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EXECUTIVE SUMMARY

Following preliminary studies that indicated the potential for using geophysical methods for
mapping acid mine drainage (AMD), the Mine Environmental Neutral Drainage (MEND)
program sponsored a study to demonstrate the applications of geophysical methods to the
AMD problem.  Funding was provided by INCO Limited and the federal and provincial
governments through the Northern Ontario Development Agreement.

The resource exploration industries have developed sophisticated instrumentation for
mapping the electrical properties of the subsurface.  In recent years, this equipment has
been adapted for engineering and environmental applications, including determination of
ground water quality.

Any increase in total dissolved solids (ADS) in groundwater results in an increase in
electrical conductivity.  Using commercially available equipment, the lateral and vertical
variation of conductivity can be mapped, although resolution decreases with increasing
depth.

Where the conductivity due to man-made contaminants such as AMD exceeds the natural
variations in background conductivity, geophysical surveys can be used to map the
subsurface distribution of AMD in three dimensions.

Other geophysical methods can be used to map the distribution of disseminated sulphides
and zones of active oxidation or reduction reactions.  The induced polarization method (IP)
was developed to assist in mapping disseminated sulphides such as those found in
porphyry copper deposits.  This method can be used to map the lateral and vertical
distribution of sulphides in tailings as part of programs to assess the acid-generating
potential of tailings areas. The self potential (SP) method measures the passive voltage
distribution and can indicate zones of active oxidation and reduction.

Under suitable conditions, the combination of electrical conductivity measurements, IP, and
SP can be used to map:

i) sulphides - the source of AMD,
ii) zones of active oxidation, and
iii) the distribution of the reaction resultant AMD.

High-quality airborne, ground and borehole geophysical data were acquired over areas
with well-documented AMD problems.  The geophysical data were correlated with
hydrological and chemical data from ongoing ground water investigations to establish the
utility of the methods.

The results confirmed that electromagnetic (EM) methods that remotely measure the
conductivity of the subsurface are very useful for location and detailed three- dimensional
mapping of AMD in groundwater.  Airborne surveys can provide rapid reconnaissance
scale surveys, while ground surveys and borehole surveys provide progressively more
detail.

In addition to the EM work, combined IP and electrical conductivity surveys were tested on
a large revegetated tailings area.  The IP method detected disseminated sulphides as
expected, and the combination of IP and conductivity surveys can be used for simultaneous
three-dimensional mapping of sulphides and ground water quality in tailings.  United SP
surveying showed strong SP anomalies over the tailings however, additional SP data and



information on the distribution of the oxidation found on the tailings is required to properly
assess this method.

All of these methods require measurement of the electrical properties of the subsurface
and are adversely affected by electrical noise from power lines and surface and buried
metal.  The response of AMD may be masked by naturally conductive ground water,
bedrock lithologies, or clay soils.



RÉSUMÉ À L'INTENTION DE LA DIRECTION

Après des études préliminaires qui ont indiqué le potentiel de des méthodes
géophysiques pour cartographier le drainage minier acide (DMA), le Programme de
neutralisation des eaux de drainage dans l'environnement minier ou NEDEM, a parrainé
une étude permettant de démontrer les applications des méthodes géophysiques à la
résolution des problèmes de DMA. Le financement a été assuré par l'INCO Limitée et les
gouvernements fédéral et provinciaux par le biais de l'Entente d'exploitation du Nord de
l'Ontario.

Les industries de la prospection des ressources ont mis au point des instruments
sophistiqués pour cartographier les propriétés électriques du souterrain. Ces dernières
années, ce matériel a été adapté à des usages techniques et environnementaux,
notamment à la détermination de la qualité des eaux souterraines.

Un accroissement des concentrations de solides totaux dissous (STD) dans les
eaux souterraines provoque une augmentation de la conductivité électrique. En employant
les appareils disponibles dans le commerce, on peut cartographier les variations latérales
et verticales de la conductivité, même si la résolution diminue en fonction de la profondeur.

Lorsque la conductivité due à des contaminants anthropiques tels que le DMA
dépasse les variations naturelles de la conductivité de fond, on peut employer des levés
géophysiques pour cartographier la distribution du souterraine du DMA en trois
dimensions.

On peut faire appel à d'autres méthodes géophysiques pour cartographier la
distribution des sulfures disséminés et des zones d'oxydation ou de réduction actives. On
a mis au point la méthode de polarisation induite (PI) pour aider à cartographier les
sulfures disséminés tels que ceux rencontrés dans les gîtes porphyriques sulfurés de
cuivre. Cette méthode peut servir à cartographier la distribution latérale et verticale des
sulfures dans les résidus, dans le contexte des programmes d'évaluation du potentiel
générateur d'acides des résidus. La méthode du potentiel spontané (PS) permet de
mesurer la distribution du voltage passif et peut indiquer les zones d'oxydation et de
réduction actives.

Dans des conditions appropriées, on peut employer les mesures combinées de la
conductivité électrique, de la PI et du PS pour cartographier:

i) les sulfures - source du DMA
ii) les zones d'oxydation active, et
iii) la distribution du DMA résultant des réactions.

On a acquis des données géophysiques de haute qualité, faites par levés
aéroportés, levés au sol et relevés dans les trous de sondage, dans des secteurs où les
problèmes de DMA sont bien documentés. On a corrélé les données géophysiques avec
les données hydrologiques et les données chimiques provenant d'études actuelles des
eaux souterraines pour établir l'utilité des méthodes.

Les résultats ont confirmé que les méthodes électromagnétiques permettant de
télémesurer la conductivité du souterrain sont très utiles pour situer et pour cartographier
de façon détaillée en trois dimensions le DMA dans les eaux souterraines. Les levés
aéroportés peuvent fournir rapidement des levés de reconnaissance, tandis que les levés
terrestres et les relevés effectués dans les trous de sondage fournissent progressivement



plus de détail.

Outre le travail de levés EM, on a mis à l'épreuve des levés combinés PI et de
conductivité électrique sur une vaste zone de résidus que l'on a recouverts de végétation.
La méthode PI a permis de déceler les sulfures disséminés comme prévu, et la
combinaison des levés PI et de conductivité peut servir à la cartographie simultanée en
trois dimensions des sulfures et de la qualité des eaux souterraines à l'intérieur des
résidus. Un travail de levés PS limités a indiqué de fortes anomalies PS dans les résidus;
cependant, des données PS additionnelles et l'information sur la distribution de l'oxydation
rencontrée dans les résidus sont nécessaires pour évaluer correctement cette méthode.

Toutes ces méthodes exigent la mesure des propriétés électriques du souterrain et
sont gênées par le bruit électriques des lignes de transport d'électricité et par les métaux
présents en surface et dans le sous-sol. La réponse du DMA peut être masquée par les
eaux souterraines naturellement conductrices, par la lithologie du substratum rocheux, ou
par les sols argileux.
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1.0 INTRODUCTION

The purpose of this work is to demonstrate and document the application of
geophysical methods for monitoring acid mine drainage (AMD). AMD has been
identified as the largest single environmental problem facing the Canadian mining
industry (Filion et al., 1990). Because AMD investigations have traditionally relied
on surface sampling and drilling and sampling of the subsurface, they can be
expensive and slow. In suitable environments geophysical methods offer the
potential for rapid, non-intrusive mapping of significant AMD problems.

We have not attempted to cover all possible geophysical applications in detail but
have, after a review of the literature and current geophysical practice, focused on
the electrical and electromagnetic methods. In appropriate environments these
methods have the potential to directly detect and map the following:

- sulphides which are the source of AMD,
- areas of active chemical oxidation, and
- acid mine drainage itself.

These methods specifically target AMD, and we believe their application would offer
the most immediate benefit to the mining industry.

Geophysical studies involve the measurement of various fields and waves
(gravitational, electromagnetic, acoustic, etc.) that penetrate the earth, and provide
information on variations in the physical properties (density, electrical conductivity,
acoustic velocity, etc.) of the subsurface. They are non-intrusive but penetrating.

Geophysical methods remotely measure variations in physical properties, but are
distinct from conventional remote sensing techniques that rely exclusively on high-
frequency electromagnetic radiation, visible and otherwise, and have essentially no
depth penetration.

Geophysical measurements can be used to map three-dimensional variations in
subsurface physical properties and to locate and map geological features at depth
where these features are associated with some measurable physical property
contrast.

In most methods the depth of penetration is limited only by the power and sensitivity
of the measuring system and/or the size of the source; however, resolution
decreases with depth penetration so that only large features can be resolved at
greater depths.

Geophysical methods have been used for many years by the mining industry in
exploration and geotechnical investigations. The basic techniques for mapping
variations in physical properties of the subsurface have been adapted to meet the



special needs of resource exploration and development in the coal, potash, oil
sands, industrial minerals, precious metals and base metal industries. For suitable
targets the use of geophysics can reduce "finding costs" by orders of magnitude
while simultaneously improving the reliability of the search methods.

As in the search for buried ore deposits or in geotechnical investigations,
geophysics can be a valuable aid in subsurface environmental investigations.
Investigations can be remedial, involving the location or monitoring of existing
problems, or preventive, where problem areas are identified or background values
are established before site development. In either case, geophysical methods
should not be considered as a substitute for drilling.  Geophysical interpretations in
general do not provide the detail required for a complete environmental or
geotechnical investigation. They are most useful as rapid reconnaissance methods
for targeting subsequent drilling, or for interpreting subsurface conditions away from
or between drill holes.

Table 1 lists the common geophysical methods and the physical properties they are
sensitive to. The methods that we have chosen to focus on in this study are the
electrical and electromagnetic methods for mapping ground conductivity, the
induced polarization method for measuring low frequency ground electrical
polarization, and the self-potential method for measuring natural earth voltages.
These methods have the potential, in most AMD environments, for direct detection
of:

i) the AMD product (conductive acidified groundwater),
ii) the source (polarizable sulphides), and
iii) the chemical reactions (which generate natural voltages or potentials).

They are discussed in more detail in Section 2.

Other geophysical methods may have direct applications in special AMD
environments, or indirect applications where they are used to characterize the
subsurface geology. Some of these applications are briefly summarized below.

Airborne, ground and borehole radiometric measurements can be very useful for
investigations of radioactive tailings (King and Pesowski, 1991). It should be noted
that ionizing radiation does not normally penetrate more than a metre of soil or
water, so depth penetration is limited. A possible exception to this is the use of
alpha particle detectors for detecting radon gas that may migrate from depth.

Magnetic measurements have been used to map the distribution of pyrrhotite, the
most magnetic of the metallic sulphides, in tailings (Clark, 1991). They can also be
useful as an auxiliary tool for separating conductive but nonmagnetic AMD from
buried conductive and magnetic ferrous metal.



Seismic methods may have important but indirect applications to the AMD problem.
Seismic refraction is a standard engineering geophysical tool and can be used to
map the depth to bedrock under tailings (Berrer and King, 1992).  This can be
useful for estimating total volume of tailings and for determining groundwater
volumes and flow paths. The seismic reflection method may also be used for
mapping the bedrock surface, and possibly layering within tailings and the tailings-
overburden boundary. To our knowledge no seismic reflection surveys have been
done on tailings but proposals for test work have been submitted to the MEND
group.

Because of the heat released in the oxidation of sulphides, thermal measurements
may have some application for mapping AMD. These could include airborne
infrared thermal imaging and borehole thermal measurements. AECL, together with
Intera-Kenting, have carried out thermal imaging of the Rabbit Lake uranium tailings
in northern Saskatchewan. Again, the method is limited to surface mapping
because of the negligible depth penetration. To our knowledge no borehole thermal
measurements have been done on tailings but it is planned to test the GSC
multiparameter borehole logging system, which includes a temperature probe, at
the Sudbury test sites established in the course of this work.

It is expected that applications of ground-probing radar to AMD problems will be
limited due to the reduced depth penetration in conductive environments. The
gravity method, which is sensitive to density variations, has little application due to
its poor resolution.



2.0 BASIC PRINCIPLES

2.1 Electrical Conductivity in the Earth
Measurement of the electrical properties of the subsurface using geophysical
methods has been a standard procedure in resource and groundwater exploration
for many decades. The conductivity of earth materials is determined by the
conductivity of the soil or rock matrix, the conductivity of the pore fluid or
groundwater, and the thermal state of the soil or rock. The basic equations
governing conductivity are discussed in Technical Note 5 (Geonics, 1981).

Natural variations in electrical conductivity can assist in the mapping of soil types as
shown in Figure 2.1. The location of less conductive, coarse-grained material such
as sand and gravel prior to development can be useful in establishing potential
groundwater flowpaths. More conductive, fine-grained clay soils are relatively
impermeable and can be used as a natural barrier to fluid flow.

In general, the crystalline bedrock of the Canadian Shield is non-conducting;
however, highly conductive bedrock sources such as sulphide deposits and
graphitic schists are found in some areas. In fact, sulphide deposits are always
found in the immediate vicinity of any sulphide tailings or waste rock piles and can
be expected to complicate the interpretation of electrical measurements.

The addition of inorganic ions such as salts, acids, bases, metallic ions, etc.,
increases groundwater conductivity dramatically, and geophysical maps of the
electrical properties of the subsurface can be very useful in locating or monitoring
areas of inorganic contamination. The relative electrical activity of some of the
common groundwater ions is shown in Figure 2.2.

The level of contamination that can be detected is dependant on the natural
conductivity background. If pre-development conductivity surveys are available
relatively small changes in conductivity due to contamination can be detected. In
areas of high and variable natural conductivity, low levels of contamination may not
be detectable without prior surveys.

The oxidation of sulphides yields sulphate, hydronium (H+) and metal ions that raise
the conductivity of groundwater. The principal contributors to increased conductivity
are the sulphate and metal ions. Acidified groundwater is a weak solution of
sulphuric acid, which is a well known electrical conductor. The iron ions and other
metals dissolved by acidic groundwater make additional contributions to
groundwater conductivity.

It is apparent in Figure 2.2 that the combination of H+ ions and sulphate ions results
in the highest conductivity of the usual ionic pairs (compared to Na+ and Cl- for
example). The thermal state of earth materials also influences their conductivity. As
shown in Figure 2.3, electrical conductivity decreases slowly with temperature to the



freezing point and drops rapidly below the freezing point. The strong correlation
between conductivity and AMD was first demonstrated by hydrological studies by
the University of Waterloo at the Nordic Mine tailings near Elliot Lake (Blair et al,
1980).

Pyrite-bearing uranium ore was mined at the Nordic Mine from 1957 to 1968. An
estimated 15 million tons of tailings cover 85 hectares to an average thickness of
10 m. The tailings contain approximately five percent pyrite. Oxidation of pyrite in
the tailings has generated acid that, together with Radium 226 and heavy metals,
has contaminated a 20 to 30 m thick sandy aquifer underlying the tailings. Figure
2.4 shows a plan view of part of the tailings dam with contours of sulphate
concentration as measured in piezometers. These measurements, taken in 1979,
indicate a plume of contaminated groundwater extending approximately 400 m from
the tailings dam. The high sulphate concentrations result in high ground
conductivities that can be mapped using surface geophysical methods. The
correlation between sulphates and conductivity has been well established at this site
by laboratory measurements of conductivity and sulphate content of groundwater
samples from multi-level piezometers, as shown in section in Figures 2.5A and B. It
is obvious from this data that maps of conductivity could be used to locate the
contamination plume. Figure 2.5C shows a typical heavy metal distribution, in this
case Radium 226, in the same plume. The heavy metal distribution is confined to
the plume, as defined by the sulphates and the conductivity.

This site was also surveyed using electrical and electromagnetic geophysical
methods (Pehme, 1981). The examples in the following section are drawn from this
work, which demonstrated, for the first time, the application of geophysical methods
for mapping AMD. The results of this work are summarized below, since we have
used this work as a base, expanding the DC electrical resistivity (resistivity is the
inverse of conductivity) method to include the IP and SP methods, and the EM work
to demonstrate the newer surface systems designed specifically for  engineering
and groundwater applications as well as airborne and borehole systems and
advanced processing and imaging techniques.

2.2 DC Resistivity Method
There are several methods of remotely measuring ground conductivity or its inverse,
resistivity. The galvanic or direct current (DC) resistivity method is illustrated in
Figure 2.6. A constant or DC electrical current is passed through the earth between
two current electrodes. The voltage between two potential electrodes is measured
at various points on the surface, and the resistivity of the ground is calculated from
the ratio of measured voltage to transmitted current, with appropriate geometric
factors (Telford, 1976).

As shown in Figure 2.7 the current is turned off and reversed periodically. This
prevents polarization (and hence corrosion) of the electrodes and also allows
induced polarization (IP) measurements following the current shut off.



In the profiling mode, the entire electrode array is moved along a survey line,
generating a continuous profile of resistivity along the line. In the sounding mode, the
distances between the electrodes are progressively expanded. At larger
separations, current flows to a greater depth, and an estimate of the variation of
resistivity with depth can be obtained by comparing measurements made at
different electrode separations.

Both sounding and profiling modes were used in an investigation of the
contamination plume originating from tailings at the Nordic Mine site (Pehme,
1981).

Resistivity data were acquired along several profiles over the plume area. The data
from Profile B, which runs parallel to the dam and crosses the plume as shown in
Figure 2.4, are shown in Figure 2.8. The centre of the plume around piezometer M8
is clearly indicated by resistivity lows in the larger electrode spacings. Data from the
shortest array reflect near-surface conditions while the wide-spaced arrays provide
more information on deeper resistivity values. Like many geophysical methods,
there is a trade off between depth and resolution. The longest array, with a depth
penetration of the order of 30 m, averages resistivities over the 90 m length of the
array. This results in a smoothing of the deep resistivity data and blurs the edges of
the plume.

In general, the vertical resolution in the sounding mode is better than the lateral
resolution in the profiling mode. A resistivity sounding at piezometer M8 is shown in
Figure 2.9. In this case, the centre of the array is fixed and the electrodes are
expanded symmetrically about the centre.

The resistivity data show a thin, resistive surface layer, consisting of dry soil; a highly
conductive, intermediate layer corresponding to the contaminant plume; and deep,
resistive bedrock.

Sounding data can be interpreted quantitatively for layer thickness and resistivity, as
shown in the resistivity model (Figure 2.9). In this case, the responses of theoretical
models were calculated until a good match to the observed data was obtained.

The modelled layer boundaries match the boundaries as observed in drill hole M8.
As expected, the bulk resistivity of the plume, as indicated by the geophysics, is
higher than the resistivity of the water in the pores as determined from groundwater
samples. This is because the bulk resistivity includes the effect of the mineral
grains.

Fixed electrical arrays can also be used for continuous monitoring. In this case,
electrodes installed at a site are monitored to detect variations in resistivity with
time. Since readings can be recorded automatically, this method is particularly



suitable to long-term monitoring of remote sites.

2.3 Electromagnetic Methods
Ground conductivity can also be measured using electromagnetic (EM) measuring
devices. A generalized EM system, as shown in Figure 2.10, consists of a source
antenna and a receiving antenna. An alternating magnetic field generated by the
source induces alternating currents in the ground. These, in turn, generate
secondary magnetic fields that are detected at the receiver (Rx). As secondary
currents are selectively induced in conductive material, this method is most
sensitive to the presence of conductive bodies in the subsurface (McNeill, 1980b).

EM methods require no ground contact, which permits operation in frozen terrain or
from aircraft. In general, the method provides better lateral resolution than the
galvanic methods, and data can be acquired more quickly.

A wide variety of EM systems are available. The choice of systems usually depends
on the type of problem at hand. The very low frequency (VLF) method uses distant
US Navy navigation and communication radio beacons as sources, and small,
one-man, portable receivers.  Resistivities are derived from a combination of
magnetic and electrical field measurements. The VLF method was used by Pehme
(1981) to map the extent of the low-resistivity area associated with the Nordic
contamination plume, as shown in Figure 2.11. The VLF apparent resistivity data
correlate well with the extent of the plume, as shown in Figure 2.4, and provide
considerably more information at the edges of the plume where detailed traverses
were carried out. The basic survey data, consisting of 70 stations, were acquired in
one day by a single operator.

Small one- or two-man, portable, two-coil, EM systems specially adapted for
engineering and environmental applications by Geonics (McNeill, 1980b) are most
commonly used now in site investigations. These instruments, known as ground
conductivity meters, are easy to use, and read directly in conductivity units.

Readings taken with different coil orientations with the EM31 and at different coil
separations and orientations with the EM34 permit measurements to various depths
ranging from 1 to 48 m as shown in Table 1. Comparison of readings with different
depth of penetration can provide information on the variation of conductivity with
depth.

The apparent conductivity data obtained from different depths of exploration at any
measurement station can be used to estimate the conductivity stratification of the
subsurface in the vicinity of that station.  This is discussed in more detail in the
section on inversion methods in Section 4.4.

2.4 Induced Polarization
The IP method uses the same arrays as the DC resistivity method, but measures



the time decay of the voltage in the ground after the shut off of a current pulse. This
provides a measure of the low-frequency electrical polarization or chargeability of
the subsurface. The strongest source of the IP effect is polarization at the boundary
between electrolytic conduction in groundwater and metallic conduction in sulphide
grains or metallic objects. Electrochemical effects in clays may also produce weak
IP effects.

The principal use of the IP method in exploration has been the mapping of
disseminated sulphides in bedrock for gold deposits or large low-grade sulphide
systems. It is proposed here that the method could be used to map the distribution
of sulphides in tailings.

The IP effect can also be measured using frequency domain systems that transmit a
continuous sine wave current and measure the phase difference between the
transmitted and received waveforms, or the change in impedance at slightly
different frequencies. Time domain systems provide data over a broader bandwidth
with a single reading and are more resistant to interference between Rx and Tx
wires, while frequency domain systems give better signal in low-signal, high-noise
environments.

2.5 Self-Potential Method
The SP method measures the natural voltages between receiving electrodes, and
can be measured simultaneously with resistivity and IP. The natural voltage signal is
sensitive to active oxidation-reduction reactions and could be useful in mapping the
reaction rate of sulphide oxidations.



3.0 DESCRIPTION OF METHODS

This section describes the specific systems that were used as well as procedures
and calibrations.

3.1 Electromagnetic Methods
Due to their ease of use electromagnetic methods were preferred for mapping
subsurface electrical conductivity for this study. The work started with test surveys
using small, ground EM systems in areas of known AMD. Subsequently, airborne
EM (AEM) data became available and was incorporated into the study. In some
cases, additional ground data was acquired to cover areas of interest, as indicated
by the AEM results. On completion of the ground work, test holes were drilled and
cased in plastic to collect water samples and to provide for borehole EM (BHEM)
surveys.

Each stage of this work, from AEM to ground EM to BHEM, provides progressively
greater detail at progressively greater cost per unit area covered for acquiring new
data. In many cases surveys can share resources with other data-gathering
activities to reduce costs. For example, in this project:

? AEM data from an exploration survey was reprocessed and presented in
a form suitable for groundwater studies. Most mining areas in Canada
have been covered by AEM surveys. In many areas reconnaissance AEM
data is available from the provincial governments for the cost of
reproduction. Companies should check with their exploration departments
or an exploration consultant for details on acquiring and reprocessing this
and other geological, geochemical and geophysical exploration data. In
most areas there is a great deal of valuable data in government and
private company files, with direct application to environmental
investigations in general and AMD problems in particular.

? Data from multilevel piezometer tests previously established by the
University of Waterloo were used to provide groundwater data for nearby
geophysical wells.

? New holes drilled by consulting engineers as part of ongoing groundwater
and geotechnical investigations were cased in plastic (minimum 2 inches
with plastic screens) and logged for conductivity. On investigation it was
remarkable how many new and old holes there were. It was estimated that
approximately 1,000 holes had been drilled for groundwater and
geotechnical investigations on the Copper Cliff Tailings alone and new
holes were being drilled regularly to provide information on dam stability,
depth to bedrock, etc., as well as groundwater. Unfortunately, most of
these holes have not been preserved and some of those that were are



steel-cased. If all holes are completed as described above, at an extra
cost of a few hundred dollars per hole, and preserved, they can be an
extremely valuable asset for detailed three-dimensional monitoring of
groundwater quality before and after mine closure.

3.1.1 Surface Systems
Small frequency (FEM) systems were used for shallow (0 to 40 m) investigations.
These systems are fast, easy to operate, and relatively inexpensive to rent or
purchase. Unfortunately, the deeper penetrating system saturates in high-
conductivity environments (>100 milliSiemens/metre or mS/m). For deeper
investigations or very conductive environments a Transient EM (TEM) system was
used. This system can penetrate to at least 100 m and has a much higher
conductivity threshold but is expensive and is usually operated by specialist
contractors.

FEM systems
The Geonics EM31 and EM34 systems were used for this work. These systems
were designed specifically for environmental and geotechnical investigations. They
read directly in conductivity units (mS/m) and do not require geophysical specialists
to operate.

The EM31 is a one-man unit with a 3.6 m long rigid boom which contains a
transmitting (Tx) coil in one end and a coplanar receiving (Rx) coil in the other end.
In the EM34 the Tx and Rx are separated and are linked by a cable. This permits
larger coil separations (10, 20 or 40 m) and hence greater depth penetration, but
requires two people to operate. On both systems data is displayed on an analogue
meter and can be recorded with an external digital logger. Detailed equipment
specifications are given in Appendix B.

Readings taken with different coil orientations with the EM31, and at different coil
separations and orientations with the EM34, permit measurements to various
depths, ranging from 1 to 40 m as shown in Table 2. In each case the effective
depth is the maximum depth of penetration and the reading is the apparent
conductivity, which is a weighted average of the conductivity to the effective depth of
penetration. For more details on the relationship of the apparent conductivity to the
true conductivity structure see TN6 in Appendix A.

The system calibrations were checked daily using the procedures described in the
instrument manuals.

TEM system
The Geonics EM47 system was used in high-conductivity areas or for deep targets.
Instead of transmitting a single frequency sinusoidal current through the Tx, TEM
systems transmit discrete current pulses with a precisely controlled ramp turn off.
The turn off of the current pulse creates a changing magnetic field that, like the



sinusoidal waveform in the FEM systems, induces secondary currents in subsurface
conductors. These secondary currents decay with time and produce a decaying
secondary magnetic field that is detected as a voltage pulse at the Rx coil. The
amplitude of the signal is measured in a series of 20 logarithmically spaced
channels located after the end of the turn off. In general, for layered earth
geometries, the signal amplitude is proportional to the conductivity of the layers, with
signal values in later time corresponding to deeper layers. The calculations for
converting voltages to apparent resistivity are described in more detail in Technical
Note 7 in Appendix A. A sample output plot is shown in Figure 3.1A with resistivity
plotted against time (equivalent to depth) on log-log scales. Each reading is
effectively a 20 electromagnetic depth sounding with 20 depth points. The depth
soundings are interpreted by computer curve matching or data inversion programs.

The survey geometry is shown in Figure 3.1B. A large Tx loop (minimum 20 m by 20
m) is laid out on the ground and is energized by a small battery-powered Tx. A
motor generator-powered Tx is available for larger loops where more depth
penetration is required. The Rx can be located anywhere except near the Tx wire.
For larger loops the simplest geometry is with the Rx at the centre of the Tx loop.
For smaller loops the central location is too close to the Tx wire and the Rx is
located outside the Tx loop.

Data are recorded digitally with a built-in data logger that is dumped to a field
computer. Programs supplied by the manufacturer are available for converting raw
data to apparent resistivity.

An internal calibration signal is generated periodically to ensure the calibration of
the Rx electronics. The Tx current and turn off time is measured at each station
using an internal digital ammeter and clock. Synchronization between the Tx and Rx
is maintained by a cable link.

3.1.2 Airborne Systems
Helicopter AEM systems, as shown in Figure 3.2, are similar to the EM31 in that
they are mounted in a short fixed boom; however, instead of a single coplanar coil
pair operating at a single frequency, it has multiple coil configurations operating at
multiple frequencies. The Aerodat system used for the Sudbury Basin survey had
vertical coplanar, horizontal coplanar and coaxial coil pairs operating at 900 Hz,
4,000 Hz and 32,000 Hz. These multiple data sets allow some depth and conductor
geometry discrimination from a single pass survey. In general, lower frequencies
penetrate further into the earth and different coil configurations have characteristic
responses to different conductor geometries. For example, the horizontal coplanar
pair has maximum response to the flat-lying conductors typical of water-saturated
overburden, while the coaxial pair has maximum response to the subvertical
conductors typical of bedrock conductors in the Canadian Shield.

The data were recorded digitally and calibrations were carried out regularly to



ensure data quality.

3.1.3 Borehole Systems
Borehole EM (BHEM) surveys are based on the same principles as surface and
airborne. As shown in Figure 3.3 Tx and Rx coils are mounted in a small-diameter
(32 mm) waterproof sensor that is lowered down plastic-cased boreholes. The
average or apparent conductivity within effective range of the hole is measured at
intervals down the hole and is presented in profile form. For this work the Geonics
EM39 BHEM system was used. This system incorporates auxiliary focusing coils
that reduce the sensitivity of the sensor to conductivity variations in the immediate
vicinity of the hole. These variations may be due to the fluid in the hole, the casing
material, or disturbed material around the casing. This ensures that, in so far as
possible, the conductivity measurements are representative of undisturbed material.
The effective range of the EM39 sensor is about 0.8 m from the hole.
Distance down the hole is measured using a counter mounted on a pulley. The
cable attached to the sensor is passed over the pulley under tension. Depth
measurements are accurate to a few centimetres.

For some of the BHEM work Geonics Ltd. made available, at nominal cost, a
natural gamma radiation sensor. This measures the total natural gamma radiation
emitted from material within about 0.3 m of the hole. The only significant natural
gamma emitters are the radioactive isotopes of uranium, thorium and potassium.
The concentrations of these elements (trace values only for uranium and thorium)
are usually highest in fine-grained soil materials such as clays. Concentrations
normally decrease steadily with increasing grain size, with the lowest values in clean
sands. Gamma measurements provide an independent parameter for classifying
soil type on the basis of physical properties. They are particularly useful in studies of
groundwater contamination where natural conductivity values, which are generally
characteristic of soil type, are affected by contaminants.

The EM39 system records depth down the hole, conductivity and total gamma
values digitally at preset intervals down the hole. Data are dumped to personal
computers using software supplied by the manufacturer.

3.2 Electrical Methods

Resistivity, Induced Polarization and Self Polarization Measurements
These measurements can all be acquired simultaneously using grounded electrical
arrays, as shown in Figure 2.6. Currents are generated by battery- or motor
generator-powered transmitters connected to the ground using stainless steel
stakes. The potentials or voltages are measured simultaneously at multiple
electrical dipole locations using a multichannel digital recording system. To avoid
contamination of the data by electrodal polarization effects these dipoles are
connected to the earth with nonpolarizable copper-copper sulphate electrodes. This
ensures that the only polarization in the received signal is due to earth polarization.



The self potential or natural voltage is measured first, during the current off-time, and
is automatically subtracted from the subsequent on-time (resistivity) and pulse
decay (IP) readings.

The resistivity is determined from the receiver voltage measured during the on-time,
the transmitted current, and the array geometry. Voltage divided by current gives the
resistance of the earth, and normalization by the appropriate geometric factor gives
the resistivity.

Chargeability is determined from the decay of the voltage in the earth after current
shut off (time domain) or by phase shift or resistivity ratios (frequency domain).
Chargeability and resistivity are often used to calculate the metal factor, which is the
product of chargeability and conductivity. The metal factor responds most strongly to
connected but not massive sulphides that are both chargeable and conductive.

Both time and frequency domain methods were tested. Data were digitally recorded
by the receivers. Each evening the data were dumped to the computer and plotted
in pseudosection form.



4.0 DESCRIPTION OF WORK

Regional Geology and Site Selection - Sudbury Basin
The Sudbury igneous complex (SIC), shown in Figure 4.1, hosts one of the largest
concentrations of economic sulphide deposits in the world, with production of nickel,
copper, cobalt and platinum group elements. The SIC is the result of a major meteor
impact approximately 1.8 billion years ago. It is believed that the complex was
originally circular in shape and subsequent tectonic events have deformed it to its
present elliptical shape. It consists of a series of crystalline intrusive rocks overlain
by rocks of the Sudbury basin:  a tuff-like fallback breccia (Onaping formation) and
an upper layer of carbonaceous sediments (Onwatin formation).

The major deposits and the associated mine facilities are all found at or near the
contact between the basal crystalline intrusive rocks of the complex and surrounding
metamorphosed volcanic, sedimentary and intrusive rocks. These host rocks are all
electrically very resistive (an important factor in the application of electrical
geophysical methods). The only electrically conductive rock formations in the area
are the carbonaceous slates of the Onwatin formation. The ore-bearing sulphides
are also highly conductive but are found only in restricted areas at or near the base
of the SIC.

The first deposits were discovered in the 1890s and have been mined continuously
since then. There are currently 14 operating mines, 40 abandoned sites, and four
major tailings areas.

Mining has produced approximately 900 million tonnes of reactive sulphide-bearing
waste rock. Most of this is in tailings, with some in waste rock piles. The principal
sulphide in the waste rock is pyrrhotite, with concentrations in tailings ranging from
less than one percent to more than 60% sulphides in pyrrhotite storage areas. As is
well known, on exposure to air the sulphides oxidize to produce dilute sulphuric acid
plus metals, mainly Fe, with small quantities of Ni and Cu.

Tailings
The tailings are stored in large impoundments in topographically low areas and
contained where necessary by large, semi-permeable dams. The two main INCO
tailings are at Copper Cliff (2,225 hectares) and Levack (80 hectares). The Copper
Cliff tailings are being expanded to handle future mine waste and are currently
receiving about 36,000 tonnes per day of tailings. The Levack tailings are no longer
active. Ongoing geotechnical and hydrogeological studies at both sites are
gathering the detailed information required to design optimum containment,
treatment and eventual closure plans.



Groundwater Flow
The tailings areas are net recharge areas due to natural precipitation and the
addition of mine waters. The hydraulic gradients in the tailings areas are generally
downward and outward, resulting in groundwater flow through and below the dams. 
This results in plumes of tailings water which manifest themselves as low pH, high
sulphate, high iron, surface AMD seeps. All surface drainage is collected through an
extensive network of interception ponds and pumping stations, and treated.

Study areas
Two sites, one at Pistol Dam on the Copper Cliff tailings and the other at the INCO
Levack tailings, were originally selected for geophysical tests. Subsequently, some
excellent data provided by Falconbridge at their Fault Lake tailings near
Falconbridge resulted in the inclusion of this site in the study as well. These areas
were selected as known AMD sites where data from concurrent geotechnical and
hydrological studies could be used to correlate with our geophysical work.

Site Selection and Preparation
Ground test sites, as shown in Figure 4.1, were selected in areas of known AMD
problems. Sites where some data were available, or would become available
during the study, were given priority. This ensured that the sites would be suitable for
geophysical tests and provided data above and beyond that provided for (and paid
for) by the MEND budget. The INCO sites were prospected with the EM31 prior to
final selection to assist in the survey grid layout. This included a complete line
around the base of the Copper Cliff tailings prior to the start of the MEND work.
At all sites ground survey grids tied to topographic features or survey markers were
laid out. Some line clearing was required in areas where vegetation was thick. It
should be noted that line clearing can be a significant cost of a ground geophysical
survey. In areas of thick bush it can equal or exceed the cost of acquiring the
geophysical data.

The AEM data used in this study was taken from a survey, flown for exploration
purposes, which covered most of the Sudbury Basin.

4.1 EM

4.1.1 Airborne EM
Approximately 40,000 kilometres of multi-frequency helicopter EM (HEM) data were
acquired as part of a regional exploration survey of the Sudbury Basin. The survey
was carried out by Aerodat Ltd. of Toronto for Falconbridge Ltd. and was made
available to INCO under a data-sharing agreement for mineral exploration.
Permission to release parts of this data for this study was granted by the
Falconbridge and INCO exploration groups, and we would like to acknowledge the
contribution of this valuable data set. The outline of the survey area and the portions
used in this study are shown in Figure 4.1.



The survey lines were flown at 100 m line spacing, generally perpendicular to the
contact between the Sudbury Igneous Complex (SIC) and the surrounding rocks,
with the helicopter at a height of 80 m and the EM bird at 30 m above the ground.
Navigation was by satellite-based Global Positioning System (GPS) and ground
radio navigation beacons. It is estimated that the position of the helicopter has been
recovered to within a 5 m accuracy at most locations. As well, a downward-looking
video camera mounted on the helicopter recorded the flight path in detail. These
videos are available for flight path confirmation. They can also be used to identify
sources of anomalous conductivity if these are apparent at surface.

It is interesting to note that magnetic data was acquired simultaneously with the EM
data. This data has not been used in this study; however, it does demonstrate the
potential for the acquisition of multiple data sets.

The AEM data was processed for INCO by Aerodat to produce colour contour,
apparent resistivity maps from the 4,000 Hz data at 1:50,000. This map, together
with clear plastic overlays of the geology and topography, were used to select areas
in the vicinity of the Levack and Fault Lake test sites for further processing for this
study. In the Levack area 1,500 kilometres of data were reprocessesed to produce
apparent conductivity maps, which emphasized shallow conductivity variations by
using a single 10 m thick layer to model the data, at three frequencies (900 Hz,
4,000 Hz and 32,000 Hz). Detailed equipment specifications are given in Appendix
B.

4.1.2 Ground EM
Surface EM surveys using the Geonics EM31 and EM34 ground conductivity meters
were conducted on seven lines at the Pistol site and on 20 lines at the Levack site.
A previous EM31 and EM34 survey, carried out by a contractor at the Fault Lake
site, was contributed to the study by Falconbridge.

For the MEND work EM31 readings with depth penetrations of 1.5, 2.5 and 5 m
were taken at 10 m intervals along all survey lines. EM34 readings with depth
penetration of 10 and 20 m were taken at 20 m intervals along all lines. On a few
lines where maximum depth penetrations was desired EM34 readings with a depth
penetration of 48 m were acquired.

4.1.3 Borehole EM
To establish a correlation with chemical analyses from multilevel sampling in the
groundwater sampling wells, downhole conductivity surveys were conducted in all
available holes. Downhole natural gamma surveys were carried out at the same
time to assist in mapping soil stratigraphy.

Pistol Dam
A total of six holes were logged with borehole EM and gamma at Pistol Dam. Three
of these holes were drilled and cased with MEND funds. The other three holes were



drilled and cased by the University of Waterloo at no cost to the MEND program.
Five of these plastic-cased wells were established next to small-diameter, multilevel
piezometers previously established by the University of Waterloo as part of their
ongoing study of the tailings-derived groundwater plume at Pistol Dam (Robertson
et al., 1992). This pairing of multilevel water sampling wells and plastic-cased
geophysical holes was designed to provide data for the correlation of stratigraphy
and groundwater chemistry with borehole geophysical data. The sixth hole was
drilled in an area of deep overburden where the small University of Waterloo drill rig
was not able to penetrate to bedrock. This hole was completed as a single-point
water sample well with the well screen in the basal aquifer.

Five of the new holes were cased using 3" inside diameter plastic casing to
accommodate the suite of downhole sensors operated by the GSC borehole
logging group. They have been invited to survey these holes in conjunction with
borehole surveys at the nearby Garson test area. Their borehole logging tools
include thermal, and nuclear density and porosity.

At the Levack tailings, as part of an ongoing program of groundwater monitoring, a
total of 22 new water sampling wells were established on and around the tailings at
ten separate locations. Six of these locations are multi-well installations with the
capability of sampling the groundwater at multiple levels. Only four of these wells
were paid for by the MEND program; however, all the data from these holes have
been made available for this study.

At all accessible well locations the deepest well (usually drilled to bedrock) was
surveyed to provide a single complete geophysical log. All wells shown in the logs
were drilled to refusal or bedrock.

Fault Lake
At the Fault Lake tailings two new wells were drilled to provide groundwater
chemistry and access for borehole geophysical logs. Geochemical data from a
nearby small diameter well previously drilled and sampled by Falconbridge were
made available for this study.

4.1.4 Repeat Ground EM Surveys
Repeat EM31 surveys were conducted on line 1070S on the South Dam grid at
Levack in 1991, 1992 and 1993. The purpose of repeat surveys is to monitor the
change in ground conductivity and, indirectly, groundwater chemistry with time. If
previous conductivity surveys are available then subtle features of changing
groundwater conductivity can be resolved.

For example, in an area of widely varying natural conductivity a single survey can
only reliably detect contaminated groundwater when the contamination, and hence
the conductivities, are well above the natural background variations. However, if a
pre-development survey is available for comparison then low-level changes in



conductivity can be attributed to changes on groundwater conductivity. As well,
surveys carried out before and after remedial work can be used to monitor the
effects of the remedial work.

It is important for this type of work that the survey points are reoccupied exactly and
that the instruments be accurately calibrated. To preserve the value of data for
repeat surveys, it is recommended that all survey grids be accurately established
and tied to permanent markers in the field, and the location of the permanent
markers be documented in the report.

4.2 IP/SP/Resistivity
The Copper Cliff tailings were selected for the test work because of the easy
access (most of the tailings are revegetated and dry) and the availability of
University of Waterloo test holes along two profiles that cross the tailings. Surveys
were carried out along these two lines so that the results could be correlated with
the test hole results. One new drill hole beside University of Waterloo sample well
IN10 was surveyed as well to provide more detailed vertical resolution and to
demonstrate the use of downhole electrical surveying.

Both time and frequency domain methods were tested using dipole-dipole arrays
for the surface work. The dipole-dipole array consists of in-line Rx and Tx dipoles of
equal length L. Six Rx dipoles at Tx-Rx spacings of NL, where N=1, 2, 3, 4, 5, 6 are
acquired simultaneously. Then the whole array is moved a distance L down the line
and the reading is repeated. This provides data in profile and sounding mode
simultaneously. When the data is plotted in pseudosection form (see IP/Resistivity
data), with the data from larger Rx-Tx spacings plotted at greater depths, it provides
a crude vertical section showing the variation of IP and resistivity with depth.

IP, SP and resistivity data are acquired simultaneously. Initial work by a crew from
McMaster University used a battery-powered time domain system. This system is
very portable, relatively safe, and easy to use; however, it was not able to acquire
reliable data due to low signal values and high noise. The Copper Cliff tailings
environment combines several features that make electrical surveys difficult. These
include:

i) A resistive surface layer of dry sand that limits the current that can be put
into the ground.
ii) A very conductive deeper layer, the saturated tailings, that reduces the
measured voltage.
iii) Nearby high-voltage power lines that add man-made noise to the
readings.

It was apparent after several days of tests that a higher powered system would be
necessary.



The work was completed by a contract crew from Walcer Geophysics.

A BRGM six-channel receiver was used for the time domain work and a Phoenix
six-channel V4 receiver was used for the frequency domain work. A Phoenix
3 kilowatt motor generator-powered transmitter was used to power both time and
frequency domain systems.

The surface surveys were carried out with a dipole-dipole array with electrode
separations of 10 m and 20 m. The 10 m dipole data gives an effective depth
penetration of about 20 m, with six measurements spread over this depth and
readings every 10 m along the line. This configuration provided very detailed
information on the top 20 m, which was desirable for correlation with the shallow
University of Waterloo holes; however, it was relatively slow and did not penetrate
the full thickness of the tailings. The 20 m spacing provided faster reconnaissance
coverage and, in most locations, penetrated to bedrock. The two survey modes
were overlapped on one line for comparison purposes.

The quality of the surface IP and resistivity data acquired by the Walcer crew was
generally good. However, the surface dipole SP data were noisy, did not repeat
well, and are not presented in this report. It is recommended that, in future, SP
surveys be carried out on their own with longer signal averaging times and pole-pole
arrays. Pole-pole SP surveys by the McMaster group provided good data and are
included in this report.

To carry out the borehole IP and resistivity survey a new hole with special casing
was required. As opposed to electromagnetic surveys, which do not require contact
with the ground, electrical surveys require electrical contact at both the receiver and
transmitter electrodes and, hence, cannot be conducted in holes cased in solid
plastic. For this work a new hole, IN10G, was drilled beside the University of
Waterloo hole IN10 and cased with plastic well screen over the full length of the hole.
The well screen has thin (about 1 mm) horizontal slots at about 5 mm intervals down
its length. These slots provide electrical contact between the water in the drill hole
and the surrounding material.

Borehole data were acquired with a pole-dipole array using an electrode separation
of 1 m. This gives penetration of about 0.5 m into the tailings surrounding the hole. A
separate SP survey of the hole using a pole-pole array was also carried out.

4.3 Sampling and Geochemical Analysis
At Levack, soil and water sampling was done by Trow Engineering, with chemical
analysis by INCO labs. Sampling and chemical analysis at the Copper Cliff tailings
and Pistol Dam were done by the University of Waterloo under research programs
funded by INCO.

4.4 Inversion Software



The apparent conductivity data obtained from different depths of exploration at any
measurement station can be used to approximate the true conductivity stratification
of the subsurface in the vicinity of that station.

Geo-Physi-Con Co. Ltd. of Calgary has developed a computer inverse modelling
program to calculate the conductivity stratification at measurement stations using
multiple apparent conductivity readings with different depths of penetration as input
(Sartorelli et al., 1990).

The program output consists of a numerical approximation of the conductivity
variation with depth at each measurement station. Conductivity estimates can be
contoured in vertical section form (along each survey line) or in plan view (at
different depths). In fact, the conductivity values from data acquired over a grid form
a three-dimensional data volume that can be sliced in any direction for presentation.

Selected data from the Levack area were processed with this software.



5.0 RESULTS AND INTERPRETATION

5.1 Pistol Dam

Site Description
A schematic of the Copper Cliff tailings area is shown in Figure 5.1.1.
Approximately 600 million tons of tailings are contained in a series of contiguous
tailings disposal areas covering a total of about 8,000 acres. Fine- to medium-
grained sand-sized tailings were deposited on top of pleistocene sediments or
exposed bedrock in broad valleys. Deposition of the tailings commenced in 1937.
Maximum depth of the tailings is 45 m with an average depth of about 20 m.

The sulphide content of the tailings, mainly pyrrhotite, ranges from less than 1% by
volume to about 7% except for the pyrrhotite storage areas where pyrrhotite levels
over 50% are the norm.

Oxidation of the sulphides has produced a large volume of acidified groundwater.
Seepage from the base of the tailings dams is common, and a network of drainage
ditches, collection ponds and pumping stations has been installed to intercept acid
drainage and route it to treatment facilities.

Prior to the start of this project 15 kilometres of reconnaissance conductivity surveys
using the Geonics EM31 were carried out along the south, west and north sides of
the tailings area at the base of the dams. In general, areas of high conductivity were
associated with areas of visible seepage.

Work by the University of Waterloo (Robertson et al., 1992) has shown that the main
drainage from the tailings is to the south and west through the large dams that retain
the tailings on these sides. Surface seepage is collected in ditches and ponds at
the base of the dams but groundwater flow carries some of the tailings water below
the interception system, forming plumes of tailings-derived water below the dams.

A group from the University of Waterloo (De Vos, 1992; Robertson et al., 1992) has
made a detailed study of the tailings water plume below Pistol Dam. As shown in
Figure 5.1.1, Pistol Dam is located on the southeast side of the tailings area. The
dam, 35 m high and about 300 m long, is constructed mainly of compacted tailings.

About 20 multilevel small-diameter water sampling wells have been completed in
the Pistol plume by the University of Waterloo group, and the upper part of the plume
has been well defined by chemical analysis and electrical conductivity
measurements of groundwater samples. The basal aquifer plume, as defined in
1992 by electrical conductivity measurements on water samples, is shown in plan in
Figure 5.1.2 and in section in Figure 5.1.3.. At this time the plume extended 400 m
from the base of the dam and was open to the south. As shown in the section, the
plume south of borehole IN19 is split by a thickening wedge of clayey silt into a near-



surface component, which is largely due to surface run-off, and a deep plume which
flows through the basal sand and gravel aquifer. At borehole IN81 the high
conductivity part of the deep plume is below 25 m and relatively thin.
5.1.1 Surface Surveys

Pistol Dam
Surveys were conducted on seven lines extending from Pistol Dam to about 800 m
downstream of the dam. Surveys on several other lines were attempted but
abandoned due to power line interference. Plots of the results are shown in plan
form in Figures 5.1.1.1 to 5.1.1.4 and in profile form in Figures 5.1.1.5 to 5.1.1.11.

In general, the EM data shows high conductivities at shallow depths extending south
of Line 1. This corresponds with an area of surface AMD seeps and the area of
high-conductivity surface run-off, as outlined by the University of Waterloo work.
South of the highway, high shallow conductivities on Line 5 are due to salt-saturated
run-off from the MOT road salt storage domes, located just to the north of the line at
the edge of the swamp, as well as surface tailings water run-off.

High conductivity to 10 m in depth, which is approximately the depth to bedrock near
the base of the dam, is apparent in the EM34 data 20H (20 m coil separation,
horizontal dipoles) to Line 4. This is the deep plume as mapped by the University of
Waterloo group. South of the highway on Line 5, where the plume is in the basal
aquifer below 20 m, it is difficult to confirm that the deep plume has been detected
because of interference from the salt, man-made features such as fences and
culverts, and the absence of samples over the peak of the deep conductivity
anomaly on this line. Specific features on each line are discussed below with
reference to the profile data.

Line 1
This line is located 15 m above the base of the dam on the dam face. It is apparent
from the data that there is high-conductivity water within a few metres of the surface
of the dam. The area of highest conductivity at 150W suggests that this is the main
flow path through the dam. It is likely that a more detailed survey of the dam face
could be used to map the areas of highest permeability in some detail. The
conductivity low at 125E in the EM34 data is probably due to a bedrock high.

Line 2
This line was run along the base of the dam over moderately rough ground. The
variations in the EM31 data are due to a combination of topographic and
conductivity variations. The EM34 data, since it is less affected by topography,
gives a better picture of the ground conductivity, with major conductivity peaks and
presumably, groundwater migration channels at 110E and 50W. The EM34 40V
data penetrates to about 20 m. With electrically resistive bedrock at about 10 m, the
average conductivity as measured by the instrument includes about 10 m of
bedrock, resulting in considerably lower readings.



Line 3
This line is located just north of the seepage pond and passes over or near IN23, 21
and 25 with IN21 at 0+00. The EM31 data shows the highest conductivity in the top
2 m, and slowly decreasing conductivity to a depth of 5 m. This is consistent with the
University of Waterloo work, which shows conductivity gradually increasing with
depth at this location. The lower values in the swampy area may be due to fresh
water flushing of the shallow aquifer, or lower porosity clayey soils.

The peak of the EM34 data at 20W is 50 m east of the highest EM31 values and
probably represents the main groundwater migration channel through the deepest
part of the valley with the highest conductivity values at depth.

Line 4
This line is located just south of the railway tracks. A nearby powerline prevented the
acquisition of EM34-40V data. Sample well IN19, located in the middle of the line,
shows a relatively uniformly saturated overburden with conductivity increasing
slightly with depth. The EM31 and EM34 values are generally similar except for a
pronounced, low-conductivity channel at 20E. This is due to a small stream at this
location where surface run-off water appears to be diluting the tailings-derived
groundwater.

Line 5
This line crosses the north end of a large swamp just south of the highway. Shallow
higher conductivity values are due to road salt as well as surface tailings water run-
off. The deep plume is located below 25 m depth at this point and there is no
obvious increase in the deep readings to indicate this plume. The plume is a thin
conductive layer at the limits of penetration of the EM34, and detection was
expected to be difficult. This line and the swamp to the south were surveyed with the
deeper penetrating EM47 in an attempt to track the deep plume beneath the
swamp.

Line 6
This line was located across the south end of the swamp. The University of Waterloo
work and the geophysical work traced the deep plume beneath the north edge of the
swamp, but it was not known whether it extended to the south end of the swamp
and, if so, where the exit point or points from the swamp (which is bounded on most
sides by rock) were located.

Line 6 crosses the south end of the swamp where bedrock rises to surface and only
a few narrow, swampy valleys form possible paths for groundwater migration.
Conductivity values across most of the line are low; however, they start to rise at the
east end of the line where a small creek exits the swamp. Unfortunately, powerlines
along Fielding Road and bedrock on the other (east) side of the road prevented the
acquisition of further data. It appeared that the plume, much attenuated, was exiting



the swamp through this narrow valley. Subsequent drilling and sampling by the
University of Waterloo group in this valley has confirmed the presence of dilute
tailings water. This, then, is approximately the southern limit of the plume. Most of
the plume is confined to the rock-bounded valley immediately south of the Pistol
Dam and the deep aquifer under the swamp which itself is bounded by rock on most
sides.

Thus, the limits of the plume have been defined by a combination of drilling and
geophysics.

Line 7
This line was located along the east side of the large swamp below Pistol Dam 
over University of Waterloo wells 92, 91, 100, 101 and 102. Well 92 showed
significant contamination by tailings water below 10 m depth. Hydrological data
(hydraulic head) show that this water is derived from the next dam to the east, not
Pistol Dam, indicating that the plumes from the dams on the southeast boundary
probably join in the valley. The other wells further to the south had normal
groundwater, so the inferred migration path of the tailings water is from well IN92
into the large swamp where it joins the Pistol plume.

Some surficial contamination was expected from the Copper Cliff nickel refinery
located just to the east of the line. This is apparent in the data, with shallow values of
20 mS/m to 30 mS/m higher than normal background for this area.  Higher
conductivity values at the northwest end of the line, in particular a 60% increase in
the EM34-40V data, which is the only reading with penetration below 10 m,
correlates with the tailing-derived water in the basal aquifer between 10 m and 15 m
depth in well 92.

Lines 5, 6 and 7 were located along the edges of the large swamp where bedrock
was thought to be within 20 m of the surface.

No FEM surveys were conducted over the large swamp - since it was apparent that
the FEM systems were not penetrating to the basal aquifer beneath the swamp -
and because of deep water in the swamp at the time of the surveys. In order to map
the conductivity structure under the swamp to bedrock, which was expected to be as
deep as 50 m, a TEM survey was conducted on the ice in winter.



TEM
Deep-penetrating time domain EM surveys using the Geonics EM47 were
completed over the frozen swamp south of the highway below Pistol Dam in an
effort to trace the main path of the plume at depth. Preliminary results were used to
locate a deep well at 104G. The data acquisition and processing were done by
Hyd-Eng Geophysics, and selected figures from their report are included as a
separate set of figures.

It is known from well 81G on Line 5 that a deep plume of conductive groundwater
derived from the tailings extended south of Line 5 in a 5 m thick sand and gravel
aquifer located just above the bedrock surface at a depth of 30 m. The bulk
conductivity of this zone was estimated from the BHEM log to be about 50 mS/m.
This thin conductor is a difficult target under the overlying silty clays and silts and is
not apparent in the EM34 data on Line 5; however, results from the BHEM log show
surprisingly low resistivities in the immediately overlying thick silts (around 5 mS/m).
With these low values this thin, deep conductor may be detectable with a broader
band, deeper penetrating EM system such as the EM47. It was also possible that
hole 81G had only intersected the edge of a thicker plume.

Figure H1 shows the survey area and the drill hole control. Holes 29, 90, 96, 103
and 105 were completed recently by the University of Waterloo, and not all data is
available yet. Borehole conductivity logs are available in 81G and 104G. Figures
H2, H3 and H4 show the values of the raw voltages in successively later channels.
Since voltage is proportional to conductivity, and penetration increases with time,
these are approximate maps of conductivity at successively greater depths for a
flat-layered sequence. The swamp is underlain by  glaciolacustrine deposits and the
geophysical logs indicate a transition from a silty clay to a silt at about the same
depth (16 m), so the assumption of flat layering in these deposits is probably valid.
In channel 2, at early time, the data show a broad conductivity high across the
swamp. This is due to the combined effect of low-level surface run-off from Pistol
Dam, the Nickel refinery, and salt from the Ministry of Transport (MOT) buildings in
surface waters, as well as elevated conductivity from the silty clay layer. This evolves
in later time (channel 12) to a higher conductivity zone along the northwestern edge
of the swamp. This represents the area of greatest conductivity-thickness product
and the likely location of the plume at depth. Hole 104G was drilled to test this area.
Due to thin ice the hole was not positioned on the peak of the high voltage area. No
significant contamination was found in water samples from the basal aquifer in
104G and there was no significant borehole conductivity response. The reason for
this absence of tailings water in the basal aquifer at this point is not known since
preliminary results from DH105 and DH93, both south of 104G, both show tailings
water. It is possible that 104G is just off the edge of the plume or that the plume is
fingering around 104G. It is also possible that an apparent bedrock conductor  that
was located in later time along the northwest edge of the swamp may be interfering
with the interpretation of the overburden conductivity. Additional deep holes would
be necessary to resolve this issue and are beyond the scope of this work.



Figures H5 and H6 show, respectively, the interpreted conductivity and thickness of
the upper silty clay layer. Higher conductivities at the northwest and northeast edges
of the survey area are believed to be due to surface run-off from Pistol Dam and the
MOT salt storage areas, respectively. The high conductivity over the south end of the
survey area appears to be due to tailings water welling up from the deep aquifer,
which is being forced up to surface at this point by the shallow bedrock to the south,
and is apparent as red staining in the swamp.

Based on limited drill follow-up, the TEM work was not able to conclusively map a
deep, thin, conductive plume under moderately conductive silty clays in the
presence of bedrock conductors. This is a difficult target in complex environment but
is probably typical of areas with lacustrine clay at surface with basal aquifers in
more permeable deep units.

5.1.2 Borehole Surveys

Pistol Dam
A total of seven new holes were drilled into the Pistol plume and cased in plastic for
borehole logging.  The results are shown in Figures 5.1.2.1 to 5.1.2.6. In these
figures the formation or bulk conductivity is the conductivity of the formation (soil with
groundwater) as measured with the EM39. The fluid conductivity, as measured on
groundwater samples, is shown as bars with width approximately equal to the width
of the screened sampling interval; pH values of the water samples are given where
available.

Compared to background conductivities between 1 mS/m and 20 mS/m most holes
show some degree of contamination. Holes IN21G, IN30G, IN22G and IN81G form
a line of holes along the axis of the plume. The results show a high-conductivity
surface  plume near the base of the dam (Pistol 21G), which evolves into separate
surface and deeper plumes (Pistol 30G and 22G) in the basal aquifer, and, finally, a
distinct deep plume in the basal aquifer (Pistol 81G). The high near-surface
conductivity in Pistol 81G is due to salt from the nearby MOT road salt sheds. These
results are consistent with the results of the University of Waterloo groundwater
sampling program, as shown in section in Figure 5.1.3, as well as the water
conductivity measurements shown on the logs. Note that the fluid conductivity is
typically four times the bulk conductivity, as measured by the BHEM system. This is
due to the resistive soil matrix and is discussed in more detail in Appendix C.

Borehole 104G was drilled to test a broad low-amplitude conductivity high located in
the deepest part of the large swamp basin by the EM47 survey. This hole
intersected a thin sandy basal aquifer but, as can be seen in the figure, there is no
anomalous conductivity at depth. The strong anomaly at 18 m is due to a large pipe
wrench that was dropped down the open 6" diameter hole. Subsequent work by the
University of Waterloo group has detected tailings water in shallower holes along



the edge of the swamp to the south of this hole. These results indicate that the basal
aquifer is not uniformly permeable and that the plume is moving through permeable
channels in the basal aquifer.

The EM47 anomaly is probably due to the large thickness of moderately conductive
clays and silts from 0 m to 17 m. This illustrates the difficulty of locating thin
moderately conductive plumes under naturally conductive cover. It is possible that
the main part of the plume is indicated by the deep conductive area located to the
west of IN104G.

Borehole 92G shows moderate conductivities (30 mS/m) at surface, lower values
from 5 to 11 m in depth, and moderate values (30 mS/m) from 11 m to the bottom of
the hole. The higher near-surface conductivities are due to surface run-off from the
nickel refinery, while the deeper conductivities are due to the tailings water in the
basal aquifer identified by the University of Waterloo.

5.2 Levack Tailings

Site Description
Figure 5.2.1.1A is Ontario Geological Map P2428 (Dressler, 1981) reduced from
1:15,840 to 1:20,000 scale. This is a topographical and geological map of the
Levack area with the tailings areas shown as light stippled areas. This map is used
because it presents data on geology and mining activities (including tailings), as
well as drainage, railines, powerlines, buildings, etc., all of which can be important in
evaluating conductivity responses.

The Falconbridge tailings are confined to rock-bounded lakes of the Moose Lake
drainage system in the southwest part of the map area. The Inco tailings are located
to the north of the town of Levack in an elevated rock-bounded valley and are
contained by large dams at the north and south limits. Most of the mines are located
in the Moose Creek valley, which crosses the map sheet from northeast to
southwest between the two tailings systems.

The INCO Levack tailings cover approximately 80 hectares. Tailings disposal at this
site ceased in 1979 with the closure of the Levack mill but the site continues to be
used for the discharge of mine water.

Surface drainage is generally to the south, with smaller streams feeding the
Onaping River. Surface and presumably groundwater flow is confined to the rock-
bounded valleys of the area, which are deep, and sand and gravel filled.

The Levack area was covered by the multifrequency AEM survey, which was
reprocessed to produce apparent conductivity maps. This data is presented as a
sample of one of the 35 1:20,000 included in the full Sudbury AEM survey. Such
regional surveys are invaluable for establishing regional background values and



comparing conductivity values at different sites. The AEM data was ground truthed
at selected locations at the INCO Levack tailings. The surface work confirmed the
results of the AEM data on the ground and the drill hole geophysics and water
analysis established the connection between the airborne and surface work and
groundwater chemistry.

5.2.1 Airborne Surveys
AEM data was acquired at three frequencies and each frequency was reprocessed
to produce a separate apparent conductivity map. Only the 4,000 Hz data is shown
in Figure 5.2.1.1B. The 32,000 Hz data is the most sensitive to weak conductivities
and could be consulted in specific areas but, because of its high sensitivity, the
contrast between conductive areas and background values is reduced. The 900 Hz
data is designed to penetrate conductive overburden to locate conductive bodies in
bedrock. Hence, it does not respond well to the moderate conductivities typical of
low-level groundwater contamination. It does, however, show the very conductive
tailings areas.

In general, the 4,000 Hz airborne data showed that background conductivities in the
Levack area are below 1 mS/m, with values over swamps and lakes not usually
exceeding 10 mS/m. The principal source of conductivities in swamps and lakes
are fine-grained clay sediments. Indicated conductivity over the tailings ponds
themselves is over 1,000 mS/m. The low-conductivity background and high-
conductivity sources are ideal for locating anomalous conductivity due to
groundwater  contamination.

The outstanding features of the conductivity map are the strong conductivity highs
(greater than 1,000 mS/m) over the tailings areas and the graphitic slates in the
southeast part of the map area. The high conductivity over the tailings is due to high
total dissolved solids in the tailings water. These may be low pH, high sulphate,
typical AMD where the tailings have been exposed to oxygen, or high pH, high
sulphate, high calcium where the water is in its unoxidized state (tailings are limed
before discharge, so unoxidized tailings are basic).

The high conductivity of the graphitic slate is due to electrical conduction by the
graphitic component.

The AEM data show that the Falconbridge tailings are confined to the rock-bounded
lake and drainage system. There is no large-scale contamination of groundwater
beyond the limits of the tailings themselves and the Moose Lake drainage system.

The AEM data over the Inco tails clearly delimit the tailings area but also show
moderate conductivity anomalies extending to the north under the North Dam and
into the lake to the north, and to the south beneath the South Dam into the sand- and
gravel-filled valley to south. These are due to tailings-derived water flowing in a sand
and gravel aquifer that extends beneath the dams and the tailings. This flow is



apparent in a few iron, stained seeps in both areas. The airborne data show the
essentially continuous nature of this conductive groundwater in the valley. They also
show that these are the only directions of leakage from the tailings. The groundwater
flow is confined to a narrow valley. This information immediately focuses follow-up
plans into well defined areas, reducing sampling and monitoring costs as well as
defining the approximate scope of future interception and treatment plans.

The low-conductivity area over the Town of Levack is an artifact of the data
acquisition process. The helicopter is required to fly much higher than its normal
survey altitude over towns, so that the system is essentially measuring the
conductivity of air.

The other main area of anomalous conductivity is the Moose Creek valley, which
contains most of the mine facilities. This is due to man-made features such as mine
buildings, power lines, railroads, etc., sulphides in bedrock (the original target of the
survey), sulphides in waste rock piles, as well as areas of groundwater
contamination in the vicinity of the mines. Most of these areas have yet be followed
up on the ground. In complex areas such as this, ground follow-up with small
systems is essential to identify the various conductive sources.

Figure 5.2.1.2 shows an alternative presentation of the data that provides more
information on the variation of conductivity with depth. The helicopter system
acquires data at three separate frequencies simultaneously (900 Hz, 4,000 Hz and
32,000 Hz.). Since depth penetration is inversely proportional to frequency, the
multifrequency data can be used to create approximate sections or pseudosections
of conductivity versus depth along the survey line. These are called Sengpiel
sections after the developer of the method (Sengpiel, 1986). The figure shows the
Senpiel section from a single line that crosses the north end of the INCO tailings
(centre of the figure) and the north-trending groundwater plume (left). The area of
higher conductivity on the right of the figure is over the Moose Creek valley
containing the mines and  mine facilities and could be due to a number of sources.

Sengpiel sections were calculated for all the lines over the INCO tailings and
stacked one above the other, as shown in Figure 5.2.1.3. This presentation shows
in detail the horizontal and vertical conductivity variations over the tailings and the
north and south groundwater plumes.

In addition to acquiring EM and magnetic data a colour video camera continuously
records the ground surface directly under the helicopter. At 100 m line spacing and
80 m flight height this results in close to 100% video coverage of the survey area.
The videos are delivered on completion of the survey and can be used for precise
location of conductive features, as well as identification of surface features that may
cause anomalous conductivity.

These data samples illustrate the wealth of information available from AEM surveys.



In fact, one of the biggest problems with a large AEM survey is absorbing the large
amount of available data. The Sengpiel sections are an example of a system for
producing approximate two-dimensional images of the subsurface from the data.
Work is under way in the geophysical departments at Queen's University and the
University of British Columbia to develop improved computer programs to directly
image the subsurface 3D conductivity distribution from AEM data. These methods
require large computer resources but should make the data much easier to work
with and will stimulate the acquisition of broader band data (more frequencies) to
improve the resolution of the images.

5.2.2 Surface Surveys
The airborne surveys in the vicinity of the INCO tailings were followed up with
detailed ground surveys using the EM31 (1 m to 5 m depth penetration) and the
EM34 (10 m to 40 m depth penetration) ground conductivity systems. The larger
scale topographic map shown in Figure 5.2.2 shows the location of the survey lines
as well as the location of the water sampling wells at the site. Most of these  wells
are multilevel plastic-cased piezometers. Water samples are taken at regular
intervals and analyzed for major ions as well as a multielement ICP analysis for
metals. To conform to existing grids in this area all horizontal distances were
measured in feet.

The EM31 and EM34 data over the northern part of the tailings are shown plotted in
profile form in Figures 5.2.2.1A and B. This data confirm the very high conductivities
over the tailings themselves, the moderate but still highly anomalous conductivities
over the groundwater plume below the north dam, and the very low background
values. The rapid variations in the EM31 values within the conductive areas are due
largely to topographic variations or the thickness of nonconductive fill. Because of
the shallow depth-penetration of the system, the readings are quite sensitive to the
height of the instrument above the water table.

At each station in the ground survey a total of five readings with different effective
depths of penetration were taken with the EM31 and EM34. Inversions were carried
out on selected lines to produce approximate conductivity versus depth sections.
One such section from the line along the base of the north dam is shown in Figure
5.2.2.2. The general shape of the bedrock valley that contains the conductive
groundwater is apparent in the section. This shape has been confirmed by seismic
refraction surveying and drilling. The more erratic nature of the plot at depth is due to
the loss of resolution at low conductivities and greater depths.

The EM data collected to the south of the south dam is shown in plan contour view in
Figures 5.2.2.3 to 5.2.2.6.

The dam is located at the south end of the Levack tailings at the head of a long,
narrow, sand- and gravel-filled valley. Background conductivity values for fresh water
saturated sand and gravels in this area are 5 mS/m or less. Data have been



acquired from the dam to 800 m downstream. Data from all depth penetrations
show a plume of higher conductivity extending down the valley.

Higher conductivity values (15 to 35 mS/m) in the shallow-penetrating data across
Lines 470S to 1320S correlate with an area of surface seeps. Interpretation of
geochemical data from the surface seeps indicates that the major source of the
conductivity is sulphates derived from the tailings. The EM31 values are affected to
some extent by topographic variations but the deeper penetrating readings taken
with the EM34-20H (coil separation 20 m, horizontal dipoles) trace a relatively
uniform plume of higher conductivity (10 to 15 mS/m) groundwater down the valley.
This is consistent with the shape and location of the airborne conductivity anomaly
but the conductivity values are somewhat lower. We believe this is largely due to an
improvement in water quality between the 1987 airborne survey and the 1991
ground survey, due to flushing of the system with fresh water since the closure of the
tailings.

The EM34-40H readings are lower again. This is probably due to penetration into
the very low conductivity bedrock.

Ground EM surveys were extended down the Grassy Creek valley to the Onaping
River. The purpose of this work was to trace the plume of tailings-derived water
through the outskirts of the Town of Levack and determine where it flows into the
Onaping River. Groundwork was necessary in this area since no airborne data were
available over the town. By selecting suitable areas such as school yards, river
frontage, etc., good-quality data was collected. In general, the readings were all very
low (<5 mS/m), suggesting that the plume has moved to the east side of the valley
under a developed area. This data will be used in support of river bottom
conductivity surveys being carried out by AECL in the Onaping River.

Data from Lines 0+00 to 1070S were inverted to produce two-dimensional
conductivity sections, as shown in Figures 5.2.2.7 to 5.2.2.9. These sections taken
together give an approximate image of the geometry of the plume in three
dimensions. The data set is a three-dimensional volume that can be sliced in any
direction and contoured for presentation. Information on both the lateral and
approximate vertical geometry of the plume can be obtained from this presentation
and can be used to locate wells as well as determine approximate target depth for
drilling and sampling.

5.2.3 Borehole Surveys
A total of 22 new water sampling wells was established in the vicinity of the Levack
tailings at ten separate locations. Borehole surveys were conducted in the eight
deep wells that were accessible, and are shown in Figures 5.2.3.1 to 5.2.3.8.

Holes T1, and G1 to G4 are located in the Grassy Creek valley tailings plume below
the south dam. In general, they show moderate conductivity values (15-60 mS/m)



consistent with the surface conductivity values in this area. Surface peak values are
expected to be somewhat less than borehole peak values because the surface
systems average values over a much larger volume. These values are not high but
are still quite anomalous compared to the 0 to 5 mS/m values obtained over clean
water-saturated sand and gravels and bedrock in this area. Chemical analysis of
water samples from these holes shows sulphate values between 400 mg/l and 800
mg/l and elevated pore fluid conductivity values as shown in the figures. This
confirms that they have been moderately affected by tailings water.
Hole T1 was located as part of the overall tailings groundwater study and was the
only hole planned below the South Dam. It was placed in the middle of the valley
near a road where drill access was convenient, and not on the peak of the surface
geophysical anomaly. Additional holes G1 to G4 were drilled as part of the MEND
program and were designed to sample the conductivity plume, as defined by the
geophysics, in more detail.

Hole T1, drilled to a depth of 15.2 m, lies approximately 400 feet south of the base
of the South Dam.

The conductivity values are relatively low throughout the hole, generally in the 15-25
mS/m range.  The hole appears to have missed the main body of seepage
emanating from beneath the dam, which appears as a surface seep about 40 feet
to the west of the hole.  This is significant since even though this part of the valley is
fairly narrow and appears to be filled with fairly uniform permeable material, the flow
of tailings water is confined to a fairly narrow zone within the aquifer from beneath
the dam  to the drill hole at 5+00S. This confirms the results of the surface survey,
which unexpectedly showed a very narrow and deep conductivity plume at the base
of the dam. The drilling and seismic refraction surveys show high relief on the
bedrock surface parallel to the axis of the valley. It is believed that the bedrock
topography is strongly controlling the groundwater flow near the dam. Further down
the valley the airborne and ground geophysics and the drilling show that the plume
has broadened considerably.

At 9.5 m in depth an unusual conductivity signature is observed, consisting of a
large negative spike followed immediately by a large positive spike, all within a 1 m
wide zone.  The anomaly was observed in both the downhole and uphole logs, thus
ruling out an instrument or software problem. It is probably due to metal left in the
hole during drilling operation, or to a sulphide boulder.

Hole G1, drilled to a depth of 5.5 m, is situated about 200 feet south of T1 and is the
first in a fence of three holes drilled along Line 7+70S.

This hole was drilled only 5 m west of the main surface seepage site.  Conductive
tailings water (up to 65 mS/m) is detected at a depth of 1.3 m.  The upper sections
of the saturated zone (between 1.3 m and 2.8 m) display higher conductivities than
the lower sections, possibly due to oxidation reactions that release H+ and change



the valence of the iron ions.

Hole G2 is located approximately 50 feet east of hole LEV-G1 along Line 7+70S
and was drilled to a depth of 4.1 m. 

The only noteworthy features in this hole are its shallow depth and the gradually
increasing conductivity values with depth.  The final depth is in good agreement with
the seismic data, which indicate a depth to bedrock of approximately 6 m.  The
conductivity reaches a maximum value of 26 mS/m at the bottom of the hole,
indicating only moderate contamination by tailings water.

Hole G3 is located approximately 120 feet east of hole LEV-G2 along Line 7+70S
and was drilled to a depth of 18.1 m.  Grassy Creek is located roughly 50 feet to the
east. 

Moderate conductivity in the 35-42 mS/m range is observed down to a depth of
about 6.5 m where a sharp drop to the 20 mS/m range occurs (roughly coincident
with a series of small gamma peaks).  The conductivity rises again below 7 m
depth, reaching a maximum of 40 mS/m near 13.5 m.  A sudden drop in the
conductivity below 13.5 m is coincident with the contact between a gravel till and an
underlying sand unit that displays a high gamma signature.

The great depth of Hole G3 indicates that it was drilled close to the axis of a buried
bedrock channel that runs along the east side of the upper valley.  This channel may
act as a conduit for tailings seepage.

Hole G4 is located on Line 13+20S, at 4+20E, and was drilled to a depth of 14.8 m.
This hole was intended to provide information on groundwater conductivity outside
the contaminated area.  However, the moderate conductivity values (30-35 mS/m)
observed through most of the hole indicate that the water has been moderately
affected by tailings seepage (an AMD seepage spring occurs in an old gravel pit
about 200 feet north of the hole).

A rising conductivity trend near the bottom of the hole (up to 40 mS/m) together with
orange staining recorded in the soil log and groundwater chemistry (880 mg/l SO4)
confirm the flow of tailings water in the basal unit.

Figure 5.2.3.6 shows the borehole logs in borehole T5, which is located on the
Levack tailings. This is apparent in the very high conductivities (up to 8,000 mS/m)
observed in the top 9 m of the log. This represents the oxidized portion of the
tailings, as indicated by the low pH (3.01) of the water sample from this depth. The
zone from 9 m down to 17 m is still tailings but is unoxidized, as indicated by the pH
value of 9.72 at 14 m. This zone is much less conductive as well, indicating lower
total dissolved solids, as expected.



The very high conductivities in this hole are due to high TDS, principally SO4
(15,000 mg/l at 5.5 m). The chemistry and borehole conductivity values confirm that
the source of the high conductivities measured from surface and the air over the
tailings is due to high TDS in the tailings water. As well, the conductivity log, which
provides an essentially continuous record of conductivity between the water sample
points, illustrates the rapid changes in conductivity and chemistry that are not well
represented by the three water sample points.

The lower pH of 5.83 at the bottom of the hole may represent underflow of
oxygenated water. The spikes in the gamma log at 2.5 m and 19 m are due to silt
and/or clay layers at the top and bottom of the tailings. The tailings themselves show
generally low gamma values. There is an increase in gamma values around 12.5 m.
This is probably due to a change in the mined host rock type.

Drill hole T4 was located in fill and tailings near the west edge of the tailings and
was drilled to a depth of 21.5 m. Conductivity and gamma profiles from this hole are
displayed in Figure 5.2.3.7. The top 5 m of the hole passes through tailings
(consisting mostly of low sulphide slimes) that display conductivities ranging from
75-100 mS/m.  A large gamma peak at the top of the tailings is likely related to the
very fine-grained material that has settled out of the mine water discharge.  This
material is intended to form a relatively impermeable "cap" over the exposed
tailings surface.  A smaller gamma peak occurs at the interface between oxidized
and unoxidized tailings at 1.7 m.

The soils immediately below the tailings between 5 m and 8 m depth are
unsaturated and display relatively low conductivities (around 20 mS/m).  The water
table is intersected at a depth of approximately 8 m and corresponds with a sharp
rise in the conductivity, indicating that the pore water is contaminated.  These
conditions persist down to a depth of 17 m, with conductivities in the 45-60 mS/m
range.  A drop in the conductivity below 17 m corresponds with a sand and gravel till
unit with a high gamma signature, indicating high clay content and low porosity.  The
till unit is probably acting as a barrier to the downward migration of the conductive
tailings water at this location.

Trow hole 2, shown in Figure 5.2.3.8, is located at the base of the north dam in a
plume of tailings-derived water that extends to the north into Pike lake. Higher
borehole conductivity values are consistent with elevated surface and airborne
readings at this site.

Below the water table at 10 m the conductivity log shows moderate conductivity
values throughout the sand and gravel aquifer. These values are consistent with
airborne and ground results. The source of the conductivity is acidic groundwater,
as indicated by the low pHs.

Both the conductivity and gamma log show that the aquifer is not as uniform as



indicated by the stratigraphic log. In general, the gamma values are inversely
correlated with the conductivity. High gamma and low conductivity indicate areas of
higher clay content and presumably lower permeability. Low-gamma, high-
conductivity areas correspond to areas of lower clay content and higher
permeability.

The relationships between chemistry and conductivity in this hole are illustrated in
the next two figures. Figure 5.2.3.9 shows the concentration of all significant ionic
species. This is a characteristic AMD chemical signature with sulphate as the
dominant species followed by iron and calcium.

Figure 5.2.3.10 shows the contribution that each ionic species makes to the total
conductivity, as calculated from the chemical concentrations using the formulae
given by McNeill (1980b). It is apparent that the conductivity, like the concentration,
is dominated by the sulphate, iron and calcium ions. It is interesting to note that at
this moderately low pH (4.28) the H+ ion makes a negligible contribution to the
conductivity. However, due to the logarithmic nature of the pH measurement, the H+
concentration and its contribution to the conductivity increase rapidly with
decreasing pH.

5.2.4 Repeat Ground EM Surveys
Figure 5.2.4 shows the repeat EM31 surveys on Line 1070S on the South Dam grid
at Levack. It was expected that, due the closure of the Levack tailings in 1979 and
the diversion of much of the surface water run-off from the tailings away from the
Grassy Creek valley in 1992, the water quality in the valley would improve. This is
apparent in the data, where conductivity values for all depth penetrations decreased
steadily with time. This supports the less reliable comparison between the ground
and airborne data, which suggested that ground conductivities in the Grassy Creek
valley were decreasing with time.

The only repeat chemical results available, from January 7, 1993 and May 20, 1993,
show decreases in pore fluid conductivity and sulphate of between 5% and 40% in
all four holes in this area. So all the available data supports decreasing conductivity
with time. The data from the ground and airborne surveys provide baseline
information against which any future surveys, perhaps following remediation, can be
compared.

5.3 Fault Lake Tailings
The Fault Lake tailings are located just north of the Town of Falconbridge and the
main Falconbridge tailings area. The tailings were deposited in a large pothole in
an extensive and thick sand and gravel plain. These tailings are no longer active.
Falconbridge has undertaken hydrological studies of the site with the object of
designing a permanent closure plan.

The reprocessing of the AEM data over the Levack area into apparent conductivity



maps, funded by the MEND program, demonstrated that the airborne conductivity
maps were valuable tools for reconnaissance mapping of groundwater quality. On
the basis of this work the INCO Environmental Control group proceeded with
reprocessing and replotting of the entire Sudbury survey, a total of 35 map sheets.
The Falconbridge area was covered by the survey and the excellent results in this
area, and in particular over the Fault Lake tailings, encouraged us to bring this data
into this study. As well, Falconbridge provided access to some excellent ground
geophysical data (Geomar, 1991 and 1992) and groundwater chemistry in the
vicinity of the south dam on the Fault Lake tailings. This data was supplemented
with two holes drilled with MEND funding for BHEM surveys and groundwater
sampling.

5.3.1 Airborne Surveys
The AEM conductivity results and topographic features are shown in Figure 5.3.1.
The data clearly show an isolated area of very high conductivity (greater than
1,000 mS/m) directly over the tailings area and a well-defined plume of moderate
conductivity (5 to 20 mS/m) extending below the south dam into a topographically
low area to the south. This area drains into the main Falconbridge tailings located to
the south of the map sheet. Background values in the area are of the order of 1
mS/m with slightly higher values over lakes and swamps.

The high conductivity area beside the road just south of Bailey's Corners is due to
an MOT salt storage/snow dump site.

5.3.2 Surface Surveys

FEM surveys
Figures 5.3.2.1 to 5.3.2.4 (from Geomar, 1991) show the EM31 and EM34 surveys
over a small area at the base of the south dam. The EM31 vertical dipole data
(depth penetration 5 m) does not detect the plume at the base of the dam and just
senses the top of it over lower ground at the south end of the survey grid.

The EM34 10 m separation data (depth penetration 5 m) just see the plume at the
base of the dam, indicating that the top of the plume is located at about 5 m at this
point. The EM34 20 m separation with horizontal dipole and vertical dipole (depth
penetration 10 m and 20 m, respectively) shows increasing width and conductivity
values (up to 14 mS/m), indicating depth extent to at least 20 m. This illustrates the
need for deep-penetrating instruments in areas of deep permeable overburden.

This plume is coincident with the plume defined by the airborne data, but is much
more precisely defined. The highest conductivity part of the plume is tightly confined,
given the width of the dam and the apparent uniformity of the overburden, and could
easily be missed by a limited drilling program. In general, except for large
homogenous targets, ground surveys are required to locate drill locations.



Background values of about 1 mS/m are similar to the airborne results.

TEM surveys
The FEM data located the top and lateral extent of the plume but, due to their limited
penetration, were not able to resolve the base of the plume. With bedrock as deep
as 80 m in this area under sand and gravel, a determination of the base of the
plume required a deeper penetrating system.  A single line consisting of five
stations was surveyed across the base of the south dam. The loop locations are
shown in Figure 5.3.2.1 and the data are shown in Figure 5.3.2.5. The plume is
clearly apparent in the resistivity low, centred on reading S3, with the lowest values
at 0.02 msec. The data indicate a probable base to the plume, as evidenced by rise
in resistivities around 0.06 msec to 0.07 msec in S3 and S4. The plateau in
resistivities between 0.07 msec and 1.5 msec would correspond to more resistive
overburden beneath the plume and the high resistivities at depth to bedrock.

An interpretation by Geomar is shown in Figure 5.3.2.6. This interpretation shows a
discrete plume perched in the overburden with a maximum depth of about 20 m
over a deep resistor at 70 m. The deep resistor has been identified with bedrock.
One of the objects of the drill holes and BHEM at this location was to test this
interpretation; however, due to water pressure problems (ground heave) penetration
past 20 m was not possible with the rotary augur soil testing rig used.

The TEM interpretation is consistent with the FEM results and the available BHEM
and water chemistry data. The principle benefit of the TEM data in this area is its
large depth penetration compared to the FEM work.



5.3.3 Borehole Surveys
Two drill holes, F1 and F2, were targeted using the surface geophysical results. The
geophysical and stratigraphic logs are shown in Figures 5.3.3.1 and 5.3.3.2.

Well F2 was drilled into the peak of the surface conductivity anomaly and F1 was
drilled 30 m to the west on the flank of the plume.

The water table in both wells is located at about 6.5 m. The logs show a gradual
increase to values of about 15 mS/m for F1 and 50 mS/m for F2 below 10 m. These
results confirm the lateral conductivity distribution as indicated by the surface
surveys. The surface values are low because of the dilution by the low conductivity
unsaturated layer. The wells are located in an area where the surface surveys
indicate depth to the top of the conductive zone to be between 5 m and 10 m, which
is consistent with the borehole results.

Chemical analysis of water samples from 9, 18 and 24 m in F2 gave sulphate
values of 717 mg/l, 1,240 mg/l and 174 mg/l, respectively, confirming that the source
of the anomalous conductivity was tailings water.

It is interesting to note that the sulphate and pore fluid conductivity values from 24 m
are about a third of the shallower values; however, there is no evidence of this
decrease in the BHEM logs. Since the overburden is relatively uniform, such a large
change should be obvious in the conductivity data; however, the values are constant
to the bottom of the hole, suggesting that the plume extends to greater depth. The
geophysical logs were run twice, once down and once up the hole, and repeated
well. The main well is larger in diameter than the shorter auxiliary wells and there
may have been some dilution of the sample. To resolve this problem it is
recommended that the well be resampled. This was the only point in the study where
groundwater chemistry and borehole geophysical logs were not well correlated.

5.4 IP/SP/Resistivity
Induced polarization and resistivity surveys were carried out along two lines and in
one new drill hole (beside IN10) on the Copper Cliff tailings, as shown in plan view
in Figure 5.4.1 and in section in 5.4.2 and 5.4.3. The two lines had been previously
studied by the University of Waterloo and a number of shallow stratigraphic holes,
together with groundwater monitoring wells, were available for correlation with the
geophysics.

Different parts of the Copper Cliff tailings contain very different concentrations of
sulphide, with values ranging from over 50% in the pyrrhotite storage areas to less
than 1% in some areas. The lateral and vertical boundaries between different types
of tailings is not always well known, particularly in older areas of the tailings. Since
knowledge of the total volume of sulphide and the distribution of sulphides is
important in predicting AMD production it was hoped that the IP data could provide
some information on sulphide distribution in the tailings.



Drill hole control, as follows, was available along the lines. Sulphide content is
weight % FeS equivalent.

Line Station Hole# Average Comments
Sulphide

A 0S IN13 3% Depleted in sulphides to 0.7 m
510S IN10 <1%

1020S IN11 1.5% Depleted in sulphides to 1.7 m
1409S IN12 4% Depleted in sulphides to 0.4 m;

30 cm of magnetite at 0.5 m
B 0S IN14 7% est.

130S IN15 7% est.

Vertical profiles of sulphide content from shallow holes at IN11, 12 and 13 were
available (Coggans, 1992) and are shown in Figure 5.4.4. These profiles show
sulphide depletion in the top metre due to oxidation of sulphides. It is interesting to
note that the maximum depth of oxidation in these and other holes is nowhere
deeper than a few metres. Thus most of the sulphides in the tailings are unoxidized
and should be a good target for IP. The apparent spike in FeS at the base of the
oxidized zone is due to iron enrichment in iron oxide ferricretes.

No detailed logs from the holes along the B line, which is located in the more recent
P area tailings, were available; however, typical sulphide values in this area, which
postdates the closure of the Iron Ore Recovery Plant, are reported to be about 7%.
(Blowes, personal communication 1993) .

Line A
This line starts in the M tailings area and extends from an area of moderate sulphide
content of about 3% sulphides around Station 0 at IN13 into an area of very low
sulphides (<1%) as indicated by IN10 at 510S, through low sulphides (1.5%) at IN11
to higher sulphides (4%) at IN12 in the M1 area. The 10 m dipole IP results correlate
well with this expected variation, with values around 4 milliseconds (msec) of
chargeability at 0, and values generally below 1 msec from 400S to 1140S. South of
1140S the line enters the M1 and is characterized by high and variable chargeability
and very low resistivity (<1 ohm-m or greater than 1,000 mS/m). From 1480S to the
top of the dam the data are characterized by high resistivities due to the lower water
table and low chargeabilities. The low chargeabilities in the dam are expected
since, in general, the dams are constructed with low sulphide tailings.

The IP data correlates well with the known distribution of sulphide, and it also
provides a great deal of information between and below the holes. A few examples
are discussed below.

It appears from the data that the low sulphide area around 500S (IN10) onlaps the



zone of higher sulphides at 0S (IN13). This is indicated by the higher chargeability
values extending to depth to the south from 0S. The strong IP anomaly at 290S is
due to a buried metal pipe at this location. Weak IP anomalies at 510S (IN10) and
1020S (IN11) are probably due to small vertical steel pipes used in the water
sampling.

A well-defined moderate IP anomaly at depth at 860S indicates higher
concentration of sulphides, or scrap metal at depth. The IP data alone cannot
uniquely identify the source; however, the data can be used to accurately locate drill
holes to test anomalous areas.

The high and variable IP results in the M1 area indicated a substantial volume of
sulphides or buried metal. A weak IP response is also expected from the 30 cm of
magnetite that was intersected in IN12. The very low resistivities (high
conductivities) in this area indicate very high TDS.

Because the grain size in the tailings is relatively uniform and there is no
interference from clays, the resistivity (or conductivity=1/resistivity) values should be
directly proportional to TDS. Thus, the IP data in the absence of buried metal can be
used to map the distribution of sulphides, and the resistivity data can map variations
in TDS. It should be noted that variations in tailings water chemistry will have some
effect on the resistivity as well. It is suggested that if correlation coefficients were
established at sample wells then TDS could be mapped quantitatively.

Line B
The IP values along this line are generally higher as expected. Low IP values and
high resistivities were recorded over the dam, which extends from 400S to the south
end of the line.

The conductivity values are higher over the higher chargeability area, indicating
higher concentrations of AMD associated with the sulphides. Based on the results
of this work, it appears that surface IP and resistivity is a useful tool for mapping the
distribution of sulphides and TDS in tailings.

Self Potential (SP)
SP data was acquired simultaneously with the IP/resistivity data using the Rx dipole
only. The SP natural voltage has to be measured and cancelled out prior to the
IP/resistivity measurement, and it is recorded automatically. Unfortunately, the
surface dipole SP readings were noisy and did not repeat well. This is probably due
to the short dipole lengths and short averaging times. It is recommended that future
SP surveys be carried out independently of the other surveys so that longer stacking
times and a pole-pole array can be used. The pole-pole array is a two-electrode
system with a single fixed-reference electrode and a moving survey electrode. The
voltage difference between the two electrodes is plotted at the position of the
moving electrode.



Pole-pole SP data acquired by the McMaster University group is shown in Figure
5.4.6. The raw data were moderately noisy on a station-to-station scale and have
been smoothed with a 2, 3, 7, 3, 2 weight averaging filter for the plot. A number of
strong SP anomalies are apparent on a trend of rising voltages going from IN14,
located on the tailings, to the base of the dam. The strongest are associated with
the road, which is at the crest of the dam, and a rapidly rising response below the
base of the dam. Since the tailings are a very large electrochemical cell, a large SP
difference was expected between the top of the tailings (oxidizing) and the base
(reduced). The anomaly at the dam crest may be related to the low-sulphide tails
used in dam construction, and the lower water table. The IP and resistivity data
show the dams to be very different, electrochemically, from the tailings. The small
amount of data and the lack of downhole SP control on this line make it difficult to
identify the sources of the SP anomalies. It is recommended that further surface SP
surveys be done together with detailed downhole SP control, perhaps by pushing or
hammering a electrode down through the electrochemically active zone (as
suggested by Dr. Bill Morris). Such shallow vertical surveys, if acquired at a high
enough density, may be more useful than the surface surveys since, for the surface
survey, the electrodes are sitting on the surface of a conductor, which is an
equipotential surface and the worst possible place to measure voltage differences.
As well, surface readings are likely to be strongly affected by the surface conditions:
wet versus dry, windblown sand versus revegetated soil, etc. The borehole SP data
discussed below appear to give much more stable and reliable results.

Pyrrhotite Storage Area
To test the electrical surveys under extreme conditions a single short line was
surveyed over a pyrrhotite storage area where the pyrrhotite content is over 50%.
The results were quite surprising. Over the rocks that bound the shallow valley
containing the pyrrhotite, the resistivities are high (up to 20,000 ohm-m) and the
chargeabilities are low, as expected. At the edges of the pyrrhotite the IP values are
highly anomalous, with peak values of +31 and -71. On the pyrrhotite, which extends
from about 2+40S to 0+20S, the resistivities are very low (<1 ohm-m) as expected,
but the chargeability values are also low, generally less than 2%.

It is believed that the low chargeability results are due to the extremely high
pyrrhotite concentrations. The IP response is due to polarization by electrical current
flowing from electrolytic conductors (electrolytes where current is carried by ions
dissolved in groundwater) into sulphide grains with metallic conductivity. If the
sulphide concentration is very high so that most sulphide grains are in contact with
other sulphide grains then current will be transmitted directly through the sulphides
without passing through the electrolyte that fills the pores. This would produce strong
IP anomalies at the edges of the sulphides where essentially all the current crosses
an electrolyte-sulphide boundary and little or no response over the sulphides would
be observed.



Thus, high pyrrhotite areas will show up as strong IP anomalies when at least one
pair of electrodes is outside the pyrrhotite. This will be the case for all hidden
(buried) high pyrrhotite areas, therefore these will be detectable. The only problem
will be for measurements directly on exposed high pyrrhotite; however, the areas
are normally known or can be identified by surface sampling. It would be useful to
carry out laboratory studies on pyrrhotite tailings mixtures to determine the variation
of chargeability with sulphide content in more detail.

Drill Hole Results
The IP, SP and resistivity results from IN10G are shown in Figure 5.4.5. The
detailed stratigraphy in this hole, including sulphide content, is not available yet, due
to delays in laboratory analysis caused by the INCO production shutdown.

Resistivity values range from 12 to 18 ohm-m, gradually increasing with depth. This
is consistent with the surface resistivity data.

The chargeabilities values range from 3 msec near surface to about 1.5 msec at
depth with considerable small-scale variation. These values are slightly higher than
the surface readings, which were mostly below 1 msec. This discrepancy is not
large since the accuracy of the measurement is about 1 msec, but it is measurable
and consistent. The reason for this difference in surface and borehole chargeability
is the depletion of sulphides in the near surface layer, which is averaged with the
surface layer in the surface data.

The variations in chargeability should reflect small changes in sulphide content
through the section due to changes in processing or oxidation of sulphides at
paleoweathering surfaces (previously exposed tailings surfaces).

The SP data show a decrease in electrical potential (voltage) with depth with
respect to the surface electrode with a change in polarity at -2.0 m. This probably
represents the change from the surface oxidizing environment to a reducing
environment at depth. The total voltage difference from the surface to the bottom of
the hole is about 0.2V. This is consistent with the view of the tailings as a giant
unconfined battery, with metal in a reduced state (sulphides) in an electrolyte (dilute
sulphuric acid), much like a car battery. It is interesting to speculate if any useful
electrical power could be derived from such a system, perhaps to power treatment
systems. Given the measured SP voltage and  resistivities around 10 ohm-m, the
vertical current flow at this location is about 1 milliamp per square metre.
Extrapolating over the 32 square km of the tailings gives an total vertical current flow
of about 32,000 amps. This is powered entirely by oxidation of sulphides and gives
some idea of the scale of the electrochemical reaction; however, due to the widely
dispersed nature of the system it is unlikely that the energy could be collected to do
useful work.

The rate of change of SP with depth is also plotted. This is the voltage that would be



measured across a 0.5 m dipole downhole. The data show a rapid decrease in
voltage just below the oxidized zone, with a relatively stable decrease, with
occasional spikes, through the rest of the hole. The dSP/dZ spikes seem to
correlate with IP lows, suggesting again that these may represent paleooxidation
surfaces.

It is recommended that SP data be acquired in more detail through the
electrochemically active zone from 0 m to 3 m for detailed correlation with downhole
chemistry.

The borehole work confirms the picture, derived from the surface geophysical data
and the shallow sampling, of a fairly uniform low-sulphide environment. More
detailed correlation of sulphide with IP will be done when the final sulphide analysis
from IN10G is available.



6.0 CONCLUSIONS AND RECOMMENDATIONS

Conclusions
Due to the low background conductivities and the high conductivities of AMD,
electrical and electromagnetic geophysical methods work well in the Sudbury area. 
In this environment even small amounts of AMD in groundwater can be detected in
first-time surveys.

In areas with more conductive (20-40 mS/m) clay soils, such as the Abitibi clay belt,
subtle conductive features due to low levels of groundwater contamination will not be
detectable in first-time surveys; however, with anomalous conductivities up to 100
mS/m at the base of the dams at Copper Cliff, similar AMD plumes should be
detectable near their source in most Canadian environments. If soil types are not
well known, test surveys to establish background values prior to undertaking large
surveys are recommended. The use of background surveys carried out prior to
development reduces the threshold of AMD detection in all areas and would be of
particular advantage in areas of high and variable natural conductivity.

The work showed that conductivity measurements in boreholes could be related to
groundwater conductivity and, hence, to TDS in groundwater. In turn, significant
conductivity anomalies detected with surface and airborne surveys were correlated
with AMD in the subsurface.

Airborne EM surveys with accurate positioning and closely spaced lines are an
excellent tool for reconnaissance mapping of groundwater quality and providing
regional background conductivity information. All airborne conductivity anomalies
that have been followed up on the ground in this program and in similar site
investigations at Sudbury have been confirmed. In general, ground surveys, with
their improved horizontal and vertical resolution, are necessary to identify the
sources of anomalous conductivity and to provide detailed information for drilling
and sampling.

Airborne surveys processed to apparent conductivity colour maps provide an
immediate visual image of regional conductivity and can be used to rapidly and
inexpensively characterize large areas like the Sudbury basin, which would be 
impossible to cover in their entirety on the ground. Anomalous areas can be
selected and arranged in order of priority for detailed ground follow-up. Airborne
data should be correlated with detailed topographic maps to eliminate known
conductive sources such as sulphides in bedrock, pipes, power lines, metal
buildings, etc.

Borehole surveys provide a continuous record of the conductivity around a hole in
real-time. The sample density is much higher than any practical downhole sampling,
and can be used to interpolate results between sample points and to identify
anomalous areas that may have been missed by the sample points. In general, well



water sample points are not optimally located. Downhole EM surveys in a hole prior
to the installation of sampling points can be used to ensure that they are well
located. For instance, a few sample points in a deep hole may miss a thin plume
entirely and it is unlikely, in most cases, that sample points are located at the peak
concentration of any confined plume. Repeat surveys can provide a detailed record
of the variation of conductivity with time.

Limitations on the effectiveness of electrical and EM surveys may be imposed by
man-made interference, topography, seasonal variations, and any combination of
extreme depth, small size or low conductivity contrast of the target.

The work on the deep plume at Pistol showed that deep, thin plumes with only
moderate conductivity contrast with their host may not be detectable with surface or
airborne surveys. Developments in instrumentation and interpretation should
improve detectability; however, there will always be thresholds of conductivity, size,
thickness or combinations thereof below which features like plumes may be
chemically definable but not detectable geophysically. Thus, in general, surface or
airborne geophysics cannot be expected to detect all possible contamination.

Man-made interference from pipes, power lines, metal buildings, etc. is a potential
problem in all geophysical surveys. The EM31 can take readings within 5 m of
metallic objects and the EM34 within 20 m to 40 m depending on the mode
(distance approximately equal to depth penetration). The effect of interference from
powerlines varies, but readings can usually be taken within 20 m of smaller lines.
Lines perpendicular to power lines (with the long axis of the instrument
perpendicular to the lines) are less affected.  In built-up industrial sites, such as a
mine or mill, a good strategy is to survey the perimeter of the site to locate
conductive groundwater moving off-site.

The Pistol site had powerlines, railines, pipelines, roads and buildings. Data were
collected by selecting lines that minimized man-made interference, resulting in a
non-rectangular and sparsely sampled grid. This complicates the data processing
and interpretation but may be the only way to get data in built-up areas.

Topography must be taken into account when interpreting surface data, particularly
for shallow depth penetrations. Local topographic highs will increase the depth to
the water table, creating areas of apparently lower conductivity.

Seasonal variations, particularly in the shallower penetrating surveys, can be
expected due to the reduction in conductivity with temperature in winter at shallow
depths. Surveys designed to map very shallow conductivity variations should not be
done in winter. On the other hand, suppression of shallow conductivity by cold can
enhance the detectability of deeper conductivity variations.

All survey grids used for this work were tied to permanent markers so that they can



be accurately located and re-established if necessary for repeat surveys.

The IP/SP/resistivity surveys showed a good correlation between known sulphide
concentrations in the tailings and IP values. Due to the uniform grain size of the
tailings, resistivity values can be used to map TDS quantitatively. The combination
of IP and resistivity can be used to study, in three dimensions, the relationship
between sulphides and TDS, which should shed light on AMD generation and
migration patterns. Buried metal interferes with all electrical measurements and may
be a problem if tailings have been used as a scrap dump. On the other hand,
geophysical methods, including the magnetic method, can be used to locate buried
metal such as steel drums, etc., if desired.

Data have been presented in many different formats as appropriate to the area,
data type, etc., but also to illustrate the variety of presentation formats available.
Most of the contour data would normally be presented in colour, and was for many of
the working copies; however, for ease of reproduction most contour plans have
been rendered in black and white.

This work has concentrated on the acquisition and processing of various data sets
to demonstrate applications to AMD data. There remains a great deal of detailed
analysis and more quantitative correlations that could be done and that would
contribute to understanding the relationships between physical properties and
groundwater chemistry. The data presented here have been brought to the stage
typical of a site investigation. Once the anomalous areas are defined, they are
drilled to provide chemical data, and additional analysis of geophysical data may
not be necessary. It is hoped, however, that some of the directions indicated in this
work will be pursued further to provide better tools for characterizing AMD and other
inorganic contaminants in the subsurface. In particular:

- better two- and three-dimensional imaging,
- using digital recording to acquire higher data densities and more data
samples to provide better input to imaging systems and, ultimately, better
resolution,
- quantitative correlation of chemistry with conductivity,
- larger scale repeat surveys to monitor the change of plumes with time,
- additional borehole logs to provide in situ density, porosity and, eventually,
chemistry. Downhole nuclear probes using X-ray fluorescence or neutron
activation are available now for mining and petroleum applications and
nuclear magnetic resonance tools have been developed for large-diameter
water wells, and
- develop a better understanding of the electrochemical processes active in
tailings and IP and SP data with the object of providing data for predictive
modelling of AMD from tailings.

Groundwater contamination by acid mine drainage has been identified by the



national Mine Environmental Neutral Drainage (MEND) program as the largest
single environmental problem facing the Canadian mining industry. Geophysical
methods, particularly electrical and electromagnetic methods, can, under suitable
conditions, be used to quickly and inexpensively map the extent of groundwater
contamination and the sulphide source of AMD.

It should be emphasized that geophysical methods should not be used in isolation.
Because they do not uniquely identify the source of anomalies, and the accuracy of
interpretations is often limited by data density, signal noise, or the equivalent
signatures of different sources, they should only be used as a guide to drilling and
sampling, not as a replacement.

In this program, we have focused on the geophysical methods that can be applied in
remedial site investigations. This is appropriate as these are the sites requiring the
most urgent attention. Geophysical methods also have a role to play in preventive
site investigations designed to minimize future environmental problems. Surveys
can be used to map permeable features such as sand and gravel channels or layers
in clay soils, bedrock topography, faults in bedrock that may be permeable, sulphide
concentrations in waste rock, dam foundation stability, lake bottom bathymmetry
and stratigraphy, etc. Together with traditional geotechnical investigation
techniques, pre-development geophysical surveys may reduce the need for
remedial investigations in the future.

Recommendations - General
A general recommended sequence for the use of electrical or EM geophysical
methods in AMD site investigations is given below. Not all steps are appropriate in
all areas.

1) Determine expected natural background values from one or more of the following

i) test surveys
ii) soil type and natural groundwater conductivities
iii) previous airborne or ground surveys

2) Estimate the expected conductivity response from contamination by

i) test surveys or
ii) calculating the conductivity response from contamination by the methods
described in Geonics TN6 (McNeill, 1980b)

If the targets are detectable, then

3) Review AEM data if available. If the area is large or inaccessible acquire new
AEM data.



4) Follow up anomalous areas with ground surveys using multiple depth
penetrations.

5) Follow up areas of anomalous conductivity as defined by ground systems with
drilling and sampling.

6) Log holes with borehole systems prior to locating sample points. Sample points
can be located in anomalous areas, conductivity data can be used to interpolate
water quality between sample points, and gamma logs can assist in mapping 
stratigraphy.

This sequence is an efficient search hierarchy that rapidly focuses more expensive
follow-up methods on anomalous areas.

Studies should be integrated using geological, geotechnical, hydrological,
geochemical and geophysical methods and data, as appropriate. Specialists often
do not use data from other disciplines to its full effect. This may require the creation
of multidisciplinary teams.

Large volumes of exploration geophysical, geochemical and geological drill hole
data are usually available free of charge in the vicinity of mines, and can provide,
among other things, valuable pre-development data. Corporate environmental
groups should contact their exploration groups or exploration consultants to locate
this data. As well, the two groups often have similar data processing and
presentation requirements, and exploration groups can often supply state of the art
processing and presentation expertise and equipment.

Data from the various disciplines should be entered and maintained in spatially
linked databases suitable for input to image processing systems and geographical
information systems (GIS).

Ground surveys
One of the most neglected aspects of ground work is positioning. Grids should be
established accurately and tied to permanent markers so that drill holes can be
accurately positioned and surveys can be duplicated in the future for monitoring
purposes.

Data with multiple depth penetrations should be acquired, whenever possible, to
provide vertical as well as horizontal resolution. These data are required for input to
the existing and developing two- and three-dimensional imaging systems.

Borehole surveys
All holes drilled for groundwater sampling, geotechnical, etc. applications should be
cased in 2" ID plastic. Even if a hole is not surveyed immediately, it is an invaluable
future resource. At a cost of a few hundred dollars per hole, holes which cost



thousands of dollars are preserved and provide access for detailed geophysical
logging in the future. EM conductivity surveys can provide detailed information on
groundwater quality in geotechnical or other holes where no water sampling is done.
Surveys in water monitoring holes can be used to locate optimum sample points
and interpolate between sample points.

Gamma logs are recommended. They can be done at little additional cost and can
provide valuable and detailed information on stratigraphy.

Airborne EM
Records should be searched for existing airborne data. Most mining areas in
Canada have been flown several times by government and private interests. Old
airborne and ground surveys can provide historical data.

Helicopter FEM data is preferable to most fixed wing TDEM data due to better
positioning, higher frequencies and multiple coil orientations. New electronic
positioning systems permit close line spacing. Detailed airborne surveys with line
spacing of 10 m and sensor heights of 5 m have been flown recently for
environmental applications (Nyquist, 1993). Such surveys approach the resolution of
ground surveys.

AEM surveys are recommended for large or inaccessible areas. It is possible that
repeated accurately positioned AEM surveys could be used to efficiently monitor
many sites in an area on a regular basis.

Seismic surveys
Seismic refraction surveys should be considered whenever depth to bedrock is
required. The tailings environment, uniform, fine grained, saturated sediments, is
ideal for seismic surveys, and good data can be expected. Seismic reflection data
may also be useful to map tailings stratigraphy and base of tailings. Very high
resolution marine systems are available for ponds and lakes. These systems can be
operated in very shallow water and even ponded to saturated soils if access is
available.
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I. ISTRODL’CTIOS 

It was near the beginning of thts century that Conrad Schlum- 
berper first employed the technique of mapping sub-surface geology 
by mjeclmg electrical- currents into the ground and mapping the 
resulting potential field &ribution. Since that time measurement of 
terrain resistivity has been applied to a variety of geological prob- 
lems. A partial list ofapplications includes the determination ofrock 
lithology and bedrock depth: the location and mapping ofaggregate 
and clay deposits; mapping groundwater extent and salinity: de- 
tectmg pollution plumes in groundwater: mapping areas of high ice 
content in permafrost regions: locating geothermal areas: mappmg 
archaeological sites. etc. 

In many instances resi>tivity mapping provides definite geological 
information; however there are also cases where the results are 
uninterpretable since the “geological noise” is too high. A limita- 
tion of reststivity surveying is that the actual value of terrain resis- 
tivity itself is seldom diagnostic. As a result of this ambiguity we 
generally examine the variations of resistivity. either laterally or 
with depth. to outline the geological features of interest. But a 
problem arises in that conventional surveys are time-consuming to 
carry out and the area actually surveyed is often smaller than one 
might wish in order to fully ascertain the background against which 
the anomalous feature is to be defined. Furthermore. although con- 
ventional resistiv ity techniques sense to a characteristic depth tde- 
termined by the interelectrode spacing) resistivity inhomogeneities 
much smaller than that depth can. if the) are located near the 
potential electrodes. yield large errors in the measurement and thus 
a noisy surv-ey protile. 

For the>e reasons appiication of resistiv it y survey 5 to engineering 
problems is not as common as it might be. particularly in Sorth 
America. Such surveys have achieved success in Europe and are 
used more routinely. 

It was an awareness both of the potential of resistibity measure- 
ments for solving geological problems and equally of some of the 
Jmwbucks of conventional resistivit! mapping u-hrch lead Geonics 
Limited to develop two new lines of instrumentation employing 
electromagnetic techmques to measure terrain conductivit). In the 
first of these a sinusoidal& varying magnetic held electromagneti- 
cally induces currents in the ground in such a manner that their 
amplitude is linearly proportional to the terrain conductivity trecip- 
rocal of resistivityj. The magnitude of these currents is determined 
by measuring the magnetic held which they in turn generate. 
Through the use of electromagnetic techniques. ground contact is 
avoided and with these pdIeI%IeJ instruments it is possible to m;lp 
terrain conductivity virtually as fitst as the operatorts) can walk: 
furthermore the sample volume i* averaged in such a manner as to 
y~cld excellent resolution in conductivit). Two instruments have 
been developed by Geonics to cover the range of depths generally 
useful for engineering geophysics: tit the E%l?I. one-man portable. 
h.rr an effective penetration depth of6 meters and riit the EMN-3. 
two-man portable. has stepwise selectable depths from 7.5 meters to 
60 meters. 

In the second approach the current flowing in a loop situated on 
the ground is abruptly terminated. inducing eddy current- in the 
ground w htch diffuse away from the transmitter loop in a manner 
<ontrolled b, the ground conductivity. In this case the dispersal of 
the currents 1s determined by measuring the transient decay of their 
mJgnetic field. Bused on thrs principle. the Geonics ES127 can be 
used to determine the electrical properties of the earth to depths of 
several hundred meters. 

These devices are assistine in the s4ution of many geological 
pr&lems. With the renewed-interest in resistivit) it has become 
apparent that there is a requirement for a short note which discus- 
ses. from the point of view of survey interpretation. the various 
factors that influence terrain resistivity. For example. typical ques- 
ttons raised include t I) When are graveis more resistive than tincr 
material’! (1, What is the influence of the depth to water table’!131 It 
rained heavily 1;1st week: will this affect the measurement3‘? 14 
What are typical re+Ativitirs for the following soil types:‘. etc.. etc. 

By describing the various factors that control the electrtcal con- 
ducuvity/resisttLny of soils and rocks under typical m-situ condi- 
tions this note will attempt to provtde the techmcal background 
against which these questions can be answered and to thus gave the 
operator greater confidence in his survey interpretatton. The em- 
phasis throughout this technical note is on those factors that 
influence the near-surface ground resistivity. particularly of soils, 

The various topics are dealt with in the following sequence. 
Section II: definition of conductivity & resisttvity 
Section Ill: description of relevant physical properties of soils and 

rocks 
Section IV: relation of physical properties to the electrical conduc- 

tiv it) 
Section V: discussion of conventional resistivity measurements of 

soils in different climatic zones. 
As mentioned above. this technical note is directed towards the 

user. Many readers will be familiar with the physical properties of 
soils and we ask their indulgence. None of the material on the 
electrical properties of soils is original; some has been taken verba- 
tim from the references. However the compilation has been derived 
from many sources and we hope that it will prove useful. 

II. RE!3SCIVlTY/CONDUCTIVTTY 

Basically the electrical resistivitylconductivity ofa substance is a 
measure of the dimcultylease with which an electrical current can be 
made to flow through it. Suppose that we construct a tank with 
insulating sides and two conductive end plates as shown in Figure I. 
The end plates are connected to a battery through an ammeter with 
which w-e measure the current flow through the sample. If the tank is 
empty there is of course no path by which the current can Bow from 
one end plate to the other and the ammeter reads zero. 

Suppose we fill the tank with a mixture of clean gravel and tap 
uater. The ammeter will read a finite current and. depending on 

Conductive end plates 
(oreo AI 

Ammeter (Current I ) 

II / Battery (Voltage V) 

RESISTIVITY i/I) CONOUCTIVITY ( CT) 

ohm-metres U= GL - mhos/meter 
A 

where R = 
V 

- ohms where G 
I 

1 
= - mhos 

V 

Ftcl RE I. Rcsistir it) !con&~rit @ tank 

r 



If we nw till a number ofdifferen1 rrctangul.ir t.ink~. of Jifferent 
dimen\tun\. utth the \arne mtxture ue uuuld find thdt the ele<tncal 
re\i\t.mir I\ proportwn:tl 10 the length of the ranh .md in\erwl) 
pr~~portwn,~l to the ;Ire;t of the canductl\e plate clcitrode\. The 
con*t;lnt uf pruporliun4lit~. ;I propert! of the ml\ture onI!. Inde- 
penlfent of the tdnl, dlmen\lon\. I\ clctine:cl a\ the electrtc~l re\irti\- 
it?. In the VKS \)~tern It ha\ the untt\ of ohm-meter, and i\ the 
electrIc..~I rwd.mc’c me.lwrrd on ‘I cub \ample uhow dimen\it\n\ 
are ~11 one meter. In the CGS >)\tern of unity the rest\ti\tt> IS 
detined ;I\ the reG1ancr dc’rc)\\ tuu opposite face, ofa cubic \ample 
one centtmeter on each >ide and the unit\ are ohm-centtmeterh. 
From the Jetininp relation ue bee that. piben the rcbt,1i\ity in 
ohm-centimeter\. ue mu,1 di\ ide h> 100 tn order 10 pet the re+tiv- 
it) in ohm-meter,. 

Suppo~ that ueemptb our tank(nwaaswmed tobeonemeteron 
a \~de:) and till it ulth ;L mixture of cla) saturaied ulth uater. We 
might find that the ammeter read ;I feu tenth\ of an ampere. perhaps 
a\ much a\ halfan ampere. The re&ance rrould then be tuo ohm%. 
the reGtt\tt! tuo ohm-meter\. The range of rewti\itle? displrt)ed 
b)- uncunwlidated material3 a1 temperate ambient temperatures 
usualI\ lie3 betueen one ohm-meter and one thuu\and ohm-meters; 
the re&l\ it! of rock\ can bar\ from a feu tens of ohm-meter\ to as 
hrgh as 100.000 ohm-meters. &scu\>ed In further detail tn Section 
1v. 

The reciprocal of the electrical resistivitk of our sample is defined 
as the electrtcal conductr\ sty. In the MKS system the untt of con- 
ductit it! I\ the mho per meter and a re&tt\ it)- of one ohm-meter 
exhibits a conductibiry of one mho per meter. IO0 ohm-meters is 
equivalent to a conductivity. of 0.01 mhos per meter. etc. The 
electromagnetic inrtrument~ actualI> meawre terrain ( OU,/M( ri\.if\ 
rather than IX rr\rirr~\ and for this reawn much of the remarnder if 
thl\ technlcal note uill be concerned uith the conductt\it! ofbart- 
UUI terrain matertal\ ra1her than the reGti\ i1!. 

It ua\ \t;tted atwe [hat a reGtiii1) of 100 ohm-meter\ corre- 
cpond\ to a conJucti\ity of 0.01 mho\ per meter. To a\oiJ the 
incon\ enience of ha\ ing zeros immediatel) following the decimal 
point all cunductt\ities HIII be ertpre\\ed in millimhw per meter: a 
conducw It> of .Ol mho\ per meter correspond5 tu IO mtllimho~ per 
meter.etc. Thl\ ha\ theaJ\ant;lpe that therungeofresi\tt\itie\from 
I to I .OOO ohm-meter4 I* co\ ered b) 1he range ufconducti\ itie\ frum 
I .0(W) to I milltmho\ per meter and wch number% are eabtl) handled. 
Table I li\1\ the con\er\ion from re\i\ti\itk and conduclt\lty in 
\rlriou\ unit\ 1~ cunduc1i\ It! in millimhoc per meter. 

In the experiment\ described above a direct current WUI em- 
plo)ed.-Had ue wed ;Ln alternuring current and taried the fre- 
qucnsb ue might hate Jiwzubered that the elecfrical propertie of 
the \ample \ :trteJ w11h frequent). In realit> wil\ and rock\ are 
cornpIe\ \ubtancr< in u hich there are man) (wme poor& under- 
\toodt mechant\m\ uhich gokern the mode oicurrent Rou through 
the wmple [ i-51. 

TABLE I. RN~II\II) conducti\ i1! unttconwrswn 
f2ctor3 

mhc\. meter N IWO ---) mtlllmhos meter 

Iwo - - --- ohm-meters --+ milltmhos meter 

Ioo,cNn3 
ohm-centimeters ‘--, mlilimhos meter 

ys eleCt+iunits 
9 .* IW __ __+ m4lrmhos meter 

Sate: 1 Siemen (S) = 1 mho 

Fortunately. for rnaterl.& ulth ccwtduitl\ It) of the order of one to 
I .ooO mtlllmhw per meter the electrIcal propertIe\ u htch control the 

current Hw are relatl~el! ~nJepenJsn1 +f frequency dnd the DC‘ or 
IN frequency conduc‘tt~tt~ me;rwred ulth wnrentwnal re\t\tt\~th 
equIpmen UIII be e\wtilall~ the \ame J\ that medwred using Iw 
frequent) electromagnettc techntque\. 

Finall! it \huulJ be noted 1h;lt measurement of the electrlcal 
conducttbtty or rewtivit) 0fgeol0fic31 \arnple> is. In realtty. rl terk 
difficult procedure requirtng much more complex equtpment than 
the Gmple tank referred to abwe. 

111. F.XTORS .4FFECTIXG TERRII?I CO\DLCTI\‘ITt 

Jiub1 wil and rock mtnerals are slectnsal Inwl~tor~ of \ery high 
resih1ib tt). However on rare occasion> conducti\e minerals wch a> 
magnetite. +cular hematite. carbon. graphite. pyrite and pyrrho- 
tile occur in sufiiotent quantttiec in rock\ to grea1l) increase 1helr 
obcrall conductivity. Thic note aIwme> that such mineral, are 
absent. 

In general the conducti\ it) is clectrol~ tic and takes place through 
the mui\ture-filled parer and pas,ygcs which are cunratned within 
the inwlating matrix. The conJuctl\tty I\ therefore determined for 
both rocks and soils by 
t I) porosity: shape and size of pore>. number. size and shape of 

interconnecting passage\ 
11) the extent to which pore\ are filled b> uater t.e. the moisture 

content 
(3) concentration of dissolved elcctrol) tes in the contatned muit- 

lure 
(4) temperature and phase state of the wreuater 
(5) amount and composition of solloids 

Since the cotwituents. structure. and Included mot\ture of WI or 
rock are of great importance In determining the conductivity, thtc 
section u ill diwzuw the \;irtow ph) Gcal and chemtcal propertie in 
sufficient Jetall to illwtrate hau 1he> atTect the m,lterial ionductl~- 
it! 

ill. 1. Soil Constituents 
Soils corbirl basicall) of four ct)mp0nent\ nameI! (11 mineral 

material (ii) organic material tiiit uater and rib) ga5es. 
Figure 2 >ho\ss ~chematicall) the reldtite proportion of the\e 

component\ in an unsaturated loam soil 1tc) bit detined later,. The 
illuwation refer\ to a temperate zone WI: for humid regton will 
atwur 45ri of the wlid space ma) he occupied hy clay mtneral\ and 
55 by organic matter. 

The mineral fraction ofa WI can be extremely \ariahle. houever 
some generalizations can be made bed on grain Gze 161: 
\and \ize range- mo\ll) quartz. small amwnt\ of felbpar and mica 

prc\ent. ~11 gr;ltn\ cwted 10 some extent with iron 
and aluminum o\iJe tthe rubty reddish-broun col- 
our older\ ccl i\ due to 1he iron). 

Glt Gzr range - quartz \1ill dominant. IZII felbpar and mica :han 
in the wnd fraction. more iron and aluminum 

Organtc material -- -- -, 

Mmeral 
Mater iol 

SOII 
?ores 

FICC RE. 2. The \&metric compwtwn of;! lctdm 4 uhertetcew water ha\ 
t+ern remct\eJ On a ueight bit\t\ the petrcznt.:g< wmpwitwn of the Jr:, WII 
uuul6.t be: urganlc matter 45. &I) 2-K;. 41 U’i .mJ w~J 305 (direr I..R. 
Webher [hll. 
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FIGURE 3. L’.S. Depanment of .Agriculturc textural classification triangle 
uith axe5 added. The point P represents a clay tso~lf containing SO per cent 
clay. 20 per cent silt. and 30 pr cent sand (after 0. Kirkham [?lt. 

oxides in the form of coatings due to the greater 
particle surface area on uhich the coatings may 
reside. 

clay size range - finelv divided quartz, feldspar. mica. iron and 
aluminum oxides. all of which appear in the 
coarser part of the clay fraction (0.002 millimcters 
- 0.001 millimcters in diameter): the finer partrless 
than 0.001 millimeterst is colloidal and con4sts 
mainly of layer silicates with smaller amounts of 
iron and aluminum oxides. 

As indicated above soils are classified on the basis of texture or 
grain size independently of the mineralogical content of each plirti- 
cle size component. S,mJ is defined as particles with diameters 
between 0.05 millimetcrs and 1 millimeters. silt has diameters be- 
tHeen 0.002 millimeters and 0.05 millimeters and clay has diameters 
less than0.002 millimeter\. Figure 3 shows the classification triangle 
for various types of soil and is useful as it allows an eit imate of the 
clay content vv hich often consists essentially of clay mincmlr u hich 
affect the soil conductivity. 

The minerals in the \and and silt fractions of the soil are electri- 
calls neutral and are generally excellent insulators. Completely dry 
clai is also an insulator but the introduction ofmoi\turc changes the 
situation radically. Clay consists of micro~copic;illy line particles 

TABLE 2. Exchange capacnb of common cla>> 
rafter Keller and Frisshhnecht l-C]1 

Clak Exchange Capacit? 

TABLE ?. The cation exchange capacit) tCECi and 
colloid content of five SOIIS of different remre% (after 

L. R Webber [Sll. 

Organis Matter Cla! CEC l 

So11 Texture o- 0 u me IOOg 

Sand 
Sandy loam 
Loam 
Silt loam 
Clay loam 

‘Thecation exchange capac~t) of a soil ise~presizd 
in terms of milliequi~alents per 100 grams of so11 
trneq I00 g). A milliequivalent is defined as I .O milli- 
gram of hvdrogen or the amount of any other element 
that will combine uith or displace it. The milliequiv- 
alent weight of any element may be found as follows: 
atomic *eight of element 

valence of element x 1000 = milliequnalent u-eight 

exhibiting a sheet-like structure. for which reason clays are often 
called “layer silicates”. Composed of stable secondary minerals 
that have formed as a result of ueathcring of primary minerals such 
as feldspar. mica. etc. the particles are so fine-grained that they are 
described as micro-crystals. 

Their crystalline structure is such that. as a result of crystal 
imperfections. the surface appears to be negatively charged [5]. 
During the formation of the clay through weathering. positive 
charges (cations) are adsorbed to the surface. These cations r typi- 
cally Ca. Mg, H. K. Sa. I*iH>) are loosely held to the surface and can 
subsequently be exchanged for other cations or essentially go into 
solution should the clay be mixed with water. For this reason they 
are called exchangeable ions and the cation exchange capacity 
tCECl of the soil is a measure of the number of cations that are 
required to neutralize the clay particle as a uhole i.e. the ueight of 
ions in milliequivalents adsorbed per lOOgrams of clay. 

The exchange capacities of some common clays are given in 
Table 2 and of some different soil textures in Table 3. It is seen from 
Table 3 that the cation exchange capacity increases with clay- con- 
tent and from Table 2 that this wiil depend on the type of clay. 

Clay minerals are not the only materials which have cation ex- 
change capacity: indeed any fine-grained mineral including quartz 
Jisp1ay.s this property. The special significance of clay in this re- 
spect IS that. kcause of the extremely small particle size. the 
surface area per unit bolume of clay is bery large and a great many 
ions are adsorbed. It will be seen in the next section that these 
adsorbed ions can contribute appreciably to the soil conductivity 
ahich thus kcomes a function of the clay content. 

The organic matter includes the remains of plant and animal life in 
the Gl. The end products of decay accumulate as a blackish. 
tin+-divided colloidal substance known as humus [6J which has 
large surface area per unit volume. take\ up large amounts of u;lter 
;rnri <‘an develop a negative electrical charge of varying intensity 
Little 14 hnoun of the effects of such collcudal shardstcrtstics on the 
ele~tris;tl conductivity of humus but they may be significant. 

The important influence of soil m&ture on the electrical conduc- 
tit it) of soil\ is discussed at length in a later \ection. 

The direct effect of soil gases on conductit it) i\ negligtble. ho* - 
ever the indirect effect of CO: is important and 13 also dcsirihcd in a 
kiter section. 

Kaolinite ? to I5 m-equiv IO0 g 
Halloysite . ZH:O 510 IO Ill. 2. Formation of Soils [S] and Soil Rotiks 191 
Halloysite 1H;O to to 50 Soils are the result of mechanical. chemical. and biological 
!vlontmorillonite 80 to I.50 ueathering processes acting on surticial materralz in such a uay 3% to 
lllite 101040 
Vermiculite loo to I50 

pros4y alter their physical and chemical propertie\. In the prwess 

Chlorite IO to 40 
of decomposition of parent materials neu and itable substance\ 

Attapulgite 10 to 30 
such as clay miner& and humic materials are formed. 

.I\ an example of the weathering process consider the chemical 



weathering of orthoclase feldspar (an important constituent ofgram 
ites and other intrusive rocks) to kaolinitt. a clay. Atmospheric 
carbon dioxide is slightly soluble in water so as to form carbonic 
acid. 

CO, + H,O + H,CO, (1) 
Carbon Water Carbonic 
dioxide acid 

A small amount of the carbonic acid dissociates so as to produce a 
hydrogen ion and a bicarbonate ion 

H,COJ e H’ + HCO; (2) 
Hydrogen Bicarbonate 

ion ion 

The bicarbonate ion and water combine with the feldspar to form 
kaolinite, dissolved silica, free potassium ions and free bicarbonate 
ions 

2K Al Si,08 + 2H+ + 2HCO; + H,O - 
Orthoclasc 

feldspar 

(3) 

Al,Si,O,(OH), + 4 Si02 + 2K’ + 2HCO; 
Kaolinite Silica Potassium Bicarbonate 

ion ion 

The formula for kaolinite can also be written in the following 
manner 

A1,Oj - 2Si02 - 2H20 

to show that it consists of alumina. silica. and water. 
These equations illustrate three important points: (i) The potas- 

sium and silica produced by dissolving the feldspar appear as dis- 
solved material. Note that the potassium, converted to a potassium 
ion. goes into solution and may or may not be present depending on 
the drainage. (ii) Water is used up in the reaction; it is absorbed into 
the kaolinite structure. (iii) Hydrogen ions are used up in the reac- 
tion and the solution becomes more basic (i.e. less acidic) as the 
reaction proceeds. All of the reactions described herein affect the 
electrical properties of the soil by varying either the clay content or 
the ionic type and concentration in the soil water. 

Now let us examine how various factors control this weathering 
process. The production of soil is a positive feedback process in that 
once a thin veneer of soil forms, the parent material weathers more 
rapidly. and more soil is formed. Suppose for example that we have 
a thin layer of soil on granite. This layer retains moisture which 
supplies both water that converts carbon dioxide to carbonic acid 
and wat& that is hydrated to form kaolinite. Other acids present in 
the soil contribute additional supplies of hydrogen ion to convert 
more feldspar to kaolinite as the equations indicate. Piant roots and 
the process of bacteriai decay produce quantities of carbon dioxide 
to yield more carbonic acid (the amount of carbon dioxide in soil can 
be as much as ten times greater than that of rainwater. which makes 
soil water a particularly efficient dissolver of feldspars). 

The speed of weathering is a function of climatic typ since the 
rate at which chemical reactions proceed increases with tempera- 
ture and. more importantly. biological process also proceed faster 
with higher temperature. Funhermore. since water is needed forthe 
weathering reactions and vegetation grows more lushly in humid 
climates weathering is most intense in tropical climates which are 
wet and warm. The surface water resulting from rainfall percolates 
downwards through the soil, which is more or less permeable, and 
as it passes reacts chemically with minerals within the soil. The 
higher the rainfall the more water is available and the more the 

8 

C 

FIGURE 4. Normal or zonal soil profile (after G.B. Maxey [9I). 

minerals will react with the undersaturated water. The longer the 
time the water percolates through. the more time it has to react 
chemically and again the higher the temperature, the taster the 
reaction rates. 

As a result of these factors tropical soils tend to be thick. Well 
drained soils tend to be devoid of most unstable minerals. Arid soils 
contain a variety of minerals. The clay minerals which form are a 
function of temperature and humidity and there is a tendency for 
different clays to form in the various climatic belts [IO]. 

As long as there is rainfall and the temperatures are not too low 
there is a tendency for soils to form a layered structure. in general 
three different regions or horizons are recognized as we move down 
through the soil profile. usually designated by the letters A. B. and 
C. These horizons can vary in thickness from a centimeter to several 
meters or tens of meters and differ in colour, texture, structure. and 
other properties. 

The chief characteristics of a profile are illustrated in Figure 4. 
The A horizon. closest to the surface, is the most intensely weath- 
ered and has the soluble minerals leached out and most other miner- 
als altered. This layer usually contains much humus, which contri- 
butes to its dark colour. Structurally it is friable. granular. or platey. 
When either friable or granular this horizon is permeable. much 
more so than the underlying B horizon which is generally a zone of 
clay accumulation. some of which was formed in-situ and some of 
which was transported downwards from the A zone by the soil 
water. The B horizon generally displays a vertical structure in 
widely or closely spaced joints and it is this horizon that exerts the 
greatest influence on water movement vertically downwards. When 
the clay is dry these joints allow rapid downwards movement but 
when the clay is wet it expands and can close the joints to make the 
layer impermeable. which may in turn cause the A horizon to 
become saturated for appreciable periods of time. The C horizon 
consists of less-weathered parent material and is usually relatively 
permeable [9]. 

This layering. with its relatively clay-free A horizon and clay-rich 
B horizon, greatly influences the vertical profile of electrical con- 
ductivity which will be seen to be a function of both clay and water 
content. 

III. 3. soil s10istun 
It was noted at the beginning of this section that the electrical 

conductivity of soils and rocks was primarily electrolytic and took 
place through the moisture filled pores and passages which lie within 
the matrix of insulating minerals. For this reason a knowledge of the 
way in which soil moisture is distributed in typical terrain is impor- 
tant in understanding terrain conductivity. 

When rainwater or irrigation falls on the surface of the soil a 
fraction runs off directly as surface runoff and the remainder perco- 
lates directly into the soil. .4 fraction of this moisture is retained by 
the soil, the remainder moves vertically downwards under the force 



ofgravity until it reache\ the water table. In a soil mot\ture profile it 
is generally po>Gb!e IO di\tinpui\h four stage\ of moi\ture occur- 
rence depending on the relative continuity of the molrture film\ 
across the oil grain\ [ I II ah \hown in Figure 5. In the uppermost 
region we have the pendular state in Hhich the pore \pace I\ large!) 
filled with water vapour. The actual liquid Nater exist\ only in very 
small isolated ring\ around the grain contact\ and a continuou\ path 
doe\ not exist betueen the various moi\tureoccurrence\. .\t greater 
depth we have the funicular stage in which the pendular rings habe 
coale\ceJ to the pomt u here the liquid film\ ha\e Ju\t hecome 
continuou\ throughout the pore \pace and entirely enclo\e or en- 
capsulate the \&pour phase. Across the tampie the moisture path i\ 
now continuou\. .Again further doun. in the capillary stage. all pore 
\paces are occupted by liquid but the liquid pressure uithin the 
pores is Ie>\ than the total pressure caused hy gra\ itv ,ince capillary 
action H tthin the fine pore space3 ha\ cauhed the mo&ture to ascend 
into the\e pore \paces. Capillary ri\e. determined effectively br 
pore size and ty-pe. seldom exceeds several meter,. Finally we 
arrive at the phreatic surface tuater tablelat u hich the atmospheric 
pressure i\ in equilibrium with the hydrostatic pre\sure. ,411 pores 
within the phreatic surface are completely filled with liquid under 
hydrostatic pre,sure and this is the region of prounduater. also 
knoun ar the zone of saturation. The three regions abole the 
phreatic burface are collectively referred to as \oil moi\ture. sus- 
pended water. vadose Nater. or zone of aeration. 

Figure .( also illustrate\ typically the fraction of pore space filled 
by liquid in the different zones. 

A term that i\ often used in discussing the moisture content of 
soils i* field capacity. Suppose that the water table i\ \er) deep 
below a surface soil of homogenous nature. After a hea\ \ rainfall or 
irrigation the moi\ture content reaches a quart-equilibhum condi- 
tion in one to three da) >. .A, the water percolates down through the 
soil on I(\ ua! to the uater table capillary force\ uill retain a certain 
fraction oi the moixture in the small pore tpaces. Thih is the field 
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FIGC Rt 5. Liquid ocwrrence in WII> (after P. \le)tw~m I I tl). 

capacit) and it ir the moisture content of the soil after the era\ IL,- 
tlvnal hater ha\ been remabed b> deep \eepage. 

Sate that in the event that \re hd\e A layered situation In which a 
soil uith tery fine pore\ overlie, more granular material. both being 
fdr remobed from the water table. moisture content of the upper 
laker will be many time\ that of the lov.er which. as uill be yeen 
later. affect5 the electrical sonducti\~tl. 

Groundwater i\ free to mo\e laterall) ulth velocities ranging from 
a meter or more per da) to ICM than a meter per kear. depending on 
the hydraulic pre\yure differential and the permeability of the mate- 
rial. Table -1 illu\frate\ the permeat‘ilit) of barioub materials in 
gallon\ per da) per square foot of cro+>ection per foot of htdraullc 
head per lateral foot ofdi\tance. It i\ \een from the Table that for so11 

materials a factor of iOl” \eparate> ~rmeable from impermeable 
materials. The saturated hydraulic condusti\it) decrease, with clay 
content. increasing compacuon. and decreasing radius of the soil 
pores. 

The lags of hydraulic morement of hater produce a water table 
which in general is not horizontal and in fact is often a subdued 
version of the local topograph). all other factors being equal. Two 
example, are shown in Figure 6: for the humid zone the moisture 
moves from topographic high region, down to the draining streams 
Y herea\ in an arid zone the moisture mo\es dounhards ana)- from 
the >tream,. 

The uide r;Lnye\ ofpermeclbilit) _preatI\ influence the final protile 
of the mater table or phre;rtic zone ~omct~mes leading. for example. 
to the occurrence of a perched uater table as shoun in Figure 7. 
-Again ruch latering will be seen subsequently to influence the 
clcstrical properties. 

It uill be \houn in Section IV that the electrical conductLit)- of 
wilt and rocks depends on the porostt! and on the degree to u hich 
the pores are tilled u-ith moisture. Figure 2 showed the volumetric 
composition of a loam \oil from which the excess water has been 
removed i.e. the soil is undenaturated. H’esee that in this temperate 
zone example approximateI) -305 of the ,oil is occupied bv either 
gay or sapillar)- Hater. Thix di\ i&n into about PI? solids is fairl) 
t> pisal of mu4 soils. 

If ;ill of the moisture m a soil sllmplc is removed by drying. the 
ratio of the cmpt) volume to the totA kolumc of the toil matrix is 
hnou n cl3 the hoi1 poro\itk . a pdrrtmcter that i> relevant to the soil 
conducti\ it>. Table .C illustrates the p’ro+ for a \ arietl- of I) pical 
terrain materials. 

Arid profile 1 



FIGL.RE 7. Water-table conditwn~ - unconfined aquifers (after 1.C. Brown 
Il31,. 

TABLE 5. Representative porosity ranges for 
sedimentary materials (after D. K. Todd [l21, 

Material Porosity. “, 

Soils 
Claj 
Silt 
Medium to coarse mixed sand 
Uniform sand 
Fine 10 medium mi.xcd sand 
Gravel 
Grarel and sand 
Sandstone 
Shale 
Limestone 

m-60 
15-U 
40-m 
35-40 
30-m 
3+3s 
30-m 
20-3s 
IO-20 

I-IO 
l-10 

Table 6gives further data on porosity and also indicates the value 
of the ratio pX (mixture resistivity) divided by p, (electrolyte resis- 
tivity) about which more will be said later in Sections IV and V. 

it is obvious that the degree of compaction of a soil Hill affect the 
magnitude of the soil porosity. 

IV. ELECTRICaL COSDL’CTIVITY OF SOILS ASD ROCKS 

In Section III it was noted that the conductivity ofsoils and rocks 
was principally electrolytic. This section will discuss the param- 
eters that determine the conductivity of electrolytes and the effects 
that arise when electrolytes are present in both clay-free and clay- 
rich soils and rocks. 

IV. 1. Properties of Electrolytes 
As an-introduction suppose we empty our hypothetical tank of 

Section II and refill it with distilled water. The measured conductiv- 

TABLE 6. Porosity of soils and rocks (after C. A. Helland [14]) 

Rock or Formation Porosity Ratio g 

Igneous and metamorphic rocks 4-t lo0 
Den= limestones and sandstones ?- 4 50 -100 
Clays and sands in general 8-15 20 - 40 
Porous clays, sands, sandstone, 

cellular limestones, and dolomita 15-40 3 -20 
Marl. loess. clay, and sandy soil 40-75 1.s 4 
Peat, diatomaceous earth 8cHo l.o- 1.5 

TABLE 7. .MobAtj ofcommon 
10n.s at 25 C (after Keller and 

Frischkntcht [SJ) 

Ion 
Mobllrty 

(m’secV) 

H’ 
OH- 
so. - 
Na’ 
Cl - 
K+ 
NO, - 
Li’ 
HCO, - 

36.2 x IO-’ 
20.5 x 10-n 

a.3 x lo-% 
5.2 x 10-e 
7.9 x lo-’ 
7.6 x 10-O 
7.4 x 10-0 
4.0 x IO-’ 
4.6 x IO-* 

ity is very low. If however a small amount of table salt (NaCI) is 
dissolved in the distilled water the conductivity increases substan- 
tially. 

The conductivity ofan electrolyte is proportionalboth IO the total 
number ofcharge carriers (ions) in the solution and their velocity. In 
distilled water there are few ions and the conductibity is low. The 
dissolved sodium chloride molecules dissociate to form both posi- 
timely charged sodium ions and negatively charged chloride ions 
which greatly increase the conductivity. 

When a voltage is applied between the two end plates an electric 
field is established in the tank: the positively charged ions are 
attracted toBards the negatire plate. the negatively charged ions to 
the positive plate. The velocity of the ions is effectively controlled 
by the viscosity of the fluid. This velocity is slightly different for 
different ions since it depends upon their effective diameter. as 
illustrated in Table 7. where it can be seen that chloride ions move 
slightly more rapidly than the sodium ions. 

In a sodium chloride solution the amount of current that flous. 
and therefore the electrical conductivity . is proportional to the sum 
of the number of sodium ions multiplied by their mobility tvelocity 
per unit electric field) and the number of chloride ions multiplied by 
their mobility. 

The further addition of different salts to our tank would increase 
the electrical conductivity independently of the presence of the 
sodium and chlorine ions as long as the concentrations remain 
reasonably dilute. The following equation is often used to calculate 
the approximate electrical conductivity in mhos per meter of a dilute 
solutionof various salts at normal ambient temperatures: 

u = 965OO(C,M, + C2M2 + . ..I = 965OOzC,M, (4) 

where Ci = no. of gram equivalent weights of 
i” ion per IO6 cm’ of water 

Mi = mobility of ilh ion m meters per 
second per volt per meter. 

For example. suppose that one gram of salt is dissolved in our 
tank which holds KP cm’ of water. The atomic weight of sodium is 
23. ofchlorine is 35. so the atomic weight of sodium chloride is 23 + 
35 = 58. Since we have introduced one gram of sodium chloride we 
have introduced 

$ grams of sodium and 58 3s grams of chlorine. 

The gram equivalent weight of an ion is the atomic or molecular 
weight of the ion divided by its valence. In the case of both sodium 
and chlorine the valence is one so the gram equivalent weight of 
sodium is 23 grams. of chlorine 3S grams. 
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Then the numberofgmm equivalent weights of sodrum per I@ cm J millimhos per meter and in areas of sedimentary rocks to as large 
of water is given by as 1 .ooO millimhos per meter. 

clv. = 
weight of Na per 10’ cm’ Hz0 23 58 I 

gram equivalent weight =-x-=53 

5. Mine waters (copper. zinc. etc., sulfates) are of high conducuv- 
ity. generally not less than 3.000 millimhos per meter. 

The temperature dependence of the electrical conductivity of the 
electrolyte is almost entirely due to the temperature dependence of 
the viscosity of the liquid. which in turn directly affects the iontc 
mobility. The variation of either quantity with temperature IS ap- 
proximately linear over normal ambient temperatures. The temper- 
ature coefficient for a sodium chloride solution is 0.032 which value 
applies approximately to most other ions so that the electrolyte 
conductivity for a temperature other than YC is given by 

and that for chlorine is given by 

cc, = weight of Cl per IO6 cm’ H,O 35 58 1 
gram equivalent weight =-Jy-=$g 

using the data from Table 7for the mobilities at 25’ C we find that 
the conductivity for one gram of sodium chloride in 106 cm3 of water 
is given by 

1 
ss x 5.2 x IO* + 58 1. x 7.9 x to8 1 

= 0.00022 mho/m. (5) 

The addition of only one part per million of sodium chloride by 
weight has produced the appreciable conductivity of 0.21 millimhos 
per meter. 

The concentration of dissolved salts in natural groundwaters is 
substantially higher than one part per million. as a result of which 
their conductivity is much greater than 0.22 millimhos per meter. 
For example Table 8 illustrates the contribution of various ions to 
the measured conductivity of three of the Great Lakes. Lakes Erie 
and Huron which h7th occur in regions of Paleozoic carbonate rocks 
contain more dissolved salts than Lake Superior which is situated 
largely in Precambrian crystalline rocks. and this is reflected in the 
higher conductivities of the first two lakes. The bottom line of the 
table gives the measured conductivity: agreement with the calcu- 
lated values using the above equations is good. 

The following data from Heiland [ 141 illustrates typical values for 
the conductivitv of various natural waters. 

Meteoric waters. derived from precipitation; I to 30 millimhos 
per meter. 
Surface waters (lakes. rivers) vary from 0.3 millimhos per meter 
for very pure water to as large as 10.000 millimhos per meter for 
salt lakes. Surface waters in districts of igneous rocks are esti- 
mated to range from 2 to 30 millimhos per meter: surface w-aters 
in areas of sedimentary rocks vary from IO to 100 millimhos per 
meter (compare the Great lakes above). 
Soil waters (dischargedinto theatmosphere by evaporation) may 
be as large as 10.000 millimhos per meter but their average is 
around 10 millimhos per meter. 
Normal groundwater in areas of igneous rock ranges from 6 to 30 

TABLE 8. Conductivity of&eat Lakes with contribution 
of the various ions (after L. H. Doherty [15]) 

IOll 
Lake 
Erie 

Lake Lake 
Huron Superior 

HCO, 
Ca 
Mg 
Na 

:A, 
Calculated Conductivity 

(mmhos m) 
Measured Conductivity 

(mmhos’m) 

5.8 4.1 2. 6 
10.1 7.3 3.8 

3.6 3.2 2.4 
1.8 0.6 0.2 
3.9 I.2 0.2 
3.4 1.8 0.3 -- 

28.6 18.Z 9.f 

26.1 18.2 8.4 

u(T) = ~(25 C)(l + /3(T - 25 ‘)] 

where fl = 2.2 x 10G2 per C 

T = temperature (‘0 at which conductivity 
is to be calculated. 

A change of conductivity of 3.2% per degree centigrade implies 
that a change in temperature of SO’C will cause the conductivity to 
nearly double. The effect of temperature is illustrated in Figure 8 
which shows calculated conductivity of four of the Great Lakes as a 
function of season. 

The change of conductivity with temperature and therefore with 
season is not negligible and this applies equally well to ground 
conductivity over the normal range of ambient temperatures. 

tV. 2. Conductivity dbturoted Clean (Clay-Free) %fixtures 
We have examined how the electrical conductivity of the elec- 

trolyte in our tank varies with the concentration of dissolved salts 
and with temperature. Let us now start to fill the tank with perfectly 
insulating spheres of uniform radius (for example uniform pebbles). 
Assume for the time being that we can maintain these spheres 
uniformly dispersed throughout the solution. Since the spheres are 
insulating. the electrical current will find it more difficult to cross the 
tank and the conductivity will be reduced. A relationship was de- 
rived by Maxwell for the conductivity u,of a mixture consisting of a 
medium uith conductivity u, in which spherical grains of conduc- 

MOiTli 

FICCRE 8. Seasonal variattonofconducuv ity of Laker Ontario. Erie. Huron 
and Superior (after L.H. Doherty [ 151,. 
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tiv-ity o: (here assumed to be zero) are imbedded in regular arrange- 
ment and in such a manner that their spacing is large compared with 
their radius [ 141. Letting n be the porosity of the mixture (defined as 
the ratio of the volume of solution only, divided by the total volume 
of the solution incfuding.the spheres) Maxwell shoued that the 
conductivtty of the mixure was given by 

=I 2n -=- 
3-n (7) 

=I 

In Section II it was rhoun that the conductance ofa current path 
is directly proportional to the cross-sectional area and inversely 
proportional to the length. The addition of insulating spheres to the 
tank tends to reduce the cross-sectional area available for current 
flow and to increase the effective length ofthe current paths, reduce 
ing the overall conductivity. 

This dilute mixture does not resemble a soil so we continue to add 
insulating spheres until the tank is full. The condition for Maxwell’s 
derivation. that the inter-particle distance be large compared with 
the particle radius. is invalid and the above equation can no longer be 
expected to apply. It turns out however that an almost equally 
simple empirical relationship called Archie’s Law [S] is applicable to 
clean (i.e. clay-free) saturated mixtures. This equation is 

5= nm (8) 
=I 

where n is the fractional porosity defined above and m is aconstant. 
The reciprocal quantity pxlp, is often called the formation factor 
(FR of the rock or soil sample. 

Originally derived from resistivity measurements on samples of 
consolidated porous rock. this equation also applies to a variety of 
unconsolidated materials. That such a simple law should give ex- 
cellent results for a variety of both consolidated and unconsolidated 
materials with widely differing porosities is a surprise and indeed the 
underlying reasons for its success are not well understood 141. It has 
been established [ 16) that in the case of marine sands the exponent m 
is dependent on the shape of the particles. increasing as they be- 
come less spherical (i.e. more platey) and that variations in the ~i:e 
of the particles and in the dispersion of sizes appear to have a very 
small effect. 

Values of m are listed in Table 9 where it is seen that m varies from 
1.2 for insulating spheres to 1.85 for very platey fragments of shell. 
Samples of natural sands have values in the range 1.4 to 1.6. The 
value of I.85 for shell fragments is in good agreement with earlier 
measurements made on kaolinite particles and marine illite clays. 
This fact may or may not be significant for clays in normal soils 
depending on the extent to which ion exchange effects also con- 
tribute to the conductivily as discussed further on in this section. 

Archie’s Law for various exponents is plotted in Figure 9 along 
with Maxwell’s Law. Over the range of porosities of most uncon- 
solidated terrain materials (20% to 70% - see Tables 5 and 6) the 
different exponents do not greatly affect the mixture conductivity. 
Interestingly enough. Maxwell’s Law gives excellent agreement 
with Archie’s Law with exponent m = 1.3 over ail ranges of poros- 
ity. 

It would appear that for relatively clay-free substances located 
beneath the water table (so that the mixture is completely saturated) 
the primary matrix property measured through the electrical con- 
ductivity is the porosity of the matrix. essentially independent ofthe 
particle size or the particle size distribution. This explains why it is a 
relatively difficult matter using resistivity techniques to distinguish 
between sand and gravel. As long as the porosity is the same for both 
sand and gravel the resistivity or conductivity contrast may be quite 
small. 
t Another point is that if the porosity is assumed to vary from 20% 
to 70% the conductivity of the mixture varies by a factor of ap- 
proximately 8. depending somewhat on which value of exponent is 

TABLE 9. The effect of pant& shape on I!X FF n rclatlon usmg an~fic~a~ 
samples of decreasing spherrlty. (after P. D. Jackson et al. (161) 

Best fit Archlc 
Sample Mean size Spread of line FF = n-‘” 

no. Q* sizes Sphericlty m f 0.01 

Spheres 0.38 0.17 I.0 I .:o 
Rounded sand 0.38 0.17 0.83 I40 
Shale) sand 0.50 0.34 0.78 I 52 
Shell fragments 0.38 0.17 0.5 I.85 

‘b = -log, (diameter in mm I. 

adopted. Even in clean mixtures we do not expect a large range of 
conductivities and experimentally this has been confirmed. 

Figure 9 is useful for the following type of calculation: in many 
glacial deposits gravel appears as pebbles (of the order of a few 
centimeters in diameter) dispersed throughout a mixture of finer 
relatively clean sand. How does the presence of this gravel modify 
the mixture conductivity? To obtain an approximate answer let us 
assume that the sand itself has a porosity of 30%. Using Archie‘s 
Law with m = 1.6 the electrical conductivity of the sand/water 
mixture will be 15% of the conductivity of the water. Assuming a 
water conductivity of 20 millimhos per meter gives a conductivity for 
the mixture of 3 millimhos per meter. a not uncommon value. We 
use this value in conjunction with Figure 9 to determine the effect of 
introducing pebbles into the mixture. If for example the pebbles 
occupy 50% of the volume the conductivity of the mixture will fall to 
one-third or approximately I millimho per meter, also a value that 
commonly occurs in actual practice. .\s will be seen later the addi- 
tion of a relatively small amount of clay can increase these numbers 
by virtue of increasing the conductivtty of the pore water but the 
relative values may well be similar. 

IV. 3. Conductivity of Lhsatunted Clean Mixtures 
For Archie’s Law to apply the material must be fully saturated 

with fluid. If the mixture is partially saturated the conductivites will 
be decreased since gas or air bubbles act as insulating particles to 
further impede the current flow. in the funicular stage of soil mois- 
ture the pendular rings have coalesced so that the liquid films are 
continuous throughout the pore space but only a fraction of the 
available pore space is filled with water. This moisture varies with 
time and temperature as a result of drainage, evaporation. and loss 
of water to plant roots. 

In the event that the soil is partially desaturated the following 
approximate expression applies [S] 

SC so (9) 
=t 

where s is the fraction of total pore volume filled with electroly-te and 
n is a parameter experimentally determined to be approximately 2. 
This expression is equivalent to Archie’s Law with m = 2 and 
indicates as seen from Figure 9 that if a small fraction of the total 
pore volume is filled with water the conductivity can be very low. 

More recent work on soils has shown that the electrical conduc- 
tivity varies as follows with moisture content when the soil is par- 
tially desaturated [ 17] 

5 = u,@ae + b) + U, (10) 

where B is the volumetric u-ater content (cm’ of water per cm’ of 
soil). a and b are constants which depend on the soil texture. and ‘J, 
is a contribution from “surface conductivity” which will be dis- 
cussed under Colloidal Conductivity. The values of the empirically 
determined constants a and b for a variety of soils are shown in 
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FIGURE 9. Graph of Archie’s Law and Maxwell’s Law. 

Table IO from which it is seen that except for very low moisture the 
relationship is essentially a square law with mosture content. 

It has been suggested by Rhoades et al 1171 that it might be 
possible to estimate the values of u,. a. and b on the basis of soil 
texture and mineralogy and. given a measurement of the bulk soil 
conductivity and the moisture content, to determine the conductiv- 
ity of the fluid and thus salinity. 

IV. 4. Electrical Layering Arising from Soil .Moisture 
From the preceding paragraphs we observe that. even if the soil 

material is physically homogeneous. for example consists of clean 
well-sorted silt. as soon as we introduce soil moisture of finite 
electrical conductivity we have estabtished a medium in which the 
electrical conducvitity can vary strongly with depth. Near surface 
where the moisture content is low the conductivity is also low. With 

TABLE IO. Measured moisture content constants and 
surface conductivities (after 1. D. Rhoadcs et al. [17]) 

Soil type a b 

Pachappa fsl I ,382 -0.093 
lndio vfsl I.287 -0.116 
H’aukena I I jo3 -0.064 
Domino cl 2.134 -0.:45 

0, 

mmho cm 
0.18 
0.25 
0.40 
0.40 

increasing depth the conductivity rises rapidly as the moisture films 
become continuous. then more slowly as the available pore volume 
starts to fill. eventually saturating with complete filling of the pores. 
This situation will be rendered even more complex if the porosity 
itself is. as is often the case, a function of depth as suggested by the 
profile of Figure 4. 

IV. 5. Colloidal Conductivity 
It will be recalled that for clays the cation exchange capacity 

(CEC) was a measure of the number of ions adsorbed to the surface 
of clay particles. When the clay particles are immersed in a liquid 
there is evidence to show that these adsorbed ions can partially 
dissociate themselves from the clay particles and become available 
for ionic conductivity. Since the ion exchange capacity of clays can 
be great due to their large surface area many ions may be supplied 
for electrical conductivity; the addition of a small amount of clay to 
an otherwise clean mixture can substantially increase the electrical 
conductivity. 

The addition of clay appears to affect the electrical conductivity 
of the mixture in two ways. Repeating equation ( IO) :. 

01 = o,B(aB + b) + oI (IO) 

the added ions increase the value of u, above the value that the 
porewater would have in the absence of the clay. Furthermore 
although dry clay is highly resistive. as soon as a thin layer of 
moisture (perhaps only a few molecules thick) surrounds the clay 
particles ion movement across the surface ofthe clay particle within 
the cloud of adsorbed ions may occur. This surface contribution to 
the conductivity. essentially independent ofthe moisture content. is 
the second term in the equation. It will be most significant at low 
moisture contents. 

The contribution to u, from clay content will be most evident for 
soils in which the porewater is relatively pure (and therefore has low 
conductivity) and will be least effective in soils having highly saline 
pores-ater. For either contribution we should expect that clays with 
higher CEC will produce more conductive soils’and a comparison of 
Table I I with Tabk 2 shows that this is the case 

in summary. in areas where the soil poreuater is not particularly 
saline the electrical properties of the soil may be strongly influenced 
by and indeed in some cases completely dominated by the amount 
and type of clay minerals present. The possible influence of clay 
materials should always be kept in mind. It is also possible that a 
similar effect arises as a result of the colloidal properties of humus 
which might be important in tropical climates u here the humus layer 
is well leached and contains few clay minerals. 

IV. 6. Effects of Freezing on Sail Conductivity 
Suppose that we take our tank. filled with a clean sand/water 

mixture, and start to lower the temperature. The electrical conduc- 
tivity of the mixture will decrease in exactly the same way that Ihe 
conductivity of the electrolyte does. When the temperature reaches 
0°C the water freezes and since the conductivity of ice is extremely 
low the conductivity of the mixture falls essentially to zero. 

Now suppose that in addition to the sand some clay is introduced 
to the mixture and the temperature is again reduced. As the temper- 
ature passes through 0°C some of the water freezes: however the 



TABLE I I. Physical properties of typrcal Upland and Loaland soils In uestern Puerto Rico rafter 1 H h alker et al. [I 81 I 

Clasttc CI3! 
Topographic Sample Slotsture Conductibit) material fracmn 

location 
Cla) r)pe(s, 

no. (“,I (mmho m) (7) (“,I Kit 

Uplands 

Uplands 

Uplands 

Lowlands 

Lowlands 

Lowlands 

16.0 

I..! 

I.0 

65 0 

169.0 

269.0 

21 

42 

5 

66 

39 

I5 

79 

CY 

95 

3-I 

61 

85 

looq; 
kaolinite 

IW 
kaolinite 

IOOZ 
kaolimte 

lo@? 
montmorillonite 

we 
montmorillonite 

sool, 
kaolinite 

904. 
montmorillonite 

l@Tl 
kaolinite 

electrical field of the adsorbed ions on the clay particles locally 
orients the neaby water molecules to prevent their freezing [ 171. 
Furthermore as the solvent freezes there is a tendency for the 
impurity ions to stay within the liquid fraction and the actual electri- 
cal conductivity of the remaining liquid water increases with de- 
creasing temperature. The net result is that mixtures containing clay 
or silts tend to have an electrical conductivity which decreases 
relatively slowly with temperature as the temperature passes 
through 0°C and indeed to retain a moderate conductivity even at 
temperatures well below freezing as illustrated in Figure IO. 

1unper0tw* ( l c 

FIGURE IO. Resistivities for several soils and one rock type as a function of 
temperature (after Hoekstra and McNeill [to]). 
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IV. 7. Electrical Properties of Rocks 
As with unconsolidated materials the matrix of most uater- 

bearing rocks is insulating and the electrical conductivity is also 
electrolytic. A major difference between unconsolidated sediments 
and rocks lies in the types of pore geometries. For example in 
sedimentary rocks the porosit) is generally inter-granular and con- 
sists of voids still remaining from the compaction process. In igne- 
ous rocks the porosity of the rock itself may be extremely small. 
however moisture circulates through fractures in the rock uhich are 
the result of mechanical breakage. There cracks are called joints 
and may be sufficiently large and/or numerous that their presence 
completely dominates theelecttical conductivity-. Suchjointing may 
also play a major role in the conductitity of the more impermeable 
sedimentary rocks. When large joints are present the local conduc- 
tivity may be expected to var) strongly with position. A third form 
of porosity which may not make a major contribution to electrical 
conductivity as normally measured is t-ugular porosity. It consists 
of cavities (as might be caused by solutions circulating in limestone) 
interconnected by small pores which dominate the D.C. electrical 
behavior. It should be noted that in the case of electromagnetic 
excitation of currents direct electrical (ohmic) inter-cavity connec- 
tion is not necessary and appreciable response to this excitation may 
come from the fluid in each cavity separately. 

Table II illustrates normal porosity- for various rock types. It is 
seen that the total porosity can be bery small. of the order of a few 
percent. and we would therefore expect. particularly for unfrac- 
tured Precambrian igneous rocks and high-ranking metamorphosed 
rocks. the electrical conductivity to be very low. as is generally the 
case. On the other hand shales may be relatively porous and in 
addition the conductivity ofthe pore w-ater may be high as a result of 
ion exchange effects. For this reason shales can be as conductive as 
30 to 40 millimhos per meter and in some cases even higher. 

Since in general the porositiec are smaller for consolidated mate- 
rials and furthermore at this end of the scale the various exponents 
in Archie’s Law have a large effect. it is difficult to predict the 
electrical properties of any given rock type. 

There is another feature which occurs in sedimentary rocks and 
which is of importance in determining their electrical charactens- 
tics. Being depositional in nature these rocks are layered and the 
electrical conductivity perpendicular to the bedding planes may be 
less than the conductivity parallel to the planes. 

This feature is illustrated in Table I3 which lists the coefficient of 
anisotropy for various layered racks. The coefficient is defined in 
Figure 1 I. 

Another type of rock conductor called a structural conductor [Z I] 
occurs as a result of fracturing and is often linear in shape. Such 
conductors arise in the interior of faults. shear zones. contact frac- 



TABLE 12. Normal ranges in porostty for rocks (after Keller and 
Frirhknecht [S]) 

Intergranular Joint Vugular 
porosity porosity porosity l 

Rock type (?I (y) (5, 

pal~zcm sandstones and shale s-30 O-l 0 
paleozoic limestones ?-IO cb2 0 
Paleozoic elastic volcanics s-30 o-2 0 
post paleozorc sandstones and l&-t0 0 0 

shale 
post.paleozoic limestones J-10 o-2 0 
post-Paleozoic elastic voloanics IO-60 0 0 
Precambrian sediments and low- I-8 O-2 0 

rank metamorphosed sediments 
Precambrian igneous rocks and o-2 O-2 0 

high-rank metamorphic rocks 
More recent igneous rocks O-IO O-2 0 

l Vugular porosity accounts for an appreciable total porosity only in 
rare cases. 

TABLE 13. Coefficients of anisotropy for layered rock (after Keller and 
Frischknecht [SjJ 

Coefficient 
Rock type of anisotropy 

Volcanic tuff, Eocene and younger, from Nevada 1.10-1.20 
Ahulu;~n, thick sections from the southwestern United 1.02-1.10 

Interbedded limestones and limey shales from northeastern 2.0 -3.0 
Colorado 

interbedded anhydrire and shale, northeastern Colorado 4.0 -7.5 
Massive shale beds I .01-l .oc 
Interbedded shale and sandstone I.OS-I.15 
Baked shale or lou-rank slate l.lO-I.60 
Slates I .W’ ‘5 -.s- 
Bitumenous coal and mudstone 1.7 -2.6 
Anthracite coal and associated rocks 1.0 -1.6 
Craphitic slate 2.0 -1.8 

ture zones. etc.. where the rock material has been ground into small 
particles which allows increased circulation ofgroundwater result- 
ing in enhanced weathering to produce clay minerals. Structural 
conductors occur in a wide range of sizes. 

)‘. E.UMPLES OF COSVESTlOSAL MEASL’REMESTS OF 
SOIL ASD ROCli RESfSTIVtTlES 

The material in this sectiongives a broad indication as to the range 
of resistivity or conductivity which might be encountered in v-arious 
terrain materials in v-arious climatic zones. Extreme caution must be 
exercised in employing these values for anything other than a rough 
guide as to anticipated survey results. 

.As an introduction Table 14 illustrates the resistivities of igneous 
and metamorphic rocks as given by Telford et al [X). Table I5 lists 
resistivities of sediments from the same source. Table 6. from 
Heiland [ 141. lists the ratiopxlp,, as defined in Section IV for various 
consolidated and unconsolidated materials. 

V. 1. Temperate Zones 
Table I6 records the ranges of resistivity compiled for different 

terrain materials from a variety of survey and laboratory measure- 
ments. from Culley et al [23J. 

Table 17 from Sellman et al j24] shows survey data over different 
soil types made with three different measurement techniques (i) 
radio-frequency magneto-telluric at approximately 300 kHt. (ii) 

p, ,hi 
83 

FIGURE I I. Definition ofcoef?k~ent of antwtropy (A) for layered sediments 
(after Keller and Frischknecht [-‘II. 

low-frequency magnetically induced currents using dipole trans- 
mitter and receiver at IO kHz. and (iii J standard Wenner array at DC. 
The measured resistivities are relatively independent of the method 
of measurement: the general trend of increasing resistivity with 
particle size should be noted. 

A complete set of measurements by Smith-Rose [ZS] on a varietv 
of soils from different depths. with different moisture contents. and 
measured at various frequencies. shous that at the lower frequen- 
cies (i.e. between I and I00 kHr) the conductivity of soils is essen- 
tially independent of frequency-. At higher frequencies the conduc- 
tivity rises and the increase in conductivity is generally greatest for 
the most poorly conducting samples. The results of his laboratory 
measurements on soil samples taken from various parts of England 
are illustrated in Table I8 and profiles of conductivity with depth 

TABLE 14. Resistirities of igneous and metamorphic rocks (after H’. Sl. 
Telford et al. TX)) 

Rock type Resistivity range (52mJ 

Granite 
Granite porphyry 
Feldspar porphyry 
Albite 
Syenite 
Diorite 
Diorite porphyry 
Porphyrite 
Carbonatized porphyry 
Quartz porphyry 
Quartz diorite 
Porphyry (various) 
Dacite 
A&site 
Diabax porphyry 
Diahase (various) 
Lavas 
Cabbro 
Basalt 
Olivine norite 
Peridotite 
Homfels 
Fuh$s (cakareous and mica] 

Graphite schist 
Slates (various) 
Ci;irk(variousJ 

Skam 
Quartrites (various) 

3 x 10:-l@ 
4.5 x IO’ (wet)-1.3 * IO6 (dry) 
4 x IO’ tuet) 
3 x lOa (wets-3.3 x IO’ (dry) 
IO’-106 
IO’-IO” 
I.9 x IO’ (wet)-2.8 x IO’ (dry) 
IO-S ‘*. IP(wet~-3.3 x IO’(dry) 
’ 5 x IP fwetJ-6 x JO’ (dry) 
2’x 102-9 * IO 
’ x W-Z x IO* (wet)-I .8 x IO* (dry I 
b-10’ 
’ x l(rrwetl 
i.5 * ID“ (uet)-I .7 x IO2 (dry I 
IO’ (wetr-I .7 x IO’ (dry) 
1&S x IO‘ 
IO:-5 x IP 
IO’-lO* 
l&l.3 x lO‘(dry) 
IO’-6 I Itr (wet) 
3 x IO’ luett-6.5 x IO’ (dry ) 
8 x IO’ twetJ-6 x IO’ (dry) 
20-10’ 
’ x 10’ tuetblOJ (dry J 
LION 
6 x 10’4 x IO’ 
6.8 x I@ (wet)-3 x IO6 (dry) 
IO*-2.5 * 10‘ (dry) 
1.5 x lO’(wet)-1.5 x IO‘ (dry-r 
lo-2 x IP 



Consolidated shale\ 
Argillites 
Conglomerare~ 
Sandstones 
Limestone\ 
Dolomite 
Cnconsohdatcd s\el clan 
Marls 
Clays 
Allwium and \Jndz 
Oil sands 

D-2 < IO’ 
IO--Y x 102 
’ x IO’-IO’ 
i-6 1 K IO’ 
N-10‘ 
3.5 < 102-.( .c IO’ 
‘0 
J-70 
l-100 
I0400 

-l-800 

from there meawremcnt\ ;~re \hoHn in Figure 12. II i\ $een from 
Thle 18 th,lt the WI I! pe (afir\ rapid11 Hith depth. ~15 doe\ the wil 
mcji\ture content: both of the\e intluence the conductt~ ity protile\. 
Smith-Ro>e concludc~ that clajs habe the hifhe\t conductivitiet. 
greater than IO mlllimhos per meter. Ic);Lm> ;ind chalk\ tire of the 
order or IO millimho\ per meterand wxiy or gritt) soil> are appreci- 
abl) le\\. He Aso point\ out that a diurnal temperature range of 1O’C 
at the surface of the roil repre\ent\ ;1 temperature change ot’ ap- 
proximately I .K 31 ;L depth of one foot. 3leawrcmcnt~ m&e on a 
soil rample at I .2 11 Hz 13 A function of moi\ture content b) Neigh1 
\how a conductit it) that increures appro\imatel) d\ the bquare of 
the moisture content. 

RESlSTiVlTY (ohm-meters) 

CL Clcy ond marl 
0~ Loom 
OL Tot so11 

o* Clcyey sotis 
- soc:y SOIIS 
Y Loose 50nds 
SW R-ver sond ond grovel 
GW GICJC~OI Tall 

Chalk 

Ltmestones 
Son&tones 
Basalt 
Crystollme rocks 

\‘. 2. Tropical Humid Zones [ 261 
The e\drnpleb g!iLen atwe habe been taken from temperate zone 

wil\ and beem to be birl) reprerentative. In the ctibe of wil\ 
occurring in tropicnl humid climxe\ cannutil temperature> of the 
urderof2S’C: annu;d precipitation &greater than ;I meter. generali) 
hllinp during a part of the )earI the ueatherinp: c;Ln be \er\ deep. 
Indeed. unweathered parent rock ma) not occur until 30 m>ter\ in 
flat countr). 60 meter5 in hill! countr) a+ in rare occasions depth\ 
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TABLE 18. Measurements of samples of so11 taken from dtfferent depths at various srtcj falter R. L. Smtth-Rose [Z)) 

Sample 
NO. Site 

Geological 
classttication Depth Description of sample 

Moisture 
content 

Conductivity at 20 C 
Htllimho m 

I kHr 100 kHr 

90 
91 
93 
94 
95 -___ 
97 

I04 
105 

Rugby Radto 
Station ( I I 

Rugby Radio 
Station (2) 

Lower ltas 

Lower has 

ft. 
Surface 

I 
3 5 

IO 
Surface 

I 
3 

Dark fibrous loam 
Loam and clay 

Clay Blue and sand 
clay 

Blue clay 
Loam 
Loam and clay 
Blue clay 

per cent 
60 
33 
3 26 

23 
7, 
i3 
27 

33 35 
72 78 
89 83 IO0 89 

67 7’ 
6. I i-2 
94 9.1 

72 83 
I06 5 Clay and sand II 61 61 
107 IO Blue clay 2s 78 89 

98 Baldock. Herts Chalk Surface Fibrous loam ‘I 9.4 10.0 
99 

loo 
101 
IO:! 
I03 
I08 
I09 
II0 
:I1 
III 
II3 
II4 

(P.O. Receiving Station) 

Tatsfield. Kent 
(B.B.C. Receiving Station) 

Brookmans Park. Herts London 

Upper 
greensand 

I Chalky loam 
z Chalk 
3 Chalk 
5 Chalk 

IO Chalk 
Surface Fibrous loam 

I Brown, sandy clay 
3 

J 

Brown sand 

Light brown sand 

21 6 I 6.1 
24 8 I 2.9 
27 7.1 7.8 
16 IO. I 15.6 
27 14.4 IS.6 
37 30 38 
I ’ 24 ‘7 
IE 10 3, 

I3 IC 6 ;0.7 
5 Light brown sand 20 16 16 

IO Yellow sand I5 I6 7 I9 
Surface Fibrous loam I9 10.0 10.6 

IIS 
II6 
II7 
118 
II9 
I?1 
I” be 
II3 
I24 
I26 
I25 
I27 
I18 
130 
119 
I31 
I32 
I33 
I34 
13s 
136 
II7 

(London Rtgional Station, clay I Stony loam I8 9.4 10.0 
f Light sandy clay ‘2 5.6 7.2 

Sandy clay 21 I’.’ 
5 Sandy clay ‘I 16.; 

13.3 
18.8 

8 to IO Clay and shingle IO I6 7 17.8 
Daventry Upper lias Surface Fibrous loam 18 9.4 10.6 
Northants I Sandy loam I6 38 3 8 

1 Broan sand I4 I.2 3.’ 
3 Brown sand 5.0 I.1 I.2 
5 Sand and sandstone 8.5 0.8 I.0 

IO Sand and sandstone 14 ‘9 3.7 
H’ashford Cross, Somerset Red Marls Surface Reddish-brown loam 13 I;:7 18.9 

(West Regional Station) I Reddish-brown clay 10 16.7 18.9 
, 
i 

Reddish-broun cla? I8 18.9 31 
Reddish-brown clay 21 52 54 

5 Reddish-brown clay I9 ?I 34 
IO Reddish-brown cla? IS 4s 50 

Brendon Hills. Somerset Devonian Surface Black fibrous loam 110 14.4 16.7 
1 Loam and slate 9.0 0.3 0.3 
* b Loam and slate 9.0 0.1 0.2 
J Loam and slate 8.0 0.1 0. I 
5 Loam and slate 5.5 00 0.0 .-. 

s.7 
I40 Merrivale. Dartmoor. Devon Granite 

IO Slate - 0.0 0.0 
I Gritty !oam I8 I.3 I.3 

I41 2 Gritty loam I? I 6 I.6 
s. k’ 3 to IO Granite - 0.0 0.1 
S.1 3 to IO Granite - 0.0 0. I 
S.5 ? to IO Granite - 0.0 00 __ L_--- 
I39 Dousland. Dartmoor, Devon Oevonian Surface Loam 47 6 I 67 

1 

:‘i 
I Dark brown loam 41 27 2’ 

&lo* I Sate - 00 0.0 
S-6 Below I Granite - 00 00 ___---. __-.-- - _----- 
I.13 Xloorside. Edge. York< hlillstone grit Surface Fibrous loam I30 I?.? 17.8 
14-t IXorth Regional Station) I Dark grey clay 60 IZ.? IS.6 
IIS 2 Dark grey clay 3s 7.8 IO 6 
I46 3 Dark grey clay 39 I’.’ 

9.; 
16.7 

l-17 5 Dark grey clay I9 II.1 
l-t8 IO Yellow and grey cla! IC 3.4 37 __--- .- _- 
I49 U’esterglen, Falkirk Boulder Surface Fibrous loam 38 6.1 72 
IS0 IScottish Regional Station) clay I Fibrous loam 30 II.1 II.1 
ILI 7 Clay and loam I9 I’ ’ I’.’ 
IS3 i Dark grit and cla? I8 6.i 7.8 
IS? S Dark grit and claj I8 11 24 
IS4 IO Dark grit and clay IS 13 26 

1 conr inrred *(‘t-r ) 

18 



Sample 
30. Site 

Geological 
classitiiation Depth Description of sample 

C~vducft~il~ II 20 C 
\llllimho m 

Voisture - -~ 
content I kHr IiWLHZ 

160 
161 
I61 
I63 
I64 
166 

Teddington. Middlesex 
(N.P.L., 

London 
clay 

ft. 
Surface 

I 
‘1 

; 
5 
7 

Fibrous loam 
Sandy loam 
Sandy loam 
Fine gravel 

Coarse gravel 
Fine sand 

per cent 
26 
20 
I3 

6.5 
2.9 
2.6 

165 -- 
167 
168 

169 
170 
I71 
172 
I73 
174 
I75 
176 
I77 
178 
179 
180 

Wychbold, Droitwich ._ Red Marls 
IO Sand and shingle ‘0 

I Red clay and loam IS 
(Midland Regional Station) 7 

; 
Red clay 13 3-l 3’ 
Red clay I4 23 21 

5 Red clay and stones IS 43 51 
IO Red clay and stones 21 II 4-l 
20 Red clay suspension 31 67 78 
30 Red clay suspension II 67 78 
40 Red clay suspension I5 61 72 
50 Red clay 27 78 83 

100 Grey clay and salt 28 177 233 
IS0 Red clay and salt 27 - - 
x0 Red clay and salt 3 - 
250 Red clay and salt 3, 2.l 26 
300 Red clay and salt Ti 7; 89 

I I I?..! 
72 7 x 
6.7 7 2 
56 67 
I .9 20 
I 6 I.6 
3.3 I5 6 
6.7 ‘0 

of 250 meters habe been oh,crbed. The rerulting soils are red IO 
yellow. Eli Hith a high clay content. and uith a specific gravity 
appro\im;itely cm-half of that of the parent rock. Compared with 
the GIN of temperate climates the! dre thick. humur, portr. perme- 
able. and habe ;L high A)--41 ratto. .-\lthough the cla) content is 
high [hi\ i> \omeuhat compensated for b) the fact that in Nell 
Jrltmrd \oil\ the cln>\ are kaolinitic and the cation exchange capac- 
it) i\ Iev than in tempertite zone> l,ee Table I II. Iron-rich con- 
crrtiomtry horizon\ called laterite\ form .IS d result of reprecipita- 
(ion. The\e are hard. permeable. and if dry are usually \ery resis- 
like. 

The n;iturc ;ind the extent ofthc oil forrrmrion is ti function of the 
rock OF. texture. jointing. Nurface relief. ~epeltilion. uater-table. 
.ind micro-clim;ile. For example. the relilti\e Aence of silt is due to 
the l’xt that line-grained rock\ ueather faster than coarse-prained 
rock.\: the ;IbunJ;in~e ofclsy re4ts from the fact that 11 13 rl gable 
mmer;il. 

.An e\ccllent \cries of me;i>urcment< of rheeiectrisal propertie of 
the weathered zone\ in tropical climate, ha- been carried out by 
Ptlacky and Ktidekaru in Brazil [Ztl. The me!Lrsurements uere done 

sith conventional resisti\ ity techniques and many soundings Nere 
taken. The results pate good agreement H ith a three-layered earth 
mixiel and are ,ummarized in Table 19. In general a resistike soil. 
rel;lti\ely thin. is situated on top of a thick quite cunducti\e ucatx- 
ered zone. in turn situated on the relait\ely reGti\c parent rock. 

t.. 3. Tropical .-\rid Zones 
It i\ in lrupic;il arid zune’i that. the mu\1 conJucti\e soils are 

encountered. .A\ for humirl zuncs the weathered layer can be many 
ten\ of meter> in thichnets. hurreber in arid climater this material 
often cormtin\ a high salt cuncentr3tiot-i due to e\-apuratiun. 
Whereas the surface materials are usually dr!. possibly lateritis. and 
reAi\e. deeper materr;ll ma) ;Ippru,ash re\t\iit ifies of the order uf 
I ohm-meter. Furthermore ~ub~t.tntial lateral Lariations of re\i\ti\- 

it) tire noI uncommon. 
In the humid tropical zone\ referred to ,~bo\e the conducti\ 11) of 

the intermediate zune u;t\ due tu the pre>ence uf &in abundance of 
4luiJ;iI pxrisle\ uith modernie ion exchange capacities: abundant 
minfall mean> that drarmige ptitierns are ucll esl;lbli\hed and boil 
\iiIt> habe lung l mce been leashed into major ribcr chnnnel~ and 



TABLE 20. Dtagnortr crlterla for dlstmgulshing between unaffecred soli sites and encroachmg and de\&qxd 
saline seeps (after Rhoades and Hahorton (281) 

Site Ijpe 

UnatTected 

Encroxhmg 
saline 
=eP 

Debeloped 
saline seep 

Salr content 

Low, Increasing utrh 
depth 

Lou, increasing lo a peak 
al a relatively shallow 
depth, then decreasing 
uith further depth 

High, decreasing uith 
depth 

Water content 

Low, increasing 
with depth 

Moist surface, 
becoming wer 
*ith depth 

Relatively uniformly 
wet to the. water 
table 

Soil 
eleclrlcal conductl\tt, 

Low, increasing ulth deprh 

Intermed~arc, mcreasrng I0 a 
peak at a relatively shallou 
depth, then decreasing with 
further depth 

High, decreasing with depth 

thence into the oceans. In hot arid climates drainage patterns are 
poorly established and drainage basins may have no outlet to per- 
manent streams. Salt-bearing waters drain from topographically 
high regions into lower areas where the water evaporates. leaving a 
high residual salt content, largely a reflection of the imperfect drain- 
age channels. 

The occasional addition of water might be due either to precipita- 
tion or irrigation. In the cultivated dry land soils of the northern 
Great Plains the near surface (plant root-zone) is leached with 
essentially pure water derived from rain and snow melt during the 
wet months. Rhoades and Halvorson [28] discuss how this results in 
a soil salinity concentration which increases with depth. However 
during the summer months when a saline water table in this climate 
is situated within approximately one meter from the surface an’ 
upwards flow of moisture is caused by evaporation at the soil sur- 
face and transpiration within the root zone. This upwards flow 
reverses the original leaching which transponed salts downwards 
and causes them to ascend so that a concentration peak can form in 
the soil salinity profile. The soils can remain excessively wet as a 
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FIGURE 13. Relation between soil electrical conductivity. EC,. and in- 
terelecrrode spacingforasalinesnp.anencroachingsaline-seepsite.andan 
unaffected site for glacial till-clay loam soil near Sidney. Montana (after 
Rhoades and Halvorson 1281). 

result of the hygroscopic nature of the salts and because the salts 
reduce the effective use of water by plants via evapo-transpiration. 
Rhoadesdetines such a condition as a “saline seep” and note5 that it 
can form without the water table actually emerging at the but-face. 
As this seep develops the peak in the soil satinit! profile moves 
upwards until it finally appears at or near the surface as indicated in 
Table 20 which illustrates the various conditions that can exist in a 
region which sees seasonal precipitation followed by seasonal 
drought. Figure 13 illustrates vertical profiles of resisti\ it:, \ersu> 
depth as determined by an expanding Wenner array for the three 
conditions described in Table 20. 

For saline soils. the contribution to conductivit) from wit con- 
centration generally outweighs that from cation exchange capacity 
and the conductivity is relatively independent of cla! content. 

The effect of weathered-zone salinity is probably at its uorst in 
western Australia where the zone is often 100 meters in thickness 
and has been known to exceed 300 meters. Hygroscopic salts main- 
tain soil moisture at levels substantially above the uater table and 
resistivities,of the order of I ohm-meter ha\e been observed. Large 
lateral variations result from the imperfect drainage patterns: slight 
changes in surface topography often show up as large changes in 
subsurface conductivity. A lateritic hard pan is not unusual on the 
surface. This layer is extremely resistive and complcres rhe com- 
plexity and difficulty of making conventional electrical measure- 
ments in this environment. 

V. 4. Aretic Zones 
Finally we turn our attention to arctic regions in u hich permafrobt 

is a major consideration. It should TV noted that the definition of 
permafrost requires only that the mean annual temperature of the 
ground be less than 0°C for several years: the definition I) com- 
pletely independent of the nature of the material. rhe amount of 
moisture. and indeed whether or not the moisture is frozen. In 
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FIGURE 14. Vertical and temporal remperatore variation> - <ontoured m T 
(after Arcone et al [29]i. 



Fmutte 15. Computed vertical and temporal resistivity variations fromdata 
of Figure I4 - contoured in ohm-meters (after Arcone c! al [29]). 

northern climates we find that mineralogy, porosity, free water 
content. and ionic concentration within the free water are important 
resistivity factors as they are for temperate zones. In permafrost 
regions we have the additional complexity that small changes in 
temperature of the ground near VC may exert a large influence on 
terrain conductivity. The effect depends on the nature of the mate- 
rial and also the moisture content since as we have seen earlier even 
at temperatures substantially below CPC considerable moisture may 
remain unfrozen in the case of clays whereas in the case of coarser 
material virtually all will be frozen. In short, ice content is a compli- 
cated function of many variables. 

As an example of electrical layering arising due to temperature 
only consider Figure 14 which illustrates annual variations in ground 
temperature recorded near Fairbanks. Alaska. The region is in a 
discontinuous permafrost zone and subsurface material consists 
primarily of perennially frozen organic sill containing a varying 
amount of ground ice. From laboratory measurements on saturated 
organic silt to determine the variation of electrical resislivity with 
temperature. a plot of electrical resistivity with depth and time was 
derived [ 231 and is shown in Figure IS. We see from this figure that a 
resislivity range of 50 to I can occur as a result of temperature 
changes alone. 

In the discontinuous zone of permafrost subsurface temperatures 
are subtly influenced by many variables and even in ground which is 
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FIGURE 16. Results of the apparent resistivity measured with VLF (18.6 
kHzt. LF (375 kHir) radiohm and a magnetic induction instrument (EM311 
over a section of shallow discontinuous permafrost (after P. Hoekstra [XJ]). 

laterally uniform insofar as matcrtal type is concerned lateral tem- 
perature variations can bring about large changes in ekctncal rests- 
tivily as shown in Figure I6 where the survey traverse was taken 
over glacial lake basin sediments. The frozen areas outlined on the 
figure were derived from resistivity- measurements and confirmed by 
drilling (241. 

In this technical note we have discussed the concept of terrain 
conductivity, examined some of the properties of soils and rocks 
that affect their conductivity. and reviewed some measurements on 
typical terrain materials under a variety of climatic conditions. 

To summarize. terrain conductivity IS usually determined by one 
or more of the following parameters: 

(I) clay content. clay type 
(2) moisture profile with depth 
(3) moisture salinity 
(4) moisture temperature 
Of these the most complex is usually the moisture profile. by 

which is meant the way in which (i) the porosity, (ii) the extent to 
which the pores are filled with water. and, (iii) the number, size and 
shape of interconnecting passages all vary with depth. The moisture 
profile is affected by material type (directly influencing porosity 
etc.. or indirectly influencing permeability and water table loca- 
lion). topography (influencing the water table location). compaction 
(influencing porosity). and season (rates of precipitation. evapora- 
tion). 

It is evident that many parameters may affect the ground conduc- 
tivity. Fortunately at any given location relatively few are usually 
dominant however the survey interpreter should be aware of the 
possible alternatives. It is hoped that this brief treatment will be 
useful in assessing those parameters that are influential in the survey 
area and will thereby lead to a more accurate interpretation of 
survey data. 

The bibliography gives a good indication of current interest in the 
electrical properties of rocks and soils and the curious reader will 
find much valuable material in the cited references. 
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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 re;sis- 
tivity itself is seldom diagnostic: it is the lateral or vertical variatipns 
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 delter- 
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” because 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 then 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 examineIthe 
possibility of employing electromagnetic (inductive) techniques as 
an alternative for resistivity surveys. With the development of’the 
EM3 1 and the EM34-3 it is 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 
EM3 I. one-man portable. has an effective depth of approximate~ly 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: 

(i) Delineating regions of permafrost (frozen pore water) 
(ii) 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 ( E%l3 I) 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- 
tailed discussion of the concept of terrain resistivitylconductivity 
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 I. Induced current flow (homogeneous halfspace). 

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

Consider Figure 1 in which a transmitter coil TX energired 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 H, 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 u. 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 simple 
function of these variables. These constraints are incorporated in 
the design of the EM3 1 and EM34-3 whence the secondary magnetic 
field is shown to be: 

where H, = secondary magnetic fieId at the receiver coil 

HP = primary magnetic field at the receiver coil 
” = 2nf 
f = frequency (Hz) 

ILO = permeability of free space 
u = ground conductivity (mho/m) 
s = intercoil spacing (m) 
i=J-i 

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 HJH, the apparent 
conductivity indicated by the instrument is defined from equation 
(I)= 

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

III. I!‘iSTRflMENTATION 

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. EM3 I in field operation. 

case as will be seen in Section IV.. the effective depth ofexploration 
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 EM3J-3 which is two-man portable has the two coils flexibly 
connected t 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 IO. 20. or 40meters 
so as to directly vary the effective depth of exploration as shown in 
Table I. 

FIGURE 3. EM343 in field operation. 

To measure terrain conductivity the transmitter operator stops a~ 
the measurement station; the receiver operator move\ the receiver 
coil backw-ardsorforwards until his meter indicates correct intercotl 
spacing and he reads the terrain conductivity from a second meter. 
The procedure takes IO 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 ml>- 
alignment ofthe 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 intsrcoil 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 re\istivity tin 
ohmmeters) one simply divides them into 1.000. i.e. 50 mtllimhos 
per meter is the equivalent of 20 ohmmeters. 

IV. SURVEY TECHNIQUES ASD ISTERPRET.ATIOS 

For either the EM3 I or EM343 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 it is 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. 

1V. 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 flow within this or any other horizontal thin 
layer. One can thus construct the function d,(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 \ee 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. 

FIGURE 4. Relative response versus depth for vertical dipoles. c6,tz) ib the 
relative contribution to H, from material in a thin layer dz located at tnor- 
malized) depth z. 
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makes .I very small contribution to the secondary magnetic field and 
therefore this coil configuration is insensitive to changes in near 
surface conductivity. 

Figure 5 illustrates the function of Figure 4 for the case of both 
transmitter and receiv-er dipoles horizontal coplanar rather than 
vertical coplanar. For the coil configuration of Figure S (commonly 
used for the EM3t3 since it is less critical to intercoil alignment) the 
relative contribution from material near+urface is large and the 
response falls off monotonically with depth. 

.A comparison of the function b 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 transmitterlre- 
ceiver geometry 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 transmitterlre- 
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 (if all current flow is horizontal and 
(ii) 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 II the definition of apparent 
conductivity is given in terms of the secondary magnetic field at the 
receiver. the functions in Figure 6alsogive the relative contribution 
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FIGURE b. Comparkon of relative responses for vertical and horizontal 
dipoles. 

from material at different depths to the apparen, con&clir*irv 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 hatfspace which is directly related 
to the electrical conductivity of the halfspace by equation ( I). It 15 
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 ofthe 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 

S 
T 

R,(z) = $v(z)dz 
ki .? H 

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(l). the output meter indicates 
2Omillimhos 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 I5 millimhos per meter. Conversely. if 
we leave all of the material below two intercoil spacings at 20 

R,(z) 

c I I i 

05 I-O I.5 

FIGURE 7. Cumulative response versus depth for vertical dipoles. R,(z) 
is the relative contribution to H, from all material Mow a tnormalizedf 
depth z. 

7 



FIGURE 8. Two layer earth model. 

millimhos per meter but make all material above two intercoii spac- 
ings infinitely resistive the meter reading will fall from the original 20 
miliimhos per meter for the homogeneous half space to 5 millimhos 
per meter. since, if all of the material below two intercoil spacings 
contributed 255% of the meter reading, all of the material above two 
intercoil spacings must contribute 75%; when removed the meter 
reading becomes 0.25 x 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 

W 

since ail 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 

=a = 4vW W 

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

Oa = u*[l - R,(z)] + 4W) 

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. 

1 (I, = 2OmWm 
I I t, I,’ 0.5 
8 ’ 

It- 

I 

ta= 1.0, 1.5 
u* = 2 mS/m 

b 

a = 2OmS/m 

u* = U,[l-R(r,)]+u,[R(t,)-R(z,)] +cJ3R(z,) 

2*=1.0, u* * 20[l-0~70]+2[0~70-0~~]+20X0-44~15~3mmko/m 

t* =I$ a, = 2O[I-0-?0]+2[0-70-0.32]+2OX@32 =13-2mmWm 

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

The ease with which such caiculatrons are performed facllitatec 
surbey preparation and interpretation. It is sometimes possible to 
make adbance estimates ofthe electrical properties of the materials 
lo be encountered during a survey or. alternatively. once on-3ite the 
operator can obtain the \drne information from sample measure- 
ment5 of the different materials. The procedures outlined abobe are 
then employed to estimate the apparent conductivity measured 
under various terrain conditions. Esampies of such calculations for 
the EM31 are shown in Figure IO. As is seen in the appendix the 
algebraic expressions for &J(Z) and R(z) are very simple and are 
easily programmed on hand held calculators. 

In Figure 10 the vertical dimensions ;ire 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 tf 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 I I 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 I2 
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 conductor 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. Resaiution 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 uhich 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 EM343 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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CROSS- SECTIONS 

BURIED RIVER VALLEY 

A  

(la - = 1 - R(Z,) + kzR(Z, ) 
QI 

(72 

k2=a = 
40 

- =5 
I 8 

BEDROCK HIGH 

00 - = I- 
0, 

R(Z,)+ kzR(Ztf 

(72 
kz = y- 

0.1 
= - = 0.0033 

30 

GRAVEL DEPOSIT 

FIGURE 11. Cumulative response versus depth for vertical and horizontal 
dipoles. 

aa - 
Cl 

= I - R(Z,) + k2 [R(Z+ R(Zi)f + k,R(Zz) 

station 00 (m mholm) 

-t- 

e” ::“2 

C 7.7 
D 6-9 

FIGURE 10. EM31 calculated response across various geological features, 
using R (Z) corrected for instrument operation at waist (1 meter) height. 
Coil separation s = 3.67 meters. 
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FIGURE 12. Comparison of Wenner array and inductive electromagnetic 
sounding curves for a two layer earth. 
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FIGURE 13. Two layer earth response curves (O&T, = 10,100; intercoib 
spacing varied). Dots indicate typical survey results. 
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In Figure 13. The six data points obtained bv making measurements 
uith tuo coil orientations and three Intercoil spacings are plotted to 
the \,lme ~;~le on ;I piece of Iran\parent paper and are translated 
\errlc;lll!- .InJ horizontally on the [uo-layer curte\ IU ‘t\cert;lin 
uhether,I \.lllxfac1ork tit can be ,tchie\ed. Inrhre\cnr rhar \uch‘i tit 
c:ln be m:~cle. the earth Joe\ exhibit tu~~-l;r~cr characteristic\ .md 
the \.due\ of conduc‘ti\~~y for both laber\ ,ind the rhlchnc\\ of rhe 
upper IA! i’r ‘1i.c dirrclly re;td off. 

IV. 2. Rtrolution of TWO-Ln?cred Earth h> Varying Instrument 
Height 

In thecasrofrhe E\IJI the intercoil \pacingt\ rigidI> li~J~~h;tt 
the techniqur Jr~cr~bed above ix not ~~~;trluble to analt\e ;I layered 
earth. II IN. ho\be\er. po\>~ble to raise the instrument above rhe 
ground. mrahuring the apparent conJuctivt1): ;I\ ;I function of in- 
\trument height for both the vertical and horizontal dipole configu- 
ratiun\. Thi\ ha\ the effect of\hifting the re\pon\e cur\eh of Figure 
h upuard:, through the \ariotr region\ of the earrh and the variation 
ofapparent conductivity with height is therefore ofdiagno\tic value 
in determining the nature of any layering. It i\ a \trai!htforwarJ 
matter to calculate the response of the instrument II\ a tunction ot 
height for various two-layered earth geometric\ and typical curve\ 
are shown in Figure IJh. To uhe the curve3 one simply plot\ the 
measured apparent conductivity \ersu> height for both coil configu- 
rations on a piece of transparent paper to the hame GIIC: a\ Figure 

(a) -0-e--- --fkn) 
4 

<b, 

\ \ 
\ 

\ k= 10 
‘\ 

I.0 2.0 
* -h,h) 

‘\\ \ 
\ , k=l 

t=cil 

(Cl Case history . . . . . 
Interpreted results t, = Im, 0, = O-30 m mho/m 

a; = 30 m mho/m 

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

(i) Linrirc,tl ci~ncrrtric~ rclrr.ce /I - 1000 mrrrlfcr.\ pc’r mc’rrri. .4l IOW 
values of terr&n 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 tield is no longer linearly proportional lo ter- 
rain conductivity as is shown in the appendix. 

FIGURE It. Two layer earth response curve5 (a&, = I. IO. 100: instrument (ii) Scffitfg trrftl t~trirrrtrirrirt~ rlr~ iturrmtwtf :ero. Ideally in order to 
height varied). Dot< are acrual ttrrbey results. set the zero the instrument would he suspended in free space 
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IJb and thtft5 the plotted data \ertlcully until good agreement I\ 
achieved with one ofthe curbe\. uhereupon the IUO conducrl\ itte\ 
and the upper layer thickne\\ are immediately determined ~1s In ihe 
Illu\trated ca\e hAtory of Figure IJc. 

In the event that the conJucll\ it) ofeither one ofthe luu (aher\ i\ 
knofin to be much Irx\ than the other. w that it\ contribution 10 the 
mexr re,lJing I\ negligible. it ix Gmply nece\tary to lay rhe In\tru- 
merit on [he ground. rake ;I reading. lay it on It\ ttde. take a ~cond 
reading. and from the\e tua ~.~iuex one can lmmedialely calculale 
the conductlblty of the more <onducti\e Iaber and the rhicknr\\ of 
the upper Ia)rr. 

I’. 1. .Adrantages 
The advantages of the uxe of inductike electromagne:ric tech- 

niques to measure terrain cOnduiliblt\ arc: ;I\ follow\: 
ri) E.rc-c,ll~~r r~.\oltrfio~ ifr c.f~rrJ~c.!ii’;l~ It uas \tated in Section I 

that a problem with conLen(ional resi\ti\it) ua\ that the pret- 
ence oflocalized rrsi\ti\it> inhomogeneities near the potential 
electrodes caused large errors. If v+e examine the current How 
in a homogeneous half\pace for the inductiLe technique de- 
\cribcd herein we real& that in the vicinity of the Iran\mitter 
the current dencity is \ery high and ue might expect the pres- 
ence of a conductive inhomogeneity located here to have a large 
effect. Ho%-ever uhere thecurrent density is high. the radius of 
the current loops is small and their distance from the receiver 
coil large. \o that these loops do not couple well magnerically 
with the receiver. Theeifect ofchanging thiscurrent by varying 
rhe 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 55 or Il)r;. are easily and accurately 
measured. 

(ii) .X0 cwrrenf i,ljecfio,l prohlrf~s. Since currents are magnetically 
induced in the earth. current injection problems encountered 
with conventional resistibity in material\ such as gravel. bed- 
rock. permafrost. snow and ice. etc.. are not encountered with 
this type of instrumentation. 

(iii) Sitrrple ~tllr//i-/tryereJ vcrrrlr c.[~rl~,rrltrrict/~s. This matter is dealt 
with at length in Section IV. 

(iv) Emy. rtrpid mwslumtettts . .4 problem with the conventional 
Wenner array is that in order to survey 10 an effective depth a 
the array must be 3a in length and the total length of wire 
required da. 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-electiode 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 tive to ten times faster using this technique. 
Indeed with either the EM31 or the EM1W-3 it i5 usually possible 
under average terrain conditions to survey 5 to 7 line- 
kilomerers a day with a ctation spacing of 25 or 50 meters. 

V. 2. Disadvantages 



and the zero set there. The more acceptable alternative is to 
search out a region of very resistive ground. to accurately 
measure ifs conductivityusing 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 
terrllin conductivities: however in the event that measurements 
are being made on highly resistive ground the zero error can 
become significant. 

(iii) Li/,rirc*t/ Ctrric,tr/ Sororchg Cnpcrbi/it.r. In theory it is 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 
cabe 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 ofadditional complexity. 

VI. CASE HISTORIES 

This section describes several case histories obtained with the 
EM31 and the EM34. The surveys ti) 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: tiississauga. 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 EM3 I. A line of length 200 meters was traversed in a 
field in both easterly and westerly directions. Figure I5 demon- 
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FIGURE 13. 

strates that the instrument is resolving conductivity changes of less 
than I mmho/m (I% 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: EM3 I 

Conventional resistivity apparatus 
Application: Location of sand/gravel 

Comparison of EM3 I 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. however the last few survey 
stations, I7 + 00 to I9 + 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. I meters) except between 
stations I7 + OOand 19 + 00 where the a spacing was reduced to I 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 data even in regions of low conductivity. Over the esker 
the EM31 was actually read continuously down the line - the data 
was recorded only at the IO0 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 I7 + 00 
and I9 + 00 as a result of the very rapid lateral changes in resistivity 
arising from the concreted material referred to above. 

Case History 83 
Location: Cavendish. Ontario. 
instrument: EM31 

Application: 
Location of metallic type conductors 

This survey line, of length 2000 ft. (610 meters). is located at a site 



FIGLRE 17. Geolugx mdp o. the Cavendirh tesl site and the grid oftraverse 
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. (I5 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 EM343 were designed to map terrain 
conductivity at the conductivity levels encountered in typical soils 
both instiuments 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 
EM343 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 X4 
Location: Mississauga. Ontario 
In,truments: EM31. EM34 
Application: Determination of bedrock topography 

Total line length for this survey was 8400 ft. I2600 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 l-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 EM3 I survey was similar. 

Typical bedrock conductivity in the area is approximately 30 
mmholm. whereas an average value for the conductivity of the 
intillingglacial till is of the order of 8 to I2 mmho/m. Thus the EM34 
at either intercoil spacing yields approximately 30 mmholm at the 
valley edges where the overburden is thin and I2 to 14 mmholm at 
the valley centre. The EM3 I yields values of I4 to I8 mmholm at the 
valley edges (slightly affected by the presence of bedrock) and 
approximately IO mmholm at the valley centre. The interpreted 
depth of the valley, based on the model shown in the figure, is 
approximately 120feet (36 meters) which is in reasonable agreement 
with the water-well data value of I50 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 X5 

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 EM3 1, EM34 and con- 
ventional resistivity 141. 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 I5 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 exceltent 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 

L 
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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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VERTICAL DIPOLE HORIZONTAL DIPOLE 

FIGL RL .\I Vertical and horizontal dipole coil configurations. 

.\PPESDIX: Theor! 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 a 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 ( I) and (2) respectively. 

H 

( 1 
s 
H P y 

= & {9 - [9 + 9ys + 4(p)’ + (ys)‘] eeT5j (I) 

(?)” = 2[1 - & + 13 + 3YS + (us)‘l$+] (2) 

where y = V iwpoa 
w = 27Tf 
f = frequency (Hz) 

PO = permeability of free space 
i=, 5. 

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 *veil known characteristic of a homogeneous half-space is the 
electrical skin depth 6, which is defined as the distance in the 
half-space that a propagating plane wave has travelled when its 
amplitude has been attenuated to I/e of the amplitude at the surface. 
The skin depth is given by 

6 
f-T J’Z = -=- 

v 
(3) 

Won Y 

and therefore 
ys = jz; (4) 

The ratio s/6. the intercoil spacing divided by the skin depth. is 
defined as the induction number B. whereupon 

ys = \rizi B (5) 

Now if B is much less than unity (ie ys < 1) it is a simple matter to 

show that the field ratios of equations ( I) and 12) reduce 10 the simple 
expression 

(6) 

which is the equation given in Section II. 
The magnitude of the secondary magnetic lield is now directly 

proportional to the ground conductivity and the phase of the secon- 
dary magnetic field leads the primary magnetic field by 90”. 
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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 6 and thus 

2 
w << - 

POUS 
(7) 

That is. having decided on a value for s (which fixes the effective 
depth of penetration under the condition B << I). 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 

(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 I. The primary emf ep causing this current 
to flow is given t 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 iZ generate their own 
magnetic fields which in turn cause a time-varying magnetic flux to 
link with loop I (mutual-inductance. MI. 

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

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

Z = iwL, + W2t12 

Rt+ IWL~ 

l * 
i, = - 

RI+ z 

FIGURE AM. Equivalent circuit for model of Figure All. 



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

‘I =$ =q= id,G, 
1 I 

where QP = primary flux linking loop 1 
G, = conductance of loop l(G, = I/R,) 

i = \Ki 

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 
held at the receiver from current i, is in phase with and directly 
proportional to ii it too will be directly proportional to G and will 
lead the primary flux by 90”. Thus 

cc iwG, (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 

True conducikity (m mhospn) 

FIGURE AIV. F’lot of indicatedconductivity for EM31 versus truefhomoge- 
neous half-space) conductivity for both venical (u.) and horizontal (u.‘) 
dipoles. 

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

R&) = (4z2 + 1)1’2 - 22 

where z is the depth divided by the intercoil spacing. 

(14) 

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. 
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INTRODUCTION 

Tlte ever increasing requirements for greater depth of explora- 
tion. improved rejection OF, conducttve overburden or host-rock 
resPnse and enhanced definltron of potential ore-bearing structures 
all demand the applicatton of large scale transient electromagnetic 
methods with their inherent abtltty to generate highly diagnostic 
data. 

Furthermore it is not generally realized that transient elec- 
tromagnetic techniques lend ,themse!ves very we!! to genera! geo- 
logical mapping. Thus. m addttton to thetr employment for the direct 
detection of conductive ores. they can also be used in the relatively 
resistive environments that often occur when prospecting for aggre- 
gates or aquifers. or when measuring the depth to bedrock or the 
thickness of permafrost. Indeed transient electromagnetic tech- 
niques are one of the “unconventional” methods employed in Rus- 
sia for exploration for oil. 

This short technical note reviews certain aspects of transient 
techniques which are not we!! covered in the literature. In the first 
section a brief outline of the nature of the transient response is 
followed by a short description of a typical large transient system, 
after which the reasons for certain design features are summarized. 
The next section illustrates the response calculated for several 
theoretical models and discusses the difference between confined 
and unbounded conductors. The last section considers several 
popular misconceptions about transient techniques and considers 
some merits and deficiencies. 

The author wishes to acknowledge that much of the material in 
Section I!! either originated with or was supplied by Dr. Alex 
Kaufman of the Colorado School of Mines. More importantly the 
author wishes to express his gratitude for the many hours spent 
discussing electromagnetic techniques with Dr. Kaufman, whose 
insight is invariably illuminating. 

SYSTEM CONSIDERATIONS 

A procedure commonly utilized for ground exploration using 
transient techniques is to lay a large loop (as shown in Fig. I) in the 
vicinity of the area to be examined. A steady current is caused to 
flow in the loop for a sufficiently long time to allow turn-on tran- 
sients in the ground to dissipate. The quiescent current is then 
sharply terminated in a controlled fashion; for example the current 
turn-off may be a linear-ramp waveform (Fig. 2a). In accord with 
Faraday’s Law rapid reduction of the transmitter current, and thus 
also of the transmitter primary magnetic field. induces an elec- 
tromotive force (emf) in nearby conductors. The magnitude of this 
emf is proportional to the time rate-of-change of the primary mag- 
netic field at the conductor. For this reason it is desirable to reduce a 
large transmitter current to zero in a short time so as to achieve a 
large emf of short duration (Fig. 2b). This emf causes eddy currents 
to flow in the conductor with a characteristic decay which is a 
function of the conductivity. size, and shape of the conductor. The 
decaying currents generate a proportional (secondary) magnetic 
field (Fig. 2~). the time rate-of-change of which is measured by a 
receiver coil. 

Analysis of the nature of the transient decay is carried out by 

i”iw 
FIGURE 1. Survey configuration. 

sampling the amplitude at numerous intervals of time (and over 
many cycles of the transmitter pulse so as to enhance the stgnal-to- 
noise ratio). A typical system block diagram is illustrated in Fig. 3. 

The survey output is an accurate knowledge of the three spatial 
components of the time-derivative of the secondary magnetic field 
as a function of position on the earth’s surface and from this data 
much information can usually be derived about a survey target. 

In order to appreciate certain system constraints. suppose for 
simplicity that the target is a wire loop having resistance and induc- 
tance as shown in Fig. 4. The transmitter primary magnetic field 
coupling with the loop generates a flux which is caused to rapidly 
decrease from a steady state value 6, to zero within a time At which 
is much less than the time constant of the loop (defined as L/R). The 
emf generated in the loop is given by &,/At and from simple circuit 
theory the current can be shown to be 

L 
where T = - 

R 

(1) 

The secondary magnetic field is proportional at a!! times to i(t). 
Note that the initial amplitude of both the current and the secon- 

dary magnetic field at t = 0 is independent of the ring resistance. 
Since by definition the inductance of the loop is the flux per unit 
current, we are not surprised to see that the initial current is given by 
c&/L i.e. it is exactly that value required to make the total flux 
through the loop equal to the value that existed just before trans- 
mitter turn-off. 

The receiver-coil output voltage is proportional to the time rate- 
of-change of the secondary magnetic field and is therefore of the 
form 

We see from this expression that conductive targets (i.e. those 
having a small value of resistance and thus a large value of r) yield 
signals with small initial amplitude that, however, decay relatively 
slowly. Signals from poorly conducting targets (large resistance) 
have high initial amplitude and decay rapidly. Typical decay times 
for orebodies range from as small as 100-200 psec to as high as 
IO-20 msec and thus cover a factor ofapproximately one hundred in 
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FIGURE 2. System waveforms. 



FIGURE 3. Block diagram and typical transient (showing initial gates) 

time. In order to accurately resolve this range of transient decays. 
measurements must be made at a large number of time intervals. 
Furthermore at the initial portion of the transient decay the receiver 
output voltage varies rapidly with time. particularly for small values 
of r. For this reason the sampling “gates”. particularly the earlier 
ones. must be of short duration so as to avoid distortion of the signal 
resulting from appreciable changes in the signal amplitude during 
the sampling period. Since the transients obtained in actual practice 
can be quite complex the only way to ensure low distortion is to 
employ a large number of narrow gates. 

As equation (2) indicates the initial amplitude of the transient 
decay can also vary by a factor of one-hundred arising simply from 
the variation of I: target size. depth. etc.. can easily account for 
another factor of one hundred, so it is most important that transient 
measuring systems have a very large dynamic range to handle the 
wide variety of signals that will occur in the field. 

it was assumed above that the turn-off time of the transmitter 
pulse was much shorter than the characteristic decay time of the 
targets to be measured. In the event that this condition is not met for 
targets exhibiting exponential decay with low values of T the 
amplitude of the response will be less than that given in equation (2). 
Thus the response from poor conductors will be suppressed when 
compared with that from good conductors. Such suppression might 
be an advantage in a system designed to search only for better 
conductors but it is a definite disadvantage in a system designed to 
(i) search for a// types of conductors and (ii) additionally map 
geology since in this application it materially complicates the data 
interpretation. For these reasons it is important to maintain the 
transmitter turn-off time as short as possible. 

Finally it should be noted that by their very nature transient 
systems are broadband. A Fourier analysis ofthe emf induced in the 

i 

emt L 

FIGURE 1. Wire loop target. 

target t Fig. Ibl shows that odd-harmonic components extst from the 
basic pulse repetition-frequency (typically from 3 to 30 Hz) up to a 
value determined by the duration of the transmitter turn-off time; for 
example a X0 psec turn-off puts significant excitation to frequen- 
cies of many kHz. This multi-spectral excitation is very desirable 
for obtaining detailed information about the target spectral re- 
sponse. however an accompanying disadvantage is that the re- 
ceiver. being broadband. is susceptible to external noise and inter- 
ference. In fixed-frequency systems, where the primary field IS 
carefully cancelled out. the system noise is usually determined by 
errors in this cancellation and a point is soon reached where in- 
creases in transmitter dipole moment do not increase the signal-to- 
noise ratio. The situation is quite different for transient systems in 
which measurement is made during the transmitter off-time: for 
such systems the effective exploration depth is often set by external 
noise and the availability of a large transmitter loop with a high value 
of transmitter current becomes of great importance. Other tech- 
niques such as synchronization of the system to power-line frequen- 
cies so as to avoid having the system output oscillating at the 
powerline frequency and “spherics” noise-limiters also help reduce 
the sensitivity to exter,tal noise and interference and increase the 
exploration depth. 

TARGET RESPONSES 

I Confined Targets 
As our first example of a target response consider the case of a 

conducting sphere which. for the sake of simplicity. we will assume 
to be in a region of uniform magnetic field which is suddenly termi- 
nated at time t = 0. The sphere, of radius a and conductivity u. is 
shown in Fig. 5. 

.4t the instant after termination of the primary field (called the 
early-time) currents immediately flow on the surface of the sphere 
with a distribution that exactly maintains the original uniform 
magnetic field within the sphere. The current distribution at this 
time (indicated in Fig. 6a) is independent of the conductivity of the 
sphere and we say that we are in the high-frequency limit since the 
current distribution is that which would flow if the sphere were 
located in a very high-frequency alternating (uniform) magnetic 
field. The definition of high-frequency in this case is such that the 
electrical skin-depth in the sphere material 

2 ( 1 
I 2 

6x - 
.cL=w 

where p = 4~r x lo-‘h/m 

w = 2nf * 

f = frequency (Hz) 

is much less than the sphere radius. 
At time t = 0’ the primary field has disappeared and for all further 

time the distribution of circulating currents within the sphere is 
governed solely by their interaction with their own magnetic field. 

FIGURE 5. Sphere target. 
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(c) Intermediate time 

(d) Late time 
FIGURE 6. Sphere currents at various times (a - surface currem; b-d - 
equatorial/plane currents). 

Consider then Fig. 6b which shows in section the current flow in the 
equatorial plane of the sphere at t = O+. The current. as mentioned 
above. is concentrated at the edge of the sphere. Virtually im- 
mediately, however. the amplitude of the current commences to 
decrease as a result of ohmic losses in the conductive sphere mate- 
rial. The local magnetic field from the current also decreases and 
(again through Faraday’s Law) this decrease induces an emf which 
causes new current to flow, as shown in Fig. fit. This process 
continues, with the result that the current flow moves inward with 
the passage of time. We say that the current diffuses radially in- 
wards. although at no time is there actually a radial component of 
current flow - we are simply seeing the interaction of currents and 
their magnetic field in a conductive body. 

The period of time during which the actual current distribution is 
in motion is called the “intermediate-time”. During this period the 
external magnetic field associated with the moving and decreasing 
currents decays rapidly with time. A stage is reached. however. 
where the current distribution becomes invariant with time. with the 
form indicated in Fig. 66. Close to the sphere centre the current 
density increases linearly with radial distance, becoming relatively 
uniformly distributed at one-half the radius, and decreasing slightly 
towards the edge. This period of time is called the “late-time”; the 
inductance and resistance associated with each current ring have 
stabilized and from this time onwards both the currents and their 
associated external magnetic field commence to decay exponen- 
tially with a time-constant given by 

A plot of the distribution of current with time is shown in Fig. 7 and 
the time derivative of the external magnetic field is shown in Fig. 8. 

We see that measurement of the transient decay or its derivative 
yields useful diagnoktic information about the electrical properties 
of the target. The late stage of the decay commences at a value of t/r 
= 0.5 (characteristic of a sphere) and determination of T gives a 
value foroal. 

Furthermore, measurement of the transient response at various 
locations in the vicinity of the target (made simpler by the absence of 
the primary field) additionally yields information as lo the sphere 

t 
+ 0.10 - f’T i 

- 0.60 

RGURE 7. Radial distribution of sphere currents. 
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FIocaE 10. Dependence of spheroid rime-constanr on eccentricity. 

inducing field. These currents diffuse radially inwards for a period of 
time which depends essentially on u and a. after which the current 
distribution is no longer a function of time and the currents and 
external magnetic field decay exponentially with a characteristic 
time-constant. 

More specifically the late-time commences at approximately (I) 

\ 
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FIGURE 8. Time derivative of sphere secondary magnetic field. 

radius and depth. This is particularly true of the early channels 
since, as we have seen above. the early current flow is independent 
of the sphere conductivity and dependent only on its geometry. Our 
sphere is an example of an isolated conductor. i.e. a confined target 
surrounded by an insulator. The significance of this point is that for 
any confined conductor at early times the current distribution is a 
function of time and the overall decay is not exponential: there is 
however always some stage of time after which the current distribu- 
tion becomes invariant with time and the decay becomes exponen- 
tial at a rate determined by the shape. size, and conductivity of the 
body. 

A second model that is useful is the oblate spheroid shown in Fig 
9. Again we assume that the energiting field is uniform (a condition 
that. as we shall see later, is usually not too restrictive). As for the 
case of the sphere immediately after removal of the primary field 
surface currents, concentrated on the surface. flow so as to maintain 
the internal magnetic field at the value of the original (uniform) 

d 
- -c I.5 
a 

where d = 2~ c 
( ,) 

1.2 

PO 

(5) 

(f-9 

The quantity d is a characteristic diffusion distance Bhich gives the 
position of the current at time t and about which more will be said 
later. This quantity is the transient analogue of the skin-depth 
defined in equation (3). 

Combining equations (5) and (6) we see that the late-time is given 
by 

t 
I 

= 1.52~a2u 
8n 

2 = 3.6 x IO-‘a20 

and is a function oft and a2 but not b. 
The transient decay time-constant is given by (I) 

rsa -j-C- 9 (8) 

where S = 2ub (the conductivity-thickness product) 

and the function q(a/b) is plotted in Fig. 10. From this figure we see 
that for the larger values of eccentricity a/b the value of q is ap- 
proximately 8 and the time-constant is therefore determined essen- 
tially by S and a as shown by equation (8). Furthermore subject to 
the assumption of the constancy of q, equations (7) and (8) can be 
combined to yield 

111 
HP 

B 

FIGURE 9. Oblate spheroid. 

to give the aspect-ratio of the body. This equation shows that a 
highly eccentric spheroid exhibits a late time which is comparable to 
or larger than its time-constant. 

An eccentric oblate spheroid resembles massive sulphide 
orebodies. making this model useful in exploration for such de- 
posits. As an example assume that the conductivity of the ore 
material is 2 mhos per meter, the radius a is 150 m and the thickness 
2b is 20 m. Then the conductivity-thickness product s is 40 mhos. 
late-time begins at t, = 1.5 msec and the decay time-constant is 0.94 
msec. Such values are quite typical. 

It was mentioned above that the assumption of a uniform primary 
field was not usually too restrictive. Consider again the case of a 
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FIGURE I I. Time constant - infinite elliptical cylinder. 

sphere excited by a uniform magnetic field. As is Hell known the 
resulting external magnetic field distribution arising from the sphere 
currents at any instant of time is that of a magnetic dipole located at 
the centre of the sphere. It is this apparent dipole moment which 
decays. initially faster than exponentially. then exponentially. 

if now the sphere is excited by means of an adjacent magnetic 
dipole rather than a uniform magnetic field higher order multipoles 
are also induced. The strength of each multipole is a function of the 
distance (in terms of the sphere radius) of the inducing dipole from 
the sphere. Fortunately ti) the higher order multipole tields decrease 
more rapidly than the dipole field with measurement distance from 
the sphere and (ii) the higher order multipoles also decay more 
rapidly in time than the dipole (7,). For these reasons. as long as both 
the inducing dipole and the receiver coil are further than approxi- 
mately two sphere radii from the sphere centre those currents in the 
sphere (or indeed. any compact target) causing the secondary field 
sensed by the receiver coil will be essentially the \arne as if the 
inducing field were uniform by the time that the late-time condition 
has arrived; a very useful result! 

Another phenomenom that will be observed occurs ifan eccentric 
target such as the spheroid is subject to a primary field at an oblique 
angle. The inducing field can be resolved into components along 
each axis a and b. The late-stage time-constant for currents cir- 
culating about the b axis is however greater than the time-constant 
for currents circulating about the a axis. The result is a decaying 
dipole whose axis changes direction with time. eventually pointing 
in the direction that corresponds to the largest time-constant and 
thus largest projected area. independently of the orientation of the 
inducing dipole. Conversely a target exhibiting spherical symmetry 
generates a dipole moment that is always aligned with the primary 
field direction at the target. 

This effect can be deduced from Fig. I I which gives the time- 
constants for an infinite elliptical cylinder oriented so as to be both 
parallel and perpendicular toa uniform primary magnetic field (3). It 
is seen that for reasonably eccentric cylinders there is an order of 
magnitude difference in the late-time decay rate. Although this 
example assumes a uniform inducing field it can also be shown (3) 
that the time-constants listed in the figure are approximately correct 
for magnetic dipole excitation as long as hoth the source and obser- 
vation point are located a distance of several times a from the target. 

fY 
FIGURE 12. Homogeneous half-space. 
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FIGL:RE 13. Current density - surface homogeneous half-space. 

11 Homogeneous Half-space 
Consider a vertical magnetic dipole transmitter located on a homo- 

geneous half-\pacc as shown in Fig. 12. At time t = 0 the inducing 
dipole moment i\ reduced instantly to zero. Immediately* a 3urface 
current flows. distributed in such a manner as to maintain the 
magnetic field ever)% here at the value that eri3ted before turn-off: 
such a surface current flow decreases as r-’ with distance from the 
transmitter. 

Near the transmitter the surface current starts to diffuse into the 
homogeneous half--space. whereas the current at great distance 
maintain3 the value dictated by the r-* fall-off a, illu>trated in Fig. 
13. The net effect as time progresses is that. due to the drticienc~ of 
current near the transmitter. the current appears to ha\ e moved out 
and down as a diffusing ring. The real cause of this effect if the 
relative decay of the current at the apparent trailing edge ofthe ring. 
Such acurrent distribution wa5 recently de*cribed b)- Xabtghian 15) 
whose results are shown in Fig. I-t. 

The magnitude of the surface current induced at time t = O- is not 
a function of the conductivity. However the apparent Lelocity with 
which the ring expands aua)- from the transmitter ib inbersrl) 
proportional to the conductivity a5 indicated on Fig. 13. 

It is useful to plot the radial position of the surface current maxi- 
mum as a function of time for rarious resistivities I Fig. 15) rince a 
comparison of Figs. (13) and t I4 shobs that the position of thih 
maximum also accurately locates the radial distance of the sub>ur- 

*It should be noted that only diffusion effects are of any <lsnificance at the 
intervals oftime that are commonly used for geophysical mrdsurements tthe 
quasi-stationary approximation). Wave propagation effects which occur 
much earlier have long since disappeared. 

9 



Colrourr I dA,n* 
‘6. 

t 
- 0 = 001 sec/mho/m 

LOOP 4 6 16 20 24 26 

26 I 
Con~curr 1 IO-’ A/m2 

t 

F 
= 0.4 sac/mho/m 

$ f 0 1 src/mho/m 

I tonlo,r, I 10-‘“A/m2 

t 
- = I-6sec/mho/m 

0 

FIGURE 14. Computed contours of current density passing through loop 
centre (loop has dimensions 4CG x 800 m (5)). 

face current maximum. The location of the surface current maxi- 
mum is proportional to 

the characteristic diffusion length discussed in the previous section. 
The peak can be shown to be located at 

f d 
max = - 

5.2 
(10) 

The significance of the diffusion distance d arises from the fact that it 
enables us to visualize the location of the maximum current density 
at any instant of time. 

Since the location of the surface current maximum increases as 
t’ z the apparent velocity varies as t- I,*. Initially the wave expands 
rapidly but as time passes the velocity decreases to a small value. 
The ring diameter becomes practically self-limiting. This feature is 
of practical importance because at the resistivities encountered in 
most ore materials (less than I firn) Fig. 15 shows that the current 
maximum travels at most a few tens of meters in any reasonable 
length of time. In conductive materials diffusion is a slow process; it 
is this fact that accounts for the relatively long time required for 
currents to stabilize in a confined conductor as demonstrated for the 
spheroid example above. 

The magnetic field arising from a ring current is schematically 
illustrated in Fig. 16. The actual calculated magnetic field compo- 
nents arising on the surface (for the current distribution at 75 psec in 
Fig. 13) are shown in Fig. 17 along with the current distribution. At 
large distance, much greater than the radius of the effective current 
loop, the vertical magnetic field still decreases as rY3 since the 
surface current at the large distance maintains the magnetic field at 
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FIGURE IS. Location of surface current maximum-homogeneous half- 
space. 

the value before transmitter current shut-off. At distances close to 
the transmitter the newly developed absence of current (recall that 
the original current density fell off as r-*. so was very large near the 
transmitter) causes the vertical component of the magnetic field to 
be negative since all the current contributing to the field component 
now resides at relatively large radial distance. In a small region near 
the transmitter the vertical magnetic fteld is not a function of posi- 
tion in agreement with the well-known result for the invariance of 
the vertical magnetic field near the centre of a loop, illustrated in 
Fig. 16. 

As time increases the current ring diffuses outwards and down- 
wards; the vertical magnetic field for various times is shown in Fig. 
18. When the current has moved out an appreciable distance from 
the transmitter location. there is a larger region where the vertical 
magnetic field is not a function of position, as indicated on the figure. 
This time is deftned as the late-stage and is. of course, a function of 
the transmitter-receiver spacing since the current must have moved 

l a 

FIGURE 16. Magnetic geld above current ring. 



FIGURE 17. Magnetic field components at surface of homogeneous half- 
space. 

a large distance compared to this spacing. Late-time is usually 
considered to have commenced when 

where r = TX/RX spacing 
and d is defined in equation (6) 

At such late-times a considerable simplification occurs in the ex- 
pressions for the magnetic field components; they become (6) 

where M = transmitter dipole moment 

These equations are the basis of what the Russians call “transient 
sounding in the near-zone*’ for determining the electrical conduc- 
tivity (resistivity) of the ground. It is evident that measurement of 
either B, or B, as a function of time will permit the determination of 
u. Several features suggest measurement of the vertical field com- 
ponent; (i) at late-times both this component and its time derivative 
are larger with the result that the measurement is relatively insensi- 
tive to receiver coil misorientation. (ii) The magnitude of this com- 

FIGURE 18. Vertical magnetic field component at surface of homogeneous 
half-space. 

portent is not a function of the distance r between the measurement 
station and the transmitter dipole. The reason for this has been 
discussed above and is clear from Figs. (16) and (18). (iii) This 
component and its derivative decrease more slowly with time in the 
late stage. (iv) Although this component is proportional to u3,* 
whereas the radial component is proportional to u*, the vertical 
component still offers adequate resolution of small changes in ter- 
rain conductivity. 

Since we are making our measurements with a coil it is the time 
derivatives which are of importance; they are given by 

ZB - trMr (~-4~ 4’-- 
ct 64Tr t (14) 

The voltage induced in a horizontal receiver coil decays as t-r’*. 
characteristic of a uniform half-space. In distinction with the earlier 
case of confined conductors no insulating barrier now exists to 
contain the currents; they diffuse without limit. The response is no 
longer exponential. 

It should be kept in mind that the functional dependency of either 
field component on the terrain conductivity arises only because the 
apparent velocity of the diffusing current is related to the conduc- 
tivity. The actual magnitude of the initial current is. as stated earlier, 
dependent only on the transmitter dipole moment and is indepen- 
dent of the ground conductivity. 

11 
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FIGLRE l%at. Two layercurves. 

FIGCRE 19(b). Two layer curves 

Equation (IS) suggests the possibility of inversion so that the 
apparent resistivity as a function of time is defined by 

(16) 

02 If now measurements are made of R, for late values of ttme and the 
P, values substituted into equation I 16) the apparent re,istivity SO 

defined should not be a function of time, indicating the pretence ofa 
uniform half-space. 

III Layered Earth 
Suppose. ho&ever. that the earth is not uniform but consists of a 

layer of resistivit! p, and thickness h overlying a substrate of reti\- 
tivity p:. It is evtdent that at sufficiently early time the diffusing 
current will be situated entirely in the upper medium and measure- 
ments of the field components will be diagnostic of that medium. 
Conversely at much later times the currents will be predominantly in 
the substrate and measurements of the magnetic field components 
will substantially reflect its characteristics. The behaviour at inter- 
mediate time will be diagnostic of the thickness of the upper layer. 

!Many calculations for a layered earth have been carried out by the 
RuGarts. Typical results are shown in Figs. (19aj and t 19bt where it 
is seen that for both a relatively insulating or conducting substrate 
the apparent resistivity defined in equation t 16) is a hell-behaved 
and diagnostic feature of the electrical properties. Such curves. 
which are also available for a three-layered earth. are used in a 
fashion completely analogous to the use of master curves for con- 
ventional resistivity. One simply plots the calculated values ofp,ttj 
(derived from the measured values of 6, and t) against t’ : (the 
abcissa of the curves is given in terms of d/h where d is dehned m 
equation (6) and h is the upper-layer thickness) on log-log paper to 
the same scale as the curves and shifts the plotted data until agree- 
ment is achieved. whereuponp, .p:, and h can be calculated. 

Some important features of this technique are as follows: 
(i) in our earlier discussion it was noted that for a uniform half- 

space the measured apparent resistivity was independent of the 
intercoil spacing r as long as care was taken to ensure that the 
measurements were made at the late-stage of the transient decay 
(which time was governed by the resistivity). Similarly. in the case 
of a two-layered earth the response should be independent of the 
intercoil spacing as long as the same condition holds for the upper- 
layer resistivity. That this is essentially the case is 3hown by a 
compari\on of Fig. ( l9a) and Fig. (20) where the major difference is 
seen to occur at early values of d/h. 

(iit Fig. (20). which illustrates the two layered response when the 
intercoil spacing is only one-quarter of the upper-layer thickness. 
clearly indicates that it is possible. using transient techniques. to 
sound to a distance which is much greater (four times. in this case) 

FIGURE 20. Two layer curves. 
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than the intercoil spacing. This contrasts very favourably with 
conventional resistivity techniques where it is necessary to expand 
an array to be several tunes the upper-layer thickness in order to 
fully resolve it. 

(iii) The master curves shown in Fig. (19-20) were derived under 
the assumption of an infinitely fast turn-off of the transmitter cur- 
rent. In order to avoid performing a convolution the actual trans- 
mitter waveform should approximate this condition. 

(iv) With conventional resistivity techniques one expands the 
array size from a value which is substantially less than the upper- 
layer thickness to a value much greater than the thickness in order to 
resolve it. In electromagnetic frequency-domain sounding it is 
necessary to analogously adjust the frequency from a value such 
that the skin-depth (defined in equation (3)) also varies from much 
less than to much greater than the upper-layer thickness. Since the 
skin-depth is inversely proportional to the square-root of the fre- 
quency this means that a large frequency range is necessary to 
adequately resolve the layer. The analogy for transient elec- 
tromagnetic techniques is evident from Figs. (19-20) when it is 
realized that d is proportional to the square-root of time. In order to 
see the entire behaviour of the two-layered transient, measurement 
must be made over two decades of time and the time range must 
have been selected to correspond to the upper-layer diffusion thick- 
ness (d/h = 30) at mid-range. Obviously this is not always possible 
and oneoften ends up working with a limited portion of the appro- 
priate curve. Many useful techniques are given in the Russian liter- 
ature for this situation and it is for this reason that it is of great 
importance to make accurate measurements over the limited range 
of the transient decay which in turn requires (a) the use of many 
narrow gates so as to ensure good time-resolution and avoid distor- 
tion, (b) that such gates co.ver a wide range of time and(c) to employ 
transmitters with large dipole moment so as to keep the signal-to- 
noise ratio as high as possible in view of the desirable narrow 
gate-widths. 

(v) Finally. calculation of the late-stage behaviour when the two 
layers consist of a conductor over an insulator shows that the 
amplitude of the transtent decay is proportional to the cube of the 
conductivity-thickness product of the upper layer, permitting accu- 
rate resolution of small changes in the thickness. This feature is of 
considerable significance in mapping the depth to an insulating 
basement through a sedimentary column. It is also significant that, 
for the case of either a uniform half-space or a horizontally stratified 
earth, current flow in transient sounding is always horizontal (in 
distinction to conventional resistivity techniques) so that anisotropy 
in the resistivity of horizontally layered sedimentary rocks is not a 
significant problem. 

IV Thin Sheets 
As is usually the case a thin sheet is defined as being so thin that 
there is no variation in current flow across the thicknessof the sheet. 
In the case of sinusoidal excitation this means that the sheet thick- 
ness must be a small fraction of the skin depth in the sheet material; 
analogously for transient techniques sufficient time must have 
elapsed so that the current density is uniform throughout the cross- 
section of the sheet. With this constraint satisfied let us examine the 
behaviour of a vertical dipole transmitter located on the surface of 
such an (infinite) horizontal thin sheet. It can be shown that the 
current flow is given as a function of distance r from the transmitter 
and time by 

~‘7l----- -~--. 
,J+----- 

For orhrr S. 

FIGURE 21. Current density - horizontal thin sheet. 

Behaviour of this function. illustrated in Fig. 2 I, is similar to that of 
the homogeneous half-space; for any time t the current initially 
increases with distance from the transmitter. reaches a maximum 
and then decreases as r-• (the dependence required to maintain the 
magnetic field at the value before current shut-off). Once again the 
initially induced current density is not a function of S. the 
conductivity-thickness product. Sheets with different values of S 
exhibit the same behaviour as long as the time scale is modified as 
indicated in Fig. 21. 

By setting the derivative of equation (17) equal to zero it is a 
simple matter to solve for the location of maximum current-density 
as a function of time. The result is 

Conversely there is an effective velocity defined as 

1 “=k=- 
t 4 

J 
3M1 m =- 

B 7 (1 + 4m2)5’2 
(17) The, position of maximum current moves out linearly with time (in 

dtstmctton with the homogeneous half-space where it moved out as 

where J = current density (amps/b) 

t m=- 
& 

S = sheet conductance (mhos) 

the square-root of time) and the effective velocity is determined by 
the conductivity-thickness product S. Calculation of the velocity for 
typical values of orebody conductances shows that once again it is 
quite low - for example at IO0 mhos the velocity is 8 meters per 
msec. 

A further difference between the homogeneous half-space and the 
thin sheet is that for the former immediately after turn-off the 
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FIGURE 22. Vertical magnetic field component at surface of horizontal thin 
sheet. 

surface currents at any point r fell off as P; the current stayed at 
this value until the current ring passed underneath, after which time 
the current decreased monotonically to zero. In the case of the thin 
sheet at any location r the current initially increases, reaches a 
maximum value at the time given by equation (18). and then falls 
monotonically to zero. 

The magnetic field components arising from the diffusing current 
ring also have the same general characteristics as those for the 
homogeneous half-space. For example Fig. 22 shows the vertical 
component of the magnetic field as a function of time. At shon 
values of time the magnetic field is maintained at the value before 
turn-off. Since the primary field has been terminated this magnetic 
field arises solely from the currents flowing in the sheet. With the 
passage of time the deficiency of current between the transmitter 
and the observation point causes the vertical component to de- 
crease, become zero and change polarity as the effective current 
moves beneath and passes beyond the observation point. 

Again defining the late-time as that taken by the current to diffuse 
to a radial distance much greater than that of the observation point it 
can be shown that the vertical magnetic field and its time derivative 
are given at late-times by 

B 
MS’$ 

zYzz 

and 8, z 
- 3M s’p’ 

167d 

Again the current wave diffuses without limit and the response is not 
exponential. Since for the thin sheet the current diffuses outwards at 
a faster rate (relatively) then for the homogeneous half-space the 

I a ,oI) I 
rz 

FIGURE 24. Vertical magnetic field component above horizontal thin sheet. 

secondary magnetic field (and its time-derivative) decrease much 
more rapidly with time. 

Measurement of the time-derivative of the vertical magnetic field 
at late-time yields S directly and it should be noted that the transient 
response of a thin sheet is singularly sensitive to the conductivity- 
thickness product being proportional to S3. 

Finally consider the situation where the vertical dipole is elevated 
to a height h above a (horizontal) thin sheet as shown in Fig. 23. In 
this case it can be shown that 

B, _ PMs I - 8(at + H)’ 
4mr [I + 4(at + Hj2]“’ 

and B 
-PM Ju(at + H)[9 - 24(d + HI’] 

z=z7 [l + 4(at + H)2]7’2 (23) 

1 h where a = - H = t 
pSr’ 

The behaviour of the vertical component of the magnetic field is 
shown in Fig. 24. The affect of raising the transmitter and receiver 
dipoles above the sheet (i) reduces the initial amplitude of the 
vertical magnetic field and (ii) as seen from equation (22) linearly 
shifts the time scale by an amount th = @h: an event (such as the 
zero crossing) which happened at time t, when both dipoles were 
located on the surface of the sheet now happens at time t = 1, - th. 

The same translation occurs for the time derivative of the vertical 
magnetic field. which is illustrated in Fig. 25. 

One would expect that. for dipoles raised above the sheet. at 
late-times the response will be the same as if the dipoles were on the 
sheet if by definition the current ring at such time is radially much 
further than the receiver distance and receiver/transmitter height. 
From equations (22) and (23) 

t t 
if - >> h, - >> r 

PS trs 

(26) 

FIGURE 23. Thin sheet. 

-3M p4S3 
and 8, u - 

168 t4 WI 

Neither quantity is a function of h and the expressions are indeed the 
same as for both dipoles located on the thin sheet. 
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FIGURE 25. Derivative of vertical magnetic field above horizontal thin sheet. 

Given S from such a measurement of &and knowing both r and t, 
(the time of the zero crossing of 83 it can be shown from equation 
(23) that h, the depth to the sheet. isgiven by 

h = 0.6124r - 5 
KS 

ln order for the crossover to occur it is obvious that r must be chosen 
so that the right-hand side of this equation is positive and in general r 
is chosen to be as large as possible. This ensures, for given hand S. 
that the crossover occurs at realistically large values of time. par- 
ticularly necessary for low values of S which cause the current ring 
to move out at great radial velocity. 

V Further Comments 
This concludes our discussion of typical models and their re- 

sponses. It is seen that much information can be derived from 
transient measurements. 

It has perhaps been noted that no mention was made of the 
semi-infinite vertical thin sheet so popular with horizontal loop 
systems. Because of the large transmitter loop size used with large 
transient systems it is less likely that targets whose dimensions are 
infinite compared with those of the transmitter loop will occur and a 
more valuable target model is the very oblate spheroid discussed 
earlier. 

SOME MERITS AND DEFICIENCIES OF 
TRANSIENT ELECTROMAGNETIC TECHNIQUES 

One sometimes hears that transient measurements are essentially 
quadrature-phase determinations since measurement is made in the 
absence of the primary field. Although it is true that targets which 
exhibit in-phase response only (such as non-conductive bodies with 
p > p,,) also yield no response after termination of the primary field 
it will be shown below that in general the transient method is 
responsive to both the in-phase and quadrature-phase components 
of the target response. 

Furthermore one hears that since transient and multi-spectral 
frequency-domain responses are related through the Fourier trans- 
form such techniques are equivalent. Whilst theoretically correct 
this statement ignores the important influence of the major source of 
noise for each technique. the net result of which is that very often 
they are not in a practical sense equivalent and transient techniques 
can offer a major advantage. 

Consider the transmitter current waveform in Fig. 26a. This 
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F~CURE 26. Synthesis of transient response. 

waveform is easily shown to be the Fourier sum of a fundamental 
and an infinite series of odd harmonics 

f(t) = 1, sin ( y) 3 sin nwt (2% 

4 

Each of these frequencies excites the target which we assume to 
have an exponential decay with time-constant which is short com- 
pared with one-quarter of the period of the fundamental (thus er- 
suring both in-phase and quadrature-phase response). The receiver 
gates out the transients which occur during the transmitter on-time; 
those which remain for processing are shown in Fig. 26b. Since 
these transients arise from the transmitter excitation it must also be 
possible to synthesize this waveform from an infinite series of odd 
harmonics. The question arises as to whether there will be only 
cosine terms (quadrature-phase) or both cosine ana sine (in-phase) 
terms in this series. 

Consider a series of cosines at fundamental and odd harmonic 
frequencies. an example of the first two terms of which is shown in 
Fig. 26~. Examination of this figure chows that, as long as only the 
odd harmonics are present. the infinite 3u.m of such harmonics (at 
arbitrary amplitudes) must exhibit even symmetry about T. Con- 
sider further the interval from 0 to T. Within this interval odd 
symmetry must be exhibited about T/2. Likewise in the interval T to 
2T odd symmetry must be exhibited about 3T/2. The synthesized 
waveform shown in Fig. 26d satisfies these requirements. 

Consider next a series of odd harmonic sine terms, the first two . 
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terms of which are shown in Fig. Xie. Their infinite sum must exhibit 
odd symmetry about T and. in the smaller intervals. even symmetry 
about T/? and 3T/?. Such a synthesized waveform is shown in Fig. 
26f. NOW in the interval 0 to T/4 the response shown in Fig. 26b is 
zero. Therefore within this interval the waveforms shown in Fig. 
?6d and Fig. 26f must be everywhere equal, since their sum is 
everywhere zero. Furthermore the waveforms shown in Fig. 26d 
and Fig. Xf between 3T/4 and T/4.7T/8 and ?T must be everywhere 
the same. If the in-phase response were everywhere zero the 
quadrature-phase would have to be zero as well. Evidently the 
quadrature and in-phase components are equally important in syn- 
thesizing the final waveform. 

Transient systems are definitely not quadrature-phase systems; 
they generally respond about equally to the in-phase and 
quadrature-phase components from the target. 

In fact the principal advantage of the transient electromagnetic 
system is that it allows measurement of many of the in-phase 
characteristics of the response of a target in the absence of the 
primary field. To understand the significance of in-phase measure- 
ment we refer to a recent article by Kaufman (7) in which he asserts 
that the most diagnostic exploration system is the one which is the 
most sensitive to small changes in conductivity, ie. has a response 
which is proportional to conductivity raised to a high power. He 
reviews the fact that conventional (DC) resistivity surveys respond 
functionally to conductivity contrasts as 

(’ i 
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(30) 

where u, = target conductivity 

ab = background conductivity 

which function is insensitive to changes in conductivity at medium 
or high conductivity contrasts. Such systems are therefore in- 
herently not diagnostic. 

Turning to frequency-domain methods he shows that at low fre- 
quencies where both the in-phase and quadrature-phase response 
are increasing with target conductivity the quadrature-phase com- 
ponent responds linearly to conductivity variations. This is an im- 
provement over conventional resistivity but better can be achieved 
with the in-phase component. for in this case at low frequencies the 
system response is ofthe order&. in-phase measurements are truly 
more diagnostic but this advantage is seldom fully realized since the 
major source of noise in such measurements results from inadver- 
tent changes in the inter-coil spacing. Since the in-phase component 
arising directly from the transmitter is proportional to r-l (where r is 
the intercoil spacing) small changes in this spacing have a large 
effect on the signal-to-noise ratio. Such noise iscompletely absent in 
the case of transient systems in which measurement is made in the 
absence of the primary held. Yet they are still. as we have seen 
above, sensitive to the in-phase components. We should therefore 
expect such systems to be able to take full advantage of the diagnos- 
tic value of the in-phase components and this is indeed the case. 

As our first example consider the infinite horizontal thin sheet 
referred to earlier. At low frequencies it can be shown that the 
quadrature-phase component is proportional to S. Conversely the 
in-phase component is proportional to S2 and as we have seen, the 
transient response is proportional to S’. Obviously in the context of 
the last paragraph the transient response is the most diagnostic. A 
less-than-obvious advantage of transient systems lies in the way in 
which the in-phase and quadrature-phase components of the target 
response are effectively synthesized to make the final transient 
waveform. 

Kaufman continues to explore the relative merits of various elec- 
tromagnetic techniques for the exploration picture shown in Fig. 27. 
A large, shallow, moderately conductive bounded overburden 
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FIGURE 27. Orebody beneath conductive overburden. 

overlies a deep. small, but intrinsically more conductive target. As a 
result of its proximity to both the transmitter and receiver the 
overburden yields a large response to quadrature-phase systems. 
even though not particularly conductive. 

The situation is substantially improved for the case of in-phase 
measurements since the influence of conductivity (relative to 
proximity) is enhanced. However such improvement requires that 
instrumental noise be of low order (optimally less than the response 
from the overburden). 

The ultimate performance is achieved by the use of transient 
techniques. The early-time response from the overburden can be 
very large but if the decay rate is faster than that of the orebody one 
simply has to wait a sufficient length of time for the masking effects 
of the overburden to disappear and the orebody to appear. The only 
requirement is that the transient decay of the orebody be slower 
than that of the overburden so that the latter eventually disappears. 
Unfortunately by the time that this happens the response from the 
orebody may be so low as to be undetectable against the system 
noise. But the noise in this case is external (man-made interference, 
spheric9 and there is always one way to overcome it -brute force. 
ie. a large high-powered transmitter. 

In the case of in-phase systems increases in transmitter power 
have no effect-both the signals and the noise linearly increase with 
transmitter dipole moment. For transient systems the signal-to- 
noise ratio is almost invariably linearly related to transmitter power. 
The higher the power (ie. the higher the primary inducing magnetic 
field) the longer one can afford to wait for the various effects (over- 
burden. etc.) to sort themselves out. fn the case of bounded con- 
ductors with adequate transmitter power everything comes to he 
who waits! 

A disadvantage of transient systems is that by virtue of being 
broadband they are sensitive to noise and interference of the type 
referred to above. For this reason a large transmitter dipole moment 
is desirable and since resonant techniques are not available with 
pulses the transmitters tend to be heavy and the transmitter loops of 
large area. For this reason it is not currently possible to make a 
system that is truly portable in the sense of a conventional horiton- 
tat loop system. 

In the example just given it was assumed that the “geological 
noise” also consisted of a confined conductor so that the response 
was exponential with time. Consider now the situation where the 
target (in this example. a sphere) is imbedded below the transmitter 
in a conductive host-rock at a depth z( Fig. 28). The same loop is also 
used as the receiver coil. At early times. before the diffusing current 
arrives at the location of the target the secondary fields will be 
entirely those of the homogeneous half-space as described in the 
previous section. As the diffusing current approaches the target the 
changing magnetic field of the current ring generates the eddy- 
current flow in the target (the transmitter has long since been shut 
off). During this time there is a good deal of electromagnetic coup 
ling between the ring and the target. .4s time progresses the current 
ring diffuses onwards and the currents in the (presumed relatively 
conductive) target commence to decay and later to diffuse outwards 
into the conductive half-space. At still later times the currents from 
the target will have dissipated to zero and once again the measured 
secondary fields will be essentially those of the homogeneous half- 
space (an exponential decay is much faster than t-9. 

It can be shown (8) that. for targets of such a size. location. and 
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FIGURE 28. Combined response from orebody and conductive host rock (8). 

geometry as to give a reasonably large response compared to the 
homogeneous half-space. there is an interval of time during which(i) 
the response of the orebody and the half-space are relatively un- 
coupled - ie. the total response is essentially the sum of the two 
individual responses. and (ii) the response from the target is expo- 
nential with the free space time-constant so that measurements 
made during this time are diagnostic of the target. An example of 
such a response is shown in Fig. 28. The quantity plotted as a 
function of dJa is the ratio of the total emf induced in the loop when 
both target and half-space are present to the emf when just the 
half-space is present. The figure clearly indicates the *‘window” 
during which measurements are quite sensitive to the target 
parameters. as weli as the early and late-time behaviour referred to 
above. 

Similar calculations carried out for conventional multi-spectral 
frequency-domain systems show that the quadrature-phase re- 
sponse does not exhibit the type of behaviour shown in Fig. 28 (now 
as a function of frequency) whereas the in-phase response does 
exhibit analogous characteristics to the transient response. Once 
again the advantage of the transient technique is that it permits 
virtually noise-free (assuming no limit to the transmitter dipole 
moment) measurements of the essential features of the in-phase 
response. 

An interesting effect can occur if the current ring actually im- 
pinges on the target. Consider again Fig. I which shows a sheet 
conductor now assumed to be embedded in a homogeneous half 
space of conductivity ue. At early times such that dJr is small (r i5 
now the distance to the target) the magnetic field at the target 
remains exactly as it was before shut-off. The only current Row that 
occurs in the vicinity ofthe target is the surface current that flows on 
the surface above it. With the passage of time the current ring 
diffuses outward with the result that the changing magnetic field 
from the moving current causes induced eddy currents within the 
target. Two situations can occur: (i) the target is located sufficiently 
far from the path of the diffusing current ring at all times so that the 
only significant effect in the target is the induced eddy currents 
arising from the changing magnetic field or (ii) the target may actu- 
ally be in the path of the diffusing current in which case the current 
will be substantially distorted as it envelopes the target. This is an 
example of what has recently been called “current gathering”. It is 
obviously a question of degree since there is always some conduc- 
tive interaction between the diffusing current and the target. Mea- 
surements made of the magnetic field or its time derivative on the 
surface above the target will be additionally affected by current 
gathering. 

Finally having accepted the fact that the transmitter loop of a 
transient system, particularly a high-powered one. is rather large 
there is another major advantage associated with such systems 
which is the high degree of flexibility that is available in exploring 
the geometrical aspects of the target response. With complete free- 
dom one moves the receiver about. making three-axis measure- 
ments of the time derivative of the [urger response only. rather than 
of a complicated vector function of both the transmitter (primary) 
magnetic field and the target response. 

An obvious extension of this freedom applies to borehole 
geophysics. In conventional frequency-domain methods lowering 
the sonde down a borehole accurately depicts the fall-off with dis- 
tance of the primary magnetic field with. occasionally, a small 
anomaly superimposed on the large primary signal. With transient 
techniques there is nothing-unless an anomaly. 

SLNMARY 

Transient electromagnetic techniques offer significant advan- 
tages over multi-spectral frequency-domain measurements. The 
latter have been well treated in the literature: relatively little infor- 
mation is available about transient responses. It is hoped that this 
technical note will help to rectify the unbalance. 
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ONE MAN TWO MAN 

CONTINUOUS READING VARIABLE DEPTH 

811131 
me Geonrcs EM31 maps geofcgy or groundwater contaminant plumes try measuring terram 
conduclwty wlthoul ekctmks or ground contact, usrng a patented ekctromagnetfc 
inducttve technque. The utstrument reads directty rn millisremens per meter. 

Usrng the rnductfve method. surveys are readily carned out rn ah regrons including those of 
high surface resrstiwty such as sand. gravel. and asphalt The effective depth of exptoratron IS 
about six meters, makmg It Ideal for many geotechnrcat and groundwater contamtMnt 
suweys. Important advantages of the EM31 over conventional resrstivity mefhods are the 
speed wrth Much surveys can be conducted, the precision wtth which small changes in 
conductrvrty can be measured and the Cmtinuous readout white traversing ths survey arsa. 
The EM31 now provides an output of both the quadrature-phase (conduct&y) and rnphase 
components which can be recorded simuttaneousty on the DC55 digitat data recorder. The 
inphase component is especraffy useful for detecting shallow ore bodies and. in w;e He 
surveys. for searchutg for buned metal drums, ppes. and other ferrous and non-ferrous 
metallic debrrs. 

Wttft the capatnlity of simuttaneoustv mapping contammant plumes ard burred mstJ tfte 
EM31 IS the Ideal tool for srte assessment surveys. 

Specifications 
MEASURED RUANTIYY 

PftNMRY FIELD SOURCE 

SENSOR 

iNTERCOIL SPACING 

OPERATING FRECUJENCY 

POWER SUPPLY 

CONDUCWfYV RANOES 

MEASUREHEMY PRELWON 

HEASURMENY AccuRAcY 

NOlSE LEVELS 

DIMENSIONS 

Apparent conductivity of the gmund in milliSiemens per 
meter (m.Ym) 

Wmse msmse in parts psrmousand (pm of sewnday 
to primary magnetic field 

SeWcontaIned dipole transmitter 

Seff-contained dipole recetver 

3.66 nwlers 

9.8 kttz 

8 disposable ah&e c’ cetls (appmx. 20 hrs IL 
continuous use) 

3.10,30.100.300.1ooO mS/m 

52% of full scale 

25% at 20 m-S/m 

0.1 mS/m. 0.03 ppt 

Boom 

Consote 
Shipping Case 

lnstrumelll 
Shipping 

l 4.0 meters extended 
l 1.4 meters stored 
24x2OxlScm 
l45x38x23cm 

11 kg 
26 kg 

ElII3 
Opsratingonthesameprindplssas~eEM31.meEM34-3Dd~gnedtoachievemuchgreater 
dapmofercplontion~nd~yicMsmorsrntormafionabaAmsverticdconductivrtystructure 
by varying the intercoil spscmg. 

Simple operation, fast Survey speed and strarght-forward data mterpretation make the 
EM34-3 a versatile and c~steffective toot for the engrneencq geophysccist. The mstrument 
has been Partiihrfv Wccessfut in maPPIng deeper grotmdw& contaminant plumes and 
rn gmundwater exptoration. 

The underlyhg prfncifMe of open&on of m6 patented nancontacting method of measuring 
tenainwnductivityasuchttptthsdep~afpanehationaindapendentoftenalnconductivity 
andisdctermi~adEoblybythalspacinOandcwlwiartation.nieEM34-3eanbaused 
atmreeintarcoirspacingJoff0.20~40metHs.to~depmofaplontionotappmximat~ 
7.5.15and30mctanin~vcrtiai~mods(shcmIbove)~lS.30wWmcten 
in the horfzMal copbnar mode. 

For suwerys in regions of partkubrfy high cutturaf and atmospheric no&e the hfqh powsred 
EM34-3XLRdumthsnoisatt~40mspaci~byatadffoflOandlthetOmand20m 
swing ty a factor of 4. 

Soeciflcatiorts I 

MEAsLNlEoauANYYw 

pRfluRYFlELDSOUl?CE 

SENson 

nEFERENcEcmE 

INTEnmlL SPAurn & 
mmf6mauB(er 

POWER SUPPLY 

CONDWllW RANNS 

HEASUREMEHY PRECtSION 

Mwunyan- 

NOISE LEVELS 

OMENSIONS 

AppamntamductMtyofthegroundinmSJm 

S&l-contained dipole Msmftter 

Selfcoafained dip&e mcerwr 

Lightwefght, 2 wire shWsd abte 

l lOmetemat6.4kttz 
l 2Ometenat1.6kHz 
l 4Ometenal0.4kHz 
TlalsnllttH 8 dwbb or rechargeable ‘0’ cefls 
ReWer 8 dm or rechargeable ‘C ceils 

3.10.3O.lCxl. 300. mQm 

9% of full scale deftectm 

ti%st2OmS/m 

0.2 mS/m (can be greater in regions of high power line 
interference) 

ffecebr Console 19.5x13.5x26cm 
Tmnsminer Consote l5x8xZ6m 
Coils 63 cm diameter 

Rectiwr Con&e 3.1 kg 
Recefver Coil 5.8 kg 
Transmrtter Consok 
Transmitter Coil iI i; 
Shipping 43 kg 

WENaY 



IW? SURFACE CUNUUCTMTY BOREHOlE CONDUCTMTY 

EM88 
OUgned to be particularfy useful for agricuhuraf sumys ta so11 salinity, fhe EM36 can cover 
kfg8 arsa quickly without ground ekctrodes. Based on the same patented prfnaples as Me 
other Gaonics Ground Conduchwty Meters. the EM36 provides depths of exploration of 16 
meters in the w~tical dipde mode (shown above) and 0.75 meters in the horizontal dipde 
mode. 

Very fiiiht and only one meter long. Me EM36 provides rapid surveys wftf~ excelknt 
hUeal resolutffn. Measurement is normally made by pfacing this instrument on the ground 
and notfng or neording the meter reading. However. it rs also possibfe to mount the EM38 
on a wooden skd whrch is towed at walkmg speed across the gmund whik data is recorded 
essentiiff~ continuousfy (about every 0.3 m) usmg the 0166 diirtal data recorder. In mis 
mode of operation 3GOO data points can be measured easff~ tn one hour to provide extremefy 
dense data acquisrtion. 

To further enhance the mappmg potenbal 01 the EM36 measurement can also be made of 
MC magnetic susceptibrlity of resshve sods. 

In addition to agrtcuftural applications the EM38 has proven very useful in other areas such 
as g~~cal geotechnrul mapping and archaeofogy 

The EM36 comes compkte with a connector for the 016.5 digrtal data recorder. 

Speciications 

PRIIURYFtElOSOURCE 

SENSOR 

INlEnmL SPACING 

ofmtma maumr 
PouERmPPLr 

- RANGES 

MEASUREMMI PRECfSlON 

MllEJtY LIFE 

DIMENSIONS 

Apparent conduct&y tithe ground in mS/m 

Inphase -se in parts perthousand (ppt) of secondary 
to primary magnetic fiefd 

Self-contuned dipole transmitter 

Self-contamed dipok recerver 

1 meter 

14.6 kHz 

9I Tmnststor Radio Battery 
(e.g. Mellcq MN16M) 

1170. f 000 m6im (4 digrt digrfal meter) 

3.1% of full scafe deffection 

30 hours conbnuous for MN1604 

103 x 12 x 2.5 cm 

Instrument 
Shipping 

2.5 kg 
9 kg 

EM38 Conductivity logger 
The EM39 prowdes measurement of Ute electricaf conduchvrty of the so11 &nd rock w 
rounding a borehofe or monnorfng we6 using an Inductive electromagnetic technique. me 
untt empfoys coaxfal coil geometry ti an mtercoil spacmg of 50 cm to provrde a substannal 
radius of exploration Into me host matenal while mamtatning excellent verhcaf resoiutron. 
measurement IS unaffected by conductive borehole fluid rn the mondortng well or Sy me 
presence of plastic casing. The instrument operates to a depth of 200 meters 

The combination of a large conductivrty range, high sensitiiity and very low noise and drift. 
allows accurate measurement of subsurtace conditions for groundwater contamrnatron 
monitoring. for ground water and mineral exploration, and for geothermal and general 
geotechnical applications. 

Operation of the system IS enhanced bv use of a motorized wmch and analcgue or Of65 
digital data recorder. An ogto-eleetmmc counter at me tripod head tnggen either data storage 
system atselectabfe depth mcrementsso that measurement IS unaffected by cranking speed. 

SpeMcatbns 
UfmJRED PUMITY 

PmlAnY FIEW SOURCE 

sEmsoa 

INTERCOIL SPACING 

OPERAYfNG FREOUENCY 

COtlDuErrmTy AMGES 

DEPTH 

MEASUREMENT PRECfSfW 

MEAslJRMMTAccuRAcY 

NOfSE f.EYEk 

PawEnsuPPLY 

DIMENSIONS 

WEIGHT 

Apparent conduchvrty in mS/m 

Seffcontamed dipole transmitter 

W-contained dipole receiver 

50 cm 

39.2 kHz 

30.100.300.1ooO. 3OfXf mSim 

100 meters (ZOO meter cable optional) 

2% of full scale 

5% at 30 mS/m 

~0.5 mS:m 

10 disposable ‘D’ cells, or 12 VOC external power source 

Probe 3 6 cm diameter. 133 cm length 
Console 37xl3x36cm 

Probe 2.2 kg 
Console 4.3 kg 
Shww 90 kg (2 boxes) 



WUIMA 39 Gamma Ray logger 
the EM391rWtron conductrvity lower has been desrgned to permit mptd. accurate measure- 
merit of gmundwater contammation tn the earth or rock Sunounding monmtng wells s~t-m 
mm ~norgam~ contammants enhance terrain conductrvify due to mcreased concentration of 
10~1 &solved solids (TDS). Certam clays also muease fheelectncal conductr~rty; to resoive this 
amtriiuify Geomcs has introduced the Gamma 39 probe. This sensor, which measures the level 
of naturalty occunng gamma adratron In the monitoring watt. generals refl%ts the clay content 
of the surrounding material. Thus, conductivity highs wdh comcident gamma my highs often 
mdic@ enhanced ctay content. whereas conducitii highs not assaciated vnth a gamma-ray 
hrgh can be expected to be due to enhanced TOS in the groundwater. 

Lrke the conductivity probe. the gamma-ray probe IS unaffected by p&tic casing in the wetI. tf 
nqdr~~~ no sped licences. can be used anywhere, is retatrvefy fast to operate. and cart. of 
coupy. atso be employed to detect radioactive wastes in the ground. 

the EM39 consote and cabb mate interchangeabty with either the conductiwty or gamma-ray 
pm&to pmwde a lightweight, stand-alone exploration or contaminatton monitoring package. 

Smcificatlons 
-~ 
MFASUNLD PUAllTlTT 

couNls RANGE 

DEPTH 

YElWfREYENT FRECISKM 

PawEn SUPPLY 

Olrars#ms 

wmfl 

Naturally occunng gamma-radiation. m counts&econd 

Thallium-activated sodium iodide crystal 

100.3W, loo0 countsAecond 

100 meters (2Oll meters cattle opttonal) 

one count/second 

IO disposable ‘0’ cells. or 12 VDC external power source 

Probe 3.6 cm diimeter. 100 cm length 
Consola 37xl3x38cm 

Probe 1.6kg 
Console uses EM39 cons&e 

Ill55 DIGITAL DAIA RECORDER 
The DL.55 digital data recorder is a hand-held. pmgrammablc recorder that an ba used wifh any 
of the Geonics Ground Conductivity Meters. Because Gemics uses a separate dala rewder. an 
Ek131ownerwhodecrdestouseanEM34-3on~necdstokry~ina~pmgrammoduks 
to update hrs OC55 recorder for operation with the EM34-3. The OL55 is patticutarfy useful with 
theEM sincsitautamaheallyrecordsboMconductivity~inplussrsspansa;with~~ 
EM3lorEM38itoffenthefacilityofcontinuwsdataracordin0asMeo0sntor~ttasumy 
km. 

The OL55 comes complete with all programs v to dump tfm record@ info an IBM 
compatible computer. to edit the data, and to pbf the da@ in stacked pmftb form. Contourfrn~ 
programs (line and colour) are also avaitabte. 

8pecifications 
STPRAGE 3ooO two-chsnner records 

Am 6EsmmoN 12 biis 

DtMEllslOlS 20 x 11.5 x 6.5 cm 

WEWT Instrument 1.5kg 

Pmbabty me most popular and nid&y used ekxtromagnetic instmmem. the EM16 MF 
receiver makes me ideal r~rmnaLssa~ tool for mappmg geologicat structum. This can be 
attributed to its fietd retiikty, operaffonal simplicky. compactness and mutuat compatibiltty 
with other reconnaissance instruments such as portMe magnetometers and radiometric 
detectors. 

TheMFmsmodofEMJurveying.~redbyGsonia,harproMn tobeas~mpteeconomicat 
means of mapping geofogicat stnn%m and fautt tracrng. me appfications are many and 
varied. ranging from direct datectkm of massive sulphide conductors, the indirect detectron 
of precious MaIs and radii deposits. and mapping groundwater contamination in 
fractumzorlss 

l The EM16 measures the guadphase as wetI as Ms inphaae secondary field. This has 
tfm advantage of pmvidii an ad&tonal prece of data for more comprehensive 
irtterpmtatksn and also atbws a mom aWrate determmatiin of me tltt angle. 

l Tha secondary fields are measured as a ratm to the primary field making the 
meesuremenfi~ofafxsdutefietdstrength. 

Specificatiarr#r 
MEMlJREo auMYln 

RESOLIJTIM 
OUYPW 

oPENAnN6RlEa6ENcY 

oPEnAnN coNYn@ls 

Inphase nd ouadplusa comprn~ents of vertical magnetic 
WI zt a percentage of honaontat primary field. 
(i.e. tangent of the btt angle and ettipbcrty) 

m-0 ilW% 
CWdPhasa *4oK 

21% 

Nutliig try audio tone. Inphase rndicauon from mecharucai 
mctirtometer and qwdphase from a graduated dial. 

15-30 ktlz MF Radii Band. Station selection done by 
lneams of phlgln unds. 

Onnm nntch. battery test push Sutton. station selector 
swrtch. audio volume wntml. quadrature dial. 
rndinometer. 

PawEN SIPPLY 

OlMEWslONS 

WEIGHT 

6dispwaOb’M’CeSs 

53221Sx28cm 

lnstrumem 18kg 
Qw9w 8.35 kg 



Pf?oTEM RECRVER 
There are new mghts fn the enlpfoyment Of electromagnetic exploration Systems. Large 
loop Turam-type systems have greatest depth of exploratron in resistive bedrock. However 
m conductive bedrock this configuration generates a large half-space response. whrch 
makes detectcon of deep targets difficuft. and a large galvamc current component (current 
gathering). whsh can make target differentiation on Me basrs of conductrvfty. shape. 
onentatron. etc.. less precrse. Conversefy a movmg-transmitter conffguration, wrtfr small 
transmitter loop m close proxrmity to the target. provrdes shallower exploration depth but 
reduced half-space response and enhances vortex current response with respect to gafvaruc 
current response Good spahal resolution. now a fundamental reourrement of the mineral 
exploration rndustry. can be provrded onfy by usrng a moving-transmitter survey conffgura- 
tron with very short intercoil spacmg (a few tens of meters). 

Ground electromagnetic systems are routmefy employed for general geoiugical mapping 
such as in the search for fresh water aquifers in bedrcck fractures and for mapping the shape 
and extent of groundwater contamination plumes. Mappmg requires that calibration and 
stabrkty of modem EM systems be very precise. 

Reccgnrbon of these developments led Geonrcs Limited to create Me extremely ffexibfe 
PROTEM bme-domain ground electromagnetic system rn which the basrc PROTEM receiver 
IS used wrth a surte of transmrtters. Usmg either cable reference or crystaf synchronizatff this 
Irghtwerght. mufti-channel recerveroperatesatanyoffivcswttcft-selectabfebasefreguencies, 
ranging horn 3 Hz to 315 Hz. wdh twenty logantfrmicaffy-sfwced time gates at each base 
frequency For example. at 315 Hz the first gate (of widtfr 2 w) is locaM at the very 
early hmc of 6.9 psec and the last at 707 psec. At 75 Hz the gates extend from 49 ~sec to 
2.9 msec (an extended versron of the 9arnnger INPUT p~ system gates) and at base frequencies 
of 30. 7 5 and 3 Hz the gate locations are fhe same as for the well known EM37-3. Four 
mterchangeable receiver coils are used with Me PROTEM recefvsr: the 315 Hz coil fras 
bandwrdth of 850 kHz. mdicating the enormous spectral range covered by the system. 

Specifications 
lm.oFcilAwEu 

eEAsuRE0 otwnll 

SEnaoRs 

TIM GATES 

srwcnftotttzAntm 

IliTKMTmff nalf 
STOMOE 

M?Ul 

Mll lmnsm 
nfcflwn fAllFaT 

TEM47 TRANSMITTER 
Three interchangeabfelransmrtters -1EM47. TEM57 and TEM37 -are used wnh the PROTEM 
receiver to make up different PROTEM systems for vanous applications such as mmeral 
exploration, structural mapping. resistiiity sounding, etc. 

The fastest transmdter. the TEM47. IS a small. ligfttwwght, battery operated transmdter When 
used in the PROTEM 47/P (profiling) mode it supplies 3 amps to an 8 turn. 5 m x 5 m movmg 
transmdter loop to provide a dipofe moment of 600 amp-m? Wdh base frequency of 75 Hz and 
20 gates from 49 fzsec to 2.9 msec this configuration is optimal for Slingram (horizontal loop) 
surveys for mineral exploration to shallow depths. and forgroundwater exploration rn bedrock 
fractures. Ekofrk~l sounding is fwfformed simuftaneousty with the search for dike-like 
fargets. 

The~M47transm~wmnalsobeusedinthsPROTEM47~~(sound~ng)modetodrive3amps 
Into a 40 m x 4g m. single turn loop with a linear ramp turnoff time of only 2.5 J.LSLS~C. for very 
sfraflow sounding. Maximum transmitter output is 3 amps Into a single turn. 100 m x 100 m 
loop. The PROTEM 47/s mode, designed for shallow sounding In the 5 m to 150 m depth 
range. IS ideally suited for many geotechnical applications. 

The lEM47 transmitter usss a reference cabfe to achieve Me high synchronizatron accuracy 
regurred for sftaffow sounding. 

SWfications 
CuRRElIT wAvEFGMI 

REPETmGG GATE 

NRI-OR nME 

mNsMlTTEn LOOP 

mPulvolTAGE 
POWER SOmE 
SAlmY UR 

TRANSMITTERSUE 
TRANSMITTER WEIGHT 

gipofar rectangufar current with 50% duty cycle 

.30 Hz, 75 Hz or 315 Hz in countrtes usmg 60 Hz 
power line frequency 

l 25 Hz. 52.5 Hz or 262.5 Hz in countries using 
50 Hz power line frequency 

Very fast linear turn-off 2.5 ps at 2 amps into 
40 m x 40 m loop. Faster in smaller loop. 

l Anydimensronfrom5mx5mtolWmxlOOm 
maximum at 3 amps. 

4Muitipfe-turns loop possibfe. 

0 to 9 volts continuously variabks 

Internaf 12 voi% reehargeabfe battery 

5 hours continuous operation at 2A output 
current 

10.5 x 24 x 32 cm 

5.3 kg 



ELREC 6 
MULTI 
CHANNEL IP 
FOR MINING 
EXPLORATION 

! I\ mode1 
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- ELREC 6 SAMPLING MODES - 

Backed by the success of ELREC and 
ELREC 2, BRGM INSTRUMENTS 
introduces ELREC 6. a six channel 
multiwindow Time Domain Induced 
Poiarization receiver. 
The six channels permit to measure 
six receiver dipoles, which provides 
a high efficiency in the field, specially 
when used with the multidipole cable. 
IP decay curves may be analysed by 
various types of sampling : up to 
10 windows are available, with 
arithmetic or logarithmic widths, 
preset or programmable. This 
multiwindow analysis provides a high 
accuracy in the definition of the 
decay curve. 
Measurements are made very easy 
through a fully automatic measuring 
process : self test and calibration, 
autosynchronization and resynchro- 
nization at each cycle, continuous 
tracking of SP including linear drift 
correction, automatic gain selection, 
digital stacking for noise reduction, 
and fully documented displays are 
controlled by the microprocessor 

to ensure the highest accuracy and 
reliability of the results. 
The operator can select various 
reading options regarding the 
parameters which are displayed : 
display of Running or Cumulative 
average values for monitoring the 
noise; display of Normalised or 
True chargeability values for referring 
or not to a standard decay curve; 
during the measurement possibility 
of simultaneously displaying the 
average chargeabilities of the six 
dipoles, or their standard deviations, 
or the primary voltage, average 
chargeability and standard deviation 
of each dipole. 
The internal memory can store 
eighteen hundred measurements; 
a serial link permits to transfer the 
data to a printer for listing the results 
or to a microcomputer for storing, 
plotting and interpreting the data. 



SPECIFICATIONS 
06 Input channels. 
l up to 10 chargeability windows: 

Mode 1 : 10 preset arithmetic 
windows. 
Mode 2 : 10 programmable arith- 
metic windows (delaytime and 
window width). 
Mode 3 : 10 preset logarithmic 
windows. 
Mode 4 : 3 to 6 preset logarithmic 
windows. 

l signai waveform : symmetrical time 
domain (ON+, OFF, ON-, OFF) with 
a pulse duration of 1, 2. 4 or 8 s. 
input impedance : 10 Mohm. 

l input overvoltage protection up to 
1 000 Volts. 

0 input voltage range 
- each dipole : 8 V maximum. 
- sum of voltages dipoles 2 to 6 : 

12 V maximum. 
l overload indication. 
0 automatic gain ranging. 
l automatic stacking, automatic SP 

bucking (-1 V to +l V) with linear 
drift correction up to 1 mV/s. 

0 sampling rate : 10 ms. 
l 50 and 60 Hz power line rejection 

greater than 100 dt3. 
l accuracy in synchronization : 10 ms. 
l common mode rejection : 86 dB 

(for Rs = 0). 
0 primary voltage 

- resolution : 10 PV. 
; accuracy n/p. 0.3%; max 1% 

l chargeability 
- resolution : 1 mV/V for VP-1 0 mV. 

0.1 mV/V for VP-1 00 mV. 
- accuracy typ. 0.6%; max 2% for 

Vp-10 mV. 
l display of primary voltage, partial 

and average chargeabilities, standard 
deviation of primary voltage and of 
average chargeability, computation of 
apparent resistivity (dipole dipole, 
pole dipole, gradient, VES, . ..). 

l battery test : manual and automatic 
before each measurement. 

l grounding resistance measurement 
from 0.1 to 128 kohm. 

ememory capacity : about 1 800 
measurements. 

l RS 232 C link to transfer the data 
to printers or microcomputers: 
transfer rates : 300 to 19 200 bauds. 

l a remote control is provided. as 
an option. in order to drive the unit 
through a microcomputer. 

GENERAL FEATURES 
l dimensions : 30 x 20 x 20 cm 

(12 x 8 x 8 inch). 
l weight : 7.5 kg (17 lb.). 
l operating temperature range : -4OOC 

to +70°. The above mentioned 
specifications are given over the 
entire temperature range. 

l storage temperature range : -4OOC 
to +85OC. 

l power supply : six 1.5 V D size 
alkaline dry cells (20 hours of 
operation at 2OOC). 

FREQUENCY MOOE OPTION 
An analysis of the measurements 
in the Frequency Domain is provided 
as an option, through a Fourier 
Transform Computation of either 
a Frequency Domain Waveform 
(ON+, ON-} or a Time Domain 
Waveform (ON+, OFF, ON-, OFF), 
and a pulse duration of 1, 2, 4 
or8sec. 
The parameters measured are the 
ampliiudes of the fundamental 
and of the first six odd harmonics 
(3RD to 13TH). the frequency 
effects and relative phases of the 

harmonics with respect to the 
fundamental. and the standard 
deviations of these parameters. 
Due to the large amount of data 
gathered, the capacity of the 
internal memory is reduced 
by fifty percent in the frequency 
mode. 
Both-types of data measurements 
(Time and Frequency domains) 
can be carried out and stored 
alternatively in the memory, to give 
to ELREC 6 receiver the highest 
versatility. 

Your distributor 

52 West Beaver Creek Road. 
umr 14, 

Richmond Hill, Ontorio 
146 119 IConodoj 

Telephone: (416) 764-5505 
Fox: (416) 764-9329 



Variable Frequency, Time Domain 
and Phase IP Transmitter 

Reliable: Backed by twenty years experience in the 
design and worldwide operation of induced polarixation 
and resistivity equipment 

Versatile: Can be used for resistivity, variable frequency 

IP, time domain IP or phase angle IP measurements 

Stable: Excellent current regulation 

Lightweight, portable 

Wide selection of power sources 

low cost 

Transmitter Configurations 

liming 

Options 

for Variable Frequency 

and lime Domain IP for Phase and Spectral IP 
, - 

InMmol Intwnal Ext*mal Excwnol 
A Model B M0d.l PrKlSlDn IrdocedCoble 

Timtng emrd Timmg eoord Clock MC&l. Owe 

I I I I I I 

11 
I 

Console 

Powor 

Modules 

Motor 
Generators 

/ 
J I 

I I I I I I 1 . , Em-1 BPS-2 AC 3000 AC 3003 
Low Pow*r Medium Poww Standard ExtendedFrequ.ncy 

Dry Coil Rechorgeabl~ Transformer rromi0rm.r 
sanwy Modul* Battery Module Modul* Modul* 

4 

Head Offica: 

Vancouver Office: 

Denver Office: 

PHOENIX GEOPHYSICS LIMITED 
G~physif24 Consulting snd Csntracting, lnstrutnent Manutscture, Sste and Lease. 

200 Yorkland Blvd., Willowdale, Ontario, Canada M2J 1 RS 
Tel.: (4161 493-6350 Telex: 06-986856 Cable: PHEXCO TORONTO 
214 . 744 West Hastings Street, Vancouver, B.C., Canada V6C lA6 
Tei.: (604) 669-1070 
4891 Independence St., Suite 270, Wheat Ridge, Colorado, 80033, U.S.A. 
Tel.: 1303) 425-9393 Telex: 450690 
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Motor Generators 

There are ?hree motor generators, differing in weight and power, which con be used with the transformer power modules. All three supply three phare 

400 Hz (350 to 600 Hz), 60V (45V to 6OV). The voltage is regulated by feedbock from the transmitter. 

MG -1: This lightweight unit is designed for easy 
portability in areas of moderately high resistivity. 
it is well suited for massive sulfide exploration in 
Northern Canoda. Europe and Asia, as well as 
general IP and resistivity surveys in rugged, 
mountoinous areas around the world. The motor 
is o 4.cycle Briggs and Stratton which produces 3 
HP at 3600 rpm. The dimensions of the unit, 
including packframe. are 40 x 45 x 60 (16 x I8 x 
24 in). Total weight is 25 kg (55 lb). 

-2: 2KVA motor generator. This versatile unit 

is adequate for the vast majority of IP and 
resistivity surveys conducted worldwide. It 

is light enough to be carried by one man. yet 
powerful enough for most survey requirements. 

The motor is a r-cycle Briggs and Stratton which 
produces 5 HP at 3600 rpm. The dimensions of 
the unit, including packframe, are 40 x 45 x 60 cm 

(16 x 18 x 24 in). Total weight is 34 kg (75 lb). 

MG-3: 3KVA motor generator. This two-man portable 

unit is designed far surveys in oreos which require 
additional power. The motor is a Ccycle Briggs 

and Stratton which produces 8 HP at 3600 rpm. 
The unit is mounted in a square frame with 
dimensions 40 x 48 x 75 cm (16 x 19 x 29 in). 

Total weight is 55 kg (120 lb). 



APPENDIX C 

Conductivity in the Earth 



APPENDIX C 

ELECTRICAL CONDUCTIVITY IN THE EARTH 

For more quantitative work, surface conductivity measurements, when inverted to three- 
dimensional conductivity measurements, can be used to extrapolate the chemistry as 
measured on water samples between holes. To extract more quantitative information from 
the geophysical data we need to examine the relationships between measured bulk 
conductivity, pore fluid conductivity and chemistry. 

The average or bulk electrical conductivity of the earth is determined by the conductivity 
of the fluid in the pore spaces, the conductivity of the soil or rock matrix, the pore fluid 
volume (porosity), the connections between the pores (permeability) and the temperature. 

For clean (clay-free) saturated soil or rock the bulk conductivity can be approximated 
using an empirical relationship known as Archie’s law (Archie, 1942) as follows: 

where 

Ob = the bulk conductivity 
at = the pore fluid conductivity 
n = the fractional porosity 
m= an empirical constant 

This formula assumes that the soil or rock matrix is perfectly resistive. 

The empirical constant m varies from I .2 for perfectly spherical grains to 1.85 for platy, 
flat grains with natural sands having values in the range 1.4 to 1.6. Figure Cl shows the 

for m = 1.6. Clean sand, with a typical porosity of 30%, has a 
Qf 

value of ratio 
of 0.13 indicating that the bulk conductivity is only 13% of the fluid conductivity or 
equivalently the fluid conductivity is 7.7 times the bulk conductivity. The actual 
conductivities as measured in boreholes at 32 sample points in this study are shown in 
Figure C2. In this case, the fluid conductivity was measured on water samples and the 
bulk conductivity was measured with a downhole EM system. The best fit linear 
relationship yields a value of 4.03 for the ratio of fluid to bulk conductivity. 

The value of this ratio is important because it provides one link in the chain for calculating 
TDS in the pore fluid from measured conductivity. 
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The difference between the theoretical and observed ratios could be due to a number of 
factors including variations in porosity, clay content, sampling procedures, temperature 
and lack of absolute calibration between the BHEM bulk conductivity measuring system 
and the portable cqnductivity meters used to measure pore fluid conductivity. 

To investigate the variation in this ratio systematically, it is recommended that: 

0 porosity be measured in holes either on samples or with geophysical porosity 
logs; 

ii) clay content be measured in holes either on samples or with other 
geophysical logs (gamma, etc.); 

iii) BHEM system and the conductivity meters be calibrated by immersing the 
BHEM probe in waters of varying conductivity (lakes, tailings ponds, treatment 
ponds, etc.) and simultaneously measuring the water conductivity with the 
conductivity meter; and 

iv) temperature be measured and corrected for if necessary. 

The reduction in bulk conductivity with respect to the fluid conductivity is important as it 
can substantially reduce the detectability of conductive areas by electrical or EM methods 
which rely on conductivity contrasts. In clean soils (clay-free) the relative reduction in bulk 
conductivity is the same for all conductivities so the conductivity contrast and detectability 
(to the noise level of the system) is preserved. However, in most areas, there is some clay 
in the soil which produces a low background conductivity below which conductivity 
variations due to changes in pore fluid conductivity cannot be detected. 

Archie’s law describes the relationship between bulk and pore fluid conductivity. To 
complete the link between bulk conductivity and chemistry it is necessary to establish the 
relationship between fluid conductivity and chemistry. 

TN5 (Geonics 1980a) gives an equation for calculating conductivity in reasonably dilute 
solutions. 

u = 985OO[C,M,+C,M,+...] = 965OO&,M, 

Where C, = no. of gram equivalent weights of 
P ion per IO6 cm3 of water 

Ml = mobility of the ph ion in metres per 
second per volt per metre 

Table Cl gives an expanded list of mobilities of all the ions likely to be involved in AMD. 
These were calculated from equivalent conductances given in Dobos (1975). 

The factors for converting conductivity to concentration for individual ionic species can 
be derived from this equation. Freeze and Cherry (Freeze et al., 1979) give an 
approximate multiplication factor of 6.5 for converting from conductivity in mS/m to TDS 
in mg/l. Table Cl shows that there is considerable variation in this factor for different ions 



and provides exact conversion factors (at 25 degrees C) for each ionic species. 
Chemistry cannot be derived from conductivity, but if the relative proportions of the 
different ionic species are known from sampling, these factors can be used together with 
the measured bulk conductivity to interpolate chemistry between sample points. 

The inverse of these factors can be used to calculate total fluid conductivity from 
chemistry. Of course, it is necessary to include the temperature correction, given in TN5, 
of 2.2% increase in conductivity per degree C for accuracy. 

In summary, pore fluid conductivity can be calculated from bulk conductivity using 
Archie’s law if the porosity is known and a suitable exponent m has been established. In 
the absence of any chemical data, TDS can be estimated from fluid conductivity using the 
approximate value from Freeze and Cherry. Given: 

0 a 3D model of the relative abundances of the different ionic species based on 
interpolation between water sample points, 

ii) a 30 model of porosity based on porosity measurements in drill holes and 
geological modelling, and 

iii) three-dimensional bulk conductivity data from inversion of surface data with 
borehole control, then 

the concentration of the different ionic species can be estimated in three dimensions 
between sample locations, provided the main source of the conductivity is due to 
groundwater and not to clays. 



Archie, G.E. (1942) 
“The electrical resistivity log as an aid in determining some resevoir characteristics”, 
Trans. A.I.M.E. 146, p. 54-62 

Dobos, D. (1975) 
“Electrochemical data”, Elsevier, New York 

Freeze, R.A., Cherry, J.A. (1979) 
“Groundwater”, Prentice Hall 



Common Geophysical 

Methods 

METHOD PHYSICAL 
PROPERTY 

Electrical - Galvanic Conductivity/Resistivity 
- Electromagnetic Conductivity/Resistivity 
- Induced Chargeability or Polarization 

Polarization (Low Frequency) 

Radiometric Radiation 

Magnetic Magnetic Susceptibility 
or Magnetization 

Seismic Acoustic Velocity 
and/or Density 

Radar 

Thermal 

Dielectric Constant 

Temperature 

TABLE 1 



TABLE 2 

System Effective Depth 
Instrument Coil Spacing Coil Orientation and Height Abbreviation of Penetration 

EM31 3.66 m Horizontal dipoles on ground EM31 HG 2m 

EM31 3.66 m Vertical dipoles at hip level EM31VH 4m 

EM31 3.66 m Vertical dipoles on ground EM31VG 5m 

EM34 20 m Horizontal dipoles on ground EM34/20H 12 m 

EM34 40 m Horizontal dipoles on ground EM34/40H 24 m 

EM34 40 m Vertical dipoles on ground EM34/40V 46m 
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