAS (see
FIGURE 1) (AFTER PYKE ET AL. 1973).
Period Short Description Unit No.
ser2od ey
PHANEROZOIC
Paleozoic
Silurian Limestone, sandstone, shale .c.ccevevcccseces 18
Ordovician Shale, 1imeStONe .ccecccsccsccsccnccssocsesss 17
PRECAMBRIAN
Late Precambrian
Mafic Intr. R. Diabase: dikes .ccoceccscccccscccsccsccscccss 16
Middle Precambrian
Alkalic Intr. R. Syenite, nepheline, syenite cccccvecccceccsee 15
Mafic Intr. R. Diabase, granophyre, sheets and dikes ....... 14
Huronian Lorrain form, quartzite, arkose ccecccececeses 13
- Gowganda form, arkose, greywacke .eccecccesss 12 a,b
Early Precambrian
Mafic Intr. R. Diabase: dikes cecececoccccccsccrvssescossees 11
Felsic Intr. R. Granodiorite,qz. monzonite, pegmatite ....... 10 a,b,c
- Syenite, feldspar POrphyry eccccecececceccscsceces 9
Metamorphosed
Ultramafic R. Gabbro, diorite, lamporphyre eeseccscssncecse 8
- Peridotite, dunite, serpentinite .ccecececees 7
Metasediments Conglomerate, Greywacke cescecesescsccccssses O
b Greywacke, siltstone, argillite .ccccccocosses 5
Metavolcanics Trachyte, flows, tuff, breccia ceccececcccccss &
- Serpentinized peridotite flows cccoceccccccce 3
- Pyroclastic rocks (Rhyolitic, dacitic) eecc.. 2 a,b
- Basaltic and andesitic flows, tuffs ......... 1 a,b,c
(+) The 1letter "G" preceding rock unit no. on the wmaps indicates

interpretation from geophysical data in drift covered areas.

rectangular grid with 150 by 200 m spacing. In Figure 3,
the apparent resistivity contour map is given for a fre-
quency of 473 Hz. As we examine the maps at each fre-
quency, it is noted that there is a surface layer which usu-
ally has a moderate resistivity of about 500 ohm-m. At the
lower frequencies, the apparent resistivity rises to about
10 000 ohm-m. At the centre of the map, the graphitic
conductive zone is well defined with a resistivity value ot
less than 500 ohm-m (Figure 3).

In Figures 4a and 4b, we present north-south and
east-west pseudosections for averaged resistivity values.
Along the north-south profile (F/NS, Figure 4a) the major
feature is the zone of low resistivity at the middle. This
zone reflects the graphitic conductor. Low resistivities in
the south result from the presence of clay-rich surficial
material. Figure 4b is an east-west pseudosection (F/EW)
which corresponds to the location of the clay-covered
areas. The high resistivity zone around sites F-40 and F-
41 correspond to measurements made on bedrock out-

crops of strongly carbonatized volcanic rocks (unit 1¢).

On the grid, the dominant feature is that the high fre-
quency (8570 Hz) resistivities are around 100 ohm-m in
the western part of the area (Figure 5a) and around 500
ohm-m in the east. This is related to the increasing clay
content in the glacial overburden towards the west. How-
ever, as we examine maps for lower frequencies carrying
information about greater depths, we can see the pres-
ence of the east-striking conductive body within the rhyol-
ite. The body appears to be traceable westward at lower
frequencies (Figure 5b). These frequencies are capable
of penetrating the conducting clay. Figure Sc illustrates
the Bostick resistivity distribution at 200 m depth from the
surface. This corresponds to the approximately true be-
drock resistivity values. The length of the conductive
body is about 700 m.

in Figures 6a and 6b, pseudosections and Bostick
transforms of resistivity data up to 1000 m in depth are
given along 100E (Line #1E). The low resistivity anomaly
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on the sections is well correlated with the known graphitic
conductive zone. We originally used 150 m station sepa-
ration. Later we added detailed measurements using 25
m station separation. This detail in the vicinity of the con-
ductor suggests that there is a broad body with a limited
depth extent and that the northern and southern edges of
the conductor are at about 100N'and 200S. We made
many attempts to find the true shape of the body. The
most important probiem for a 2-dimensional interpretation
of our data is a clay-rich layer, which lies along the west-
ern side of the grid, perpendicular to the strike of the gra-
phitic zone. Two-dimensional model caiculations for this
clay-rich unit of the glacial overburden show that there is
no significant effect of the clay-rich layer at high frequen-
cies 200 m from its edge. We found the "Y"-shaped body
(Figure 6¢) 2-dimensional response (Figure 6d) gave bet-
ter fits than rectangular or “V"-shaped bodies. The ano-
maly found using the Bostick resistivity cross-section
(Figure 6b) corresponds well to a full 2-dimensional
model (Figure 6c).

LR <PY | .

<L 6

. A/ . \

We applied 1-dimensional inversion to the data from
the north of the grid area which displays an isotropic be-
haviour. The layered earth section indicates a 95 m thick
overburden with 30 m of clay-rich material at the west.
Beneath the overburden, the resistivity is in the range of
15 000 to 60 000 ohm-m. Although our data might have
higher noise at the lowermost frequencies, there appear
to be lower resistivities at a depth of around 6 to 7 km.
The existence of clay-rich material at the surface could
aiso affect this interpretation of the structure (Kaufman
and Keller 1981).

Two resistivity soundings were carried out using a
Schiumberger array at the test site. The results for station
00 on line 500W (50 m south of AMT site F-4) are given in
Figure 7a. It was not possible to obtain as good a fit for
this station. The 2-layer and 4-layer models give different
thicknesses of the clay-rich layer (50 and 30 m respec-
tively). The results for station 200N on line 300E (F-34) are
given in Figure 7b. These data can be fitted with a lay-

Figure 1. The bedrock geology map of: (a) Moody and Marathon Townships; (b) the area east of Night Hawk Lake (after

Pyke et al. 1973). Legend is given in Table 1.
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TABLE 2

THE COMPARISON OF INVERSION RESULTS OF AMT DATA WITH

AND WITHOUT SCHLUMBERGER RESISTIVITY MEASUREMENTS
FROM SITE F-34 (LINE 300E-STATION 200N, ORIENTATION NORTH-

SOUTH).

Inverted model based on:
1) The effective and interval

resistivity calculations
and only AMT data

Layer f(ohn-n) h(m)

2) The effective and interval
resistivity calculations, AMT
data and Schlumberger resis-
tivity data

Layer f(ohm-ln) h(m)

- - - 1 8000.0 5.2
1 396.3 93.6 2 445.9 114.3
2 9429.6 169.8 3 9500.0 130.0
3 33564 .4 4230.0 4 33778.3  4406.2
4 750.0 S 750.0
ered earth model consisting of a very resistive 8000 ohm- - KIRKLAND LAKE AREA

m upper layer corresponding to a thin sandy layer (5.2
m), a 120 m thick intermediate layer with a resistivity
value of 410 ohm-m, and the very resistive bedrock (p >
10 000 ohm-m). The inversion results of AMT data from
the same site (F-34) with the inversion results of AMT and
Schiumberger information are given in Table 2.

Figure 8 illustrates some stages in the 1-dimensional
interpretation at site F-34. The plots of apparent resistivity
versus frequency (and period) are given together with the
best model response in Figure 8a. The most important
model parameters around site F-34 are found by singular
value decomposition (SVD) analysis. Total conductivity
(h/p) of the overburden is the most important parameter at
high frequencies (500 to 10 000 Hz). Using the effective
and interval resistivity calculations (Figure 8b) together
with some geologic information from the area, we can cal-
culate the thickness and the resistivity of the overburden.
Even the thickness or the resistivity of the Precambrian
bedrock is well defined at frequencies of 200 Hz or less.
Using the AMT data, interval resistivity calculations, SVD
analysis, and combining the results of Schlumberger re-
sistivity sounding at site F-34, our best 1-dimensional re-
sult is given in Figure 8¢. This model gives a 5.2 m thick
resistive (8000 ohm-m) layer at the top. The next layer is
less resistive (446 ohm-m) and 114 m thick, representing
sandy (which might have some clay content) overburden.
The depth to the bedrock is 120 m at this site. We found
9500 ohm-m for the top 130 m of the bedrock, compared
to 34 000 ohm-m at greater depths. This might represent
weathered or fractured bedrock. It appears that the
deeper parts of Precambrian basement at a depth of 5 to
6 km have relatively low resistivity values.
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We have done a total of 13 measurements along an east-
west profile in Morrisette and Arnold Townships near Kirk-
land Lake. Most of the stations are at very sandy locations
on the Munro esker and are fairly resistive. A surface re-
sistivity value of about 250 ohm-m is representative of the
relatively clay-rich overburden at the western boundary of
the esker, while very high resistivities of 10 000 to 50 000
ohm-m are found at sites on the esker.

ELECTRICAL RESISTIVITY OF
SURFICIAL DEPOSITS

In our previous report (llkisik et al. 1982), we presented
the results of laboratory measurements on the electrical
properties of clays. This work has been extended to in-
clude laboratory and in situ measurements of all overbur-
den components (clay, silt, sand, and till). The purpose of
these measurements was to characterize the “typical” re-
sistivities and the frequency dependence of resistivity for
the overburden components. The clays, being the most
conductive overburden component of the Abitibi clay
belt, have been given the most attention in our work,
since they provide the greatest hindrance in the useful
application of electromagnetic exploration techniques.

The surface expression of the surficiai deposits has
been well mapped in the Abitibi clay belt by the Ontario
Geological Survey (Northern Ontario Engineering Geol-
ogy Terrain Study); however, the vertical electrical sec-
tion of the overburden can be quite complicated. The gla-
ciolacustrine deposits of the Abitibi clay belt were formed
in proglacial Lake Abitibi-Ojibway and consist of horizon-
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tally stratified sand, silt, and clay layers. The clay and siit
layers are commonly varved, showing a seasonal deposi-
tion pattern. In the northern part of the region around
Cochrane, the clays are covered by a clayey to silty till
acquired during a local readvance of an ice lobe. The
varved clays in other areas may be masked by sand
plains from outwash deposits or derived from eskers. In
some areas, the clays lie in pockets or channels between
bedrock outcrops.

The esker ridges which are composed principally of
sands and gravels can extend through the complete ver-
tical section of the glaciolacustrine plain and may have,
at their margins, lacustrine clay and silt lenses interfinger-
ing with their sands and gravels.

The depth to bedrock and the thickness of the clay
layers within the overburden are quite variable. In the
Timmins area, a seismic survey (Killeen and Hobson
1974) has shown that the bedrock togography buried be-
neath the clay cover is quite rugged with variations of 40
m in 1 km (with an average overburden thickness of 30
m). In fact, the overburden can be quite variable in thick-
ness. Drilling results and exposures for areas of glaciola-
custrine plain in the Abitibi clay belt indicate that the clay
layer thickness within the overburden is quite variable
with 30 m being a typical value (Averill and Thompson
~1981; Hughes 1961; Desaulniers 1982).

RESISTIVITY MEASUREMENTS

Samples to be used for the resistivity measurements were
collected from gravel pits, road cuts, and from exposures
along rivers. The procedure used in collecting the sam-
ples and the technique for measuring the complex resis-
tivities in the frequency range 5 Hz to 1 MHz are dis-
cussed in llikisik et al. (1982). The complex resistivities
were measured at a current density of .1 A/m. The sand
(>45 um), siit (4 wm - 45 um), and clay (>4 um) size
fractions were determined by sieving and sedimentation
analysis.

A summary of the complex resistivity measurements
and grain size analysis for samples from the Matheson,
Larder Lake, and Englehart areas is given in Table 3. The
percent frequency effect (PFE) observed is generally
small but significant for some samples.

The 50 Hz resistivities for all the samples are shown
in Figure 9 along with their clay contents. For samples
from the Larder Lake dump site, it can be seen that the
silt (silt loam) sampies with low clay content have high re-
sistivities that are on the order of 120 to 140 ohm-m,
whereas the clays have resistivities of 30 to 60 ohm-m.
These silt samples are from a varved layer in which the
clay content increases from bottom to top. When one in-
cludes samples from other areas, then even the silt sam-
ples have resistivites of the same order as the clay sam-
ples. This variability is probably related to the change in
pore water resistivity for different environments. For sam-
ples from the same environment, one would expect that
the clay samples would have lower resistivities, as seen
for the Larder Lake dump site samples. in general, the
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TABLE 3 CLAY SILT AND SAND FRACTIONS
DETERMINED BY SIEVING AND
SEDIMENTATION ANALYSIS, THE RESISTIVITY
AT 50 Hz, AND THE PERCENT FREQUENCY
EFFECT (PFE). CLAY FRACTION < 4 um, SILT
FRACTION FROM 4 um TO 45 wm, AND SAND >
45 pm. PFE = (py va— Ao ve)/ P ra X 100.

Sample Clay Siit Sand Soil Class Resistivity PFE
[ Site - 2 (ohw-a)
81-2 |} 87.6 10.9 1.5 clay 25 «67
81-3 M 79.4 14,3 6.3 clay 35 1.0
81-4 N 93.8 6.1 .1 clay 17 4.2
81-5 M 80.7 19.2 .l clay 13 1.7
81-7 M 81.1 17.6 1.3 clay 30 2.0
81-8 L 55.5 40.8 3.7 silty clay 31 <9
81-11 L 77 16 7 clay 37 b
81-12 L 80.1 16.3 3.6 clay 32 1.0
81-13 L 66.4 25.9 1.7 clay 31 1.9
81-14 L 78.4 21.0 -6 clay 3l 1.4
81-15 L 59.2 38.9 1.9 clay 41 2.4
81-16 L 44.9 S5l.4 3.7 silty clay 37 o5
81-17 L 54.5 42.0 3.5 silty clay 53 .l
81-18 L 13.3 66.7 20.0 silt loam 125 .9
81-19 L 14.5 66.35 19.0 silt loam 132 2.0
81-21 L 59.1  39.1 1.8 clay 33 .7
81-22 L 73.9 23.9 2.2 clay 32 -0.2
81-23 L 74,3  25.4 3 clay 7 o5
81-24 L 62.2 32.9 4.9 clay 30 .l
81-25 L 49.9 45.6 4.5 etlty clay 58 .l
81-29 L 9.2 62.6 28.2 silt loam 137 l.4
81-30 E 62.0 37.4 6 clay 23 1.0
8i-31 & 21.8 25.6 52.6 loam 33 .8
81-32 & 13.6 3.6 52.8 sandy loam 36 1.3
61-33 =& 75.5 16.0 8.5 clay 15 -0.3
81-35 & 26.9 66.1 7.0 silt loam L} o3
81-36 I 26.0 67.5 6.5 silt loams 24 1.2
81-39 & 14,2 42.3 14, loam 173 3.8
81-40 l4.1 29.6 56.3 sandy loam 125 3.0

L - Larder Lake dump site
M - Mathesou area
R - Eaglehart area

measurements show that the silts are more likely to have
higher resistivities than the clays and tend to have a
larger variability.

The average resistivity at 50 Hz for the different soil
classes at the sites studied was 24 ohm-m for clays (16
samples), 45 ohm-m for silty clay (4 samples), and 87
ohm-m for loams (9 samples of loam, sandy loam, and silt
loam). In situ measurements at 1.1 Hz using a small Wen-
ner array with a = .5 m where it was possible and a = .05
m for thin layers gave an average resistivity for clays and
silty clays of 59 ohm-m (21 sites) and 3700 ohm-m for
sands (9 sites). AMT surveys which we have carried out
in these same areas typically give resistivities of 20 to 50
ohm-m for the conductive clay layer.

In general, the soil samples have resistivities that are
relatively independent of frequency from 5 Hz to 1 MHz
and have a small phase. For a few samples, the complex
resistivity was also measured in the range .01 Hz to § Hz
(Figure 10). At frequencies less than 5 Hz, the resistivity
was also relatively independent of frequency with small
phase. Sample 81-13 is typical of the clays measured in
that the phase and PFE are small. Sample 81-4 has an
unusual frequency dependence in that the phase angle is
positive at the lowest frequencies and the magnitude in-
creases with frequency at the lowest frequencies. Nega-
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tive PFE values similar to that observed in this sample
have been reported previously (Roy and Elliot 1980) for
clay soils with clay content greater than 90%. The silty
clays that we have measured, typified by sample 18-16,
have small phase and PFE. The loams have a relatively
large PFE and phase as shown by sample 81-40. Only 1
peat sample (81-1), which has a significant phase and
PFE, has been measured. From the work that we have
completed, there is an indication that there may be signif-
icant differences in the frequency response for different
soil classes. In addition, we have observed that there is
considerable variation in frequency response within each
soil class.

The principle clay minerals contained in the clay size
fraction for samples 81-3, 81-4, and 81-13 are chiorite
(40%) and illite (30%). These clay minerals are typical for
immature glaciolacustrine clays.

CONCLUSIONS

The results reported here show the effectiveness of the
AMT technique for mapping of conductivity structure in
the Precambrian bedrock in glacial drift areas.

In Moody Township near Lake Abitibi, steeply dip-
ping metasediments show a strong anisotropy even when
covered by conductive clay-rich drift. A conductive frac-
ture zone with an east-west strike was detected within the
metavolcanics at station A-15.

200 - Y 1
= o -
’E +-| arder Loke Site
| o-Other Sites 4
L 150
5 | e .
> 100 -
E )
3 N
*
o S0 + " .
a 0 2
a 0 o Yo o
- o} 0 o -
0o o
0 | 1 ]
0 25 50 75 100

Percent Clay

Figure 9. The magnitude of the resistivity at 50 Hz is piot-
ted as a function of the sample clay content
(<4um). The Larder Lake samples were col-
lected from different depths within 1 varved clay
layer.
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At the Night Hawk Lake geophysical test site, the ap-
parent resistivity at high frequencies clearly illustrates
clay-rich overburden along the western side of the grid
area. The apparent resistivity maps for lower frequencies
and the Bostick resistivity map for a 200 m depth shows
the known graphitic conductor with an east-west strike.
The detailed pseudosections, Bostick resistivity cross-
sections, and 2-dimension model calculation suggest
that there is a "Y"-shaped broad body with a limited
depth extent and that the northern and southern edges of
the conductor are at about 100 N and 200 S.

One-dimensional inversion of AMT data in the north-
ern part of the grid and the results of Schiumberger resis-
tivity measurements indicate a 90 to 120 m thick overbur-
den with 30 m of clay-rich material at the western side of
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Figure 10. The typical frequency dependence of the
phase and magnitude (normalized to the resis-
tivity at 5 Hz) of the complex resistivity of soil
samples from the Abitibi belt are shown. The
individual data points of which there are 10 per
decade in frequency have been joined with
straight line segments. The numbers given on
the plots are for identification purposes: 1 Clay
(varved), Larder Lake (81-13); 2 - Clay, Mathe-
son (81-4); 3 - Silty Clay, Larder Lake (81-16);
4 - Sandy loam, Englehart (81-40); § - Peat,
Matheson (81-1). Resistivities (ohm-m) at 5 Hz:
1-32 ohm-m; 2- 16 ohm-m; 3 - 37 ohm-m; 4 -
129 ohm-m; 5 - 28 ohm-m.
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the grid. Beneath the overburden, the resistivity is in the
range of 15 000 to 60 000 ohm-m.

QOur study and Singular Value Decomposition analy-
sis of typical models show that the most important and
hence best predicted model parameter is total conduc-
tance of the glacial material. The low resistivity zones,
fauits, or anisotropy in the bedrock are also detectable,
since the AMT technique is very sensitive to lateral resis-
tivity variations.

Previous studies af the Abitibi Clay Belt have demon-
strated that one can expect to have complicated electri-
cal sections for the overburden. In our work we have ob-
tained “typical” resistivities, from laboratory and in situ
measurements, for the different units within the overbur-
den, and have shown that, while in general the frequency
dependence of the resistivity is small, there is a signifi-
cant percent frequency effect (PFE) and phase observed
in some of the samples.
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(Received August 15, 1983)

In the summer of 1981, a scalar audio-magnetotelluric survey was completed
in four locations in Northern Ontario. Apparent resistivities, for frequencies from
13 Hz to 8,570 Hz, were measured at 101 stations.

A survey in Moody Township near Lake Abitibi clearly outlines the clay
properties and thickness, and also shows that, at the lower frequencies, we are
able 10 map the electrical resistivity of the basement beneath the clay and/or
esker cover. Over a region, tentatively identified as metasediments, the bedrock
is seen to be strongly anisotropic, reflecting anisotropy of the sediments themselves.

In a second region, Marter Township near Engelhart, two survey profiles
mapped a region of thickening clay-rich overburden as well as located high
resistivities over a large esker. These profiles were taken in an area where the
overburden had been drilled in a program of the Ontario Geological Survey.
Our results can be interpreted to be in general agreement. A similar example
reported from eastern Manitoba shows that the near-surface apparent resistivity
is typically as low as 10 ohm-m reflecting the conducting clay. The resistivity
then rises sharply to values of 1,000 ohm-m to 10,000 ohm-m reflecting the
Precambrian bedrock.

Surveys in Bowman Township near Matheson, were conducted on a two-
dimensional grid and the data consistently show the presence of four layers,
a thin resistive surface layer a few meters thick, followed by a very conductive
layer of clay. Bedrock is at a depth of 50-100 m and is very resistive. This
survey gives a map of the resistivity and the thickness of the clay-rich
glaciolacustrine sediments and clearly outlines near surface features such
as an esker.

In addition to the AMT survey, we have collected clay samples from
sites in Larder Lake and in Marter Township to study their electrical
properties. Laboratory measurements show that in the Kirkland Lake
area, the clays have resistivities on the order of 20 ohm-m in agreement
with the high frequency AMT data over clay-rich overburden.

*Now at Veritas, Calgary, Alberta.
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1. Intr_oduction

Natural fields in the audio-frequency band (10-10* Hz) are due to
thunderstorm energy propagating in the earth-ionosphere cavity. They occur more
or less worldwide and propagate around the world. CAGNIARD (1953) showed
how natural electromagnetic fluctuations could be used as sources for probing
the electrical structure of the earth. At one particular frequency, the apparent
resistivity (p.) is defined using the relationship

_L(EY
pn-w” H

Instrumentation to operate in the audio-frequency range (10-10*° Hz) was
first described by STRANGWAY and VozorF (1969) and by STRANGWAY ef al.(1973).
This instrumentation has since been improved and in the recent past several surveys
have been conducted in various parts of North America (STRANGWAY er al., 1980,
in press). Although the scalar audio-magnetotelluric method is best suited to the
areas where the geology is reasonably isotropic, it has been used as a recon-
naissance technique to locate anomalies and for quantitative interpretation if the
region is laterally uniform.

In the surveys reported here an 82 m dipole was employed for measuring
the electric field. The magnetic field was mecasured with two induction coils,
one optimized for the low frequency range and the other optimized for the high
frequency range. We measured the magnitude of the apparent resistivities at the
discrete frequencies of 13, 22, 36, 83, 140, 210, 473, 858, 2140, 5050 and 8570
Hz. Two orthogonal data sets at each site were measured to search for lateral
anisotropies. NS and EW data sets have the electric dipole laid out in north-
south and east-west orientation respectively and the magnetic coils lined up perpen-
dicular to these dipole orientations.

The errors in apparent resistivity measurements for real field data determin-
ed from tests of repeatability are of the order of 30-40%. In this survey
anomalously low apparent resistivities associated with low source signal levels
were sometimes found at 2,140 and 5,050 Hz and were removed or remeasured.

The purpose of these studies was to conduct surface electromagnetic mapp-
ing in selected positions in the clay belts of the Canadian Shield where a large
proportion of the interesting volcanic belts are mantled by glaciolacustrine deposits.
The main purpose was to characterize the electrical structure of the extensive
clay-covered area, the electrical properties of the clay itself, and to test the capabili-
ty of penetrating through this conductive top layer in order to identify anomalies
beneath.

A schematic geoelectrical section which is typical of many parts of the survey
area is given in Fig.1. Near surface layers are highly conductive, and mask the

electric field in volts/m

magnetic field in ampere-turns/m
angular frequency (2nf)
magnetic permeability

®ETM
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Fig. 1. Geoelectrical model for typical Precambrian terrain.

subsurface due to the presence of glacial clays or water-filled pore spaces in
sandy overburden. The Precambrian bedrock has very high and relatively uniform
resistivities. Faulting and fracturing in some regions could cause many lateral
variations. In addition to ours, most studies (KRYZAN and STRANGWAY, 1977)
suggest that when depths of 15 to 20 kilometers are reached, the resistivity may
drop to lower values.

STRANGWAY e! al., 1980, report a similar survey on conductive clay-rich over-
burden and precambrian Shield rocks at the Whiteshell Nuclear reactor site in
eastern Manitoba, blanketed by about 10 m of clay left by glacial Lake Agassiz
(Fig. 2a). The lacustrine clay unit thickens towards the west. A pseudosection
in TM mode along L.4N from the area illustrates near surface apparent resistivi-
ty as low as 10 ohm-m, reflecting the presence of conducting clay (Fig. 2b).
The resistivity then rises sharply to values of 1,000 ohm-m to 10,000 ohm-m,
reflecting the bedrock a few tens of metres down. It has been possible to see
through the conducting blanket to the resistive bedrock, but only dimly.

Even a thin layer of clay affects the ability to penetrate to great depths,
and restricts us to mapping the clay resistivity and thickness and the upper few
kilometres of bedrock. There are many other causes of local resistivity variations
near the surface which make deep interpretations difficult (KAUFMAN and KELLER,
1981).

Our work in Northern Ontario concentrated in Bowman Township near
Matheson, in Moody Township near Lake Abitibi and in Marter Township near
Engelhart (Fig. 3). We have used the audio-magnetotelluric method in each of
these regions and have been able to map the thickness of clay-rich overburden
and to unambiguously determine some of the characteristics of the underlying
bedrock.

Additionally, we have collected 42 clay $amples from sites in Larder Lake
and in Marter Township to study the electrical properties and their frequency
dependence.

We report now on the results of our individual surveys in the presence of
highly conductive near-surface layers.
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2. General Geology

2.1 Surficial Geology

The clay belts are an important subdivision of the Canadian Shield
physiographic province and record the site of glacial Lake Barlow-Ojibway. A
surficial geology map is shown in Fig. 3. Glacial Lake Barlow-Ojibway, a major
proglacial body of meltwater, covered the area during part of the Wisconsin
recession. The Matheson till (see Table 1) is the lowermost unit known in the
area and consists of sandy boulder till with minor gravel lying directly on bedrock
of Precambrian age. It occurs as an almost continuous sheet except for local
discontinuities around bedrock hills. Glaciofluvial deposits lie on the Matheson
till or directly on bedrock. They are confined mainly to broad north-trending
esker ridges and broad sand and gravel plains. The most extensitve deposits of
Lake Barlow-Ojibway are the varved calys and silts which occur as plains and
as an interconnected network surrounding bedrock outcrops. In general, the lower
part of the Barlow-Ojibway formation consists of bedded silt and the upper part
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Fig. 3. Geographic location and simplied surficial geology map (modified from ROED and HALLETT,
1979; LEE, 1979a, b).

of laminated clay. Shoré¢ and nearshore deposits ranging from fine sand to gravel
and boulders form the uppermost part of this formation. Clay and till
glaciolacustrine sediments cover the northern part of the research area which
is known as the Cochrane Formation. The youngest unit of Wisconsin age con-
sists of organic deposits which contain shell, marl and peat (HUGHES, 1961).

2.2 Bedrock geology

The bedrock geology maps in the areas studied are given in Figs. 4a—c (see
Table 2 for legend). The oldest rocks in the Superior Province, where most of
our survey area is located, are volcanic and sedimentary rocks of Archean age.
These rocks were formed in a number of easterly trending eugeosynclines that
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Table 1. Wisconsin deposits in study area (after AveriLL and Trompsox, 1981 ; HUGHES, 1961).

Organic deposit

~—Shell, marl. peat
Cochrane formation

—Clay till, glaciolacustrine sediments
Barlow-Ojibway formation

—Silt, sand

—Varved clay, massive clay (megavarve)
Glaciofluvial deposits

—Sand, gravel, esker
Matheson Formation

—Sandy boulder till, gravel

Table 2. Table of lithologic units for the study areas in northern Ontario (after PYKE, AYRES and INNEs,
1973)

Period Short Description Unit No.!'*!
Phanerozoic
Paleozoic
Silurian Limestone, sandstone, shale ......c.cccceeveeiiniimieninienrnnnane. 18
Ordovician Shale, IMESIONE ....o.oenieiaiiiiiiiirneecrerccreccnaeeraeaneans 17
Precambrian
Late Precambrian
Mafic Intr. R. Diabase: diKes ....cocuvrieveiiiiniiiiirnieiireerreececterrarereanas 16

Middle Precambrian

Alkalic Intr. R. Syenite, nepheline, syenite ............cceeeenn.
Mafic Intr. R. Diabase, granophyre, sheets and dikes
Huronian Lorrain form., quartzite, arkose...............
. Gowganda form., arkose, greywacke......cccceevuiiniincaninnnnne

Early Precambrian

Mafic Intr. R. Diabase: dikes ........ccoeeuiriniieiiiniinacinnns

Felsic Intr. R. Granodiorite, qz. monzonite, pegmatite
- Syenite, feldspar Porphyry .......ccceeeeviiernnirinnicrnininnninnnn.

Metamorphosed

Ultramafic R. Gabbro, diorite, lamporphre ........ccociimiieiiininniiiniiinninae
. : Peridotite, dunite, serpentinite ........cceecevmeeirieneniiiiinnnnn.

Metasediments Conglomerate, greywacke .......cccceuieiiiiniieieeiarneiieeieaanns
- Greywacke, siltstone, argillite

Mectavolcanics Trachyte, flows, tuff, breccia ......cocoviveiinniiiiiiiiiinieninn..
. Serpentinized peridotite lOwWS .........cocovemriveiiennireiieniinnnen.
" Pyroclastic rocks (Rhyolitic, dacitic)
. Basaltic and andesitic flows, tuffs .............

*TThe letter “G™ preceding rock unit no. on the maps indicates interpretation from geophysical data
in drift covered areas. ’
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Fig. 4. Bedrock geology maps (after PYKE, AYRES, and INNES, 1973) and the locations of AMT
sounding sites: a. Profile A in Moody Township; b. Profiles B and C in Marter Township;
c. Grid E in Matheson Township. Legend given in Table 2. The letter ‘G preceding rock
unit no. indicates interpretation from geophysical data.

were possibly of different ages and tectonically independent. Early Precambrian
mafic metavolcanics (1b, Ic) occur with an easterly trending strike. Basic lava
flows are massive or exhibit flow structures such as pillow selvedges with minor
related phases of breccias and basic tuff. The lavas are conformably overlain
by sediments (5) composed of greywacke and argillite. They are overlain uncon-
formably by thinly bedded alternations of greywacke, and shale of various types
with a few beds of quartzites and conglomerate of variable thickness at or near
the base. The Archean rocks are folded along an easterly trending axis. These
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folds appear to be modified in places by crossfolds of various orientations, and
are cut by several easterly trending faults and some younger faults trend nor-
thwest, north-northwest, and northeast. The youngest rocks of Early Precam-
brian age are felsic intrusives (9, 10c) that are primarily granitic and syenitic
in composition. The Huronian supergroup of Middle Precambrian age is a se-
quence of sedimentary and volcanic rocks of Aphebian age that lies unconfor-
mably on the Archean, which is deeply eroded and has a rugged topography.

3. Interpretation

AMT data interpretation consists of two main stages, the first is a general
qualitative overview of the data obtained. This is usually done in the field. It
is convenient to represent the measurements on a log pg-logf scale. By polynomial
fitting, we can reject poor measurements. The pseudosections based on the
polynomial fits provide a rough idea of the two-dimensional distribution of
resistivity. Contour maps of the apparent resistivity as measured at each frequen-
cy are a particularly useful way of displaying the anomalies of the region.

The second stage is the fitting of a layered earth model at each station by
one-dimensional inversion methods. We have been using a nonlinear, least-squares
estimation method (MARQUARDT, 1963; Hsu, 1981) to invert AMT data.

Another simple form of presentation for AMT data in the depth domain
is the Bostick transformation (Bostick, 1977). The result is an approximate depth-
resistivity cross section which contains information on the quality of data and
the homogeneity of the subsurface. The application of this transformation, as
well as the inversion method to invert the data, saves labor, time and money
and provides the maximum use of the data. _

In stratified environments, one-dimensional modelling along a survey line
is generally adequate; however, apparent resistivities are influenced by lateral
conductivity changes, particularly at low frequencies. In such a case layered model
interpretations would be in error (KRYzaN and STRANGWAY, 1977). For mapp-
ing purposes, one-dimensional interpretation for stations distributed on a grid
is necessary in order to get a plan view of any three-dimensional structures present.

3.1 Moody Township (Profile A)

Profile A is north-south, roughly parallel to an esker ridge. Field data are
given in Fig. 5. The ground moraine in this area is essentially of till and clay.
The geologic strike in the bedrock is approximately perpendicular to the profile.
The southern part of Profile A shows a very strong anisotropy. This anisotropic
behaviour of resistivity curves is typical for sites A-1 through A-9 on metasediments
and metamorphosed ultramafic rocks (G5 and G7 respectively in Fig. 4a). This
phenomenon occurs without exception in the low frequency range. The resistivites
of the metasediments measured in EW orientation tend to be more conductive
than when measured in the NS orientation. We assume that this phenomenon
is associated with fracturing in steeply dipping metasediments. The presence of
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Fig. 5. AMT sounding curves of Profile A where circles are NS orientation and stars are EW
orientation data.

foliation in anisotropically distributed minerals such as biotite or water in crack
systems which may be parallel to the fabric could play a crucial role.

The north part (north of site A-9) of Profile A lies on metavolcanic rocks.
The field data for both NS and EW orientations are very similar at sites A-10,
A-11, A-12 and A-13. The fitted models using the one-dimensional inversion
technique for these isotropic resistivity curves suggest that there is about 50 meters
of overburden with a resistivity of around 70 ohm-m. A second layer about
100 meters thick with resistivity around 2,400 ohm-m lies beneath. Although
there is no outcrop in the area, one possible explanation of this layer is a frac-
tured or weathered uppermost part of the Precambrian bedrock. The underlying
Precambrian metavolcanics have resistivity values in the range from 10,000 to
50,000 ohm-m.

There is a low resistivity zone around station A-15. In addition, A-14 shows
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strong anisotropy. This suggests a conductive fracture zone within the
metavolcanics with a preferred EW direction at station A-15.

3.2 Marter Township (Profiles B and C)

The sounding curves of Profiles B and C in Marter Township all show a
general similarity in both the NS and EW orientations. The overall similarity
of sounding indicates that the basement volcanics and overburden are both
homogeneous in the area. Only Wisconsin deposits are present as glacial over-
burden. Profile B crosses the south end of the Munro esker east of site B-6.
This is a major feature that can be traced northward 200 miles to James Bay.
An almost true depth-resistivity cross-section compilied using the Bostick transfor-
mation method is given in Fig. 6. Cross-sections which are based on NS and
EW orientated data correlate well. Together with one-dimensional inversion fits
along Profile B, these data reveal that the sand and gravel in this area is up
to 100 meters thick. Its resistivity ranges from 800 to 3,000 ohm-m. The bedrock
generally has a layer several hundred meters thick, of medium resistivity which
overlies a highly resistive unfractured section of bedrock with resistivities up to
100,000 ohm-m. There may be minor clay beds beneath the very thick sand and
gravel in the eastern part of the profile.

The pseudosections of Profile C in Fig. 7a for each orientation are similar
to that for Profile B, implying that there is no major lateral variation. The high
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Fig. 6. Bostick resistivity cross-sections along Profile B.
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frequency readings are around 100 ohm-m, or less. The pseudosections and residual
plots of Profile C reveal that the apparent resistivities are continuously decreas-
ing southwesterly. This implies either that the thickness of the overburden is
increasing, or that the top conductive layer resistivity is decreasing. The cross-
section shown in Fig. 7b was obtained by a one-dimensional interpretation at

each site and reveals a basin structure corresponding to that detected by drilling .

(AverRILL and THOMSON, 1981). The basin has its edge at the northeast end of
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the line near site C-8. The model suggests that there is a 50 meter thick over-
burden at the southwest end of the survey line near site C-1 and that the thickness
decreases northeasterly to about 30 meters at site C-5. The bedrock resistivity,
from the model, is about 20,000 - 60,000 ohm-m throughout the survey line.

3.3 Bowman Township (Grid survey E)

In Bowman Township, the main features of the surficial geology are a clay-
covered plain, eskers and bedrock outcrops (Fig. 8b). Each unit shows different
electrical characteristics. The three subdivisions are clearly outlined on contour
maps of apparent resistivities in Figs. 8a and 8c. A contour map of the resistivity
at 8,570 Hz (Fig. 8a) which generally reflects the surficial geology, shows a highly
conductive clay-covered plain in the northwestern part of the area with resistivities
less than 100 ohm-m. Drill results near to the west border of our grid area gives
40 meters overburden with approximately 15 meters of clay in it (BRERETON and

"ELsON, 1979). A high resistivity region lies in the southwestern part with

resistivities higher than 3,000 ohm-m and reflects bedrock outcrops. The esker
material with the resistivities of about 200 to 1,000 ohm-m appears on the eastern
side of the previously mentioned two regions.

The contour maps at lower frequencies such as the map of 36 Hz (Fig.
8c) shows roughly the same pattern as that of 8,570 Hz, indicating that they
are affected by the surface material.

The averaged apparent resistivity pseudosections for 3 Profiles F, G and
H are given in Fig. 8d. Sounding curves on the northwest segment of the map
and the pseudosection for line G, show a typical two-layer structure, an extreme-
ly conductive layer on top of an extremely resistive half space. High frequency
readings of 20-30 ohm-m reflect the top conductive clay-rich overburden. The
similarity of two sets of data for NS and EW orientation indicates the homogeneity
in the glaciolacustrine plain. Anisotropy generally appears at esker sites, for ex-
ample E-37 on Profile F and E-24 and E-25 at the south. Apparent resistivities
at high frequencies are mostly around 100-300 ohm-m, then rise to around
10,000 ohm-m at some sites. Strong anisotropy was observed at sites near bedrock
outcrops. High apparent resistivities in the 10,000 ohm-m range were obtained
at high frequencies indicating the thin overburden and the very resistive bedrock.

The averaged data from two orientations was employed to determine a best
estimate of the electrical structure at each site. This is a good approach to inter-
preting data from areas covered by glaciolacustrine deposits because of the ob-
vious one-dimensionality shown on the two sets of data. The top two layers,
with resistivities of 10 to 40 ohm-m and thicknesses in the 20-100 meter range
are due to the very conductive clay-containing overburden. Our field observa-
tions and laboratory tests show that the variation of resistivities appear to be
due to varying compositions of the overburden. It varies from a sand, boulder-
rich more resistive unit to a very conductive clay unit. The third highly resistive
layer at 20-100 meters beneach the surface is associated with bedrock having
a resistivity value in the 10,000-50,000 ohm-m range. For those sites on esker
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and those near bedrock outcrop, one-dimensional interpretation may be risky
and misleading when strong anisotropy exists. The determination of the top layer
resistivity is reliable, due to the general agreement of high frequency data in
both directions.

Three sets of block maps, surface resistivity, bedrock topography, bedrock
resistivity and a contour map of bedrock topography were created by using the
appropriate model parameters of the one-dimensional interpretation (Figs. 9a-
d). Those sites with an apparent resistivity difference for the two orientations
at 83 Hz of more than a factor of 5§ were left out due to the unsuitability for
one-dimensional modelling. The real surface resistivity map (Fig. 9b) which is
similar to the 8,570 Hz apparent resistivity contour map (Fig. 8a) reflect the
resistivity variation of the surface material (compare Fig. 8b) in the top few
tens of meters. The three types of material (clay, sand and bedrock) with their
characteristic resistivities are clearly outlined. The bedrock topography map was
created by contouring the thickness of the top one or two conductive layers,
representing the thickness of overburden from a one-dimensional interpretation.
The maps show a bedrock valley running northwest-southeasterly with bedrock
100 meters beneath the surface near site E-4, E-5, E-8 and E-9. Another bedrock
topographic low at the southeastern corner of the area is near sites E-35, E-36
and E-42. The bedrock resistivity map indicates that the resistivities of bedrock
in this area are extremely high, in the range of 10,000 to 100,000 ohm-m. The
lateral variation is not significant. Comparing the bedrock resistivity map (Fig.
9a) with the bedrock geology map (Fig. 4c), the felsic metavolcanics (2a) in this
area tend to be more resistive than the intermediate and mafic metavolcanics
(Ic). The felsic metavolcanics with a resistivity high, run roughly east-west in
the north-central part of the area. The instrustives in the south (10b, 9) have
a resistivity of around 10,000 ohm-m and are homogeneous in the area we sampled.

4. Electrical Properties of Clay

In applying EM exploration techniques, in regions where there is an exten-
sive clay cover, it is important to have a good understanding of the electrical
properties of the clays. The clays are the most conductive component of the
overburden, with the exception of saline alluvium, which occurs in desert areas.
In the Kirkland lake area, the clays have resistivities on the order of 20 ohm-m,
whereas the sands, gravels and tills have resistivities in the range of 100 to 1000
ohm-m. The clay is the most important component of the overburden, in terms
of limiting the depth of exploration of EM methods.

Samples were collected from 9 sites in gravel pits, road cuts and exposures
along rivers near Larder Lake, Matheson and Engelhart. In collecting the samples,
an attempt was made to preserve the samples in their original state. The surface
material was removed to expose fresh undisturbed clay. Samples were obtained
by pressing a plastic tube (1 inch diameter by 1 inch length) into the face of
the clay. The sample was then placed in a plastic bag that was heat-sealed later
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in the day. The purpose of the heat scaling was to preserve the original moisture
content of the sample.

The complex resistivity was measured over the frequency range 5§ Hz to |
MHz. The samples were encapsulated during the measurement process to prevent
them from drying. All the measurements wre carried out using the HP4192A
impedance analyzer. Four terminal measurements were made between 5 Hz and
10 KHz, and above 10 KHz a two terminal technique, employing platinum elec-
trodes, was used.

The soils show only a small frequency dependence in their resistivities. The
typical frequency dependence of the phase and magnitude of the complex resistivity
for different soil types is shown in Fig. 10. The particular clay sample (1) shown
had a clay content of 66% and its clay minerals are principally chlorite (40%)
and illite (30%). The average resistivities at 50 Hz for the different soil types
at the sites studied was 24 ohm-m for clays (16 samples), 45 ohm-m for silty
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Fig. 10. The typical dependence of the phase and magnitude of the complex resistivity of soil samples
from Northern Ontario are shown. The individual data points, of which there are ten per decade
in frequency, have been joined with straight line segments. The numbers given on the individual
plots are for identification purposes: 1 - Clay (varved), Larder Lake; 2 - Sandy-loam,
Engelhart; 3 - Silt-loam (varved), Larder Lake; 4 ~ Peat, Matheson.
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clay (4 samples), and 87 ohm-m for loams (9 samples of loam, sandy loam and
silt loam).

5. Conclusions

In many parts of the Canadian Shield there are extensive near surface clay
deposits left behind by glacial lakes. This clay-rich overburden is conductive relative
to the bedrock, but varies from place to place. There are also many highly resistive
eskers in the area which provide electrical sounding windows into the bedrock.
Using the AMT method, it is possible to locate large, uniform regions with high
resistivities to provide the most useful sites for deep sounding techniques.

Moody Township near Lake Abitibi, a region believed to be underlain by
metasediments, shows a strong and uniform electrical anisotropy. It is thus possible
to map out steeply dipping metasediments, even when they are not exposed.

Good correlation with known surficial geology in Marter Township near
Engelhart in Northern Ontario (and at the Whiteshell Nuclear Reactor site in
Eastern Manitoba) was obtained when estimating the resistivity and thickness
of the clay-rich overburden. It is possible to sound through conductive over-
burden, although it is difficult to sort out the lateral variation in the bedrock
from those within the conductive clay unit.

Maps produced by using the grid survey data in Bowman Township near
Matheson show a conductive region in the northwestern part of the area (clay-
rich overburden). There is a high resistivity region in the southwestern part of
the area (bedrock outcrop) and an intermediate resistivity region is located on
the eastern side of the two regions (esker). Bedrock valleys in the northwestern
part of the area could be detected at depths of 50-100 m. The resistivity of
the Precambrian bedrock is typically 10,000 ohm-m to 100,000 ohm-m. High
frequency data give resistivities of 20~30 ohm-m over the clay-rich overburden.
These values are in general agreement with resistivities measured on clay samples.
The resistivity value of the clay itself seems fairly uniform in regions ranging
from Lake Abitibi to Engelhart.

Depending on the changes in the clay content and pore water, the resistivity
of the overburden may vary rapidly laterally and make the deep sounding results
ambiguous. Hence a better understanding of the electrical properties of clay,
sand, silt and loam is useful.

We found the audiomagnetotelluric method (AMT) is very useful as a map-
ping device in Precambrian terrains. Pseudosections and Bostick resistivity cross-
sections provide a better understanding of two-dimensional structures in the survey
area. Since the technique has the capacity for very high lateral resolution and
greater depth penetration when compared to controlled source electromagnetic
techniques, the measured and/or inverted maps on a grid outline contacts, faults,
graphitic or sulphide zones with high precision.

This project was supported by the Ontario Geological Survey of the Ministry of
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Natural Resources and the laboratory by the Natural Sciences and Engineering Research
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ABSTRACT

In conjunction with our appli-
cation of audio frequency mag-
netotellurics to electromagnetic
mapping in northern Ontario,
we have carried out measure-
ments on the electrical resistiv-
ity of the surficial deposits
(clays, silts, and sands). The
conductive clays of the Abitibi
clay belt, which are quite ex-
tensive in our study area, are
known to be a serious impedi-
ment to the application of EM
techniques in this important
mining region. '

The glaciolacustrine clays,
silts and sands generally form
a8 horizontally stratified sec-
tion. Overburden thicknesses
of 50 m and clay layer thic-
knesses of 30 m are not un-
common. We have character-
ized the ‘typical’ low frequency
resistivities of the clays, silts,
and sands and measured the
frequency dependence of their
resistivity in the range of 0.01
Hz to 1 MHz. We have deter-
mined the sand, silt and clay
size fractions for these sam-
ples. The average DC (low fre-
quency) resistivities are: clays
(22 samples) 23 ohm metres,
silts (13 samples) 72 ohm
metres and sands 1000-5000
ohm metres (in situ measure-
ments). In situ DC resistivity
measurements using a Wenner
array with a spacing of 0.5 m
give consistently higher re-
sistivities than laboratory mea-
surements on samples from
the same locations. We believe
that this difference is due to
both cracks in the near surface
soil and to differences between
the horizontal and vertical re-
sistivity of the soil.

In general the samples
show only a small frequency
dependence in their resistivity
in contrast with previous mea-

surements on clays. The fre-
quency effect between 5 and
gg o;?z is typically less than

INTRODUCTION

In the previous summaries of
our research we have reported
on the results of audio fre-
quency magnetotelluric (AMT)
surveys. The principal aim of
these surveys has been to ap-
ply the AMT technique to
mapping the electrical struc-
ture of the basement buried
beneath thick conductive over-
burden. In this report we will
discuss laboratory and in situ
measurements of the resistivity
of the overburden components
and their relationship to the
electrical structure of the over-
burden.

The area in which we have
concentrated our study encom-
passes a large part of the Ab-
itibi clay belt shown in Figure
1. The conductive clays of the
clay belt (lacustrine deposits)
are a serious impediment to
the application of electromag-
netic (EM) techniques in this
area and a better understand-
ing of these conductive sur-
ficial deposits will be useful in
the interpretation of EM data.
There were two main goals in
our work. One was to char-
acterize the ‘typical’ resistivit-
ies of the different overburden
components, that is clays, silts,
and sands, and from this to
derive a typical electrical sec-
tion. The other was to study
the frequency dependence of
the resistivity. We have con-
centrated most of our work on
characterizing the clays and
silts since they are the most
conductive overburden compo-
nent.

OVERBURDEN DEPTHS
AND STRATIGRAPHY

For the purpose of identifying
‘typical’ overburden depths
and clay thicknesses we have
reviewed the available litera-
ture on the survey area. In the
Abitibi  clay beit, the
glaciolacustrine clays, silts and
sands which were deposited in
proglacial Lake Barlow-
Ojibway generally form a hori-
zontally stratified section. The
clays and silts are commonly
varved showing a pattern of
seasonal deposition. In the
northern part of the region ar-
ound Cochrane, clayey and sil-
ty tills cover the clays. These
were deposited during a local
re-advance of the ice sheet. In
other areas it is possible for
the clays to be masked by
sands from. outwash deposits
or from eskers. Clay pockets in
buried bedrock valleys and be-
tween bedrock outcrops are
probably quite common.

The surficial material and
landforms have been mapped
at a scale of 1:100,000 for the
Ontario Geological Survey
(Gartner et al. 1979). There is
also a series of drift thickness
maps (Baker 1979) published
by Ontario Geological Survey
in which the data have been
obtained from assessment files
(Assessment Files Research
Office. Ontario Geological Sur-
vey, Toronto). The drift thick-
ness maps presently available
cover the area (region A in
Figure 1) near Kirkland Lake.
The distribution of overburden
thicknesses for data taken
from these maps is shown in
Figure 2. For each of the 221
locations, we have taken the
maximum depth for all drill
holes near that location. The
purpose of this approach was
to emphasize the deepest re-
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gions at each locality. These
results are probably still biased
towards thinner overburden
than is typical for the area
since drilling prospects are
more likelv to be in areas of
thinner overburden. It is clear
that in this area overburden
depths of greater than 50 m
are not uncommon. There was
one hole drilled in Gauthier
Township with a depth to bed-
rock of 242 m. A sampling of
assessment files from the rest
of the area (region B) show
that depths of 30 m are com-
mon.

It is the clay and silt with-
in the overburden that pre-
dominate in limiting the depth
of penetration for EM meth-
ods. Figure 1 shows typical
clay and silt layer thicknesses.
These data, which are taken
from available literature, were
obtained from drill holes and
exposures. For example, near
Frederick House, 93 holes

were drilled giving an average
clay thickness of 35 m. A re-
verse circulation drilling pro-
gram carried out by Averill
and Thompson (1981) for the
Ontario  Geological - Survey
south of Kirkland Lake (region
C), where there are numerous
bedrock outcrops, found a
maximum overburden thick-
ness of 73 m and maximum
clay layer thickness of 58 m.
The overburden sections ob-
served in the holes in this re-
gion show that the overburden
stratigraphy is quite variable.
The clay and silt layers are of-
ten buried under varying thic-
knesses of sand. For this area
in general, seismic data and
drilling results show that there
can often be significant bed-
rock relief. Thus conductive
clay-filled channels and valleys
may be common.

RESISTIVITY
MEASUREMENT
TECHNIQUE

Samples for the resistivity
measurements were collected
from gravel pits, road cuts and
exposures along rivers at the
sample sites shown in Figure
I. When collecting the sam-
ples, surface material was re-
moved to expose unweathered
and undisturbed clay. Samples
were obtained by pressing a
l-inch plastic tube into the
face of the clay. The samples
were from homogeneous units
so that even a small sample
was representative of the
whole unit. The samples were
collected in an orientation that
allowed the horizontal resistiv-
ity to be measured. They were
also heat-sealed in plastic bags
to preserve their original mois-
ture content.

The magnitude and phase
of the resistivity was measured
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over the frequency range of 5
Hz to 1 MHz. Some measure-
ments were also carried out in
the range 0.01 Hz to 1 MHz.
The Hewlett-Packard HP4192a
impedance analyzer was used
in these measurements for fre-
quencies above 5 Hz. Four
electrode measurements, using
separate current and potential
electrodes, were made from 5
Hz to 10 kHz. Above 10 kHz, a
four terminal and two elec-
trode technique was used.
Platinum mesh was used for
the current electrodes and
platinum wire for the potential
electrodes. A current density
of approximately 0.1 A/m?
was used for all measure-
ments.

We have chosen to classify
our samples according to the
fraction of sand (>45 um), silt
(4 um to 45 um) and clay (<4
xm) size particles they contain.
This grain size analysis was
done by using standard tech-
niques of sieving and sedimen-
tation analysis. The sand size
fraction is obtained by wet
sieving the sample through a
45 um sieve. The sample con-
taining the remaining silt and
clay fraction is dispersed in a
column of distilled water con-
taining a dispersant (Calgon).

The mixtwure is allowed to set--

tle until all particles with grain
sizes greater than 4 um have
settled. The supernatent is de-
canted and the amount of clay
in the decanted liquid is deter-
mined by evaporating the lig-
uid in an oven and weighing
the sediment. Corrections are
made for the amount of dis-
persant in the sediment. This
sedimentation process is re-
peated three times to remove
all of the clay size fraction.
The remaining sediment, in
the cylinder at the end of this
process, is dried to determine
the silt content.

The clay size fraction typi-
cally contains 70% clay min-
erals. From X-ray diffraction
analyses of a few of the clays
it was determined that the
principal clay minerals were
chlorite (40%) and illite (30%).
When reference is made to the
amount of sand, silt or clay,
we are referring to the grain
size and not to the mineralogy
of the sample.

LOW FREQUENCY
RESISTIVITY
MEASUREMENTS

The results of the low frequen-
¢y (50 Hz) or DC resistivity
measurements are shown in
Figure 3. One measurement
per site has been plotted from
the widely scattered localities
shown on Figure i. The pre-
sentation of the results as both
conductivities and resistivities
allows details in the data to be
seen at both low and high clay
contents. The trend of increas-
ing conductivity with increas-
ing clay content along with a
considerable degree of scatter
for a fixed clay content is evi-
dent, This scatter is controlled
primarily by the different pore
water conductivities and for-
mation factors for samples
from different environments.
In Figure 4 the distribution
of resistivities for silts and
clays are given. For the pur-
poses of presenting the data,
the samples have been divided
into three classes. Clavs con-
tain more than 35% clay (clay
size fraction), silts have less
than 35% clay and less than
70% sand. The resistivities of
the clays are tightly grouped
with an average of 23 ohm
metres, whereas the resistivit-
ies of the silts are more vari-
able. AMT surveys that we
have carried out typically gave
20-50 ohm metres for the most
conductive layers in the over-

burden section, which are pre-
sumably clays.

A relatively simple model
has been given by Shainberg et
al. (1980) to explain the depen-
dence of the DC or low fre-
quency conductivity (¢) of soils
on pore water conductivity and
surface conductivity. In this
electrical model, two conduc-
tive paths in parallel are used
to describe conduction in a
soil. One conduction path is
through the pores assuming
the matrix is an insulator. The
other path consists of surface
conduction through the ex-
changeable cations on the sur-
face of the clay particles in se-
ries with a conduction path
through the pore water be-
tween the soil particles.

o =g F! + 0,0, (Ko, + a.)"
where: o,' = u.Co(6F)"

#+ - Mobility of specific cation
in diffuse double layer
(cm.sec.V'.m")

C - Cation exchange capacity
(meq/g)

p - Soil density (g/cm’)

0 - Porosity

0. - Conductivity of pore water
(mS/cm)

g, - Apparent surface
conductivity (mS/cm)

F - Formation factor

K - Function of fractional
length of solid phase (K x 0.3)

In Figure § the dependence
of soil conductivity on pore
water conductivity is shown
for two soil samples. The plot
shown is based on the above
model fitted to measured val-
ues which are essentially
equivalent. One would expect
the varved clays to show a
similar dependence on pore
water conductivity but to be
more consolidated and thus
have higher formation factors
than observed in these soils.
We measured a pore water
conductivity of 0.13 S/m on
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one of our clay samples (62%
clay, 34% silt and 4% sand).

The Shainberg model im-
plies that the scatter in the ob-
served conductivity for a fixed
clay content must be related to
different pore water conductiv-
ities, formation factors and ca-
tion exchange capacities
(related not to clay content but
to different clay mineralogy
and ionic species) for samples
from different environments.
The clays in the region are
from a common source and
were deposited in the same en-
vironment (i.e. Lake Barlow-
Ojibway); therefore it is likely
that the clay mineralogy is the
same for all samples. Thus the
scatter is related to different
pore water conductivities and
formation factors. Our mea-
surements on the resistivities
of the soil samples from the
region are considered to be
typical. Deviations from the
typical values can be predicted
by using the Shainberg model.

SURFACE EM MAPPING IN N. ONTARIO

Using the drill hole logs
from the overburden drilling
program south of Kirkland
Lake and using our laboratory
resistivity measurements on
silts, clays and sands and a
reascnable estimate for the
tills. one can estimate overbur-
den conductances for this area
(Figure 6). These results show
that conductances of 1 to 2 sie-
mens are not uncommon for
the area. There have been re-
ports of some overburden in
the Abitibi region containing
salt water which would clearly
make a significant difference
in the resistivities. Marine
clays in the Hawkesbury area
of Ontario have resistivities of
2 ohm metres (Dyck 1974)
compared with the average of
23 ohm metres we have seen
in the Abitibi clay belt.

We have also carried out
in situ resistivity measure-

.ments using a Wenner array

with a spacing of 0.5 m. The
comparison between our labo-

ratory measurements and
these in situ measurements are
shown in Figure 7a. The lab-
oratory measurements are con-
sistently lower than the in situ
measurements by approxi-
mately a factor of 2. We be-
lieve that this difference is due
to cracks in the near surface
soil which would increase the
resistivity on the large scale
and to differences between the
horizontal and vertical resistiv-
ity of the soil. Measurements
on varved clays in this area by
Chan and Kenny (1973) indi-
cate that horizontal and verti-
cal hydraulic conductivities
can be different by up to a
factor of §, which would in-
dicate that there could be simi-
lar differences in resistivity. A
similar difference between lab-

‘oratory and in situ measure-

ments is shown in Figure 7b
for samples taken through an
exposed 2 m thick varved clay
layer.
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RESISTIVITY FREQUENCY
DEPENDENCE

We have also measured the
frequency dependence of the
complex resistivity of labora-
tory samples. Laboratory mea-
surements on the frequency
dependence of the resistivity of
kaolinite, illite and silty clay
by Mehran and Arulanandan
(1977) show a significant fre-
quency dependence in the
range 50 Hz to 100 kHz. Their
measurements show that the
magnitude of the resistivity
dispersion increases with de-
creasing water content, electro-
lyte concentration and cation
exchange capacity. Their mea-
surements on silty clay gave a
frequency effect of 17% be-
tween 100 Hz and 1 kHz. The
dispersions that they observed

are much larger than anything
we have seen, our largest being
4% between 5 Hz and 50 Hz
(Figure 9). In general, these
samples show little dispersion
in their resistivity as can be
seen in Figure 8. Although, as
we have reported previously
(Strangway er gl. 1983), one of
our samples showed a curious
negative percent frequency ef-
fect (PFE) and positive phase
angle, )

For the purpose of compar-
ing directly the resistivity dis-
persion observed in our sam-
ples with the results of Meh-
ran and Arulanandan (1977),
we homo-ionized one of our
samples with Na* and com-
pared the result with another
sample from the same loca-
tion. The sample was homo-
ionized (all exchangeable ca-
tions replaced with Na*) by

treating with 1 mol Na(l solu-
tion, followed by leaching with
distilled water and then treat-
ment with 0.01 mol NaCl so-
lution. The frequency depen-
dence (Figure 10) is similar to
that of the untreated sample.
The untreated sample has a
small dispersion (negative
phase peak and decreasing re-
sistivity) at low {frequencies
that is not present in the treat-
ed sample. The treated sample
has a higher phase response at
the highest frequencies but
this is simply a result of it
having a lower DC resistivity.
The frequency effect (between
50 Hz and 100 kHz) in the
treated sample is 6% which is
quite small compared with
25% obtained by Mehran and
Arulanandan (1977) for an il-
lite clay.
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CONCLUSIONS

These resistivity measurements
should be useful in predicting
a typical electrical section for
the overburden in this region.
Our measurements show that
the clays have typical re-
sistivities of 20 ohm metres
and silts typically 70 ohm
metres. The relationship be-
tween the in situ and labora-
tory measurements will require
more investigation to provide a
satisfactory explanation for
the differences observed. In
general, the frequency depen-
dence of the clays appears to
be small and of little signifi-
cance to most EM techniques.
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