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I. INTRODUCTION

The measurement of terrain resistivity to map geology has been
utilized for over half a century. Several shortcomings, however,
have prevented this technique from being widely accepted for en-
gineering purposes. The first of these is that conventional galvanic
resistivity surveys require a relatively large amount of manpower to
execute and are thus expensive. Secondly, the actual value of resis-
tivity itself is seldom diagnostic; it is the lateral or vertical variations
of resistivity which form the basis of any interpretation. However
the high cost of resistivity surveying generally means that fewer
measurements are made than would be desirable, with the result
that either (i) the survey area is not made large enough to establish a
reasonable background against which the anomalous areas are to be
delineated or (ii) the anomalous area itself is obscure and lacks
definition.

An additional problem inherent to conventional resistivity tech-
niques is that although the effective depth of exploration is deter-
mined by the selected inter-electrode spacing, resistive in-
homogeneities which are small compared to this depth but which are
located near the potential electrodes can cause a significant error in
the measurement. Such fluctuations in the measured results are
truly geological **noise’’ becduse it is not possible to determine the
physical size, resistivity contrast, or location of the source. As a
result of such inhomogeneities resistivity profiles carried out at
constant interelectrode spacing tend to be noisy, limiting the resol-
ution in resistivity that can be achieved, even though the in-
strumentation itself is capable of producing much higher accuracy.

It was an awareness of both the advantages of resistivity for
engineering geophysical surveys and the disadvantages of conven-
tional resistivity techniques that led Geonics Limited to examine the
possibility of employing electromagnetic (inductive) techniques as
an alternative for resistivity surveys. With the development of the
EM31 and the EM34-3 itis now possible to map terrain conductivity
virtually as fast as the operator(s) can walk; furthermore the sample
volume is averaged in such a manner as to yield unexcelled resolu-
tion in conductivity.

These patented instruments have been designed to cover the
range of depths generally useful for engineering geophysics; the
EM31, one-man portable, has an effective depth of approximately 6
meters and the EM34-3, two-man portable, has stepwise selectable
depths from 7.5 meters to a maximum of 60 meters.

Typical applications for the EM31 and EM34-3 instrumentation
are:

(1) Delineating regions of permafrost (frozen pore water)

(1) Locating gravel

(iii) Extending known gravel deposits
(iv) Mapping saline intrusions
(v) Detecting cavities in carbonate rocks
(vi) Mapping pollution plumes in groundwater
(vii) Mapped bedrock topography
(viii) Mapping terrain conductivity for electrical grounding
(ix) General geological mapping (soil types. fault and fracture
zones, etc.)
(x) Archaeological exploration
(xi) Locating pipes (EM31) and metallic-type conductors

This technical note describes both the principles and the in-
strumentation employed to measure terrain conductivity using
electromagnetic techniques at low induction numbers. For a de-
lailed discussion of the concept of terrain resistivity/conductivity
and of the various factors that control this parameter the reader is
referred to Geonics Limited Technical Note **Electrical Conduc-
tivity of Soils and Rocks™".

II. PRINCIPLE OF OPERATION

The application of electromagnetic techniques to the measure-
ment of terrain resistivity, or more properly, conductivity* is not

*Conductivity is preferred with inductive techniques since the response is
generally proportional to conductivity and inversely proportional to resis-
tivity.
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FIGURE 1. Induced current flow (homogeneous halfspace).

new and excellent descriptions of this technique are given in the
literature [1], [2].

Consider Figure 1 in which a transmitter coil Tx energized with an
alternating current at an audio frequency, is placed on the earth
(assumed uniform) and a receiver coil Rx is located a short distance
s away. The time-varying magnetic field arising from the alternating
current in the transmitter coil induces very small currents in the
earth. These currents generate a secondary magnetic field Hs which
is sensed, together with the primary field, H,, by the receiver coil.

In general this secondary magnetic field is a complicated function
of the intercoil spacing s, the operating frequency, f, and the ground
conductivity o. Under certain constraints, technically defined as
‘‘operation at low values of induction number” (and discussed in
detail in the appendix) the secondary magnetic field is a very simpie
function of these variables. These constraints are incorporated in
the design of the EM31 and EM34-3 whence the secondary magnetic
field is shown to be:

H, iwp, as?
H, =~ 4

P

(¢

where H, = secondary magnetic field at the receiver coil

H, = primary magnetic field at the receiver coil
w = 2af
f = frequency (Hz)

u, = permeability of free space
¢ = ground conductivity (mho/m)
s = i\r}te_rgoil spacing (m)

-1

The ratio of the secondary to the primary magnetic field is now
linearly proportional to the terrain conductivity, a fact which makes
it possible to construct a direct-reading, linear terrain conductivity
meter by simply measuring this ratio. Given H¢/H, the apparent
conductivity indicated by the instrument is defined from equation

(1)as
4 H
% = wposz (ﬁi)

P

(2

The MKS units of conductivity are the mho (Siemen) per meter or,
more conveniently, the millimho per meter.

III. INSTRUMENTATION

The EM31 (shown in Figure 2) has an intercoil spacing of 3.7
meters, which yields an effective depth of exploration of about 6
meters. The instrument can also be operated on its side, in which
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FiGure 2. EM31 in field operation.

case as will be seen in Section I V.. the effective depth of exploration
is reduced to approximately 3 meters. The instrument is one-man
portable and can be used either in “‘station-by-station”™ mode or
read continuously. The presence of layering in the earth can be
detected by raising the instrument and noting the readings as a
function of instrument height. If the earth is two-layered the con-
ductivity of both layers and the upper layer thickness can be
resolved.

The EM34-3 which is two-man portable has the two coils flexibly
connected (Figure 3). The intercoil spacing is measured electroni-
cally so that the receiver operator simply reads a meter to accurately
set the coils to the correct spacing. which can be 10. 20, or 40 meters
s0 as to directly vary the effective depth of exploration as shown in
Table 1.

FIGURE 3. EM34-3 in field operation.

TasLe 1. Exploration depths for EM34-3 at various intercoil
spacings

Exploration Depth (meters)

Intercoil Spacing - Verti I[-' _]_'
ertical Dipoles

Horizontal Dipoles

(meters)
10 7:5 15
20 5 30
40 30

60

To measure terrain conductivity the transmitter operator stops at
the measurement station; the receiver operator moves the receiver
coil backwards or forwards until his meter indicates correctintercoil
spacing and he reads the terrain conductivity from a second meter.
The procedure takes 10 to 20 seconds. The coils are normally
carried with their planes vertical (horizontal dipole mode) since in
this configuration the measurement is relatively insensitive to mis-
alignment of the coils. In the event that the greater depth of penetra-
tion resulting when the two coils are in the vertical dipole mode is
desired, more care must be taken with intercoil alignment. Because
of the relatively short intercoil spacing correct alignment is usually
not difficult to achieve.

Both instruments are calibrated to read terrain conductivity in
millimhos per meter. To convert these readings to resistivity (in
ohmmeters) one simply divides them into 1,000, i.e. 50 millimhos
per meter is the equivalent of 20 ohmmeters.

IV. SURVEY TECHNIQUES AND INTERPRETATION

For either the EM31 or EM34-3 it can be shown that in a homo-
geneous or horizontally stratified earth the current flow is entirely
horizontal. Furthermore under the constraints by which the instru-
ments are designed the current flow at any point in the ground is
independent of the current flow at any other point since the magnetic
coupling between all current loops is negligible. Finally, under these
constraints the depth of penetration is limited only by the intercoil
spacing. We say that the depth of penetration is *‘source’ or
“‘geometry’’ limited rather than **skin depth™ limited since itis now
controlled by the fall-off with distance of the dipolar transmitter
field. For this reason all dimensions are normalized with respect to
the intercoil spacing in subsequent sections of this technical note.

IV. 1. Instrumental Response as a Function of Depth (Homogeneous
Halfspace) .

Consider a homogeneous halfspace on the surface of which is
located an EM31 or an EM34-3 transmitter as shown in Figure 4.
Fixing our attention on a thin layer of thickness dz at depth z (where
z is the depth divided by the intercoil spacing s) it is possible to
calculate the secondary magnetic field in the receiver coil arising
from all of the current low within this or any other horizontal thin
layer. One can thus construct the function ¢(z) shown in Figure 4
which describes the relative contribution to the secondary magnetic
field arising from a thin layer at any depth z. We see from this figure
that material located at a depth of approximately 0.4 s gives maxi-
mum contribution to the secondary magnetic field but that material
at a depth of 1.5s still contributes significantly. It is interesting to
note that the ground at zero depth, i.e. the near surface material,
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FIGURE 4. Relative response versus depth for vertical dipoles. ¢,(z) is the
relative contribution to H, from material in a thin layer dz located at (nor-
malized) depth z.



Figure 5. Relative response versus depth for horizontal dipoles

makes a very small contribution to the secondary magnetic field and
therefore this coil configuration is insensitive to changes in near
surface conductivity.

Figure S illustrates the function of Figure 4 for the case of both
transmitter and receiver dipoles horizontal coplanar rather than
vertical coplanar. For the coil configuration of Figure 5 (commonly
used for the EM34-3 since it is less critical to intercoil alignment) the
relative contribution from material near-surface is large and the
response falls off monotonically with depth.

A comparison of the function ¢ for both coil configurations in
Figure 6 emphasizes the different manner in which they respond to
material at different depths. The difference is important since either
instrument can be rolled over so that the vertical dipole transmit-
ter/receiver geometry becomes a horizontal dipole transmitter/re-
ceiver geomeltry and vice versa. As will be seen later, this feature is
useful in diagnosing and defining a layered earth. The figure also
shows that for regions greater than one intercoil spacing in depth the
vertical transmitter/receiver dipole gives approximately twice the
relative contribution of the horizontal transmitter/receiver dipole.

To summarize, with either horizontal or vertical transmitter/re-
ceiver dipole orientation it is possible to construct a function which
gives the relative response to the secondary magnetic field at the
receiver from a thin layer of ground at any depth. That this is
possible arises from the fact that (i) all current flow is horizontal and
{i1) all current loops are independent of all other current loops. It
should be noted that it is not possible to construct such functions for
conventional resistivity techniques.

Finally, since as shown in Section Il the definition of apparent
conductivity is given in terms of the secondary magnetic field at the
receiver, the functions in Figure 6 also give the relative contribution
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FIGURE 6. Comparison of relative responses for vertical and horizontal
dipoles.

from material at different depths to the apparent conductivity indi-
cated by the instrument meter. The integral of either function from
zero to infinity gives the total secondary magnetic field at the re-
ceiver coil from a homogeneous halfspace which is directly related
to the electrical conductivity of the halfspace by equation (1). It is
therefore possible to state with great precision the relative influence
of material at different depths to the indicated apparent conductiv-
ity.

IV. 2. Multi-Layered Earth Response

The functions shown in Figure 6 are useful for describing the
relative sensitivity of either of the two coil configurations to material
at various depths. However a function derived from them is more
useful for performing calculations. It is defined as the relative con-
tribution to the secondary magnetic field or apparent conductivity
from all material below a depth z and is given by

Ry(z) = ’ $y(z)dz (3)

H z

Called the cumulative response, this function is illustrated in
Figure 7 for vertical coplanar transmitter/receiver dipoles. The
figure shows, for example, that for this configuration all material
below a depth of two intercoil spacings yields a relative contribution
of approximately 0.25 (i.e. 25%) to the secondary magnetic field at
the receiver coil.

Suppose now that our homogeneous halfspace has a conductivity
of 20 millimhos per meter (50 ohmmeters). The equipment having
been calibrated according to equation (2), the output meter indicates
20 millimhos per meter. From Figure 7 we observed that the material
below two intercoil spacings contributed 25% to the secondary
magnetic field and therefore 25% to the indicated meter reading.
Suppose that we replace this deep material with an infinitely resis-
tive (zero conductivity) substance. Since we have reduced to zero
the 25% that this material contributed to the meter reading the new
reading will be 75% of 20, or 15 millimhos per meter. Conversely, if
we leave all of the material below two intercoil spacings at 20

R, (z)
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FIGURE 7. Cumulative response versus depth for vertical dipoles. Ry(z)
is the relative contribution to H, from all material below a (normalized)
depth z.
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FiGure 8. Two layer earth model.

millimhos per meter but make all material above two intercoil spac-
ings infinitely resistive the meter reading will fall from the original 20
millimhos per meter for the homogeneous half space to 5 millimhos
per meter, since, if all of the material below two intercoil spacings
contributed 25% of the meter reading, all of the material above two
intercoil spacings must contribute 75%; when removed the meter
reading becomes 0.25 % 20 or 5 millimhos per meter.

From this example we see that there is a simple way to calculate
the instrument reading on an arbitrarily layered earth as long as the
intercoil spacing is much less than the skin depth in all of the layers.
We simply add the contribution from each layer independently,
weighted according to its conductivity and depth according to Fig-
ure 7. For example assume that we have a two-layer case as shown
in Figure 8. The contribution from the upper layer is given by

0u = o[l = Ry(2)]

since all of the material below zero depth yields a relative contribu-
tion of unity or 100% to the meter reading. Conversely all of the
material in the lower layer adds a contribution given by

(4a)

(4b)

g, = oZRV(Z)

and the actual instrument reading will therefore be the sum of these
two quantities

0, = o1[1 — Ry(2)] + o2R\(2) (5)

If the earth is three-layered as shown in Figure 9 the same proce-

dure is employed to determine the instrumental response. In this

example the calculations are performed for different middle layer
thicknesses.

]
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! Rx
0, = 20mS/m {, z,= 0'5
2 z,= 10, I'5
0,= 2mS/m
g, = 20mS/m
0. = 0,[1-R(z))] + 0:[R(2) - R(2,)] + 0y R(z;)
2,=10, 0 = 20[1-0-70] + 2[0-70-0-44] +20X 044 =153 mmho/m

z,=1'5, 0, = 20[1-0-70] +2 [0-70-0'32] + 20X 032 = 13:2 mmho/m

FiGURE 9. Calculation of response to three layer earth — center layer thick-
ness varying.

The ease with whi_ia such calculations are performed facilitates
survey preparation and interpretation. It is sometimes possible to
make advance estimates of the electrical properties of the materials
to be encountered during a survey or, alternatively, once on-site the
operator can obtain the same information from sample measure-
ments of the different materials. The procedures outlined above are
then employed to estimate the apparent conductivity measured
under various terrain conditions. Examples of such calculations for
the EM31 are shown in Figure 10. As is seen in the appendix the
algebraic expressions for ¢(z) and R(z) are very simple and are
easily programmed on hand held calculators.

In Figure 10 the vertical dimensions are greatly exaggerated with
respect to the horizontal dimensions. The question arises as to what
degree of lateral uniformity is required before the earth can be
considered as horizontally stratified or homogeneous. Survey ex-
perience indicates that if the ground conductivity does not
significantly vary with horizontal distance within a radius of one
intercoil spacing from the instrument the ground can be considered
to be laterally uniform.

The above discussion referred to the use of vertical transmit-
ter/receiver dipoles; it is equally possible to construct a cumulative
response function for the horizontal coplanar dipole configuration
and Figure 11 illustrates this function for both coil configurations. A
comparison of the two curves illustrates that the vertical dipole
mode of operation has approximately twice the effective explora-
tion depth of the horizontal dipole mode.

IV. 3. Comparison with Conventional Resistivity Techniques

Many readers will be familiar with the two-layer curves employed
to interpret data from conventional resistivity surveys using a Wen-
ner array of four equally spaced electrodes. Using the techniques
described in the previous section it is a simple matter to calculate
two-layer curves for the electromagnetic technique; Figure 12
shows such curves for both the vertical and horizontal dipole
configurations superimposed on standard Wenner curves. The gen-
eral shape is similar but there are marked differences in detail. For
vertical coplanar transmitter/receiver dipoles we see that when the
substrate is the more resistive the response of the two systems is
similar; however when the substrate is the more conductive the
electromagnetic technique sees deeper in that the influence of the
substrate, for a given conductivity contrast, is felt at smaller inter-
coil spacing than inter-electrode spacing. This is a general charac-
teristic of electromagnetic systems which prefer to look through an
insulator to a conductor rather than through a conducter to an
insulator.

For the horizontal dipole configuration if the lower layer is the
more resistive the effective exploration depth of the inductive tech-
nique is slightly less than the Wenner array; however, once again, in
the case where the lower layer is the more conductive the explora-
tion depth of the inductive technique is substantially greater.

IV. 4. Resolution of Two-Layered Earth by Varying Intercoil
Spacing

The principal advantage of the inductive electromagnetic tech-
nique over conventional resistivity lies in the speed and accuracy
with which lateral changes of terrain conductivity can be measured.
However this technique can also be used to measure the vertical
variation of conductivity by expanding the intercoil spacing in a
manner analogous to that in which the electrode spacing is expanded
in conventional resistivity sounding techniques. The current state-
of-the-art, however, is such that relatively few intercoil spacings
can be employed; for example the EM34-3 can be operated with an
intercoil spacing of 10, 20 or 40 meters. This feature is somewhat
mitigated by the fact that the instruments can be used in either the
vertical or horizontal dipole modes which. as shown in a previous
section, exhibit different sensitivity to various depths thus yielding
more information than would be available by simply using three
spacings with one coil orientation.

To interpret a two-layer geometry the two-layer curves for both
dipole configurations are superimposed on a common plot as shown
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FIGURE 10. EM31 calculated response across various geological features,
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Ficure 11. Cumulative response versus depth for vertical and horizontal
dipoles.
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FiGUure 12. Comparison of Wenner array and inductive electromagnetic
sounding curves for a two layer earth.
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spacing varied). Dots indicate typical survey results.



in Figure 13. The six data points obtained by making measurements
with two coil orientations and three intercoil spacings are plotted to
the same scale on a piece of transpuarent paper and are translated
vertically and horizontally on the two-layer curves to ascertain
whethera satisfactory fit can be achieved. In the event that such a fit
can be made. the earth does exhibit two-layer characteristics and
the values of conductivity for both layers and the thickness of the
upper layer are directly read olf.

IV. 5. Resolution of Two-Layered Earth by Varving Instrument
Height

In the case of the EM31 the intercoil spacing is rigidly fixed so that
the technique described above is not available to analyse a layered
earth. It is. however. possible to raise the instrument above the
ground. measuring the apparent conductivity as a function of in-
strument height for both the vertical and horizontal dipole configu-
rations. This has the effect of shifting the response curves of Figure
6 upwards through the various regions of the earth and the variation
of apparent conductivity with height is therefore of diagnostic value
in determining the nature of any layering. 1t is a straightforward
matter to calculate the response of the instrument as a function of
height for various two-layered earth geometries and typical curves
are shown in Figure 14b. To use the curves one simply plots the
measured apparent conductivity versus height for both coil configu-
rations on a piece of transparent paper to the same scale as Figure
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FIGURE 14. Two layer earth response curves (o, /o, = 1, 10, 100: instrument
height varied). Dots are actual survey results.
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14b and shifts the plotted data vertically until good agreement is
achieved with one of the curves, whereupon the two conductivities
and the upper layer thickness are immediately determined s in the
illustrated case history of Figure l4c.

In the event that the conductivity of either one of the two layers is
known 1o be much less than the other. so that its contribution to the
meter reading is negligible. it is simply necessary to lay the instru-
ment on the ground. take a reading. lay it on its side. take a second
reading. and from these two values one can immediately calculate
the conductivity of the more conductive layer and the thickness of
the upper layer. N

V. ADVANTAGES AND DISADVANTAGES OF INDUCTIVE
TERRAIN CONDUCTIVITY MEASUREMENTS

V. 1. Advantages
The advantages of the use of inductive electromagnetic tech-
niques to measure terrain conductivity are as follows:

(1) Excellent resolution in conductivity. 1t was stated in Section |
that a problem with conventional resistivity was that the pres-
ence of localized resistivity inhomogeneities near the potential
electrodes caused large errors. If we examine the current flow
in a homogeneous halfspace for the inductive technique de-
scribed herein we realize that in the vicinity of the transmitter
the current density is very high and we might expect the pres-
ence of u conductive inhomogeneity located here to have a large
effect. However where the current density is high, the radius of
the current loops is small and their distance from the receiver
coil large. so that these loops do not couple well magnetically
with the receiver. The effect of changing this current by varying
the local conductivity is consequently negligible. The lateral
extent of the volume of earth whose conductivity is sensed by
the inductive technique is approximately the same as the verti-
cal depth. The result is that small changes in conductivity. for
example of the order of 5% or 10%. are easily and accurately
measured.

No current injection problems. Since currents are magnetically
induced in the earth. current injection problems encountered
with conventional resistivity in materials such as gravel, bed-
rock. permafrost. snow and ice. etc.. are not encountered with
this type of instrumentation.

(iii) Simple mudti-lavered earth calculations. This matter is dealt
with at length in Section I'V.

Easy. rapid measurements. A problem with the conventional
Wenner array is that in order to survey to an effective depth 4
the array must be 3a in length and the total length of wire
required 4a. used in four sections. This presents many oppor-
tunities for snagging and breaking the wire. Furthermore each
measurement requires insertion of four electrodes and rela-
tively careful measurement of the inter-electrode spacing.
These features are avoided with the inductive electromagnetic
techniques and it is no exaggeration to say that a survey can
often be carried out five to ten times faster using this technique.
Indeed with either the EM31 or the EM34-3 itis usually possible
under average terrain conditions to survey 5 to 7 line-
kilometers a day with a station spacing of 25 or 50 meters.

(ii)

(iv)

V. 2. Disadvantages

As with all geophysical instruments. there are some limitations
and disadvantages to the use of inductive electromagnetic tech-
niques and these are as follows:

(i) Limited dvnamic range (1 — 1000 mmhos per meter). At low
values of terrain conductivity it becomes difficult to magneti-
cally induce sufficient current in the ground to produce a de-
tectable magnetic field at the receiver coil. Conversely at high
values of conductivity the quadrature component of the re-
ceived magnetic field is no longer linearly proportional to ter-
rain conductivity as is shown in the appendix.

Setting and maintaining the instrument zero. ldeally in order to
set the zero the instrument would be suspended in free space

(i)



and the zero set there. The more acceptable alternative is to
search out a region of very resistive ground, to accurately
measure its conductivity using conventional techniques, and to
set the instrumental zero at that location. This is the procedure
which is actually followed.

It is necessary that this zero be accurately maintained over
long periods of time and over the wide variations of tempera-
ture encountered during geophysical survey in various parts of
the world. This produces tight constraints on the circuitry, with
the result that the zero may be in error by up to 0.2 mmhos per
meter. Such an error would be negligible over the usual range of
terrain conductivities; however in the event that measurements
are being made on highly resistive ground the zero error can
become significant.

(it1) Limited Vertical Sounding Capability. In theory itis possible to
use a system such as the EM34-3 at a continuum of intercoil
spacings to yield more information about electrical layering in
the ground. To achieve a wide variety of inter-electrode spac-
ings with conventional resistivity equipment is simple; in the
case of the inductive electromagnetic technique the rapid fall-
off of the magnetic field from the dipole transmitter introduces a
serious dynamic range problem. In due course there will un-
doubtedly be instrumentation with a wider variety of spacings
at the expense of additional complexity.

VI. CASE HISTORIES

This section describes several case histories obtained with the
EM31 and the EM34. The surveys (i) illustrate the resolution in
conductivity that can be achieved, (ii) compare the results obtained
with conventional resistivity and (iii) illustrate the use of the latter
for locating sand. gravel and conductive minerals, determining bed-
rock topography (including locating a buried river channel) and
mapping the pollution plume from a land-fill site. In some cases the
indicated conductivity has been converted to resistivity to facilitate
comparison with conventional resistivity survey results.

Case History #1

Location: Mississauga, Ontario
Instrument: EM31
Application: Illustrates resolution and repeatability of EM31

For this case history a Rustrak chart recorder was used to monitor
the output of an EM31. A line of length 200 meters was traversed ina
field in both easterly and westerly directions. Figure 15 demon-
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FIGURE 16. Test survey line = Heart Lake, Ont.

strates that the instrument is resolving conductivity changes of less
than 1 mmho/m (1% of full scale deflection) and that the repeatabil-
ity is of the same order. In fact the repeatability is limited in this case
by the resolving power of the chart recorder itself. It should fur-
thermore be noted that the instrument is detecting spatial changes in
conductivity of a few meters in length — compatible with the inter-
coil spacing of 3.7 meters.

Case History #2
Location: Hearth Lake, Ontario
Instruments: EM31

Conventional resistivity apparatus
Application: Location of sand/gravel

Comparison of EM31 and conventional resistivity

In this survey a line 1900 ft. (580 meters) in length was surveyed
with a measurement interval of 100 ft. (30 meters). The survey area
was generally located on a buried esker, howeverthe last few survey
stations, 17 + 00 to 19 + 00, traversed a region of exposed sand and
gravel (often occurring in the form of concretions) and over this
portion of the line measurements were made every 10 ft. (3.0 met-
ers).

The conventional resistivity profile was carried out using a Wen-
ner array with an a spacing of 20 ft. (6.1 meters) except between
stations 17 + 00 and 19 + 00 where the a spacing was reduced to 1 ft.
(0.30 meters).

In general the correlation between the two sets of data is excel-
lent, and demonstrates the ability of the EM31 to generate good
quantitative dataeven in regions of low conductivity. Over the esker
the EM31 was actually read continuously down the line — the data
was recorded only at the 100 ft. intervals, with the exception of the
reading at station 7 + 50 which was also recorded since it was noted
that a conductivity low occurred there. Such an anomaly was, of
course, missed by the conventional resistivity where measurements
were only made every 100 ft.

Both sets of data become rather erratic between stations 17 + 00
and 19 + 00 as a result of the very rapid lateral changes in resistivity
arising from the concreted material referred to above.

Case History #3

Location:
Instrument:

Cavendish, Ontario.
EM3I

N Locati alli
Application: ocation of metallic type conductors

This survey line, of length 2000 ft. (610 meters), is located at a site
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FiGure 17. Geologic map of the Cavendish test site and the grid of traverse
lines used in geophysical studies (after Ward et al [3]).
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FiGure 18. EM31 survey of Cavendish test range Line "C’.

in Ontario which is often used by Canadian instrumentation man-
ufacturers to test new electromagnetic geophysical equipment. The
survey. along line C, illustrates response from both the swamp and
the two zones of metallic mineralization. Although measurements
were only taken every 50 ft. (15 meters) both zones are well de-
lineated and when such high responses are encountered localization
to within a few meters is quickly and easily carried out.

Inasmuch as the EM31 and EM34-3 were designed to map terrain
conductivity at the conductivity levels encountered in typical soils
both instruments are extremely sensitive electromagnetic detec-
tors. For example on the most sensitive scale, full scale deflection
for the EM31 is 800 ppm of the primary magnetic field and for the
EM34-3 it is 3800 ppm. Such sensitivity makes either instrument
useful for detecting metallic type conductors at what are very low
conductivity levels by normal standards.

Case History #4

Location:
Instruments:
Application:

Mississauga, Ontario
EM31, EM34
Determination of bedrock topography

Total line length for this survey was 8400 ft. (2600 meters) and
measurements were made every 100 ft. (30 meters) with both the
EM31 and the EM34 - an earlier version of the EM34-3 which had
two intercoil spacings vis. 100 ft. (30 meters) and 50 ft. (15 meters).
The survey was performed to outline the cross-sectional profile of a
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FiGure 19. EM31 and EM34 survey line over preglacial river valley, Mis-
sissauga, Ontario.

buried preglacial river valley whose existence had been suggested
from water-well data. At either intercoil spacing the time required
for the EM34 profile was 1-1/2 hours, resulting in approximately one
survey measurement per minute — including the time to walk the 100
feet between measurement stations. The time taken for the sub-
sequent EM31 survey was similar.

Typical bedrock conductivity in the area is approximately 30
mmho/m, whereas an average value for the conductivity of the
infilling glacial till is of the order of 8 to 12 mmho/m. Thus the EM34
at either intercoil spacing yields approximately 30 mmho/m at the
valley edges where the overburden is thin and 12 to 14 mmho/m at
the valley centre. The EM31 yields values of 14 to 18 mmho/m at the
valley edges (slightly affected by the presence of bedrock) and
approximately 10 mmho/m at the valley centre. The interpreted
depth of the valley, based on the model shown in the figure, is
approximately 120 feet (36 meters) which is in reasonable agreement
with the water-well data value of 150 feet (45 meters), bearing in
mind that the three sets of data show that a two-layer model is an
over simplification. ’

The conductivity high which occurs between stations 32 and 38
results from a very large pile of waste furnace ash lying on the
surface.

Case History #5

Location: Camp Borden, Ontario
Instruments: EM31, EM34

Conventional resistivity apparatus
Application: Mapping groundwater salinity

Comparison of EM34 and conventional resistivity

Geophysical surveys were carried out over a sanitary landfill site
using, in addition to other instruments, an EM31, EM34 and con-
ventional resistivity [4]. The survey results in the accompanying
figures illustrate the good agreement between these techniques and
also indicate the reduction in survey time achieved using inductive
electromagnetic techniques. Particularly interesting are the vertical
variations in resistivity as shown by the EM31 at 3.7 m intercoil
spacing and the EM34 at 15 and 30 m spacing.

VII. SUMMARY

This technical note describes in detail the principles of mapping
the electrical conductivity of the ground using magnetically induced
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currents at low frequencies. It has been shown that certain advan-
tages can be derived from working at low values of induction
number. Amongst these are excellent resolution in conductivity, a
substantial reduction in man-hours necessary to carry out a con-
ductivity survey and a simplification in the calculation of layered
earth response.

Two points should be kept constantly in mind when performing
surveys of this type to map geology. The first is that these instru-
ments map only the electrical conductivity. If the conductivity does
not vary significantly with the geological environment, or if
parameters other than the geology also influence the conductivity,
the survey results may be difficult to interpret.

The second point is that measurement of terrain conductivity, like
any other geophysical measurement, must begin and end with geol-
ogy. Such measurements are only an aid to help visualize geological
conditions which cannot be seen. It is always necessary to interpret
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FIGURE 20(d).

geophysical data against known geology from out-crops, boreholes,
or any other such “‘bench marks’’. Geophysical measurements can
be very effective by allowing interpolation between such sources, or
extrapolation away from them. However in every case knowledge
derived from geophysical measurements must be eventually re-
confirmed against known geological conditions.
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FiGure Al. Vertical and horizontal dipole coil configurations.

APPENDIX: Theory of Operation at Low Induction Numbers

Consider the two coil configurations shown in Figure Al. In each
case the transmitter coil is energized with alternating current at a
frequency f Hertz. The measured quantity is the ratio of the secon-
dary magnetic field H; at the receiver when both coils are lying on
the surface of the homogeneous half-space of conductivity o to the
primary magnetic field H, in the absence of the half-space (i.e. as if
the coils were in free space). The spacing between the coils is s
meters.

The field ratios for vertical and horizontal dipole configurations
are given by equations (1) and (2) respectively.

H 2
(“_:)v () (9= 9+ 995 + 405 + (9] " (l)

H\ _.[,_ 3 e "
(IT),, s 2[1 Cop B+ 3+ 09) ]W] Q)

P

where y = \;’:fm‘u.acr
w = 2af
f = frequency (Hz)
K, = permeability of free space

i=\/—_|,

These expressions are complicated functions of the variable ys
which is in turn a reasonably complicated (complex) function of
frequency and conductivity. However, as will be shown below.
under certain conditions they can be greatly simplified.

A well known characteristic of a homogeneous half-space is the
electrical skin depth &, which is defined as the distance in the
half-space that a propagating plane wave has travelled when its
amplitude has been attenuated to /e of the amplitude at the surface.
The skin depth is given by

A
= A

A3)

and therefore

4)

The ratio s/8, the intercoil spacing divided by the skin depth, is-

defined as the induction number B, whereupon

'ys=\/§B

Now if B is much less than unity (ie ys << 1) itis a simple matter to
show that the field ratios of equations (1) and (2) reduce to the simple

expression
i _ofHGY iB? _ fwp,os?
H)v \HJu 2 4

which is the equation given in Section II.

The magnitude of the secondary magnetic field is now directly
proportional to the ground conductivity and the phase of the secon-
dary magnetic field leads the primary magnetic field by 90°.

(5)

(6)
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FIGURE All.

Electrical model for vertical dipoles.

To make B much less than unity we see that we must make s very
much less than & and thus

(7

w <K 3
oTS

That is, having decided on a value for s (which fixes the effective
depth of penetration under the condition B << 1), the maximum
probable ground conductivity is estimated and the operating fre-
quency is chosen so that equation (7) is always satisfied.

The apparent conductivity which the instrument reads is then

defined by
0
ﬂ'.' =
: “J»”'osz Hp quadrature

component

(8)_

To examine the reasons for this simplification let us focus our
attention on the vertical dipole coil configuration shown in Figure
All since symmetry makes this configuration the simplest to under-
stand.

Consider current loop 1. The primary emf e, causing this current
to flow is given (through Faraday's law) by the time rate of change of
the primary magnetic flux from the transmitter through this loop.
Three impedances cause the current to be limited. These arise from
(i) the electrical resistance R, of the loop, (ii) the fact that the current
i, generates its own magnetic field which causes a time-varying
secondary magnetic flux through the loop (self-inductance, L), and
(iii) the fact that all other current loops such as i, generate their own
magnetic fields which in turn cause a time-varying magnetic flux to
link with loop I (mutual-inductance, M).

The equivalent circuit for this configuration is easily derived from
elementary circuit theory with the result shown in Figure AlII.

The complex impedance Z incorporates all of the affects of
magnetic coupling between current loop | and any other curtent
loop 2. We see from this expression that Z can be made arbitrarily
small by reducing w = 2#f, the operating frequency. When Z is thus

R, ; ———
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Z = iwL, +
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’.‘ _ ep
R+Z

FiGure Alll. Equivalent circuit for model of Figure All.



made much smaller than R, the current flow in loop 1 is simply given
by

" € icuqf: .
T =§P; ='irp'= 1w, Gy %)
where ¢, = primary flux linking loop 1
G, = conductance of loop 1(G, = I/R))

=i

We see that the magnitude of the current is linearly proportional
to the loop conductance and furthermore that the phase of the
current leads the primary flux by 90°. Since the secondary magnetic
field at the receiver from current i, is in phase with and directly
proportional to i, it too will be directly proportional to G and will
lead the primary flux by 90°. Thus

(g—-) _—— (10)

[

which has the same dependence on frequency and conductance as
equation (6). We infer therefore, that the condition B << 1 is equiv-
alent to stating that for all current loops that affect the receiver
output the operating frequency is so low that we can ignore any
magnetic coupling between the loops. Thus the current that flows in
any loop is (i) completely independent’ of the current that flows in
any other loop since they are not magnetically coupled and (ii) is
only a function of the primary magnetic flux linking that loop and of
the local ground conductivity.

The lack of interaction between current loops is of great impor-
tance in simplifying the data reduction procedures. Of equally great
significance is the fact that for any value of B and for any orientation
of a magnetic dipole (or indeed of any magnetic source) over either a
uniform halfspace or a horizontally stratified earth it can be shown
that all current flow is horizontal. That this is the case for a vertical
dipole is easy to see from symmetry; for a horizontal dipole it is less
evident but equally true. Thus, in a horizontally layered earth no
current crosses an interface which -is fortunate since, if it did,
changing either of the conductivities would, by virtue of refraction
of the current, change the direction of the current as it flowed from
one medium to the other.

If no current flow crosses an interface and if there is no magnetic
coupling between current loops, changing the conductivity of any
one of the layers of a horizontally stratified earth will not alter the
geometry of the current flow. Varying the conductivity of any layer
will proportionately vary only the magnitude of the current in that
layer. To calculate the resultant magnetic field at the surface of a
horizontally layered earth it is simply necessary to calculate the
independent contribution from each layer, which is a function of its
depth and conductivity, and to sum all the contributions.

The functions ¢(z) and R(z) discussed in Section II define the
relative influence of current flow as a function of depth. Their
derivation is involved and will not be given here. The resultant
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FiGure AIV. Plot of indicated conductivity for EM31 versus true (homoge-
neous half-space) conductivity for both vertical (o,) and horizontal (o,")
dipoles.

expressions are, however, simple and easily programmed into hand
calculators:

4z
$v(z) = @2+ )" (11)
4
#(@) = 2~ G Py (12)
Rv@ = Gy Ty (13)
Ru(z) = (42 + 1)"? — 22 (14)

where z is the depth divided by the intercoil spacing.

Finally it should be noted that for a given frequency and intercoil
spacing as the terrain conductivity increases the approximation of
equation (6) eventually breaks down and the instrumental output is
no longer proportional to terrain conductivity. This effect is illus-
trated in Figure AIV. which plots apparent (indicated) conductivity
against true (homogeneous halfspace) conductivity for both vertical
and horizontal transmitter/receiver dipoles for the operating
parameters of the EM31. As would be expected the horizontal
dipoles exhibit linearity to greater values of conductivity as a result
of the reduced depth of penetration in this configuration.



