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Introduction
This report represents a contribution to Consolidating
Canada's Geoscience Knowledge, providing complementary
information on the geophysical signatures that are associated with the nine major mineral deposit types addressed in
this program. The application of geophysical exploration for
mineral resources is dependent primarily on a single factor,
namely that the resource and/or its hosting geological environment is associated with physical or chemical properties
that differ significantly from those of the adjacent crust.
Historically, the principal physical properties that have been
the focus of geophysical exploration methods are: density,
magnetisation (induced and remanent), conductivity, chargeability, radioactivity and seismic velocity. The latter has generally been associated with the petroleum industry, though in
recent years it has found increasing application in the search
for ore bodies in crystalline target rocks.
Borehole geophysical logging is another aspect of geophysical exploration that employs a suite of methodologies
to measure the aforementioned physical properties or related
characteristics, and also commonly measures temperature.
This subject is not discussed in this presentation.
Sometimes the desired commodity or mineralized target
has a physical property (or properties) that permits direct discovery, for example lead-zinc deposits (galena-sphalerite)
have large densities that may be detected directly by a gravity survey. On the other hand, many base metal deposits are
discovered by virtue of the physical properties of an associated non-economic mineral. A good example is a copper-rich
(chalcopyrite) volcanogenic massive sulphide deposit targeted on the basis of a strong magnetic anomaly produced by
genetically related pyrrhotite. Technically, this should be
considered as indirect detection. However, because of the
close spatial relationship between the ore body and the
desired commodity (chalcopyrite), we consider this as a
direct discovery, and would include in the same category the
discovery of diamonds, since their kimberlitic hosts are generally spatially restricted and relatively compact geological
targets. Again, signatures of physical and/or chemical properties of alteration assemblages associated with mineralizing
processes, which may extend well beyond the economically
mineralized target (e.g. potassium alteration), and which in
principle could be categorized as an indirect target, are also
classified as direct targets for the purpose of this report.
Geophysical surveys also often provide critical information in support of local or regional framework mapping and
mineral exploration modeling, and this aspect is termed
framework mapping.
In this report, a brief discussion of physical properties of

ore, ore-associated minerals and their hosts is presented,
together with summary descriptions of the more commonly
used geophysical methods that exploit these physical properties. The geophysical methods and their characteristic signatures are also illustrated in the context of several mineral
deposit types.
Physical and Chemical Properties of Ore Minerals, Orerelated Minerals and Common Rock Types
It has been noted that contrasts between the physical
properties of one or other of ore minerals, ore-related minerals and host rocks are critical to the successful application of
geophysical methods. Chemical properties are included to
cover properties measured by radiometric surveys, which
estimate abundances of potassium, thorium and uranium.
Densities, magnetic susceptibilities and electrical conductivities for several ore minerals, ore-associated minerals and
common rock types that may host mineral deposits are presented in Table 1. A complementary list of radioelement concentrations for several classes of rocks is provided in Table
2.
Principal Geophysical Exploration Methods
Geophysical methods have been applied in the search
and delineation of ore bodies in Canada since at least the
beginning of the 20th century. Belland (1992), for example,
reported use of a dip-needle magnetometer to map the Austin
Brook iron deposit in the Bathurst Mining Camp, New
Brunswick in 1903/04. Most of the first half of the 20th century witnessed the development and application of the magnetic, gravity, electrical and seismic methods, all applied on
the ground. Then, in the late 1940s, following World War II,
magnetic and electromagnetic methods became airborne as a
consequence of new technology developed during the war.
Since that time, geophysical exploration has evolved tremendously in terms of instrumentation, acquisition, processing,
global positioning and analysis, benefiting from the parallel
evolution of electronic computers. Examples of modern
fixed-wing aircraft fitted with a magnetometer and an electromagnetic system are illustrated in Figures 1 and 2.
A brief summary of each of the methods follows, but
because of the diversity of some techniques, the summaries
may be limited in coverage, and the reader is encouraged to
consult the references and suggested web sites for more
complete information.
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Magnetic Method
The magnetic method is the oldest and most widely used
geophysical exploration tool. An early discovery of a
Canadian ore deposit by an aeromagnetic survey was that of
the Marmora iron ore deposit in Ontario in 1949 (Reford,
1980). The effectiveness of the method depends mainly on
the presence of magnetite in the rocks of the surveyed area.

Other important magnetic minerals are pyrrhotite and
hematite. A prime goal of magnetic surveys is direct detection of metallic ore bodies through delineation of associated
anomalies, which are usually positive and intense. Another
objective is to determine trends, extents and geometries of
magnetic bodies in an area, and to interpret them in terms of
geology. The technique is particularly effective in areas
where few outcrops exist. Structural trends are faithfully
reproduced in magnetic patterns, but assignment of rock type
is ambiguous, since ranges of values of magnetic susceptibilities of different rock types may overlap. Susceptibility
may vary considerably, even within the same rock type. In
general, sedimentary rocks have the lowest susceptibilities
and mafic igneous rocks the highest.
In magnetic surveys the intensity or strength of the
Earth's total magnetic field is measured. The intensity of the
total magnetic field over Canada ranges from about 52000 to
more than 60000 nT. The total field includes contributions
from the Earth's core and crust. A third component, originating from electrical currents in the upper atmosphere is normally eliminated from survey data during processing. It is
common practice to subtract the component of the field
attributed to the Earth's core, described mathematically by

Fig.1: Cessna 208B Caravan aircraft fitted with magnetometer in rear
stinger.
Image
source:
Sander
Geophysics
web
site
(www.sgl.com/pic_air.htm).

Fig. 2: de Havilland Dash 7 aircraft with a MEGATEM electromagnetic
system (Fugro Airborne Surveys). Photo courtesy of Regis Dumont,
Geological Survey of Canada.
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the International Geomagnetic Reference Field, from the
total field. The resultant field is termed the residual total
magnetic field, and depending on location values may be
positive or negative. The Earth's magnetic field induces a
secondary magnetic field in magnetic geological bodies,
which locally enhances the Earth's field producing local positive culminations or anomalies (Fig. 3). Because of the
dipolar nature of magnetization, negative anomalies may
also be generated, though at high magnetic latitudes, such as
within Canada, they tend to be of low amplitude. The presence of reversed remanent magnetizations can, however,
produce prominent negative anomalies.
Several derivatives of the residual total magnetic field
provide value-added products that may contribute to the geological interpretation of magnetic data. They include maps of

Fig. 3: Induced magnetization in geological body produces local magnetic
anomaly.
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the first vertical derivative (= vertical gradient), 2nd vertical
derivative, analytic signal and tilt. The first vertical derivative (nT/m) is probably the most commonly used derived
product. It may be derived mathematically from the total
magnetic field, or alternatively it may be measured directly
using a gradiometer, comprising two magnetometers separated vertically by 2 to 3 m. Vertical gradient maps present a
filtered picture of the magnetic field, emphasising near-surface geological features. Gradient anomalies are narrower
than corresponding total field features, hence magnetic
anomalies produced by closely spaced geological units are
better resolved by the vertical gradient. Vertical gradient
maps are useful for mapping geological contacts, since theoretically the zero contour of the gradient coincides with contacts between contrasting magnetizations, provided the contacts are steep and the area is in high magnetic latitudes
(Hood and Teskey, 1989).
Electrical Methods
Electrical methods, in common with the electromagnetic techniques, respond to the electrical conductivity of rocks
and minerals, which may vary by 20 orders of magnitude
(Grant and West, 1965). No other physical property varies
that much. Native metals, such as copper and silver, are
highly conductive, whereas minerals such as quartz are, for
all practical purposes, non-conductive. Rock and mineral
conductivity is a complex phenomenon. Current can be
propagated in three different ways by electronic (= ohmic),
electrolytic or dielectric conduction. Electronic conduction
is effected by the presence of free electrons, and is the means
by which current flows in metals. In electrolytic conduction
the current is carried by ions, and flows at a slower rate. In
dielectric conduction, the current is known as the displacement current. In this case, there are very few or no current
carriers, and the electrons are slightly displaced relative to
the atomic nuclei by an externally varying electric field. This
very small separation between negative and positive charges
is known as the dielectric polarisation and produces the dis-
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placement current.
The electrical conductivity of rocks and mineral
deposits, commonly measured in milliSiemens per meter
(mS/m), spans many orders of magnitude. For example,
granite is essentially non-conductive, whereas the conductivity of shale ranges from 0.5 to 100 mS/m. Water content
increases conductivity and may have a dramatic influence on
its magnitude. Wet and dry tuffs, for example, have conductivities, which differ by a factor of 100 (Telford et al., 1990).
Different rock types have overlapping ranges of conductivity. The conductivities of massive sulphides may overlap
those of other, non-mineralized materials such as graphite
and clays. Conductive overburden, especially water-saturated clays, may generate electromagnetic anomalies that effectively mask the response of an underlying massive sulphide
zone. Unequivocal identification of mineral deposits is,
therefore, a difficult task. Where the conductivity of overburden is sufficiently uniform, the electromagnetic responses can be interpreted in terms of overburden thickness.
Conductivity and resistivity are the inverse of each other,
and both terms are commonly used.
Conductivities of common rocks and minerals are listed
in Table 1. Massive sulphides, graphite and salt water have
high conductivities, exceeding 500 mS/m. Intermediate values, between 1 and 500 mS/m, are typical of sedimentary
rocks, glacial sediments, weathered rock, alteration zones
and fresh water. Igneous and metamorphic rocks have low
conductivities, less than 1 mS/m.
A number of electrical (and electromagnetic) techniques
have been developed to take advantage of the high variability of rock and mineral conductivities. Electrical methods are
applied on the ground, whereas electromagnetic methods
may be employed on the ground or may be airborne. Some,
like self-potential and magnetotellurics, use natural fields,
while others such as DC resistivity or electromagnetic techniques use artificial sources. Here, discussion is restricted to
techniques used for mineral exploration.
Electrical Resistivity Surveys
Measurements of resistivity, or rather apparent resistivity, represent one of the oldest geophysical survey techniques. Resistivity surveys are achieved by injecting current
into the ground using two electrodes, and measuring the
voltage at two other electrodes. Various electrode configurations may be used, but in all cases it is possible to compute
the apparent resistivity of the subsurface at various depths,
which data can be used to generate a cross-section of the true
resistivity (Fig. 4). The method is used both for the direct
detection of ore bodies, such as Mississippi Valley-type sulphide bodies for example, and to define the 3D geometry of
a target, such as a kimberlite pipe. Resistivity surveys are
also used to map overburden thickness to allow an improved
interpretation of ground gravity surveys. Conductivity, the
inverse of resistivity, is commonly estimated from airborne
electromagnetic data. Conductivity maps are used to map
overburden.
Induced Polarisation Surveys
Induced polarization (IP) has been used since the mid

1950s in mineral exploration. It is a rather complex phenomenon, but easy to measure. When a voltage applied
between two electrodes is abruptly interrupted, the electrodes used to monitor the voltage do not register an instantaneous drop to zero, but rather records a fast initial decay
followed by a slower decay. If the current is switched on
again, the voltage will first increase at a very high rate and
then build up slowly. This phenomenon is known as induced
polarization. The technique is mostly concerned with measuring the electrical surface polarization of metallic minerals.
This effect is induced by abrupt changes in electrical currents applied to the ground. More details can be found in various textbooks (e.g. Telford et al., 1990). Disseminated sulphides have very good induced polarization responses. In
theory, massive sulphides should have lower responses, but
in practice they have very good responses. This is due to the
mineralization halo generally surrounding massive sulphides. Clay minerals may also produce significant IP
responses.
IP measures the chargeability of the ground, i.e. how
well materials tend to retain electrical charges.
Measurements are made either in the time-domain or the frequency-domain; their units are respectively milli-seconds
(msec) and percentage frequency effect (PFE).
As for other ground geophysical techniques, surveys are
carried out along equally spaced lines perpendicular to the
main geological strike. Two current electrodes are used to
inject current into the ground, and two voltage electrodes are
used to measure the decay voltage. Resistivity measurements
are made concurrently. Various electrode layouts can be used
(pole-dipole, dipole-dipole, etc.); varying the distance
between the electrodes results in soundings to different
depths, which may be used to map the variability of resistivity and chargeability with depth (Fig. 4). For dipole-dipole
surveys the distance between pairs of electrodes is kept constant, and the separation between the voltage and current
electrodes is increased. This distance is increased by integer
multiples "n" of the distance between the voltage electrodes.
Electromagnetic Methods
Electromagnetic (EM) techniques, both airborne and
ground, are among the most commonly used methods in
mineral exploration. They are capable of direct detection of
conductive base-metal deposits, where large conductivity

Fig. 4: Pseudosections of resistivity and chargeability derived from dipoledipole resistivity-induced polarization survey.
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contrasts exist between the deposits and resistive host-rocks
or thin overburden cover. The techniques have been highly
successful in North America and Scandinavia. A multitude of
other conductive sources, including swamps, shear and fracture zones, faults, and graphitic and barren metallic conductors, create a major source of ambiguity in the interpretation
of EM anomalies.
Electromagnetic systems operate in either the frequency- or the time-domain. In either method an EM field is
transmitted, which on penetrating the ground and encountering conductive material generates a secondary field, which
may be measured by a receiver. The concept is illustrated for
an airborne time-domain system in Figure 5. Different combinations and geometries of transmitters and receivers may
be used.

ductors. The coplanar coil pair is more sensitive to horizontal conductors, while the coaxial coil pair is more sensitive
to vertical conductors. The geometry and attitude (dip) of
conductors also influence the shape of the anomalies. For a
symmetric EM system, a vertical conductor produces a double peak anomaly when detected by the coplanar coil pair,
and a single peak anomaly when measured by the coaxial
coil pair. These effects are illustrated in Figure 6. It should
be noted that fixed-wing TDEM systems are asymmetric,
because the receiver is towed behind and below the transmitter; this results in asymmetric responses that can also be
interpreted in terms of dips. These effects are illustrated in
Figure 7.
In the case of frequency-domain EM systems, a geologic formation that has high magnetic susceptibility and low
conductivity will generate a strong in-phase EM response
that is opposite to the polarity of the response of a conductive body. Formations with high susceptibility produce an inphase response and a strong magnetic anomaly. In this situation, the AEM response is likely to reflect a shallower portion of the causative body than the magnetic response. It is
also possible to determine the magnetic susceptibility of a
rock and evaluate its magnetite content from AEM data
(Fraser, 1973).
Airborne EM data can be converted into ground conductivities to produce a conductivity map. To obtain stable

Fig. 5: Schematic of one type of airborne electromagnetic system - in this
case a time-domain system (modified after Rowe et al., 1995).

In frequency-domain systems, a transmitter generates an
alternating EM field. This primary field generates eddy currents in a conductive medium, which in turn creates a secondary EM field. This secondary field, detected by the
receiver, is diagnostic of the electrical characteristics of the
conductive medium excited by the primary field. In general,
the secondary field is not in phase with the primary field.
The EM receiver measures the in-phase and out-of-phase
(quadrature) components of the secondary field, and the ratio
of the secondary field to the primary field in parts per million (ppm). Time-domain EM systems (TDEM) transmit
very short pulses. In general, these pulses last for a few milliseconds and are a few milliseconds away from each other.
Pulses can have various shapes: half-sine, step, ramp, etc.
For example, the MEGATEM airborne time-domain EM
system often operates with a base frequency of 90 Hz, it uses
half-sine pulses of 2 milliseconds, and pulses of opposite
polarity are transmitted every 5.5 milliseconds. All such systems have a broad frequency range. The secondary field
time-decay curve begins immediately at the end of the transmitter cut-off.
As EM responses are frequency dependent, modern airborne electromagnetic (AEM) systems use a wide range of
frequencies to detect a large range of conductivities. A number of configurations for the transmitter and receiver coils
are used to discriminate between horizontal and vertical con6

Fig. 6: Electromagnetic in-phase and quadrature responses for a conductive
thin vertical plate (conductance = 20 S; strike length = 250 m) hosted by a
resistive (unresponsive) medium. Computation of the profiles assumes a
transmitter frequency of 20 kHz and a survey elevation of 30 m above
ground surface; the top of the plate is 10 m below surface. Transmitterreceiver coil separation is 10 m. Figure is modified from Figure 30 of
Palacky and West (1989).
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Fig. 7: Electromagnetic response of a time-domain system to a vertical plate
conductor.

results, a number of simplifying assumptions or models must
be employed. A homogeneous half-space model (Seigel and
Pitcher, 1978) assumes that the conductivity of the ground is
uniform and that the Earth is flat and bottomless. This model
is robust and generally provides realistic results. A second
model is based on a single-layer earth, in which a homogeneous conductive layer of uniform thickness overlies a
homogeneous half-space. However, when the top layer is
conductive and relatively thin, only the conductivity-thickness product can be determined. Conductance may be determined using a vertical half-plane model (Ghosh, 1972) in
free space.
Apparent conductivity may be calculated for any measured frequency, different frequencies providing conductivity
information for different parts of the crustal column. For
example, in the Bathurst Mining Camp, conductivities calculated from mid-frequency (4433 Hz) coplanar EM data
using a homogeneous half-space model best reflect the
bedrock geology of the area. Conductivities calculated from
low-frequency data (853 and 914 Hz) are generally associated with lithologies having high conductivity contrasts,
whereas conductivities calculated from the high frequency
EM data (32290 Hz) usually contain significant overburden
responses.
Radiometric Method
All rocks are naturally radioactive, containing various
proportions of a variety of radioactive elements. Early
instruments measured only the total radioactivity from all
sources, and were used primarily for uranium exploration. In
the 1960s, gamma-ray scintillation spectrometers were
developed and calibrated, to measure discrete windows within the spectrum of gamma-ray energies. This permitted
determination of concentrations of individual radioelements.
At least 20 naturally occurring elements are known to be
radioactive (Telford et al., 1990). A schematic illustration of
a modern airborne radiometric spectrometer is shown in
Figure 8.
Potassium (K), uranium (U) and thorium (Th) are the
three most abundant, naturally occurring radioactive elements, present in various proportions in all rocks and soils
(Table 3). Their different chemical properties provide useful
characterization of normal and anomalous chemical or

mechanical (transport) processes: K is a major constituent of
most rocks and is a dominant alteration element in many
mineral deposits; U and Th are present in trace amounts, as
relatively mobile and usually immobile elements, respectively. For this reason, for geological mapping and exploration purposes, the technique should be considered and
interpreted in geochemical terms.
The attenuation of gamma rays by rock or soil prevents
their emanation from depths greater than approximately the
top 20 to 60 cm of the Earth's surface. This has profound
implications for the interpretation of gamma-ray spectrometric surveys. Whereas magnetic, electromagnetic, gravimetric
or seismic sensors may detect features to depths of tens or
hundreds of meters, often buried far below the mappable
near-surface geology, gamma-ray data is interpretable in
terms of surface chemistry. Properly conducted surveys produce accurate maps of the K, eU and eTh distribution at the
earth's surface. Poor correlation with other layers such as
magnetic or geological merely reflects the inherently different sampling methods, and can usually be explained through
a better understanding of the media sampled.

Fig. 8: Schematic image of airborne and ground radiometric surveys.

A gamma-ray detector does not have a fixed field of
view. The volume and shape of the detector, and the distribution of ground sources, will influence the size and shape
of the sampled area. Thus, a highly radioactive point source
may be detected even when it lies outside some nominal
field of view.
In airborne surveys, a single measurement provides an
estimate of the average surface concentration for an area of
several thousand square metres. This single sample comprises variable proportions of exposed bedrock (fresh or weathered), overburden (wide variety possible - glacial tills,
glacio-fluvial, colluvium, alluvium, loess), soils (clay, sand,
loam, etc.) soil moisture, standing water (lakes, rivers,
swamps, bogs), and vegetation. In almost all cases, the inhomogeneous nature of the surface (and therefore each sample)
introduces variability, such that the absolute value of K, eU
or eTh may be far less significant than the radioelement patterns.
The effects of variations in soil moisture, amount of
bedrock exposure, or source geometry can be minimized
7
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through the use of radioelement ratios. In mineralized systems, all three radioelements may be enriched or depleted
relative to unaltered, equivalent host rocks. However, one or
more of the radioelements may be preferentially affected, for
valid geochemical reasons. In these cases, the ratios offer
very sensitive alteration vectors, which may lead directly or
indirectly to the mineralization, even where the individual
radioelement patterns are ambiguous.
Gravity Method
Gravity observations provide a measure of the Earth's
gravity field, which is sensitive to variations in rock density.
Local mass excesses or deficiencies produce, respectively,
increases or decreases in the gravity field. These departures
from the immediate background level are termed positive
and negative anomalies, respectively (Fig. 9). The unit of
measurement used in geophysical studies is the milligal
(mGal). In exploration for base metals the technique is commonly applied in follow-up investigations of magnetic, electrical, electromagnetic or geochemical anomalies, and is particularly useful in assessing whether a conductivity anomaly
is related to low-density graphite or a higher-density sulphide deposit. It is also used as a primary exploration tool to
detect the excess masses of base metal sulphide deposits.
Gravity data may be used to estimate the size and tonnage of
ore bodies, and also contribute to exploration programs
8

when used to map geology and structure that may favour the
presence of ore deposits. Gravity surveys are normally carried out on the ground, or on ice during winter. Surveys on
water bodies are achieved on board ships having specially
designed marine gravity meters.
In recent years considerable improvements have been
made in the acquisition of airborne gravity data, although the
accuracy and resolution of airborne data are lower than those
of ground data. Nevertheless, rapid coverage of large areas
along lines that are usually spaced closer together than the
spacing between available ground gravity stations offers a
viable tool for obtaining reconnaissance gravity data to help
establish geological frameworks.
More promising for the direct detection of ore bodies is
airborne "tensor gravity". The method measures the gravity
tensor, which includes nine tensor components corresponding to gravity gradients along three orthogonal directions,
using a highly gravity gradiometer. One of the components
of the tensor is the vertical gravity gradient. The tensor
method has high resolution and can detect small targets, such
as kimberlites, which characteristically have diameters of
only a few hundred metres. At the present time, the method
is expensive and the number of contractors capable of offering this service is limited.
Besides variations in crustal density, the gravity field is
influenced by latitudinal position and changes in elevation.
In order to isolate variations related to crustal causes, sever-
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Magnetometer System
Split beam caesium vapour magnetometers having a
sensitivity of 0.005 nT are commonly used for magnetic surveying. Magnetic data are recorded every 0.1 second. The
magnetic data collected along the survey lines and the control lines are corrected for temporal variations in the magnetic field using ground station magnetometer data. After
editing the survey data, differences in magnetic values
between traverse and control lines, established at intersections, are computer-analysed to obtain the levelling network.
The magnetic data are then interpolated to a square grid having a dimension that is about a quarter of the line spacing.

Fig. 9: An excess mass in the crust locally enhances the gravity field producing a positive anomaly or gravity high.

al corrections are applied to observed gravity data. A small
correction is made to eliminate the effect of Earth tides. Two
corrections are made to negate the elevation factor: the freeair correction (compensates for variation in distance of the
measurement point from the Earth's centre of mass), and
Bouguer correction (eliminates the gravity effect of the rock
mass between the observation point and the datum). These
corrections are applied relative to a vertical datum, commonly sea level. The difference between the corrected gravity observation and the theoretical value of gravity on the
reference ellipsoid at the observation point is known as the
Bouguer gravity anomaly, which is the gravity parameter
most commonly displayed on gravity maps.
Airborne Survey Specifications and Instrumentation
Airborne surveys are normally flown in a direction perpendicular to the main geological strike of the survey area.
Line spacing depends on the objectives of the survey: in
regional surveys it commonly varies between 400 m and 1
km, whereas in detailed surveys flown for mineral exploration it may be as little as 100 m or 200 m. Flight elevation
in fixed-wing airborne surveys varies typically from 150 m
to 300 m for regional surveys, and is about 100 m for
detailed surveys. In the case of helicopter-borne surveys the
flight elevation is generally lower and around 60 m, and the
magnetic and electromagnetic sensors would be suspended
by cable at elevations of 45 m and 30 m above ground,
respectively.
In a radiometric survey, the gamma-ray
detectors would be mounted in the helicopter, and the nominal terrain clearance could vary between 60 m and 90 m,
depending on local terrain conditions and the configuration
of other survey equipment. Differential GPS navigation is
used, and the accuracy of the flight path is estimated to be
better than 10 m. A vertically-mounted video camera is normally used for verification of the flight path.

Electromagnetic System
Electromagnetic System systems are either frequencydomain or time-domain systems. In Canada, frequencydomain surveys are flown with a helicopter. Time-domain
systems can be operated in a helicopter or a fixed-wing aircraft. Line spacing usually ranges from about 100 m to 250
m. As previously noted, when using a helicopter, the EM
system is positioned at a height of about 30 m above ground.
For fixed-wing systems the plane and the transmitter fly at
120 m above ground, and the towed receiver is 50 m above
ground.
Radiometric System
A typical gamma-ray system includes a 256-channel
spectrometer sampling data at 1 second intervals. Surveys
flown with a fixed wing aircraft usually consist of twelve
102 x 102 x 406 mm NaI(Tl) crystals in the main detector
array, yielding a total volume of 50.4 litres, and three 102 x
102 x 406 mm NaI(Tl) crystals in the upward-looking detector array for a total volume of 12 litres. Surveys flown using
a helicopter will usually consist of eight NaI(Tl) crystals in
the main detector array with two NaI(Tl) crystals in the
upward-looking array. After energy calibration of the spectra, counts from the main detector are recorded in five windows corresponding to thorium (2410-2810 keV), uranium
(1660-1860 keV), potassium (1370-1570 keV), total
radioactivity (400-2815 keV) and cosmic radiation (30006000 keV). Radiation in the upward-looking detector is
recorded in a radon window (1660-1860 keV). The system is
calibrated following methods outlined by Grasty et al.
(1991). After removal of background radiation, the data are
corrected for spectral interference, changes in temperature,
pressure and departure from the desired survey elevation.
The data are then converted to standard concentration units,
which are interpolated to a square grid.
Mineral Deposit Types
Geophysical signatures of nine mineral deposit types are
illustrated: diamonds, lode gold, volcanogenic massive sulphides (VMS), SEDEX base metals, Mississippi Valley-type
(MVT) lead-zinc deposits, porphyry copper, unconformityrelated uranium, Olympic Dam type copper-gold-iron
oxides, and magmatic nickel-Copper-PGE deposits.
Comprehensive descriptions of these deposit types are
9
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Diamonds
Definition: Kimberlite craters and diatremes
(Fig. 11) containing diamond xenocrysts in
sufficient grade and stone quality to be economic.
Commodity: Diamond.
Mineralogy Relevant to Geophysical
Detection: Ilmenite, magnetite.
Geophysical Signatures: Signatures are
illustrated in Figure 12. Like gold, diamonds
cannot be detected directly by geophysical
techniques. However the geophysical signature of kimberlite pipes that host them often
presents a contrast to that of the surrounding
host rocks. Most kimberlites have a distinctive aeromagnetic signature, in general, at
high geomagnetic latitudes, as in northern
Canada, in the form of a roughly circular
Fig. 10: Locations of ore deposits for which geophysical signatures are illustrated.
anomaly. However, at ground level, their
signature is often more complex, and they
included elsewhere in this volume (Dubé & Gosselin, 2005;
can have internal highs or be elongated. Magnetic susceptiDubé et al., 2005; Corriveau, 2005; Eckstrand & Hulbert,
bility of kimberlite pipes is variable and can be as high as 6
2005; Galley et al., 2005; Goodfellow, 2005: Jefferson et al.,
x 10-2 SI (Litinskii, 1963). Remanence may be present or
2005; Paradis et al., 2005, Sinclair, 2005). The locations of
not; for instance, many of the kimberlites in the Northwest
deposits whose signatures are illustrated are plotted in Figure
Territories have a reverse magnetization. In addition, mag10.
netic susceptibility can vary with depth within a given kimberlite pipe. Pipe dimensions vary from 75 m to 400 m. Most
kimberlite pipes have a negative density contrast relative to
the intruded rocks making them easy to detect. Gravity surveys are relatively expensive and the technique is used mainly to better define the geometry of the pipes. Kimberlites are
usually less resistive (more conductive) than their host rocks.
Alteration also plays an important role. In the NWT, many
are located under lakes, and it is often difficult to distinguish
the response of the kimberlite from that of the conductive
lake bottom sediments.
Lode Gold Deposits
Definition: A hydrothermal deposit whose principal commodity is Au. A variety of sub-types, most of which can be
grouped into three main categories: 1) Shear and fault zonerelated deposits (Au-Quartz) (Fig. 13) associated with collisional tectonics, 2) Intrusion-related deposits associated with
felsic plutons of subaerial, oceanic and continental setting,
and 3) Epithermal deposits (High- and Low-Sulphidation)
associated with sub-aerial and shallow marine environments
(Lydon, et al., 2004).
Commodities: Au, Ag (Pb, Zn, Cu, Sb, As, W).
Mineralogy Relevant to Geophysical Detection: Pyrite,
sericite/illite, alunite, adularia, kaolinite, muscovite, magnetite.
Fig. 11: Schematic block diagram illustrating principal intrusive and extrusive elements of kimberlites (after Mitchell, 1986).
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Geophysical Signatures: Signatures are illustrated in Figure
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Fig. 12: Geophysical signatures of kimberlites.

Fig. 13: Block diagram illustrating a shear zone host for gold and the geometric relationships between structural elements of the zone and veins
(modified from Dube and Gosselin, 2005, Figure 9).

14. A variety of geophysical techniques are applicable to
gold exploration. Specific methods will depend on lithological, mineralogical and alteration characteristics of each
deposit type. In general, for shear and fault-zone (Au-quartz
vein) deposits aeromagnetic data can provide valuable mapping information by delineating lithologies, regional faults
and shear zones. At deposit scale, magnetic lows can delineate areas of magnetite destruction associated with carbonate
alteration. EM methods have also been used to map faults,
veins, contacts and alteration. IP methods and gamma ray
spectrometry may have local applications to map massive
quartz veins (resistivity highs) and associated alteration
(potassium highs). For epithermal styles of mineralization
several geophysical techniques can delineate favourable
structures and alteration. These include regional gravity lows
over thick volcanic sequences and local gravity highs associated with felsic intrusions, magnetic lows associated with
alteration, regional potassium highs associated with felsic
volcanism and local potassium highs with corresponding
low Th/K associated with potassic alteration. Resistivity
lows may be associated with sulphides, argillic alteration
and increased porosity. Resistivity highs will be associated
with silicification and intrusions (Hoover, et al., 1992).
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Fig. 14: Geophysical signatures over lode-gold mineralized districts.

Volcanogenic Massive Sulphide (VMS) Deposits
Definition: A VMS deposit is a concordant body of massive
iron, copper, zinc and sometimes lead sulfides (Fig. 15),
which formed by the sea floor venting of hydrothermal fluids in a submarine volcanic environment.

useful in their identification. Pyrrhotite is often associated
with these deposits, resulting in a magnetic anomaly. The
example presented here is the Armstrong B deposit located
in the Bathurst Mining Camp (N.B.). It represents an "ideal"
target. VMS deposits are not always that easy to detect. For
example, pyrrhotite-rich graphite beds have a similar signature.

Commodities: Cu, Zn, Pb, Ag, Au.
Mineralogy Relevant to Geophysical Detection: Pyrrhotite,
magnetite, sphalerite, galena, chalcopyrite.
Geophysical signatures: Signatures are illustrated in Figure
16. Cu, Pb and Zn often occur in highly conductive lenses of
massive sulphides. They are ideal EM targets. Many regional EM surveys have been flown in Quebec, Ontario and New
Brunswick for the sole purpose of detecting them. Massive
sulfides have a positive density contrast and gravity can be
12

SEDEX Base Metals Deposits:
Definition: Sedimentary exhalative (SEDEX) sulphide
deposits are found in sedimentary basins, usually in the form
of conformable/semiconformable stratiform lens (Fig. 17)
having typical aspect ratios of 20, and maximum thicknesses of 5 to 20 m (Lydon, 1995). The principal ore minerals are
sphalerite and galena; chalcopyrite may be a very minor
component. Pyrite is the most abundant sulphide, though
pyrrhotite may also be common.

Geophysics
associated sericitic alteration in the form of elevated potassium values and depleted thorium/potassium ratios, relative to
those of unmineralized host rocks. In the Anvil district,
Yukon, a combination of magnetic, electromagnetic and
gravity methods detected the Vangorda, Faro and Swim Lake
deposits (Brock, 1973), with significant geophysical signatures being recorded over each deposit, though not necessarily for each method in every case.
Mississippi Valley Type (MVT) Lead-Zinc Deposits:
Definition: Mississippi Valley-Type (MVT) Lead-Zinc
Deposits are typically stratabound, hosted by limestone or
dolomite in platform carbonate sequences (Sangster, 1995),
occur in clusters, and typically occupy voids in carbonate
Fig 15: An idealized cross-section of a volcanogenic massive sulphide
deposit (after Lydon, 1984).

Commodities: Zn. Pb.
Mineralogy Relevant to Geophysical Detection: Sphalerite,
Galena, Pyrrhotite, Pyrite.
Geophysical Signatures: Signatures are illustrated in Figure
18. The concentration and population of sulphides comprising SEDEX deposits make them amenable to detection by
several geophysical techniques. In the Sullivan-North Star
corridor in southeastern British Columbia sulphide mineralization is reflected in enhanced bedrock conductivity, strong
finite conductors and positive magnetic anomalies, which at
the Sullivan deposit are attributed to massive pyrrhotite
underlying the western part of the ore zone (Lowe et al.,
2000). Radiometric data outline areas of mineralization-

Fig. 17: Schematic cross-section of a typical SEDEX deposit (courtesy of
John Lydon, Geological Survey of Canada).

breccias. In the Pine Point district, breccias are attributed to
dissolution/collapse of underlying beds during karstification,
which controlled mineralization and form of the deposits.
They are commonly tabular, may be chimney-like and prismatic (Fig. 19), are up to 100 m thick and range up to 2000
m in lateral dimension (Hannigan, 2005).
Commodities: Zn, Pb.
Mineralogy Relevant to Geophysical Detection: Sphalerite,
Galena, Pyrite, Marcasite, (Pyrrhotite).

Fig. 16: Geophysical signatures of the Armstrong B sulphide deposit,
Bathurst Mining Camp, New Brunswick.

Geophysical Signatures: Signatures are illustrated in Figure
20. High densities of sphalerite and galena, and the conductive nature of galena and possible associated sulphides such
as pyrite, marcasite and pyrrhotite favour exploration by
gravity and induced polarization (IP) methods. In the Pine
Point district, many MVT ore bodies were discovered by IP
surveys. Gravity surveys confirmed discoveries and guided
drilling programs (Seigel et al., 1968; Lajoie and Klein,
1979). Although conductive minerals are abundant, a lack of
discernible electromagnetic (EM) responses indicates a discontinuous distribution, possibly by interruption of the conducting paths by calcite and dolomite gangue. The magnetic
method succeeds if pyrrhotite is present: see the example of
a small magnetic anomaly over a small uneconomic mineralized body. Seismic reflection surveys have imaged orerelated structures in the Pine Point district (Lajoie and Klein,
13
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Fig. 18: Geophysical signatures over SEDEX deposits.

1979), and the pyritic South Boundary Zone of the Nanisivik
MVT deposit (Hearst et al., 1994).
Porphyry Copper Deposits
Definition: Base metal mineralization associated with
hydrothermal alteration of a felsic pluton and adjacent wallrocks. Mineralization may be in the form of stockwork
quartz veins and veinlets, disseminations and replacements
containing pyrite, chalcopyrite, bornite and magnetite (Fig.
21).

Fig. 19: Geometries and attitudes of some typical MVT deposits, Pine Point
District, N.W.T. (modified from Hannigan, 2005, Figure 8).
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Commodities: Cu, (Au, Mo, Ag, Sn, W).
Mineralogy Relevant to Geophysical Detection: Magnetite,
pyrite, chalcopyrite, biotite, K-feldspar, sericite.
Geophysical Signatures: Signatures are illustrated in Figure
22. Broad, regional aeromagnetic anomalies often occur
with genetically associated intrusive rocks and provide a
regional exploration target. Mineralization can be associated
with magnetite-bearing rocks that would be delineated in an
aeromagnetic survey. Hydrothermal alteration may destroy
magnetite, producing a broad, smooth magnetic low. High
potassium anomalies will delineate potassium enrichment
associated with hydrothermal alteration, but they may be difficult to distinguish from other high potassium anomalies
associated with high-K lithologies. Low eTh/K ratio anomalies will distinguish potassium enrichment associated with
biotite and K-feldspar alteration from that due to high-K
lithologies. Induced polarization (IP) surveys will delineate
pyritic alteration haloes that envelope cupriferous ore zones.

Geophysics

Unconformity-related Uranium Deposits
Definition: Unconformity-Related Uranium Deposits are
located typically at/near the base of Proterozoic sandstone
sequences resting on metamorphic basement commonly containing graphitic pelitic units (Ruzicka, 1995). Intersecting
faults/fractures localize mineralization and control deposit
geometry/orientation (Fig. 23). Deposits attain tens of
metres in thickness and 1000s of metres in lateral dimension.
Alteration of enveloping sandstone/basement host rocks has
produced clay minerals as well as silicification/desilicification in the sandstones.
Commodities: U.
Mineralogy Relevant to Geophysical Detection: Pitchblende,
Coffinite.

Geophysical Signatures: Signatures are illustrated in Figure
24. Apart from high densities (up to 9.7 g/cm3) and radioactivity, uranium minerals have no other physical property permitting direct detection. Geophysical exploration is, therefore, indirect and focussed on associated structures, alteration and rock types. In the Athabasca basin, in the 1970s,
airborne spectrometry and radioactive boulder prospecting
discovered several deposits in the shallower part of the basin
(Thomas et al., 2000a). Subsequent recognition of the relationship between basement graphitic metapelites, steep
faults and mineralization led to discovery of basement conductors using airborne and ground electromagnetic (EM)
surveys. Aeromagnetic surveys have mapped basement, critically outlining pelitic metasedimentary rocks coinciding
with a belt of magnetic lows. Gravity surveys have been
used to map and model faults and palaeotopographic highs,
and to map alteration, including silicification/desilicification
15

K. Ford, P. Keating and M.D. Thomas

in the sandstones, also imaged by EM techniques.

ically associated with granitic to dioritic plutons with A-type
geochemical affinities or with carbonatite (Fig. 25).

Olympic Dam Type Copper-Gold-Iron Oxide Deposits

Commodities: Cu, Au, Nb, P, REE, especially LREE, Ag and
U (+/- As, B, Ba, Bi, Co, F, Mo, Mn, Ni, W, Te)

Definition: Breccia bodies, veins, disseminations and massive bodies of, and stratiform or discordant disseminations
and massive lenses of, low-Ti magnetite and/or hematite
with polymetallic enrichments, especially Cu and Au genet-

Mineralogy Relevant to Geophysical Detection: Iron oxide
(hematite, martite, magnetite (low-Ti), specularite); Cu sulphides (chalcopyrite, bornite, chalcocite); uraninite; coffinite; sericite; K-feldspar.
Geophysical Signatures: Signatures
are illustrated in Figure 26. Regional
and localized aeromagnetic anomalies may occur with genetically
associated igneous rocks and magnetite concentrations. High uranium
and uranium/thorium ratio anomalies will provide a direct indication
of U enrichment associated with
mineralization. High potassium and
low thorium/potassium ratio anomalies will indicate potassium enrichment associated with sericitic and/or
K-feldspar alteration. Often this
alteration signature may be broad
and laterally extensive providing a
larger exploration target. Large, positive gravity anomalies may be associated with Fe oxide mineralization.
IP/resistivity and EM methods may
be locally applicable.
Magmatic Nickel-Copper-PGE
Deposits
Definition: Ni-Cu concentrations in
mafic-ultramafic igneous intrusions
and volcanic flows (Fig. 27).
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Commodities: Ni, Cu, PGE.
Geophysical Signatures: Signatures are illustrated in Figure
28. Their sulphide mineralisation is mainly pyrrhotite, pentlandite and chalcopyrite. These Ni-Cu deposits are very conductive and, therefore, give rise to a strong EM response.
They sometimes can be difficult to detect with time-domain
EM systems as their response is at the upper limit of the
aperture of these systems. They are nevertheless identifiable
from their slow decay. They are often associated with ultramafic rocks, which produce strong magnetic anomalies that
can be identified in regional magnetic surveys. As for other
massive sulphides they have a strong density contrast and
gravity can be used to identify them.

Examples are from the Voisey's Bay deposit. Strong EM
anomalies are observed over the Ovoid zone. The apparent
width of the deposit is 500 m, and the conductance is in the
thousands of Siemens. Apparent resistivity is less than that
of sea water. A small magnetic anomaly (not visible in the
regional data shown above) is measured over the deposit. As
a whole there is no strong correlation between the total magnetic field and the known mineralisation (Balch, 1999).
Summary
Geophysical techniques have made, and continue to
make, a major contribution to exploration for a variety of
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